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Abstract

Field capacity (FC) is a widely applied parameter in Soil Science. It is related to frequent sequential infiltration
and drainage in soils. This paper proposes a variation of the FC definition, based on 48-h drainage time, aiming
not only at minimizing the inadequacies of its concept and determination, but also at maintaining its original,
practical meaning. Data of 22 Brazilian soils showed that FC determined from standardized field procedures can
primarily depend on basic soil data, especially volumetric water content data, such as 6(6 kPa) or 6(33 kPa).

Key Words
Drainage, pedotransfer function, Brazilian soils

Introduction

Field capacity (FC) is a soil parameter that is widely used in soil and water engineering. The original definition
of FC by Veihmeyer and Hendrickson (1949) was slightly modified in the Glossary of Soil Science Terms
(SSSA 1984) as: “FC is the amount of water remaining in soil two or three days after having been wetted and
after free drainage is negligible”. Despite the broad application of FC, its concept bears substantial uncertainty
(Cassel and Nielsen 1986; Hillel 1998, chap. 16; Nachabe et al., 2003). Indeed, what a negligible free drainage
rate is must be better stated. In addition, evapotranspiration is not specifically mentioned, profile wetting and
initial soil moisture before water application are not precisely described, which may be relevant, particularly
when hysteresis in soil water redistribution after infiltration (Hillel 1998, chap. 6) is significant. The presence of
impeding or highly permeable layers and phreatic levels, as well as the influence of lateral flow in sloping
landscapes, are also overlooked, especially if it is considered that the ‘free drainage’ in the above definition
implies absence of these conditions. Indeed, all of these factors must be clarified before FC can be considered a
reproducible, consistent, and intrinsic soil water variable.

The best standardized procedure to evaluate FC is by flooding a square or rectangular plot on a bare field
(Cassel and Nielsen 1986); after irrigation, it is covered with a plastic sheet to avoid evaporation. The
distribution of moisture in the upper part of the soil profile, which was fully moistened at the end of infiltration
(quasi-saturated), measured 2 or 3 days after water application, defines the FC profile. This FC profile usually
depends on the texture and structure of the individual soil layers (Salter and Williams 1965). Based on this
dependence and on the operational difficulties of a field test, FC is commonly evaluated in a laboratory setting
as the moisture of undisturbed soil samples at a specific matric potential. Cassel and Nielsen (1986) reported
that a wide range of matric potentials (from -2.5 kPa to -50 kPa) has been used for this purpose, although
suctions of 5 kPa, 6 kPa, 10 kPa, and 33 kPa are more common choices; however, there is no satisfactory
general criterion for selection of the suction values for the determination of FC (Hillel 1998, chap. 16). Taking
into account the dynamic nature of drainage, some authors (Nachabe et al., 2003) argue that the definition of FC
must be based on an arbitrary choice for the “negligible” downward flux, instead of the drainage time of 2 or 3
days, or the suction at FC. Meyer and Gee (1999) considered that such selected small fluxes could be between
0.01 mm/d and 1.0 mm/d depending on the type of application. When FC is evaluated by the flux-based method,
the drainage times may vary by an enormous range, even for an individual soil, from tens of hours to tens of
days, depending on the flow rate chosen, as clearly demonstrated in Hillel (1998, chap. 16). Overall, despite
being a widely applied soil parameter, the understanding of FC is neither unique nor exact.

In this paper, a variation of the definition of FC is proposed and empirically tested by the development and
analysis of a FC database. The goal is to minimize the problems associated with the FC concept by creating a
theoretical and practical framework for the proper and reproducible evaluation of the sequenced processes of
infiltration (ponding) and internal drainage in the top soil layer. This will enable the standardization of
experimental procedures, as well as the use of current mathematical tools, such as analytical and numerical
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modeling, and pedotransfer functions (Pachepsky and Rawls 2005) to determine FC profiles as required by
engineers and land planners.

Variation of the FC Definition

“Field Capacity (FC) is the volumetric water content distribution in the upper part of a soil profile that, in the
course of ponded infiltration (with ponding depth smaller than 10 cm), becomes fully wetted at the end of
infiltration and remains exposed to the subsequent process of drainage without evapotranspiration or rain for 48
h”. According to the above definition, measurement of FC is made only in the upper part of the profile, above
the infiltration wetting front, which was monotonically drained from saturation or quasi-saturation so that the
hysteresis effects were minimized (Hillel 1998, chap. 16). Rain and evapotranspiration effects were considered
null during the 48 h of drainage. The duration of 48 h was chosen since it is a classical choice (Cassel and
Nielsen 1986), and also because 2 days of drainage is a frequently used time period to infer crop damage by lack
of soil aeration (Ochs et al., 1980; Hillel 1998, chap. 10). As a result, FC data can be utilized to evaluate soil
profile aeration. Additionally, if a longer period were chosen, rain between irrigation and FC measurement
would be more probable. We have not adopted a negligible constant downward flux due to difficulties in
measuring small deep percolation flows in the field and due to the long test duration required for slow-draining
profiles, sometimes over a week, which is particularly deleterious in wet climates because of the high frequency
of rain.

FC Database

The FC database included soil data on FC, textural fractions (according to the USDA classification), bulk
density (BD), organic matter content (OM), and volumetric water content at the suctions of 6, 33 and 1500kPa
(respectively 0(6), 6(33), and 8(1500)). It comprises 22 soils (n=165 samples), most from the state of Rio de
Janeiro, Brazil. The climate of the region is humid and tropical with rainy summers. Field work was in late fall
and winter, when soil was relatively dry. In the FC test, a metal frame dike (1.0 m x 1.0 m x height = 0.25 m)
(Embrapa 1979) was driven about 5 cm into the soil. The landscape slopes at the experimental sites varied from
zero to approximately 20%. About 250 L of water was applied to most soils. Determination of antecedent soil
moisture profiles near the experimental plots indicated that the used water volumes were frequently sufficient to
saturate each of the soil profiles up to the 70-cm depth. Therefore, most soils were sampled in this depth range.
At the end of infiltration, the wetted areas were covered with a plastic sheet and 48 h later, two undisturbed core
samples were taken near the plot center, generally from the middle of each identified soil horizon. The soil
property value reported in the database, including FC, was the arithmetic mean of the measurements made for
each pair of samples at the corresponding depth and site.

The samples were sealed to prevent water loss and sent to the laboratory, where they were weighed for FC
calculation. For detailed information on soils, laboratory and field procedures, sampled depths, and soil data see
Fabian and Ottoni Filho (2000), Thurler (2000), Macedo et al. (2002), and Ottoni (2005).

Ranges of values of in situ FC in the database, according to textural classes, are shown in Table 1. For most
samples, the suctions corresponding to FC were in the range from 6 kPa to 33 kPa, according to the comparisons
made between the measured value of FC and the corresponding 6(6) and 6(33). The Pearson correlation
coefficients (r) between FC and the soil properties are given in Table 2. The data set presents significant
correlations between FC and soil properties. The most significant correlations were between moisture retention
data (6(6), ©6(33), and 6(1500)), especially for 8(6), where r=0.93. This is an indication of the important
influence of soil structure on FC, which was greater than the influence of texture. Silt was the least correlated
textural content.

Table 1. Confidence intervals for FC (10'2 m3.m'3) in the database according to textural classes (n=165).

Subset 1 Subset 2 Subset 3
Sand Loamy sand Sandy loam Loam Sandy clay Clay loam Sandy clay Clay
(s) (Is) (sh ) loam (scl) (cD) (sc) (©)
10.6£2.5 15.44£3.9 20.3£3.7 32.5+6.4 26.1+4.5 33.54£3.6 28.5+£3.5 30.4+8.2
(n=8) (n=10) (n=38) (n=4) (n=56) (n=8) (n=15) (n=26)
© 2010 19™ World Congress of Soil Science, Soil Solutions for a Changing World 2
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Table 2. Pearson correlation coefficients between field capacity and soil properties (n= 165).

Sand Silt Clay 0(6) 0(33) 0(1500)  OM BD

-0.720%*  0.371%* 0.628%** 0.926%* 0.795%+%  0.825%*"  (.223%* -0.213%%*

** Significative correlation at P= 5%, according to Pearson Test.
 Calculated for n= 149, since the work of Fabian and Ottoni Filho (2000) (n= 16) does not include information on 0(33)
and 0(1500).

Based on the high correlations observed, we investigated how well FC could be calculated from basic soil
properties; Table 3 presents 6 multilinear pedotransfer (PTF) models for FC (M1 to M6) and their root mean
squared residues (RMSRs). The RMSRs are within the range commonly found in the literature for soil moisture
PTFs (Nemes et al., 2003; Saxton and Rawls 2006). When 6(6) was added as an input variable (model M6), FC
estimation improved significantly. However, for model M5, in which 6(6) was the sole predictor, RMSR
(0.0281 m’ m™) was only marginally larger than its correspondent, M6, a sophisticated model that had 6
predictors. This suggests that soil moisture is a useful input variable in the prediction of FC, which is generally
the case with soil moisture evaluation by PTFs (Nemes et al., 2003; Schaap et al., 2004)

Table 3. Coefficients of multilinear PDFs for field capacity (m® m™). Models are enumerated in a decreasing order of
RMSRs. Units of the input variables are: kg kg™ (sand, silt, clay, OM); kg dm™ (BD); m> m™ (6(6), 0(33)).

Model Sand Silt Clay OM BD 0 (6) 0 (33) Constant RMSR
m’m”

M1 0.08478  0.4048 0.3792 0.03533 0.0514
M2 -0.0231  0.3912 0.3010 0.1077 -0.04645  0.0497
M3 0.6561 0.1043 0.0463
M4 0.1678  0.5967 0.4977 2.241 0.1190 -0.2877 0.0458
M5 0.8476 0.01181 0.0281
M6 0.03160 0.09379  0.03302 -0.3359 0.05547 0.8638 -0.1156 0.0270

Conclusion

FC has been defined here as the water content distribution in the soil profile as a function of sequential ponded
infiltration and drainage without evapotranspiration or rain at 48 h after the end of infiltration. Therefore, the
distribution FC(z) can be determined by hydraulic or numerical experiments that reproduce the above processes.
Hysteresis effects are minimal in the above context. From standardized field procedures it was seen that FC can
be accurately determined from basic soil properties. Without such standardization alternative laboratory,
statistical or numerical methods for determining FC will remain ambiguous.
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An evaluation of plant available water during reclamation of saline soils:
Laboratory and field approaches

Nang ND, Grant CD and Murray RS
University of Adelaide, School of Agriculture, Food & Wine, Waite Campus

Abstract

The amount of water available to plants in the absence of all physical restrictions except high salinity is
measured for a saline soil profile. Procedures and calculations are described and examples given for the initial
unreclaimed soil, which shows that when osmotic stresses are taken into account (using the EC of a saturated
paste extract) the water available to plants is about 33% less than that predicted when salt is ignored.

Key Words

Plant available water, PAW, integral water capacity, IWC, reclamation of saline soils

Introduction

Plant available water in saline soils is restricted primarily by osmotic pressures but also often by poor aeration,
low hydraulic conductivity and high soil strength. Reclamation through leaching, introduction of divalent
cations and salt-tolerant plants produces a number of structural states because as salt concentrations drop clays
tend to swell and disperse. Eventually, however, conditions improve to the point where plants can grow and
thereby contribute to the reclamation process. In the process, physical conditions can sometimes get worse
before they get better because swelling and dispersion lead to poor aeration and reduced hydraulic conductivity,
which can reduce the amount of water plants can extract. This project tracks the incremental changes in soil
structure that take place during reclamation of saline land with a view to learning how to allocate resources to
maximize plant available water at each stage. The integral water capacity (IWC) model of Groenevelt et al.
(2001, 2004) is employed to calculate plant available water and this is checked against real plant response under
field conditions. The project is in its early stages so this paper describes the approach and methods employed
and gives some preliminary data to evaluate the amount of plant-available water in the initial, unreclaimed,
saline state.

Methods

Laboratory evaluation of plant available water in saline state

Intact soil cores (50 mm diameter x 50 mm long) were collected from nine different depths to 180 cm in a saline
profile at the University of Adelaide (Roseworthy campus). We first measured pH, EC, and solution-cations on
1:5 extracts of the loose soil to enable us to prepare isotonic solutions (in terms of sodium adsorption ratio,
SAR, and total cation concentration, TCC) to measure saturated hydraulic conductivity, water retention and
penetration resistance curves. Saturated hydraulic conductivity was measured using a constant head until the
flux did not change after several days of hourly measurements. Water retention and penetrometer resistance
were measured on the same soil cores at matric suctions 1, 5, 10, 50, 100 and 150 m. Water retention data were
fitted to a variation of the model proposed by Groenevelt & Grant (2004) and the differential water capacity,
d6/dh, calculated for use in determining the integral water capacity (Groenevelt ef al. 2001).

Field evaluation of plant-available water in saline state

Two areas (each 3 x 3m) in the vicinity of the soil samples taken for laboratory analysis were isolated by
excavating a trench on all four sides to a depth of 1.8m. Thick plastic sheeting was placed around the
excavations and the soil back-filled to stop lateral movement of water inward or outward. Five neutron access
tubes were installed across each area to allow volumetric water contents to be measured down to 1.8 m. Isotonic
water was applied to the areas until the soil profiles were saturated and then the surfaces covered with thick
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organic mulch and allowed to drain to a nominal field capacity. A neutron probe was calibrated for saline
conditions and used to measure the volumetric water content of the soil profiles at the drained upper limit and as
the soil profiles dried out. A salt-tolerant Kallar grass was established through the mulch and watered until its
leaf area index, LAI, reached approximately 4.0 to minimize evaporation from the soil surface and to ensure that
the only water losses were by transpiration. Irrigation was then stopped and the established plants were forced to
extract water under increasingly dry conditions until they wilted and died (crop lower limit). The total amount
of water extracted by the plants between the drained upper limit and the crop lower limit was taken as the real
integral water capacity.

Results

Laboratory evaluation

The soil profile was neutral to highly-alkaline in pH, very saline and highly sodic (Table 1). As one might
expect in such saline conditions, the saturated hydraulic conductivities (measured using isotonic solutions) were

relatively large (ca 10° m s™") at least until the texture became more clayey below 1 m (Figure 1).

Table 1. Physical and chemical properties of the soil profile used in this study.

Depth EC* TCC** K (+ std error),

(CIIII)) Texture PHIs  gsm™)  (mmolv/L) SR 5reps (ms™

0-10 Loamy sand 742 5 60 2 6x10°  (3x107)
10 - 25 Sandy clay loam 8.24 4 45 6 3x107 (8 x10)
25-35  Lightclay 830 4 39 7 4x10°  (6x10°)
35-55  Light clay 847 3 38 9 3x10°  (4x10°)
55-75  Lightclay 891 3 34 15 2x10°  (7x10°)
75-100  Light clay 951 3 41 41 2x10°  (3x10%)
100- 115 Medium clay 948 4 52 58 7x107  (@x107)
115-150 Medium clay 934 5 65 64 2x107  (6x10%)
> 150 Heavy clay 8.86 8 96 94 8§x10°  (1x10%)

* 1:5 EC multiplied by 5 was very close to the sum of ICP-cation concentrations divided by 10.
** TCC total cation concentration, calculated as sum of ICP-cation concentrations: (2 x (Ca+Mg) + Na+ K).

Ks(m s™)

1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03
n 0

1 20
1 40
1 60

1 80

Depth (cm)

1 100
1 120

1 140

160

Figure 1. Profile of saturated hydraulic conductivity; horizontal bars indicate standard errors in K.

An example of the water retention curves produced in this work is shown in Figure 2 for the first soil horizon.
The water retention curve was fitted to the model of Groenevelt et al. (2004):

B(h)=6,, +k, exp(—(lks—%D —exp(—(k—hoj ] , [1]
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where 0, is the water content at matric head h = 150 m, k,, ko and n are adjustable fitting parameters.

0.6| T T T T
0.55[" o = \ T
0.5 \ 1

\

0.45 ‘. .
\
\

0.35[" \ ]

Valhimetrie water cantent
o
T~
T

\
0.25[ \9 - o o 7]

0.01 0.1 1 10 100 10

Matric aniction (m)

Figure 2. Water retention curve for the loamy sand in the top horizon (0 to 10 cm).

Eqn [1] was differentiated to produce the so-called ‘water’ capacity, C(h), which is actually the ‘soil solution’
capacity (green line in Figure 3):

C(h)=nk, k, h™™"Jexp —(%j . (2]

0.2 T
0.18[ 7
0.16[~ 7
0.14~ =
0.12[~ =

0.1~ =
0.08[~ =
0.06[~ 7
0.04[~ 7

0.02_\

1 10 100
Matric suction (m)

Differential water capacity (1/m)

Figure 3. Differential water capacity, C,n,(h), for soil in horizon 1 unweighted (green) and weighted for
soluble salts (red).

Eqn [2] was then weighted for osmotic limitations to produce an effective water capacity (red line in Figure 3).

The IWC was then calculated as a function of the osmotic head (h,, as measured in a saturated paste extract) as
well as the matric head, h, according to the model of Groenevelt et al. (2004):

Iwc(hos) = v[(:om (h’hos )dh ’ [3]
0
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where h,s ~ 3.6 EC.. In this way, if one has knowledge of the amount of salt in the saturated soil, the osmotic
head can be calculated as well as the amount of water available to plants in the absence of other physical
limitations. Integration of the two lines shown in Figure 3 produced values for IWC for the unweighted water
capacity (classical value of plant available water) = 220 mm/m and for the weighted water capacity = 66 mm/m.
The calculations for the other 8 horizons in this profile are shown in Table 2.

Table 2. Amount of plant available water in each horizon (and whole profile) when salt is ignored
(PAW) and when salt is accounted for in the integral water capacity (IWC).

Depth PAW PAW total IWC IWC total
(cm) (mm/m) (mm) (mm/m) (mm)
0-10 220 22 66 7
10-25 314 47 172 26
25-35 339 34 199 20
35-55 172 34 74 15
55-75 188 38 109 22
75-100 190 48 135 34
100-115 158 24 133 20
115-150 137 48 111 39

> 150 195 98 161 81
Total for profile 392 262

Field evaluation of plant-available water

Experimental work for the field component of this work is only just beginning and progress will be reported at
the Congress.

Conclusions

The real amount of plant-available water in the un-reclaimed soil profile (i.e. IWC shown in Table 2) is at least
33% lower than the classical PAW that ignores osmotic stresses. In the reclamation process (yet to occur in this
project), it is expected that the IWC will decrease in the first instance (because of swelling and dispersion
processes) and then gradually increase toward the classical PAW as calcium replaces sodium, as the
concentration of salt is decreased, and as salt-tolerant plants are introduced.
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Abstract

An analytical solution of the Richards equation for drainage of water from an initially uniformly wet
homogeneous soil profile is discussed. This solution builds on an approach originally used for infiltration and
later adapted to drainage. The mathematics for this solution are scattered and incomplete. Here we provide a
complete unified solution. The results are presented for some soils from the HYDRUS-1D standard soil types.
Results show progression of the draining front down through the soil with time and can be used to estimate the
time for the soil to drain to a particular water content. Comparison of the analytical solution with HYDRUS-1D
numerical solution shows the solution works well at small drainage times but estimates more drainage in the
upper soil profile than HYDRUS-1D at larger times.

Key Words

Soil physics, Richards equation, modelling

Introduction

The drainage of water from a homogeneous soil is described by the Richards[’] equation
0 0 26
— =+ P6)---K(6) (M
ot 0z dz

where 7 is depth below the soil surface, ¢ is time, and € is volumetric soil water content. The soil water
diffusivity and unsaturated conductivity are D(@) and K (0) respectively, and are strongly dependent on soil

water content. The D(0) is assumed to be of the form (Broadbridge and White, 1988a):
D(©)=K.C(C-1)/|and(c-0) ] @)
where @ and 6 are the saturated and residual soil water contents respectively and A@ =6 — 6, is their

difference, ® = (49 -6, )/ A@ is the scaled water content, K is the saturated soil hydraulic conductivity, ¢ is

an inverse capillary length parameter of Philip (1985), and C >1 is a dimensionless parameter. The hydraulic
conductivity is assumed to have the functional form

K(®)=K, (C-1)®/(C-0). 3)
Broadbridge and White’s (1988a,b) model for soil water movement combines the functional form of the
diffusivity from Fujita (1952) and Knight and Philip (1974) with the Burgers’ equation form of the conductivity
used by Clothier er al. (1981). Saunders et al. (1988) also independently came up with a similar solution. The
Broadbridge and White analytical solution uses a transformation found by Fokas and Yortsos (1982), and is a
combination of the Storm (1951) solution used by Knight and Philip (1974) in the absence of gravitational
effects and the Burgers’ equation solution given by Clothier et al. (1981). Warrick et al. (1990) adapted the
Broadbridge and White solutions for soil water drainage, and Parkin et al. (1995) and Si and Kachanoski (2000)
further explored their use. These drainage solutions use different boundary conditions to the Broadbridge and
White solution and result in different functions in the solution. The mathematics of the analytical solution is
scattered and incomplete in the published literature; this document presents a unified account of the theory.
The solution for infiltration into a deep profile given by Broadbridge and White (1988a) and adapted for
drainage in a deep soil by Warrick et al. (1990) and Parkin et al. (1995) had zero water flux at the soil

surface;the initial and boundary conditions were; 0(2,0) =6,, K (0)— D(H)E;—e =0atz=0
Z

a—19=0,z—><><>
F

The corresponding initial value for the scaled water content is® = (00 -6, )/ A@ . The transformations used by

Broadbridge and White (1988) introduce a dimensionless time parameter 7 =4C (C - 1) oK t/A@, anew
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dimensionless space-like parameter ¢ and a new independent variable u(g , Z') which satisfies a linear advection

diffusion equation. It is important to note that the solutions u(g , T) for the infiltration case studied by

Broadbridge and White (1988) and the drainage case studied by Warrick et al. (1990) are different because of
their different boundary conditions.

The Warrick et al. (1990) solution for u(g , T) for drainage with zero surface flux is given by
u(s.7)=exp(~¢>/7)| f (6 /7)+ 4 f ([4Br—6)/7) =4 £ ([ Bar+6)/v7) | @
with f (x) = exp(x2 )erfc(x), and the parameter B, given in terms of the initial condition by

B,=0, / (C -0, ) For the case of no surface flux the original space variable is given in terms of the solution

u(g, Z') by z(g, Z') = {g - ln[u (g, T)]}/ (C a) and the scaled water content is given

-1
by @(g, z‘) =C|1- (1 - gu (g, T)/u(g, Z')J . The quantity gu (g, T)/u(g, T) does not seem to be given
S 93

explicitly in the published literature, and is

gl (] o

The surface value of the scaled water content is then
-1

0(0,7)=C 1—(1—32‘-(0, T)/M(O, T)J = C[l - (1 + Bof(%BO\/?))_l] (6)

When 7= 0, then eqn (6) becomes ©(0,0) = Cll —(1+ B, )_1 J =0, as required.

Equations 4-6 provide a unified solution which is easily computed. We used the eqs 4-6 above to model
drainage from a uniformly wet soil profile using soil properties taken from HYDRUS-1D soil catalogue and are
presented in Table 1. The desorptivity was estimated from simulation of desorption of an initially saturated
horizontal soil columns using HYDRUS-1D (Simunek et al. 1998) and C and « by fitting the water content,
potential relationship to eqn (25) of Broadbridge and White (1988b). We also calculated results for the
Brindabella silty clay loam (not shown) to check that we got the same results as Warrick et al. (1990). Eqs 4-6
were solved using MatLab.

Table 1. Soil properties derived from HYDRUS-1D catalogue.

Soil g(mm?> 4 (mm> C K, (ms')  a(mh
Clay 0.068 0.38 1.0002 5.56x107  6.92
Silt 0.078 0.46 1.0063 6.94x107  5.15
Loam 0.078 0.43 1.0189 2.89x10°  7.11
Sand 0.045 0.43 1.0458 8.35x10°  17.94

Results and Discussion

The drainage of the soil from saturation with a free drainage (unit gradient) boundary condition was simulated
in HYDRUS-1D for the soils in Table 1 and compare with drainage calculated with the analytical solution
(Fig.1). The analytical solution appears to estimate more drainage near the surface especially at large times than
does HYDRUS-1D. For times less than 10 days the analytical solution and HYDRUS-1D give similar (r* >
0.88) estimates of the water content profile. The percentage difference in the water content at the surface
between the analytical solution and HYDRUS-1D increase with time from negligible to approximately 28% by ¢
= 50 days, except for the sand. This is most likely due to different functional relationships for K and D used in
the analytical solution and HYDRUS-1D. This will be explored in the future.
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Figure 1. Comparison of the analytical solution with HYDRUS-1D for drainage of an initially saturated soil profile
for a) clay, b) silt, ¢) loam and d) sand. The times indicated in the legend are days since drainage commenced.

The drainage from different initial uniform water content profiles was calculated with the analytical solution and
HYDRUS-1D (Fig. 2). This indicates that the percentage difference between the analytical solution and the
numerical solution at large times (t = 50 days) is approximately the same, as the initial water content decreases.

Conclusion

An analytical solution for drainage from uniformly wet soil profiles is shown to give similar water content
profiles (r* > 0.88) at drainage times < 10 days to those simulated with a one-dimensional numerical solution of
Richards’ equation. This is especially so at the surface where the percentage difference in the water content
between the two models for all but the sand soils increases with increasing time. At large times the analytical
solutions water content near the surface is usually less than the numerical solution. The analytical solution may
overestimate drainage at large times.
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Figure 2. Comparison of the analytical solution with HYDRUS-1D for drainage of an initially saturated loam soil
profile for a) 8= 0.43,b) 8= 0.35, ¢) 8= 0.30 and d) 8= 0.25. The times indicated in the legend are days since
drainage commenced.
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Application of GPR ground wave for mapping of spatiotemporal variations in the
surface moisture content at a natural field site

B. Pallavi, H. Saito and M. Kato
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Abstract

In the present study GPR ground wave (GW) was used to monitor the spatial distribution of surface moisture
content at a natural Kanto loam site. To map the soil moisture variations, measurements were conducted on a
regular interval of 2~3 days per week. Results revealed that ground wave data were sensitive to the upper
surface soil conditions as well as seasonal variations. Significant increase in the moisture content values were
observed a day after a precipitation event. However, moisture content increase was non-uniform over the entire
area; the probable cause of the variations might be associated with soil hydraulic properties (e.g. hydraulic
conductivity, water retention characteristics), and/or topography of the site. The GW sampling depth obtained
by taking one quarter of wavelength (Pallavi, 2009) was found more reliable with the reference measurements.
The GW sampling depth was found to be between 0.06 ~ 0.07 m at this site. The study shows that the GPR GW
can be used as a principal tool for large scale spatiotemporal monitoring in non-invasive and rapid mode with
high resolution and provides quality data with known sampling volume at a field scale.

Key Words
Ground penetrating radar (GPR), Ground wave (GW), GW sampling depth, moisture content, precipitation

Introduction

The near surface moisture content is a key parameter for soil/water conservation, irrigational and agricultural
management. In general, surface moisture content is highly variable in space and still is difficult to characterize
on a consistent and spatially comprehensive basis at a field scale. The measurement of spatial variation of
moisture content at the field scale is thus important. The conventional method (TDRs, cores, neutron probes)
provide the essential information, but are limited to a specific point location. Applications of GPR have shown
promise for moisture content estimation at the field scale during last two decades (Grote et al., 2003; Huisman
et al., 2003). The ground wave (GW) of GPR provides a means to monitor large areas relatively fast, non-
invasively, and cost-effectively with good resolution data quality. The most important character of the GPR
method is that it estimates the moisture content in absence of shallow reflectors in the subsoil (Van Overmeeren
et al., 1997). However, the sampling depth of the GW is not well defined, and this uncertainty limits its
application for large-scale monitoring. Therefore, the specific aim of the presented study was to monitor the
seasonal variations in the spatial distribution of the moisture content.

Methods

Basics of ground wave of GPR

Ground penetrating radar is a geophysical technique that uses high frequency (MHz ~ GHz) electromagnetic
energy to probe the subsurface. Energy is emitted from the GPR transmitter as a spherical wave, and some of
this energy travels along the air-ground interface in the near subsurface toward the receiver. This energy creates
a boundary wave that is referred to as the direct wave (air and ground wave). The first strong signal usually

b
e Zonell
E
e Zomel
---------------------------------------------------------------- ® EG Tt }GPR survey line
> © EC1I0 ==---
< 10 (m) > o EC20 —) Survey direction

Figure 1. Schematic diagram of study site with GPR transects, sensor position and zone divisions
(I: 0 ~ 2 m, vegetation, and II: 2-4 m, bare soil)
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represents airwave (AW), which travels directly from the transmitter to the receiver through air at the speed of
the electromagnetic wave in vacuum. GW is the part of the radiated energy that travels between the transmitter
and receiver along the soil surface. The propagation velocity of GW (v,,,) depends on the dielectric constant of
the soil K,,;, the moisture content 6, the soil texture etc. The velocity (v,,) is calculated by dividing the antenna
separation (S) by the GWTT (ground wave travel time: t,,,), €.8. Vow = (S/t,w). The dielectric constant K is then
calculated by following equation, K= (c/vgw)2 (Davis and Annan, 1989), where c is the speed of the EM wave in
a vacuum (3 x 10°m s™). The volumetric water content is obtained from K using Topp’s equation (Topp ef al.,
1980). Two different GW depth models proposed by van Overmeeren et al. (1997), [0.5(A x S) 931 and Pallavi et
al. (2009) [0.25 x A] are used for depth estimation. The wavelength A is calculated by (A = v,,/f), where f'is the
central frequency of GPR and v, is the GW velocity.

Equipment and analysis

A pulseEKKO PRO 250 system (Sensors and Software, Canada) with 250 MHz central frequency antenna was
used in this study. Radar signals were processed and analyzed by the EKKO view deluxe software. Simple
processing was applied to the data, consisting of dewow filter to remove the background noise and AGC gain to
distinguish the ground, refracted, and reflected waves at larger separations. Soil moisture sensors (ECHO
sensors by Decagon Devices, Inc.) were also used for soil moisture and dielectric constant measurements.

Field site

An intensive study area of 10 m by 4 m in Field Science Centre of Tokyo University of Agriculture and
Technology, Japan was used for measurements of moisture content variations of near surface soils pre- and
post-precipitation. The schematic diagram of the study site is depicted in Figure 1. The whole area was divided
into two zones, with and without vegetation, with 10 equidistant parallel transects for the GPR measurement.
Along the boundary in x-direction, soil moisture sensors were also installed, where the black circles (ECS)
represent the 5-cm-long sensors, gray circles (EC10) represent 10-cm-long sensors, and the open circles (EC20)
represent 20-cm-long sensors, respectively. Vegetation was allowed to grow on the Zone-I, while Zone-II was
cleaned weekly to maintain a bare soil surface during the research campaign.

Survey method

Measurements were conducted using both common-offset (CO) and common-midpoint (CMP) methods for
moisture content mapping and velocity estimation. The CO profile provides the detailed information of the
imaged area (e.g. surface-subsurface moisture content distribution, buried anomaly position, stratigraphical
information etc.). However, in this study, our main concern was to monitor the behaviour of direct ground wave
in relation to changes in surface soil moisture contents.

Results and discussions

CMP surveys were first conducted for velocity profile estimation. Measurements were performed along the
central lines of the both zones (3" and 8" line), with a step size of 0.10 m. In both surveys, ground waves were
clearly recognized between antenna separations of 0.38 to 0.98 m. At larger separations, interference between
shallow reflections and ground waves were observed. One of the CMP profiles (along transect 3) is given in
Figure 2, where the AW and GW velocities were obtained by taking the inverse of linear slope of position-travel
time plot. The estimated AW and GW velocity was 0.29, and 0.067 m ns™' respectively.
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Figure 2. (a)CMP profile with AW and GW velocity and (b) unprocessed CO profile showing the AW and
GW pick (same picking process for GW is used in all data analysis).
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Figure 3. (a) Hourly rainfall intensity on the study site from Oct. 1* to 3", 2009 and (b) averaged moisture

content along each survey lines on Oct. 1* and Oct. 3™ based on GW information.
The automatic velocity extraction from CMP profile also showed the GW velocity of 0.067 m ns™' respectively.
Similar response was observed in the second CMP survey (along transect 8), where the GW velocity by taking
the inverse of linear slope was 0.061 m ns™' and from the automatic velocity extraction was 0.067 m ns™
respectively. CMP surveys were also used as a reference for true AW and GW picks from the CO profile and
selection of an optimal antenna separation for the CO survey. After careful inspection of all CMP data and the
results of semblance analysis, an antenna separation of 0.40 m was selected for CO survey. Data was collected
2-3 times a week during the monitoring experiment. The AW was selected as first maximum amplitude and GW
as the second maximum value. A similar picking process was applied during all data acquisition campaigns.
Soil heterogeneity, shallow reflections, and high and weak reflections zones were clearly observed from the
profiles. In this paper, we focus only on two results that were collected pre- and post-precipitation; October 1*
and October 3" in 2009, respectively. The rainfall intensity during these data acquisitions is given in Figure 3a.
During both campaigns, CO profiles were collected along each transect with a step size of 0.4 m, time window
of 50 ns, sampling rate of 0.4 ns and eight stacks per trace. This survey resulted in ten CO profiles over the
entire area in each campaign, five in bare soils and five in vegetated soils. Figure 2b shows one of the CO
profiles collected during the first campaign.
Analysis of travel times of GW was performed to assess near-surface variations in space and time. The arrival
times of the air and ground waves picked from the CO data were compensated for time-zero starting delays. The
calibrated travel times were converted into velocities and velocity values were then converted into dielectric
constants and finally Topp’s equation (Topp, 1980) was used for moisture content estimation. Comparison of
GPR and sensor data along Transect 1, GPR estimated moisture content values showed similar trend until 6.5 m
where 5-cm-long sensors were installed, while the information based on 10-cm and 20-cm sensors (from 6.4 m
to 10 m) underestimates the moisture content. The estimated depth of influence of GW based on two depth
models for the GW velocities of 0.06, 0.065 and 0.07 mns™' was; (a) van Overmeeren et al. (1997): 0.12 m to
0.14 m, and (b) Pallavi et al. (2009): 0.06 m to 0.07 m respectively. Model (b) was found more consistent with
the obtained moisture content estimates. The similarities between 5-cm-long sensors and GPR data showed that
GPR can provide spatially dense and potentially valuable information about the surface moisture content
variations at rapid pace in non-invasive manner at our study site. In addition, inaccuracy in data picking for
GWTT and difference in sampling volume, especially the depth of influence of GPR ground wave and the soil
moisture sensors can not be ignored in this comparison.
Using the same approach, moisture content distributions were mapped one day after precipitation. An impact of
precipitation was observed on the surface moisture content. Figure 3(b) shows the averaged moisture content
along all survey lines during pre- (Oct.-1*) and post (Oct-3") precipitation campaigns. A significant increase in
the moisture content was observed. Extending the investigated ground wave analysis into two-dimensional
space, Figure 4 illustrates the spatial variation is the near surface moisture content over the entire study area.
Figure 4a represents the data collected during the Oct.-1¥, while Figure 4b represents the data obtained one day
after precipitation (Oct. -3). The moisture content shows significant increase in the post precipitation
campaign. Figure 4c shows the changes in the moisture content after precipitation. The moisture content change
was not uniform over the study area. A probable cause might be related to the soil hydraulic properties and/or
topography of the site. In summary, the present study signifies the potential of ground wave for spatial mapping
of surface moisture content at the field scale.
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Figure 4. Spatial variations of moisture content () maps obtained using GPR ground waves, (a) on fine
sunny day (Oct.- 1% ), (b) a day after precipitation (Oct.-3'd) in 2009, and (c) Change in moisture content
after precipitation over the entire area.

Additionally, it was also verified that the GW depth can also be measured with GPR information only.
Experimentally, it was observed that GW can image the seasonal variations of surface moisture content with
high resolution and known sampling volume.
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Abstract

Subsurface drip irrigation (SDI) is the most water saving irrigation system. Inorganic soil amendments (IA)
emplaced around the irrigation tubes can increase the water retention potential and might reduce the loss of
water due to leaching. We analysed mixtures of sand for golf putting green construction and IA additions up to
10 mass percent by measuring their water retention in soil cores and modeling soil water storage and drainage
under a reaslistic water application schedule. A simulation of the soil water dynamics was used to assess the
effect of IA in terms of irrigation water conservation and drainage losses. Two different climatic situations,
represented by climatic data of Brussels, Belgium (humid) and Cordoba, Spain (arid) were compared in the
simulation. The irrigation schedules for each location with respect to the soil amendment were calculated
employing a deficit-based protocol.

The addition of IA increased the available water capacity and resulted in a significant reduction of scheduled
irrigation events and also a reduction of annual irrigation water requirements and water loss due to drainage for
both climatic conditions. The observed water saving effect was larger for humid climatic conditions. Thus, the
combination of subsurface drip irrigation with IA addition leads to additional water saving for irrigation on golf
putting greens.

Key Words
Subsurface drip irrigation, inorganic soil amendment, simulation, deficit irrigation

Introduction

In times of increasing droughts and water shortages effective irrigation systems become more important.
Regarding the losses by evaporation subsurface drip irrigation (SDI) is the most water saving irrigation system.
Nevertheless, especially in sandy soils with low natural water holding capacity, the loss of water and nutrients
due to leaching is still a serious disadvantage. Inorganic soil amendments (IA) emplaced around the irrigation
tubes might increase the water retention potential.

In the present case study we assessed the potential of IA addition to reduce irrigation water requirements using
SDI on golf putting greens. We compared the effect for humid and arid climatic conditions, represented by
Brussels, Belgium and Cordoba, Spain, respectively. We used a numerical simulation of the soil water dynamics
to evaluate the potential reduction of irrigation water requirements and the losses due to drainage.

Methods

Sand as proposed by the United States Golf Association (USGA) for golf putting green construction was mixed
with an IA consisting of bentonite, silica gel, and volcanic tuff. Soil-amendment mixtures in a range between 0-
10 mass percent were put in 200 cm” steel cores for analysis with three replicates. The saturated hydraulic
conductivity K, was measured using the falling head method. The water retention curves 6(4) were determined
using a capillarimeter with pressure heads up to —150 cm. The parameters of the lognormal retention model of
Kosugi (1994) were fitted to the data using RETC (US Salinity Laboratory; Fig. 1).

Daily climatic data for Brussels (Belgium) and Cordoba (Spain) were available from the United Nations Food
and Agriculture Organization (FAO) for 1990 and 1986, respectively. AquaCrop 3.0 (FAO) was used to
calculate an irrigation schedule for each location employing a deficit-based protocol (Allen ef al. 1998). The
Richards’ equation (1931) was solved numerically using HYDRUS 2D/3D (Simunek er al. 2006). Simulations
were done for both locations with hydraulic properties of pure sand and 10 mass percent IA addition for one
year. The 2D model geometry consisted of an upper rootzone layer (width: 100 cm, depth: 40 cm) and a lower
gravel layer for drainage (depth: 15 cm). Two irrigation pipes with an diameter of 1 cm were implemented with
a lateral distance of 50 cm in a depth of 30 cm. The upper boundary condition accounted for precipitation and
evaporation. Turf grass transpiration was implemented as sink term according to Feddes et al. (2001). The lower
boundary was set to a free drainage condition and the lateral boundaries were set to no-flux.
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Figure 1. Water retention curves for USGA-conforming sand with different amounts of inorganic soil amendment
TA).

Results and Discussion

The addition of IA increased the available water capacitiy from 120 mm/m for pure sand up to 210 mm/m for 10
mass percent IA (Figure 1). The simulation revealed a significant reduction of scheduled irrigation events and
also a reduction of annual irrigation water requirements and water loss due to drainage for humid and arid
climatic conditions (Table 1, Figure 2). However, the observed water saving effect was larger for humid
climatic conditions. This can be explained by a greater probability of precipitation events to replenish the
available water capacity. These results are in agreement with McCoy and McCoy (2005). Nevertheless, the
addition of 10 mass percent Al within a thickness of 40 cm might be very cost-intensive and need to be assessed
in terms of its cost-benefit ratio in future investigations.

Table 1. Summary of the simulation results. The results base on climatic conditions as provided by the FAO
(Brussels: 1990, Cordoba: 1986).

simulation result Brussels Cordoba
irrigation events for pure USGA-conform sand 68 225
irrigation events for sand + 10 mass-% amendment 61 177
reduction of irrigation events (%) 103 21.3
reduction of irrigation water requirement (%) 6.0 35
reduction of water loss due to deep drainage (%) 49 35
1200 1 a)irrigation requirement b) drainage loss ~ 500
1000 - O pure USGA sand
- 400
10 mass-% IA
= 800 - =
E E
E 300 E
E K=
s | £
g 600 §=
s - 200 &
2 400 - 2
200 - 100
0 o

Brussels Cordoba Brussels Cordoba

Figure 2. Results of the study. a) Calculated annual water requirement for irrigation. b) Water loss due to deep
drainage. The results are on basis of the climatic data provided by the FAO (Brussels: 1990, Cordoba: 1986).
Conclusion and Perspective
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The combination of subsurface drip irrigation with IA addition leads to additional water saving for irrigation on
golf putting greens. The magnitude of water conservation depends on the climatic conditions and is higher for
humid conditions than in arid areas.
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Abstract

The calculation of hourly and daily crop evapotranspiration (ET.) from weather variables when using the
combination method, e.g. Penman-Monteith, requires a corresponding hourly or daily value of canopy resistance
(r.). An iterative method first proposed by MI Budyko to calculate ET. finds the surface canopy temperature (T;)
that satisfies the crop’s energy balance. This method was used to calculate both hourly and daily values of r.
over a well-watered and established alfalfa crop for 26 days during the 1999-growing season in Bushland Texas.
Hourly values of r. were obtained using a graphical procedure from first, values of ET. measured with a large
weighing lysimeter; and second, from values of T, measured with a radiometer. Results show that the daily
seasonal average alfalfa r, was 45 £ 12 s/m for both methods of calculating r.. In the absence of a lysimeter
installation to measure ET, the measurement of T, with a radiometer provides an alternative and practical means
to calculate r. provided that other required weather input variables are also measured over the crop canopy.

Key Words
Irrigation, crop water use

Introduction

The concept of a maximum rate of water evaporation, i.e. potential evapotranspiration (ET}), was introduced by
Thornthwaite (1944; 1948) and defined as the water loss from vegetation when a soil has at no time a deficiency
of water. In general, methods to calculate ET,, are divided into empirical and theoretical; however, there is no
clear distinction between the two approaches and available methods are usually a mixture of both physical
considerations and empirical observations (Sibbons 1962). Theoretical methods relate the flux of water vapor
from the evaporating surface to the process of turbulent diffusion, i.e. aerodynamic approach, and a second
method considers the energy balance and calculates the amount of energy that is used in vaporizing water (e.g.
Sutton 1953; Brutsaert 1982). A third method combines the aerodynamic and energy balance approaches
eliminating the surface temperature from the relevant equations, i.e. combination method (Penman 1948). A
similar and independent approach to calculate ET, was given by Budyko (1951; 1956) who termed his technique
the complex method. However, there is a major distinction between the combination and complex methods in
that the assumption made by Penman (1948) regarding the linear relation between temperature and the humidity
of the evaporating surface is not required by the method proposed by Budyko (1951; 1956). The Budyko
method is recursive in that the temperature of the evaporating surface that satisfies the energy balance is found
by iteration (Sellers 1964; Lascano and Van Bavel 2007; Lascano et al. 2009).

The application of using calculations of ET, to estimate the amount of water used by a crop (ET., mm/h) was
recognized by introducing a stomatal and a day-length factor (Penman 1953), which was equated to a bulk
canopy resistance (r., s/m) term and considered in the so-called big leaf model (Monteith 1965). Methods to
calculate r. range from an explicit solution of ET, = f(ET,) (Van Bavel and Ehrler 1968) to an empirical
function of crop height and leaf area (Allen ef al. 1989). In this paper we show how the method of Budyko
(1951, 1956) hereafter, referred to as the Recursive Combination Method (RCM) and as given by Lascano and
Van Bavel (2007) was used to calculate hourly and daily values of r. for a well-watered alfalfa crop. For this
purpose, two such methods on an alfalfa crop were explored and compared. First, r. was calculated from hourly
values of ET, measured with a large weighing lysimeter and second, r. was calculated from measured hourly
values of canopy temperature (T, °C) measured with a radiometer.

Methods

Experimental field and weather data

In our calculations we used weather data from Bushland Texas, USA on a well-established and watered alfalfa
crop. We selected 26 days, between 23 May and 12 September 1999, all after a day of irrigation and determined
to be without equipment failure, rainfall, significant cloudiness and periods of high wind-speed. Weather data
measured at Bushland Texas consisted of air (T,, °C) and dewpoint (Tg4, °C) temperature, net irradiance (R,,,
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W/mz), soil heat flux (G, W/mz), and wind-speed (U,, m/s). Weather variables were measured every 6 s and
reported as 0.5-hour averages. Surface canopy temperature (T, °C) was measured with a calibrated radiometer
(Everest Model 4000) and details on the lysimetric measurements of alfalfa ET, are given by Evett et al. (2000).
Additional information on instruments and methods used to measure weather variables, G, ET, and T, are
described by Evett (2000) and further details are given by Lascano et al. (2009).

Calculations
Crop ET. is calculated from the energy balance equation of the plant canopy surface:

BT = (ij

ey

where A is the latent heat of vaporization in J/kg and H is the sensible heat flux in W/m®, and calculated as:

o PC(L-T)
¥

2
where p, is the air density in kg/m’, C, is the specific air heat capacity in J/kg/°C, and r, is the aerodynamic
resistance in s/m calculated as given by Evett (2000):
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where z,, is the height of the wind-speed measurement in m, z, is the measurement height for humidity in m, z,,
is the vapor roughness length in m, d is zero-plane displacement height in m, and k is von Karman’s constant.
Values of d and z,,,, were calculated as a function of crop height (h., m), and T; in Eq. (2) was found iteratively

with an initial value of T, = 10 °C written in Mathcad® (v. 14, PTC, Needham, MA, USA) syntax by:

exp(17.269>< L ]—eﬂ

{ T +237.0
T -T)xp xC ’
T =root Rﬂ+G+(“ )P, £ Ll X A | x —= T
r, EEL C,xp,

“

where root is a Mathcad® built-in function to solve for the value of T, and e, is the ambient air density in kg/m’.

The value of r. in Eq. (4) was calculated from measured values of ET. and T, using the graphical procedure of
Lascano and Van Bavel (2007). For any given hour, the alfalfa energy balance was solved from the pertinent
hourly weather input (T,, T4, U,, R, and G) using the RCM. For this purpose r. was defined as a range variable
in Mathcad®, i.e. 10 to 70 in 5 s/m increments. Thus for each value of r. the solution of Eq. (4) gave ET.and T,
as a function of r.. Then for each hour the value of ET. measured lysimetrically and T measured radiometrically
were used to find the corresponding value of r.. Calculations were done for hourly values when R, > 0 W/m®.

Results and Discussion

An example of an hourly calculation of alfalfa r. for 4 July 1999 at 14:00 hour is given in Figure 1. The weather
input for this hour was R, = 690.2 W/m?, G =44.4 W/m?, T, =27.7 °C, T4 = 16.5 °C, and U, = 6.9 m/s, and h, =
0.65 m. The measured ET, with a lysimeter was 1.05 mm, intersecting the ET, = f(r.) at 34.2 s/m (Figure 1a)
and the measured T, with a radiometer was 28.2 °C, intersecting the T, = f(r.) at 35.6 s/m (Figure 1b). As
examples, the diurnal course of r. from hourly measurements of ET. and T, for 23 May and 1 August 1999 using
the procedure shown in Figure 1 are shown in Figure 2. The daily average, standard deviation and range of r. for
the 26 days of 1999 obtained from lysimetric and radiometric measurements are summarized in Table 1.
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Figure 1. Graphical derivation of alfalfa canopy resistance (r.) from (a) ET. and (b) T on 4 July 1999 at 14:00 hour.
The value of r. = 34.2 s/m from the lysimeter measurement and r. = 35.6 s/m from the radiometer measurement.

100 T T T T T T T T T T T
z 23-Maly-1999)| | | Ts s || 1-Abgustl1999
@ g | ‘ ' | | 1 | i ! !
: - A
@ ] | |
g ® | | RARNVAVEN
- | \ \ | | | \
40 | ‘ 1 1 | ' 1
[+ FYTC ‘ | ‘ FYI%
z L |
s 207 | | | ! ! !
8 I A N
M RN T S S— ®,

8 10 12 14 16 18 $ 10 12 14 16 18
Time (h)

Figure 2. Diurnal values of r. from ET, (®) and from T (O) for (a) 23 May 1999 and (b) 1 August 1999 obtained
using the graphical procedure shown in Figure 1.

Table 1. Daily average, standard deviation, minimum and maximum values of alfalfa r. for 26 days 1999 in
Bushland Texas, obtained from ET. measured with a lysimeter and T measured with a radiometer.

Daily canopy resistance (1., s/m)

Lysimeter (ET.) Radiometer (T)
Average 45.6 44.5
Standard Deviation 11.6 12.1
Minimum 27.0 26.3
Maximum 80.3 83.3

The graphical procedure to obtain hourly values of r. is based on the RCM and uses an iterative solution to find
T;. This calculation does not require any more calculating effort than that used with the Penman-Monteith (PM)
to find ET., which is based on the linearity assumption introduced by Penman (1948). However, as shown by
Milly (1991) and Lascano and Van Bavel (2007) calculation of ET, based on PM consistently underestimates
evaporation, particularly under semiarid climates, where irrigation is normally used. However, a difficulty in
using any model, either PM or RCM, to calculate ET. is the selection of a r. value that is correct.

An accurate measurement of crop ET, can be obtained with lysimeters (Schneider et al. 1998); however, their
construction is costly and requires continuous maintenance. An alternative is to measure the T of the crop with
a calibrated radiometer, which can also be used to calculate r.. Our results show that r, can be calculated from
either ET, (Figure 1b) or T (Figure 1b) and that their diurnal trends are similar (Figure 2). The largest
discrepancy (data not shown) occurs early in the morning and in the evening, i.e. at low values of R,.
Nevertheless, a statistical comparison of daily averages, standard deviation and range (Table 1) suggest no
differences in the seasonal value of r. for a well-watered alfalfa derived from either hourly values of ET. or T,.
These results suggest that in the absence of lysimeters a radiometer can be used to calculate r, with a RCM
provided that weather inputs such as, T,, T4, R,, G and U, are also measured.
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Conclusion

Two methods, both based on a RCM and using a graphical procedure of hourly values of ET. measured with a
lysimeter or T measured with a radiometer, can be used to derive values of r. for a well-watered alfalfa crop.
Values of seasonal r. derived from both methods were similar, 45 + 12 s/m, which give accurate values of daily
ET. (Lascano et al. 2009). In the absence of a lysimetric installation to measure ET. the measurement of T,
along with required weather variables provides an alternative method to calculate r. that is both practical and
accurate.
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Abstract

Stony soils cover about 30% of the surface soils of Western Europe, and 60% in Mediterranean areas. They
consist of rock fragments whose diameters are larger than 2 mm (the rock fragment). These fragments may alter
the physical, chemical and agricultural properties of soils. To better understand the role of stones in the water
supply of crops, structure and hydric properties of coarse elements of stony soils were studied. Monitoring the
moisture was done on coarse fragments from sedimentary rocks, and revealed that rock fragments can store as
much water as the fine earth. Applying the concept of field capacity and wilting point to coarse fragments, a
simple pedotransfer function was defined to estimate the contribution of the pebbles to the Available Water
Content of a stony soil.

Key Words
Pebbles, pedotransfer function, bulk density, water content, field capacity, wilting point

Introduction

Stony soils contain coarse fragments, so called stones, which limits some tillage operations. Moreover, these
soils are often thin, and therefore very vulnerable to the leaching of nitrates and pesticides. They cover about
30% of the surface soils of Western Europe and 60% in Mediterranean areas (Poesen and Lavee 1994). Though
stony soils are widely spread and create problems to agriculture production, they have been little studied. As
stones characterization is difficult, the stony phase is often neglected in the characterization of the properties of
stony soils. However, the rock fragments could modify the physical, chemical and hydrodynamic properties of
soils (Ravina and Magier 1984; Brakensiek and Rawls 1994; Poesen and Lavee 1994; Certini ef al. 2004), and
affect the behaviour and characteristics of agricultural soils. Indeed, the stony phase may participate in the water
supply of crops (Coile 1953; Hanson and Blevins 1979; Gras 1994; Danatalos et al. 1995) and change the
storage capacity of soil water (Coutadeur et al. 2000; Cousin et al. 2003). All these previous studies suggest
some water transfers between the rock fragments and fine earth in soil. The objective of this work was to study
the contribution of stony phase to some soils hydric properties using the structure and the water retention
capacity of rock fragments from different types of stony soils.

Methods

Sampling

Stones were sampled in the cultivated horizon (0 - 30 cm) of different types of stony soils in the Central part of
France. Only the pebble fraction (2 cm < stone diameter < 5 cm) was studied. Most of the stones were collected
when the soil was at field capacity. The pebbles were sampled in soils developed over sedimentary rocks and
were of the following types: gaize, chalk, chert, flint, and limestone.

Characterization of pebbles structure

The structure of each pebble was characterized by measurements on dried pebbles of bulk density and density of
solid, and by calculation of the void ratio of the sample. The bulk density was determined by the oil method
(Monnier et al. 1973) and the solid density by a gas pycnometer. The void ratio was calculated according to the
following formula:

e=(Ds/Bd)-1. (1)
where e represents the void ratio, Ds represents the solid density and Bd represents the bulk density.

Characterization of pebbles hydric properties
The hydric properties were determined by measurements of gravimetric water content when the pebbles were at
saturation or equilibrated at -100 hPa and -15000 hPa in pressure plates during 7 days.
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Results

Characterization of pebbles structure

The porosity in pebbles was not equal to zero. In addition, the porosity, but also bulk density and void ratio
varied according to the type of stone. Moreover, results showed that the bulk density of pebbles varied within a
single type of stone, and especially for the limestones. The bulk density was the lowest for gaizes and the
highest for flints and limestones (Figure 1).

Chalks Cherts Flints Gaizes  Limestones
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Figure 1: Box plot representing the ranges of bulk density by pebbles’ type. n = sample number.

The same ordering was found for the measurements of solid density, but the reverse order was observed for the
void ratio. Indeed, the void ratio increased in the following order limestones > flints > cherts > chalks > gaizes.

Characterization of pebbles hydric properties

Water content measurements showed that all types of studied pebbles can retain water, and the saturated water
content can reach more than 60% for gaize. The determination of some points of the retention curve allowed us
to show the following two results:

1/ Whatever the type of pebble, the water content at field capacity was very close to the water content at -100
hPa (Figure 2; Student test with r =0.99, P < 0.00001 and a = 0.05). For the different materials studied here, a
simple relationship exists between the humidity of pebbles at -100 hPa and at field capacity.
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Figure 2: Relationship between water content at -100 hPa and at field capacity. R = correlation coefficient. n =

sample number, all pebbles’ type confused. a = threshold of significance. p = the probability that the hypothesis
would be null.

2/ We also demonstrated that the water content at wilting point was, on average, equal either to half or three
quarters of the water content at field capacity, depending on the pebble type. These relationships were validated
statistically by a Student test.
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From these two results, we derived a simple and useful pedotransfer function to calculate the Available Water
Content (AWC) in pebbles contained in stony soils. The latter was calculated from the difference between the
water content at -100 hPa and the water content at -15000 hPa:

AWC ~ 0,100~ 0 1500~ { 0, 2
where 6., represents the water content at -100 hPa, 6,549 represents the water content at -15000 hPa, 6y
represents the water content at field capacity and (is a parameter equal Y2 or V4 depending of the type of stone.

Conclusion

We demonstrated that pebbles have different porosity and water retention capacity depending of their type -
limestones, flints, cherts, chalks, gaizes - but all could contribute to the hydric properties of stony soils. We also
defined a simple pedotransfer function to estimate the contribution of the pebbles to the Available Water
Content of a stony soil. The latter can be easily calculated from the water content at field capacity. This
pedotransfer function has been validated over a large range of types of stones in sedimentary rocks and is
robust. The next step would consist in determining pedotransfer functions in the fine earth to characterize its
contribution to the Available Water Content. In the future, these pedotransfer functions will be used to map the
Available Water Content of stony soils over large areas.
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Abstract

Deep drainage below the root zone of irrigated crops is both a waste of a scarce resource and a cause of
potential environmental problems such as water logging and salinity. We measured deep drainage under furrow
irrigated cotton on a Grey Vertosol using a variable tension lysimeter over two contrasting irrigation seasons.
The amount of drainage was dependant on both the antecedent moisture conditions and the amount of early
season rainfall. Bypass flow was detected in both seasons.

Key Words
Deep drainage, bypass flow, irrigation, water balance, Vertosol, cotton

Introduction

Over much of the history of the Australian cotton industry, it was believed that losses of water below the root
zone — deep drainage — were insignificant because of the heavy clay soils on which cotton is grown. During the
1990s there was increasing concern that greater rates of deep drainage compared to native vegetation in both
irrigated and dryland situations could raise watertables, mobilize salt stored in the landscape and cause
waterlogging and salinity. Although salinity was not a problem for the cotton industry, it was sufficiently
concerned to commission research on drainage, not just because of its potential to cause environmental
problems but also because it represents a waste of an increasingly scarce resource. This research found deep
drainage to be significant under furrow irrigated cotton, despite the low hydraulic conductivity of the Grey
Vertosols on which it is grown, and in excess of what is required to prevent a build up of salinity.

Furrow irrigation is commonly used by the cotton industry in Australia since it can be implemented at relatively
low cost over large areas. However, it can cause undesirable rates of drainage for several reasons. It is difficult
to control the amount applied, which can lead to over application when the soil water deficit is small. During
irrigation, free water is present at the soil surface with the potential of moving rapidly down macropores and
bypassing the soil matrix. The project described in this paper aimed to directly measure deep drainage using
lysimetry and investigate the mechanisms causing it.

Methods

Lysimeter location

We constructed an equilibrium drainage lysimeter at the Australian Cotton Research Institute near Narrabri in
northern New South Wales (30° 11.53” South, 149° 36.31° East) in an experimental plot under a cotton-wheat
rotation. Cotton crops are furrow irrigated, but wheat crops only receive supplementary irrigation if there is a
risk of crop failure. Minimum tillage is used with stubble retention and permanent beds. Alternate furrows are
used for traffic and irrigation. The plot is approximately 200 m long from head to tail ditch.

The soil is a Haplic, Self-mulching, Grey Vertosol (Isbell, 1996). Above 1.2 m depth the soil is 60% clay

(<2 pm), 14% silt (2-20 wm) and 25% sand (20-2000 pm). Below 1.2 m, the clay content decreases to 50% by
2 m depth with corresponding increases in silt and sand to 20% and 30% respectively. Exchangeable sodium
increases down the profile from <1% at the surface to 6.5% at 2 m.

Lysimeter design

Direct measurement of drainage is difficult because most instruments interfere with drainage by altering the
hydraulic gradient which is the major driver of water movement. Brye et al. (1999) addressed this problem by
designing an equilibrium tension drainage lysimeter (or variable tension drainage lysimeter). This consists of a
collection tray to which a vacuum is applied that is equal to that in the surrounding soil to make the lysimeter
“hydraulically invisible”. The design was improved by Pegler er al. (2003) by introducing automated regulation
of the vacuum. Our design was a modification of those by Brye et al. (1999) and Pegler et al. (2003). The
lysimeter is situated under the root zone at 2.1 m depth, half way between the head and tail ditches. The
lysimeter consists of an array of six collection trays (0.91 x 0.29 m area, 0.13 m high) covering a total area of
1.82 x 0.87 m. The trays are essentially stainless steel boxes, whose upper surface is made of porous, sintered
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stainless steel, 1 mm thick with a nominal pore size of 0.2 m. Once saturated with water it can hold water up to
a potential of -28 kPa. The floor of each tray slopes to a drain in one corner. Each tray also has an internal riser
tube in the opposite corner for connection to a vacuum reservoir.

The trays were inserted by excavating horizontally from a cylindrical, concrete access shaft (4 m deep, 2 m
diameter) located under neighbouring furrows. Hence the overlying soil is not disturbed. One benefit of having
a lysimeter with no walls is that there is no interference with the natural shrink/swell behaviour of the soil. The
ceiling of the cavity into which the trays were inserted was prepared by peeling away the soil using polyester
resin to ensure a natural surface. A contact material was packed between the ceiling and the trays for hydraulic
continuity. The material was manufactured from silica flour, graded to remove particles less than 15 wm. The
drain from each tray was connected to a collection tank in the access shaft. Similarly the internal riser tube was
connected to a vacuum reservoir kept at approximately -40 kPa.

Two vertical arrays of five tensiometers were installed though the wall of the access shaft at depths from 0.9 to
2.1 m. The vacuum inside the trays is regulated by a data logger via solenoids so that it equals the average
potential measured by the two tensiometers at 2.1 m depth. The vacuum is adjusted every 15 minutes. At the
same time the weight of drainage in the collection tanks and the soil water potentials measured by the
tensiometers are recorded. The collection tanks can be isolated from the trays to allow emptying.

Four neutron probe access tubes are installed to 3 m depth around the lysimeter to allow measurement of soil
water content at frequent intervals during the irrigation season.

Results

The lysimeter monitored both the 2006-07 and the 2008-09 irrigation seasons, although data monitoring was not
automatic for the first of these. The amounts of drainage recorded after each irrigation are shown in Table 1.
Cumulative drainage is shown in Figure 1. The total drainage for the seasons varied by a factor of 1.75 due to
different conditions before and during the seasons. The subsoil was relatively wet at the start of the 2006-07
season. However, there was little rain before sowing, so the crop required irrigation shortly after sowing. In
addition, in-season rainfall (September-April) was only 224 mm and the crop required a total of 8 irrigations. In
contrast, the subsoil was relatively dry at the start of the 2008-09 season, but there was sufficient rain in the
early part of the season that irrigation was not required until 22 December. There was more than twice the in-
season rainfall, 498 mm, and only 6 irrigations were required.

Table 1. Drainage after each irrigation during the 2006/07 and 2008/09 irrigation seasons.

2006/07 season 2008/09season

Irrigation date Drainage, mm Irrigation date Drainage, mm

24 Oct 8.8

22 Nov 22.0

12 Dec 34.7 22 Dec 134

03 Jan 3.6 12 Jan 7.3

16 Jan 0.2 22 Jan 8.6

30 Jan 0.5 05 Feb 9.3

14 Feb 2.1 06 Mar 2.5

28 Feb 2.3 19 Mar 1.5
Total for season 74.2 42.5

2008-09 irrigation season

Figure 1 shows that the amount of drainage was greatest after the earlier irrigations and declined to very low
values after the fifth and sixth irrigations. At the start of the season the subsoil below 0.75 m was relatively dry
with a deficit of 88 mm between 0.75 and 1.95 m depth (Figure 2). There was 200 mm of rainfall before the first
irrigation, which reduced the deficit to 49 mm. The first irrigation wet the soil above 0.75 m and, to some
degree the soil below this. The crop was reasonably advanced by the first irrigation, and dried the soil above
0.75 m considerably after each irrigation. This helps explain why the 0.75-1.35 m layer was only slightly wetted
up by each irrigation and, overall, dried from January onwards.

The 1.35-1.95 m layer was scarcely affected by each irrigation and reached a minimum deficit of 15 mm. It too
dried from March onwards. This is also reflected in the matric potential at the bottom of the root zone (Figure 3)
which reached a maximum of only -18 kPa. Despite the subsoil remaining reasonably dry, drainage still
occurred throughout the season. The rate of drainage sharply increased about 6 hours after each irrigation front
passed over the lysimeter, as shown in Figure 4 for the irrigation on 12 January 2009.
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Figure 1. Cumulative drainage (left vertical axis) and cumulative rainfall (right vertical axis) during the 2006/07 and
2008/09 irrigation seasons. Dates of irrigation events are shown as vertical bars.
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Figure 3. Matric potential of the soil at 2.1 m depth during the 2006-07 and 2008-09 irrigation seasons (means of 2
replicates).

The soil water potential of the soil below 1 m showed no response to this water movement. In fact the hydraulic
gradient at 2.1 m during this event was upwards, with a downward gradient only occurring above 1.5 m (Figure
4). This suggests that most of the drainage occurring during the 2008-09 season was due to by-pass flow — that
is flow through macropores that by-passes the soil matrix. Given that cracks only occur within the top metre or
so, the likely route for by-pass flow was through slickensides that occur deep in this profile and which were
observed during installation of the lysimeter. Interestingly, drainage occurred continuously between irrigations

long after free water had disappeared from the soil surface, albeit at a decreasing rate. As the season progressed,
29
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the gradually increasing deficit in the 0.75-1.35 m layer increased the amount of irrigation water that was
‘captured’ before it could become drainage, thereby reducing the drainage rate.
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Figure 4. Detail of cumulative drainage after an individual irrigation event on 12 January 2009. Also shown is the
soil water potential (matric + gravity) at 4 depths (means of 2 replicates). The time the irrigation front passed over
the lysimeter is shown by a vertical bar.

2006-07 irrigation season

Drainage during the 2006-07 season was 1.75% greater than during the 2008-09 season. At the start of the season
the soil water deficit from 0.75-1.95 m depth was 32 mm. There was little rain in the early part of the season,
and by the third irrigation the deficit had been reduced to 13 mm (Figure 2). Figure 3 shows that this was
accompanied by a rapid rise in matric potential at 2.1 m depth from -15 kPa to close to saturation.

The crop was relatively undeveloped up to the fourth irrigation, and created only small deficits between
irrigations. This resulted in large quantities of drainage after the second and third irrigations. Drainage after the
first irrigation was presumably mitigated as the profile wet up. As the season progressed, the rate of drainage
decreased as the crop created increasingly large deficits between irrigations.

Conclusions

Antecedent conditions are very important in determining drainage during the cotton season. The deficit of the
subsoil below 0.75 m depth plays an important role. In addition, the need for early season irrigation, before the
crop is able to extract significant quantities of water, causes rapid wetting of the deep subsoil and high drainage
rates. However, it appears that some drainage via by-pass flow is unavoidable due to the presence of free-
standing water on the surface during furrow irrigation. It is possible that surface cracks increase by-pass flow by
connecting the surface to slickensides in the deep subsoil. If so, then early season rainfall in 2008-09 could have
caused the surface cracks to close and reduced the amount of water reaching the deep subsoil. In contrast, the
early irrigations in 2006-07 could have reached the subsoil much faster due to surface cracks, and resulted in
more bypass flow.
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Abstract

A method of determination of irrigation depth using a numerical model of crop response to irrigation and
weather forecast was presented. To optimize each irrigation depth, a concept of virtual income, which is
proportional to an increment in transpiration amount during an irrigation interval, is introduced. A numerical
model that simulates water, solute, and heat transport and crop response is used in a numerical experiment.
Results indicated that the optimized irrigation depth can be smaller than the value which attains maximum yield.
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Introduction

Soaring food price and intensified scarcity of water resources bring a new emphasis on efficient use of water in
irrigation. The determination of irrigation depth has still widely relied on experience (i.e. fixed amount) or
intuition of farmers even in industrialized countries. Such conventional irrigation may cause yield reduction or
waste water. To precisely meet crop water requirements and respond to water/salinity stresses quickly,
automatic irrigation systems using sensors have been developed. Such “water stat” systems, however, require
high initial investment and have difficulty in adjusting irrigation depth to weather forecasts. For example, it is
obviously wasteful to apply a full irrigation when rain is forecast on next day. “Water stat” systems may
nevertheless do this if currently monitored value reaches its threshold value. Expensive monitoring using
sensors can be altered by numerical simulation of water, solute, and heat transport in soil and crop response to
them. High-spec personal computers are getting affordable even for farmers in developing countries. Not only
monitoring current status, a numerical model can predict near future conditions. Numerical prediction requires
knowledge of atmospheric boundary condition: quantitative weather forecast. Today, freely accessible
quantitative weather forecasts, whose accuracy is improving, have been provided on the web (e.g.
wetherunderground.com). These progresses have enabled the optimization of irrigation depths using quantitative
weather forecast as input data for numerical models such that net return is maximized. This paper presents a
procedure for the determination of irrigation depths using quantitative weather forecast. We also demonstrate its
effectiveness with a numerical experiment.

Methods

Maximization of virtual net return

Like other inputs such as labour or fertilizer, the purpose of irrigation is not necessarily to obtain the highest
yields, nor even water use efficiency, but to maximize the net returns. Timing of irrigation is generally restricted
to social factors such as rotation or availability of labour. In contrast, irrigators have more discretion with regard
to the amount of irrigation. Thus, we focus on the optimization of the amount.

If we can calculate net return until the next irrigation, the irrigation depth can be optimized such that net return
is maximized. Although in reality income is realized when harvest is sold, we assume that a farmer can obtain
virtual income, which is proportional to an increment of dry matter attained during an interval. Also, water must
be priced high enough to give irrigators incentive to save water. Net return, N, ($ a), during a period is then
defined as:

N,=P.et— P, W-C, (1)
where P, is the price of crop ($ /kgDM), ¢ is water use efficiency of the crop, 7 is cumulative transpiration (1
cm =107 kg/ha), P, is the price of water ($ /kg), W: irrigation depth (kg/ha), and C,, is the other costs ($ ha).
The amount of valuable part (fruit, grain etc.) of the crop is assumed to be proportional to dry matter production,
which is well known to be approximately proportional to cumulative transpiration. Under given conditions, N, is
thus a function of W. The problem is thus a simple one-dimensional search.
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To estimate transpiration amount, z, which dynamically responds to matric and osmotic potential in soil and
therefore, irrigation, a sophisticated model of the response of crop to irrigation is required. Numerical models
developed in the realm of soil physics can be such ones.

Procedure

First, using the records of climatic condition, numerical simulation is performed to estimate the current status.
Then, download quantitative weather forecast as input data and repeat simulations changing irrigation depth
until maximum anticipated N, is obtained. Then perform irrigation. On the early morning of the next irrigation
day, current status is estimated by simulation using the actual records of irrigation depth and climatic condition
from the last irrigation until the moment. This cycle continues until the last irrigation.

Numerical model

Algorithm and user interface described above was incorporated into a numerical model, WASH_1D, which
solves governing equations for one-dimensional movement of water, solute and heat in soils with the finite
difference method. The one-dimensional maximization was implemented with the golden section method with
searching range 0 to 10cm. Governing equation of water flow is Richards equation including water vapor
movement. Solute and heat transport are described with the convection-dispersion equation. It can be applied to
layered soil, and consider thermal vapor diffusion and hysteresis.

Root water uptake and crop growth sub-models

A widely used macrospopic root water uptake (RWU) model (Feddes and Raats 2004) was used in calculating
root water uptake and transpiration rate, 7(cm/s) . The crop growth model describes the growth of the each plant
part as a function of cumulative transpiration amount. In WASH_ 1D, root activity distribution, f(/cm), is given
as

B=b+Dd " (dy—2) )
where b is plant-specific parameter, d,, is the depth of lower boundary of the root zone(cm), and z is the
depth(cm). The d,, is described as a function of cumulative transpiration amount, 27(cm):

drt = adrt[l - exp(bdrtZT )] + Cart (3)
where ayy, by , and ¢y, are plant-specific parameters.

Leaf area index, I, which affects both radiation and wind, is also handled as a function of 2T.

I'=aall — exp(bra XT)] 4

where a4;, and by, are plant-specific parameters.
The potential transpiration rate, 7, which is used in the RWU model, is given by multiplying potential
evapotranspiration, E,(cm/s), from Penman equation by crop coefficient, K:

T,=E,K. &)
The K. is also assumed to be a function of [IT.
Kc = akc[l - exp(bkczT)] + Cre (6)

where ay., by , and ¢, are plant-specific parameters.
The evaporation rate is calculated with the bulk transfer equation (Daamen and Simmonds 1996; Noborio ef al.
1996; Yakirevich et al. 1997):

ho—p© )
_pvs7rs pva7ra

Te (N
where pv* is the saturated water vapor density (g cm’3), h, is the relative humidity, r, is the aerodynamic
resistance (s /cm), and where the subscripts s and a denote the soil surface and air at the reference height,
respectively. Since p,s is a function of surface temperature, heat movement also must be analysed. The main

energy input, solar radiation, is absorbed and reflected by leaves. Such attenuation is commonly described as
(e.g. Campbell 1985)

Rs = R‘voexp(_ars I) (8)

where Ry, is R(W m™) above canopy and a,, is plant-specific parameter. As crops grow, r, is increased as leaves
restrict water vapor transport. Such an additional resistance is expressed as a function of leaf area index, I:

rq= raO(l + aral) (9)

where r, is r, from bare soil surface, and a,, is plant-specific parameter.
Numerical experiment of the proposed procedure
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A numerical experiment was performed from August 7 to October 26, 2009. We assumed the experiment using
upland rice, Toyohatamochi, in Tsukuba, Japan. Irrigation interval was two days. The records of climatic
condition were downloaded from the website of Japan Meteorological Agency (www.kishou.go.jp/) and
quantitative weather forecasts were downloaded from the website of Yahoo! JAPAN (www.yahoo.co.jp).

Soil properties of Tottori sand were used in the simulation. Lower boundary was set at the depth of 40cm. Initial
cumulative transpiration amount and initial pressure head were set at 1.4cm and -5cm, respectively. Pressure
head at the bottom and temperature at the lower boundary were assumed to be constant at -30cm and 23 °C,
respectively. Supposed parameter values in the net return equation are listed in Table 1. Irrigation was started
9:00 of August 9 at an intensity of 5 cm/h.

Table 1. Assumed parameter values in the net return equation.

Parameter Value Unit
P, 0.33 $ /kg
P, 0.0001 $ /kg
E 0.001

Cor 0 $

Numerical experiment of an automatic irrigation system

Experimental period and condition were same as the experiment of the proposed procedure. The records of
climatic condition from August 7 to October 26 were downloaded, and numerical simulation was performed to
estimate the change of status and when irrigation was occurred. The automatic irrigation system was set to apply
irrigated Scm water when volumetric water content at the depth of S5cm was lower than 0.02.

Results

Table 2 shows the cumulative irrigation depth, transpiration amount and net income of the proposed procedure
and automatic irrigation system. Automatic irrigation system irrigated more water than the proposed procedure
and cumulative transpiration amount of automatic irrigation system was more than that of the proposed
procedure. However, net return of automatic irrigation system was less than that of the other because of the
greater irrigation cost.

Table 2. Cumulative irrigation depth, transpiration amount and net income of the proposed procedure and
automatic irrigation system.

Irrigation depth (cm) Transpiration amount (cm) Net return ($/a)
The proposed procedure 34.6 39.9 9.7
Automatic irrigation system 63.9 45.2 8.5

Figure 1 shows the temporal change of soil water content at the depth of 5 cm for the proposed procedure and
automatic irrigation system. On September 29, automatic irrigation system applied 2 cm while the proposed
procedure applied far less because of the climatic condition on next two days and volumetric water content of
automatic irrigation system was higher than that of the proposed procedure after the irrigation. Figure 2 displays
the temporal change of net return of the proposed procedure and automatic irrigation system. When rainy or
non-rainy days continued, difference in net return was small.
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Figure 1. Temporal change of soil water content at a depth of Scm of the proposed procedure and automatic
irrigation system.
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Figure 2. Temporal change of net return of the proposed procedure and automatic irrigation system.

Figure 3 shows net return and cumulative transpiration over 48h hours from 0:00 on September 28 as a function
of irrigation depth, W. Plots interpolated with spline curves were the trajectory of optimization, and points are
realized values determined by the actual climatic condition. Predicted N, and X7 increased with W, with
diminishing gradients, and N, reached to the peak at W = 0.15 cm, beyond which the N, decreased with W. Note
that maximum cumulative transpiration (i.e. yield) is achieved at larger irrigation depth. According to the actual
value, irrigation depth of automatic irrigation system was larger than that of the proposed procedure while the
difference in transpiration amount between the two was small. As a result, net income of the proposed procedure
was higher than that of the other. In addition, the differences in both net return and cumulative transpiration
between optimization and actual values were small during the period.

]

Cumulative transpiration during the period £T (cm)

T T T T
ooz & - 7 by the proposed procedure (optimization)
p -

* Nr by the proposed procedure (optimization) |

o
N
T

Net return Nr ($a)
|
o
]

°

-l < Nrby the proposed procedure A
= N by the automatic irrigation system
X7 by the proposed procedure

»  XT by the automatic irrigation system -

0.0 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Irrigation amount on 9/28 (cm)

n
vo
o

Figure 3. Net return and cumulative transpiration from September 28 to 29 as a function of irrigation depth.

Conclusion

In this study, a method of determination of irrigation depth using a numerical model of crop response to
irrigation and weather forecast was outlined. The numerical experiment showed encouraging results. Still, some
of the employed plant specific parameter values were hypothetical. We are performing an experiment to
determine these parameter values and test the effectiveness of this method by comparing with an automatic
irrigation system.
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Abstract

Application of 25 mm dye tracer to a ‘dry’ texture contrast soil (Sodosol) soil resulted in infiltration to a depth
of between 85 cm and 114 cm via a combination of preferential flow processes. However when the same soil
was ‘wet’ the dye tracer infiltrated uniformly to a depth of between 24 cm and 40 cm. Long term soil moisture
monitoring demonstrated that a soil moisture threshold existed at approximately 300 mm total stored soil
moisture (0-90 cm) which corresponded to approximately 30 % of plant available water content (PAWC). When
rainfall occurred on soil with an antecedent soil moisture below the 300 mm threshold, infiltration was
dominated by preferential flow processes, however when antecedent soil moisture was above the 300 mm
threshold, infiltration resulted from equilibrium flow as predicted by the Richards equation. Knowledge that
preferential flow occurs below a soil moisture threshold, enables agricultural managers to reduce loss of
agrochemicals below the root zone by restricting application to times when soil moisture is above the threshold.

Key Words
Antecedent soil moisture, capacitance probe

Introduction

Preferential flow refers to processes in which infiltrating water by-passes the soil matrix, resulting in more rapid
and deeper movement of water and solutes than would otherwise be expected (Simunek and van Genuchten,
2007). Numerous studies have demonstrated that preferential flow is both common and widespread (Flury et al.,
1994), resulting in the potential off-site movement of fertiliser and agrichemicals. The presence of preferential
flow also invalidates assumptions of the Richards equation used in single porosity models to predict infiltration
into variable saturated soils (Jarvis, 2007). Through dye tracer studies and long term soil moisture monitoring,
the effect of antecedent soil moisture on preferential flow was investigated.

Methods

Dye staining

A 25 mm solution containing 4 g/litre Brilliant Blue FCF (C.I. Food Blue 42090) dye tracer was applied to a
texture contrast soil (Sodosol) the soil via either a Morin rotating-disk rainfall simulator or hand held sprayer.
Dye stained areas were excavated approximately 30 hours after dye application. Images of dye stained soil were
captured using a Cannon 400D EOS digital camera, under a large white tent to exclude shadows. Images were
corrected for radial and keystone distortion in Photoshop CS3 software. Dye stained regions were separated
from unstained soil and converted to binary format in Image J software to enable analysis of the proportion of
dye stained soil with depth.

Moisture treatments

Dye was applied to the soil surface in wet and dry conditions. The dry treatment was established by ambient
drying under a rainout shelter during a prolonged period without rainfall. The wet treatment was established by
applying 20 - 30 mm irrigation with pop-up sprinklers four times a week, for a period of 45 days.

Soil moisture measurement

Soil moisture was monitored using a continuously logging capacitance probe (EnviroSCAN Solo - Sentek
Environmental Technologies, Kent Town, South Australia). The EnviroSCAN probe was mounted inside a
5.6mm diameter PVC plastic access tube which was rammed into the soil, ensuring a tight fit between the soil
and the access tube. Soil moisture was monitored at 10 cm, 20 cm, 30 cm, 50 cm, 70 cm, 90 cm and 130 cm
depths at 60 minute intervals between 19/9/07 and 30/5/08 and intervals between 1 and 10 minutes between
26/6/08 and 10/7/09.
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The effect of antecedent moisture on the occurrence of preferential and equilibrium flow was determined from
changes in soil moisture following 44 rainfall events between 24/9/2007 and 16/8/2009. Soil moisture response
to rainfall (>5 mm) was classified into five infiltration types.
(1) PF-A: Preferential flow, evidenced by by-pass flow in which soil moisture response (>0.2 %) does not
follow a logical sequence with depth.
(i) PF-B: Preferential flow, evidenced by infiltration rates in excess of 200 mm/hr.
(ii1) EQ: Equilibrium flow, in which infiltrating rainfall caused soil moisture sensors to respond in depth
order and at infiltration rates <200 mm / hr.
(iv) NR: No response, (>0.2 %) change in soil moisture following > 5 mm rainfall.
(v) UR: Unknown response, in which soil moisture response to rainfall was unable to be classified as
resulting from preferential or equilibrium flow.

Results

In the dry treatment, preferential flow processes resulted in dye infiltration to depths between 85 cm and 119
cm. Preferential flow included finger flow in the A1 horizon resulting from hydrophobicity, funnel flow in the
A2 horizon and sand infills, ponding and spilling of thin rivulets down the side of the clay columns, and filling
from the bottom up in shrinkage cracks and void spaces in the lower B horizons (Figure 1a-c). In the wet
treatment, the dye tracer infiltrated to depths between 24 — 40 cm. Dye staining indicates that while the wetting
front developed perturbations, true finger flow did not develop in the wet treatment (Hardie et al., Submitted)
(Figure 1d-f).
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Figure 1. Example of the effect of antecedent soil moisture on dye tracer infiltration —dry treatment (a) image, (b)

binary image (c) proportion of dye stained soil with depth. Wet treatment (d) image, (e) binary image (f) proportion

of dye stained soil with depth.

The mean antecedent soil moisture (0-90 cm) of the two preferential flow classes (PF-A, PF-B) was
significantly (P<0.05) lower than the antecedent soil moisture of the equilibrium (EQ) flow class (Figure 2b).
Results presented in Figure 2 indicate that when total soil moisture (0-90 cm) was below approximately 300
mm, infiltration, occurred via preferential flow (figure 1a). However when antecedent soil moisture was above

300 mm, rainfall infiltrated as uniform flow, which was largely restricted to the A horizon (Figure 1d). Based on

seasonal changes in soil moisture the 300 mm soil moisture threshold corresponded to approximately 30 % of
plant available water capacity (PAWC).
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Discussion & Conclusion

Infiltration into the texture contrast soil at antecedent soil moisture contents below 300 mm total soil moisture (0
-90 cm) were dominated by preferential flow processes, which resulted in the rapid infiltration to approximately
1.0 meter depth. When the antecedent soil moisture was greater than 300 mm (0-90 cm), infiltration occurred as
equilibrium flow. By restricting application of pesticides and fertiliser to times when soil moisture is above the
300 mm soil moisture threshold, agricultural managers can reduce the risk of shallow groundwater
contamination via preferential flow. Results also imply that use of tipping bucket models or Richards equation
based single porosity models which do not account for preferential flow are likely to be invalid when applied to
soils below the threshold soil moisture content.
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Abstract

Soil tillage is one of the key soil management practices in agricultural land use. Hydraulic conductivity of the
surface layer modifies water infiltration into the soil profile and possible runoff formation. The treatment of the
surface layer affects the soil pore system (distribution and connectivity of macroscopic cracks, voids, holes,
etc.). The aim of this study was to evaluate an effect of different tillage treatments on soil hydrophysical
properties in the top layer of a sandy loam soil. The tillage treatments were as follows: conventional plough,
shallow plough, minimum tillage, direct drill and no-treatment. The effect of wheel traffic was also evaluated by
measuring the infiltration rates in the wheel marks. An automated tension infiltrometer (Spongrovi et al., 2009)
was employed to measure the infiltration rates. The following soil characteristics were calculated: hydraulic
conductivity function K (%), hydraulic conductivity at saturation K,, numbers of macro- and mesopores per m> of
soil. The ANOVA results show that the plot with no-treatment and minimum tillage had higher K(%) values near
saturation than the tilled soils which did not differ significantly from each other. The wheel traffic led to soil
compaction and a significant reduction in the hydraulic conductivity close to saturation.

Key Words
Soil properties, hydraulic conductivity, tillage, wheel traffic

Introduction

Tension infiltrometry is a useful in situ technique commonly used to estimate the hydraulic conductivity of the
soil matrix near saturation without the influence of preferential flow usually affecting measurements of
hydraulic conductivity in saturated conditions. This allows one to characterise the infiltration capacity of
hydraulically active and fast water-conducting macro- and mesopores in situ (Bodhinayake et al., 2004), which
is essential for understanding the influence of soil and water management practices on water infiltration and
solute and contaminant transport as well as temporal changes and spatial variability of surface hydraulic
properties.

Methods

Field experiments

Infiltration tests were carried out in the field on Cranfield University farm between 27th July and 12th August
2006 on a sandy loam soil (Cottenham series). The texture of the soil was 63% sand, 23% silt and 15.0% clay.
Five different tillage treatments were tested: conventional tillage (CT, depth 25 cm), shallow plough (SP, depth
12.5 cm), minimum tillage (MT, depth 12.5 cm), direct drill (DD, 7.5 cm) and no-treatment (NT, untreated soil,
no plants sieved). The soil ploughing and cultivation were carried out on 24 April 2006, and drilling on 4 May
2006. In three of the treatments (CT, MT, and NT) infiltration tests were also carried out in the wheel-marks
created by wheel-traffic after the tillage. The weather conditions during the period between the soil cultivation
and the experimental period were relatively warm and dry. Monthly averaged maximum temperatures ranged
between 12.8°C (April) and 26.6°C (July); total amounts of precipitation (rain) ranged between 16 mm (June)
and 99.2 mm (August); May was also relatively rainy with 87.8 mm of precipitation. Three fully automated
tension infiltrometers connected to a single Mariotte bottle (Spongrova ef al., 2009) were used to determine the
infiltration rates for soil near saturation for each treatment. The soil surface was smoothed and levelled before
the infiltrometers were placed onto the plots. The sandy loam soil was relatively easy to smooth and level using
a knife, and good hydraulic contact was achieved without the need for any contact material creating an
additional layer. The replicates were placed approximately 1 m apart. Infiltration measurements were performed
for 8 water pressure heads in the following order: -13, -11, -9, -7, 5, -3, -2 and -1 cm. The tensions were set to
change automatically every 60 minutes. The datalogger sampling interval for the water level measurements in
the reservoirs was set to 3 minutes. When the measurement was finished, three undisturbed soil samples (100
cm’, sampling depth 0-6 cm) were taken from below each infiltration surface. The soil during the sampling was
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almost saturated, however, no visible change in the soil structure or soil compaction due to the weight of the
infiltrometer was observed. The samples were weighed and left to saturate on wet filter paper immersed in
water. Initial and final volumetric moisture content as well as moisture content at saturation and dry bulk
density were determined by oven-drying the undisturbed soil samples at 105°C for 48 hours.

Data analysis

Simiinek and van Genuchten (1996, 1997), and Simtnek ez al. (1998) proposed an inverse numerical method to
estimate the parameters of the hydraulic conductivity function from transient infiltration data from disc
infiltrometers. The soil hydraulic functions are commonly described by the expressions defined by Mualem
(1976) and van Genuchten (1980). HYDRUS-2D model (Simiinek ez al., 1999) was used for the numerical
solution of the Richards’ equation and to estimate the hydraulic parameters (6,, 6;, a, n and K) by minimising
the sum of squared deviations between observed and simulated cumulative infiltration. The values of §; were
determined in the laboratory by saturation and oven-drying of three undisturbed soil samples, while &,, a, n and
K, were used as fitting parameters in the inverse modelling procedure. To evaluate the amount of meso- and
macropores present in the soil for each tillage treatment, number of conductive pores per unit area N,
characteristic was used. The expression reported by Reynolds et al. (1995) was used to estimate the N, value
needed to observe the particular value of K(h). The same criteria as in Moret and Arrde (2007) were used to
define macro- and mesopores. Pores that drain at pressure heads close to saturation with a lower pressure head
limit of -4 cm were defined as macropores; and pores draining at lowerer pressure heads with an upper limit of -
4 cm (in this study pressure heads between -4 and -13 cm) were defined as mesopores.

Statistical analysis

Analysis of variance (significance level 0.05) was performed to determine whether the different tillage
treatments and wheel traffic had a significant effect on K(%) or not. In order to obtain normally distributed data,
Logiy (logarithm to the base of 10) transformed K(/) data were used for the analysis.

Results and discussion

The infiltration experiments were carried out approximately three months after the soil cultivation, the sandy
loam soil had already consolidated and no large differences in dry bulk densities between tilled and untilled
plots were observed. The mean of the initial and final moisture content as well as that of the soil moisture
content at saturation and the dry bulk density are summarised in Table 1 for each of the treatments. The
HYDRUS-2D results, the fitting parameters 6,, K, a and n, together with the coefficient of determination R? ,
averaged over the three replicates, are presented in the left part of Table 2.

The values of K(h) for CT, ranged between 0.0010 cm min™' at tension -12 cm and 0.5125 cm min™

at saturation. The ranges of K(h) for other tillage treatments were as follows: 0.0010 to 0.6473 cm min™' for SP,
0.0025 to 0.5345 cm min™' for MT, 0.0011 to 0.5162 cm min™ for DD, and 0.0012 to 0.5404 cm min”' for NT.
Figure 1 shows the mean Log K(h) values calculated for each tension using the hydraulic functions obtained by
numerical inversion for the different tillage treatments. The results show the soil with MT had a significantly
higher hydraulic conductivity than all the other treatments (CT, SP, DD, NT) at almost all tensions except at
saturation. In addition, the differences were, in general, larger at higher tensions.

Table 1. Mean initial (& iya1), final (0 5,.), and water content at saturation (6;), and dry bulk densities (p,) for each
tillage treatment.

Tillage treatment 0 initial O final 0, Pd
(cm® em™) (cm® em®) (cm® em®) (g cm™)
CP 0.100 0.293 0.348 1.39
SP 0.081 0.283 0.323 1.39
MT 0.098 0.260 0.332 1.41
NT 0.089 0.281 0.350 1.43
DD 0.099 0.331 0.380 1.45
MT wheel mark 0.126 0.276 0.363 1.48
CP wheel mark 0.110 0.303 0.356 1.50
NT wheel mark 0.089 0.281 0.350 1.50
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Table 2. HYDRUS-2D model parameters for each tillage treatment; scaling parameter of the van Genuchten’s
equation @, curve shape parameter of van Genuchten’s equation n, hydraulic conductivity K at saturation, residual
soil water content @,, and coefficient of determination for measured and modelled infiltration rates R’ (left part).
The right part of the table contains information about numbers of macropores and mesopores per unit area
calculated for each tillage treatment.

Tillage o n K; 0, R’ Numbers of Numbers of
treatment (Cm'l) (-) (cm min’l) (cm3 cm’ ) macropozres mesopoges
per m per m
CP 0.169 1.464 0.419 0.050 0.998 122 542
SP 0.175 1.549 0.460 0.062 0.998 153 711
MT 0.147 1.392 0.467 0.050 0.999 177 824
NT 0.189 1.519 0.499 0.050 0.998 161 842
DD 0.192 1.462 0.501 0.050 0.998 150 586
MT wheel mark  0.121 1.473 0.259 0.050 0.999 91 488
CP wheel mark 0.110 1.681 0.234 0.050 0.999 70 649
NT wheel mark  0.186 1.440 0.240 0.050 0.998 66 377

Conversely, the tilled soils did not differ significantly from each other and formed a homogeneous group
together with plots with DD and NT. Furthermore, the highest K(h) values were measured on the plot with MT,
and the corresponding Log K(h) values were significantly larger than those of the NT treatment for tensions
higher than 2.5 cm.
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Figure 1. Log K(h) values calculated for each applied tension (-13, -11, -9, -7, -5, -3, -2, and -1 ¢cm) using the
hydraulic functions obtained by numerical inversion in HYDRUS-2D for the different tillage treatments.

Number of conductive pores per unit area N, was increasing with increasing K(%) values. The N,, values varied
for all tillage treatments and throughout the whole range of tension between 664 and 1004 pores m™ (right part
of Table 2). There was about four times more mesopores than macropores for CT, SP, and MT; for DD and NT,
the number of mesopores was even larger. The data suggest that the CT operation carried out in this study
changed the soil structure generated naturally under NT systems, leading to a reduction in mesopore class sizes
and the creation of new macropore volumes which resulted in lower hydraulic conductivity at higher tensions.
These results are in agreement with those of Cortadeur et al. (2002), who compared tilled and untilled soils and
reported the reducing effect of ploughing on the near-saturated hydraulic conductivity, with K(4) values in the
ploughed soil being one third of those measured on the untilled soil. However, as reported by Pelegrin (1990)
and Ferreras et al. (2000), when K; was measured in situ, the values for tilled soils were significantly higher
than those measured on untilled soils. However, studies of the influence of tillage on infiltration rates are not
always conclusive; Cameira et al. (2003) and Ankeny et al. (1990) reported little difference in K(/) when
comparing untilled and tilled soils. When characterising the effect of wheel traffic, the following ranges of K(h)
were measured on wheel-marks: 0.0004 to 0.2651 cm min™' for CT, 0.0019 to 0.3692 cm min™ for MT, and
0.0004 to 0.2636 cm min™ for NT. Except for the CT, the reduction in LogK(h) on plots with MT and NT was
significant at all tensions (P < 0.001). The largest reduction in K(h) was observed at lower tensions (2.5 cm, 1.5
cm, and 0 cm) and was most significant for K; with a reduction varying between 50% and 60%. For the CP,
there was a 43% reduction in macropores per unit area, while the number of mesopores increased by 20%. For
the plots with MT and NT, the macropores were reduced by 49% and 59%, and the mesopores by 41% and
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55%, respectively. This shows that wheel-traffic leads to the loss of hydraulically active macropores. The soil
compaction created by the wheel traffic is also shown by the values of the soil dry bulk density (Table 1), which
are significantly higher in the wheel-marks for all three tillage treatments (t-test, significance level 0.05).
Ankeny et al. (1990) showed that wheel-traffic is one of the main source of soil compaction in agricultural
fields. The effect of wheel traffic on K(h) was also reported by Courtadeur et al. (2002) who measured a 60%
reduction in hydraulic conductivity at saturation in the wheel-mark of a tilled soil.

Conclusion

Soil tillage operations carried out on the tested sandy loam soil led to a reduction of mesopores and had no
beneficial effect on the near-saturated hydraulic conductivity of the soil. In addition, wheel traffic resulted in
large reductions in near-saturated hydraulic conductivity through compaction and the loss of macropores.
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Abstract

Many areas along the west side of the San Joaquin Valley of California are affected by saline soil due to
shallow, saline ground water conditions. Artificial subsurface drainage is not an option for addressing the
salinity problem because of the lack of drainage water disposal facilities. Thus, the salinity/drainage problem of
the valley must be addressed through improved irrigation practices such as converting to drip irrigation. The
effect of drip irrigation on soil salinity, soil water content, and water table depth was evaluated from both
experimental and model results. While a water balance showed little or no field-wide leaching, soil salinity data
clearly showed localized leaching around the drip lines.

Key Words
Irrigation water management, leaching fraction, water use

Introduction

About 1 million ha of irrigated land are affected by saline, shallow ground water conditions along the west side
of the San Joaquin Valley, California. Upward flow of the shallow groundwater has resulted in excessive levels
of root-zone soil salinity. The traditional approach to coping with shallow ground water problems is to install
subsurface drainage systems for water table control and improved leaching, but the proper operation of these
drainage systems requires disposal of the subsurface drainage water. No economically, technically, and
environmentally feasible drain water disposal method exists for the San Joaquin Valley, and thus, the drainage
problem must be addressed through options such as better management of irrigation water to reduce drainage
below the root zone. Schoups et al. (2005) concluded the following:

e for irrigated agriculture to remain sustainable, a soil salt balance must be maintained that allows for
productive cropping systems,
e continued irrigation without changing management practices is not sustainable.

One option for improving irrigation water management is to convert from furrow or sprinkler irrigation to drip
irrigation. Drip irrigation can apply water both precisely and uniformly compared with furrow and sprinkler
irrigation resulting in the potential to reduce subsurface drainage, control soil salinity, and increase yield.

Subsurface drip irrigation of processing tomatoes was evaluated to determine its effect on crop yield and
quality, soil salinity, water table depth, and profitability in salt-affected, fine-textured soil underlain by saline,
shallow groundwater. Because tomatoes are a high cash value crop, a better potential for increased profitability
with drip irrigation exists compared to cotton. However, tomatoes are much more sensitive to soil salinity,
which could result in reduced crop yields in salt-affected soil. This study presents a sensitivity analysis of drip
irrigation for different quality irrigation water with a shallow groundwater, using both experimental and
modeling results.

Materials and Methods

Field Experiments

Experiments in three commercial fields involved comparing subsurface drip irrigation of processing tomatoes
with sprinkle irrigation under saline, shallow ground water conditions. Drip irrigations occurred every two to
three days. At one field, water table depths were about 2 m, while at the other two fields, water table depths
generally ranged between 0.5 m and 1 m. The electrical conductivity (EC) of the irrigation water ranged
between 0.30 to 0.35 dS/m and between 1.06 to 1.2 dS/m , whereas the EC of the shallow ground water ranged
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from 4.7 dS/mto 16.4 dS /m, depending on the particular field and time of year. Soil type was clay loam at the
three sites.

Computer Simulations

Soil water and soil water salinity distributions around the drip line were modeled using an adapted version of
the computer simulation model HYDRUS-2D (Simiinek ef al. 1999). This software package can simulate the
transient two-dimensional or axi-symmetrical three-dimensional movement of water and nutrients in soils. This
model has been previously used in studies of water and chemical movement under drip irrigation (Gardenas et
al. 2005; Hanson et al. 2006). Subsurface drip irrigation was simulated using system design characteristics
typical of the drip systems used for processing tomatoes.

Simulations were conducted for water table depths of 0.5 and 1.0 m, irrigation water salinities of 0.3, 1.0, and
2.0 dS/m, and applied water amounts of 80, 100, 115% of the potential evapotranspiration. For the 0.3 dS/m
irrigation water, additional simulations for a water application of 60% were also conducted. Two irrigations per
week were applied for the 1.0 m water table depth and daily irrigations were used for the 0.5 m depth. The EC
of the shallow ground water was assumed to equal 10.0 dS/m and 8.0 dS/m for the 0.5 and 1.0 m water table
depths, respectively, based on measured levels at the field sites.

Results and Discussion

Field Experiments

Soil salinity around drip lines was found to depend on the depth to the ground water, salinity of the shallow
ground water, salinity of the irrigation water, and amount of applied water. For water table depths of 2 m, soil
salinity (expressed as the EC of a saturated extract) was smaller than the threshold salinity and was distributed
relatively uniformly around the drip line (Figure 1A). For water table depths of less than 1 m, soil salinity varied
considerably around drip lines with the smallest levels near the drip line and high values near the periphery of
the wetted volume (Figure 1B). Higher values of soil salinity occurred near the drip line for the field using the
higher EC irrigation water (Figure 1C).

The key to the profitability and sustainability of drip irrigation of tomatoes in the valley’s salt affected soils is
salinity control. Salinity control requires leaching or flushing of salts from the root zone by applying irrigation
water in excess of the soil moisture depletion. The leaching fraction, defined as the percent of applied water that
percolates below the root zone, is used to quantify the amount of leaching. It was concluded that because of
salinization issues, sustainable agriculture may not be possible in these salt affected soils of the valley, based on
a regional salt balance assessment which showed salt imports into the valley to exceed salt exports (Schoups e?
al. 2005).

The field-wide leaching fraction historically has been calculated as the difference between the seasonal amount
of applied water and the seasonal crop evapotranspiration. Data from our experiments showed that based on the
historical approach, little or no field-wide leaching occurred, which appears to raise questions about the
sustainability of drip irrigation. The field-wide leaching fraction is the ratio of the seasonal crop
evapotranspiration (determined with a computer evapotranspiration model and measurements of canopy growth
and reference crop evapotranspiration) to the seasonal applied water.
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Figure 1. Patterns of soil salinity around drip lines for (A) an average water table depth =2 m, EC of the
irrigation water = 0.3 dS/m, and ground water EC = 8 to 11 dS/m; (B) water table depth between 0.61 and 1 m, EC
of the irrigation water =0.3 dS/m, and ground water EC =5 to 7 dS/m; and (C) water table depth between 0.61 and
1 m, EC of the irrigation water = 1.1 dS/m, and ground water EC =9 to 16 dS/m. The black dots are the drip line
locations. Values are EC of saturated extracts (dS/m).

Yet, considerable leaching occurred around the drip lines (defined as localized leaching), as seen in Figure 1.
Localized leaching increased with increasing amounts of applied water. Thus, the historical approach to
estimating leaching fractions may be inappropriate for drip irrigation. However, it is difficult to estimate the
localized leaching fraction under drip irrigation because leaching fraction, soil salinity, soil moisture content,
and root density all vary with distance and depth around drip lines. Thus, HYDRUS-2D was used to estimate
leaching fractions under drip irrigation.

Computer Simulations

The simulations showed that reclamation of the soil near the drip line was rapid with salt patterns around the
drip line similar to those shown in Figures 1B and 1C. As time progressed, the volume of reclaimed soil
increased with most of the reclamation occurring below the drip line and salt accumulating above the drip line
(data not shown). However, the simulation data show that considerable leaching occurred around the drip line
for water applications of 60 and 80 percent, considered to be deficit irrigation conditions with no field-wide
leaching (Hanson et al. 2008).

Based on the water balance approach, no field-wide leaching occurred for water applications equal to or less
than 100% of the potential crop evapotranspiration. However, the actual leaching fraction, called the localized
leaching fraction, ranged from 7.7% (60% water application) to 30.9% (115% water application), and was
24.5% for the 100% water application. The localized leaching fraction is defined as the ratio of the cumulative
amount of flow out of the bottom of the modeling domain to the amount of irrigation water applied. As the
salinity of the irrigation water increased, the localized leaching fractions increased for a given amount of applied
water because of reduced root water uptake. Thus, even for applications considered to be deficit irrigation
conditions, considerable localized leaching occurred around the drip lines. This behavior reflects the wetting
patterns that occur under drip irrigation. This localized leaching is highly concentrated near the drip line, an area
where root densities are likely to be the highest. These data, coupled with the measured soil salinity data,
indicate that the historical approaches to measuring leaching fractions are inappropriate for drip irrigation.
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Abstract

Land clearing has severely affected the uplands in the Northeast of Thailand, where the original forest has been
converted into agricultural land, with most probably important modifications of the soil properties. The aim of
this study was to assess the effects of land use changes on both the soil physical properties and on the soil water
budget in a small watershed. The experiment was conducted in 2008, in a mini watershed located near the
village of Ban Non Tun (16°19'43.90" N, 102° 45'07.91" E), in the Khon Kaen Province, Thailand. The
experiment was set up in several plots with different land uses: a young rubber tree (RT) plantation, ruzi grass
(RG), and natural forest (F). Under the RT and under the RG the presence of a clayey layer at a depth varying
from 90 to 150 cm, with low permeability, hindered the water infiltration and led to the occurrence of a perched
water table during rainy season. The drainage was around 40% of the total rainfall in RT and RG respectively.
The surface runoff was 10.73, 2.76 and 4.80% of total rainfall and the average evapotranspiration in the dry
season was 1.80, 1.57 and 2.04 mm d”' for the RT, RG and F respectivity.

Key Words
Hydraulic property

Introduction

In the northeast of Thailand where undulating topography dominates the landscape, the soil is mainly sandy and
of low fertility. During these last decades the original dipterocarpus forest located in the uplands of the
landscape has been cleared into agricultural land dedicated to cash crops. The conversion from forest to
agricultural land had several noticeable impacts especially on the soil and water quality. Some studies (Chen et
al., 2009) found that land cover changes affect the distribution of soil moisture and hydraulic properties.
However, this process has not been addressed in terms of precise quantification in this area. The temporal
change of land use and management can thoroughly affect soil hydraulic properties and the soil water cycle.
Therefore the aim of this study is to quantify the consequences of land use changes on the soil physical
properties and soil water budget in a small watershed.

Materials and Methods

Experimental sites

The study site has been set up in a mini watershed located near Ban Non Toon, Khon Kaen Province, Thailand
(16°19'43.90" N, 102° 45'07.91" E). In this undulating landscape, the higher parts of the mini watershed reach
210 m AMSL and 185 m AMSL in the lower parts, with a general average slope of 3.5%. Most of the area is
planted with rubber trees (RT) and ruzi grass (RG) along the slopes and paddy fields in the valley line. Some
patches of original forest (F) are still present in the watershed. Previously the land was planted with jute,
cassava and ruzi grass. The climate of the site is considered as tropical savanna climate, with an annual rainfall
of 1,309 and 1,957 mm in 2007 and 2008 respectively, and an average annual temperature of 29 °C.

Hydraulic properties of soil and water budget

The saturated hydraulic conductivity was measured in situ with a disc infiltrometer (Perroux and White 1988) in
three different situations of land use: rubber tree plantation, ruzi grass pasture and forest. The water retention
curves were derived from Wind evaporation method (Wind 1968) and with van Genuchten model (van
Genuchten 1980).
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where 6, and 0, represent the residual and saturated water content, / is the matrix pressure head, a, n and m
empirical parameters (m=1-1/n).
In order to monitor the water flux in this experimental watershed and in the different situations, a series of
experimental devices was installed in the field namely: (i) a network of piezometers to measure the groundwater
flow, (ii) several stations with tensiometers and neutron probes to monitor the water flow in the vadoze zone,
(iii) in each situation the surface runoff was measured with a PVC cylinder (diameter 60 cm) slightly driven into
the soil with a superficial outlet connected to a plastic tank and (iv) a micro-meteorology station. Considering
the different terms of the water budget equation evapotranspiration was calculated as below:

P-R-D-AS,, =ET 2
where P is precipitation was estimated from tipping bucket rain gauge, R is surface runoff, D is deep drainage
calculated from tensiometric data and AS is change in soil water storage.

Results and Discussion

Soil properties

Some physical and chemical properties of soil are shown in Table 1. The texture of RT soil and RG soil is sandy
at the top whereas the subsoil is sandy in its upper part, but becomes clay soil in depth. This clayey layer
represents the interface between the soil profile and the bed rock composed of sandstone. Under the forest, the
soil texture is sandy from the top to the bottom, even if the clay content also increases with depth. The soil pH
of RT, RG and F soil is very acidic in the sandy layer but moderately acidic in the clayey layer except at 90 cm
depth in forest soil where it is very acidic. The organic matter status is extremely low in all situations, but
systematically shows a slight increase in the top soil.

Table 1. Physical and chemical properties of rubber tree (RT), ruzi grass (RG) and forest (F) soil.

Depth Sand Silt Clay Texture pH (1:1) oM
(cm) (%) H,0 (%)
RT soil
10 91.4 5.6 3.0 S 5.1 0.6
50 87.0 8.5 4.5 LS 53 0.1
90 57.7 14.3 28.0 SCL 55 0.4
RG soil
10 89.0 7.5 3.5 S 54 0.5
40 87.2 10.6 2.2 S 54 0.1
90 57.6 12.1 30.3 SCL 5.7 0.2
F soil
10 84.6 11.1 43 LS 54 0.5
40 87.8 8.7 3.5 LS 52 0.1
90 72.9 10.9 16.2 SL 4.9 0.3

The bulk density of RT and RG soil showed a regular increase with depth (Figure 1a), whereas for F soils it
decreased slightly at 40 cm though the general trend from surface to depth is also an increase. Conversely, the
value of saturated hydraulic conductivity (K;) decreased with depth under RT soil (figure 1b). On the RG soil,
the value of K was noticeably higher at 40 cm than at 10 cm soil depth, but similarly to RT soil the value of Ks
is extremely low at 90 cm depth. On the other hand the saturated hydraulic conductivity was much more
homogeneous along the soil profile under forest as the clayey layer was not as clearly identified as in the other
situations. Saturated hydraulic conductivity shows higher variation on the superficial sandy soil than in the
lower clayey soil. The comparison of three land uses showed that the hydraulic conductivity at top soil RT soil
and RG soil was significantly higher than in F soil. This may be due to differences in soil compaction, as
illustrated by bulk density, but it is mainly the slight difference in clays content that may explain particular
properties. Similarly deeper, around 90 cm, the saturated hydraulic conductivity of F soil was much higher than
for the soil of the two other situations, due to the difference in clay content.
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Figure 1. Bulk density (a) and saturated hydraulic conductivity (b) of rubber tree, ruzi grass and forest soil (Cyan
color is 10 cm depth, Blue color is 40 or 50 cm depth and Dk Cyan color is 90 cm depth).

Water retention parameter was show in Table 2. The value of residual water content 8, of RT soil and RG soil
was higher in the clayey layer than in the sandy layer. Inversely the value of saturated water content 6, was
higher in the sandy layer than in the clayey layer, indicating more available water in the sandy layer than in the
clayey layer. In the F soil, the value of 6, and 6 slightly decreased with depth. The water retention parameter o
in sandy layer is quite similar for most soils but is lower in clay layer. These values tend to decrease slightly
from top soil to sub soil with narrow range of variation, accordingly to the clay content. The value of parameter
n decreased with depth in all situations.

Table 2. Soil water retention parameter of rubber tree (RT), ruzi grass (RG) and forest (F) soil.

Depth or Os o n
(cm) (cm® cm™) (cm® em®) (cm™)
RT soil
10 0.07+0.04 0.37+0.009 0.02+0.002 3.09+0.31
50 0.03+0.01 0.36+0.01 0.01x0.0004 2.82+0.25
90 0.12+0.02 0.28+0.01 0.01+0.005 1.92+0.17
RG soil
10 0.06+0.001 0.39+0.001 0.02+0.002 4.16+0.33
40 0.07+0.02 0.40+0.01 0.02+0.0003 2.57+0.14
90 0.012 0.31+£0.018 0.002+0.0001 2.70+0.23
F soil
10 0.07+0.014 0.32+0.01 0.02+0.0004 2.68+0.45
40 0.06+0.0002 0.32+0.01 0.01+0.001 2.55+0.19
90 0.05+0.07 0.28+0.01 0.02+0.002 1.91+0.72
Soil water budget

The study of the soil water budget under RT and RG was carried out from January to December 2008, except
for F, where the tensiometric data was unavailable from January to June 2008. Therefore drainage could only be
calculated for half a year in this situation. The annual rainfall in 2008 was exceptionally high with 1,958 mm. In
the RT soil, three different topographic situations have been considered: up-, mid-, and downslope. The
evolution of surface runoff has been represented in Figure 2. In RT soil, at the beginning of the rainy season
upslope and midslope situations have higher runoff than the downslope but at the end of rainy season
cumulative runoff becomes higher downslope. Possibly due to lateral perched water flow downslope. In RG and
F the surface runoff is noticeably less, and increases mainly at the end of the rainy season when soils are
thoroughly saturated.
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Figure 2. The evolution of surface runoff under three land uses.

In RT and RG, the sandy layer, with its high permeability, had an high drainage capacity, but the low
permeability of clay layer limited downward percolation. Consequently a perched water table developed during
rainy season. The drainage was higher in RG soil than RT soil (Table 3). From July to December 2008, the
drainage in F soil was 459 mm, and in the same period it was 776, 1175 for RT at and RG Evapotranspiration
(ET) calculated from the soil water balance equation was similar to Penman's potential evapotranspiration
calculated with the meteorological data (1000.13mm). In the RT situation the topography played an important
role in the water balance, as shown in Table 3: in mid slope position, drainage was less but ET was highest. The
drainage represented around 40% of the total rainfall for RT and RG, whereas it represented only 23% of the
total rainfall in the forest. The surface runoff was 10.73, 2.76 and 4.80% of total rainfall and the average ET of
RT, RG and F in dry season was 1.80, 1.57 and 2.04 mm d"' respectively .

Table 3. The cumulative drainage water and evapotranspiration in the three land uses

Land use Drainage ET
(mm)

Rubber soil 776 1012
- upslope 852 1002
- midslope 586 1227
- downslope 890 808

Ruzi grass soil 1175 870

Forest soil 459* 418*

* calculated from July-December 2008

Conclusions

The soil differentiation in the different land use situations, especially the clay distribution, conditioned specific
soil hydraulic properties and water balances. The contrasted saturated hydraulic conductivity in RT and RG
between sandy layer and clayey layer, contributed to the occurrence of a perched water table during rainy season
when rainfall was high and potential evaporation was low. The shallow water table persisted for 2—-3 months,
with downward and lateral flux causing drainage losses. On the other hand in more the homogeneous soil of the
forest, the water storage was higher, the runoff and the drainage less, and finally the ET higher.
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Abstract

Water repellence in a texture contrast soil was found to be more strongly related to rainfall/leaching history,
than the soil moisture content at the time of analysis. Field samples collected after prolonged rainfall had
significantly lower water drop penetration time (WDPT) than samples collected after a prolonged period with
minimal rainfall. A sequential leaching experiment also demonstrated that compounds causing water repellence
could be leached from the soil, and that water repellence did not return following drying. Infiltration
experiments demonstrated that leaching of water repellent substances was sufficient to prevent the development
of finger flow even when soils were air dried, however fingering was observed in both leached and non-leached
soil when air flow at the base of the Helle-Shaw tank was prevented. The work has important implications for
timing of application of many agrochemicals to these soils.

Key Words
Water repellence, duplex, finger flow, infiltration, preferential flow

Introduction

Water repellence is thought to affect approximately 5 million hectares in Australia (Blackwell, 2000). Water
repellence has been associated with increased erosion, poor seedling establishment, uneven crop growth,
reduced irrigation efficiency and accelerated leaching of solutes including pesticides and fertiliser (Blackwell,
2000; Ritsema and Dekker, 2000). In water repellent soil, development of soil water fingers or ‘fingering’
results from instability in the wetting front when either the infiltration rate of a soil is less than the saturated
hydraulic conductivity, or the depth of ponding is below the water entry potential (Wang et al., 1998).
Numerous studies have demonstrated that water repellence is inversely related to soil water content and that a
critical water content exists below which fingering develops (Ritsema et al. 1998). Doerr and Thomas (2003)
however found that for at least some soils that the relationship between soil moisture and water repellence is
hysteretic, and that water repellence is not re-established after seasonal rainfall, unless input of new
hydrophobic substances occurred. This paper details findings resulting from seasonal rainfall and leaching of a
water repellent texture-contrast soil.

Methods

Effect of moisture content and leaching on water repellence

Samples were collected from the A horizon (0-10 cm) of a texture contrast soil, at the end of summer in April
2008, following 12 mm rainfall in the 30 days prior to sampling (non-leached), and July 2009 following 103
mm rainfall in the 30 days prior to sampling (leached). The relationship between antecedent soil moisture and
water drop penetration time (WDPT) was determined by wetting a 1 kg sample of air dried non-leached soil to
saturation. Subsamples were then dried at 40°C for durations ranging from 6 to 140 hours to produce a range of
soil moisture contents. Samples were cooled to room temperature and the WDPT determined according to
Caron et al.(2008). The relationship between leaching history and water repellence was investigated by
sequentially leaching a 1200 cm” air dried, non-leached soil. Following leaching, soil was dried at 40°C for 24
hours, and the WDPT and water entry potential (WEP) determined, following similar procedure to Wang et
al.(2000).

Finger flow — Helle Shaw tank

The effects of soil moisture and air entrapment on infiltration was investigated by applying water to leached and
non-leached soil packed into a 2 cm wide glass walled tank (Helle-Shaw cell) (Wang et al., 2003). Infiltration
was conducted with and without air entrapment into soils with differing moisture content and leaching history.
The head of water was maintained between 0.5 and 0.8 mm by controlling the rate of flow from the drippers or
setting the air tube to the depth of ponding. Water flow down the sides of the glass panes was prevented by
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coating the glass with either Teflon (moist soil) or thinly smeared Vaseline (dry soil). Visualisation of
infiltration into wet soil was aided by application of 20 g/L Brilliant Blue FCF (C.I. Food Blue 42090) and
recorded by still camera every 1 to 5 minutes depending on rate of infiltration.

Results
Prolonged rainfall significantly reduced water repellence (WDPT). Non-leached samples collected in April 08
had significantly higher WDPT than leached samples collected in July 09 (Table 1).

Table 1. Effect of leaching history on water repellence.

Non Leached (April 08) Leached (July 09)
Site Grav. Soil WDPT Repellence Grav. Soil WDPT Repellence
Moisture % (mins) Class* Moisture % (mins) Class*
B 0.91 5 High 0.42 0.18 Weak
C 1.13 15-20 Severe 0.40 0.63 Weak

* Classification based on Dekker et al. (2000).

The relationship between soil moisture and WDPT was poor (> = 0.56, df 16) (Figure 1b), however artificial
leaching significantly (p<0.05) reduced water repellence measured as both WDPT and WEP (Figure 1a). The
WDPT decreased significantly from 170 minutes to 7.8 minutes following the first leaching event. Further
leaching events did not significantly reduce WDPT, however the water entry potential (WEP) decreased
significantly (p<0.05) with each leaching event (except second and third events) (Figure 1a). The relationship
between WDPT and WEP was best described by a logarithmic function (r* = 0.94, p <0.001, df 7). Difference
between the WDPT and WEP response suggests that initial leaching had greater effect on the time required for
water repellence to breakdown, than the water entry pressure required to overcome water repellence and initiate
infiltration.
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Figure 1 (a). Effect of leaching on water drop penetration time (WDPT), and water entry potential (WEP), FS =
Field sample, FS-40°C = field sample dried to 40°C (b). Relationship between WDPT and WEP. Error bars
represent +1 standard deviation.

Finger flow and uneven wetting fronts, developed in dry non-leached soil (Figure 2b) and wet, leached soil with
air entrapment (Figure 2d). Uniform flow occurred in leached soil with no air entrapment regardless of soil
moisture (Figures 2 a & c). Results indicate that the reduction in water repellence followed prolonged rainfall
(Table 1) prevented development of finger flow in soils with no air entrapment (Figures 2 a & c). However
finger flow was induced in leached soil as a result of air entrapment at the base of the soil horizon. Finger flow
propagation rate in dry, non-leached soil was 355 mm/hr (Figure 2b), which was similar to the infiltration rate
for uniform flow in leached, dry soil at 385 mm/hr and wet soil at 410 mm/hr (figures 2 a &c respectively).
Finger propagation with air entrapment in leached soil (Figure 2d) was considerably slower than the other
infiltration events at 45 mm/hr.
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Discussion & Conclusion

Water repellence was found to be dependent on rainfall/leaching history. Leaching resulting from rainfall and
the laboratory experiment significantly reduced water repellence, resulting in uniform infiltration. Results from
this study confirm previous findings by Doerr and Thomas (2003) of a hysteretic relationship between soil
moisture and water repellence in some soils, and that input of hydrophobic substances is necessary to re-
establish water repellence after leaching. These findings cast doubt on the modelling approaches based on
Ritsema et al. (1993) in which finger flow develops below a static critical water threshold. In the absence of
rainfall, it is recommended agricultural managers apply irrigation or wait for rainfall to leach hydrophobic
substances from soils prior to application of pesticides or fertiliser, in order to reduce the risk of shallow
groundwater contamination via finger flow.
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Figure 2. Helle-Shaw tank experiment. Infiltration into (a) leached, dry soil collected July 09, no air entrapment (b)
non-leached, dry soil collected April 08, no air entrapment (c) leached, wet soil collected July 09, no air entrapment
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Abstract

Andisols exhibit unique dielectric properties which may affect estimation of electrical conductivity by time
domain reflectometry (TDR). We investigated the potential to continuously monitor electrical conductivity (a,,)
and nitrate concentrations of soil solution using TDR in an Andisol field from December of 2007 through
August of 2008. Before the field experiment, we investigated the relationship between o, bulk soil electrical
conductivity (o), and volumetric water content (6) for an Andisol and assessed the use of the Hilhorst model to
describe the relationship. The obtained o, - g, - € relationship was fitted well by the Hilhorst model with the
dielectric permittivity of soil at g, = 0, & = 10. In the field experiment, o,, values estimated using TDR with the
Hilhorst model were in agreement with those obtained from solution samplers. In addition, a linear regression
between o,, and nitrate concentrations showed positive correlation. The combination of this regression with the
o, estimated from TDR measurement and Hilhorst model will provide a useful tool for monitoring soil nitrate
concentrations in Andisol fields under transient conditions.

Key Words
Time domain reflectometry (TDR), Andisol, nitrate concentrations, soil solution, electrical conductivity.

Introduction

Contamination of groundwater by excess fertiliser is a common problem in upland field areas in Japan. To
establish sustainable agricultural practices, it is important to estimate the displacement of water and solutes that
will occur at a depth below the plant root zone during a given time period. Time domain reflectometry (TDR)
has become an established and reliable means to determine volumetric water content (¢) and bulk soil electrical
conductivity (o) (e.g. Noborio 2001). As TDR can measure both 8 and g, in the same soil volume rapidly, it has
been used to monitor solutes. Some researchers have applied TDR to estimate nitrate concentrations (Nissen ef
al. 1998; Das et al. 1999; De Neve et al. 2000). Although Andisols exhibit unique dielectric properties which
may affect the estimation of electrical conductivity by TDR, available works evaluating the use of TDR for
studying solute transport are still limited (Vogeler et al. 1996; Mufioz-Carpena et al. 2005). Moreover, little
information is available on comparing soil solution electrical conductivity (o,) based on TDR measurement with
that obtained by conventional methods, soil coring or solution samplers under field transient state conditions.
The main objective of this study was to test the applicability of TDR measurements for assessing the temporal
dynamics of nitrate concentrations in Andisol fields. To this end, we evaluated a new model to describe the g,, -
o, - O relationship for Andisol. We also conducted a field experiment to compare ¢,, based on TDR measurement
with that obtained by conventional methods. In addition, we obtained a regression for predicting nitrate
concentrations from the o,, values.

Methods

The o, - 0, - 0 relationship model developed by Hilhorst

Hilhorst (2000) developed a novel method for estimating o, directly from the measurements of the dielectric

permittivity of soil, €,, and the bulk electric conductivity of soil, .

o =% (1)
ga - 80

g, 1s the dielectric permittivity of soil solution (= 81), and ¢ is the dielectric permittivity of soil at ¢;, = 0. For a
capacitance sensor, values between 1.9 and 7.6 have been reported for ¢, (Hilhorst 2000).

Calibration experiment

Soil samples were obtained at the surface and at a depth of 0.6 m from the experimental field. The samples were
washed by three pore volumes of distilled water. They were then air-dried, passed through a 2-mm sieve and
packed as uniformly as possible into an acrylic cylinder (62.8 mm in diameter and 130 mm high) up to a height
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of 110 mm high. ¢, and o, were measured using a TDR cable tester (Tektronix 1502B). For all measurements,
we used the same three-rod TDR probe (3 mm in diameter and 100 mm long with a 15 mm in space between the
centre and outside rods). The TDR probe was inserted vertically into the soil columns. Waveform analysis was
conducted using the WinTDR waveform analysis software (Or et al. 1997), which enables automated TDR
control, data acquisition, and waveform analysis. Water contents were measured by weighing the soil samples
gravimetrically using an electronic balance. o,, was obtained by centrifuging the soil samples at 6000 rpm for 30
min and measuring the electrical conductivity of the supernatant with a conductivity metre.

Field experiment

A field experiment was conducted from 17 December, 2007 to 31 August, 2008 at the National Institute of
Rural Engineering in Tsukuba, Japan. The type of soil at this site is Andisol (Typic hydrudand). The soil’s
physical and chemical properties are listed in Table 1. The soil profile was divided into two layers, a surface
layer and a subsurface layer at a depth of 0.4 m. The experimental field was 10 x 10 m in size. The experimental
field was fertilised with 200 kg N/ha, 87 kg P/ha and 166 kg K/ha as chemical fertiliser on 25 December, 2007.
The ground surface was kept unplanted during the field experiment.

Three-rod TDR probes (5 mm in diameter and 300 mm long with a 25 mm in space between the centre and
outside rods) were horizontally installed into pit faces at three locations, at three depths (0.2 m, 0.4 m and 0.6
m). The TDR probes were connected to a cable tester (Tektronix 1502B) through a multiplexer (SDMX50,
Campbell Scientific). A copper-constantin thermocouple was installed at a central pit at three depths to
compensate for soil temperature when measuring o,,. Two porous cups were buried at three depths same as the
TDR between each pit to collect soil solution samples. ¢,, 0, and soil temperature data were recorded every hour
throughout the field experimental period. The soil solution was sampled one to three times a month during the
field experiment.

Table 1. Physical and chemical properties of soils taken from the experimental site.

Bulk density Ks pH' T-C T-N CEC™
(g/cm’) (mm/h) (%) (%) (cmol kg™
Topsoil 0.71 126 6.2 43 0.4 22.2
Subsoil 0.63 108 6.3 2.0 0.4 17.4
*1 soil:solution = 5g:25mL
*2 Wada (1986)

Results

Calibration experiment

The TDR-measured o}, is plotted against o,, as measured by a conductivity meter on the extracted solution
(Figure 1). The results show that a linear relationship exists between o, and o,, in the range of 0.5 to about 3.0
dS/m at each 6. In addition, the data for topsoil and subsoil are similarly. These results may indicate that the a,, -
o, - 0 relationships are not sensitive to the bulk density. Results from fitting the experimental data to the
Hilhorst model are also given in Figure 1. The calculated g, - g, - 0 relationships agree well with the
experimental data. In the Hilhorst model, & is the only parameter calculated from the relationship between g,
and ¢&,. The value of &, was 10 in this study. Ochiai and Noborio (2003) used &, = 9 for g,, calculations from TDR-
measured g, and &, in an Andisol field. The &, values for the Andisols in Japan are likely to fall around 10.

Field experiment

The o,, value estimated using TDR with the Hilhorst model was similar to that obtained from solution samples
with porous cups (Figure 2). A distinct breakthrough 0.2 m deep was observed in both measured and estimated
o, values. However, solute transport was detected earlier with TDR than with the porous cups. At a depth of 0.4
m, TDR estimates exhibited similar magnitude and pattern as those for solution samples with porous cups. A
gradually increasing o,, at a depth of 0.6 m from mid-April to mid-May was detected with both TDR and porous
cups. In contrast, the ,, estimated by TDR did not correspond well with the o,, measured by porous cups after
mid-May. The scatter plots show the potential of using ¢,, combined with site-specific regressions for predicting
the soil nitrate concentrations, which are relatively well correlated to changes in a,, (Figure 3). The regressions
are similar to those reported in previous works. In particular, the regression is close to that obtained from a field
calibration experiment by Das et al. (1999).
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Conclusion

Andisols differ from the other soils in their dielectric properties, affecting the estimation of electrical
conductivity by TDR. Therefore, we investigated the g,, - g, - 8 relationship for Andisols and assessed the use of
the Hilhorst model to describe the relationship. The obtained o,, - o, - 8 relationship agreed well with the
Hilhorst model with gy, = 10. In a field experiment, o,, values estimated using TDR with the Hilhorst model were
in agreement with those obtained from solution samplers. In addition, a linear regression between o,, and nitrate
concentrations showed positive correlation. The combination of this regression with the g, estimated from TDR
measurement and the Hilhorst model will provide a useful tool for monitoring soil nitrate concentrations in

Andisol fields under transient conditions.
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Abstract

The precise and continuous measurement of hydraulic properties of hydrophobic soils is of vital importance for
the understanding of soil-water interaction in hydrophobic soils. The water repellency (WR) persistence of a
volcanic ash soil that was preheated for different temperatures between 20°C and 200°C was measured by the
water drop penetration time test. Although the heat treatment lowered the soil organic carbon (SOC) content of
soil, the persistence of water repellency was increased in soil samples heated between 60°C and 175°C. To
study the hysteretic soil-water retention behaviour of the preheated soils during wetting and subsequent drying
processes, a mini tensiometer-TDR coil probe was developed. The sensor was capable of measuring the soil-
waster content (6) and the soil-water potential () simultaneously in a small pocket of soil. The soil-water
retention measurements by wetting and subsequent drying processes implied that; the water entry in term of
soil-water potential is positive in water repellent soils.

Key Words
Soil-water repellency, soil-water retention, mini tensiometer-TDR coil probe

Introduction

Soil-water repellency (WR) accounts for influencing many of the key soil hydrological processes such as reduce
infiltration and increase of overland flow (DeBano 1971), preferential flow (Wallis and Horne 1992), and
reduction of soil-water availability (Bond 1972) in hydrophobic soils. The occurrence of WR reduces the
affinity of soils to water such that they can resist wetting for a certain period of time ranging from a few seconds
to hours or days (Doerr and Thomas 2000). Although the soil-water content (8) and soil organic carbon (SOC)
are the key factors controlling the soil WR, the occurrence and magnitude of WR are believed to be effected by
several other soil and environmental conditions (Doerr et al. 2000). Moreover, it has shown that the spatial
distribution of soil WR is not uniform even at smaller scales (Hubbert et al. 2006). However, most of regular
soil-water measuring devices are incapable of simultaneous measurements of 6 and  in such small resolution
(Vaz et al. 2002). And, development of measuring device that can measure the 6 and y at same spatial location
within approximately the same bulk soil is of vital importance for the understanding of the soil-water interaction
in water repellent soils. Thus, the objectives of this study were (i) to estimate the WR persistence of a volcanic
ash soil prior to and after heat pre-treatment, (ii) to develop a mini tensiometer-TDR coil probe that can measure
0 and y simultaneously at the approximately the same soil volume, and (iii) to investigate the effect of WR on
soil-water characteristics during repeated wetting and drying processes, by using an experimental apparatus
equipped with mini tensiometer-TDR coil probe.

Methods

Soil materials and physicochemical properties

Soil samples were collected from 0.00-0.05m depth layers of an excavated soil profile in a forested hill-site at
Fukushima prefecture in north-eastern Japan (see Kawamoto et al. (2007) for further site description). The soil
was a volcanic ash soil (Andisol) which was covered by various plant species dominated by red pine trees
(Pinus densiflora). Soil samples were first hand sieved through a 2-mm mesh screen at the field water contents
(0.45 m® m™) prior to all laboratory analysis. The soil texture was clay loam with 17.8% clay, 27.4% silt and
54.8% sand.

Heat pre-treatment and water repellency characterization
Soil samples initially at field moisture were placed on open metal dishes and heated at different temperatures
either in an oven (20, 60, 105 and 125°C) or muffle furnace (150, 175, 190 and 200°C) for 24 hours. After
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cooling down to room temperature in oven/muffle furnace, the samples were kept in a room at 20°C and 75%
relative humidity for 48 hours for equilibration. The SOC content of air-dried and preheated samples was
determined using an automatic C-N analyzer (CHN corder MT-5, Yannaco, Kyoto). Water repellency
persistence of preheated samples was determined by the water droplet penetration time (WDPT) test, and
preheated soils were categorized into different classes according to Bisdom et al. (1993).

Tension table with combined mini tensiometer-TDR coil probe

To determine the soil-water characteristic curves for preheated soils with different WR persistence, an
experimental set up was arranged as shown in Fig. 1. The setup was composed of a plastic column, a Marriott
tank, and a mini tensiometer-TDR coil probe. The mini tensiometer-TDR coil probe was made by guiding a 50Q
copper wire (0.3 mm diameter) along the outside wall of a Perspex pipe. The coil was coated and fixed to pipe
by a Polyethylene resin, and surrounded by four 0.3 mm diameter copper wires that soldered to the earth wire of
the coaxial cable. The porous cup tensiometer was fixed next to the TDR coil, at the tip of the Perspex tube. The
mini tensiometer-TDR coil probe was fixed to a 50 mm diameter plastic ring by side through a rubber stopper,
and coaxial cable was connected to a metallic cable tester (Tektronix 1502C) and a personal computer,
respectively. The open end of the Perspex tube was connected, through a flexible tube, to a digital pressure
transducer that connected to a data logger.

| « 50 > |

I /’ |

Perforated Cable tester

) Coaxial ;
pvefim cable -, Tektronix 1502C
Metal mesh —
Teflontape 6 1
20 I
J' TDR Coil-probe )
- L2 — Tensiometer APP“GdI
otentia
Soil it p o
N J' o
L - o
Porous plate
Adjustable
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Flexible Marriott tank
tube
Adjustable
v Drainage stand

Figure 1. Schematic diagram of the tension table with mini tensiometer-TDR coil probe (all dimensions are in
millimetres).

Measurement of soil-water characteristics of water repellent soils

First, the lower part of assemble was saturated, and kept continually under saturation by adjusting the Marriot
tank. The ring with TDR-tensionmeter assemble was mounted on lower ring, and fixed by adhesive tapes. The
preheated and equilibrated soil sample at air-dry moisture was then uniformly packed in the middle ring, with
the same dry bulk density as field (0.56 Mg m™). Soil surface was covered by another Perspex ring with a metal
mesh fixed at the bottom and a perforated PVC film on top. The hydraulic characteristics of soil representing
different WR classes were determined by a series of repeated wetting and drying processes.

Results and Discussion

Effect of heat pre-treatment on soil water repellency

The heat treatment lowered the SOC content of soil, and changed the WR persistence of soil (Fig. 2). The soil
sample which was dried at 20°C was strongly water repellent (WDPT, 60-600s), however heating at
temperatures between 105 and 175°C increased the persistence of WR to extremely water repellent state
(WDPT, > 3600s). In contrast, water repellency was disappeared when heated at and above 175°C.
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Figure 2. The impact of heating temperature on (a) the SOC content and equilibrated soil-water content, and (b) the
WDPT and WR classes (Bisdom et al. 1993) of the 0.0-0.05m depth layer of Fukushima volcanic ash soil.

Simultaneous measurement of @ and W during wetting-drying cycles

A typical result of a simultaneous measurement of 6 and y during the wetting process of extremely WR soil
(preheated at 105°C) is shown in Fig. 03. It is noted that the extremely and severely WR soils were difficult to
be wetted, therefore, the wetting process was started with positive water pressure (e.g. 5 cm of water head as
indicated in Fig. 3). Thereafter, wetting process was controlled by switching between water supply and cut-off
conditions to obtain the equilibrium state of 6 and y. Once the equilibrium was reached, wetting process was
resumed. The controlled wetting process was continued until the soil becomes fully saturated showing stable
water content approximately equal to saturated water content. The water content (6) and applied water pressure
were frequently measured (1 to 3 min. intervals) and recorded at each step of change.
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Figure 3. Change in soil-water content and soil-water potential during controlled wetting process of the extremely
water repellent soil.

Soil-water retention characteristics of water repellent soil

The soil-water content at each step of equilibrium is plotted against the corresponding soil-water potential to
obtain the soil-water retention curve. The Fig. 04 shows the soil water characteristic curves obtained from the
relationship described in Fig. 03, together with drying curve.
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Figure 4. The wetting curve and the main drying curve of the extremely water repellent soil.

Conclusion

The water repellency persistence of a volcanic ash soil was measured after preheating at different temperatures
between 20°C and 200°C. The preheated soil showed elevated water repellency when drying between 60 and
175°C; however the soil became completely wettable heating beyond 175°C. The soil-water characteristics of
preheated soils were assessed by a newly developed mini tensiometer-TDR coil probe which allowed
simultaneous measurement of both the soil-water content and soil-water potential for same soil volume. The
water-entry into water repellent soil occurred under positive soil-water potential, and the mini tensiometer-TDR
coil probe were capable of measuring change of 6 and y even during the rapid infiltration at positive water
potentials.
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Abstract

Reliable functions relating unsaturated hydraulic conductivity (K(0)) to air permeability (K,) may greatly
facilitate K(6) prediction. In the current research K(8) and K, were measured by pressure plate outflow and
variable head methods, respectively, in the range of 0 to -10 mH,0O matric potential (y,,). A non-linear
regression model as log K(0) = a+b logK , with the correlation coefficient(R) ranging from 0.856 to
0.942(significant at P<0.01) were established for the 22 soils grouped into five textural classes. The slope (b)
and intercept (a) varied within narrow ranges of -2.504 to -3.65 and -23.4 to -28.73, respectively. For the
comparison purpose K(0) were also predicted from RETC using experimental SMC data and van Genuchten and
Brooks-Corey models. The reliability of the K(8) prediction from K, based on root mean square deviation
(RMSD), geometric mean error ratio (GMER), and geometric standard deviation of error ratio (GSDER) criteria
became considerable smaller than those predicted from the two models implying that rapid and simple
prediction of K(8) from K|, is quite promising.

Key Words
Air permeability, Brooks-Corey, hydraulic conductivity, van Genuchten model

Introduction

When water or air passes through a soil at particular water content, water takes liquid filled pores and air takes
gas filled pores. Evidently the increase in soil water content raises water permeability expressed as K(8) and
lowers air permeability (K,) and thus it is speculated that a close relation or function between the two must
exist. Direct measurement of K, is easier and much rapid than K(8) and in contrast to water, establishing air
flow through a soil seldom may change or alter the pore geometry, which often occurs during K or K(6)
measurements. There are several studies that have attempted to relate K, to K. Schjoning (1986) presented an
exponential relation predicting K from K(0) at -1 mH,O in 405 examined soil cores. Blackwell et al. (1990)
concluded that the volume and depth of samples did not alter the nature of the equation derived between K and
K, . Poulsen et al. (1999) developed a K model based on total and air filled porosity at -1 mH,O matric
potential. Loll and Schjoning (1999) carried out similar study with emphasis on the application of predicted Kj
in infiltration modeling. In spite of the cited studies carried out for estimating K; from K,, predicting K(8) from
K _ as far as the authors know has not yet been investigated. The aim of this research was to study about the
possibility of fast and reliable prediction of K(8) from K,

Methods

Twenty-two soil series with nine various textural classes were selected from Karaj, Varamin and Urmia plains
in Iran. Bulk and particle densities, soil texture and saturated hydraulic conductivity were measured by routine
laboratory methods and using both disturbed and core samples taken from 0-10 cm depth. Volumetric water
content of each core sample at 0.25, 0.35, 0.70 mH,O moisture suctions were determined by water hanging
column and at 1, 2, 3, 5 and 10 mH,O by pressure plate apparatus.

Air permeability (K,) was determined by the falling head method (Taylor and Ashcroft 1972) in each soil core
after its equilibration at various matric potentials (¥, Jusing hanging columns or pressure plate apparatus. The
Eq. [1] was used for the K, computation.

K, =—2303 Vnd, (log P, —log P),
AP, At

where V is the chamber volume, 77 is viscosity, d; is soil core length, P, and P, are the initial and final air
pressures in the chamber, A is the area(mz), P, is the atmospheric air pressure (kPa), and At is the time that air
flows through the soil core. With the appropriate dimensions (Taylor and Ashcroft 1972) applied to the
variables in Eq. [1], K, of each core at various ¥, (or water contents) were computed in Darcy. 1 Darcy
represents the number of m’ of air with 1 Nsm™ viscosity passing in one second through a unit cross section area

ey
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of the soil core under the pressure gradient of 1Nm™ per meter. Unsaturated hydraulic conductivity K() of the
soil cores were computed from Eq.[2] by using the experimental data from the pressure plate outflow method
(Ghildyal and Tripathi 2001) at 5 or 7 various suctions.

K(0)=4p0,p,eL" | T°'VAP 2)
where £ is the slope of the regression line plotted as log[Qo-Q;) against time (t), Q, is total outflow
volume(m®) at the pressure increment (AP), Q is the volume(m®) of water released at various times(t)
over the AP, p, is the density of water (Mg m™), g is the acceleration due to gravity (m s) and L is the length
of the core in the flow direction (m). With applying appropriate dimension to the variables (Q,, V, AP and p)
and to the constants (py, g and L) as described by Ghildyal and Tripathi (2001), K(8) was computed in/ms for
the average ¥, at each successive pairs of pressures P; and P,. Measured K(8) were regressed against K, for
each individual soil core, for the soils within each texture class and for the whole 22 examined soils, and the
regression equations were developed. The values of K(0) at various ¥, (or water contents) were also estimated
from van Genuchten-Mualem and Brooks-Corey-Mualem models (van Genuchten 1980) using experimental
SMC data and RETC software (van Genuchten ef al. 1991). The following statistical criteria (Wagner et al.
2001) were employed for the comparison of the K(0) predicted from air permeability and from the two
mentioned models.

N
RMSD = [l L(X,,; - X, 3)

n=

X .
X 4)
GMER = exp[-- 21 In(e,)] 5)
n'=
1 N 1/2
GSDER = exp[—l Z(ln(¢,) - ln(GMER)]Z} (6)
n—1:m=

X,,iand X,,;refer to the measured and predicted K(0) at specified suctions or water contents, respectively, and ;
denotes their ratio.

Table 1. The regression coefficients (a and b), and correlation coefficient R between log K(0) and log K, for 22
examined soils.

Soil No. Soil texture class Db(kg/m3) A B R n

1 Sandy loam" 1460 -30.48 -3.909 0.982*%* 15
2 Silty loam* 1390 -21.04  -2.121 0.914** 21
3 Loam* 1360 -25.67 -2.953 0.961** 21
4 Loam* 1390 -24.00 -2.632 0.951** 21
5 Silty Clay Loam™ 1270 -20.72  -2.102  0.920*%* 21
6 Silty clay™ 1230 -38.96 -5.503 0.967** 21
7 Loam" 1470 -32.72  -4.280 0.921** 21
8 Sand” 1490 -29.92  -4.148 0.880** 21
9 Clay loam™ 1550 -25.75 -3.221 0.977** 21
10 Sandy loam" 1520 -28.85 -3.731 0.889** 21
11 Sandy clay loam™ 1620 -26.43  -3.072 0.997** 15
12 Sandy clay loam™ 1630 -22.86 -2.388 0.985** 15
13 Silty clay™ 1510 -22.13  -2.283 0.963** 15
14 Silty clay™ 1550 -21.86  -2.252 0.970** 15
15 Sandy clay loam™ 1390 -26.80 -3.305 0.961** 15
16 Loam* 1280 -23.34  -2.442  0.924*%*% 15
17 Silty loam* 1440 -25.08 -2.787 0.988** 15
18 Loam* 1540 -19.65 -1.661 0.989** 15
19 Loam" 1480 -28.23  -3.515 0.976** 15
20 Silty loam™ 1500 -20.97 -1.961 0.964** 15
21 Silty clay™ 1460 -25.07 -2.999 0.972**% 15
22 Loam" 1460 -33.63 -5.188 0.732** 11
Mean - 1454 -26.09 -3.111 0.944 -

C.vV - 7.22 18.57 32.82 - -

*Constant and *"Falling pressure methods for measuring X
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Results

The regression and correlation coefficients (a, b and R) relating log K(0) to log K, for individual soils is
depicted by (Table 1). Negative slopes (b) demonstrate that with increasing K, (decrease in water filled pores)
K(0) diminishes. The logarithmic nature of the regression implies that the rate of decrease in K(6) is much more
rapid than the rate of increase in K,. This is expected because of exponential or power dependence of K(0) to 0
(Hillel 1998). Except for the soils 8, 10 and 22, for the other soils (Table 1) R values exceeded 0.92 being
significant at 1% probability level which implies that on the average basis about 88% (R’=0.88) of the variation
in K(0) in the 0.25 to 10 mH,O moisture suction range is attributed to the variation in K,. Large shrinkage in the
core samples of soil number 22 particularly at low ¥, led to erratic K, measurements and decreased its R to
0.733 even though it is still statistically significant (P< 0.01).

The plot of K(0) against K, (log K(8) = a+b log K,,) for the five groups of soils falling in the same textural
classes is depicted by Figure 1.
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Figure 1. Regression equation and coefficient of correlation (R) between water K(0) and air (K,) permeability for
the five textural class (ordinate axis is in log scale).

There is no particular trend in the variation of R or a and b of the regression equations with soil textural class.
Grouping the examined soils according to their texture, however, improved correlation coefficient (R); it ranged
from 0.856 to 0.942. The ranges of a and b values also became narrower. Their variations did not exceed 7.5%
and 4%, respectively, implying that the developed regression equations for the texture classes in Figurel may be
reliably applied to other soil falling into the appropriate texture class.

Table 2. Comparison of the prediction reliability of K(0) from measured K, and from van Genucthen and Brooks-
Corey models (van Genuchten 1980).

Prediction method Average of RMSD = Average of GSDER
1—-— T GMER:
ne
van Genuchten-Mualem 1.053 -0.022 1.207
Brooks-Corey-Mualem 0.996 0.200 1.259
Regression method (from K:) 0.651 0.012 1.060
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The averages of three reliability criteria computed for the predicted K(0) from K, using the regression equations
in Figure 1 and from van Genuchten and Brooks-Corey models (van Genuchten 1980) is summarized in Table
2.

Average RMSD of 0.651 is much lower for the regression method implying that K(0) has been predicted with
greater reliability than the two methods. The second comparison criterion for the K(0) prediction is GMER.

. 1oa2 . .
When the value of the expression " 1 — ;Ei‘él GMER;" is equal to zero it corresponds to an exact match

between the measured and predicted K(68). When greater than zero it implies over-prediction and when less than
zero under prediction of K(0) relative to the measured values. Table 2 again reveals that K(0),s predicted from
K, are more reliable than those predicted by van Genuchten and Brooks-Corey models that currently are

employed in many studies. Negative value for "1 — % 22 GMER," implies that van Genuchten model for 22

soils produced slightly under prediction where as Brooks-Corey slightly over prediction of K(6). Average of
GSDER, for 22 soils again is smallest for the K(0) predicted from K,.

Conclusion

For the 22 examined soils results revealed an existence of strong and significant (P<0.01) correlation between
K ; and K(0) in the range of 0 to -10 mH,O matric potential. If the relationship for the large number of soils
could be generalized, it appears a very effective way for K(0) prediction. Reliability of the estimates turned to
be better than the well known models such as van Genuchten or Brooks-Corey. Possibility of determining the
regression equation coefficients relating K(8) to K, from the easily measured soil attributes needs further
investigation.
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Abstract

Soil water repellency (SWR) reduces soil affinity to water and affects an array of hydrological and
geomorphological processes including infiltration, overland flow, accelerated soil erosion, uneven wetting, the
development of preferential flow, and accelerated leaching of agrichemicals (Doerr et al. 2000) — all
influencing irrigation efficiency, water conservation, and agricultural productivity (Blackwell 2000; Cooley et

al. 2007; Robinson 1999).

Globally, the sustainability of crop and biomass production is being impacted by water scarcity and
deteriorating water quality, however few studies exist that have assessed the potential influence of SWR on crop
productivity. Previous studies have estimated losses in potatoes, lupin, and barley (Blackwell 2000; Cooley et
al. 2007; Robinson 1999). The objective of this study was to utilize surfactant treatments to modify soil
hydrological properties under precision irrigation as a means of estimating potential crop losses to SWR in three
high value horticultural crops - grapes (Vitis vinifera L.), apples (Malus domestica Borkh.) and oranges (Citrus
sinensis). Results indicate that the use of a novel surfactant maximizes water use efficiency and significantly
increases yields.

Key Words
Yield loss, irrigation efficiency, hydrophobicity

Methods

Three trials were conducted on each apples and grapes and one on oranges in Victoria, Australia on clay loam,
loam soils, or sandy loam soils, respectively. Apple varieties included ‘Pink Lady’ and ‘Gala’ Grape trials
included table grapes (‘Black Muscat’) or wine grapes (‘Shiraz’). Orange variety studied was the ‘Navel’. The
test design was a randomized complete block with each treatment replicated 4-6 times. Plot size varied by crop.
SWR was mitigated by applying surfactant [a blend of alkylpolyglycoside (APG) and ethylene oxide/propylene
oxide (EO/PO) block copolymer surfactants (Kostka and Bially 2005)] at initial rates of 0 or 5 L/ha in the
spring, then at 0 or 2.5 L/ha respectively monthly for up to five months. Plots were irrigated either by drip
irrigation, micro-jet sprinklers or mini sprinklers and received the same irrigation volumes and management
practices. Soil volumetric water content (VWC) was monitored at a depth of 10 cm using a Theta probe (Delta-
T Devices, Cambridge, UK). At harvest, fruit weights were measured and used for crop yield estimations.

Results and Discussion

In each test location, VWC was significantly lower (p = 0.05) in control soils than in the surfactant treatments
on each measurement date regardless of soil type or irrigation method (Figure 1). Surfactant treatment resulted
in higher VWC in the upper region of the soil profile. Soil VWC was not systematically monitored deeper in
the rootzone at each location however where measured, a deeper wetting front and higher VWC at 20-25 cm
were encountered (data not presented).
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Figure 1. Soil volumetric water content in selected untreated and surfactant-treated soils under precision irrigation:
a) loam soil in a vineyard and b) clay loam soil in an apple orchard and c¢) sandy loam soil in a citrus grove.

Yields in each of the untreated controls were significantly lower (p = 0.05) than in the surfactant treatment
(Table 1, Table 2 and Table 3). Total yield differences of 2.4—2.6 Mg/ha (14-45% increase) were observed
between the two treatments in grapes (Table 1). In apples, yield differences between treatments ranged between
3.9-6.1 Mg/ha (19-49% increase). While in oranges the yield difference was 7 Mg/ha (24% increase). Total
yield differences across all trials and crops is 4.3 Mg/ha (27% increase) were observed between the control and
surfactant treatments. Due to thinning, there were no differences in fruit or bunch number in apples or grapes,
respectively, however, fruit size and bunch weights were significantly lower in the untreated controls (data not
presented).

Table 1. Yield effects in untreated control and surfactant treatments in precision irrigated grapes (Vitis vinifera L.)
on different soil types in Victoria, AU.

Yield (Mg/ha)
Location Soil Type Variety Control Surfactant
G-1 Clay Loam Shiraz 5.6b" 8.1a
G-2 Loam Shiraz 16.6 b 190 a
G-3 Loam Muscat 159b 185a

“Numbers in rows followed by the same letter are not significantly different. LSD (0.05).

Table 2. Yield effects in untreated control and surfactant treatments in precision irrigated apples (Malus domestica
Borkh.)on different soil types in Victoria, AU.

Yield (Mg/ha)
Location Soil Type Variety Control Surfactant
A-1 Clay Loam Pink Lady 29.3b" 349a
A-2 Clay Loam Gala 79b 11.8a
A-3 Clay Loam Pink Lady 30.2b 363a

“Numbers in rows followed by the same letter are not significantly different. LSD (0.05).
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Table 3. Yield effects in untreated control and surfactant treatments in irrigated citrus (Citrus sinensis) on
different soil types in Victoria, AU.

Yield (Mg/ha)
Location Soil Type Variety Control Surfactant
1 Clay Loam Navel Oranges 28.8 b* 35.8a

“Numbers in rows followed by the same letter are not significantly different. LSD (0.05).

Conclusion

The results from these studies provide evidence that SWR deleteriously impacts soil hydrological status
resulting in reduced productivity, yield, and quality in high value horticultural crops. Irrigation practices and
rates were identical in both the control and surfactant treatments. While irrigation volumes were identical, water
use efficiency was higher in the surfactant treatments and resulted in significant yield increases. At a cost of
$100 AUS per hectare and an application rate of 10-12L/ha over the season, the net return was on average
$4500 AUS, $3500 AUS and $5000 AUS for apples, grapes and oranges, respectively.

In light of the severity of drought conditions experienced by growers in the Murray-Darling River Basin and
projections that due to climate change such precipitation deficit conditions are becoming the norm, simple
innovative management strategies such as the incorporation of surface active agents in irrigation programs can
have profound effects on soil hydrological status, crop yield, and water use efficiency.

Additional research is underway to determine if the surfactant treatment solely influenced hydrological status or
if other plant stress defense mechanisms were impacted. Assessment of fruit quality and chemistry is the
subject of ongoing research, particularly in wine grapes.
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Abstract

Saturated hydraulic conductivity measurements are important for understanding and modeling hydrological
processes at the field scale. Few systematic studies have been conducted on how the size of double-ring
infiltrometers affects the measured hydraulic conductivity. To determine this size effect, we measured saturated
hydraulic conductivity at seven sites using four different sizes of double-ring infiltrometers. Inner ring diameters
d; were 20, 40, 80, and 120 cm. Detailed numerical investigations were also conducted to explain how the inner-
ring size of a double-ring infiltrometer influences the measured hydraulic conductivity in a heterogeneous soil.
Field and simulation results both demonstrated that the variability of measured hydraulic conductivity was
greater for smaller inner rings (e.g. d;< 40 cm), and it gradually decreases as the ring size increases. Our study
indicates that where soil spatial variability is high, infiltrometers having a large inner ring (in general d; > 80
cm) are essential for reliable measurement.

Key Words
Soil, saturated hydraulic conductivity, measured scale, double-ring infiltrometer, field experiments, numerical
simulation

Introduction

Studies investigating the size dependency of ring infiltrometer measurements have mainly focused on lateral
flow, and little attention has been devoted to size dependency caused by soil heterogeneity. Hydraulic
conductivity measured in a heterogeneous soil is strongly linked to the representativeness of the measured
volume. This representativeness involves both the representative elementary volume (REV), and the correlation
scale of the hydraulic conductivity (Ciollaro and Romano, 1995). The objectives of this study were (i) to
evaluate the effect of measurement size on the soil hydraulic conductivity, and (ii) to find the smallest diameter
double-ring infiltrometer needed to cover a representative area for reliable soil hydraulic conductivity
measurements in the semi-arid region of China.

Methods
Philip (1957) showed that cumulative infiltration / under water-ponded conditions is approximated at time # by:
[=St"+At (1)

where [ is cumulative infiltration (L), S is sorptivity(L/T 0‘5), and A is a constant (L/T). As time progresses, the
first term becomes negligible and the importance of A, which represents the main part of the gravitational
influence, increases (Koorevaar, et al., 1983). The A term can be taken as the saturated hydraulic conductivity
of the wetted zone (Ky,) after a long period of infiltration (Bouwer, 1986). This equation was applied to the data
collected in the present study. By fitting Eq. (1) to the cumulative infiltration data, we obtained the saturated
hydraulic conductivity K, of the wetted zone for each infiltration test.

Field experiments

The field experiment was conducted in a long-term tillage plot within the Minqin oasis in the lower reaches of
the Shiyang River (38 54'N, 103°03'E) in Gansu province, northwest China. Seven sites within the 100 x 100 m
experimental plot were randomly selected, and the experimental sites are about 30 ~ 40 m away from each
other. At each site, one measurement was taken with each of the four double-ring infiltrometers (see Figures 1-
3), each in close proximity to the others.
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Figure 1. Photograph of the four slets of double-ring infiltrometers of different diameters (only inner-rings with
nested-rings are shown here, the diameters of corresponding outer-rings, from left to right, are 70, 70, 100, and 140
cm, respectively).

Calibrated sight tube ~\
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/* Mariotte tul
/’ Air inlet
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|
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Figure 2. Cross-section sketch of the double-ring infiltrometer. (The nested ring, a cylinder with a base that was
nested and fixed in the inner-ring by four pins, was held several centimeters above the soil surface, so it did not
affect the infiltration process. The nested-ring had two functions: (i) it mainly reduces the upper free water area in
the inner-ring, resulting in improved measurement accuracy; and (ii) it minimizes surface evaporative losses,
especially for a long-term infiltration.)
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Figure 3. Photograph of field experiment setup, double-ring infiltrometer (d; = 40 cm, d, = 70 cm).

Numerical Experiments

A series of numerical experiments was conducted to investigate how the inner-ring size of a double-ring
infiltrometer influences the accuracy of the measured saturated hydraulic conductivity in heterogeneous soil.
The two-dimensional model HYDRUS-2D (gimﬁnek et al., 1999) was used to simulate infiltration under a
double-ring infiltrometer.

Conclusions

It is generally known that soil saturated hydraulic conductivity (K), which is one of the parameters to describe
the ability of water movement in soil, is similar for the same soil texture. When infiltrometers (Double-ring
infiltrometer, Guelph infiltrometer, ef al.) are used to determine saturated hydraulic conductivity, it is
commonly assumed that the soil is homogeneous within the measured area. However, hydraulic conductivity
can vary significantly within a short distance due to soil spatial variability and heterogeneity. This suggests that
double-ring infiltrometers, widely used for determining the saturated hydraulic conductivity, may give scale-
dependent results.

We have measured soil saturated hydraulic conductivity at seven sites using four different sizes of double-ring
infiltrometers to identify the size dependency. In the study, the inner ring diameters, d;, were 20, 40, 80, and 120
cm, and the soil textures at seven sites were similar. The results showed that the mean hydraulic conductivity
does not change significantly over the full range of inner ring diameters, but the range and standard deviation of
the measurements decrease appreciably with increasing d;. As the ring size increases, the representativeness of
the area covered by the infiltrometer also increases, so the measured hydraulic conductivity becomes more
representative and stable.

How does the inner-ring size of a double-ring infiltrometer influence the measured hydraulic conductivity in
various heterogeneous soil? It is necessary to investigate this size effect in more soil conditions. HYDRUS-2D
was well performing in simulating the soil water infiltration process, detailed numerical investigations have
been conducted for this purpose. In the study, six correlation lengths (L = 0 cm, 10 cm, 20 cm, 50 cm, 100 cm,
and 200 cm) and six standard deviation values (SD =0, 0.1, 0.25, 0.5, 0.75, and 1.0) of random field of log(K})
were used for the various realizations of hydraulic conductivity fields. Ten realizations have been performed for
each combination of (L, SD) treatment and infiltrometer diameter (10-, 20-, 40-, 80-, 120-, and 200-cm).
Because only a single realization is needed when SD = 0, this gave a total of 1806 realizations, and it seems to
conduct 10 replicates of field experiments for each infiltrometer at 31 different locations.

The study showed that the variability of measured hydraulic conductivity is greater for smaller inner rings (e.g.
d; <40 cm), and it gradually decreases as the ring size increases. Where soil spatial variability is high,
infiltrometers having a large inner ring (in general d; > 80 cm) are essential for reliable measurement, large-
diameter infiltrometers produce more stable values than small diameter ones, so they represent an efficient
method for improving measurement representativeness.
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Evaluation of conservation tillage by means of physical soil quality indicators

Jan VermangA, Hannah Desauw, Wim M. Cornelis and Donald Gabriels

Faculty of Bioscience Engineering, Ghent University, Ghent, Belgium, Email Jan.Vermang @ Ugent.be

Abstract

Water erosion is a widespread phenomenon in Belgium. In order to abate erosion problems, conservation tillage
is proposed as an alternative tillage technique. In this study, a set of indicators are calculated in order to
compare physical soil quality under conventional tillage and conservation tillage by deep and shallow non-
inversion tillage. Two fields located in the loess belt in Flanders, Belgium and Northern-France were sampled.
The field in Flanders was tilled under wet conditions, largely influencing the measured penetration resistance,
infiltration rate, macroporosity and air capacity, thus resulting in a poor soil quality. The field in France was
tilled under better circumstances, resulting in less compaction and a better infiltration rate. No significant
differences between conventional and conservation tillage could be found for these parameters. The higher soil
organic matter (SOM) at the surface of the non-inversion tillage plots rendered the aggregates a higher
aggregate stability.

Key Words
Physical soil quality, soil quality indicator, conservation tillage, compaction, hydraulic properties

Introduction

Water erosion is a widespread phenomenon in Belgium. Because of its texture and its hilly topography, the loess
belt in central Belgium is especially prone to erosion (Verstraeten et al., 2003). This situation is aggravated by
the highly mechanised agriculture of row crops (sugar beets, potatoes, maize) leaving large areas of soil
vulnerable to water erosion. Conservation tillage is proposed as an alternative tillage technique to diminish
erosion problems. Recent research indicates that non-inversion tillage is also a promising technique to maintain
soil quality.

Methods

Study area

Different tillage techniques were compared on two fields located in the loess belt in Flanders (Belgium) and
Northern-France. A texture analysis can be found in Table 1. The field in Flanders is located in the village of
Heestert and has been under non-inversion tillage since 2003. Long term non-inversion tillage was applied in
Radinghem in Northern-France (since 1997). Maize, which is an erosion-sensitive crop, was cultivated on both
fields in a maize—wheat rotation. The fields were divided into strips, each strip being tilled by an alternative
tillage technique. In Heestert, tillage techniques under investigation were: conventional tillage (mouldboard
plough), two types of deep non-inversion tillage (erosion plough and subsoiler) and shallow non-inversion
tillage (tine cultivator). In Radinghem, conventional tillage by mouldboard plough was compared to shallow
non-inversion tillage by a tine cultivator.

Table 1. Texture analysis of the experimental fields.

Location Clay (0-2 pm)  Silt (2-50 pm)  Sand (50-2000 pm) SOC CaCO,

g kg™ gkg” g kg' gkg” g kg
Heestert 120 512 368 20 6
Radinghem 174 725 99 196 110
Soil sampling

Per cultivation method, 5 plots of 36 m? (6 m x 6 m), each spaced 15 metres apart, were selected. All plots were
located at least 15 m from the border of the strip in order to minimize edge effects. On all plots, disturbed soil
samples were taken from 0-10 cm soil layer to determine aggregate stability, soil water content and texture.
From the soil layers 0-10, 10-20, 20-30, 30-40, 40-50, 50-60 cm, disturbed soil samples were taken for the
determination of soil organic matter (SOM) and soil water content. From the plots of Heestert, undisturbed
samples were taken for three out of five plots at depths of 5, 15, 25, 40 and 60 cm to determine the soil-water
retention curve (SWRC) and bulk density. Penetration resistance was measured by means of a penetrologger
(Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) on every plot in 10 replicates. Field saturated
hydraulic conductivity K¢ was determined in 2 replicates on every plot by means of a pressure disc infiltrometer
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(Soil Moisture Equipment, Santa Barbara, CA). K¢, was calculated by a double head approach using the
equation proposed by Reynolds and Elrick (1990).

Laboratory analysis

SOM was analysed according to the method of Walkley and Black (1934). Soil texture was determined using
the combined sieve and pipette method (De Leenheer, 1959). The three methods of Le Bissonnais (1996) were
used for the determination of aggregate stability. In a first method, a heavy rain storm is simulated by fast
wetting of the aggregates. The second method consists of a slow wetting of the aggregates on a sand box at a
matric potential of -0.3 kPa. The third method tests the wet mechanical cohesion of the aggregates
independently of slaking by stirring the aggregates in ethanol. SWRC was determined as described by Cornelis
et al. (2005). Several soil quality parameters were calculated from the SWRC (Reynolds et al. 2007). The
macroporosity (MacPOR) defines the amount of macropores present in the soil and can be calculated as:
MacPOR = 6, -6,, (1)
with 6, (m’ m”) the saturated volumetric water content and 6,, (m’ m™) the matrix porosity, being the porosity of
the soil matrix excluding the macropores. 8,,, was calculated at pressure heads of -1 and -6 kPa, corresponding to
pore sizes of 0.3 and 0.05 mm. Pores larger than 0.05 mm are considered here as macropores, corresponding to
transmission pores facilitating air movement and drainage of excess water. Air capacity (AC) is an indicator for
soil aeration and is calculated as:

AC =0, — O 2)
with O (m® m™) the field capacity, which is the volumetric water content at a pressure head of -10 kPa. The
soil’s capacity to provide water available to plant roots is defined as the plant available water content (PAWC)
and is calculated as:

PAWC = Orc — Opwp 3)
with Bpyp (m® m™) the permanent wilting point, calculated at a pressure head of -1500 kPa. The soil’s capacity
to store water relative to the total pore volume is given by the relative water capacity (RWC) which is the
proportion of Ogc to 6.

Results and discussion

Penetration resistance

On the plots of Heestert, no clear plough layer could be detected (Figure 1). Although the different tillage
techniques were able to decompact the soil to the same extent at the surface, the mouldboard plough could
clearly loosen the soil more at deeper soil layers (15 — 35 cm). The subsoiler was not able to loosen the soil
throughout the whole profile. The cause of the high penetration resistance is the harvest in wet conditions of the
preceding crop. Non-inversion tillage proved not to be able to loosen the soil to the same extent as the
mouldboard plough. The slightly better results of the shallow non-inversion tillage can be explained by the build
up of a better soil structure at shallow depth.

5.0 6.0

plough

= = erosion plough
= = subsoiler

= = cultivator

25

Depth (cm)

-30

-35

-40

_45 1

50 4

Penetration resistance (MPa)

Figure 1. Penetration resistance profiles for the different tillage techniques applied in Heestert. Error bars represent
standard deviations.
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On the plots at Radinghem, similar results were obtained, though to a lesser extent. Mouldboard plough was
able to loosen the soil the most throughout the tillage layer, the cultivator rendering a higher (though not
significant) penetration resistance at depths between 10 — 35 cm.

Organic matter content

As a consequence of several years of non inverting the soil, a stratification in organic matter content can be
observed (Figure 2). Organic matter content stays fairly constant with depth in the tillage layer for mouldboard
plough, while organic matter decreases steadily with depth for non-inversion tillage. While SOM is higher in the
first 10 cm of the profile for non-inversion tillage, the SOM is lower in the layer of 20-30 cm. At a depth of 30-
40 cm, similar levels of SOM are reached. This stratification is a direct effect of keeping the organic matter at
the surface in non-inversion tillage. The strongest stratification was observed for shallow non-inversion tillage.
In Radinghem, the same stratification of organic matter content for the shallow non-inversion tillage can be
found (data not shown).

®Plough
BErosion Plough
WSubsoiler
8 Cultivator

[T

0

0-10cm 10-20 cm 20-30cm 30-40cm

Figure 2. Organic matter content for the different tillage techniques applied in Heestert. Error bars represent
standard deviations.

Aggregate stability

The fast wetting method produced very low values for Mean Weight Diameter (MWD) (see Table 2). As both
soils contain considerable amounts of clay (see Table 1), slaking occurs to a large extent and most aggregates
are destroyed. Both on the plots of Heestert and Radinghem, the aggregates from non-inversion tillage proved to
withstand the fast wetting slightly more, though the difference is not significant. Slaking is prevented in the
second method by prewetting the aggregates. This is reflected in the higher values of MWD. This method is
preferred for unstable soils as a better discrimination can be expected (Le Bissonnais, 1996). The aggregates
under non-inversion tillage proved to be significantly more stable with this method. The higher SOM content at
the surface may have strengthened the aggregates for the non-inversion tillage applications. The mechanical
cohesion for aggregates of Heestert proved to be similar except for the subsoiler. In Radinghem, aggregates of
the plot cultivated with the cultivator proved to be less stable than those at Heestert, but still significantly more
stable than those for conventional tillage.

Table 2. Mean Weight Diameter (mm) after fast wetting (MWDy,¢,), after prewetting at -0.3 kPa (MWDyg,) and
after stirring (MWDygy;,) measured by the three methods of Le Bissonnais (1996). Standard deviations are given
between brackets. Same letter indicates no significant difference between plots at P = 0.05.

Location Management MW Daet (Mm) MWDygjow (mm) MWDyggir (mm)

Heestert Plough 0.29 (0.03) a 2.85 (0.31) a 0.54 (0.10) a
Erosion Plough 0.36 (0.04) a 3.20 (0.14) b 0.53 (0.02) a
Subsoiler 0.35 (0.06) a 3.14 (0.16) b 0.45 (0.07) b
Cultivator 0.43 (0.06) a 3.08 (0.29) ab 0.57 (0.09) a

Radinghem Plough 0.30 (0.61) a 2.65 (0.21) a 1.43 (0.16) a
Cultivator 0.44 (0.08) a 2.92 (0.22) b 1.06 (0.28) b

Hydraulic conductivity and soil quality indicators obtained from the SWRC

Hydraulic conductivity for the plots of Heestert was strongly influenced by the compacted subsoil. As deep non-
inversion tillage suffered more from compaction, these plots had the lowest K. The plough and the cultivator
had similar K. Also in Radinghem, the mouldboard plough and the cultivator had similar K, as was expected
as this field didn’t suffer compaction.
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From the SWRC, several soil quality indicators could be deduced (see Table 3). Nevertheless, for none of the
calculated indicators could a significant difference between the different plots be observed. There was also no
significant difference with soil layers at -15 and -25 cm. The plot tilled with the mouldboard plough showed
slightly less macropores and a slightly higher air capacity. Nevertheless, all plots showed a value of the AC
lower than 0.15, which is recommended for clay loam soils, according to Reynolds et al. (2007). As a result,
aeration deficits in the root zone may occur. The low values for macroporosity and AC can be explained by the
compacted soil. PAWC proved to be higher than the recommended value of 0.20 and increased at increasing soil
depth. Recommended values for RWC fall between 0.6 and 0.7 in order to keep the optimal balance between
soil water capacity and soil air capacity. All plots showed values higher than 0.7, indicating a possible problem
with soil aeration.

Table 3. Soil quality indicators deduced from the SWRC of samples taken at a depth of 5 cm from the plots of
Heestert.

Soil quality indicator Plough Erosion plough Subsoiler Cultivator

MacPor (m* m™) (-0.1kPa) 0.01 0.02 0.02 0.02

MacPor (m* m™) (-0.6kPa) 0.06 0.09 0.08 0.08

AC (m®*m?®) 0.09 0.12 0.12 0.11

PAWC (m® m?®) 0.22 0.21 0.25 0.26

RWC 0.77 0.7 0.73 0.75
Conclusion

Making use of a set of soil quality indicators, the physical soil quality of two selected soils could be described.
In order to get a deeper insight into the soil’s processes, the interaction between the different indicators was
investigated. The soil’s history proved to play a major role in the measured values. As such, information on
preceding crop and soil state (especially soil water content) at harvest and tillage operation should always be
taken into account.

The field plots in Heestert were heavily influenced by the wet conditions at harvest and seeding. As non-
inversion tillage proved not able to loosen the soil to the same extent as the mouldboard plow, compacted soil
layers and a lower infiltration rate could be observed. Nevertheless, this was not reflected in differences in
macroporosity, AC and PAWC. As the field plots of Radinghem were tilled under optimal soil water conditions,
no significant differences in penetration resistance and infiltration rate were observed. The higher SOM at the
surface of the non-inversion tillage plots resulted in aggregates with a higher stability.
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Field-scale bromide transport as a function of rainfall amount, intensity and
application time delay
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Abstract

Leaching of surface-applied agri-chemicals depends on a variety of factors, especially rainfall amount and
intensity, but also the time delay between surface application and subsequent rainfall. It is difficult to study the
impacts of these factors in a randomized plot design, especially if leaching of a tracer is quantified based on soil
core samples. The objective of this study was to vary important factors periodically in space along a transect.
The spatial distribution of leaching depth and its covariance behavior should reveal association to transport-
causing factors. Rainfall amount had the strongest effect on leaching depth. Only highest and lowest rainfall
intensity treatments showed an obvious inverse effect The longer the time delay between surface application of
the tracer and subsequent rainfall, the shallower the leaching depth. The design of this experiment manifests a
promising way to quantify how different influences affect leaching, based on spatial association and frequency-
domain covariance analysis.

Key Words
Bromide transport, rainfall amount

Introduction

Rainfall events following application of fertilizers and agrochemicals to the land surface can cause rapid
leaching of solutes to deep soil layers and pollute ground water. The transport rate and the flow phenomena
causing leaching strongly depend on the amount and intensity of a rainfall (Flury ef al. 1994; Bronswijk et al.
1995). Moreover, the time lag after a chemical application to the subsequently occurring rainfall can strongly
influence the transport rate of a solute (Ghuman et al. 1975). The objective of this study was to quantify
bromide transport at the field scale for different rainfall amount, intensity, application time delay and initial soil
water content, while amount, intensity and time delay of rainfall were varying at four levels to derive strategies
for avoiding rapid leaching of solutes. Another goal of this study was to identify a sampling scheme with a non-
random periodically repetitive spatial distribution of treatment intensities along a transect that allows to quantify
solute transport at the field scale.

Materials and Methods

The experiment was carried out on a Maury silt loam soil at the Spindletop Research farm of the Agricultural
Experiment Station, University of Kentucky, Lexington, KY. The field site was divided into 32 plots, each
being 2 m long and 4 m wide. These plots were located next to each other along a 64-m transect. One half of the

field (32 plots) was pre-irrigated with water to cause slightly larger initial soil water content than in the other
half.

A KBr tracer was applied in October 2008 in a spatial design and time schedule that allowed subsequent rainfall
to be applied in groups of four plots with a sprinkler irrigation system. The plots were spatially arranged in a
periodic distribution of different treatment intensities at various wavelengths as shown in Figure 1. The two
levels of precipitation amount were applied in blocks of eight plots. Four precipitation intensities were
established in groups of four plots. Application time delay varied from plot to plot, regularly repeated eight
times along the transect. The regularly repeating distribution of treatments in space manifests an experimental
design allowing to decompose variability components through Fourier transformation and spectral analysis
(Bazza et al. 1988; Shumway 1988). The spatial covariance analysis of bromide leaching and the underlying
processes should reveal the impact of rainfall amount, intensity and application time delay on transport through
crosscorrelation and cospectra (Shumway 1988; Wendroth and Nielsen 2002; Nielsen and Wendroth 2003).

Soil water pressure head was measured at 48 locations (Figure 2). At each of these locations, six tensiometers
were installed at 10, 30, 50, 70, 90, and 110 cm depth. The measurements revealed the spatial distribution of soil
water pressure head and hydraulic gradients before and during the leaching experiment. Soil cores were taken
after the experiment to measure unsaturated soil hydraulic properties, i.e., the soil water retention curve and the
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Figure 1. Experimental design and spatial arrangement of plots receiving rainfall at different total amount,
intensity, and delay after solute application.
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Figure 2. Layout of spatial soil sampling design for soil water pressure head, solute concentration and tracer
concentration.

hydraulic conductivity — pressure head relationship. After the tracer application and subsequent irrigation
events, a soil core was taken between 0 and 100 cm depth at spatial intervals of 50 cm along the transect
resulting in four cores per plot (Figure 2). Each 100-cm soil core was separated in 10-cm depth increments and
those samples obtained from each depth interval analyzed for soil water content and bromide concentration.
Bromide was only measured for the upper five depth intervals, i.e., to a depth of 50 cm.

Based on the bromide concentration depth profiles, for each of the 128 sampling locations, the bromide leaching
depth was characterized with the center of mass COM, defined by
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where M was the total bromide mass recovery at a given location over i = 1...n depth compartments, m; was the
bromide mass in a specific depth compartment 7, and r; was the center of depth in the specific soil layer.
Bromide concentration data, COM and the spatial distribution of rainfall amount, intensity and application time
delay were statistically analyzed with respect to auto and crosscovariance, i.e., auto- and crosscorrelation, semi-
and cross-semivariance, power spectrum, cross- and quad spectrum and coherency.

Results

Results are focused here on the center of Bromide mass distribution along the transect under the cyclically
repeating pattern of treatments. Increasing the amount of precipitation generally increased the leaching of depth
bromide as expected (Figure 3). However, for the same rainfall amount, leaching was the more effective the
lower the rainfall intensity. In other words, a high intensity rainfall may not cause as much leaching as the same
amount of rainfall occurring at a slower rate which would therefore last longer.
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Figure 3. Spatial distribution of precipitation amount and center of mass of Bromide along the 64-m-transect (top)
and normalized semivariograms for both variables (bottom).

Cospectral analysis revealed a strong covariance and spatial association between Bromide center of mass and all
three factors investigated here (Figure 4). The time delay effect on Bromide leaching depth was manifested in
cross- and quadspectra at frequencies corresponding to wavelengths of 32 and 8 m, respectively. The long wave
variation was caused by amount and intensity of rainfall. The signal at 8§ m wavelength indicates an invers
relationship between application time delay and center of mass (Figure 4). This implies, that the longer the delay
between Bromide surface application and subsequent rainfall, the less effective is the leaching. In other words,
the sooner a rainfall occurs after a surface application of a chemical, the larger is the leaching depth.
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Figure 4. Cross-and quadspectra for the spatial distribution and cyclic variation of Bromide center of mass versus
precipitation amount (upper left panel), precipitation intensity (upper right panel) and time delay (lower panel).
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Green, blue and grey waters: Minimising the footprint using soil physics
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Abstract

Virtual water is the water embodied in products. It comprises the green water of rain transpired by the plant, the
blue water added as irrigation, and the grey water contaminated by agrichemicals. Biophysical knowledge of
green-water use by plants, when complemented with soil physics modelling of both blue and green water flow
in soils, permits development of irrigation practices and policies to protect the natural capital stocks of our
opportunity-rich blue-water resources that are used for irrigation. Modelling of leaching processes is leading to
practices for limiting grey water. These tools and techniques will lead to eco-efficient practices to reduce the
virtual water content of the food, fibre and fuel products we grow, while maintaining other ecosystem services
that are water dependent.

Key Words
Water footprint, virtual water, irrigation, climate change, ecosystem services, food

Introduction

The Guardian Weekly noted in 2002 that “water is now known as ‘blue gold’ ... and ‘blue gold’ is this century’s
most urgent environmental issue”. Even more recently, The Economist (18 September, 2008) asserted, in an
article on water for farming entitled “Running dry”, that ... the world is facing not so much a food crisis as a
water crisis’.

Many of the world’s regions are currently experiencing water stress, as measured by the fraction of water
withdrawals to that available. The IPCC Special Report on Emissions Scenarios of 2000 considered future
climate change impacts. Scenario A1B is a moderate scenario in terms of the global rise in temperature. In
Figure 1 below are shown the projections by the IPCC in 2007 for the change in annual water runoff, which is a
metric of water availability, in terms of percentages for 2090-2099, relative to 1980-1999. The world’s key
agricultural regions of California, Mexico, Chile, Argentina, the Mediterranean, South Africa and Australia are
destined to suffer even greater water stresses than are presently being felt. Water will assuredly become scarcer
and more valuable, such that its management will call for better scientific knowledge about the functioning of
agricultural soils.

The Economist (18 September, 2008) found that some 70% of the world’s water consumption is used in farming
and that there is a pressing need to make it go further, by developing knowledge and tools to monitor water-use
efficiency. It concluded that indeed “... farming tends to offer the best potential for thrift”.

Water for irrigation to overcome droughts and nutrients applied in fertilisers for enhanced plant growth, are key
inputs for most modern and intensifying production systems. Some 40% of the world’s food comes from 20% of
our lands - thanks to irrigation. One third of the world’s population relies on food whose production comes
directly from the use of nitrogenous fertilisers. Measurement and modelling of water use by pastures and crops
will provide the basis for the development of thrifty options, and shrinking the virtual water content of
agricultural products.

© 2010 19™ World Congress of Soil Science, Soil Solutions for a Changing World 81
1 -6 August 2010, Brisbane, Australia. Published on DVD.



-40 20 -10 -6 -2 2 5 10 20 40

Figure 2. The Intergovernmental Panel on Climate Change (IPCC) projection for the global change in water
availability at the end of the 21* century under their moderate scenario A1B.

Virtual Water

Virtual water, first defined by Allan (1998), is the volume of water used to make a product, and is the sum of the
water use in the various steps of the production chain. Virtual water comprises three components of different
colours: the green, blue and grey waters.

Green water is the water transpired by the plant that comes from rain water stored in soil. Blue water is the
water in our surface and groundwater reservoirs. In irrigated agriculture, blue water is abstracted to maintain
transpiration. It is imperative that it is used with a high level of efficiency. Soil is a storage reservoir for the
green water that falls from the sky, or that which has been added through irrigation from blue-water reservoirs.
Grey water is the water that becomes polluted during production, say in agriculture because of the leaching of
nutrients and pesticides. Grey-water volume can be quantified by calculating the blue water that would be
required to dilute the receiving water body to an acceptable quality standard.

When the soil
water store
runs out, blue
water can be
added as
irrigation

e The soil stores
rainfall which is

% transpired by crops
as green water

Soils leak agrichemicals
creating 5=y water

Figure 2. The three colours of water: green water being evapotranspired rainwater from soil, blue water used for
irrigation and grey water contaminated by agrichemicals.

Shrinking the water footprint of agriculture can be achieved using practices that reduce the virtual water content
of the food, fibre and fuel products. For a country, reducing the water footprint can reduce the total human
appropriation of the nation’s natural capital stocks of water used for the provisioning service provided by
irrigation. This will ensure that requisite amounts of national waters are preserved for environmental flows to
maintain the supporting, regulating and cultural services provided by water.

Maximising utility: Green water use
Soil physical and plant biophysical knowledge can be used to develop practices to maximise the utility of green
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water. Canopy management can, especially with horticultural crops, reduce levels of green-water use through
transpiration by limiting vegetative vigour. In Figure 3 the pattern of green-water transpiration is measured
directly by sapflow within the stem of a grapevine using the heat-pulse technique (Green et al. 2008). Also
shown there is the prediction of vine water-use using a biophysical model of transpiration. Green water use by
the vine rises in spring after bud burst, and then it is limited in summer by hedging of the vines, plus leaf

plucking and the use of deficit irrigation to limit vegetative vigour.
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Figure 3. Measured daily grapevine transpiration using sapflow devices (red dots) in relation to a biophysical model
of plant transpiration (blue line) based on ambient weather, soil physics and the changing leaf area of the vine.

Minimising irrigation: Blue water abstraction

Irrigation, blue water use, is only required when the green water store in the soil runs short. The soil’s ability to
store green water is determined by the physical characteristics of the soil. Soils that can store more green water
will have a higher natural capital value and thus should be favoured, and protected for primary production. Soil
physicists have long studied the ability of soil to store water, and our understanding of green water storage is
good.
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Figure 4. Measured soil water content (blue) and its impact on measured grape vine transpiration (black). The
modelled plant transpiration is also shown (red)

What is less well understood is the biophysics of how plants extract water from this store, and we lack clear
determination of when blue-water is needed. With limited water resources now being allocated to irrigation,
relative to allocation for other ecosystem services, deficit irrigation practices are becoming more common. To
manage irrigation efficiently, and to manage deficit irrigation effectively requires a high degree of
understanding of soil physics and plant biophysics. New measurement techniques and modelling schemes are
enabling the development of practices to minimise blue water use and reduce the virtual water contents of our
primary products. In Figure 4 we show how the decline in soil water past the critical point can affect grape
vine transpiration, and how rewetting of the soil can restore plant functioning. The key is to use the minimum
of blue water to achieve the desired response in the plant — here, grape berries of high quality

Minimising leaching: Grey water production

We have comprehensive soil physical modelling schemes to predict the leaching of agrichemicals. But for the
grey water volumes, there is a dearth of measurements available to corroborate our modelling. New
measurements are providing us with the vision that is needed to provide our models with credibility, as well as
defendability since non-point source pollution issues are inexorably making their way to the courts. Flux meters
are one such new tool (Gee et al. 2009), and a version of these is shown in Figure 5
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Figure 5. Installation of a fluxmeter into a field of potatoes (let), and the internal system of a fluxmeter showing the
wick whose length L controls the suction at the soil interface, and the underlying reservoir to collect samples for
analysis of leachate quality.

Conclusions

Quantitative soil physics modelling is a valuable means by which we can organise the new knowledge that
arises from our better measurements and monitoring in the root zone. This can then be applied to minimise the
green, blue and grey waters used in irrigated agriculture. From our new understanding we can develop policies
and implement actions to protect the natural capital value of the ecosystem goods and services provided by our
plant, soil and water systems. This will ensure sustainable and eco-efficient production from irrigated
agriculture by minimising the virtual water content of our food, fibre and fuel products.
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Abstract

Resource retention is an important component of landscape function in semi-arid environments, with patches in
the landscape serving as sink zones that capture runoff, sediments and nutrients sourced from inter-patch areas.
The purpose of this rainfall simulation study was to compare hydrological and erosional responses in patches
and inter-patches in woody encroachment areas (trees and shrubs >700 stems ha™') in semi-arid south-eastern
Australia. Ground cover, hydrological and erosional responses differed consistently between patches and inter-
patches. Inter-patches had low ground cover and produced more runoff and sediment than patches with medium
to high ground cover. Patches displayed delayed initiation of runoff and a deeper soil wetting front. Litter,
cryptogam cover and surface sand content were the main variables controlling average runoff rate, sediment
concentration and total sediment production. The results indicated that patches and inter-patches are different
functional units from an eco-hydrological perspective and influence the hydrologic and erosional characteristics
of woody encroached areas.

Key Words
Soil erosion, shrub encroachment, invasive native scrub, patches, landscape function, semi-arid

Introduction

Semi-arid environments are often spatially organised in a two-phase mosaic, consisting of bands or patches of
individual or aggregated plants interspersed in a low-cover matrix. Runoff and erosion dynamics are different in
each phase and are controlled mainly by soil surface condition, particularly the nature of the surface crust and
the amount and type of vegetative cover (Greene et al., 1994). The low-cover matrix or inter-patch area is
dominated by bare ground, although annual herbs, perennial grasses, woody plants or biological crusts are often
present. Inter-patches generally have low infiltration rates and act as source zones of runoff, sediments and
nutrients, whilst vegetated patches have higher infiltration rates and serve as sink zones for these resources
(Ludwig and Tongway 1995). The type and spatial configuration of patches and inter-patches regulate the
redistribution of resources and determine how effectively a landscape can retain resources, and therefore
influence the hydrological and erosional processes in patchy semi-arid landscapes (Bergkamp 1998).

Shrub encroachment is a widespread phenomenon which has been reported in a range of arid and semi-arid
environments. Encroachment generally refers to the increase in density, cover and biomass of woody plants,
particularly shrubs, into former grassland or open woodland (Van Auken 2009), and is associated with declines
in herbaceous forage production and livestock carrying capacity, reductions in biodiversity and socio-economic
values (Graz 2008) and with increased runoff and erosion (Parizek et al., 2002). Since the early 1900s, shrub
and tree encroachment has increased in semi-arid New South Wales in south-eastern Australia (Gardiner et al.,
1998). Relationships between woody encroachment and runoff and erosion are not well understood in this
region. In this study, we investigated hydrological and erosional responses using rainfall simulation in patches
and inter-patches in six woody encroached sites. The objectives of this study were to: 1) investigate
hydrological and erosional responses in two types of patches (e.g. under-shrub and medium vegetated) and in
inter-patches; and 2) determine the effects of ground cover on runoff, sediment concentration and sediment
production.

Methods

Study region

The study was conducted across three properties within the Cobar pediplain, New South Wales, Australia
(Figure 1). Rainfall is highly variable, with a slight summer dominance and an annual mean of 400 mm (Bureau
of Meteorology 2008). Average maximum and minimum temperatures are 26°C in January and 12°C in July,
respectively. Soils are predominantly non-sodic Kandosols to Dermosols (Isbell 1996). Vegetation communities
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are mostly derived from Eucalyptus populnea—Callitris glaucophylla grassy woodlands (Noble 1997). Sites with
a known history of encroachment were selected based on soil type and topography, and comprised areas of
dense C. glaucophylla and Eremophila sp. (>700 stems ha™) with a scattered overstorey of Eucalyptus
populnea, Eucalytpus intertexta or C. glaucophylla.
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Figure 1. Location of the study area.

Identification of patches and inter-patches

Landscape function analysis (LFA) transects (Tongway and Hindley 2004) were used to define patches and
inter-patches based on different amounts and components of ground cover. Patches and inter-patches were
classified according to three levels of ground cover: ‘Inter-patch’ (<30% groundcover), Patches' comprising
‘Medium vegetated’ patches (30-65% groundcover) and ‘Under-shrub’ patches (>65% groundcover).

Surface characterisation and rainfall simulations

At each site, duplicate 1 m x 1 m plots were selected in each patch and inter-patch. Prior to rainfall simulations,
percent herbaceous, litter and cryptogam cover were estimated visually in each plot, with their sum defining
total ground cover. Duplicate soil samples (0-2 cm depth) were collected adjacent to the simulation plot using a
hand-held soil corer (diameter 5 cm). Moisture content, oven dry bulk density and particle size distribution were
determined for each sample. A Morin-type rotating-disc rainfall simulator (Morin and Cluff 1980) mounted on a
trailer was used to apply rainwater to the plots for 30 min at 35

mm h™'. Runoff and sediment samples were taken at regular intervals during each simulation, and time to runoff
(min), average runoff rate (mm hh, average sediment concentration (g L™, total sediment production (g mfz)
and the depth of wetting front (cm) were also measured.

Data analysis

Mixed linear modelling with site as a random factor was used for analysis. Ground cover in patches and inter-
patches and their hydrological and erosional responses were compared using pair-wise contrasts. Significance
levels were set to P < 0.05, although P values < 0.10 were also noted. Forward stepwise multiple regression was
used to explore the combined effect of rainfall simulation plot characteristics (ground cover components, bulk
density and sand content as a proxy for texture values due to strong correlation between particle size
components) on three hydrological and erosional responses (average runoff rate, average sediment concentration
and total sediment production). Analyses were undertaken in R version 2.9.0 and SYSTAT version 12.

Results and discussion

Total ground cover was lowest in inter-patches followed in increasing order by medium vegetated patches and
under-shrub patches (Table 1). Herbaceous cover was consistently low in both patches and inter-patches.
Medium vegetated patches had the highest herbaceous cover, under-shrub patches had the highest litter cover,
and cryptogam cover in inter-patches was higher than in patches.
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Table 1. Mean ground cover (%) in patches and inter-patches. Values followed by different letters are significantly
different (P < 0.05, or P < 0.10 if letters followed by *). n = 12 for each patch type and inter-patch.

Patch/Inter-patch Herbaceous Litter Cryptogam Bare soil  Total ground cover
Patch - Under-shrub 6.0b 52.6¢ 7.7a%* 33.7a 66.3c
Patch - Medium
vegetated 14.2¢ 22.5b 13.8b* 49.5b 50.5b
Inter-patch 0.7a 2.3a 28.2¢ 68.8¢c 31.2a

Bulk density and sand content were not statistically different between patches and inter-patches (data not
shown). Hydrological and erosional responses varied consistently between patches and inter-patches (Table 2).
Under-shrub patches had lower average runoff rates, total sediment production and greater depth of wetting
front compared with medium vegetated patches and inter-patches, consistent with the effects of high ground
cover on rainfall interception, microtopography and surface sealing (Renard et al., 1996; Whitford 2002).
Patches also exhibited delayed runoff initiation (Figure 2). In contrast, with their lower ground cover inter-
patches had low infiltration and a rapid increase in runoff during the first 15 min of rainfall application (Figure
2). Patches and inter-patches had similar sediment concentration, indicating a similar susceptibility to soil
particle detachment by rain drops, irrespective of differences in ground cover. Thus, the total sediment
production of each patch and inter-patch was more closely related to the amount of runoff rather than any
differences in sediment concentration. Total sediment production was markedly lower from under-shrub patches
than inter-patches (Table 2), and once runoff began, the cumulative rate of sediment production was constant for
each patch and inter-patch (Figure 2).

Table 2. Hydrological and erosional responses in patches and inter-patches. Values followed by different letters are
significantly different (P < 0.05). n = 12 for each patch type and inter-patch.

Patch/Inter-patch Time to Average Wetting Average sediment Total sediment
runoff runoff rate front concentration production
(mim)  (mmh™) (cm) (gL™h (gm?)
Patch - Under-shrub 20.8b 3.3a 5.4c 2.04a 3.3a
Patch - Medium vegetated 12.7a 8.3b 3.8b 1.89a 7.5a
Inter-patch 9.6a 13.3c 2.8a 1.99a 13.0b
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Figure 2. Mean cumulative sediment production and runoff rate (inset) in patches and inter-patches A =under-
shrub, m = Medium vegetated, o0 = Inter-patch. Bars represent +1 SE.

Litter cover was the only significant predictor of runoff (Table 3). High cryptogam cover and sand content were
associated with lower sediment concentration in runoff, but this relationship was weak, and the differences in
cryptogam cover between patches and inter-patches did not translate into differences in sediment concentration.
Total sediment production was best predicted by a combination of litter cover and sand content. These results
indicated that the presence of ground cover components such as litter may partly compensate for the low
herbage cover in woody encroached areas and provide soil stability and protection against raindrop impact, and
in these areas of low herbaceous cover, litter plays a role in reducing total sediment production by reducing
runoff.
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Table 3. Stepwise multiple regression equations for average runoff (AR), average sediment concentration (ASC) and
total sediment production (TSP).

Regression equation Adjusted R? Model F Significance P
VAR = 3.41 - 0.03 litter 0.44 F3,=28.54 0.0001
VASC = 4.64 - 0.01 cryptogam — 0.04 sand 0.35 F,3;=10.21 0.0001
VTSP = 8.91 — 0.03 litter — 0.08 sand 0.40 Fp33=12.45 0.0001
Conclusion

Due to consistent differences in hydrological and erosional responses, we consider that the patches and inter-
patches in this patterned landscape are different functional hydrologic units that control the redistribution of
runoff and sediments, in agreement with Ludwig et al. (2005). Inter-patches are more prone to runoff and
sediment production than patches, and are probably the main drivers of runoff and erosion processes in woody
encroached areas. The hydrological and erosional responses of patches and inter-patches are related to the
occurrence of different ground cover components. Inter-patches have higher runoff and sediment production due
to low ground cover, including low litter cover. Patches have high litter cover which appears to reduce total
sediment production by reducing runoff. This effect of litter may be greater when more stable forms such as
dead vegetation and large debris (i.e. logs) are considered.
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Abstract

New hydro-pedotransfer functions for grassland are presented to calculate both annual capillary rise from the
groundwater into the root zone and actual evapotranspiration for regional water balances. The functions i.e. the
procedure has two advantages. Firstly, only easily available site information is necessary for the calculation,
such as the soil texture class, groundwater depth, summer rainfall and potential evapotranspiration (ET )
according the FAO guideline. Secondly, we follow the principle idea to define the gain (G) of actual
evapotranspiration (ET,.) caused by capillary rise from groundwater as an effective parameter to express both,
the soil and climate dependent effective capillary rise for a given site. In order to define a reference, we used the
actual evapotranspiration of a site without groundwater influence but with same soil hydraulic properties and
climate conditions. In order to predict G without using the numerical model, a new hydro-pedotransfer concept
was developed and tested for several regions in Germany, Europe.

Key Words
Capillary rise, actual evapotranspiration, hydro-pedotransfer functions, regional scale

Introduction

Recently, a set of hydro-pedotransfer functions was proposed to predict the annual percolation rate on a regional
scale using easily available soil data (Wessolek et al. 2008). However, the above mentioned functions use a very
simple approach to calculate the capillary rise from the groundwater into the root zone. Our aim was to improve
the calculation in order to get an expression for a site specific capillary rise that enhances at least the actual
evapotranspiration. We should keep in mind that the term “capillary rise” symbolizes an idealized flow pattern
where drainage and capillary rise are imagined to be separated flow conditions in soil. In reality the flux at the
bottom boundary changes magnitude and direction frequently due to actual conditions in the soil profile. For
this reason we decided to express the effective capillary rise as a gain of actual evapotranspiration in order to
make sure that capillary rise is not only dependent on soil hydraulic properties but also on climate and plant
conditions such as rooting depth.

Methods

Firstly we used the numerical simulation model “SWAP” (Kroes et al. 1999) to simulate soil water dynamics for
a broad spectrum of boundary conditions: in total we calculated water flow for four typical soil classes through
30 years using different values of groundwater depth. This was done for three different meteorological
observation stations in Germany, one station with little rainfall and high potential evapotranspiration, the second
one with average rainfall and average potential evapotranspiration, and the third one with high rainfall and low
potential evapotranspiration. In total we obtained 1710 values of annual evapotranspiration. For each of the soil
texture classes and observation stations one simulation was run without influence of groundwater. We compared
this reference condition with simulation runs for various groundwater depths conditions. The latter indicate the
increase in actual evapotranspiration. The increment was termed “gain” (G) and was attributed to so-called
“effective capillary rise”.

Secondly, to predict gain without using the numerical model, functions were established to estimate gain from
easily accessible data in two steps, (1) expressing the maximum capillary rise rate for a given soil and
groundwater depth, and in step (2) we followed a suggestion after Visser (1968) to derive a gain (G= effective
capillary rise rate) based on water supply (S), and water demand (D).

Results

In the first step the groundwater influence is denoted by steady-state flow rates, which only depend on soil
hydraulic properties and the distance between groundwater table and the bottom of the root zone (z). These
steady-state flow rates could be calculated using an arbitrary threshold of soil water potential. The selected
value of = -3200 hPa ensures obtaining a standard flow rate close to the maximum flow rate that would occur
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at the threshold = -co. Using this threshold, the steady-state flow was evaluated numerically (Bohne, 2003) for
various data points of g(z,...). In order to facilitate the results, the empirical function (1) was introduced to
eXPress Gmax(2)-

q(z)=p, z" (1)

The parameters p; and p, could be easily gained for various soil texture classes (Table 1). Fig. 1 shows
exemplarily how z controls the maximum flux rates at = -3200 hPa for a sandy and a loamy soil (Lts).
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Figure 1. ¢(z) functions for two soils, parameters of p1 and p2 are listed in Table 1.

Table 1. Parameters p; and p, of the empirical equation ¢ = p,z”* (cm/d).

Soil class |p, )2 Soil class |p; P>

Ss 1.5244E+03 |-2.4467 Uu 9.6900E+03 -2.0996
S12 1.8344E+03 |-2.3827 Uls 2.7659E+03 -1.9182
SI13 5.8747E+03 |-2.5284 Us 1.9477E+03 -1.8381
Sl4 5.1832E+02 |-1.7925 Ut2 3.8354E+03 -1.9891
Slu 5.6573E+02 |-1.7205 Ut3 3.7122E+03 -1.9858
St2 3.9707E+02 |-1.4971 Ut4 3.0780E+03 -2.0077
St3 2.2651E+02 |-1.8035 Tt 6.2126E+01 -1.8051
Su3 8.5042E+02 |-1.7423 Tl 9.9199E+01 -1.8691
Su4 1.2992E+03 |-1.7361 Tu2 9.8138E+01 -1.8643
Ls2 1.4856E+03 |-1.5862 Ts2 2.2292E+02 -1.9629
Ls3 9.7394E+02 |-1.7943 Ts3 8.5734E+02 -2.1027
Ls4 7.2012E+02 |-1.7661 Ts4 2.0702E+02 -1.5199
Lt2 7.6150E+02 |-1.7619 fS 3.0197E+03 -2.4811
Lt3 3.8861E+02 |-1.6707 mS 1.5653E+03 -2.4537
Lts 2.2340E+03 |-2.1450 eS 1.6850E+04 -3.4299
Lu 1.1664E+03 |-1.8089

As mentioned above, we intended to predict the increase of actual evapotranspiration (=gain, G) caused by
capillary rise from the groundwater table using easily accessible soil and climate data. The gain is limited either
by the water demand D or by the soil water supply S. Following a suggestion after Visser (1968) this condition
leads to the equation:
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(D-G)(S-G)=0 )

Rearranging yields a quadratic equation with the solution

s
G=DZS+/12{(D+S)2—4DS} 3)

Where the 4; are empirical fitting parameters and listed in Table 2.

Table 2. Parameters of Eqs.3,4, 6 and 7.

Parameter Value
M 3.04093
Ao -0.22966
A3 0.52642
C 0.31273
o 0.46787
C3 23.1155
Cy 0.94361
g -0.601
2 0.02374
.8 0.03529
g4 0.07083
gs 0.38338

Another empirical equation (4) was introduced to expressing the water demand and supply in terms of known
data:

D=Cl+ET - P _CZWa )

pot,summer summer

Where ET,,; summer denotes the grass reference evapotranspiration during summer, Py, the precipitation in
summer (April 1* — September 30™) and W, is known as the amount of plant available soil water with

W =RD*(FC— PWP) )

RD rooting depth
FC field capacity, taken here as 03 npy)
PWP  permanent wilting point, taken here as 6 5500 npa)

¢, provides the means to partition W, so that only water that is easily available for evapotranspiration, it is
include in calculation of D. The capability of soil to supply water is expressed by

c4
S = C3 Qmax (6)

Where g,,... is the appropriate function value g,,,,=q(GW-RD) of Eq.(1) for the texture class chosen and GW
represents the depth to groundwater. After fitting the unknown parameters, the increase G of the actual
evapotranspiration was calculated by Egs. 3, 4, and 6. Based on 1710 comparisons, the root mean squared
difference (RMSD) between G4 as calculated by the numerical simulation model and G, .gicres as calculated
by Eq. (3) was RMSD =18.03 mm with a correlation coefficient of R =0.9025.

Actual evapotranspiration during summer depends on both potential evapotranspiration and on the amount of
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water available for evapotranspiration. The amount of available water consists of precipitation during summer
Psummer, the effect of groundwater and part of soil water storage at the start of summer.

Using the estimated Gain G, also the actual evapotranspiration during summer can be estimated by

ET :ET (gl +g2R€ummer+g3G+g4Wa)g5 @)

act,summer pot . summer

Eq. 7 estimates the actual evapotranspiration during summer with an accuracy of RMSD=23.73 mm (R=0.8884).
The ratio ET,./ET,, has shown to be a good coefficient to assess water supply to crops.

Conclusions

The new hydro-pedotransfer functions for predicting the annual effective capillary rise and actual
evapotranspiration lead to results which are in very good agreement with results of numerical simulation
models. The method is applicable on a regional scale when easily available weather data and soil texture class
are known. Since the equations are statistically based, they should not be used unverified in areas exhibiting
climatic and soil conditions different from Central Europe.

References
Allen RG, Wright ME, Burman RD (1989) Operational estimates of evapotranspiration. Agronomy Journal 81,
650-662.

Bohne K (2005) ‘An introduction into applied soil hydrology’. (Catena Verlag: Reiskirchen). 231 pp.

Kroes JG, van Dam JC, Huygen J, Vervoort RW (1999). ‘Simulation of water flow, solute transport and plant
growth in the Soil-Water-Atmosphere-Plant environment: User’s Guide of SWAP version 2’. Technical
Document Nr. 53. (DLO Winand Staring Centre: Wageningen).

Renger M, Bohne K, Facklam M, Harrach T, Riek W, Schifer W, Wessolek G, Zacharias S (2009) ‘Ergebnisse
und Vorschldage der DBG-Arbeitsgruppe ,,Kennwerte des Bodengefiiges*. Bodendkologie und Bodengenese,
Heft 40°. 80pp. (Eigenverlag der TU: Berlin). (in German).

Visser WC (1968) Ein Ertragsmodell fiir giinstige und schéddliche Umweltfaktoren. Studia Biophysica, 11, 227-
236. (in German).

Van Genuchten MT (1980). A closed-form equation for predicting the hydraulic conductivity of unsaturated
soils. Soil Science Society of America Journal 44, 892-898.

Wessolek G, Duijnisveld WHM, Trinks S (2008) Hydro-pedotransfer functions (HPTFs) for predicting annual
percolation rate on a regional scale. Journal of Hydrology 356, 17-27.

Review Comments

The derivation of eqn (3) from eqn (2) is not correct. This means that estimates of G based on eqn (3) will not
satisfy eqn (2). The empirical relationships that have been developed may still be useful but the authors will
need to modify the manuscript to reflect the fact that these are not based on eqn (2).
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Abstract

Conservation Agriculture (CA) can be a possible technique to mitigate the reduction in soil quality, to reduce
runoff and soil erosion, and can increase in situ moisture conservation, thereby increasing crop yield. This study
was carried out on a rainfed field in Tigray, northern Ethiopia. The objective was to evaluate the impacts of CA
on runoff and soil loss, and crop yield improvements. The CA practices were introduced on farmers' fields on
vertisols since 2005. The experimental layout was arranged according to a randomized complete block design
with two replicates. Treatments included conventional tillage (TRAD) which was ploughed 3 times and residue
removed, Terwah (TERW) ploughed 3 times, residues removed and furrows made at 1.5 m distance, and
permanent beds (PB) with 30% residue retention, zero tilled and 60 cm wide bed size. All the ploughing and
reshaping of the furrows was done using the local ard plough maresha. Data on soil loss, runoff and grain yield
were collected. The crops in rotation were wheat and teff. There was significant reduction (p<0.05) in runoff in
PB under wheat in 2005, whereas the reduction was non-significant in 2006 and 2007. The soil loss was
significantly lower in PB in 2005 and 2006. Soil loss in 2005 under wheat was reduced by 76% in PB and 61%
in TERW as compared to TRAD. Similarly, the reduction in soil loss in 2006 under teff was 86% in PB and
53% in TERW. There was no significant difference (p<0.05) for wheat yield in 2005 and 2007. However, there
was a significant difference among treatments in 2006 with higher teff yield in TRAD followed by TERW. In
summary, permanent bed reduced soil loss and runoff and hence increased yield of wheat. Yield of teff was,
however, reduced with permanent beds.

Key Words
Conservation agriculture, Terwah, permanent bed, crop residue, wheat, teff

Introduction

Land degradation in northern Ethiopia is a great problem mainly aggravated by overpopulation in the highlands,
over cultivation, soil erosion, and an unbalanced crop and livestock production system (Girma 2001). As a
consequence of loss of the top fertile soil by erosion, there is severe decline in soil quality. The poor infiltration
and water holding characteristics of the soil makes water a key limiting factor for crop yield in this area. The
livelihood of 85 % of the population of Tigray depends on agriculture, mainly on crop production, and small
units of land have been extensively cultivated by subsistence farmers for centuries. The rainfed farming
agriculture is dominant and has low productivity. The rainfall in the region is erratic and insufficient during the
growing season (Ermias et al. 2005). It is common to observe both water logging and drought in one cropping
season (personal observation). Soil moisture in the Vertisols is insufficient due to periodic drought, low
moisture holding capacity of the soils, high tillage frequency, and high runoff rates from sloping lands in case of
periodic excess of rain water (Mati 2006). Tillage is done with a breaking plough locally known as mahresha
with frequent ploughing before sowing which may result in compaction, poor drainage and crusting in Vertisols.
Also, farmers harvest the straw of crops in order to feed their animals leaving no residues as soil cover. There is
also free grazing of animals on the stubble residue after harvest. These operations have led to the long term
reduction in soil organic matter content which consequentially increased soil erosion. Recent policy in Tigray
region favours in situ water conservation, stubble management and the abandonment of free grazing. Vertisols
are hard when dry, very sticky when wet and susceptible to erosion depending on how they are managed and on
their top soil structure and texture (Deckers et al. 2001). McHugh et al. (2007) reported that ridges significantly
increased soil moisture and grain yield and reduced soil loss in north Wollo, Ethiopia. Experiments conducted in
Mexico by Govaerts et al. (2005) on a fine, mixed, thermic, Cumulic Haplustoll with zero tillage treatment
combined with rotation and residue retention showed improvements in yield as compared to heavy tillage before
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seeding, monocropping and crop residue removal. They reported that permanent bed with crop rotation and
residue yielded the same as zero tillage. Various studies on CA outlined many benefits as it allows early sowing,
growing long maturing crops/varieties, reduces runoff and evaporation, reduces soil loss, conserves soil
moisture, increases labour efficiency, reduces oxen and straw demand, and enhances soil fertility (Nyssen et al.
2006). In contrast to traditional agriculture, conservation agriculture leaves residues from the previous crop on
the surface. It may store a considerable amount of water and increases roughness, slowing down the runoff flow
velocity (Findeling et al. 2003). However, comparison of conservation agriculture and traditional agriculture
practices over different time periods have not been consistent across soils, climate, and experiments in different
parts of the world (Ahuja et al. 2006). Conservation agriculture and other CA based resource conserving
technologies practices like permanent bed and modified ferwah tillage systems were introduced in Adigudom,
Tigray, Ethiopia for the last three years since 2005 with the aim to conserve moisture, reduce runoff and soil
loss on farmers' fields, hence increasing crop yields on Vertisols. In Tigray, farmers use to make contour
furrows at 2-4 m interval, locally called terwah, usually on teff to trap water for later crop use instead of being
lost as runoff. Therefore, the objective of this study was to evaluate runoff and soil loss, and crop yield under
conservation and conventional agriculture in Tigray, northern Ethiopia. Short-term effects on physical soil
quality are reported elsewhere (Oicha ef al. 2010a,b).

Material and methods

Study site

The experiment was conducted under rainfed conditions starting in 2005 in Adigudom (13°14°N, 39°32’E),
Tigray, Northern Ethiopia. Tigray is characterized by a cool tropical semi arid climate, with recurrent drought
induced by moisture stress. The mean annual rainfall (26 yr) is 505 mm, with more than 85% falling from June
to September. Rainfall intensity can be very high, with about 60% of the rain having intensities of over 25
mm/h. Mean annual temperature is 23 °C and mean annual evapotranspiration amounts to 1539 mm. Sowing
begins in mid June and harvesting ends in December. The farming system in the region is a mixed farming
system with both crop and livestock. The main crops grown in Adigudom are teff (Eragrostis tef.), wheat
(Triticum sp.), barley (Hordeum sp.), hanfets (mixture of barley and wheat), sorghum (Sorghum bicolor
(L).Moench), millet (Eleusine coracana), maize (Zeamays L.) and lentil. The sowing method is generally
broadcasting manually.

Experimental layout

The experimental layout was arranged as a randomized complete block design with two replications. The plot
size was 5 m wide and 19 m long. The sowing method was manual broadcasting for both crops (wheat and teff)
that were grown during the three growing seasons under study (2005-2007). The slope gradient was 3%. The
soil under the experimental trial is classified as Calcic Vertisol according to the FAO-UNESCO classification,
pelli Calcic Vertisol according to WRB and Typic Calciustert according to Soil Survey Staff. The different
treatments were: (1) conventional tillage (TRAD) ploughed three times without residue, (2) Terwah (TERW)
ploughed 3 times without residue and with furrows made at 1.5 m distance interval along the counter, and (3)
permanent bed (PB) with 30% residue, zero tilled and 0.6 m wide beds. All the ploughing and reshaping of the
furrows was made using maresha. Fertilizer was applied uniformly to all treatments. Glyphosate was applied to
control pre-emerged weed in PB treatment. However, hand weeding was used as post emergence weed control
in all treatments.

Data collected

Parameters such as runoff, soil loss and grain yield were collected. Runoff and soil loss were measured in 4.5 m
long, 1.5 m wide (at the top) and 1 m deep collection trenches, which were located at the down slope end of
each plot and lined with 0.5 mm thick plastic sheets. Runoff amount was determined at 8:00 am after each
rainfall shower that caused erosion by measuring the height of the water level in the middle and at both sides of
the trench. The trenches were calibrated for their volume by relating a known amount of water to water depth at
the same three locations. The collected runoff water was then stirred thoroughly and 4 liter was taken from each
trench to determine sediment concentration. These were filtered in the laboratory using funnel and Whatman #
12 filter papers. The sediment in the filter paper was oven dried for 24 hours at 105 °C and weighed. Grain yield
was determined from 2 m by 8 m and 2 m by 6 m harvestable areas.
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Results

Runoff and soil loss

There was a significant difference (p<0.05) in runoff among all treatments in the first year (2005) for wheat,
with less runoff recorded in PB followed by TERW. However, there was no significant difference for runoff
among all treatments in the second and third year (2006 and 2007) when the crop was teff and wheat,
respectively (Figure 1). Even though non-significant, in 2006, the PB treatment has revealed a reduction in 50%
runoff followed by 16% in TERW. There was a very similar trend in 2007 when the crop was wheat as
compared to 2006. There was significant difference (p<0.05) in soil loss in 2005 and 2006 in wheat and teff,
respectively. The soil loss reduction in 2005 for wheat was 76% in PB while 61% in TERW as compared to
TRAD. Similarly, the reduction in soil loss was 86% in PB and 53% in TERW as compared to TRAD in 2006
for teff (Figure 2).
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Figure 1. Average runoff amount from each treatment during the whole growing period across years in Adigudom.
A letter on the top of each bar graph indicates the significant difference (p<0.05) among treatments per one year. PB
= permanent bed tillage; TERW = terwah tillage; TRAD = conventional tillage.
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Figure 2. Average soil loss from each treatment during the whole growing period in 2005 and 2006 in Adigudom. A
letter on the top of each bar graph indicates the significant difference (p<0.05) among treatments per one year. PB =
permanent bed tillage; TERW = terwah tillage; TRAD = conventional tillage.

Yield performance

There was no significant difference (p<0.05) between treatments for wheat yield in 2005 and 2007. However,
there was a significant difference among treatments in 2006 with higher teff yield obtained in TRAD followed
by TERW. The lowest teff yield was recorded in PB. Although the difference was not significant, the yield of
wheat in 2005 and 2007 showed that there was a higher yield record in PB followed by TERW. In contrast to
the 2006 teff yield, the lowest wheat yield in both 2005 and 2007 was recorded in TRAD (Figure 3).

Conclusion

Based on the three years data, runoff was significantly reduced in PB followed by TERW as compared to TRAD
in 2005. Although not significant, there was lower runoff in PB in 2006 and 2007. There was a significant
difference for soil loss reduction which was lower in PB compared to TRAD. However, there was no significant
difference for soil loss between PB and TERW. Although the difference was not significant, the yield of wheat
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showed increment increase in both in 2005 and 2007. The yield of teff in 2006 was significantly lower in PB as
compared to TRAD, which could be attributed to weed manifestation under PB and TERW. Specific attention
should be paid to weed control while growing teff in PB and TERW systems.
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Figure 3. Average grain yield (kg/ha) trend in conservation and conventional agriculture across years in Adigudom.
A letter on the top of each bar graph indicates the significant difference (p<0.05) among treatments per one year. PB
= permanent bed tillage; TERW = terwah tillage; TRAD = conventional tillage.
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Abstract

Groundwater tables are rising beneath irrigated fields in some areas of the Lower Burdekin in North
Queensland, Australia. The soils where this occurs are predominantly sodic clay soils with low hydraulic
conductivities. Many of these soils have been treated by applying gypsum or by increasing the salinity of
irrigation water by mixing saline groundwater with fresh river water. While the purpose of these treatments is
to increase infiltration into the surface soils and improve productivity of the root zone, it is thought that the
treatments may have altered the soil hydraulic properties well below the root zone leading to increased
groundwater recharge and rising water tables. In this paper we discuss the use of column experiments and
HYDRUS modelling, with major ion reaction and transport and soil water chemistry-dependent hydraulic
conductivity, to assess the likely depth, magnitude and timing of the impacts of surface soil amelioration on soil
hydraulic properties below the root zone and hence groundwater recharge. In the experiments, columns of sodic
clays from the Lower Burdekin were leached for extended periods of time with either gypsum solutions or
mixed cation salt solutions and changes in hydraulic conductivity were measured. Leaching with a gypsum
solution for an extended time period, until the flow rate stabilised, resulted in an approximately twenty fold
increase in the hydraulic conductivity when compared with a low salinity, mixed cation solution. HYDRUS
modelling was used to highlight the role of those factors which might influence the impacts of soil treatment,
particularly at depth, including the large amounts of rain during the relatively short wet season and the presence
of thick low permeability clay layers.

Key Words
Sodic soils, amelioration, gypsum, deep drainage

Introduction

In Australia, over 80% of the irrigated soils are sodic and irrigation management is closely linked with
management of soil sodicity (Rengasamy and Olsson 1993). Sodic soils typically exhibit poor soil structural
stability, low plant available water contents and low infiltration rates. Most of the irrigated soils in Australia
need reclamation of sodicity, at least for the soil layers in the root zone (Rengasamy and Olsson 1993). When
soils are successfully ameliorated, the leaching flux is expected to increase relative to surface runoff potentially
increasing deep drainage rates (Rengasamy and Olsson 1993).

Sodic soils are prevalent in the Lower Burdekin irrigation area in North Queensland, Australia (Figure 1).
While there are adequate supplies of fresh water for irrigation, there is a lack of sub-surface drainage and a
number of areas have problems due to rising groundwater tables. Applications of gypsum or irrigation waters
with increased salinity have been used to improve soil structural stability and hydraulic properties, but there is
now a concern that the whole soil profile may be affected thus enhancing recharge and impacting groundwater
tables. To assess the likelihood of this occurring, the expected magnitude, depth and timing of increases in soil
hydraulic conductivity in response to these treatments needs to be determined.

Methods

Soil Properties

The soil used in this study was collected from an irrigated sugarcane field in the Lower Burdekin. The soil used
was collected from the B horizon, 0.6 to 1.1 metres below the ground surface, by digging a soil pit and
obtaining soil from the wall of the pit. The soils are clay soils with high sodicity levels (Table 1). The
Exchangeable Sodium Percentage (ESP) of these soils places them in the strongly sodic category based on
Australian soil classifications (Northcote and Skene 1972).
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Figure 1. Location of the Lower Burdekin in North Queensland, Australia.

Table 1. Soil properties for the soils used in these experiments based on five samples from the same site.

Sample pH' Exchangeable Exchangeable Exchangeable ESP* CEC Clay
Calcium Magnesium Sodium

(meq/100g) (meq/100g) (meq/100g) (%) (meq/100g) (%)

A 8.8 11.1 14.3 5.2 17.3 30 66
B 8.8 10.2 13.6 4.9 16.9 29 69
C 8.8 10.9 14.2 54 18 30 70
D 8.9 11 13.9 5.2 17.3 30 68
E 8.9 11.1 13.6 4.2 14.6 29 67
Mean 8.8 10.9 13.9 5 16.8 30 68
Standard deviation 0.1 04 0.3 0.5 1.3 1 2

T pH = pH of 1:5 soil solution extract
1 ESP = Exchangeable Sodium Percentage
q CEC = Cation Exchange Capacity

Column leaching experiments

Column leaching experiments were used to investigate changes in hydraulic conductivity for sodic clays from
the Lower Burdekin, in response to changes in applied solution chemistry. The soil columns were prepared by
oven drying the soil, grinding it, sieving it to obtain the <2 mm fraction and packing it into columns with 5.4 cm
diameter and 4 cm height. The soil columns were wet from the bottom using the percolating solution.
Hydraulic conductivity was then determined by measuring the flow rate whilst continuing to apply the
percolating solution using a constant head apparatus.

Two sets of experiments were conducted to determine the changes in soil hydraulic conductivity that occur
when a) a saturated gypsum solution and b) mixed cation solutions of varying salinity are applied.

In the first set of experiments, a saturated gypsum solution was applied and the primary aim was to determine
the potential for increases in hydraulic conductivity in response to gypsum applications. A low salinity
irrigation water surrogate was used for comparison with the gypsum solution results.

As the measured field bulk densities were approximately 1.9 g/cm’, much higher than the bulk densities
typically used in laboratory experiments with repacked columns, the influence of bulk density was also
investigated by using columns packed at two bulk densities, 1.3 g/cm’ and 1.4 g/cm’. Five replicates were used
for each of these bulk densities.

The second set of experiments was designed to determine the influence of salt concentration on hydraulic
conductivity after the methods of McNeal (1968). Measurement of hydraulic conductivity at two salt
concentrations was recommended by McNeal (1968). In this study, 100 meq/L and 50 meq/L solutions
containing calcium chloride, magnesium chloride and sodium chloride were used with three replicates for each
salt concentration.
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For both sets of experiments, the leaching was continued until a stable flow rate was achieved. The electrical
conductivity, pH and cation concentrations of the leachate solutions were measured to determine when chemical
equilibration with the applied solution had occurred.

HYDRUS modelling

HYDRUS-1D models were set up using the properties of the sodic clays used in the column experiments to
determine whether the trends observed in the laboratory could be simulated using HYDRUS. Subsequent
modelling efforts focused on determining the influence of the initial soil sodicity and hydraulic conductivity on
deep drainage rates after amelioration. In addition, the influence of large amounts of rain during the wet season
on soil properties and deep drainage rates was investigated.

Results

The bulk density of the repacked columns had a significant effect on the maximum hydraulic conductivity when
saturated gypsum solutions were applied. The maximum hydraulic conductivity for the columns packed at 1.3
g/cm’ was approximately five times greater than the maximum hydraulic conductivity for the columns packed at
1.4 g/cm’ (Figure 2). The variability in the measurements was also significantly greater. The standard deviation
for the colugnns packed at 1.3 g/cm’ was approximately ten times greater than the S.D. for the columns packed
at 1.4 g/cm’.

O 1.3g/cm3
0.8 4 | 1.4g/cm3
0.6
0.4 -
0.2

Maximum Hydraulic Conductivity (cm/day)

Figure 2. Maximum hydraulic conductivity with gypsum applied to soil columns packed at two different bulk
densities. The mean and the standard deviation of the measurements are shown.

The maximum hydraulic conductivity measured for the columns leached with a saturated gypsum solution was
approximately half of the maximum hydraulic conductivity measured for the columns leached with a 100 meq/L
mixed cation salt solution, but approximately four times the maximum hydraulic conductivity measured for the
columns leached with a 50 meq/L mixed cation salt solution (Figure 3). For the columns leached with a
saturated gypsum solution, there was a gradual increase in hydraulic conductivity during the leaching period.
This increase in hydraulic conductivity is due to the combined impacts of electrolyte effects and reductions in
soil sodicity. The final hydraulic conductivity for the soil columns leached with a saturated gypsum solution
was approximately twenty times larger than the final hydraulic conductivity for soil columns leached with a low
salinity irrigation water surrogate.

Whereas the column experiments have been used to determine the maximum effects of varying solution
chemistry on hydraulic conductivity after continuous leaching of the soils, HYDRUS modelling has been used
to simulate a range of scenarios applicable to field conditions. For example, the depth of the profile affected as
a result of the combined effects of irrigation, sporadic gypsum applications and intermittent rainfall was
investigated. The results of the HYDRUS modelling indicate that the initial soil sodicity and the initial soil
hydraulic properties have a large influence on the changes in deep drainage rates that would be expected in
response to different soil treatments (Figure 4). For high initial sodicity levels, i.e. exchangeable sodium
percentages of equal to or greater than 33.8, less of the profile was ameliorated and the corresponding deep
drainage rates were much lower.
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Conclusion

The changes in hydraulic conductivity in response to gypsum applications and increased salinity waters were
measured. Leaching with a saturated gypsum solution until the flow rate stabilised resulted in an approximately
twenty fold increase in the hydraulic conductivity when compared with a low salinity, mixed cation solution.
The maximum hydraulic conductivity when a 100 meq/L salt solution was applied was significantly higher than
the maximum hydraulic conductivity when the saturated gypsum solution was applied.

Findings from the column experiments and HYDRUS-1D modelling are being used to improve understanding
of the impact of long term treatment with gypsum or saline irrigation water on sodic soils. This is needed to test
the validity of current practices in which water management in the Lower Burdekin is being informed by
regional hydrology modelling with groundwater recharge estimated using static soil hydraulic properties.
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In situ soil water repellency is affected by soil water potential
rather than by water content as revealed by periodic field observations
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Abstract

To evaluate spatio-temporal occurrence of in sifu soil water repellency in relation to soil moisture conditions,
we periodically conducted field surveys in a humid-temperate forest in Japan. Measurements were made in 4
plots across a hill slope. Each plot contained 2 permanent quadrats (30 x 55 cm) with 48 measurement points
per quadrat, where volumetric water content and water repellency of surface soil were measured. Most
measurement points had critical water contents (CWC) below which soils repel water and above which soils
were wettable. We assumed that the median CWC at 96 points per plot was the representative CWC (RCWC)
for a plot, and estimated representative critical water potential (RCWP) from RCWC using water retention
curves. RCWC differed, but RCWP was similar (pF = 3.5-4.0), between plots. Furthermore, water potential
described the spatial fraction showing water repellency better than water content. These results suggest that
water potentials, rather than moisture contents, are more indicative of the spatial occurrence of soil water
repellency on hill slope areas. In the study site, surface soils on upper hill slopes tend to be drier and more
frequently water repellent than lower parts, implying a greater tendency to generate surface runoff with rainfall
events.

Key Words
Water repellent soil, water content, water potential, soil properties, spatial variability, temporal variability

Introduction

Soil water repellency, which has been observed worldwide, affects water movement such as surface runoff
(DeBano, 2000; Doerr et al., 2000). Knowledge of water repellency distribution in soil surfaces would be useful
in predicting the intensity of surface runoff on hill-slopes (Miyata et al., 2007). However, it is difficult to
estimate water repellent areas by direct measurement when surface runoff occurs (Doerr and Moody, 2004),
thus predictive indicators for water repellency need to be established.

Soil water potential might serve as a practical indicator for judging whether soil repels water without measuring
water repellency per se. Disturbed soils that are potentially water repellent are reported to be so below water
potentials of pF =3 and to be wettable above the water potentials (pF < =3) regardless of organic matter content
or soil texture (de Jonge et al., 2007; Kawamoto et al., 2007; Kobayashi and Shimizu, 2007). We therefore
postulated that soil water potential is indicative of water repellency across soils with varying physicochemical
properties, even under field conditions. However, as most previous studies have used disturbed soil samples,
there is inadequate information on the relationship between soil water potentials and water repellency under
field conditions.

This study was undertaken to determine whether and how soil water potentials at soil depths of 0-5 cm
indicated soil surface water repellency across a hill slope with varying soil properties; sites were within a
humid-temperate forest in Japan. We also aimed to understand topographical conditions that influence water
repellency within a hill slope.

Methods

Study site and soil properties

The study site was located in a humid-temperate forest administered by the Arboricultural Research Institute,
University of Tokyo, Shizuoka, Japan (34°69'N, 138°8'E). Mean annual precipitation was 2,430 mm and mean
annual temperature was 15.3°C in the period 2006-2007. We established 4 measurement plots located on
different hill slope elements: P1 and P2 on a ridge, P3 on a shoulder, and P4 on mid-slope. The vegetation was
secondary forest dominated by Castanopsis sieboldii (in all plots); Alnus sieboldiana and Prunus jamasakura
also occurred in plots P2, P3, and P4.

We categorized soil structure by visual and hand inspection, and measured bulk densities using 100 cm’ core

© 2010 19" World Congress of Soil Science, Soil Solutions for a Changing World 101
1 -6 August 2010, Brisbane, Australia. Published on DVD.



samples to 5 cm depth. We took disturbed soil samples from the surface layer, (5 x 5 cm area, 1 cm depth) and
~100 cm’ samples from 05 cm depth. All samples were air-dried and dry-sieved through a 2 mm mesh. We
determined soil textures, soil organic carbon (SOC) contents, C/N ratios, and soil pH (H,0) of the 0-5 cm depth
samples, and SOC contents and soil water repellency of the 0—1 cm depth samples. We performed particle size
analysis by the wet sieving and pipette method (Gee and Or, 2002), and classified soil textures according to the
system of the International Union of Soil Science. Total carbon and total nitrogen contents were measured with
a NCS analyzer (NA 1500; Carlo Erba Instruments, Milan, Italy), and C/N ratios were calculated. The SOC was
assumed to represent total carbon because soil samples were not calcareous. Soil pH (H,O) was measured using
a pH meter (D-24; Horiba Ltd., Kyoto, Japan) in 1:2.5 soil:water suspensions. Soil water repellency was
measured by the molarity of ethanol droplets test (MED test) (King, 1981). We put subsamples >5 mm thick
into plastic cups and dripped an ethanol solution (0-5 M range, applied at 0.2 M concentration intervals)
through a pipette onto the flattened soil surface. We recorded the MED values as the lowest molarity of ethanol
solution that was able to penetrate soil surfaces within 10 s. Water retention curves were made using the
hanging water column method (pF = 0.0-2.1), the pressure plate method (pF = 2.1-3.7), and a psychrometer (pF
> 3.7) (Dew Point Microvoltmeter HR-33T; Wescor Inc., Utah, USA) for soils sampled from 0-5 cm depth in
mineral soils adjacent to quadrats in each plot (Dane and Hopmans, 2002a, b). The soil water potentials and soil
water contents were fitted using the bimodal Kosugi soil water retention model (Seki, 2007).

Water repellency and water condition of surface soils

We established 2 permanent quadrats (each 30 x 55 cm) within each plot. At 48 points within each quadrat, we
measured in situ water repellency and actual volumetric soil water content about twice a month during the
period September 2006 to December 2007 (19-21 observations in total). We assumed that a soil was “water
repellent” when water droplets remained on the surface for > 10 s (MED > 0 M), and was “wettable” when the
retention time was < 10 s (MED = 0 M). We calculated the percentage of positions that were water repellent
(proportion of 48 points) as a representative index of water repellency for each quadrate. Volumetric water
content of the surface layer soil (0-5 cm depth) was measured using a soil moisture probe (ML2x Theta Probe;
Delta-T Devices Ltd., Cambridge, UK) at points in quadrats adjacent to positions at which water repellency
were measured. The sensor output was calibrated against water content for each plot. We determined the
representative actual water contents of each quadrate (RAWC) as the median volumetric water contents of 48
points, and estimated the representative actual water potentials (RAWC) from RAWC and the soil water
retention curve obtained for each plot.

Critical soil water conditions for soil water repellency

We determined the critical water content (CWC), above which the soil surface is wettable and below which it is
water repellent, at every measurement point in each quadrate (48 points/quadrat). The CWC was calculated as
the mean of the largest water content showing water repellency and the smallest water content when the soil was
wettable. We determined the representative critical water content (RCWC) of each plot as the median CWC of
96 points (48 points X 2 quadrates) because there were similar frequency distributions of CWC in the 2 quadrats
within each plot. We further estimated the representative critical water potential (RCWP, in terms of pF) from
RCWC and the soil water retention curve obtained for each plot.

Results and discussion

Soil properties

Soil properties at 0-5 cm depth differed between plots; P4 had a less developed soil structure and a lower bulk
density, P1 was less clayey and had a higher C/N ratio, and P2 had a lower SOC content than other plots (Table
1). All plots exhibited water repellency in air-dried O—1 cm samples, except for one of 3 samples from P4 (MED
=0) (Table 1). The water retention curve of P1 differed from those of other plots, with lower soil water content
at the same water potential when pF was >1.5. The relatively sandy texture in P1 may have caused this
difference, as soil texture significantly affects water retention.

Table 1. Surface soil properties at each plot.

Plot 0-5 cm depth 0-—1 cm depth

D Soil structure ?guil:n ie)nsny Soil texture (S(%C content /N (S(%C content (Sl\(/)[l)l water repellency
P1 Moderately granular 0.65 (0.03,n=3) Sandy clay loam 7.6 (1.6, n=6) 24 (3,n=06) 14 (4,n=38) 2.7(0.3,n=298)

P2 Moderately granular 0.67 (0.03,n=3) Heavy clay 4.6(09,n=5) 13(1,n=5) 15(5,n=6) 29(1.2,n=06)

P3 Moderately angular blocky 0.69 (0.04,n=2) Heavy clay 7.5(1.6,n=06) 14(1,n=16) 12(2,n=3) 23(1.1,n=3)

P4 Weakly crumb 0.59 (0.07,n=3) Light clay 7.5(.1,n=5) 14 (I,n=5) 11(2,n=3) 0.5(0.6,n=3)
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Representative critical water content (RCWC) versus representative critical water potential (RCWP)

The RCWC was 0.16, 0.29, 0.28, and 0.27 m> m™ for P1, P2, P3, and P4, respectively. RCWC in P1 was
markedly lower than the other plots. On the other hand, RCWP values were similar between plots; pF = ~3.7;
3.8, 3.9, 3.6, and 3.5 for P1, P2 P3, and P4, respectively. These results, which are consistent with previous work
on disturbed soils, indicate strongly that RCWP is a more robust indicator of water repellency than RCWC at
our study site where soil characteristics (soil structure, bulk density, soil texture, SOM contents, C/N ratio) and
topographic conditions differed between plots (Table 1) (de Jonge et al., 2007; Kawamoto ef al., 2007).

We found a poor relationship between RCWC and SOC contents (p = 0.54). This is inconsistent with previous
studies on disturbed soils that showed a positive relationship between critical water contents and SOM contents
(Regalado and Ritter, 2005; de Jonge et al., 2007; Kawamoto et al., 2007). Differences in RCWC may be
largely attributable to different water-retention capacities, which in turn depend not only on soil organic matter
contents but also on soil texture or other soil properties.

Critical soil water condition as an in situ indicator of 50%-area water repellency

The drier the soil, the larger was the water-repellent area (Figure 1). The relationship between RAWC and areal
fraction of water repellency in P1 differed from other plots (Figure 1-a), whereas the relationships with
representative actual soil water potentials for a quadrat (pF) (RAWP) were similar for all plots (Figure 1-b).
Hence, RAWP explains the proportion of water-repellent area on soil surfaces better than RAWC at this study
site, where soils varied in physicochemical properties and topographical conditions. The percentage area that
was water repellent was well approximated against pF by a sigmoidal curve: y = &~ ¢/ (1+e BTy where o, B,
ywere 100, 3.7, and 0.25, respectively, and R? was 0.79.

We expect that half an area may be water repellent when RAWP is close to RCWP, although it is not
mathematically proven. Observed data showed that about half the area of a quadrat was water repellent when
RAWP was RCWP (pF == 3.7) (Figure 1-b). This also indicates that RCWP is actually “representative” in the
sense that it may inform us whether or not more than half the area is water repellent.

The parameter ¢ in the regression curve corresponds to the fraction of area (%) having the potential for water
repellency. We set o as 100 because most measurement points showed actual water repellency and most O—1 cm
depth samples showed water repellency when air-dried (Table 1, Figure 2). If o is smaller than 100, the water-
repellent area at RCWP is <50%. In that case, the spatial fraction of water repellent area may be determined not
only by soil water potentials but also by the fraction of area having the potential for actual water repellency.
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Figure 1. Percentage area showing water repellency as a function of soil water condition calculated from the number
of water-repellent points divided by total observation points (48 points per quadrat). The x axis in (a) is
representative water content for a quadrate (RAWC), which is identical to the median of 48 water contents in a
quadrat; the x axis in (b) is representative water potential (pF) for a quadrat (RAWP) estimated from RAWC and
water retention curves. Each point is a measure at each quadrat on each observation date. The same symbols are
used for the 2 quadrates (a, b) in each plot. Solid line, dashed-dotted line, dashed line, and dotted line represent
critical water conditions of P1, P2, P3, and P4, respectively. The sigmoidal curve was fitted against data for all plots,
y =100-100/[1 + e* 731 (R* = 0.79).

Temporal distribution of water repellency as affected by topographic position

We estimated the common RCWP (50%-area water repellency) for all plots to be pF = 3.7 from the sigmoidal
regression curve. Temporal fractions (against total observation dates) of RAWP drier than pF = 3.7 were highest
at P1 and P2 (37% and 40%, respectively) which were located on ridges, were lower at P3 (15%) on the
shoulder slope, and the lowest at P4 (0%) located on a mid-slope. These results were consistent with the
temporal frequency in appearance of soil water repellency in each plot (Figure 2). Collectively, our results show
that surface soils on upper hill slopes tend to be drier and, as a result, water repellent more than twice as often as
lower slopes. This implies a greater tendency to generate surface-runoff with rainfall events at these topographic
locations.
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Figure 2. Proportion of occasions (percentage of 19-21 observations made between September 2006 and December
2007) when soils were water repellent at points within quadrats. Each lattice represents a quadrat within which
measurements were made at 48 points. Each plot (P1-P4) consisted of 2 quadrats (a, b) . The size of each black
circle represents the proportion of measurement occasions when soils were water repellent. The absence of a circle
at lattice intersections indicates the soil was always wettable and was never water repellent at that position. P1 and
P2 are located on a ridge, P3 on a shoulder slope, and P4 on a mid-slope.

Conclusion

Time-series field observations in a humid-temperate forest indicates that soil water potential, rather than soil
water contents, at 0-5 cm soil depth is a practical indicator of the spatial occurrence of water repellency on soil
surfaces in areas with varying physicochemical soil properties on hill slopes. We further suggest that the
representative critical water potential (pF = =3.7) corresponds to a moisture condition with 50%-areal water
repellency, given that the whole soil surface had a potential to repel water under certain water conditions, as
observed in this study.
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Abstract

Biochar is charcoal produced from pyrolysis of biomass. Application of biochar with fine pore structures to
agricultural soil may enhance the availability of water to crops. Miyako Island (target area) is located in a
subtropical zone and consists of highly permeable coral limestone. The land surface is covered with calcareous
soil called “Shimajiri-Maji”. Because the soil has low available water for crops, land application of biochar to
the soil may be used to reduce irrigation water needed for crops. The main biomass resource on the island is
sugarcane bagasse because agriculture is the main industry and sugarcane is cultivated in approximately 80% of
the farmland. Therefore, increases in available water content of the Shimajiri-Maji soil and Toyoura sand by
applying bagasse-charcoal was evaluated in this study. The results were as follows: (1) Available water contents
of the two soils were increased by application of bagasse-charcoal. The available water contents did not
significantly differ with carbonization temperatures. (2) Available water contents of the two soils were
proportionally increased by application of more bagasse-charcoal. Therefore, the need for irrigation water can
likely be proportionally reduced by application of more bagasse-charcoal to these soils.

Key Words
Biochar, water retention curve, soil amendment, cay-rich soil, sand

Introduction

Biochar is charcoal produced from pyrolysis of biomass. Biochar may affect soil physical properties such as soil
water retention and these effects may enhance the water available to crops (Glaser et al. 2002). Miyako Island
(target area) is located in a subtropical zone and consists of coral limestone with high permeability. The land
surface is covered with calcareous soil that is called “Shimajiri-Maji”. The soil is clay-rich and the available
water content for crops is low. Therefore, application of biochar with fine pore structures to the soil is expected
to increase the available water content and reduce irrigation water needed for crops. The main biomass resource
on the island is sugarcane bagasse because agriculture is the main industry and sugarcane is cultivated in
approximately 80% of the farmland. Clay-rich soils and sand-rich soils, including sand, have low available
water content for crops. In addition, the properties of biochar differ depending on the pyrolysis conditions,
especially pyrolysis temperature (Downie et al. 2009).Therefore, increases in available water content of clay-
rich soil (Shimajiri-Maji) and sand (Toyoura sand) by applying bagasse-charcoals were evaluated.
Subsequently, the effects of carbonization temperature of bagasse-charcoal on available water content of the two
soils were also evaluated.

Methods

Preparation of samples

Sugarcane bagasse, the residue from pressing sugarcane stalks to extract juice in a sugar factory, were air-dried
and heated in a batch-type carbonization furnace at three different carbonization temperatures (400, 600 and
800°C) with a holding time of 2 h. The bagasse charcoals were sieved with a 2 mm-mesh for measurements of
the water retention curve. Shimajiri-Maji soil and Toyoura sand were also air-dried and sieved with a 2 mm-
mesh for the water retention curve measurements. The physicochemical properties of the bagasse-charcoal and
soils were also measured.

Water retention curves of charcoal-amended soils

The water retention curves express the relationship between water content and matric potentials. We used the
hanging water column method to obtain the retention curves at high matric potentials (>-3 kPa) and the pressure
extractor method to obtain the retention curves at low matric potentials (-3 ~ -1,500 kPa). Measurements were
made for charcoal-amended soils. The gravimetric charcoal content in soils amended by bagasse-charcoals at
400, 600 and 800°C of carbonization temperature was 3 wt % to study effects of carbonization temperatures on
water retention and available water content of soils. The gravimetric charcoal contents in soils amended by
bagasse-charcoal at 800°C were 1, 3, 5 and 10 wt % to study effects of charcoal contents.
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Results

Physicochemical properties of bagasse-charcoal and soils

The physicochemical properties of bagasse-charcoal at different carbonization temperatures are shown in Table
1. The pH value of the bagasse-charcoal varied from 5.0 at 400°C to 9.8 at 800°C. The cation exchange capacity
(CEC) decreased, while the total carbon (T-C) and particle density increased with increasing carbonization
temperature. Assuming that the ranges of matric potential of available water for crops were -33 to -1,500 kPa,
the diameter of the capillary pores corresponding with the matric potentials were calculated from 200 to 9,000
nm. Pore volumes for 200 to 9,000 nm of bagasse-charcoal were not significantly different with carbonization
temperatures. The physicochemical properties of the two soils used in this study are shown in Table 2.
Shimajiri-Maji soil contained a lot of clay, while Toyoura sand contained only sand.

Table 1. Physicochemical properties of bagasse-charcoal at different carbonization temperatures. ‘
Carbonization temp. pH ' CEC(pH7)” Total-C Total-N Particle Density BET surface area > Pore volume
(200-9000 nm)

°C cmol. /kg % % glem’ m’/g cm’/g
400 5 12.2 72.1 0.4 1.5 10.8 1.72
600 7.7 10.4 84.2 0.2 1.56 179 1.6
800 9.8 44 85.2 0.2 1.86 126 1.33

*1 charcoal:solution=1 g:25 mL
*2 Shollenbergar method

*3 N, adsorption method

*4 Mercury intrusion method

Table 2. Physicochemical properties of Shimajiri-Maji soil and Toyoura sand.

pH' CEC(pH7)” Org-C C/N Particle Sand Silt Clay
Density  (>0.02 mm) (0.002-0.02 mm)  (<0.002 mm)
cmol, /kg g /kg glem’ % % %
Shimajiri-Maji ~ 8.0 11.2 134 84 28 7.7 19.0 73.3
Toyourasand 6.6 0.5 0 - 2.6 100 0 0

*1 soil:solution=5 g:25 mL
*2 Shollenbergar method

Effects of carbonization temperature on water retention properties of soils

The water retention curves of Shimajiri-Maji soil and Toyoura sand amended with 3 wt % of bagasse-charcoals
at three different carbonization temperatures are shown in Figures 1 and 2, respectively. Near saturation,
volumetric water content of charcoal-amended soils was 400°C<600°C=800°C. Tars that have water repellency
remain in charcoal at low pyrolysis temperatures but are volatilized and almost disappear above 600°C
(Amonette and Joseph 2009).Therefore, the differences in volumetric water content near saturation may be
caused by water repellency of tar. Except for near saturation, water retention properties of charcoal-amended
soils did not significantly differ with carbonization temperature. At matric potentials less than -10 kPa, the
volumetric water content of Shimajiri-Maji amended with charcoal were slightly lower than the original
Shimajiri-Maji soil. The result showed that water in the pores of the charcoal is easily released while water
adsorbed by clay in the soil is scarcely released at low matric potentials.

Available water content (-33 ~ -1,500 kPa) of Shimajiri-Maji soil and Toyoura sand amended with 3 wt % of
bagasse-charcoal at three different temperatures is shown in Figure 3. Available water content of both clay-rich
soil (Shimajiri-Maji) and sand (Toyoura sand) increased with application of bagasse-charcoal. In addition, the
available water content of the two soils did not differ significantly with carbonization temperature. Therefore,
the irrigation water needed for crops can likely be reduced by application of bagasse-charcoal to these soils.

Effects of charcoal content on water retention properties of soils

The water retention curves of Shimajiri-Maji soil and Toyoura sand amended with 0—10 wt % of bagasse-
charcoal at 800°C are shown in Figures 4 and 5, respectively. The water retention of Toyoura sand was
enhanced with application of more charcoal.
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Available water content (-33 ~ -1,500 kPa) of Shimajiri-Maji soil and Toyoura sand amended with 0—10 wt %
of bagasse-charcoal at 800°C is shown in Figure 6. Available water contents of the two soils were
proportionally increased by application of more bagasse-charcoal. Therefore, irrigation water needed for crops
can likely be proportionally reduced by application of more bagasse-charcoal to these soils.

Conclusion

Increases in available water content of the clay-rich soil (Shimajiri-Maji) and sand (Toyoura sand) by applying
bagasse-charcoal were evaluated in this study. The results were as follows: (1) Available water contents of the
two soils increased with application of bagasse-charcoal. The available water contents did not significantly
differ with carbonization temperature. (2) Available water contents of the two soils were proportionally
increased by application of more bagasse-charcoal. Therefore, irrigation water can likely be reduced by
application of more bagasse-charcoal to these soils.

© 2010 19™ World Congress of Soil Science, Soil Solutions for a Changing World 107
1 -6 August 2010, Brisbane, Australia. Published on DVD.



References
Amonette JE, Joseph S (2009) Characteristics of Biochar: Microchemical Properties. In 'Biochar for
Environmental Management’. (Eds J Lehmann, S Joseph) pp. 33-52. (Earthscan).

Downie A, Crosky A, Munroe P (2009) Physical Properties of Biochar. In 'Biochar for Environmental
Management’. (Eds J Lehmann, S Joseph) pp. 13-32. (Earthscan).

Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and chemical properties of highly weathered soils
in the tropics with charcoal — a review. Biology and Fertility of Soils 35, 219-230.

© 2010 19™ World Congress of Soil Science, Soil Solutions for a Changing World 108
1 -6 August 2010, Brisbane, Australia. Published on DVD.



Late season sugarcane performance as affected by soil water regime at the yield
formation stage on commercial farms in northern Ivory Coast
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Abstract

A field trial was carried out in Ferké 2 Sugar mill located in northern Ivory Coast, in order to study sugarcane
growth and yield response to deficit irrigation imposed at the yield formation stage. The crop used was a first
ratoon Co957, a non flowering late season sugarcane variety. The experiment was completely randomized
following a one-factor design with 4 water deficit treatments in 3 replicates. It came out that the optimum water
deficit treatment was 20 %, i.e., 80 % of crop water requirements were satisfied through irrigation. That
treatment gave 7.9 kg cane/m’ or 0.98 kg sugar/m’ as irrigation water use efficiency. More over, relatively low
crop growth as well as low yields were obtained as a result of an intensive and persistent dry season occurring
over the yield formation stage. Because of prevailing climatic conditions, cane juice quality measured was
particularly high on Co 957 which used to be a moderate performing variety in Ferké 2 sugar mill.

Key Words
Deficit irrigation, yield formation, stalk growth, cane yield, Ivory Coast

Introduction

Previous studies carried out on commercial sugarcane plantations of Ferké 1 as well as Ferké 2 mills in northern
Ivory Coast showed that water was the main yield limiting factor (Péné et al., 1997; Péné and Tuo, 1996). Water
is seen as a complex factor as its availability is climate and soil texture dependent (Frere and Popov, 1987). To
mitigate rainfall hazards and better meet sugarcane crop water requirements, sound irrigation investments are
being made every year by the SUCAF-CI company. Nevertheless, sugar produced by the company through 2
mills at yearly basis is still strongly dependent on rainfall patterns. That’s why water management efforts for a
better impact of irrigation on cane yields are a major concern. Moreover, it was shown that late season
sugarcane stalk growth and yield response to irrigation on Ivorian sugar mills was quiet low for most varieties
under cultivation like Co 957, Fr 8069, R 570 (Péné and Kéhé, 2005; Péné and Koulibaly, 2007; Péné, 1999).
The study objective was to impose deficit irrigation over the yield formation stage of late season sugarcane in
order to increase crop water use efficiency.

Material and methods

Site characteristics

The study was carried out on a commercial field of Ferké 2 sugar mill in northern Ivory Coast which is located
40 km away from the city of Ferkessédougou (09°35°N, 05°12W, 330 m ASL). The prevailing climate is
tropical dry with a unimodal rainfall pattern averaging 1200 mm/year. The 7-month rainy season takes place
from April to October, August and September being highly wetted with a total rainfall of 500-600 mm. The 5-
month dry season starting from November to March, is marked by a hot as well as dry wind originating from
Sahara, namely the harmattan (or northern trade wind) which prevails from November to January with the
highest magnitude of daily temperatures (+10-20 °C). The vegetation is Guinea savannah with some thin rain
forests along waterways. Soils are mainly ferralsols with occasionally alluvial soils or hydromorphic soils in
valley bottoms as well as in uplands where water infiltration is limited by impermeable layers. The Ferké 2
sugar mill covers a total cultivated land surface of 8000 ha which are mainly under sprinkler as well as drip
irrigation.

Sugarcane crop

The cane variety investigated (Co 957) is widely grown in Ferké 2 sugar mill as a late season crop over about 40
% of total cultivated land (2300 ha). Only the first ratoon cane, harvested on March 20, 2007, was investigated.
The plant crop was harvested on March 17, 2006.

Over a late season cane crop, the irrigation management involves 2 watering campaigns. The first one started at
early growth stage and ended at the stem elongation stage in mid July. The second one took place at the yield
formation stage which started from early November 2006 to late February 2007, i.e., approximately three weeks
prior to harvest.

Experimental design

The study was laid out on the 10-numbered commercial field of 22 ha. Apart from the yield formation stage,
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irrigation water was applied uniformly in the field following routine management practices. Four watering
regimes were imposed over the yield formation stage as follows: TO: zero water deficit at yield formation
(control); T20: 20 % water deficit at yield formation; T80: 80 % water deficit at yield formation; T100: 100 %
water deficit at yield formation (control). The experiment was laid out following a RCB with 4 irrigation
treatments in 3 replicates. Every plot was 1 ha area, i.e., 16 cane rows of 432 m in length with 1.5 m row
spacing. Stalk elongation measurements were made twice a month (every two weeks) over a sample of 10 canes
randomly chosen within all individual plots. All key agronomic factors, namely fertilization, weeding and soil
tillage, were kept constant except for soil water regimes at the yield formation stage. Fertiliser rates applied in
the field at early crop growth stage were 300 kg/ha of urea (46 % N), 100 kg/ha of super phosphate (45 % P,0s)
and 350 kg/ha of potassium chloride (60 % K,O).

Irrigation system

Watering was done following a full covering sprinkler irrigation system with 18 m x 24 m grid where PVC
laterals as well as sprinklers were permanently installed over the crop cycle. Irrigation water was applied weekly
following a climate-based water balance equation regarding the normal watering regime, i.e. zero water deficit,
as indicated below: I = K¢ x Pang,,, — P Where: K., Pang,,, and P stand for crop coefficient, class A pan
evaporation and precipitation, respectively.

Sol water balance

Crop water uptake was assessed using a soil water balance model which is driven by the following simplified
equation: P+ I— (ETa+ D + R) = AS over a given period Where: P (precipitation, measured), I (irrigation
depth applied, as previously calculated), ETa (actual evapotranspiration, calculated), D (deep percolation,
calculated by difference, the soil available moisture being determined), R (runoff which is neglected).

The soil in the experimental site was sampled over 30 cm depth at five different locations randomly chosen
before setting up the trial in order to determine soil physical and chemical properties.

Field irrigation efficiency

The field irrigation efficiency, expressed in kg of cane or recoverable sucrose per cubic meter of water, is
defined as the ratio of yield increase resulting from watering with respect to the rainfed treatment over the
irrigation depth required. Therefore, the irrigation water use efficiency (IWUE) was assumed to be higher or at
least equal to the irrigation water application efficiency (IWAE). Under good irrigation management practices,
both irrigation efficiency data are supposed to be close for a given treatment:

IWAE = (Y;-Y,) / (I-T)) and IWUE = (Y;-Y,) / (ETa;-ETa,) Water use efficiency (WUE) is defined as the ratio
of cane stalk or recoverable sucrose yield over water uptaken by the crop (ETa): WUE =Y,/ ETa; where Y;:
yield of any irrigation treatment I;; the semi-rainfed I, included; Eta;: Eta of any I, the semi-rainfed I, included.

Results

Cane and sugar yields

Highly significant differences in cane as well as sugar yields were observed within irrigation treatments. Cane
yields were affected by as much as 0, -18 and -69 % due to soil water deficit involving T20, T80 and T100
irrigation treatments respectively. Recoverable sugar yields were also affected by as much as -17.5, -21 and -69
% regarding T20, T80 and T100 irrigation treatments respectively. In contrast, all juice quality parameters were
not significantly affected.

Cane yield response to soil water deficit

Cane yield response to irrigation deficit as well as ETa deficit has a decreasing parabolic shape, which suggests
the moderately stressed T20% as the optimum level (Figure 1).

Crop growth response

Except for the non-irrigated treatment, water deficit at the yield formation stage did not significantly affect cane
stalk growth. A lower stalk growth response to irrigation was observed over the yield formation stage with an
elongation rate of 0.2 — 0.4 cm/day from December 2006 to march 2007, as opposed to 0.6 cm/day recorded in
mid-November 2006 (Figure 2). A much lower stalk elongation rate was observed on the non-irrigated
treatment T100 with 0.1 cm/day from December 2006 to March 2007, as opposed to 0.4 cm/d measured in
November 2006.

Prevailing climatic conditions

Climatic conditions over the dry season in 2006/07 cropping season were quiet favourable for cane ripening as
compared to that of 2005/06. Air moisture content and average temperature magnitudes were kept respectively
lower (44 %) and higher (14.9 °C) in 2006/07 as compared to 2005/6 with 50 % and 13.9 °C. That might have
affected cane growth response to irrigation water at the yield formation stage under investigation.

Soil physical and chemical properties

Soil in the experimental field is moderately acid (pH=6.5) and therefore optimum for sugarcane cultivation. It is
also coarse textured, with total available moisture (TAM) of 70 mm.
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Figure 3. Cane yields and water use efficiency irrigation depending on water deficit treatments over the yield
formation stage of a late season variety in Ferké 2 sugar mill (northern Ivory Coast).

The chemical status before setting up the trial was marked by a lower base saturation ratio (24 %) and a C/N
ratio too high (15) which suggest a weathered soil with a slow organic matter mineralization process. Soil
nitrogen and potassium contents were quiet low with 0.04 % and 0.13 meq/100 g respectively, resulting from,
crop uptake but also from leaching and volatilization processes as far as nitrogen was concerned. In contrast,
available phosphorous content was high (24 ppm) despite crop uptake, that element being much stable in the
soil profile than nitrogen and potassium.

Field irrigation efficiency

Irrigation water use efficiency resulting from the non-stressed or fully irrigated treatment TO (8.2 kg cane/m”)
was not significantly different from that of T20 irrigation treatment (7.9 kg canne/m’). Therefore, additional
irrigation water applied on TO with respect to T20 in order to meet crop water requirements was not profitable
(Figure 3).

Discussion

Climatic conditions and cane stalk elongation

Very low elongation rates observed over the yield formation stage despite watering of some treatments and Co
957 being a non-flowering variety, could be explained by an intensive drought enhanced by a longer lasting
harmattan period which took place over 3.5 - 4 months instead of 1.5 — 2 as usual. As a result, a moderately
performing variety like Co 957 gave high sucrose content in Ferké 2. On that site, the harmattan period used to
be shorter (December-January) so that Co 957 could maintain a better growth rate at the yield formation stage
and compensate its moderate sucrose content by higher cane yields.

Soil fertility and sugarcane yields

Lower cane yields obtained in the experiment regarding the fully irrigated treatment (78 t/ha) as well as several
plantations in Ferké 2 (75 t/ha on average) might be explained partly by poor performing old varieties like Co
957, NCo 376, M 3145 and Q75 still under cultivation over about 60 % of total area, but also by soil fertility
decline. That decline might have resulted from poor agricultural practices like cane burning at harvest and
classical soil tillage under way more than 30 years ago. To mitigate that trend, mechanized green cane
harvesting, cane trash blanketing, minimum soil tillage as well as sugarcane-based legume crop rotation system
are being promoted on Ferké 2 plantations since 2006. Such a new farming system in sugarcane is of concern in
most large sugarcane producing countries (Robertson, Thorburn, 2007a, 2007b; Pankhurst, Magarey et al, 2003;
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Doerr, Cerda, 2005).

Cane yields and quality in commercial fields

Cane yield reduction with respect to yield predictions on late season varieties was high (10-20 %) due to
exceptional climatic conditions over the yield formation stage in Ferké 2. In contrast, cane juice quality was
quiet high with 16-17 % of sucrose content and 95-96 % of purity obtained in the field. This has mitigated sugar
production loss as compared to initial estimates. Some extra sugar production (10-15 %) was obtained compared
to estimates, as better cane yields and quality were achieved. Eventually, initial production estimates were met
by 99 % on commercial plantations and by 112 % on village plantations.

Soil water deficit at yield formation of late season cane varieties. The study showed the relevance of 20 %
water deficit imposed at the yield formation stage of Co957 as a non-flowering late-season cane variety in order
to increase the field irrigation efficiency. This finding was not in line of results from similar study carried out on
a neighbouring experimental station (Péné, Chopart et al., 2007) which suggested a normal watering regime at
yield formation on the same variety because of its growth potential at that growth stage. This suggests the yield
response of that variety to water deficit be dependent on the intensity as well as the duration of the harmattan
period prevailing over the yield formation stage under late irrigation season. As far as some late cane varieties
prone to flowering like M 3145 and R 570 were concerned, previous studies reported a limited yield response to
irrigation at that growth stage and the profitability of managing a moderate water deficit by 20 to 30 %, in order
to increase field irrigation efficiency and achieve some substantial water savings (Péné, Assa et al., 2001). In
general, the study shows that cane yield response to water deficit is depending on variety, crop growth stage,
pedo-climatic conditions as well as the watering strategy adopted (Gaudin, Brouwers et al., 1999; Martiné,
1999).

Conclusion

We found that 20 % water deficit was the optimum level which gave a field irrigation efficiency of 7.9 kg
cane/m’ of water, i.e., 0.98 kg sugar/m3 of water. Also, lower cane stalk elongation rates as well as cane yields
were obtained on a non-flowering late season variety like Co 957 as a result of an intensive and long lasting dry
season observed over the yield formation stage. On the other hand, with drought enhanced by the harmattan
period, a better cane juice quality was measured on Co 957 which used to be a moderately performing variety in
Ferké 2 sugar mill. This finding is a sound contribution for a better water management strategy over the yield
formation stage of late season cane varieties under cultivation in northern Ivory Coast.
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Abstract

Accurate simulation of soil freezing and thawing behavior is critical to understand hydraulic processes in the
vadose zone under cold and arid climatic conditions. Using an extended freezing code incorporated in the
HYDRUS-1D model, this study was conducted 1) to verify the freezing model using field soil water and
temperature data collected in Inner Mongolia grassland, and 2) to investigate the contribution of snowmelt or
soil thawing to the seasonal water balance. The results showed that both the freezing model and the snow
routine matched well the measured soil water and temperature under unfrozen conditions. However, under
frozen conditions, the freezing model reflected the phase change of soil water better and substantially improved
the simulation results than the snow routine. The freezing model did not produce surface runoff generated by
snowmelt and soil thawing from frozen soil layers. Instead, it overestimated water content and thus
underestimated surface runoff after spring snowmelt. We suggest that detailed knowledge of the soil-atmosphere
processes is needed to improve the surface runoff algorithm in the frozen soil module.

Key Words
Frozen soil, modeling, water and heat fluxes, Inner Mongolia grassland

Introduction

Coupled water and heat movement in the vadose zone is a central process in many agricultural and engineering
issues. In particular, in the cold and arid regions, snowmelt or lateral water movement on frozen soil layers have
a non-negligible influence on seasonal water balance. However, although the importance of freezing and
thawing processes are recognized widely, the mutual interactions of water and heat flow in frozen soil are
limited in laboratory observation and theoretical analysis, and are rarely considered in field applications
(Flerchinger and Saxton 1989; Smirnova et al. 2000; Hansson et al. 2004). This study addresses the field
application of the hydrodynamic model HYDRUS-1D (Simiinek ez al. 1998). In the current version, an extended
freezing code is incorporated, which numerically solves coupled equations governing phase change between
water and ice and heat transport using a mass- and energy-conservative method (Hansson et al. 2004).
Specifically, we will focus on following questions: 1) How well does HYDRUS-1D simulate soil water and
temperature with and without the “frozen soil module”? 2) How does the frozen soil module affect soil
temperature, soil moisture and runoff simulations?

Materials and Methods

The study was performed on a long-term experimental site of the Inner Mongolia Grassland Ecosystem
Research Station (IMGERS, 43°37'50"'N, 116°42'18"E). The site was protected from grazing since 1979 (24 ha).
Since June 2004, soil moisture and temperature were recorded by a data-logger at 30-min intervals in summer
and at 1-h intervals in winter. Soil water content was measured at 5, 20 and 40 cm depth by theta-probes (Type
ML2x). When soil is frozen, the measured probe reading refers to the volumetric unfrozen water content. Soil
temperature was measured at five soil depths of 2, 8, 20, 40 and 100 cm using Pt-100 probes. Precipitation and
other weather variables were recorded by a micrometeorological station. To determine root length density, root
samples were taken up to 100 cm soil depth. In addition, soil samples were taken at four depths of 4-8, 18-22,
30-34 and 40-44 cm to determine the water retention characteristics and hydraulic conductivities.

The model of coupled water and heat fluxes was performed with HYDRUS-1D. Variably saturated water flow
for above- and sub-zero temperatures is described using the modified Richards equation (e.g., Hansson ef al.
2004):

%-F%%:aiz[Kth_]zl-‘rKLh+KLT%_§+K\fhg_]zl+KL'T%_§]_S (1)
where 0, [L3/L3] is the volumetric unfrozen water content (=0+6,; 0 and 6, are the volumetric liquid and vapor
water content, respectively), 0; is the volumetric ice content, p,, and p; is the density of liquid and ice water,
respectively, t is time, z is the soil depth, h is the pressure head, T is the soil temperature, and S is a sink/source
term normally considered as root water uptake. In Eq. 1, the first five terms on the right-hand side represent
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liquid flows due to gradient in pressure head (K, [L/T]), gravity, and temperature (Kir, [LZ/T/K]), and vapor
flows due to gradient in pressure head (K,;) and temperature (K,r), respectively. The hydraulic conductivity of
frozen soil is significantly reduced by ice lenses, which is accounted for by an impedance factor, Q (Lundin
1990), multiplied by Q, as follows:

K, =10 Ky, 2)
the parameter Q is the ratio of the ice content to the total water content.

The governing equation for the movement of energy in soil is given by the following conduction—convection

heat flow equation (e.g. Nassar and Horton 1992):
ac,T

L p, 2+ Ly(T) 22 = 2 [4(6) L]~ C, %L — ¢, %L 4 L(T) %~ C, ST 3)

w9z

where L and L; are the volumetric latent heat of water vaporization and freezing, respectively. C,, is the
volumetric heat capacity of the bulk soil, which is determined as the sum of the volumetric heat capacities
including solid, organic, liquid (C,,), ice, and vapor (C,) phase multiplied by their respective volumetric
fractions (De Vries 1963). The symbol A(0) denotes the apparent thermal conductivity and q the water flux
density while T is the soil temperature. The phase change between water and ice is controlled by the generalized
Clapeyron equation (e.g., Hansson et al. 2004), which defines a relationship between the liquid pressure head
and temperature when ice is present in the porous material. Hence, the unfrozen water content can be derived
from the liquid pressure head as a function of temperature when ice and pure water co-exist in the soil.

The initial condition was set based on measured water content and temperature. An atmospheric boundary
condition and free drainage condition was imposed at the soil surface and bottom boundary of the flow domain,
respectively. The soil profile was considered to be 100 cm deep. Root water uptake was simulated using the
model of Feddes ef al. (1978). The current HYDRUS-1D version including soil frozen module (denoted as
freezing model) was modified to consider the subsurface soil freezing and thawing processes, as well as the
surface energy and water balances. To verify the performance of freezing model, the “normal” version including
snow hydrology only without soil frozen module (denoted as snow routine) was also run as a reference.

Results and Discussion

Soil water and heat fluxes are numerically simulated for the whole hydrological year in 2006 (Figure 1).
Generally, the simulated and measured soil water contents (SWC) are comparable during the studied period in
terms of root mean square error (0.02-0.07 cm’/cm’). Particularly, the freezing model simulates the diurnal
water dynamics well which coincides with soil freezing and thawing processes, i.e. soil moisture increases with
increasing soil temperature and vice versa (Figure 1b). However, the snow routine only fits soil water contents
under unfrozen condition. Under frozen condition, there is a clear disparity between the liquid water content
curve simulated by the freezing model and the total water content curve simulated by the snow routine (Figure
1a). This discrepancy is apparently caused by the program of two models, and therefore may be used to
approximate the ice content in the soil. For example, the SWC simulated by the freezing model drops shortly
after 6™ November when the soil is freezing (Figure 1a). However, the SWC simulated by snow routine keeps
constant. Hence the difference in water content between two models, i.e., ice content 0.07 cm’/cm’ can be
estimated. In late March, due to above 0°C soil temperature, the SWC both measured and simulated by freezing
model rise, while the SWC simulated by snow routine keep constant. This again suggests that the freezing
model can predict the increase in SWC due to soil thawing well. An increase in SWC in the deep soil layers (20
and 40 cm) due to soil thawing is also clearly predicted (Figure 1). However, there is no indication of vertical
water movement since soil water content is low and it can be held by soil.

In contrast to the soil water simulations, soil temperature is simulated well by either the freezing model or the
snow routine (Figure 1), except that the freezing model is more accurate to reflect the diurnal dynamics of soil
temperature (Figure 1c). This gives evidence of the impact of the frozen soil module on soil temperature
simulations. When soil becomes freezing, soil temperature decreases and energy is released to warm up the cold
soil. However, given the same total water content, the thermal conductivity of frozen soil is higher than that of
unfrozen soil due to the presence of ice. Consequently, the upward soil heat flux is higher when the soil is
frozen, thus it tends to cool the soil (Smirnova et al. 2000). Certainly, the energy released effect of high thermal
conductivity of ice is smaller than that of water phase change. Consequently, the freezing model, that considers
the both thermal transport processes, provides a more reasonably and realistic simulation of soil temperature.
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Figure 1. Measured and simulated soil moisture and temperature at 5 (a, b, c¢), 20, 40, and 100 cm depth during the
whole year of 2006 (M: Measured liquid water content; S: Simulated total water content running snow routine; and
F: Simulated liquid water content running freezing model).

The snow routine predicts up to 15 mm snow depth (Figure 2a), however, the simulated runoff after air
temperature increasing above 0°C is negligible (Figure 2c). This might relate with that the snow routine does not
account for surface runoff from the frozen soil layer, but it is likely that surface runoff is generated during
snowmelt while soil is fully or at least partially frozen (Figure 2b).

= 16

E 1442 |
= 4

a

(0]

©

2 24

[e]

c 4

wn

Temperature (°C)
Rainfall (mm)

[ I Snow routine Freezing model

0.08
0.04 1 ‘ | ‘
O-OOI'I'I'I"‘II T M‘-lhl‘l‘-lll
9-Feb21-Mar30-Apr 9-Jun 19-Jul28-Aug 7-Oct 16-Now26-Dec
Time (days)

Runoff (mm)

Figure 2. Rainfall, air and soil temperature, snow depth and runoff during the whole year of 2006.
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Unexpectedly, the freezing model that can account for the subsurface freezing and thawing processes also does
not produce surface runoff during winter (Figure 2c). Instead, we found that the freezing model simulated SWC
is higher than the measured ones in the seasonal transition time when soil begins to thaw (Figure 1a). This
implies that the freezing model might overestimate water content and thus underestimate surface runoff.
Therefore, the freezing model seems still not sensitive enough to estimate surface runoff after spring snowmelt.
This might relate to the fact that the freezing model we applied adopts soil surface temperature as the
atmospheric boundary condition instead of air temperature, which undoubtedly lags energy transfer (Figure 2b).
As a result, the freezing model may incorrectly partition all the snowmelt into infiltration as both soil thawing
and snow melting happen simultaneously. Therefore, to solve this model problem, a transferable and double-
layered boundary (e.g., one accounting for air temperature and other for soil temperature) is suggested. In
addition, the current freezing model is possibly underestimated the reduction in infiltration capacity owing to
the blocking effects of ice. Although the current frozen soil module has slight effect on the simulations of
surface runoff, we suggest a detailed study on the soil-atmosphere processes and effects of boundary conditions
to improve the surface runoff algorithm in the freezing code.

Conclusion

We used an extended frozen soil module of HYDRUS-1D, which solves water and heat transport under both
frozen and unfrozen conditions simultaneously. The model was evaluated using field data of soil water and
temperature at a long-term experimental site in Inner Mongolia grassland (North China). The results showed
that both freezing model and snow routine reflect well the measured soil water and temperature under unfrozen
condition, whereas the freezing model substantially improved the simulation results under frozen condition. In
addition, the freezing model did not produce surface runoff generated by snowmelt or soil thawing from frozen
soil layer. We suggest that seasonal water balance, especially considering rainfall water stored as snow, snow
drift and the lateral water flow on frozen soil layers need to be investigated further because of the complicated
interactions at the soil-atmosphere interface and thus effects of boundary conditions on the simulation.
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Abstract

To establish a method for monitoring the vertical profile of volumetric water content (#) near a soil surface, a
multi-TDR (time domain reflectometry) probe was designed and applied to &-profile observations during the
evaporation processes for sand soil and decomposed granite soil (DG soil). The multi-TDR probe consists of 8
sets of 3-line TDR probes, being on a print-circuit board with a low dielectric constant and able to measure
dielectric constant (epyi-tpr) at intervals of 3 mm. We individually calibrated the probes for sand with different
moisture conditions and found that the probes can determine 8 within acceptable accuracy. The effectiveness of
the multi-TDR probe was examined in the evaporation processes for sand and DG soils. The observed 6-profiles
showed that the moisture contents for sand at 3 and 6 mm depths decreased locally in the initial stage of the
process, while the moisture contents for DG soil decreased uniformly at all depths. These results demonstrated
the features of moisture content variation experienced in the evaporation process in these soils. We concluded
that the newly designed multi-TDR probe would be useful for millimeter-interval measurements of vertical 6-
profiles near a soil surface.

Key Words
Time domain reflectometry (TDR), Multi-TDR probe, Dielectric constant, Topp equation, Soil surface
evaporation

Introduction

It is important to evaluate quantitatively the water content profile within 2 cm depth from the surface for
understanding the hydrological processes of evaporation, runoff, and water infiltration near the soil surface.
Two or three parallel metal rods are often used as a conventional time domain reflectometry (TDR) probe for
measuring dielectric constant, while a variety of customized probes have been developed for different purposes
(Selker et al., 1993; Inoue et al., 2001; Miyamoto and Chikushi, 2006). Although a vertical water content profile
can be measured by setting several probes with different depths horizontally, the space between the probes
should be at least a few centimeters to avoid interference between them (Inoue et al., 2001; Suleiman and
Ritchie, 2003). However, for the evaporation process from soil composed of only coarse particles such as sand
with no silt and clay, a dried thin layer with a steep gradient of water content profile can develop. Such a layer
may affect the macroscopic water movement including the surface runoff and water infiltration. To understand
temporal and spatial change in local water content in the layer, a down-sized probe has been required for
measuring a water content profile with a limited space of only several millimetres. For the present paper, we
developed a multi-TDR probe being able to measure water contents of small volumes and applied it to
evaporation experiments for a sand soil and decomposed granite soil (DG soil). In the experiments we
monitored the variation of water content profiles with time and examined the effectiveness of the probe based
on the profiles obtained.

Materials and Methods

Figure 1 shows the schematic diagram of the multi-TDR probe we developed. The multi-TDR probe used in this
study was made of a piled electrical board of a mixture of glass and epoxy resin, in which 17 copper lines
(electrodes) 100 mm long, 0.2 mm wide, and 0.01 mm thick were aligned parallel at 1.6 mm intervals. These
lines were used for constructing 8 sets of TDR probes by taking 3-lines from one end and shifting by the two
lines to the other end. Thus, soil moisture measurements at 8 different points with 3.2 mm intervals can be
conducted by setting the multi-TDR probe horizontally on its side. A cable tester (Textronix, 1502C) connected
with a multiplexer (Campbell Scientific, SDMX50) was used to emit the step pulse and to receive its
reflectance, from which the dielectric constants at the points can be estimated by using the software Win TDR
(Or et al., 2004).
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To clarify the dielectric characteristics of the multi-TDR probe, we measured the dielectric constants for 9
different types of materials. As the materials we used distilled water at 24°C, ethanol-water mixtures with
different ethanol concentrations (20, 40, 60, 80, and 100% in volume), a mixture of ethanol and vegetable oil
with the ratio of 1 to 1, vegetable oil, and air. For each material, the multi-TDR probe was set up in the centre of
a cylindrical container (7.5 cm in diameter and 15 cm in height) filled with the material. The dielectric constant
was measured three times and they were averaged for every TDR probe in the multi-TDR probe (P1 to PS8). For
a comparison, a conventional three-wire probe (C3 probe) made of stainless steel rods 100 mm long and 1.2 mm
in diameter was also used for the measurement.
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Figure 1. Schematic diagram of the multi-TDR probe (Diagram B shows the cross section view at the a-a’ line in
diagram A).

To calibrate the multi-TDR probe for the sand soil, we vertically fixed the probe in the centre of the plexiglass
column (5 cm in diameter and 13 cm in height) and filled the column uniformly with the air-dried sand soil
(No.6, grain size of 0.15-0.6 mm, Saitozaki Kousan Co., Ltd., Japan). Dielectric constants were measured after
water sprayed on the soil surface had diffused uniformly. Simultaneously, soil water content of the sand was
also measured gravimetrically by weighing the total weight of the column. By repeating the measurements at
different moisture conditions, we investigated the relationship between the dielectric constant and water content
for the probes.

To investigate the temporal variations of the water content profile in the evaporation processes of sand and DG
soils, we fixed the multi-TDR probe (placing P1 at the top and P8 at the bottom) in a perpendicular container of
poly-vinyl chloride sized 10 cm long, 20 cm wide, and 4 cm high. The container was filled with soil along with
water, resulting in a water saturated medium. During the evaporation process under the condition of open soil
surface, the dielectric constant profile was measured at 5 min intervals. The relationship between dielectric
constant and volumetric water content was assumed to be the same for both sand and DG soils as suggested by
Lin et al. (2001).

Results and discussion

Table 1 shows the dielectric constants measured by the C3 probe and the multi-TDR probe for the materials
used. Thus, the measured values by the C3 probe effectively indicate the unique values for different solutions.
On the other hand, the dielectric constants of different materials measured by the multi-TDR probe were about
half of those done by the C3 probe. Since the calibration for each probe was conducted individually, there was
little difference between the probes on the measurements of dielectric constant.

Figure 2 shows the relationship between the dielectric constant and the volumetric water content of sand
measured by the multi-TDR probe and the thin line calculated by the Topp equation (Topp ef al. 1980). The
measurements disagreed generally with the estimation by the Topp equation. Thus, we need an alternative
calibration equation instead of the Topp equation and proposed as,

2
Orpai o = @108 &y rpr )™ + D108 g mpr + € ey
where eyuritpr 18 dielectric constant measured by the multi-TDR probe, a, b, and c are fitting parameters, and

Ovuri-or 18 volumetric water content estimated by Eq. (1). The parameters were determined by the nonlinear
least square method. The resulting calibration equations fitted well (solid and dashed lines in Figure 2) with the
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observed data.

Table 1. Dielectric constants of distilled water, ethanol-water mixtures with different concentrations, ethanol-oil
mixture, vegetable oil, and air measured by the 3-wire and the multi-TDR probe.

Dielectric constant

Measured with multi-TDR probe

Differences from average
P1 P2 P3 P4 P5 P6 P7 P8

Material Measured with
3-wire probe  Average *

Distilled water 80.1 437 -1.0 -06 -03 00 05 -1.1 2.0 0.4
20%-ethanol solution 68.1 371 -0.7 -07 -04 00 06 -09 18 0.3
40%-ethanol solution 54.3 30.3 -0.7 -05 -02 01 05 -09 14 0.3
60%-ethanol solution 41.3 234 -05 -04 -02 00 03 -08 13 0.2
80%-ethanol solution 30.3 17.7 -05 -04 -01 0.1 04 -07 11 0.1

Ethanol 20.8 12.1 -04 -02 -01 0.1 03 -06 08 0.0
Ethanol-oil mixture 9.2 8.2 -02 -03 -02 -01 04 -04 08 -0.1
Vegetable oil 35 4.8 -0.2  -01 0.0 0.1 02 -03 05 0.0
Air 1.5 3.6 -0.1  -0.1 0.0 0.1 0.1 -0.3 03 0.0

* Average is a mean value of the dielectric constans measured by P1 to P8. Ethanol solutions were made by mixing different
mass of ethanol in distilled water. Ethanol and vegetable oil were mixed in same mass when the mixture was made.
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Figure 2. Relationships between dielectric constant and volumetric water content for sand.

Figure 3a shows the temporal variation of the water content profile in the evaporation process for sand. At the
depths of 0.28 and 0.6 cm, volumetric water content abruptly decreased to about half during 2 hours following
the start of the experiment. On the other hand, in the range of the depths 1.56 to 2.52 cm, the change in water
content was little and thus did not depend on the evaporation. In the water content profile, it was confirmed that
the content decreases from the top soil as evaporation proceeds and the drying front also goes down. After 12
hours from the initiation, the dry process proceeded in the whole profile. Finally after 168 hours (about 1 week)
water contents at all the depths became constant to about 0 m*/m’.

Figure 3b shows the experiment results for DG soil. Volumetric water content for DG soil uniformly decreased
with time in every depth. Thus, unlike with sand, the progression of the drying front with time was not
observed. The comparison of water content between sand and DG soils after 12 hours from the start of the
experiment shows that water was lost for sand faster than for DG soil in the region of 0.28-1.24 cm depth, while
the difference between them was not so large in the region more than 1.56 cm in depth. During 12 to 24 hours
from the initiation, the amount of water lost was higher for DG soil than for sand.

There are few reports on evaporation processes for different soils, especially on the water content close to the
soil surface. However, Hillel (1977) showed that water content near the surface abruptly decreases for sand,
while the decrease in the deeper zone is larger for loam than for sand. After soil water near the surface
decreased, corresponding to at about 5-12 hours from the start of the experiment, water in the lower region tends
to decrease for loam faster than for sand (Suleiman and Ritchie, 2003). Soil surface boundary conditions due to
the difference in air temperature and humidity during the experiment may change the evaporation processes.
The measured temporal changes in soil water profile revealed the difference of water content variation during
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evaporation between sand and DG soils. Most of the studies on the measurement of soil water profile have been
concerned with the surface zone of a few to several 10 cm (Richards et al., 1956; Bruckler et al., 1988; Inoue et
al., 2001; Suleiman and Ritchie, 2003). Our study concentrates on the region of 0.28-2.52 cm in depth, which is
closer to the surface than in the other studies. From the measured results, we can conclude that the multi-TDR
probe is useful for investigating the water profile near the soil surface.
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Figure 3. Temporal changes in vertical volumetric water content profiles. (a) Sand soil. (b) Decomposed
granite soil (DG soil).
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Abstract

Information on the coupled liquid water, water vapor and heat transport under arable field conditions is still
limited, particularly in semi-arid unsaturated soils such as arid southern New Mexico. Hydrus-1D model was
applied to evaluate various transport mechanisms associated with temporal variations in soil water content and
soil temperature in the unsaturated zone of a sandy loam furrow-irrigated field located at Leyendecker Plant
Science Research Center, Las Cruces. The model was calibrated and validated using measured soil water
content and soil temperature in the sandy loam soil beds at four depths of 5, 10, 20, and 50 cm for a 19-day
period from day of the year (DOY) 85 (26 March 2009) through DOY 103 (April 13 2009) and a 31-day period
from DOY 104 (April 14 2009) through DOY 134 (14 May 2009), respectively. Measured soil hydraulic and
thermal properties, and daily meteorological data were used in model simulations. Simulated results with the
field experiment demonstrated that the model predicted soil water content and soil temperature and their
temporal variations at all depths adequately. The total liquid water flux (comprised of isothermal and thermal
liquid water) dominated the soil water movement during and early periods of an irrigation event, while the
contribution of total water vapor flux (comprised of primarily thermal and much smaller isothermal water
vapor) increased with increasing soil drying before and after irrigation. During the progressively soil drying
process, the upward isothermal and thermal liquid water fluxes within 15 cm depth also served as potential
sources of liquid water, which eventually changed to water vapor near the surface. Water vapor flux was much
higher in the layer near soil surface and was approximately 10.4% of the total coupled water flux during the
simulation period.

Key-Words
Water content, vapor transport, energy balance, unsaturated zone, hydrus, TDR

Introduction

Temporal variations in soil moisture in unsaturated soil zone due to temperature gradients, especially in arid and
semiarid agricultural fields, may induce water fluxes in gas and liquid phase, which can play a key role in soil
mass and energy transfer near the soil surface. As soil moisture contents near the soil surface are usually low in
arid and semiarid regions water vapor movement continues an important part of total water flux and energy
balance in unsaturated soils in agricultural and engineering applications (Parlange et al. 1998). The soil water
near the soil surface governs the partitioning of precipitation into surface runoff and infiltration, and the
partitioning of incoming solar and atmospheric radiation into latent and sensible heat fluxes into the atmosphere
(Parlange et al. 1998). Along with solar radiation and soil nutrients, the availability of soil moisture in arable
soils is of paramount importance for crop growth and agricultural production. The importance of soil moisture
resulted in development of models that simulate water transport both in the liquid and vapor phase. Considering
the microscopic structure of a porous medium most of these models is based on theories that account for the
coupled energy and mass flow in soil (Philip and De Vries, 1957). Philip and de Vries (1957) developed a
moisture migration model (henceforth the PDV model) with inhomogeneous soil temperature profiles to account
for the effects of temperature gradients on moisture migration. After almost two decades of discussion, the PDV
model still remains the basis for most soil-atmosphere continuum modeling. A considerable attention has been
paid to analyzing water transport both in the liquid and vapor phase under field and laboratory conditions
(Nassar and Horton, 1992; Cahill and Parlange, 1998). The complexity of the coupled liquid water, water vapor
and heat transport in the unsaturated zone and the difficulties associated with field measurements especially near
the soil surface necessitate the application of numerical models to analyze these processes. Despite of
increasingly interest in numerical model development, information on the movement of liquid water, water
vapor and heat under field conditions is still limited, especially under arable soil conditions in Las Cruces. The
objective was to model the coupled liquid water, water vapor, and heat transport in the unsaturated zone of a
sandy loam onion field in Las Cruces using a numerical code Hydrus-1D.
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Materials and Methods

Study Site and Field Measurements

Field experiment was carried out on a furrow-irrigated onion (Allium Cepa) field at the Leyendecker Plant
Science Research Center (hereafter PSRC), New Mexico State University, New Mexico, USA (Latitude 32°
11.46" N, Longitude 106° 44.40" W, with an altitude ranged from 1128 to 1256 m above sea level). At the
experiential field the dominant soil was a Harkey, which are characterized as deep, well-drained, formed on
flood plains and low stream terraces along the Rio Grande Valley. The average annual temperature and
precipitation for the experimental site are 17.7°C and 29.7 cm, respectively (Gile ef al. 1981). During a 50-day
measurement period from DOY 85 (26 March 2009) to DOY 134 (14 May 2009), field was irrigated 9 times
under furrow irrigation systems during DOY 86, DOY 93, DOY 99, DOY 107, DOY 114, DOY 118, DOY 127,
DOY 130, and DOY 132.

Soil bulk density was determined by the core method (Blake and Hartge, 1986), saturated hydraulic conductivity
by constant head method (Klute and Dirkson, 1986), soil water retention by pressure chamber method (Klute,
1986) and particle size distribution by the hydrometer method (Gee and Bauder, 1986). Temporal soil water
content and soil temperature variations in the onion bed were measured using time domain reflectrometry
(TDR) and temperature sensors (Campbell Scientific, Inc., Logan, Utah), respectively. Meteorological variables
such as precipitation, solar radiation, air and soil temperatures, wind speed, and relative humidity were obtained
from the local weather station. The daily average atmospheric transmission coefficient for solar radiation was
estimated for the model input that incorporates transmission coefficients to calculate the daily potential global
solar radiation (Campbell, 1985). Soil emissivity was estimated using the relationship given by van Bavel and
Hillel (1976). The surface albedo was considered to depend on soil surface wetness according to the simple
formulae given by van Bavel and Hillel (1976). When clouds are present the atmospheric emissivity on cloudy
days was estimated by adding the energy emitted by the clear portions of the sky to the energy emitted by the
clouds (Monteith and Unsworth, 1990), while the clear sky atmospheric emissivity was estimated based on
equations given by Idso (1981).

Numerical Modeling

Nonisothermal uniform liquid vapor flow coupled with the heat transport in the unsaturated zone of a sandy
loam field for a 50-day period from DOY 85 to 134, 2009 was simulated using the numerical model Hydrus-1D
(Saito et al. 2006). Root water uptake was not considered.

Results and Discussion

Comparison of Hydrus-1D simulation with measurements

Simulated volumetric water content and soil temperature data are reasonably consistent with the field
measurements and soil water content fluctuations predicted by the coupled model indicate that the field
measurement is likely to account for both water and vapor flux. Despite a relatively consistent simulation of the
temporal variation in soil water contents, Hydrus-1D slightly under predicted soil water contents at all depths
during the validation period. Similarly, there was tendency for simulation to follow the measured temporal soil
temperature variation and the model predicted systematically lower soil temperatures at all depths as compared
to measured ones, especially during the validation period.

Vertical Profiles of Liquid Water and Water Vapor Flux

The isothermal and thermal liquid water and water vapor fluxes are upward (positive values) almost throughout
the entire profile above 15 cm depth at 0000 h of the ‘dry’ day DOY 114 before irrigation (Figure 1). The
upward movement of isothermal liquid water and water vapor fluxes within 15 cm was attributed to moisture
gradients, while thermal liquid water and water vapor fluxes were upward because of steep temperature
gradients. Below a depth of 15 cm, isothermal and thermal liquid water and water vapor fluxes were downward
(negative values) when moisture and temperature gradients changed from upward to downward. The isothermal
and thermal liquid water fluxes varied from +0.002 to +0.07 cm/d and +0.0003 to +0.04 cm/d throughout the
profile above 15 cm, respectively, while the corresponding variation ranges of fluxes were between -0.003 and -
0.05 cm/d, and -0.003 and -0.044 cm/d throughout the profile below 15 cm depth.
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Figure 1. Simulated vertical distributions of the isothermal and thermal liquid water and water vapor fluxes during
a typical 72-h period before and after an irrigation event at 1800 h of DOY 114: (a) at 0000 h of DOY 114 before
irrigation, (b) at 0000 h of DOY 115 after irrigation, (c) at 1200 h of DOY 115 (DOY 115.5) after irrigation, and (d)
at 0000 h of DOY 116 after irrigation. Positive and negative values of abscissa (x-axis) indicate upward and
downward fluxes, respectively

The increasing upward isothermal and thermal liquid water fluxes above 15 cm indicated that liquid water in
deeper layer was drawn to the surface by both moisture and temperature gradients. The variation ranges of the
thermal water vapor flux were between +0.0014 and +0.044 cm/d above 15cm, while the corresponding
variation of thermal vapor flux ranged from zero (no flux) to -0.01 below 15cm. The upward isothermal water
vapor fluxes were markedly smaller in magnitude and almost negligible compared with thermal water vapor
flux, which fluctuated mostly above 5 cm from zero (no flux) to +0.006 cm/d, while there was no isothermal
water vapor flux below 5 cm. Both the upward total liquid water (both isothermal and thermal liquid water) and
total vapor flux (mainly thermal water vapor) fluxes within 5 cm are responsible for the water vapor near the
soil surface and thus the upward water transport at the experimental field. The total water vapor flux in this
unsaturated soil layer of the furrow-irrigated sandy loam onion field contributed approximately 10.4% to total
water flux.

Conclusions

Detailed analysis of vertical distributions of liquid water and water vapor fluxes indicated that both isothermal
and thermal liquid water and thermal water vapor fluxes due to matric potential gradients associated with soil
water content and soil temperature were responsible for water vapor near the soil surface at the experimental
field. The liquid water flux dominated the soil water movement during and early periods of an irrigation event,
while the contribution of vapor flux increased with increasing soil drying before and after irrigation.
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Abstract

Modelling and understanding water fluxes in the vadose zone are important with regards to water management
and require appropriate characterization methods of soil hydraulic properties. The present work studies three
common methods for characterization of soil hydraulic properties based on the inverse modelling of water
infiltration experiments at zero pressure head at surface (Beerkan method): the CI method for Cumulative
Information method and two BEST methods for Beerkan Estimation of soil pedotransfer functions These
methods estimate the soil sorptivity and saturated hydraulic conductivity by fitting infiltration data using
infiltration models. The CI method directly fits the experimental cumulative infiltration to the usual short time
expansion of the complete analytical model proposed by Haverkamp et al. (1994). The BEST methods are based
on a specific algorithm that splits the experimental curves into two parts, the first part being fitted to the short
time expansion and the second part to the long time expansion. To test the methods, several subsets of
infiltration data were generated using the complete analytical model for several radii of the disc infiltrometer
source and for times ranging from zero to several truncation times. The methods were then applied and the ratio
between their estimations and the target values were evaluated to quantify their related accuracy. The results
clearly demonstrated that the CI method must be used only to short time infiltration data. Yet, this method is
usually used without any truncation of the experimental data, whereas the truncation should certainly be
required. The BEST methods proved efficient and robust, provided the steady state was reached at the end of the
infiltration experiment and both short and long time data solutions were used. The gain in accuracy of the BEST
methods was all the more important when the disc radius was small.

Key Words
Soil characterization, unsaturated properties, BEST method, CI method, analytical modelling, infiltration.

Introduction

Modelling and understanding water fluxes in the vadose zone are important with regards to water management.
They require accurate methods for the characterization of soil unsaturated properties. Water infiltration
experiments and, in particular, Beerkan experiments (with zero water pressure at the soil surface) (Braud et al.
2005) have become a widely used practice for obtaining soil hydraulic properties. Several methods based on
inverse modelling of Beerkan water infiltration data were developed to provide the sorptivity and the saturated
hydraulic conductivity. This article aims at validating several common methods (i.e., the CI method for
Cumulative Infiltration method (Vandervaere et al. 2000) and the BEST method for Beerkan Estimation of Soil
pedoTransfer function (Lassabatere et al. 2006; Yilmaz et al. 2009) by using analytically generated data and
comparing the estimated and target sorptivities and saturated conductivities. Estimator accuracy was studied as a
function of the data subset (i.e., very short times, short times, short times plus steady state) for several geometric
configurations (large and small disc radius).

Methods

Water infiltration models

Hydraulic characterization methods are usually developed using the following analytical models pioneered by
Haverkamp et al. (1994) applied to infiltration from a disc free-water source into a homogeneous soil:

2

r, A

(la)
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where S stands for sorptivity, K, and K, for the saturated and initial hydraulic conductivities, AK and A& for
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the differences in conductivities and water contents between final and initial states, & and B are usually taken
as 0.6 and 0.75, respectively, and r, is the disc radius. These equations correspond to the short time (equation
(1a)) and long time (equation (1b-c)) expansions of the implicit quasi-exact model proposed by Haverkamp et

al. (1994):
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Equations (1a) and (1b-c) were proved accurate provided their use was restricted to short and long time validity
intervals, respectively (Lassabatere ef al. 2009).

The CI method

The CI method consists in deriving directly the sorptivity and the saturated hydraulic conductivity from the fit
of the equation (1a) with no a priori restriction to the experimental data. Several graphical methods were also
proposed to provide additional information and validation of the use of the CI method (Vandervaere et al.
2000). This method is quite common and served as a basis of many characterization studies.

The BEST method

The BEST method refers to the Beerkan Estimation of Soil pedoTransfer parameters methods originally
developed by Lassabatere et al. (2006). These authors proposed to fit the first part of the cumulative infiltration
to the short time equation (1a) and the last part to the long time expansion (1c). In particular, they use the long

time infiltration rate g+.. to define the following constraint between the estimator for sorptivity ($ ) and the
estimator for the saturated hydraulic conductivity (X ):

I% exp_7SAZ

s = 44w
rA@ 3)

Such a constraint allows the inversion of experimental data with regards to only the sorptivity § ; which
increases the robustness of the inverse procedure (Lassabatere et al. 2006). Moreover, a specific algorithm

allows the selection of the data that is fitted to the short time expansion (equation (1a)). The estimators K.(n)
and S(n) are estimated successively for the first n data points from five till the total number of the data points of
the whole experimental dataset. Then, the maximum time Zex (n) of the data set is compared to a maximum time
e (1) that stands for the limit of the validity interval of the equation (1a):
8

77
4(1-B) Ks @
The chosen data correspond to the maximum number of points ensuring the relation (4). On that basis, Yilmaz
et al. (2009) adapted such a method for highly sorptive soils, through considering the intercept of the long time

expansion (equation (1b)) (/% ) as a better constraint and neglecting the value for K,, leading to:

Lo (1)1, ()=

2
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These methods differ from the CI method mainly by respecting the validity of the short time expansion a priori
since they carry out the inverse modelling of only the short time data. The two methods developed by
Lassabatere et al. (2006) and Yilmaz et al. (2009) are referred to as “BS” for the BEST Slope and “BI” for the
BEST Intercept, respectively.
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Methodology of method validation

The reference data were calculated using the equation (2) on the basis of several values for the target sorptivity
(Srep) and for the saturated hydraulic conductivity (Ks,.) and assuming K is negligible (dry initial conditions).
The reference data were calculated from zero to sufficient time to include very short, short and long times. The
maximum time was sufficient to reach the steady state conditions, i.e., to reach a constant infiltration rate (a
constant value for the derivative of the generated cumulative infiltration). Then, the whole infiltration was
truncated at several times to provide different data subsets. Moreover, calculations were performed for several
radii from small to large radii. For the largest, quasi infinite radius, cumulative infiltration corresponds to 1D
water infiltration (equation (2) with terms containing 7 being zero). The smallest radius was taken as one fifth
of the scale parameter for water pressure, which is on the order of a small disc source for most soils.

Different subsets were then analysed using the CI method and the BEST methods, leading to estimated values of
Ks and §. Their accuracies were evaluated using the ratios between the estimated and target values:

S
Ry=—-
0 (6a)
K
Ry=—
Ks, (6b)

Ratios were plotted versus the scaled maximum time of the data set (Lassabatere ef al. 2009):
. 2AK? .

4 2
N (7

Results

The results show that ratio values Ry and R do not depend on the values of the reference sorptivity (S,.,) and
saturated hydraulic conductivity (Ks,.), provided that the data subsets were truncated at the same scaled time
(equation (7)). Presented results can then be considered as the rules for any values of S,.;and K.

For the 1D infiltration data, the results clearly show that the CI method must be restricted to the analysis of short
time data. The ratios Rg and R greatly diverge from unity when maximum times of data subsets (') increase
(Figure 1). In that case the CI method leads to the under-estimation of sorptivity and over-estimation of the
saturated hydraulic conductivity. Such inadequacy results from not respecting the validity intervals of the short
time expansions. Fitting long time data using the short time expansion leads to miss-estimations.

Concerning the BEST methods, both methods lead to very bad estimations when small data subsets are
considered. The reference sorptivity is strongly underestimated (Rs << 1) and the hydraulic conductivity is
strongly overestimated (Rx >> 1). This proves that the data modelled with the BEST methods must integrate
quite long time data. When this is the case, the BEST methods are much better than the usual CI method and
provide very accurate estimations of sorptivity and saturated hydraulic conductivity. Such accuracy results from
the specific procedure that ensures the use of the right part of the cumulative infiltration to fit the short time
expansion. In addition, it may be concluded that estimations of the sorptivity are usually better than of the
saturated hydraulic conductivity. In all cases, the ratios are between unity and 1.05.

Calculations performed for the 3D case are presented for the optimal use of the methods: small time data (' <
0.1) used for the CI method and both short and long time data used for the BEST methods. For the CI method,
the decrease in the radius, i.e. the increase in h,/r,, triggers no change for the estimation of the sorptivity but
worsens the estimation for the saturated hydraulic conductivity (Figure 2). For the BEST methods, the decrease
in the radius decreases the ratios of estimated and target sorptivities and hydraulic conductivities. The increase
in the accuracy of the BEST methods compared to the CI method is all the more important when the disc radius
is small. For instance, for a disc radius r, equal to the fifth of the scale parameter for water pressure /,, the BI
method leads to Ry and Rk ratios of 1.005 and 1, respectively.
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Conclusion

The presented work evaluates the accuracy of three methods involving the inverse modelling of water
infiltration experiments. The CI method involves the direct fitting of the usual short time expansion of the
complete infiltration model. The BEST methods fit the first part of the experimental infiltration data using the
short time expansion and the second part of the infiltration data using the long time expansion. The methods
include a specific procedure that splits the data into two parts. This procedure was developed to ensure the
validity of the short time expansion for inverse modelling. In this study, the three methods were tested with
regards to their adequacy to inversely model analytically generated reference data. The results proved that the
CI method leads to an inaccurate estimation unless only the very beginning of the infiltration dataset is
considered. This has a great disadvantage: only a small part of the cumulative infiltration may be used, requiring
a great measurement precision for very small times. It must be noted that many methods based on the CI method
(direct fitting) do not usually have any specific constraints to respect the validity of the short time expansion. On
the contrary, the BEST methods provide quite accurate estimations, in particular for the sorptivity, provided that
both short and long time data are used in the inverse procedure. Moreover they provide the complete set of
unsaturated hydraulic parameters from the previous estimations of sorptivity and saturated hydraulic
conductivity (Yilmaz et al. 2009). These methods appear to represent a suitable tool for the characterization of
soil unsaturated hydraulic properties.
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Abstract

High transpiration efficiency (TE) is one way to optimize water use. Plants with high TE produce more biomass
per unit of water consumed than those with low TE. One novel solution to preserve water in soil is to identify
plants with high TE. High TE is especially important in semi-arid regions where water is scarce. Grain
sorghum (Sorghum bicolor Moench) is widely grown in these regions. Studies comparing sorghum lines known
to have high and low TE have not been done. We grew in a greenhouse eight lines of sorghum, four known to
have high TE and four known to have low TE, in pots with a commercial potting mix under well-watered and
dry conditions. Relative water content, stomatal resistance, and pressure potential of the leaves were measured.
High TE plants emerged better than low TE plants, which suggested that high TE lines have faster root growth.
Under both watering regimes, relative water content, stomatal resistance, and pressure potential of high TE lines
were similar to those of low TE lines. Because above-ground water relations did not distinguish high and low
TE lines, the results suggested that research needs to focus on roots to determine why the lines differ in TE.

Key Words
Dry regions, plant root, drought, water-use efficiency, transpiration ratio, C, plant

Introduction

Grain sorghum is one of the most important crops grown in dry areas. Even though sorghum is classified as a
drought-resistant species, the major environmental factor limiting its range of adaptation is drought
(Gaosegelwe and Kirkham 1990). Genotypes of sorghum that make efficient use of water are needed for growth
under drought in semi-arid regions. Water-use efficiency is defined the production of dry matter per unit of
water consumed in evapotranspiration (water lost from soil and plants). Transpiration efficiency is defined as
the production of dry matter per unit of water consumed in transpiration. Water lost from soil is excluded in the
calculation. The reciprocal of transpiration efficiency is transpiration ratio, which is the ratio of weight of water
transpired by a plant during its growing season to the weight of dry matter produced (usually exclusive of roots)
(Glickman 2000). Understanding efficient water use is one of the most challenging problems facing scientists
today (Zea-Cabrera et al., 2000).

Almost a century ago, Briggs and Shantz (1913) showed that crop species differ in their transpiration efficiency.
Since then, the C; and C, photosynthetic pathways have been elucidated, and differences in transpiration
efficiency have been related to them. Plants with the C, type of photosynthesis have transpiration efficiencies
that are about twice those of C; plants (Turner, 1993). However, within each species, differences in
transpiration efficiency occur, including the C,4 plant, sorghum (Hammer et al., 1997; Mortlock and Hammer,
1999).

An intensive breeding program has been carried out by personnel of the United States Department of
Agriculture to screen for transpiration efficiency in sorghum (Xin et al., 2009). In this work, 341 lines of
sorghum have been screened for transpiration efficiency under greenhouse conditions. From these studies, the
eight lines used in the current work were chosen. Four of them have high transpiration efficiency and four of
them have low transpiration efficiency. However, because the plant-water relations of sorghum lines known to
have high transpiration efficiency or low transpiration efficiency have not been compared, we measured their
relative water content, stomatal resistance, and pressure potential to determine if they differed between high-TE
and low-TE lines.
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Materials and methods

Details of the experimental procedure are given by Thevar (2008). Briefly, the experiment was carried out
between 3 December 2006 and 16 February 2007 in a greenhouse at Kansas State University in Manhattan, KS
(39°08’N, 96°37°W, 314 m above sea level). The four lines with low TE were: P1257309 (from Argentina;
Guinea-bicolor race; Nigricans-bicolor working group; Pedigree Mf.G.F:1228), PI295121 (Australia; Caudatum
race; breeding material working group; Pedigree CAPRICORN), PI586381 (Cameroons; Guinea-caudatum race;
Sumac working group; Pedigree IS 27595), and PI267532 (India; Kafir-caudatum race; Caffrorum-bicolor
working group; Pedigree IS 2879). The four lines with high TE were: PI567933 (Beijing, China; Bicolor race;
Nervosum-Kaoliang working group; Pedigree ER HUANG JIN), PI391652 (Shaanxi, China; race unknown;
breeding material working group; Pedigree T’ so 1MS), PI533946 (India; Durra-bicolor race; Durra-dochna
working group; Pedigree MS385AXIS1008SA6473PB3R), and PI584085 (Uganda; Caudatum race; Caudatum-
niricans working group; Pedigree 94USE9327).

Plants grew under greenhouse conditions in pots with a commercial greenhouse mix. Six seeds of each line,
germinated in a Petri plate, were planted in a pot. Pots were covered with plastic, following the procedure of
Xin et al. (2008), to prevent soil evaporation. Plants grew through holes cut in the plastic. Emergence was
recorded on Day 3 (3 days after germination began), 4, 5, 8, 12, and 16. On Day 16, each pot was thinned to
three seedlings. Harvest was 16 February 2007 (Day 75). None of the plants had reached reproductive stage by
harvest. There were two watering regimes: wet and dry. Water was added by placing a funnel inside the hole
in the plastic where a plant emerged. After an initial drenching of the pots with a fertilizer solution, each wet-
treatment pot received about 700 mL of water and each dry-treatment pot received about 300 mL water.
Relative water content was determined three times during the experiment by using the method of Barrs and
Weatherley (1962). Abaxial stomatal resistance was measured 10 times during the experiment with a steady
state diffusion porometer (Model SC-1, Decagon Devices, Pullman, Washington, USA). Pressure potential was
determined at harvest (Day 75) on the most recently matured leaf using a portable plant water status console
(Model 3115, Soilmoisture Equipment Corp., Santa Barbara, California, USA). The experiment was a
completely randomized block design with eight sorghum lines, two treatments (wet and dry), and three
replications. Data for relative water content and stomatal resistance taken during the experiment were averaged
together to get means and standard errors. Data for pressure potentials, determined once at harvest, are
presented with standard deviations.

Results and discussion

Plants with high transpiration efficiency (TE) emerged better than plants with low transpiration efficiency. By
Day 16, an average of four plants with high TE had emerged and an average of three plants with low TE had
emerged. Even though six germinated seeds were planted in each pot, no pot had six seedlings emerge. More
of the low TE plants than high TE plants died in the soil before they could emerge. More research needs to be
done to determine the difference in early (pre-emergence) root growth of high and low TE plants.

Relative water content, stomatal resistance, and pressure potential of plants with high TE did not differ from that
of plants with low TE (Table 1). Because of the large variability in measurements, measurements made on
well-watered plants did not differ from those of drought-stressed plants. Well-watered plants tended to have
higher relative water contents, lower stomatal resistances, and higher pressure potentials, but differences were
not significant. The number of seeds available for experimentation precluded more replications, which might
have reduced the variability. Also, the relatively poor emergence of the plants limited the number of
measurements.

In sum, because there were no differences in the water-relations of the shoots of the high and low TE plants, the
data suggested that the difference in TE may be related to root growth. The fact that the high TE plants emerged
better than the low TE plants indicates that the roots of the high TE plants may grow faster and penetrate a soil
profile more quickly than roots of low TE plants. This would allow high TE plants to get water at depth that
low TE plants cannot take up. It also would allow them to grow more in early development, without a large loss
of water by transpiration because leaves are still small. With less transpiration, TE would be increased.

Because only limited studies of sorghum roots have been done under field conditions (Krieg 1983, p. 362), it is
not known if greater root growth at the seedling stage would continue into later stages. However, a small
advantage in early growth is compounded during the life cycle of a plant (Blackman 1919). So a sorghum line
with a large root mass at the seedling stage would likely have a large root mass at maturity. With more roots, a
line can take up more water for transpiration and photosynthesis. Transpiration and photosynthesis are directly
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related. When stomata are open, resulting in a high transpiration rate, more carbon dioxide can be taken up for
photosynthesis. We plan to continue our pot studies with the lines differing in TE, as seeds of high TE and low
TE plants become available. In these studies, we shall have more replications, so the high TE and low TE lines
may show differences in relative water content, stomatal resistance, and pressure potential. Our future research
also is going to focus on root growth under field conditions, where roots are not confined by pots. In these
studies, we shall measure photosynthesis and transpiration. Preliminary work is already underway (Thevar,
2008). Our results reinforce the fact that one of the research challenges facing hydrology is the need for
investigation not only of species-specific mechanisms of root water uptake (Rodriguez-Iturbe ef al., 2007) but
also of line-specific mechanisms.

Table 1. Relative water content (g/g), stomatal resistance (s/cm), and pressure potential (MPa) of four lines of
sorghum with low transpiration efficiency (TE) and four lines with high TE under well-watered or drought-stressed
conditions. See text for details.

Relative water content Stomatal resistance Pressure potential

Wet Dry Wet Dry Wet Dry
Low TE
P1257309 0.82+0.13 0.75+0.17 17.545.5 22.1+47.3 -1.7240.35 -1.73+1.19
P1295121 0.83+0.11 0.92+0.04 24.1+28.0 11.343.1 -0.65t -1.25¢
PI586381 0.79+0.13 0.8240.11 15.8+15.0 17.3+7.3 -2.5540.07 -2.35+0.35
PI1267532 0.83+0.13 0.71+0.19 21.1+12.0 18.6+15.6 -1.15+1.18 -2.2341.52
High TE
PI567933 0.84+0.06 0.7840.16 26.1+13.4 32.5+24.1 -0.63+0.39 -2.2240.55
PI391652 0.87+0.07 0.7840.15 14.045.6 23.0+7.2 -1.7340.74 -2.00+0.95
PI533946  0.90+0.06 0.7940.11 23.7+12.7 23.249.8 -0.93+0.32 -2.30t
PI584085 0.79+0.20 0.7740.17 19.0+12.1 25.0423.2 -1.1240.20 -1.90+0.35

TOne value only
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Abstract

Field capacity (FC) and permanent wilting point (PWP) are two critical input parameters required in the APSIM
model (Keating ef al. 2003) which is currently being used nationally for predicting crop yield and fertiliser
requirements at the paddock and landscape unit. FC and PWP were measured for three major soils which are
used for dryland cropping in the Mallee and Wimmera regions. Plant available water capacity (PAWC) was
determined as the difference FC and PWP. Data were grouped according to the three major soil suborders
(Hypercalcic Calcarosols, HYC; Red Sodosols, RS; and Grey Vertosols, GV) and nine soil texture classes
(ranging from sand to clay). FC, PWP and PAWC were found to be significantly higher for GV followed by
HYC and RS. Overall, FC, PWP and PAWC varied from 0.063 to 0.495 and 0.018 to 0.378 m*/m’ respectively.
PAWC ranged from 0.053 m’/m’ (sandy soils) to 0.147 m’/m’ (clay soils).

Key Words
Soil type, soil texture, soil hydraulic properties, paddock variability.

Introduction

Numerical models like APSIM (Keating et al. 2003) are currently being used nationally for crop yield and
efficient allocation of resources (e.g. fertiliser input requirements) in farming systems at the paddock and
landscape unit. FC and PWP are two critical input parameters required in most numerical models. The Mallee
and Wimmera regions in Victoria produce about 90% of Victoria’s grains. There is a lack of data on FC, PWP
and PAWC for major soil types across these regions (see Cock 1985; Rab er al. 2009). The objectives of this
study was to compare PAWC for three major soil suborders within the northern Wimmera and southern Mallee
regions of north west Victoria.

Methods

The study area is located approximately 450 km north-west of Melbourne, in the southern Mallee and northern
Wimmera regions of Victoria, SE Australia (Figure 1). The southern Mallee region is characterised by
calcareous dunefields and plains (5.1.5 geomorphological unit), whilst the Wimmera region is typified by clay
plains with intervening subdued ridges (5.4 geomorphological unit).

Two paddocks within each geomorphic unit were selected to capture the variability in PAWC across these
significant cropping landscapes of north-west Victoria. Three sampling locations were established strategically
to capture the inherent variability within each paddock. These sampling locations were chosen using paddock
information including variability in (i) grain yield, (ii) electromagnetic induction (EM38), and (iii) elevation.
Coordinates of the sample locations were recorded using a differential GPS with a horizontal accuracy of 10-20
cm. At each of the three sampling locations (within each paddock) three sampling points were randomly
selected. At each sampling point undisturbed samples were taken from 0-10 cm and 20-30 cm soil depths.

Soil-water contents of the undisturbed samples were determined at —10 kPa (FC) using bubble tower ceramic
suction plate apparatus. Soil-water content at —1500 kPa matric water potential (PWP) was determined using
disturbed samples which were placed on a 15-bar ceramic plate in the pressure plate apparatus. Plant available
water capacity (PAWC) was determined as the difference FC and PWP. Soils were classified according to the
Australian Soil Classification - ASC (Isbell 2002).

Each soil property was modelled using residual maximum likelihood (ReML) based on a two-factor linear
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mixed model. The two factors were soil type (S, three levels) and soil depth (D, two levels). Wald tests were
used to assess the significance of differences in soil properties between soil types, soil depths, as well as their
interactions. All statistical analyses were conducted using GenStat 10.2 (Payne et al. 2007). The residuals
reasonably satisfied the ReML assumptions of normality and constant residual variance. To study the effect of
soil texture group on PAWC, data was analysed using one-way analysis of variance (ANOVA).
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Figure 1. Location of study sites in the southern Mallee and Wimmera regions, SE Australia.

Results

Three major ASC soil suborders: Red Sodosols (RS), Hypercalcic Calcarosols (HYC) and Grey Vertosols (GV)
were identified in this study area with nine soil texture classes were represented amongst these. There was a
wide variation in soil texture across the three suborders; the RS dominated by coarse textures in the 0-10 cm and
both coarse and medium textures in the 20-30 cm depth range; the HYC dominated by medium and fine
textured soil in the 0-10 cm and 20-30 cm depth ranges respectively, and the GV dominated by fine textures.

Mean values of FC and PWP for three soil types are presented in Table 1. The effect of interaction (soil x depth)
and soil suborder on FC and PWP was significant (p<0.001) but the effect of depth was non-significant
(P>0.05). However, a plot of mean values shows that the nature of interaction was of a non-crossover type (data
not shown) and at both depths, mean values for RS were consistently low compared to both HYC and GV. The
LSD test showed that at 0-10 cm depth, differences in FC and PWP between soil types were significant while at
20-30 cm depth the difference in FC and PWP between HYC and RS was not significant. The LSD test also
showed that for GV the FC and PWP was not significantly different between two soil depths while for HYC and
RS the differences between depths were significant.

Table 1. FC, PWP and PAWC of three soil suborders at two depths in the Mallee and Wimmera regions of north-
west Victoria, SE Australia.

Volumetric soil-  Soil Model
water * types (S)® Depth (D, cm) Mean | term F Prob SEd
0-10 20-30

FC (% vol) HYC 34 42 38 S <0.001 2
GV 46 42 44 D 0.369 1
RS 17 23 20 SxD <0.001 3
Mean 32 36

PWP (% vol) HYC 19 28 23 S <0.001 1
GV 31 27 29 D 0.146 1
RS 6 12 9 SxD <0.001 2
Mean 19 23

PAWC (% vol) HYC 17 14 15 S 0.001 1
GV 15 14 14 D 0.314 1
RS 11 11 11 SxD 0.552 2
Mean 14 13

AFC and PWP are water content at 10 and 1500 kPa matric potentials; PAWC is the difference between FC and PWP
BHYC, Hypercalcic Calcarosol; GV, Grey Vertosol; RS, Red Sodosol.

Both FC and PWP were significantly influenced by soil texture class. There were no significant difference in
either FC or PWP found between loamy sand and sandy loam; between loam, sandy clay loam and clay loam;
and between silty clay loam, silty clay and clay soils (Table 2). This suggests for practical purposes, these nine
texture classes can be grouped in to four major texture classes, sandy soils, loamy sand, loams and clayey soils.
The relationship between routinely measured soil properties and FC and PWP are presented in Table 3.
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Table 2. FC, PWP and PAWC classified by soil texture groups in the Mallee and Wimmera regions of northwest
Victoria, SE Australia.

Volumetric soil water content (%)A

FC PWP PAWC

Texture groups Mean Range Mean Range Mean Range
Sand 8 6-8 2 2-3 5 4-6
Loamy sand 20 17-23 7 7-8 13 11-15
Sandy loam 21 18-23 8 7-9 13 11-16
Loam 29 26-32 16 13-18 14 13-14
Sandy clay loam 33 31-34 19 18-22 14 12-15
Clay loam 35 30-39 21 15-25 14 11-17
Silty clay loam 44 32-49 29 19-35 15 12-17
Silty clay* 44 29 15

Clay 45 40-50 30 25-38 15 10-17

* only one observation
AFC, Field capacity; PWP, permanent wilting point; and PAWC, plant available water capacity, is the difference between
FC and PWP

Table 3. Regression models for predicting FC and PWP

FC PWP

Variables® Models R* (%) Models® R* (%)
c Y = 14.64 + 0.665(c) 82 Y=4.5+0.557(c) 82

zZ+C Y =12.90 + 0.473(z+c) 87 Y=3.11+40.395(z+c) 85

c, X Y = 9.86+0.600(c)+7.67(x) 85 NS

c,c Y=6.17+1.50(c)-0.014(c”) 93 Y=-1.32+1.13(c)-0.009(c)" 89

¢, c% X Y=2.68+1.416(c)-0.0135(c2)+6.12(x) 95 NS

z+c, (z+c)” Y=4.78+1.051(z+¢)-0.007(z+c)” 93 Y=-1.74+0.734(z+¢)-0.005(z+c)” | 89
z+c, (z+¢)’,b | Y=2.15+1.023(z+¢)-0.007(z+c)"+4.5(x) | 94 NS

Az, silt (%); ¢, clay (%); x, organic carbon (%); b, and bulk density (Mg/m3).
B NS, regression coefficient for the input variable, x is not significant.

Discussion

Knowledge of FC and PWP is essential for many plant and soil-water studies, especially those related to plant
growth and deep drainage. The mean FC observed for HYC and GV in this study were lower than those
reported by Murphy and Lodge (2001) for a Brown Vertosol (46 % vol) but higher than for a Red Chromosol
(35 % vol). The PWP of the both HYC and GV found in this study were higher than by Murphy and Lodge
(2001) for the Red Chromosol (11 % vol). However, the PAWC found in this study for all three soil suborders
(11 — 15 % vol) were lower than those reported by Murphy and Lodge (2001) for a Brown Vertosol (23 % vol)
and Red Chromosol (24 % vol).

The mean FC and PWP found for each of the soil texture class was higher than those reported by Jensen et al.
(1990) for US soils except for sandy soils. For sandy soils, both the FC and PWP were lower than Jensen et al.
(1990). However, PAWC (12 - 15 % vol) compared favourably with Jensen ef al. (1990) (13 - 15% vol) except
for sandy soils which were lower. The FC, PWP and PAWC found in this study also compare favourable with
those found for other Australian soils based on field textures, FC (6 - 45 vol%), PWP (2-25 % vol) and PAWC
(4 - 20 %vol), (Better Soils 2005). Hochman et al. (2001) found increase in field measured PAWC with increase
in clay content with depth for both Black and Grey Vertosols while Ratliff ez al. (1983) reported no significant
increase in PAWC with increase in clay content from silt loam to clay. In our study, the FC and PWP for the
HYC and RS increased with depth. However, it did not result in any significant increase in PAWC with depth.
This was due to an increase in both FC and PWP with increasing clay content.

The relationships between clay content and FC and PWP found in this study are consistent with those reported
for other soils (e.g. King and Stark 2005; Minasny et al. 1999; Igbal et al. 2005). For example, Igbal et al.
(2005) found greater values of volumetric water content at paddock locations where the percentage clay content
was high; an indication of the greater water holding capacity of soil micropores between clay-sized particles.
Minasny et al. (1999) found a positive non-linear relationship between clay content and FC and PWP. The
equations developed in this study can be used to predict FC and PWP for similar soil types. These samples used
in this study (N=72) cover a wide range in soil textural composition but limited range in organic carbon content.
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Therefore, further research, covering wide range of landuse systems, soil types and climatic conditions, is
required to improve these predictive equations.

Conclusions

FC, PWP and PAWC were found to be significantly higher for GV followed by HYC and RS. FC was affected
by both clay content and organic carbon (OC) content but PWP was only affected by clay content but not by
OC. The developed equations can be used to predict FC and PWP for similar soils elsewhere. However, further
research is needed to validate/improve the predictive models for a wider range of organic carbon content, soil
types, soil texture and climatic conditions.
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Abstract

Soil physical properties were compared between raised beds and flat on two Vertosols (Vertisols in the USDA
classification) at three and five years after establishment of beds where different crops and pasture rotations were
managed to best practice. A black Vertosol (BV), which had superior structure prior to bedding, performed less
favourably than a grey (and sodic) Vertosol (GSV) when their pore structure dynamics were compared. While the
BV lost some of its micro-porosity in the 0—0.4 m in the first three years, there was some compensation at depth in
the following two years but only at the 0.2-0.4 m depth. In comparison the GSV showed continuous improvement
in its micro-porosity over the five years, thus improving in its water retention capacity by about 46% compared to
only ~20% in the BV.

Key Words
Raised beds, Vertosols (Vertisols), Sodosols, pore structure, plant available water capacity

Introduction

Raised beds were adopted by farmers in this conventional grazing region, to overcome the risk of damage to crops
through waterlogging during the long, cool winter growing season. Despite reliable growing season rainfall, the
low permeability of these heavy clay soils can frequently restrict root growth and water movement, and can cause
a severe perched water table (Belford et al.,1992). Under long-term pasture, these soils have been further
compacted by livestock and uncontrolled trafficking of farm machinery. The Vertosols (Isbell 1996) that are
representative of about 20% of the region are known to be generally more productive due to their better aeration
and greater depth of aggregates (Sarmah et al., 1996) than the Grey Sodosols which are more widespread in the
region. The work reported here is a part of a long-term trial where three different farming systems (rotations) were
compared for productivity and sustainability on 1.7 m-wide and 0.20-0.25m high raised beds on two different
Vertosol soils. One was a black cracking clay Vertosol (BV) and the other was a grey Vertosol, which was
increasingly sodic at depth and referred to here as a Grey Sodic Vertosol (GSV). The aim of this study was to
compare the two Vertosols for their plant available water capacity (PAWC) at three and five years of planned
rotations on raised beds. This paper describes the dynamic of porosity changes in the two Vertosols which resulted
in temporal differences in PAWC that could contribute to both survival of crops during sub-optimal rainfall
conditions and increased productivity under average rainfall conditions.

Methods

The trial was conducted at Gnarwarre near Geelong (380 10°S, 144° 08’E) at the eastern end of the West Victorian
Volcanic Plains in Southern Australia in the 500+ mm high rainfall zone. The experiment consisted of 36 plots in
a row—column design (6 rows by 6 columns), each devoted to a combination of three crops and pasture rotations
on two raised bed systems; wide (20 m) and narrow (1.7 m) raised beds for the comparison of their productivity
and sustainability. This paper deals only with the soil physical properties on 1.7 m narrow raised beds. The
establishment of narrow raised beds involved several stages of tillage and mounding, starting from a flat perennial
pasture. The soil was initially tilled to a depth of approximately 0.08- 0.1 m using a disk harrow, followed by
cultivation to a depth of 0.2 m using a chisel plough. A three-bed bed forming machine was then used to mound
the soil into beds of 1.7 m width and crumble rollers at the back of the machine lightly compacted the soil on the
raised beds and aided in breaking larger clods. After initial cultivation and bed forming the only soil disturbance
on the beds was the annual sowing operation using a cone seeder fitted with narrow knife points (minimum-till).
Press wheels were used behind the sowing tines to ensure adequate seed—soil contact. The shallow grooves left on
the beds by the press wheels act as a reservoir for water harvesting. The water moves through these grooves into
the beds and, when bed height is saturated, moves into the main furrow between beds and is carried away from the
paddock. Crops and pastures were sown annually on the raised beds and managed to local ‘best practice’
guidelines. Beds were established in April 1999 and were cropped under minimum tillage (MT) and controlled
traffic (CT) for the next six years. Sheep were used to graze the plots during the pasture phases and ‘tactical
grazing’ ensured that the sheep were removed from the plots when the soil was ‘wet’ to avoid compaction and
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pugging. The long-term perennial pasture state of the two Vertosols was determined at the commencement of the
trial by collecting intact soil cores to a depth of 0.6 m, and using the process described by Gill ef al. (2009) to
determine the soil bulk density (BD), total porosity (P,), macro porosity (P,,) and plant available water capacity
(PAWC). P,, was measured by the difference in water held in the pores at saturation and the matric potentials of -
10kPa. In April 2002 and May 2004, at the end of three and five years of planned rotations, all plots were again
sampled to a depth of 0.4 m and analysed to determine the BD, P,, P,, and PAWC experienced by the crops
growing on the beds. The main comparison reported in this study is that of the soil environment experienced by
crops and pastures growing on raised beds versus the soil environment on the flat, unimproved pasture system that
was developed into a raised bed system. For this purpose the flat areas were sampled on each occasion that the
beds were sampled and the assumption was made that these flat areas undergo little or no tillage at all while
carrying an unimproved and grazed perennial pasture. The differences in soil physical parameters between the flat
perennial pasture and the raised beds as experienced by the growing crops and sown pastures were analysed using
the residual maximum likelihood procedure (REML) in Genstat 5.42 (GenStat Committee 2000).

Results and Discussion

The soil prior to raised beds

The soil physical parameters on flat, unimproved perennial pasture are shown in Table 1. The apparently higher
soil BD in the GSV soil in the 0-0.3 m depth could impose a limitation to root growth and soil water extraction
compared to the BV. These soils have been under perennial pastures for a long period (>10 years) and
indiscriminately trafficked in their routine management. Despite the total PAWC to 0.4 m being very similar (~65
mm) in the two soils, the greater cracking and self-mulching nature of the BV soil and its lower density in the
surface layers could contribute to its greater productivity compared to the GSV, as has been the experience of local
farmers. The low self-mulching index of the GSV soil [53.0% compared to 60.3% for BV (Adcock 1998)], its
higher BD in the subsoils as well as its sodic nature make this GSV very similar in behaviour at depth to the
Sodosols which are extensively distributed across South-west Victoria. However, the measured soil physical
parameters after three and five years of planned rotations on beds showed significant improvement in the GSV soil
compared to the BV that could impact on temporal changes in crop performance on raised beds.

Table 1. Physical characteristics of the black Vertosol (BV) and the grey Vertosol (GSV) soils in their long-term
perennial pasture state at the commencement of trial (1998)

The black Vertosol (BY) The grey (and sodic) Vertosol (GSV)

Depth (m)  Soil BD Total Macro PAWC % Soil BD Total Macro PAWC %
Mgm™® Porosity  Porosity (mm/0.lm) Mgm® Porosity  Porosity  (mm/0.1m)

(%) % (%) %

0-0.1 1.4 50.8 15.6 21.1 1.5 46.6 144 17.1
0.1-0.2 1.4 50.0 152 15.9 1.5 43.6 15.4 18.6
0.2-0.3 1.5 43.7 9.6 13.6 1.7 38.4 5.6 16.8
0.3-0.4 1.7 37.9 4.5 12.4(63.0)" 1.6 40.4 75 13.3(65.8)"

Note: BD-soil bulk density; PAWC-plant available soil water capacity; The total PAWC (mm) to 0.4 m depth.

Figuresla & 1b show soil water storage responses to raised beds and farming systems at the end of three and five
years respectively. The figures show soil water (in millimetres) held at -10kPa water potential down to 0.4 m
depth in the profile, measured in two segments, 0-0.2 m and 0.2-0.4 m. At the end of the first three years, the
differences between the raised beds and the flat system in soil water storage capacity (at -10kPa) of the BV, as
experienced by crop roots, were significantly lower than those of GSV whereas at the commencement of the trial,
the values of the two soils were very similar (Table 1). The consequence was a potentially higher PAWC (if the
wilting point is assumed to remain unchanged) to 0.4 m depth in GSV compared to the BV, by the end of three
years. The PAWC at the 0-0.2 m depth was also significantly different between the two soils although they were
very similar in the ‘flat, perennial pasture’ state (Table 1). This difference appears to be the result of the loss of Py,
in BV. The trend in the differences of soil water storage capacity continued through to five years (Figure 1b), with
the GSV potentially holding more soil water down to 0.4 m depth compared to the BV. However, compared to the
2002 sampling, the latter sampling showed a positive difference in storage capacity in the BV at the 0.2-0.4 m
depth. This was associated with the development of P, at depth in the soil (Figure 1b).

Porosity changes impacting on PAWC

The dynamics in the development of porosity on beds led to the GSV holding more soil water than BV down to
0.4 m in the profile at both the 2002 and 2004 samplings. These cumulative differences are, for the purpose of this
discussion, viewed in two segments, i.e. at or above the depth of tillage (0-0.2 m) and below the depth of tillage
(0.2-0.4 m). Despite the beneficial differences measured in soil BD and P, on raised beds, the P, still remained
sub-optimal (<15%) for optimum root function at depths below 0.2 m (~10.8-15.1) in the two soils. Table 2 shows
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the measured differences in porosity at different depth intervals in the two soils and provides an explanation of the
soil water storage differences in the two soils in response to cropping over time. While both BV and the GSV
showed differences in soil BD (and therefore P,) on beds compared to flat, the corresponding changes in Py,
between soils were disproportionate. For example, for a 5.9% increase in P, in the GSV, the corresponding
difference in P,, was 21.8%. But in the BV, a 9.3% increase in P, led to an almost 60% increase in P,,,. Similarly a
12% difference in P, in GSV was associated with 52.7% difference in P, at the 0.2-0.4 m depth, while in the BV
almost a 100% increase (98.6%) in P,, resulted with only18% increase in P,. This disproportionate behaviour is
very likely to be related to differences in the shrinkage properties of the two soils. While any micro-porosity
increases associated with these changes would assist greater storage of water in the soil, a decrease in micro-
porosity in BV (0-0.2 m) is likely to have contributed to the significantly higher soil water storage in GSV
compared to BV in both 2002 and 2004 samplings. With a degree of break down of the pore structure through
tillage and the wet-dry cycles the ‘wilting point’ of the soil may also have been lowered, thus contributing to
enhanced PAWC. While any increase in P, would certainly favour better drainage, it did correspond to a 12.9%
loss in micro-porosity in BV resulting in an actual decrease in the capacity of the soil to store PAW.

Figure 1a Figure 1b
Soil type difference in soil water storage (mm) 2002 Soil type differences in soil water storage (mm) 2004

-20 -10 0 10 20 30 -20 -10 0 10 20 30

BBV
OGSv

Depth of profile (m)

0.3
Storage(0-0.440)
GSV>BV
1sd(P=0.001)=9.4

Storage (0-0.4 m)
GSV>BV.
1sd(P=0.001)=12.02

Figure 1. Soil type differences in soil water storage (at-10kPa) in the profile at depths 0-0.2 and 0.2-0.4 m at two
samplings in 2002 (Fig. 1a) and 2004 (Fig. 1b). On the Y axis, the depths of 0-0.2 m and 0.2-0.4 m are denoted by their
mid points 0.1 and 0.3 m respectively. The Y axis also denotes the soil water storage on the flat perennial pasture and
the histograms are measured differences (in millimetres of water/0.2 m soil depth) between raised beds and flat. The
horizontal bars are the Isd values for the 0-0.2 m depth.

Large increases in P, in the BV both at the surface and the subsoil, while assisting drainage under heavy rainfall
events, would have the negative effect in PAW storage because of the largely open nature of the resulting
aggregates. This phenomenon is supported by the observation that pasture regeneration on raised beds of BV at
the autumn break was a lot poorer than on the GSV. The greater Py, created is likely to have contributed to poor
seed-soil contact at the bed surface and may also have resulted in more rapid evaporation of soil water compared
to the GSV, in which the water would have been more tightly held. This would also lead us to the conclusion that
the BV soil was less suitable than the GSV for raised beds and would have performed better under a system of
controlled traffic and minimum tillage on flat ground. Once a controlled traffic system has been adopted, in the
absence of further compaction the BV should be able to reverse or repair its compaction damage and improve its
dense constitution without the use of raised beds, as shown by the experience of the croppers in south-east
Queensland (McHugh, pers. comm.) on shrink—swell clays. These farmers have adopted controlled traffic farming
without developing harmful levels of Py, that can reduce the PAWC of their soil. Some degree of biological
drilling (McCallum et al., 2004) may also have contributed towards the differences in soil physical properties
measured in this trial in both 2002 and 2004. However, it is difficult to separate the effects of the absence of
compaction from those of biological drilling by plants roots and the contribution of other organisms or processes in
the subsoil. The two processes may, however, be closely interrelated (Cresswell and Kirkegaard 1995) and the
absence or abolition of compaction damage may be an essential trigger for soil biological processes to continue
uninterrupted.
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Upper limit of plant available water (response differential between soils)

Table 2. Measured differences (%) in the different components of soil porosity experienced by crop roots between
raised beds and flat perennial pasture in the two soil types after five years of planned rotations. (While P, was
estimated by difference in soil water held at saturation at matric potential of -10 kPa, micro porosity was estimated as
the difference between P, and P,,).

Black Vertosol (BV) Grey Vertosol (GSV)
Depth interval (m) Measured difference Measured difference
1998-2004 1998-2004
Total porosity (P,) 0-0.2 9.3 59
0.2-0.4 18.3 12.1
0-0.4 13.3 8.8
Macro porosity (Py,) 0-0.2 59.7 21.8
0.2-0.4 98.6 52.7
0-0.4 71.9 31.2
Micro porosity 0-0.2 -12.9 -1.8
0.2-0.4 14 4.1
0-0.4 -5.8 1.2
Measured difference in 0-0.2 37.0t027.4 35.7t042.1
soil water held at - 0.2-0.4 26.0t048.2 30.1t053.9
10kPa (mm) 0-0.4 63.0t075.6 65.8 10 96.0
Enhanced PAWC to
0.4 m depth (%) 20.0% 45.8%

Conclusion

Raised beds, five years on

For crops growing on raised beds, the best outcome from the data presented would appear to be the increased
PAWC created over the years. This capacity was created mainly at depth, below the original tillage, and was
mainly the result of enhanced macro and micro porosity. The results suggest that the BV soil lost some of its
storage capacity in the 0-0.2 m depth of beds, through the development of excessive P, but the development of
porosity below the depth of tillage still contributed to a ~20% enhancement in the overall storage of soil water
compared to the flat. In the GSV however, the measured storage capacity was higher than the flat in both 2002
and 2004 in both depth intervals (0-0.2 and 0.2-0.4 m) thus contributing to an overall increase of approximately
46% in storage capacity at the end of five years. It would be this storage capacity that would act as insurance to
crop productivity, ensuring yield stability to crops over time. With enhanced PAWC under beds, a rainfall event
of, say 20 mm, which was previously worth 10 mm to the crops, is probably now worth 15 mm, thus offering that
extra security to crops during critical stages of yield development. This is a good outcome for crops in South west
Victoria that, even following a wet winter, frequently experience shortages of plant available water during Spring
grain fill.
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Abstract

Accurate and spatially dense data on the hydraulic functions that control water movement in soils is becoming
increasingly important, particularly for crop models and farmer decision support tools. The paucity of this data
is the result of the time consuming laboratory techniques involved. Inverse modelling of multistep outflow
experiments (MSO) has been proposed as a rapid and accurate technique to obtain the soil water retention
function, 6(h). In this study MSO experiments were carried out using modified Tempe cells and undisturbed soil
cores from two depths and three soil types representative of the cropping areas in NW Victoria, Australia. Each
core was run through seven desorption runs that varied in the number of pressure steps and the length of time
each pressure step was maintained. The inverse modelling produced 8(h) curves that, except at the very wet end,
resembled closely the shape of those produced from equilibrium data. However, the inverse modelled 6(h)
curves over-estimated the air entry region which had the consequence of causing the 6(/) function to over-
estimate the soil water content at all matric potentials. The choice of the number of pressure steps and the length
of time maintained at each step had little effect on 8(h).

Key Words
Multistep outflow, inverse modelling, retention curve, water holding, PAWC

Introduction

The most important soil factor that controls yield in much of the Australian grain production regions is the
quantity of plant available water (e.g. Rab et al. 2009). Prediction of the spatial distribution of soil water, and its
availability to plants, will enable growers to make more informed production decisions that maximise
profitability (e.g. the management of nutrients and crop canopies). For example, with accurate meteorological
data and knowledge of the spatial variability in soil hydraulic properties, a dynamic soil water model can
provide accurate soil water predictions. If this information is coupled with a spatial crop model it should be
possible to provide a credible alternative to other techniques (such as real time NDVI prediction) for predicting
the optimal spatial application of nutrients. However, the factors that control soil water retention are extremely
spatially variable, both across the landscape and with depth. Despite the need for information on soil hydraulic
properties there is generally a paucity of such data due to the time consuming and labour intensive techniques
required for their accurate measurement. Therefore the objective of this work was to evaluate a relatively rapid
and more automated methodology based on the inverse modelling of multistep outflow experiments (Hopmans
et al. 2002).

Methods

Multistep outflow experiments were carried out using 20 individual pressure cells (Tempe cells, Soilmoisture
Equipment Corp.) imported from the USA and modified for use with the metric soil cores used in Australia.
They were also modified in a similar fashion to that suggested by Eching et al. (1994), incorporating a 6 mm
diameter tensiometer inserted through the centre of the top of the Tempe cell that could then be inserted into the
centre of the soil core. These micro-tensiometers were connected via a pressure transducer to a Smart Logger®
(ICT International) to record the actual pressure within the soil matric. An inlet was added, off-centre, in the top
of the cell and connected to a nitrogen cylinder via a pressure regulator and a pressure gauge. A pressure
transducer connected to the Smart Logger® recorded the applied pressure from the nitrogen cylinder. The
drainage connection at the bottom of each cell was connected to individual burettes and the water level was
recorded by the Smart Logger® via a pressure transducer.
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The applied pressure, water outflow, and soil matric potential were recorded while an initially saturated soil core
was subjected to a series of increasing pressure steps. To obtain the soil water retention function, 6(h), a
numerical hydraulic model is coupled with a parameter optimisation algorithm to minimise the deviations
between the observed and simulated flow variables in the objective function (e.g. Eching and Hopmans 1993).
The Shuffled Complex Evolution Metropolis algorithm was used to solve the least-squares optimisation
problem (Vrugt ef al. 2003).

The inverse multistep outflow methodology was tested using three replicate intact cores from two depths

(0-10 and 20-30 cm) from three representative soils found in the main cropping areas of the Victorian
Wimmera/Mallee region (i.e. Red Sodosol, Hypercalcic Calcarosol, and Grey Vertosol, classified according to
the Australian Soil Classification (Isbell 2002). The cores were run through a series of seven desorption runs
and were re-saturated between each run. Each desorption run varied in either the number of pressure steps or the
length of time each pressure step was maintained. For the initial run each pressure was maintained until the
sample reached equilibrium.

Results

The three soils varied greatly in their soil texture (Table 1). The equilibrium data showed that the three
replicates at each of the three soil types were very similar for the 20-30 cm depth, confirming the uniformity of
the soil structure at that depth range at each site. While for the 0-10 cm depth, the variability between the
replicates increased with increasing clay content. The experimental setup generally produced good data from the
sensors during the multistep experiments. To ensure the inverse modelling obtained a unique solution, the
possible range of the van Genuchten parameters were constrained to values that corresponded to three broad soil
texture groups (sand, loam, and clay) depending on the approximate soil texture of the sample. However, greater
inverse modelling experience with Australian soils is required to obtain the optimum restrictions on the search
range used.

Table 1. Particle size analysis for soils at the study sites.

Location Soil depth Clay Silt Finesand Coarse sand
(cm) (%) (%) (%) (%)
Red Sodosol 0-10 1 2 21 76
20-30 2 2 38 58
Hypercalcic Calcarosol  0-10 20 8 26 45
20-30 31 10 21 39
Grey Vertosol 0-10 49 30 14 7
20-30 49 30 15 7

The inverse modelling produced a good fit between the actual and predicted values for matric potential and
outflow (e.g. Figure 1). However, the values of the van Genuchten parameters (which define the soil water
retention function) obtained from the inverse modelling resulted in the soil water content being over predicted at
most of the matric potentials in the retention function (e.g. Figure 2). This was progressively worse the higher
the clay content. The general shape of soil water retention curves produced from the inverse modelling match
those from the equilibrium data, however the inverse modelled retention curves over-estimated the air entry
region that is controlled by the van Genuchten alpha parameter and is related to the inverse of the air-entry
pressure. It is thought that one possible cause of this over-estimation of the soil water contents in the inverse
modelled retention curve is the exclusion of water outflow data from very low tensions (<4 kPa). This data was
excluded to ensure that the cores were unsaturated at the start of the experiment. The benefits of including this
data are now being considered. Despite this over-estimation, the gradient of the functions are similar for both
the equilibrium and inverse modelling over most of the range of matric potentials and hence the estimated
values of PAWC are relatively similar in both cases.

The inverse modelling technique resulted in very similar estimations of the retention curves irrespective of the
seven different desorption runs. This suggests that the inverse modelling is extremely robust, irrespective of the
exact combinations of the number of pressure steps or the time that the pressure is maintained (within the range
tested). It is therefore anticipated that once the cause of the over-estimation in the air entry region is eliminated
this experimental procedure is likely to produce reliable results and that just a few days will be required per test
to obtain sufficient data for inverse modelling.
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Figure 1. Measured matric potential and outflow (red markers) and the inverse modelled values (black lines) for
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Figure 2. Best fit van Genuchten function curves for the equilibrium retention points for the 0-10 cm. Sodosol (solid
line) and inverse modelling results for the 7 different desorption runs (broken lines). Dot marks the measured 1500
kPa retention point.

A further advantage of the data logging system used in this setup is that the outflow can be constantly
monitored. In the soils tested, which ranged from 1 to 49% clay, the volume of outflow that occurred after
pressure testing to 80 kPa in 4 days ranged between 65 and 88% of the quantity of outflow from the equilibrium
test to 80 kPa (Table 2). The soil water content at each of the pressure steps in the rapid multistep outflow
experiment provides pseudo retention points. Estimating the soil water retention curve using these pseudo
retention points and the 15,000 kPa retention point resulted in retention curves that closely match the
equilibrium retention function. This provides an alternative, or cross-checking, approach to the inverse
modelling technique.

Table 2. Total outflow between the applied pressures of 4 and 80 kPa for the equilibrium desorption (Run 1) which

consisted of a total of 6 pressure steps over 35 days and Run 2 which consisted of 4 pressure steps maintained for 1

day each (total of 4 days), and the fraction of outflow after 4 days compared to 35 day for each of the soil cores.
Red Sodosol Red Sodosol Hyp. Calcarosol Hyp. Calcarosol Grey Vertosol Grey Vertosol

0-10 cm 20-30 cm 0-10 cm 20-30 cm 0-10 cm 20-30 cm
Cumulative outflow (ml)
Run1 53.0 54.7 48.7 60.2 319 46.2 .. 33.8 43.2 2377 222 252 30.0 ... 26.8 26.6 289 294

Run?2 42.6 46.5 42.7 429 26.5 37.2 22.8 239 333 17.6 17.7 17.2 20.0 18.2 19.2 17.5 18.7 19.9
Cumulative outflow from Run 2 as a fraction of Run 1

0.8 0.85 0.88 0.71 0.83 0.8 0.71 0.77 0.74 0.79 0.68 0.67 0.71 0.66 0.65 0.68
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Conclusion

This work has demonstrated that accurate estimation of the soil water retention function for intact cores can be
reduced from several weeks of labour intensive work to a semi-automated test that can be completed in a few
days. This test can therefore be integrated into a suite of rapid soil testing techniques (including mid-infrared
and electromagnetic induction) to provide improved information about soil hydraulic properties for scientists
and growers. Further research is required to validate the technique for Australian soils, especially those with
high clay content and shrink-swell properties.
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Abstract

The study is focused on the assessment of the seasonal changes of soil structure, aggregate stability and
hydraulic properties with respect to varying soil physical and chemical properties, soil management and climatic
conditions. Seasonal variability of soil properties measured in surface horizons of three soil types (Haplic
Cambisol, Greyic Phaeozem, Haplic Luvisol) was studied in years 2007 and 2008. Undisturbed and disturbed
soil samples were taken every month to evaluate actual field soil-water content, saturated soil-water content,
bulk density, porosity, pHmo and pHxc;, humus content and organic matter quality expressed as A400/A600,
aggregate stability using WSA index, and the soil hydraulic properties. Unsaturated hydraulic conductivity for
h=-20 mm was measured directly in the field using the minidisk tension infiltrometer. In addition,
micromorphological features of soil aggregates were studied in thin soil sections that were made from
undisturbed large soil aggregates. Results show that the soil properties varied within the time. Aggregate
stability and values of the soil properties were influenced by the climatic factors, biological activity, growth of
plant roots and soil management. Values of pH slightly varied within both years at all localities. Organic matter
content, organic matter quality and aggregate stability varied significantly during the first year. However,
variability of those properties was considerably lower during the second year at all localities. Porosity and soil
hydraulic properties were also more variable during the first year than during the second year.
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Introduction

Soil water regime is highly affected by soil structure and its stability. Various soil structure types may cause
preferential flow or water immobilization (Kodesova et al., 2006, 2007, 2008). Soil structure breakdown may
initiate a soil particle migration, formation of less permeable or even impermeable layers and consequently
decreased water fluxes within the soil profile (KodeSova et al., 2009a). Soil aggregation is under control of
different mechanisms in different soil types and horizons (KodeSova et al., 2009b). Soil structure and
consequently soil hydraulic properties of tilled soil varied in space and time (Strudley et al., 2008). The
temporal variability of the soil aggregate stability was shown for instance by Chan et al. (1994), and Yang and
Wander (1998). While Chan et al. (1994) documented that temporal changes of aggregate stability were not
positively related to living root length density, Yang and Wander (1998) suggested that the higher aggregate
stability was found due to crop roots, exudates microbial by-products and wet/dry cycles. The temporal
variability of the soil hydraulic properties (mainly hydraulic conductivities, K) were investigated for instance in
following studies. Murphy et al. (1993) showed that K values at tensions of 10 and 40 mm varied temporally
due to the tillage, wetting/drying, and plant growth. Messing and Jarvis (1993) presented that the K values
decreased during the growing season due to the structural breakdown by rain and surface sealing. Somaratne
and Smettem (1993) documented that while the K values at tension of 20 mm were reduced due to the raindrop
impact, the K values at tension of 40 mm were not influenced. Angulo-Jaramillo et al. (1997) discovered that
only the more homogeneous sandy soil under furrow irrigation exhibited significant decrease in sorptivity.
Petersen et al. (1997) documented using the dye tracer experiment that cultivation reduced the number of active
preferential flow paths. Azevedo ef al. (1998) measured tension infiltration from 0 to 90 mm and showed that
macropore flow decreased from 69% in July to 44% in September. Bodner et al. (2008) discussed the impact of
the rainfall intensity, soil drying and frost on the seasonal changes of soil hydraulic properties in the structure-
related range. Finally, Suwardji and Eberbach (1998) studied both, aggregate stability and hydraulic
conductivities. They documented the lowest aggregate stability during the winter and increased in spring. The K
values decreased during the growing season. The goal of this study is to assess the seasonal variability of the
soil structure, aggregate stability and hydraulic properties with respect to each other and to varying soil physical
and chemical properties, soil management and climatic conditions.
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Methods

The study was performed in 2007 and 2008 on Haplic Luvisol (parent material loess), Greyic Phaeozem (parent
material loess) and Haplic Cambisol (parent material orthogneiss). Four soil horizons (Ap 0-35 cm, Bt; 35-62
cm, Bt, 62-102 cm , Ck 102-133 cm) were identified in Haplic Luvisol, four horizons (Ap 0-21 cm, Bth 21-28
cm, BCk 29-37 cm, Ck 37-80 cm) in Greyic Phaeozem and three horizons (Ap 0-32 cm, Bw 32-62 cm, Ck 62-
97 cm) in Haplic Cambisol. Soil properties were measured every month in surface horizons. Actual field soil-
water content, saturated soil-water content, bulk density and porosity were measured on the 100-cm” soil
samples (10 soil samples per each location and sampling day) using standard methods (Dane and Topp 2002).
Hydraulic properties (soil water retention and hydraulic conductivity curves) were measured on the 100-cm” soil
samples (3 samples) using Tempe cells (KodeSovd et al. 2006). Humus quality was assessed by the ratio of
absorbances of pyrophosphate soil extract at the wavelengths of 400 and 600 nm (A 400/Agoo) (3 repetitions).
pHuo and pHker were determined potentiometrically (3 repetitions). Organic carbon content (C,,,) Was
determined oxidimetrically by a modified Tjurin method (see Sparks 1996) (3 repetitions). Unsaturated
hydraulic conductivity at tensions of 20 mm, K (h = -20 mm), was measured directly in the field (2
measurements) using the minidisk tension infiltrometer (Decagon Devices 2006). Micromorphology of soil
structure was studied on thin soil sections (2 section) prepared from large soil aggregates. Thin sections were
prepared according to the methods presented by Catt (1990). The aggregate stability was studied using the
indexes of water stable aggregates (Nimno and Perkins 2002) (3 repetitions). Soil aggregate stability within the
soil profiles of soil types studied here was previously discussed by KodeSova et al. (2009a, 2009b).

Results

Seasonal changes of soil porosity (Figure 1), actual field soil water content (Figure 2), aggregate stability
determined as water stable aggregates (Figure 3) and unsaturated hydraulic conductivity measured using the
minidisk tension infiltrometer (Figure 4) are shown here as examples. Results showed that studied soil
properties considerably varied within both one-year periods. In addition different values and trends were
observed during different years. Organic carbon content (not shown), organic matter quality (not shown) and
aggregate stability (Figure 3) varied significantly during the first year. However, variability of those properties
was considerably lower during the second year at all localities. Porosity (Figure 1) and soil hydraulic properties
(the K values shown only in Figure 4) were also more variable during the first year than during the second year.
Values of pHypo and pHgc; (not shown)slightly varied within both years at all localities.
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Figure 1. Seasonal variability of porosity measured on the 100-cm’ soil samples.
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Figure 2. Seasonal variability of actual field soil water content measured on the 100-cm’ soil samples.
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Figure 3. Seasonal variability of aggregate stability determined as water stable aggregates. Aggregate stability
increases with increasing WSA value.

Soil aggregate stability depended (as also discussed by Chan ef al., 1994) on stage of the root zone
development, soil management and climatic conditions. Larger aggregate stabilities and also larger ranges of
measured values were obtained in the year 2007 than those measured in 2008. This was probably caused by
lower precipitation and consequently lower soil-water contents observed at the beginning of the year 2007 than
those measured during the same period in 2008. The highest aggregate stability was measured at the end of
April in the years 2007 and 2008 in Haplic Luvisol and Greyic Phaeozem, and at the end of June in the year
2007 and at the beginning of June in 2008 in Haplic Cambisol. In all cases aggregate stability increased during
the root growth and then decreased due to summer rainfall events. Aggregate stability reflected aggregate
structure and soil-pore system development, which was also documented on micromorphological images (not
shown). Hydraulic properties measured in the laboratory (not shown) reflected development of soil porous
system. The fraction of larger gravitational pores increased with increasing root activity and decreased due to
precipitation impact. As fractions of gravitation pores decreased fractions of capillary pores increased.
Infiltration rates measured using the minidisc tension infiltrometer were impacted by the actual field soil-water
content. High aggregate stability had positive influence on the infiltration rate.
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Figure 4. Unsaturated hydraulic conductivities measured for h= -20 mm using the minidisk tension infiltrometer.

Correlation coefficients (not shown) proved that the K (h = -20 mm) values measured using the minidisc tension
infiltrometer were mostly impacted by the actual soil-water content. The K (h = -20 mm) values increased with
the decreasing actual soil-water content. The soil aggregate stability was correlated negatively with the A4oo/Agoo
values (e.g. incensed with the increasing humus quality) in Haplic Cambisol, and negatively with the actual field
water content (e.g. increased with the decreasing actual field water content) in Greyic Phaeozem and in Haplic
Luvisol. No relation between the soil aggregate stability and the organic carbon content, pHy,o and pHgc; values
were found as expected based on previous studies carried out in these soils (KodeSova ef al., 2009b). Regression
analysis did not show any other significant relationship between measured variables.
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Conclusion

The field and laboratory tests were carried out to asses the seasonal changes of the selected soil properties in the
surface horizons of three soil types. Similar seasonal trends were observed in all three soils. It was discussed
that soil structure, aggregate stability and soil hydraulic properties are interrelated and depends on plant growth,
rainfall compaction and tillage. However, it was also shown that climatic conditions dominantly influenced
these properties. The drier conditions positively influenced the soil aggregate stability, porosity and hydraulic
conductivity.
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Abstract

A conservation agriculture (CA) experiment was conducted in 2006 at Adigudom, Tigray, Northern Ethiopia, on
experimental plots established in 2005 on a farmer’s field. The objectives of this experiment were to evaluate
the short term changes in soil quality of a Vertisol due to the implementation of conservation agriculture
practices and to assess their effect on runoff and soil loss (not reported here), crop yield and yield components
of teff (Eragrostis tef (Zucc.) Trotter). The treatments were permanent bed (PB), terwah (TERW) and
conventional tillage (TRAD). Soil organic matter (SOM) was significantly higher in PB (2.49 %) compared to
TRAD (2.33 %) and TERW (2.36 %). Although aggregate stability of PB (0.94) was higher than TRAD (0.83),
the difference was not significant. PB had larger macroporosity (0.07) compared to the other treatments. The
other soil physical quality parameters analysed showed, however, inconsistency between treatments. Moreover
the plant available water content of all treatments was similar. Despite the above soil physical properties
improvements, which most probably resulted in higher soil water storage in PB than in the other treatments,
yield, biomass and plant height of teff were significantly higher in TRAD than PB. The significantly high weed
dry matter at first weeding in PB, the types of weeds and their water uptake behaviour may have caused the
reduced teff yield. Herbicides must be used while growing teff in CA experiments.

Key Words
Conservation agriculture, permanent bed, aggregate stability, runoff, soil loss, teff

Introduction

Agriculture in Ethiopia is dominated by rainfed farming of low productivity. Tigray, the northern-most region of
the country, suffers from extreme land degradation as steep slopes have been cultivated for many centuries and
are subject to serious soil erosion (Wolde et al. 2007). Rainfall is seasonal and erratic in Northern Ethiopia,
particularly in Tigray. Consequently, there is strong seasonal (~8 months) moisture stress limiting the
productivity of rainfed agriculture in the region (Haregeweyn et al. 2005). The conventional tillage that uses
maresha as primary tillage, followed by repeated secondary shallow tillage, is aimed at control of weeds,
moisture conservation and increased soil warming (Melesse et al. 2008).

In the study area, particularly since the widespread introduction of stone bunds in the late 1980s, ploughing is
done parallel to the contour. The first furrow is made at the lower end of the field, and the oxen move upslope
for each subsequent furrow. Around the central rift valley area of Ethiopia, however, the directions of any two
consecutive tillage operations is usually perpendicular to each other in order to reach the untilled strip of land
(Melesse et al. 2008). But these repeated operations, aimed to remove weeds and prevent crust formation, cause
moist soil to move to the surface which favours loss of water by evaporation, exposes the soil to both wind and
water erosion and causes structural damage (Melesse et al. 2008). Such detrimental effects can be improved to
some extent by other management options like conservation agriculture (CA) practices, including permanent
beds and semi-permanent beds.

Gebreegziabher et al. (2009) studied the effect of conservation tillage practices on the Adigudom Vertisol using
wheat as an indicator crop. However, it is important to study how the treatments respond for teff. Tef is an
endemic and major staple crop in Ethiopia. Traditionally, it is cultivated with intensive seed bed preparations
with 3-5 passes in the semi-arid and 5-8 passes in the humid areas of the country with the ox driven local
maresha aimed mainly to remove weeds. Due to the dominance of the vertic soils in the area, tillage is very
difficult and farmers associate this with injuries on the shoulders of the oxen. More labour input is needed and
longer time to accomplish the ploughing activity. In contradiction to the traditional belief, reduced tillage in
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experiments conducted in the central highland Vertisols with high rainfall have shown higher yield although, it
was not statistically significant (Balesh ef al. 2008). A similar study in the Adigudom Vertisol also showed
promising results for the use of minimum tillage for teff growth (Habtegebrial et al. 2007). However, most of
these studies stress only crop parameters and the gross margin of teff. There is little information on the effect of
tillage practices on soil physical quality. Therefore, the objective of this study is to evaluate the impacts of CA
practice, permanent beds together with the traditional practice like ferwah and traditional tillage, on changes in
some soil physical quality indicators, teff yield and its yield components. Results on the effect of these practices
on runoff and soil loss are reported elsewhere in this publication (Araya et al. 2010).*

Material and methods

Study site

The CA experiment begun in January 2005 in Adigudom, Northern Ethiopia (13°14' N and 39°32' E) located
~740 km north of Addis Ababa at an altitude of 1960 m a.s.1.. The area has a cool tropical semi-arid climate,
characterized by recurrent drought induced by moisture stress. Rainfall in the study site is unimodal, with > 85%
falling in the period of July -September. The mean annual rainfall (26 yr) is 504.6 mm and the mean annual
temperature is 23 °C. The average annual evapotranspiration was estimated as 1539 mm. According to USDA
soil classification, the soil has a clay content of 73% and 24% silt content with high calcium content (20%) and
high pH-m0 (8.1). Together with the swelling and shrinking characteristic which is observed from very wide
and deep cracks during the dry season, the soil is classified as Calcic Vertisol according to the FAO-UNESCO
classification, pelli Calcic Vertisol according to WRB and Typic Calciustert according to Soil Survey Staff.

Experimental layout

The experiment was conducted on a farmer’s field under rainfed conditions. All ploughing and reshaping of the
furrows was done using maresha (as described by Gebreegziabher et al. 2009). Tef was sown by broadcasting in
all plots on August 4, 2006. The sowing rate was 30 kg/ha and the fertilizer rate was 100 kg/ha DAP and 50
kg/ha Urea for all treatments. The moisture content at sowing was 0.291 kg/kg. The experimental design was a
randomized complete block with two replications for each of the following treatments:

1. Traditional tillage practice (TRAD): The land was ploughed three times, once in May, once in July and the
last time before sowing on the sowing date.

2. Terwah (TERW): This is a traditional water conservation technique in which furrows are made with maresha
along the contour at an interval of 1.5-2 m. It is similar to TRAD except for the furrows at regular interval and is
repeated yearly.

3. Permanent beds (PB): Beds and furrows of 60-70 cm width (middle of the furrow to the next one) were made
after ploughing the plots. The furrows were reshaped after every cropping season without any disturbance on the
top of the bed. In the current experiment, the furrows were reshaped in May and refreshed on the sowing date.
The whole experimental field was isolated from the upslope area by a 1.2 m wide and 0.5 m deep ditch to avoid
any flow of water entering the upper side of the experimental field. The plots were separated from each other by
a 0.5 m wide ditch, in order to avoid surface or subsurface hydrological ‘contact’ between them. The size of
each plot was 19 x 5 m and they had a 3% slope. Wheat was sown in the summer 2005 rainy season and teff in
the rainy season of 2006. Runoff collection ditches at the bottom of each plot collected runoff and sediment
generated from the experimental plots (see Araya et al. 2010).

Soil sampling and analysis

Disturbed composite samples of 1.5 kg were collected from each plot from 0-20 cm in May 2006, before first
ploughing for analysis of soil texture, soil organic matter (SOM), CaCOs, soil shrinkage characteristic curve and
aggregate stability. Undisturbed soil samples were collected from each plot at the same time from the same
depth to determine the soil water retention curve (SWRC). Standard sharpened steel 100 cm’ cylinders were
driven into the soil using a dedicated ring holder. All soil properties were determined using standard procedures.
From the soil water retention curve, we derived macroporosity (MacPOR), matrix porosity (MatPOR), soil air
capacity (AC), plant available water capacity (PAWC) and Dexter’s (2004) soil physical quality index S.
Macroporosity was deduced from the water content at a matric potential of -6 kPa, corresponding to pores with
a diameter >50 um. For more details about the soil analysis, we refer to Oicha et al. (2010). We further
collected agronomic parameters including plant height at maturity, teff dry matter, yield, and weed dry matter.
For the determination of yield, harvestable areas of 2 x 8 m and 2 x 6 m were delineated. Hand weeding was
performed 4 and 8 weeks after sowing. The weed dry matter was determined by air-drying the first weeding.
The Harvest Index was also calculated as the ratio of grain yield to the dry above-ground biomass.
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Results

Soil organic matter and aggregate stability

PB had significantly higher (p=0.0003) soil organic matter (SOM) than TRAD and TERW, while the later two
do not have a significant difference (Figure 1). Although the stability index of aggregates in PB was higher than
for the TERW and TRAD (Figure 1), the differences among the three treatments were not significant. There was
also no significant difference among the different size classes for the three treatments too (data not shown).

3.0 a
24

1.8
1.2

Values

0.6
0.0

Organic matter (%
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Figure 1. Soil organic matter and aggregate stability index for the three treatments for 0-20 cm soil depth

Soil water characteristic curve and derived soil physical quality parameters

Table 1 shows bulk density and soil moisture content at saturation (6;), S, MatPOR, MacPOR, 0pwp, AC and
PAWC values as calculated for the different treatments. PB and TRAD have relatively higher moisture content
near saturation compared to TERW. The field-derived water content at field capacity was 0.510 m*/m’ for the
site. This corresponds to matric potential values between -100 to -200 kPa, when using the SWRC (figure not
shown). The bulk density and void ratio at oven dryness was 1.87 Mg/m® and 0.39, respectively (not shown). PB
had higher MacPOR (0.070 m*/m®) compared to TRAD (0.063 m*/m’), while TERW (0.055 m’/m’) had the
lowest value (Table 1). TRAD showed higher MatPOR followed by PB, whereas TERW had the lowest value.
PB and TRAD had equivalent AC values, 0.087 m*/m’ and 0.088 m*/m’, respectively, which are higher than
that of TERW (0.059 m*/m’). The Opwe of all the treatments is similar (~0.35 m’/m*). The PAWC of TERW
(0.158 m*/m’) and TRAD (0.159 m*/m®) were slightly higher than PB (0.155 m*/m?).

Table 1. Bulk density and soil moisture at saturation calculated from SSCC, and soil physical quality index (S),
matric porosity (MatPOR), macro porosity (MacPOR), water content at permanent wilting point (Opwp), plant
available water content (PAWC) and air capacity (AC) calculated based on the van Genuchten (1980) parameters of
the soil water retention curve for the different treatments. Values after + are standard errors, a¢=0.05, n=6. Different
letters indicate significant difference at p=0.05.

Treatments  Soil physical quality parameters

BD 0, S MatPOR  MacPOR  Opwp PAWC AC
(Mg/m®) (m*/m?) mm>)  (@md)  @md  @¥m?) (@mimd
PB 0.98+0.031a 0.59620.014a 0.067  0.527 0.070 0.355 0.155 0.087
TERW 1.05£0.004a 0.569+0.017a 0.060 0514 0.055 0.352 0.158 0.059
TRAD 0.98+0.021a 0.598+0.009a 0.060  0.535 0.063 0.351 0.159 0.088

Crop yield and its components

PB resulted in the lowest grain yield, with a mean of 678 kg/ha (Table 2). There was also a significant
difference in yield between TERW (mean yield of 925 kg/ha) and PB. There was significant difference
(p=0.0016) among treatments in weed infestation. The mean mass of weed dry matter during the first weeding
in the TRAD, TERW and PB was 77, 125 and 242 kg/ha, respectively. There was a significant (p<0.0001)
negative correlation (r=-0.956, n=6) between weed dry matter and teff yield. Plant height at maturity was
significantly higher for TRAD compared with both TERW and PB. The Harvest Index (HI) of PB and TERW
was significantly (p=0.01) higher than TRAD (Table 2). Although there was a significant difference in yield
between treatments, no difference in teff biomass was observed between PB and TERW.
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Table 2. Teff yield, biomass, plant height, weed dry matter at first weeding and harvest index for the different
treatments. Values between parentheses are standard deviation. Different letters indicate significant difference at
p=0.05.

Treatment Tef yield Weed dry matter  Tef biomass Plant height at Harvest index
(kg/ha) (kg/ha) (kg/ha) maturity (cm)

TRAD 1173 (50) a 77 4)c 6.7 (0.18) a 44 (2.5)a 0.18 (0.007) b

TERW 925(99) b 125 (10) b 4.50.64) b 393.5)b 0.21(0.007) a

PB 678 (73) ¢ 242 (17) a 3.0(0.69)b 31(1.7) b 0.22 (0.004) a

Conclusion

This short-term research showed improvement in SOM and aggregate stability in PB compared to the other
treatments, although the difference was not significant. However, the SWRC shows that PB and TRAD had
relatively higher moisture content near saturation compared to TERW. The relatively higher MacPOR of PB
showed that the increase in the SOM and aggregate stability have contributed to this improvement. However,
the PAWC of the treatments did not show a large difference. It is known that significant changes in some soil
physical properties can be more prominent when the experiments are continued for longer periods of time.
Despite the above improved soil physical properties, which most probably resulted in higher soil water storage
in PB than in the other treatments, yield, biomass and plant height of teff were significantly higher in TRAD
than in PB. The significantly high weed dry matter at first weeding in PB, the types of weeds and their water
uptake behaviour may have caused the reduced teff yield. Herbicides must be used while growing teff in CA
experiments.
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Abstract

An irrigation experiment of Siberian wildrye grass (Elymus sibiricus L.) was conducted in the alpine cold areas of
North China during 2006 to 2008 to compare forage yield (FY) and water use efficiency (WUE) between single
irrigation before winter (WI) or at the elongating stage (EI), two irrigations at these two stages (WEI), and the WI
treatment combining with mulching straw before next reviving (WMI). The results showed that the FYs under EI
were increased by 66, 218, and 99%, and WUE was increased by 56, 134, and 81%, respectively, compared to no
irrigation treatment (NI). The FY's under WI were increased by 40, 53, and 44%, and the WUE was increased by
30, 31, and 34%, respectively. No significant FY and WUE increments under WEI were found compared with EI
during 2006 to 2007. In 2008, the FY and WUE under WMI were higher than those under EI. Therefore, EI, WMI
and W1 are the first, second and third choice to achieve relatively high production and WUE of Siberian wildrye
grass, respectively. In addition, the elongating-heading stage was the most water sensitive period with significantly
larger moisture stress sensitivity index and WUE.

Key Words
Forage yield, Water use efficiency, Irrigation, Agropastoral ecotone.

Introduction

Although forage yield could be increased significantly through irrigation, frequent or large amount of irrigation
would hamper the sustainability of water resources and increase related equipment and labor cost. Crop yield and
WUE could be increased significantly by irrigating during the critical growth stage (Demir et al., 2006). Wang et
al. (2009) concluded that single irrigation at the elongating stage can achieve relatively high production and WUE
in the semiarid agropastoral ecotone of North China (APENC).

Currently, almost all the crops were irrigated from May to August in the area, resulting in deficiency in irrigation
water resources in this period. Thus, the farmers are facing difficulty to meet crop water demands during the
growing season. Off-season irrigation was considered an alternate to improve the crop growth (Stone et al. 2008).
In the APENC, most of soil water collected during the rainy season was evaporated due to the long-term bare soil
at the regrowth stage. Soil moisture reached a low point before the winter when ample irrigation water is available.
In addition, soil water storage changed very little due to the extreme cold weather throughout the whole winter.
Thus, we hypothesized that storing soil water before winter might improve the soil moisture condition and enhance
the yield and WUE in the following year. Mulching can maintain good soil water condition by reducing the water
losses from soil surface. If the irrigated water before winter can be stored in the soil until the critical growth stage
combining with mulching technology, the yield increase would be more significant.

Methods

Experimental Site

The field experiment was conducted at the Yu’ershan Demonstration Pasture of National Grassland Ecosystem
Station located in Bashang Plateau (116°11” E, 41°45” N, elevation of 1460 m) during Oct. 2005-Oct. 2008. The
area has a semiarid continental monsoon climate, and the annual precipitation is 300400 mm, and about 279 mm
falls during the growing season from May to September. The soil is a typical sandy loam (coarse loamy, mixed,
superactive, calcic cryi-ustic Mollisols) in 0 to 60 cm soil profile based on the diluvial deposit. The primary soil
properties can be found in Wang et al. (2009). The field capacity in the 0—60 cm soil profile (FC, 133 mm) and
wilting point (WP, 42 mm) were measured at -0.3 and -1.5 MPa matrix potential.

Experimental Design and Field Management

(1) NI, no irrigation was applied. (ii) W1, a single irrigation was applied before winter to bring the soil water
storage (SWS) in 0 to 60 cm to field capacity (FC). (iii) EL a single irrigation was applied at the elongating stage
to bring the SWS to FC. (iv)WEI, two irrigations were applied before winter and at the elongating stage. The WEI
treatment was replaced by WMI (the irrigation before winter and mulched treatment with naked oats straw before
the next reviving, 3 cm thick, 3000 kg ha™) in 2008.The grass was sown on 15 June 2005, at a seeding rate of 25
kg ha™'. The plot size was 8 m wide by 20 m long. All plots were irrigated by a removable sprinkler system. The
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chemical fertilizers (75 kg ha™' N and 20 kg ha™' P) were tilled to subsoil before seeding in 2005 and applied on the
soil surface every May from 2006 to 2008.
Measurements and Calculations
The 50 x 50 cm® aboveground biomass was collected at the end of each growing stage. The forage yield was
calculated by 3 x 3 m’ samples. The first harvest was generally in July and the second harvest was in late
September with 5-cm height stubble. The biomass and yield samples were all dried at 75°C for 72 h in an oven.
Soil volumetric water content was monitored by TDR. Evapotranspiration (ET) was determined from the soil
water balance model, and water use efficiency (WUE) based on ET and Y was calculated.
The Jensen-model (Jensen 1968) was used to calculate the moisture stress sensitivity:
Y _ H (ﬂ) % 1)
Y m i=l ETmi
where Y is actual forage yield in kg ha™', Y, is forage yield under non-stressed treatment in kg ha™', the
maximum forage yield was used in this paper, ET,; is actual crop evapotranspiration at growth stage “i”’, ET,
is the crop evapotranspiration under non-stressed treatment at growth “i”, the maximum value was used in
this paper, ; is Jensen’s moisture stress sensitivity index at growth stage “i”, n is the number of growth
stages, and I1 is a multiplicative sign.

Results

Soil Moisture Condition

There was little variation in soil water storage during winter due to the long-term frozen soil (from November to
next April) (Figure 1). The water storage decreased rapidly during the reviving-elongating and the regrowing
stage. Late June and late October were the two driest periods in the region. The moisture condition under NI was
poor except during the short-term rainy season. The water storage of 0—60 cm soil layer in WI and WEI were
relatively high during the reviving stage because the irrigated water before winter could be reserved until next
spring. From late October to next late April, water storage under WI and WEI decreased by 11% on the average. In
20062008, about 42, 71, and 59% of the irrigated water before winter under WI were still stored in the soil until
the reviving period, and 60, 62, and 56% under WEI But soil water in the WI treatment decreased quickly from
the early-May to mid-June. The irrigated water before winter could be stored until 23 May 2006, 10 June 2007,
and 9 July 2008, respectively. The ample soil water in EI and WEI could be held until the rainy season because of
the irrigation at the elongating stage. The ineffective evaporation could be reduced under mulching condition, so
the soil water under WMI treatment in 2008 maintained in high level.

2005.10-2006.9

Soil Water Storage (mm)

10-1 5-1 6-1 7-1 8-1 9-1
Date (M-D)

—o— NI —&— EI —=— WMI@008) —— FC
—— Wl —e— WEI — - CSW wp

Figure 1 The dynamics of soil water storage in 0—60 cm during the 3-year (Oct. 2005-Sept. 2008). Where, NI: no
irrigation; WI: irrigation before winter; EI: irrigation at the elongating stage; WEI: two irrigations before winter and
at the elongating stage (Oct. 2005-Sept. 2007); WMLI: irrigation before winter and mulched before the next reviving
(Oct. 2007-Sept. 2008); FC: field capacity; WP: wilting point; CSW: the critical soil water storage, it was calculated by
WP plus the 40% of the total available soil water storage.

Water Consumption

Significant ET difference existed among treatments (Table 1). Irrigation increased the total ET of the whole
growing season considerably. Except for the dry year of 2007, no obvious difference was found among the three
irrigation treatments. The ET of the first growth under NI in 20062008 was 146.6, 113.1, and 130.9 mm,
respectively. The value under WI was increased by 15, 27, and 16% compared with NI. The ET under EI was
increased by 15, 50, and 25% from NI. The ET under WEI (replaced by WMI in 2008) was increased by 27, 76,
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and 16% compared with NI. The average ET under the two treatments irrigated before winter (WI and WEI) was
31.9 and 38.5 mm at the reviving and tillering stages, obviously higher than 22.4 and 27.5 mm for the treatments
without winter irrigation (NI and EI). The average ET under the two treatments irrigated at the elongating stage (EI
and WEI) reached 72.3 and 44.0 mm at the elongating and heading stages, significantly higher than 52.3 and 32.6
mm for the two treatments without irrigation at the elongating stage (NI and WI). No obvious increase was found
under WMI in 2008 except at the heading stage. There was no significant ET difference among treatments during
the regrowing stage. The ET at the regrowth in 2007, with less rainfall, was lower than that in 2006 and 2008.

Table 1 Growing stages and cumulative seasonal evapotranspiration (mm).

Year Gg(t);Ngi:g Reviving Tillering Elongating  Heading Re-growth Total
2006 NI 21.3b 28.1b 60.8b 36.4b 174.6 a 321.2b
WI 324a 393 a 61.0b 353D 1793 a 347.4 ab
EI 19.0b 29.8b 727 a 475a 1735 a 3425a
WEI 270a 403 a 745 a 448 a 1700 a 356.6a
2007 NI 219b 29.1b 3590 26.2b 107.6 a 220.7d
WI 347a 38.7a 46.8b 229b 1144 a 257.6¢
EI 30.9 ab 27.6b 68.3a 425a 131.0a 3004 b
WEI 374a 419a 789 a 413a 130.2 a 329.7a
2008 NI 189b 19.7b 537b 38.6b 160.0 a 2909b
WI 27.7a 323a 55.4b 36.0b 162.1a 313.6a
EI 22.2 ab 30.7 a 67.0a 44.1a 155.8 a 319.8a
WMI 24.8 ab 2240 57.4b 423 a 164.6 a 3114a

Note: values followed by the same letter within a column in the same year are not significantly different among treatments for the same
growing stage at the 0.05 probability level according to the least significant difference (LSD) test.

Forage Yield and Water Use Efficiency

Irrigation, especially at the elongating stage, played the most important role in yield increase. In 2006-2008, the
total forage yield under EI achieved 6381, 6883, and 5763 kg ha™', increased by 66, 218, and 99% comparing with
the NI. The W1 increased the forage yield by 40, 53, and 44% comparing with NI. The WEI had the same effect on
the total yield with the EI treatment. The first growth of Siberian wildrye grass resulted in the highest forage yield
due to the poor ability of regrowth (Table 2). In the 3 yr, the forage yield of the first harvest under NI was 2250,
1085, and 2004 kg ha™', and that of the second harvest was 1595, 1076, and 896 kg ha’, respectively. Compared
with NI, the yield of the first harvest under WI was increased by 53, 87, and 50%, and that of the second harvest
was increased by 23, 20, and 33%. The first harvest of EI was increased by 104, 391, and 117%, and that of the
second harvest was increased by 12, 44, and 57%. No obvious difference was found between WEI and EI in 2006
and 2007. Although the effect of yield increase at the first harvest under WMI was similar to EI, there was
significant increase over El yield (161% of EI yield) in the second harvest and the total yield was 6703 kg ha in
2008. In addition, the forage yields of the first harvest under NI and W1 in 2007 were decreased by 52% and 41%
comparing to that of 2006 because of the dry year in 2007, whereas the yield of the EI treatment in 2007 increased.
Clearly, the irrigation at the elongating stage was important in keeping the high and stable forage yield, while the
forage yield of NI and WI fluctuated with rainfall. The forage yields of the first harvest under NI and W1 in the wet
year of 2008 increased slightly comparing to those of 2007, but were lower than that of 2006 due to the
degradation of Siberian wildrye grass at its fourth growth year. As shown in Table 2, the WUE values during the
2006, 2007, and 2008 growing seasons under EI were 1.9, 2.3, and 1.8 kg m'3, and were higher than 1.2, 1.0, and
1.0kg m™ under NI, and 1.6, 1.3, and 1.3 kg m™ under WI. There was no difference between EI and WEL The
WMI treatment in 2008 increased WUE to 2.2 kg m™ comparing to 1.8 kg m” under EI. The WUE at the first
growth stage was much higher than that at re-growth stage. The NI in the first growth reached WUE of 1.5, 1.0,
and 1.5 kg m'3, respectively, in 2006, 2007, and 2008. The value under WI was increased by 34, 47, and 30%
compared to that under NI. The WUE under EI treatment was increased by 77, 228, and 76% compared to under
NI No obvious difference was found between WEI and EI. The mulching treatment not only increased the first
growth WUE, but the value at the regrowth stage was also improved. The WUE of WMI in 2008 was 3.0 and 1.4
kg m™ in the first growth and regrowth stages, significantly higher than other irrigation treatments. In addition, the
first growth WUE under the elongating stage irrigation treatments (EI and WEI) had less variation among years
with coefficient of variation (COV) of 8.2% and 7.1% under EI and WEI, while the WUE under NI and WI
fluctuated greatly among years (COV=21.7% under NI and 19.2% under WI).
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Water Sensitivity and Production Function
We further calculated the water stress sensitivity index of each stage during the first growth using the Jensen
model (1968).
Y ET
P (_)gg;ving *(
Y ET,

m

ET )0.'20 ‘ *( ET )1.08 ' *( ET )0.96 ‘
EY:n Tillering EY:n Elongating ETm Heading (2)

Where ET,, is the crop evapotranspiration under non-stressed treatment at each growth stage, the maximum value
was used here. The water stress sensitivity indexes at the elongating and heading stage were 1.08 and 0.96,
significantly larger than 0.20 at the tillering stage and 0.07 at the reviving stage.

Table 2. Forage yield and water use efficiency.

First growth Re-growth Whole season
Year  Treatment  yield WUE Yield WUE Yield WUE
(kgha!) (kgm™) (kgha)  (kgm?) (kgha") (kg m*)

2006 NIt 2250 ¢ 15¢ 1595 a 09a 3845 ¢ 12¢
WI 3443 b 20b 1955 a l.1a 5398 b 1.6b

EI 4591 a 2.7 a 1790 a 1.0a 6381 ab 19a

WEI 4909 a 26a 1796 a l.1a 6705 a 19a

2007 NI 1085 ¢ 1.0c 1076 ¢ 1.0c 2162 ¢ 1.0c
WI 2025b 14b 1288 b 1.1b 3313b 13b

EI 5328 a 3.1a 1555 a 1.2 ab 6883 a 23a

WEI 5649 a 2.8a 1629 a 13a 7278 a 22a

2008 NI 2004 ¢ 1.5d 896 ¢ 0.6¢ 2900 d 1.0d
WI 3001 b 20c 1189 be 0.7¢ 4190 ¢ 13¢

EI 4354 a 27b 1409 b 09b 5763 b 1.8b

WMI 4428 a 30a 2275a l4a 6703 a 22a

Note: values followed by the same letter within a column in the same year are not significantly different among treatments at 0.05 probability
level according to the least significant difference (LSD) test.

Conclusion

Irrigation before winter improved the seasonal ET and the growth at the reviving-tillering stage. The yield under
WI was increased by 40, 53, and 44% compared to NI in the 3 yr of study. Irrigation at the elongating stage
improved the seasonal ET and the growth at the elongating-heading stage. The yield under EI was increased by 66,
218, and 99% over the NI treatment. There was no significant difference between WEI and EI in 2006 and 2007.
The yield increase under WMI in 2008 was similar to EI at the first harvest, but the yield and WUE of the
regrowth was increased by 61% and 53% compared to EI. Therefore, single irrigation at the elongating stage is the
first choice to achieve relatively high production and WUE of Siberian wildrye grass, followed by a single
irrigation before winter combining with mulching straw, and a single irrigation before winter. The water stress
sensitivity indexes at the elongating and heading stages were 1.08 and 0.96, much higher than at other stages.
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Abstract

The physical and hydraulic characteristics of a typical sandy soil profile lying in the Tri-County Agricultural
Area (TCAA) of northeast Florida were studied. The efficiency of the conventional water management practice,
called as ‘seepage irrigation’ was also investigated using a simple conceptual model of the field water balance
based on the soil properties and the nature of the irrigation system. Seventy soil samples collected from 22.5cm,
45cm, 67.5cm, 90cm, and 120cm were studied for the particle size distribution (PSD), bulk density (D),
saturated hydraulic conductivity (K;), and water holding capacities. The results showed that the soils at the
surface and near the crop-root zones had very low clay content, low water holding capacity and high saturated
hydraulic conductivity. The results also suggested that the soil properties changed significantly at 120cm (below
90cm) depth indicating the presence of an argillic layer of low permeability in the soil profile. The results
showed that the total amount of water loss from a during a typical potato season was as high as 77% which
could go up to 87% depending on the amount of precipitation. Daily water losses by surface runoff ranged from
45-75% of the total irrigation supply depending on the time of the crop season while the water loss via SLF
varied from 16% to 22%. The overall efficiency of seepage irrigation in 2006 and 2007 was 27% and 23%
respectively suggesting that the system was highly inefficient despite it manageability and effectiveness in the
sandy soil profiles of TCAA.

Key Words
Soil profile characteristics, water management practice, Florida

Introduction

Northeast region of Florida lying along the Atlantic coastline is the most important potato production area in the
state. Majority of the potato farms in this region are concentrated in the Tri-County Agricultural Area (TCAA)
spread in St. Johns, Putnam and Flagler counties. These potato farms are estimated to produce approximately
65% of the total potato production in the state annually (Mylavarapu et al., 2008). Soils in TCAA are mostly
dominated by sand with a very small amount of clay and silt particles and therefore have a very low water
holding capacity near the crop root-zone. Water management system in the area is typically based on a
conventional seepage irrigation system which also covers most of the gravity-flow irrigated farms in Florida
(Smajstrla and Haman, 1998). In this system, the water table is maintained near the crop root-zone during the
entire cropping season (Campbell et al., 1978) with the help of open drainage ditches and appropriately spaced
water furrows. Water is then supplied to the crop root zones by capillarity and subsurface lateral flow (Pitts and
Smajstrla, 1989). This system is preferred to other systems because of its cost effectiveness and low
maintenance requirement (Haman et al., 1989) while being simple to operate and effective for crop production
(Bonczek and McNeal, 1996).

Despite the effectiveness and popularity, the efficiency of conventional seepage irrigation system is reported to
be low, ranging from 20-70% (Smajstrla, 1991). The system requires continuous pumping of water into the field
throughout the crop season as the water needs to be precisely maintained just below the crop root-zone. A large
portion of water is lost by surface and subsurface runoffs not only reducing the efficiency by a great magnitude
but also increasing the potential for nutrient leaching and subsequent water quality impacts.

This study investigated the physical properties of a typical seepage irrigated soil profile in the TCAA by
collecting soil samples from five different depth up to 120cm. Based on the soil properties and the irrigation
system. Daily amounts of water loss via surface runoff (RO) and subsurface lateral flow (SLF) from the seepage
irrigated field was also estimated for 2006 and 2007 potato seasons with the help of a conceptual water balance
model. The conceptual model was developed based on the soil physical properties and the nature of irrigation
system and water loss calculations were performed using simple equations based on daily irrigation supply and
evapotranspiration (Et) loss.
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Materials and Methods

The study was performed in a 4.7ha (approx.260m x 182m) seepage irrigated field of UF/IFAS’ Research and
Demonstration Site located at Hastings in St. Jones County, Florida. The field resembled a typical TCAA
agricultural field and consisted 14 crop-beds each approximately 17.2m wide each of which was further divided
into 16 rows raised approximately 25cm above the alleys (furrows between each crop row). Seventy soil
samples were collected from a typical seepage irrigated field at five different depths: 22.5cm, 45cm, 67.5cm,
90cm, and 120cm using a core sampler and an auger. The measured physical properties included the particle
size distribution (PSD), bulk density (Dy), saturated hydraulic conductivity (Kj), and volumetric water contents
(0,) at different pressures.

Water balance components of the experimental field were recognized based on the nature of the soil profile and
the irrigation method and a conceptual model (Figure 1) of the water balance for a typical seepage irrigated field
was developed in order to estimate the total water loss from the field. The typical water balance of the field
under water table control comprised five components. The inflow components, which consisted of irrigation
supplied into the field, and lateral inflow from adjacent fields. The water loss component, on the other hand,
comprised RO, SLF and Et losses. Vertical water movement is stopped during irrigation because of either the
presence of the impermeable layer (perched water table condition) or the absence of the potential gradient in
vertical direction due to the rise of ground water table. Therefore, it could be assumed that the system was in a
steady state where the amount of irrigation applied was equal to the losses due to Et and the subsurface lateral
drainage. Due to the nature of the irrigation system, subsurface lateral flow was considered to constitute the
major portion of the total runoff in the field. Calculation of subsurface lateral flow (SLF) in a water table
management system was given by Skaggs (1980) in the model DRAINMOD. Because of the high similarity of
the water management system of the study site to the system described in DRAINMOD, the SLF was calculated
using the equations given in the model. Once the SLF was calculated, the RO was obtained using the mass
balance under the assumption of steady state condition. The rainfall and Et data necessary for the study were
obtained from the Florida Automated Weather Network (FAWN, 2008).

Precipitation

bl \;ﬁ""
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Outflow Controlled Water Table

Vertical seepage

Figure 1. Conceptual representation of field water balance in a typical seepage irrigated field in TCAA.

Results and Discussion

The %clay, Dy, and K, changed significantly as the depth of the soil profile increased. Clay content at 90cm and
120cm were significantly higher than the first three depths (P-value < 0.001). The K; of the soil decreased
significantly at the 90 and 120cm depths while the K values of the first three sampling depths were similar.
There was no significant difference in the water holding capacity of the soils up to 68cm depth from the surface
which was possibly due to very low clay and organic matter content throughout the soil layers. The soil
properties showed least variation at 120cm depth with an increase in variance at shallower sampling depths.
Among the properties K showed the highest variability both within as well as between the sampling depths. The
increase in %clay and D, with decreased K; values at deeper layers could be attributed to the continuously
shallow water table environment. Soils in the TCAA are continuously wetted by the high water table at an
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average depth of 40-50cm during most parts of the cropping seasons. Continuous flushing of the profile by
fluctuating water table enhances illuviation of clay from upper soil layers which deposit in the lower soil layers.
Deposition of fine clay particles tends to decrease K of a soil horizon because these fine particles occupy the
void spaces between coarse sand particle sand reduce the porosity of the medium.

During 2006 and 2007 growing seasons, the average daily water supply into the field was approximately
583,200 L, out of which a major portion was lost drainage (RO and SLF). The average daily, water-loss from
the field during the 100 days potato season was approximately 421,860L in 2006 and 444,500 L in 2007 which
respectively represented 73 % and 77% of the total irrigation supply. The amount of water loss was highest at
the beginning of the season, with the water loss volume of as high as 90% of the irrigation supply. This was
because of the low Et losses from the field as there is little or no vegetative cover at the field surface.

Surface runoff losses accounted for approximately 53% of total irrigation in 2006 and 57% in 2007 while SLF
losses were estimated approximately 20% for both seasons ranging from 16% to 22%. Surface runoff from the
water furrows decreased as the growing season advanced while SLF did not change significantly. In February
2006, average daily RO loss was 456,815 L which reduced to 348,937 L in March and during the last two
months the quantities of RO losses were less than the average daily losses observed during previous months by
a magnitude of more than100,000 L. A similar water loss trend was observed in 2007 as well. Surface runoff
was as high as 450,000 L per day in February which continuously decreased during the following months. This
suggested that as the Et rate increased with the crop growth, hydraulic gradients in the soil also increased and as
a result more water was drawn into the soil consequently reducing the RO volumes. It was further supported by
average SLF observations that showed little change from February to May. In 2006 average daily SLF loss in
February was 94,231L while in May it was 128,066L. The results were similar for the 2007 growing seasons as
well. Evapotranspiration and RO showed an inverse relationship across the growing period while SLF showed
statistically insignificant yet a gradual increase. These results suggested that, although the changes in average
SLF were very small from February to Mayj, it increased with increase in Et form areas around the border of the
field. Since Et losses occur also from the surrounding road surfaces it can increase the gradient across the border
causing more water to flow laterally towards the ditch or the adjacent fields.

Conclusions

This study showed that the soil properties in the TCAA changed significantly in terms of the texture, bulk
density, water holding capacity, and the soil water movement with increasing depth. Presence of an argillic layer
with low permeability was evident in the results which showed significant increase in clay content and Dy, and
decrease in the K; at 120cm depth. Observations of the low water holding capacity along with very high K; of
the soil near the crop root-zone also suggested that subsurface seepage irrigation system was highly relevant for
the potato and vegetable farming practices in TCAA. Precise control of the water table near the root-zone,
avoids any moisture stress to the crops which would be highly likely to occur under other irrigation systems.

The study also estimated that the total amount of water loss from a typical seepage irrigated field during a 100
day cropping season was up to 77% of the total irrigation supply under little or no rainfall conditions. Under
normal rainfall conditions, the water loss could be as high as 87% of the total water received by the field. The
average efficiency of irrigation water use was approximately 27% in 2006 and 23% in 2007. Water loss by
surface runoff from the water furrow was highly dependent on the Et rate, showing an inverse relationship.
Despite the manageability and effectiveness of seepage irrigation, the aspects of water use efficiency under
seepage irrigation should not be overlooked as it could potentially hasten the loss of nutrients and chemicals into
the drainage waters. The results obtained from this study have therefore provided a basis for further research
towards developing better water management alternatives to meet the best management practice (BMP) goals
implemented in TCAA. The estimated results of water loss are however preliminary and need to be confirmed
with the field measured water los data. Currently further studies on the development of a water table
management model in the TCAA are under way.
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Abstract

Crop yield is related to soil compaction and water availability. In periods with scarcity of rains, water deficit to
plant and soil resistance to root penetration are the main factors which cause yield loss. The way they affect
biological processes in crops is already well understood; nevertheless, when and with what intensity they act are
difficult questions to answer, above all in relation to resistance penetration, since studies do not duly consider its
dynamic behavior. The declared hypothesis is that the time for the resistance penetration to reach a restrictive
value is a consequence of the state of compaction and is related to plant response. The penetration resistance
was estimated throughout the growing phase of the bean plant crop (Phaseolus vulgaris) as a function of soil
moisture at different compaction levels (chisel plowed; no-till and no-till with additional compaction). The
results obtained confirm the hypotheses of this study. Data showed that the time for the resistance to penetration
to reach the value of 2 MP is different among the compaction levels and is directly related to the grain yield.
Chisel plowing provides a significant increase in grain yield when the soil is high compacted. The analysis of
time for the evolution of resistance to penetration at a critical value is a promising strategy with predictive
potential for the effect of soil compaction on crops.
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Introduction

The expansion of no-till system in the world has been accompanied by increasing use of agricultural machinery,
whose continued traffic intensifies soil compaction, especially in inappropriate soil moisture conditions and can
reduce crop production. Reductions in yield of bean greater than 50% were observed in the no-till when it was
compacted by traffic (Collares 2005). Reduced production due to soil compaction has been reported in several
other crops (Secco et al. 2005; Freddi et al. 2008). On the other hand, attempts to reduce soil compaction by
plowing or chiseling not always were advantageous (Secco et al. 2004; Marcolan and Anghinoni 2006).
Various physical properties have been related to crop response in the attempt to define critical physical limits.
Using crop yield as a reference, Reinert et al. (2001) established restrictive values of soil bulk density as a
function of the clay content. These levels have been refined with the association of studies of various other
researchers who studied the physical quality of the soil by means of the least limit water range (LLWR)
(Reichert et al. 2009), which associates information of critical aeration porosity and resistance to penetration.
The great difficulty has been in establishing limits for these indicators which characterize a state of compaction
which is harmful to crops. More than that, the greatest challenge has been in describing relations between one
indicative piece of data and plant response, in a way that the relationship or model preserves the sensitivity
between the cause and the effect in other situations of its application. The hypothesis is that values which
indicate restriction from resistance to penetration occur at different times among the compaction levels, and
there is a relationship between the grain yield of the bean plant and the time for resistance to penetration to
reach restrictive conditions.

The objectives of this study are: (i) to generate equations of soil resistance to penetration as a function of soil
moisture and estimate soil resistance to penetration during the bean plant growth period; (ii) quantify the period
of time which passes for soil moisture to decrease from a moisture condition after rain or irrigation up to the
moisture condition in which resistance to penetration reaches a critical value; (ii1) relate grain yield with the
period of time which passes for resistance to root penetration to reach a critical value.

Methods

An experiment was implanted in the experimental area of the Soils Department of the Federal University of
Santa Maria (29° 43’ 14” S, 53° 42’ 18” W), Rio Grande do Sul, Brazil. Soil at the location is classified as a
typical Red Dystrophic Argisol, with a sandy loam surface texture with 150 g/kg of clay, 238 g/kg of silt, and
612 g/kg of sand, at the layer from O to 0.30 m. The area has been cultivated under no-till for 16 years.
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In 12 experimental units (5 m long x 3 m width) distributed in four blocks, the treatments were randomized
which consisted of three compaction levels: (1) soil under no-till along 16 years (NT), (2) soil under no-till
along 16 years that received mechanical compaction (C-NT) and (3) soil under no-till along 16 years that was
chisel plowed (CP). The C-NT was defined by means of the successive traffic of an agricultural tractor
(approximate mass of 3.8 Mg), with a disk plow connected to increase the load on the soil. Four sequences of
traffic were performed over the subplot, with parallel passing, at a distance from one another of half the width of
the rear tractor tire. This operation was performed when the soil presented moisture of 0.14 kg/kg.

The CP was defined by means of chisel plowing performed with a subsoiler, with shanks 0.5 m apart, to a depth
of 0.25 m. Chisel plowing was performed when soil moisture was around 0.11 kg/kg. Compaction and chisel
plowing were performed after chemical dissecation and spontaneous plant senescence present in the area
(glyphosate, at a dose of 1,230 g.a.i./ha). Seeding of the beans, BRS Valente cultivar, was performed on
January 30, 2008 (second crop), at a density of 280,000 seeds/ha.

For purposes of characterization of the compaction levels, porosity and soil bulk density were measured at 5
DAS, corresponding to 20 and 13 days after the operations of chisel plowing and compacting respectively. Soil
samples were collected with their structure preserved in metallic rings of 0.06 m diameter by 0.05 m height in
the layers of 0-0.1; 0.1-0.2; 0.2-0.4 m. The soil resistance to penetration (PR) was determined at 23, 25, 26, 35
and 36 DAS, with a manual penetrometer with electronic data storage and a conical point with a 30° angle of
penetration. Determinations of the PR were used to generate PR regression equations as a function of the soil
moisture. These equations were used to estimate the daily PR throughout the crop cycle based on the moisture
data measured with TDR. The time which passed until the PR reached the value of 2 MPa (Dayspr<ampa;) Was
calculated by means of the estimates of PR throughout the crop cycle. The measurement Dayspr<ompa Was
quantified in the period from 33 to 52 DAS, when the rainfall had practically ceased. Time zero was considered
when the soil moisture was near field capacity (33 DAS, Figure 3). The intensity of PR was also quantified,
measured by the difference between the maximum values of PR in the period analyzed minus the value of 2
MPa (APR prmax-2mpay)- The value of 2 MPa was chosen as the critical value, due to its generalized use by most
researchers.

Results

Changes in soil moisture were greatest from 32 to 52 DAS due to extremely low rainfall. Soil moisture
variations were more pronounced at the layer ranging from surface to the depth where the effects of different
levels of compaction were observed, especially in the 0-0.10 m layer, both within and among levels of
compaction. However, the moisture measured 24 hours after significant rainfall (6,4,), which occurred at 14 and
33 DAS, was not significantly affected by the levels of compaction. As of 33 DAS, soil moisture in CP was
always less than in the other compaction levels, mainly in the layer from 0-0.10 m. As the 6,4, was similar in the
different compaction levels, which confers a similar quantity of water in the profile, the more accentuated
reduction of soil moisture in the CP must be associated with a greater depth of the root system of the crop,
which allowed greater access and, consequently, greater water extraction of soil. In the C-NT, greater soil
moisture indicates less access to water by the crop, limited by the high PR. The PR profile of the C-NT at 36
DAS (Figure 1), two days after a period of intense rainfall, and considering 2 MPa as restrictive, clearly
indicates that the PR must have limited crop growth even when the soil had elevated moisture. The PR profile of
the C-NT shows the occurrence of PR greater than 2 MPa in the layer from 0-0.10 and near this value in the
layer from 0.10-0.20. This indicates that the first factor to limit crop growth was the moisture in the CP, and the
PR in the PDC. In the PD, moisture and PR must have affected in conjunction, but both at lesser intensities and
with non-additive effects.

The time which passed for the PR to reach the value of 2 MPa, or the time in which it remained above this
value, to the extent that soil moisture decreased, was different among the compaction levels, as well as among
the soil layers (Figure 2). The time which passed for the PR to reach the value of 2 MPa (Dayspr<ampa) Was on
mean 2 and 7 days for the C-NT and PD, respectively, in the 0-0,10 m layer and 3, 4 and 13 days for the C-NT,
NT and CP respectively in the 0.15-0.25 m layer. The intensity of the PR measured by the difference between
the maximum value of the PR in the period analyzed minus the value of 2 MPa (APR prmax-2mpa) Was on mean
0.5 and 1.0 MPa for the NT and the C-NT respectively, in the 0-0.10 m layer and 0.4, 1.2 and 1.4 MPa for the
CP, NT and C-NT respectively in the 0.15-0.25 m layer. At the time in which the estimated PR was equal to 2
MPa, the soil moisture was in the domain of the functions of the estimate of PR. Soil moisture which
corresponds to the lower limit of the domain of the functions occurred at the time indicated by the dotted
vertical line (Figure 2).
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Figure 1. Soil resistance to penetration measured at different days after seeding (DAS). The horizontal lines
represent the least significant difference of the Tukey test at 0.05 and compare the means of the treatments in each
layer. CP = chisel plowed; NT = no-till; C-NT = compacted no-till; * = significant; ns = not significant.

Therefore, one verifies that the APR prmax-2mpa calculated is the result of extrapolations of the functions to values
beyond the interval over which they were generated. Nevertheless, the lower limit of moisture of the domain of
the general function in the 0-0.10 m layer was 0.07 cm®/cm’, less than the moisture of the wilting point (0.09
cm’/cm’), and the best adjustment of the PR as a function of moisture was the linear. Thus, one expects that in
the 0.15-0.25 m layer, if the soil moisture used for the adjustment of the function had decreased as in the 0-0.10 m
layer, the linear model would be that which would best adjust a function to the data.

Therefore, the extrapolation used in this study may be considered as an acceptable risk. Comparison of the
values of Dayspr<ampa) With the PR profile at 36 DAS, two days after a period of intense rainfall, shows that the
PR in the C-NT had reached the value of 2 MPa, while in NT it would take some days; however, it would not be
possible to foresee how many days it would delay. For the 0.15-0.25 m layer, one would also expect that the
value of 2 MPa would first occur in the C-NT and NT and then in the CP. Knowledge of the increase of the PR
as a function of the daily rate of soil water extraction requires sequential or strategic measurements which allow
one to foresee the evolution of the PR and the occurrence of levels which are critical to the plants. The strategy
used in this study has potential for this purpose.

The average grain yield was greater in the CP and in the NT (2,807 e 2,791 kg/ha, respectively) which differed
from the C-NT (2,254 kg/ha) by the Tukey test at 0.05 (Figure 3). Many studies have shown that when
compaction is induced by intense traffic, crops decrease yield in relation to no-till. However, when no-till is
compared with soil mobilization, whether by chisel plowing, moldboard plowing or disking, crop response has
been varied. At times the yields are greater in mobilized soil, and other times in no-till, or without a difference
between soil management systems. In this study, the bean plant grain yield showed that chisel plowing was not
a beneficial option compared to the NT; however, it may significantly increase the yield when soil compaction
is high (C-NT).

The results of this study confirm the hypothesis that the indicative values of restriction of resistance to
penetration (2 MPa) occur at different times among distinct levels of compaction. The PR of 2 MPa occurred at
33 and 40 DAS in the C-NT and NT respectively (0-0.10m layer), and at 37 DAS in the C-NT and NT and at 47
DAS, in the CP (0.15-0.25 m layer). The hypothesis that there is a relationship between grain yield and the time
for the PR to reach a restrictive value was also confirmed. Thus, temporal analysis of the PR may be a good
study strategy of the effect of soil compaction on crops. In addition, this strategy presents PR predictive
potential and may come to be a good guiding instrument for making decisions in regard to physical soil
management.

© 2010 19" World Congress of Soil Science, Soil Solutions for a Changing World 163
1 -6 August 2010, Brisbane, Australia. Published on DVD.



3.5

= {

% A~ C.NT Layer0-0.10m [

= 307 —o—nT

g —— CP |

g 25

(0]

C

8 50| |

o 2.0 |

3 |

c 1.5 1 [

S

7]

3 1.0 -

5 [

? 05 T T T T L, " T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Days after seeding

Figure 2. Variation of the soil resistance to penetration at different compaction levels. The vertical line indicates the
time at which the soil moisture (Figure 3) decreased beyond the domain of the soil resistance to penetration estimate
functions. CP = chisel plowed; NT = no-till; C-NT = compacted no-till.
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Figure 3. Average yield of bean plant crop. Columns followed by the same letter do not differ statistically by the
Tukey test at 0.05 probability of error. CP = chisel plowed; NT = no-till; C-NT = compacted no-till.

Conclusion

The time for resistance to penetration to reach the value of 2 MPa is affected by the state of compaction. In soils
with a high state of compaction, plants suffer restriction to growth earlier and with greater intensity through
resistance to root penetration than through water deficit. In contrast, in mobilized soils or not very compacted
soils, resistance to penetration is much less important than water deficit. The analysis of time for the evolution
of resistance to penetration to a critical value is a promising strategy and has predictive potential regarding the
effect of soil compaction on crops.
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Subsoil manuring with different organic manures increased canola yield in a dry
spring
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Abstract

A field study was undertaken in 2007 to examine the effects of subsoil manuring, with different rates of organic
amendments, on the growth and yield of a canola crop. The crop was grown on a Sodosol with dense sodic
subsoil, in a high rainfall region (long-term average annual rainfall 576 mm) of Victoria. Amendments were
applied at a rate of 5, 10 or 15 t/ha. Minimal rain fell during the late winter and early spring, but then significant
rain fell in the late spring. The crop was sown late (mid June) and cool winter conditions delayed the
germination and early growth of crop until spring. There were no treatment differences in canola biomass during
vegetative growth or at anthesis. The control plots experienced water deficit stress during October and began to
senesce. However the plots with organic amendments remained green during October, and were able to respond
to the rain that fell in the late spring. All organic amendment treatments, apart from the low rate of pig manure,
produced higher canola yields, than the control treatment. Yields generally increased linearly with increasing in
rates of organic amendments. A key finding was that the poultry manure used in this study was equivalent in
effectiveness to the lucerne pellets.

Key Words
Canola, Deep ripping, Pig manure, Poultry Manure, Subsoil constraints

Introduction

There is now a widespread awareness that the dense clay subsoil in Sodosol soils can limit the performance of
crops grown on these soils (Wong and Asseng 2007). The soils tend to become waterlogged on top of the
relatively impermeable clay layer early in the growing season when winter rainfall exceeds evaporation
(Gardner et al. 1992), and yet there may not be sufficient plant-available water above the clay for the crops to
reach their potential yield at the end of the growing season, particularly if there is a dry finish to the season. It is
not surprising therefore that many crops in the high rainfall zone (HRZ) of southern Australia do not yield more
than one third of their potential (Riffkin and McNeil 2005).

Research from our laboratory has led to the development of subsoil manuring technology. This involves the
placement of large quantities of organic amendment (such as 20 t/ha of lucerne or Dynamic Lifter® pellets) in
the upper layers of the clay B horizon in Sodosol soils (Gill ef al. 2009). Substantial increases in wheat yield
(50-70%) and water extraction (up to 70 mm of additional subsoil water) from the clay subsoil during post-
anthesis crop growth, have occurred at sites in the high rainfall zone of south west Victoria (Gill et al. 2008,
2009). These increases in crop performance were closely correlated with improvements in the physical
properties of the subsurface layers that received the amendments (Gill et al. 2009). However the amendments
used in these experiments were expensive and limited in availability. The issue is whether low-cost animal
manures are effective as organic amendments for subsoil manuring. The manures are widely available in
Victoria.

In this paper we discuss the effects of different rates (5, 10, and 15 t/ha) of pig and poultry manures, for their
effects on the growth and yield of canola grown at Ballan in south west Victoria in 2007. The performance of
these manures will be compared with equivalent rates of the lucerne pellets that were used in the earlier subsoil
manuring experiments.

Methods

A field trial was carried out in 2007 on a Sodosol soil at Ballan in a high rainfall region of Victoria (long-term
average annual rainfall 576 mm). The soil had a dense sodic subsoil (py, = 1.4-1.6 g/cm’; ESP=17-21%). The
trial had a randomized complete block design with nine treatments (Table 2) in three replicated blocks. Each
plot was situated on a raised bed (1.7 m wide) and was 10 m long, with a buffer bed between two treatment beds
and a 3 m buffer space between two treatments on the same bed. Two beds were left as a buffer between blocks.
The amendments (Table 1) were applied at the depth of 30-40 cm using a custom-modified twin-ripper
implement, with a 20 cm diameter pipe located behind each ripper shank. An attached hydraulic-operated fan
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was used to move the materials down through the pipes. The organic amendments were fed into the pipes
manually. The lucerne pellets contained 2.8% N, 0.9% P, and 1.4% K, poultry manure contains 3.2% N, 1.8% P
and 2.1%XK while pig manure contains 1.8% N, 1.2% P, and 1.3% K. Treatments were applied one week before
sowing of the crop.

Canola (Brassica napus) was sown in mid June, 2007. Daily rainfall events in 2007 are presented in Figure 1.
This shows that a dry spring occurred with minimal rainfall from mid-August to the end of October. Canola
shoots, cut from a 0.5 m* quadrat, were sampled for biomass and N concentration determination on 19"
September and at flowering on the 15" October 2007. The N concentration in a ground subsample of dried
shoots was measured using an Elementar CN analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).
Grain yield was determined from mature shoots, harvested (15" Dec 2009) from the 0.5 m” quadrat, on the
raised bed. Significant differences between treatments were determined by analysis of variance using Genstat 5
(Lawes Agricultural Trust, Rothamsted, UK).

Table 1. Description of the treatments used in the field trials

Treatment Amendment Rate
(t/ha)
1 Lucerne pellets 5
2 Lucerne pellets 10
3 Lucerne pellets 15
4 Pig manure 5
5 Pig manure 10
6 Pig manure 15
7 Poultry manure 5
8 Poultry manure 10
9 Poultry manure 15
10 Control Deep ripped only

120 -

Rainfall (mm)

Jan Feb  March April May June July Aug Sept Oct Nov Dec

Figure 1. Daily rainfall events (bars) during 2007 at the trial site, together with the actual (continuous) and long-
term monthly rainfall means (dashed lines).

Results and Discussion

Crop growth

The crop was sown late because of an infestation of annual ryegrass in paddock. Low temperatures followed
during the winter months (maximum daily temperatures were around 12°C while minimum temperatures were
generally < 5°C) with frequent frosts and one snowfall event. Germination and growth of crop were slow during
this time. There was no differences in shoot biomass between treatments at the first harvest (mean 101 g/mz),
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taken at rosette stage of growth. Biomass results (data not shown) for the harvest at flowering showed trends of
increasing biomass in the treated plots, but no significant differences occurred.

Nitrogen concentration in canola shoots

There were no significant differences between treatments in shoot N concentrations at the 1* harvest (mean 5.1
%N). However there were differences between treatments and the control in the shoot N concentration at
flowering (Figure 2). Here the three rates of the poultry manure had significantly higher shoot N concentrations
(P<0.05) compared to the control, as did the two higher rates of lucerne pellets. No pig manure treatments
differed from the control in shoot N concentration at flowering.

[A] [B]
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i O5t/ha M10t/ha B15t/ha
3.0 - 5.0
2.5 —
= _ _ _ 4.0 S
£ 2.0 c
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Figure 2. Canola grain yield (A) at harvest and the shoot N concentration at flowering (B). Dotted line shows values
for the control treatment.

Crop performance and grain yield

Grain yield from the canola plots was significantly higher in all the organic-manure-treated plots, apart from the
pig manure application of 5 t/ha. (Figure 2). Yields increased linearly with increases in rate of application of
lucerne pellets and both manures from 5 t/ha to 15 t/ha. Increase in rate of application of pig manure from 10
t/ha to 15 t/ha also increased the yield significantly. The grain yield of canola was 115% higher with the 15 t/ha
of lucerne pellets or poultry manure plots compared to the control plots (Figure 2).

The high rainfall events during May to July period (242 mm) would have increased the soil water status in the
profile. This meant that there was adequate soil water to sustain the rapid increase in canola growth in all
treatments in the early spring. However the dry conditions, resulting from the lack of significant rainfall events
from late July to the end of October (Figure 1), began to restrict canola growth in the control plots during the
mid spring period. Another subsoil manuring trial with canola had been established next to this field
experiment, where access tubes for monitoring soil water with a neutron probe had been installed (Gill et al.
2008). Soil water measurements from the adjacent trial (data not presented) indicated that more soil water below
the depth of 40 cm had been used by the canola plants from organic-amended plots, compared to the control
plots, by the end of October. Thus it is likely that the canola plants in the organic-amended plots in this study
were able to extract more subsoil water than the plants growing in the control plots. Large rainfall events
occurred in early November during the latter part of the podfilling period (Figure 1); the canola plants in the
organic-amended plots had not suffered any moisture stress prior to this rain and were able to benefit more from
the rain. In contrast, the control plants had been showing symptoms of severe moisture deficit stress during
October, and had begun to senesce when the November rain occurred. Consequently they did not respond to
this late rain.

The poultry manure used in this study was equal in effectiveness to the lucerne pellets, when used as an organic
amendment for subsoil manuring. This is encouraging for grain growers in the HRZ (High rainfall zone) as
poultry manure is considerably cheaper and is more available than lucerne pellets. The pig manure however
was less effective than the other two amendments, at all rates of incorporation. It is likely that the lower N
concentrations in the pig manure reduced the N status of the canola plants relative to the other amendments
(Figure 2), and this contributed to the lower canola yields.
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Abstract

A field-scale solute transport experiment was undertaken using a bromide tracer to understand leaching in soils
of drip irrigated vineyards. The effect of applied irrigation volume was investigated with 3 distinct emitter rates
(treatments) of 1 L /h (T1), 1.6 L /h (T2) and 2.3 L /h (T3). Depth concentration profiles of bromide and the
recovered mass of applied bromide showed just one significant difference (times 2) between the irrigation
volume treatments. Soil water content remained very high throughout the experiment, which indicates that
antecedent soil moisture is a major factor that strongly influences soil leaching rates and patterns. These results
on bromide movement are indicative of nitrate and salt movement and suggest that close attention needs to be
placed on irrigation timing and soil water content to avoid excessive leaching, especially when fertiliser is
applied so that nutrients are kept within the root zone.

Key Words
Drip emitter rate, irrigation volume, bromide tracer, field solute transport, nutrient movement, soil water

Introduction

Scarcity of water in many parts of the world has led to increased interest and indeed greater need for
improvements in the management and distribution of water resources for irrigation. In some countries the water
situation is critical and it is necessary to increase global food production to reduce the widespread hunger.
Increasing water use efficiency can be achieved by several means, including system design, soil moisture
monitoring, irrigation scheduling and reducing loss pathways such as drainage beyond the root zone. In an
irrigated production system nutrient use efficiency is strongly related to water use efficiency. Indeed fertilizer is
often applied at the same time or close to when a field is irrigated. While soil water and nutrient supply are often
separated into two distinct problems, they are actually closely associated. We believe that for many irrigated
agricultural production systems there is a great need to focus on soil nutrient status and soil water together.

To further understand the relationship between soil water dynamics and nutrient movement a study was
undertaken on a drip irrigated vineyard in the Riverina wine region of NSW Australia. Recently, this region has
experienced constraints on water allocations for irrigation and irrigation water costs have risen. In addition, over
the last 10 years there has been a large increase in the area of drip irrigation systems (while the area of furrow
irrigated vines has declined). Hutton et al. (2007) report that there are large differences in the application rates
of fertilizer and evidence of inefficient fertilizer application practices. Therefore, there is a major need for
improved understanding on fertilizer application for drip irrigation systems. This paper seeks to increase
understanding on the movement of nutrients and solutes from drip irrigated vineyards. In that context, this work
aims to investigate the effect of irrigation volume on the leaching characteristics of a tracer during the growing
season. A tracer approach was chosen as it relates to the movement of nutrients (such as nitrate) and salts. The
objectives of this experiment were to: 1) observe the spatial and temporal leaching characteristics from a surface
applied drip source; 2) calculate the water and nutrient use efficiency of different irrigation volumes; and 3)
estimate the risk of nutrient and solute leaching.

Methods

Site description and instrumentation

The experimental site is located within a 2.7 ha commercially managed vineyard near Griffith, NSW, Australia
(34° S, 146° E). The vineyard is drip irrigated and was planted with Chardonnay grapes in 2002 at a row spacing
of 3.6 m and vine spacing of 2.5 m using a single cordon, spur pruned growing system. This site has low relief
which is typical for the extensive Riverine plains that are distributed across the south and west of NSW. The
landscape contains deep alluvial sediments with some sandy prior streams which were deposited by the action
of ancient streams. At the surface (0 — 15 cm) the soil is a clay loam texture and below this the profile becomes
a sandy clay loam. The soil at the experimental site is classified as a Brown Dermosol (Isbell 2002). This soil
drains well and is commonly found across this region. The soil bulk density was measured using the core
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method (McKenzie et al. 2002) and the soil particle size analysis was determined using the hydrometer method.
Soil chemical and physical properties at 6 depths are given to characterise the experimental site (Table 1).

Table 1. Soil chemical and physical properties by depth for the field experimental site

Depth EC pH Bulk density Sand Silt Clay
(cm) (dS/m) (1:5 water) (g/ cm3) (per cent)  (per cent) (per cent)
0-10 0.13 7.09 1.40 48.5 8.9 42.6
10-20 0.21 7.19 1.40 40.3 7.9 51.9
20-45 0.48 7.24 1.46 28.9 7.7 63.3
45-60 0.64 8.21 1.27 27.9 11.3 60.9
60-75 0.46 8.91 1.30 31.6 10.5 57.9
75-100 0.36 9.44 1.37 40.1 11.8 48.2

Irrigation was controlled by the vineyard property owner and was scheduled and managed on a commercial
basis. The decision to irrigate was determined according to weather conditions and crop condition, although at
certain times the irrigation schedule was fixed. There were three irrigation treatments (T1, T2 and T3) that were
established and varied according to different drip emitter rates (1.0, 1.6 and 2.3 L /h). Each treatment received
irrigation for the same period of time. Irrigation commenced on 26 September 2008 and finished on 30 April
2009. A randomised complete block design was chosen and each irrigation treatment was replicated four times.
Each plot was 25 m long and three vine rows wide. To maintain regular observations on the dynamics of the soil
moisture granular matrix resistance sensors (Watermark Irrometer Co. USA) were installed on 26 September
2008 at three depths (0.25, 0.5 and 0.75 m) in the middle row of each plot. These sensors recorded soil matric
potential (kPa) every 2 h which was stored on a field-based data logger.

Tracer application

Bromide (Br’) was applied as an aqueous solution at 32 mg Br/cm? (as KBr) on 7 November 2008 (close to
flowering when fertilizer is typically applied). This is a comparable level to that used in other tracer studies
(Tilahun et al. 2005). An animal health vaccinator (NJ Phillips Pty Ltd) was used to inject 5 ml doses 5 cm apart
in a square grid layout (625 cm?) at a depth of 20 mm below the soil surface. The centre of the injection grid
was placed directly underneath a drip emitter. There were 15 injection sites in each plot to allow for a total of 5
separate sampling times. Due to the destructive nature of the soil core sampling there was no repeated sampling.

Soil sampling and laboratory analysis

Soil core samples were taken at predetermined locations along each plot on five occasions (7, 26, 46, 83 and
131 days after the Br” was injected) during the 2008/ 09 growing season. Each coring point was directly under
the centre of the Br injection grid and was taken using a tractor-mounted hydraulic ram to a 1 m depth. The core
samples (50 mm diameter) were segmented into 8 depth increments: 0-5, 5-10, 10-20, 20-30, 30-40, 40-60, 60-
80 and 80-100 cm and stored in zip-lock plastic bags. Bentonite powder was poured into the cored hole to
prevent a preferential pathway developing at each sample point. Soil core samples were oven dried (48 h at
105°C) and the gravimetric water content was determined. Samples were crushed and passed through a 2 mm
sieve. An aqueous soil extract solution (1:1 ratio) was prepared using 20 g of dried soil and 20 ml of deionised
water. Each solution was shaken with a rotating laboratory shaker, then centrifuged and filtered (0.48 um) into
vials and analysed for Br™ using ion chromatography (Dionex ICS-2500 system).

Transfer function modelling, statistical analysis and mass balance

A least squares optimisation technique was used to calculate the best fit of observed values of field-averaged
normalised Br™ concentrations from 8 depths with a probability density function (pdf) at 5 different sampling
times. Two pdf’s were investigated, the convective dispersion equation (CDE) and the convective lognormal
transfer function (CLT) (Butters and Jury 1989):

—(n(3) —n) s20° [1]

where u = mean, ” = variance. The CLT provided a much better fit to the data than the CDE. Analysis of
variance (ANOV A) was used to check for differences between the treatments at each sampling time. Then a
Bonferroni multiple comparison was used to determine whether there was a significant difference of the mean
travel depth of Br™ between treatment pairs (i.e. T1 vs. T2 etc.). The mass of Br™ recovered from the soil core
samples was compared with the applied mass of Br™ less the small background concentration of Br'. The
percentage recovery of the applied Br™ solute is an important calculation to check that the solute is adequately
accounted for.

fi(2) = [1/(2m) 1 2gz]exp
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Results

Bromide concentration profiles

The depth concentration profiles of Br™ clearly showed that there was a great amount of solute movement during
the first 3 weeks after the start of the experiment. Figure 1 shows a depth concentration profile for T1 for the 5
sampling times during the course of the experiment. After sample time 2 (26 days) there was much less Br’
measured and it is thought that it was mostly leached from the soil profile.
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Figure 1. Bromide concentration (mg Br/ cm’) by depth for treatment 1 at 5 sampling times during 2008/09

Using a convective lognormal (CLT) model for solute transport it was found that the level of applied irrigation
volume produced a significant difference (P = 0.04) in the average depth reached by the solute at time 2 only,
while at times 1 and 3 there was no significant difference. At times 4 and 5 there were significant differences in
the variability of the depth reached by the solute, however these data are not conclusive since by time 4 a large
proportion of the solute mass had leached beyond the measurement region. The difference in the depth
concentration profile of Br™ for all treatments at sample time 2 is given in Figure 2.
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Figure 2. Bromide concentration (mg Br7/ cm’) by depth for all treatments (T1, T2, T3) at the sample time 2

Mass balance

The mass balance is the amount of Br that was recovered as a percentage of the amount applied (Figure 3).
These results support and further emphasise that there was no significant difference between the treatments.
Most Br was recovered after 7 days (time 1), but by sample time 2 >70 % of the applied Br™ had been leached.
By the end of the experiment the Br™ concentrations were close to the background levels.
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Figure 3. The percentage bromide recovered as a percentage of the amount applied at 5 sampling times for 3
different irrigation volume treatments (T1 =1L /h, T2 = 1.6 L /hand T3 = 2.3 L. /h)

Soil moisture

The soil moisture status was very wet from the start of the experiment and remained wet for all the treatments
(T1, T2 and T3) for the period until the end of 2008. In fact, for much of this period there was little difference
between the treatments, for example the soil water potential is shown at 50 cm depth (Figure 4). These data
agree with other measurements of soil water content (data not shown) taken at time 1-5.
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Figure 4. Soil water potential (kPa) at 50 cm depth for the 3 applied irrigation volume treatments during 2008/09

Conclusion

The applied irrigation volume was only once found (time 2) to have a significant effect on the average depth
concentration of Br. At other times there was either no significant difference (time 1 and 3) or a difference could
not be observed due to leaching beyond the depth of measurement. This suggests that the drip emitter rate and
ultimately the irrigation volume is not a dominating factor on the leaching of Br. The soil water content plays an
important role on leaching and appears to be more important than irrigation volume. Analysis of solute transport
parameters using a transfer function modelling approach confirms this interpretation. Therefore, we believe that

greater attention needs to be placed upon the soil moisture than drip emitter rate or irrigation volume to avoid
excessive nutrient leaching.
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Abstract

The effects of agricultural management practices on soil physical parameters provide fundamental information
for assessing sustainability. Tillage and fertilizer rates were evaluated for their effects on soil bulk density (Py),
water retention characteristics and saturated hydraulic conductivity (K;) on a clay loam (Typic Haplustox). The
field experiment was initiated in 2003 and planted to dry-land maize. Tillage regime and limestone ammonium
nitrate (LAN) application rate significantly affected soil physical properties in the topsoil (0 - 5 cm). Under no-
till (NT) the P,, saturated water content and K were considerably lower than under conventional tillage (CT)
and greater plant available water was retained under NT. At 200 kg N/ha P, water retention and K was
significantly lower than at the lower rates of LAN application, especially under NT. These results suggest there
is a need to re-evaluate the sustainability of using high rates of LAN to increase crop yields, especially under
NT systems.

Key Words
Soil quality, soil physical properties, conservation tillage, nitrogen fertilizer

Introduction

Soil quality is linked to human health and environmental sustainability. As such, there is a need to evaluate the
effect of agroecosystems on soil quality (Janke and Papendick, 1994). Tillage alters the physical, chemical and
biological properties of soil ecosystems (Doran, 1980) and thus it is an agricultural practice of particular interest
in its effect on soil quality. A large body of literature has accumulated on the sustainability of various
agricultural practices and their long-term effects on soil and environmental quality (e.g. Jackson et al., 2003;
Spedding et al., 2004; Riley et al., 2008; Fuentes et al., 2009). Much of the published literature focuses on the
role of different tillage systems with an emphasis on conservation tillage in commercial farming systems in
developed countries. However, there is a deficit of similar research on the African continent, where agro-
ecological and socio-economic conditions differ markedly from those experienced in developed countries
(Fowler and Rockstrom, 2001). In view of this, an investigation was undertaken of the effects of nitrogen
application and tillage practice on soil physical properties, as part of a wider study, at a field experiment in
KwaZulu-Natal, South Africa.

Field experiment

The field experiment was established in 2003 at Gourton Farm, near Loskop (KwaZulu-Natal Province, South
Africa) to investigate the combined effects of cultivation methods (no-till and conventional tillage) and nitrogen
application (urea and limestone ammonium nitrate (LAN)) on maize yield and soil fertility. The field trial
includes three tillage treatments, namely no-till (NT; direct seeding into undisturbed soil), annual conventional
tillage (CT1; annual ploughing with a moldboard plough to a depth of 30 cm, followed by disking) and
conventional tillage (CT5; conventional tillage after every four seasons of no-till). Nitrogen is applied at five
rates to each tillage treatment as either urea or LAN. In the 2008/2009 season nitrogen was applied at
application rates of 0, 50, 100, 150 and 200 kg/ha (previously 0, 40, 80, 120 and 160 kg/ha) due to a linear
response in maize production to the fertilizer application rate used in the 2007/2008 season. Lime is applied at a
rate of 2 Mg/ha every second season to the entire trial. The trial is arranged as a split plot design; with
randomized tillage strips forming whole plots and N source and rate of application forming sub-plots which are
randomized within the whole plots. Each treatment is replicated three times (three blocks). Each sub-plot has 12
rows each of 9.5 m of maize at a density of 70 000 plants/ha. The area is cropped to dry-land maize in the
summer and stands fallow in the winter. Wheels from mechanized equipment are restricted to inter-rows 1, 3, 5,
7,9 and 11.
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Materials and methods

The soil is classified as Hutton form (Soil Classification Working Group, 1991); Typic Haplustox (Soil Survey
Staff 2003) with a clay-loam texture. Only the plots under NT and CT1 were investigated with N (applied as
LAN) application rates of 0, 100 and 200 kg/ha (6 treatments). Three undisturbed soil cores (50 mm height x 75
mm diameter) were collected from the topsoil (0 - 5 cm) in each plot and a single core was collected from each
of inter-rows 4, 8 and 10 (unaffected by wheeled traffic). Cores were collected 20 weeks after planting. The
cores were prepared and analysed for water retentivity characteristics, saturated hydraulic conductivity (K;) and
bulk density (Py,) using the method of Moodley et al. (2004). Water retention characteristics were determined at
0,-1,-2,-4, -6,-8-33 and -100 kPa matric potential using a tension table and pressure plate apparatus (Avery
and Bascomb 1974), after which K was determined prior to oven drying for determination of Py,. A value of -33
kPa was used to represent field capacity (Givi et al., 2004). Wilting point (-1500 kPa) moisture content was
determined in a high pressure chamber apparatus using <2 mm soil samples.

To determine K an empty core was taped to the soil core to increase the length and the soil sample was re-
saturated by capillary wetting. The core was then placed on a steel mesh held inside a funnel and K measured
by the constant head method (Klute and Dirksen, 1986).

Treatment effects on P, , K, total porosity, moisture content at field capacity and wilting point were analysed
by ANOVA (GENSTAT, 12" edition). Where significant overall effects were found, means were compared by
LSD at the 5% level of significance.

Results and discussion
Tillage has a considerable impact on the soil physical properties in the upper 5 cm of the soil profile. Bulk
density is significantly (p = 0.015) greater under NT than under CT (Table 1).

Table 1. The effect of no-till (NT) and annual conventional tillage (CT) on bulk density and saturated
hydraulic conductivity in the topsoil (0 - 5 cm) at different application rates of nitrogen fertilizer.

Fertilizer application rate Bulk density Saturated hydraulic conductivity
(kg N/ha) (g/cm’) (mm/hr)
NT CT NT CT
0 1.40 1.35 220 426
100 1.38 1.32 212 395
200 1.53 1.38 121 157

Under CT the bulk density in the plough layer is lowered by the mechanical inversion of the soil during tillage
which creates macropores and increases soil porosity. Many authors (e.g. Osunbitan et al., 2005; Bescansa et
al., 2006) have found that bulk density in the top 5 to 20 cm of soil is greater under conservation tillage
compared to CT up to 10 years after conversion to conservation tillage. Higher bulk density under NT
corresponds to the significantly (p = 0.008) lower saturated water content (Figure 1) and lower K (Table 1)
under NT compared to CT. Tillage-induced macropores allow more water to be held at saturation. However,
plant available water is greater under NT than under CT, which had a significantly (p = 0.024) higher
volumetric water content under NT at field capacity (-33 kPa; Figure 1). This is due to a higher proportion of
mesopores which is a consequence of increased aggregate stability that allows for the maintenance of soil
structure.

The application rate of LAN fertilizer also has a marked effect on the soil physical properties in the soil surface.
An application rate of 200 kg N/ha significantly increased bulk density (Table 1) and lowered the water
retention (Figure 2) at all matric potentials, especially under NT .Comparisons by LSD(5 %) indicate that the
volumetric water content at O kPa and -33 kPa in the 200N treatment is significantly (p < 0.001) lower than the
100N and ON fertilizer treatments. In addition, there is a decrease in K; at 200 kg N/ha under both NT and CT
compared to the lower rates of nitrogen fertilizer application (Table 1). It is proposed that the high application
rate of fertilizer on the soil surface is an irritant to soil fauna and thus pore formation and aggregate stability are
reduced leading to higher bulk density and lower moisture retention. Under CT the negative effect of 200 kg
N/ha is less marked as the effect of ploughing dominates leading to greater soil macroporosity.
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Figure 1. The overall effect of no-till (NT) and annual conventional tillage (CT) averaged across fertilizer treatment
(n =9) on the water retention characteristics for the topsoil (0 - 5 cm).
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Figure 2. The overall effect of limestone ammonium nitrate (LAN) fertilizer application rate (0 kg N/ha (ON), 100 kg
N/ha (100N) and 200 kg N/ha (200N) averaged across tillage treatment (n = 6) on the water retention characteristics
for the topsoil (0 — 5 cm).

Conclusion

Although soils under CT have greater saturated water content and lower bulk density the water retained within
the plant available range (-33 to -1500 kPa) is greater under NT. Furthermore, plant growth under NT is not
adversely affected by reduced porosity and therefore NT is the preferred tillage practice to provide long-term
sustainability and soil quality without causing negative soil structural properties for crop productivity in the
short-term. In addition although the increased levels of nitrogen fertilizer results in higher yielding maize plants,
the effect of high application rates of LAN result in a negative effect on the soil physical properties. This
suggests that the mechanisms for these negative impacts need to be investigated.
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Abstract

In a soil for which the plant available water is restricted solely by its hydraulic properties (i.e. not by high soil
strength, nor poor aeration and salinity) the amount of plant available water as defined by the integral water
capacity which is shown to be equal to the differential matric flux potential.
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Integral water capacity, plant available water, hydraulic conductivity, matric flux potential.

Introduction

Groenevelt et al. (2001, 2004) introduced the theoretical framework to calculate how much soil water might be
available to plants. There, the differential water capacity, C(h), was obtained from the water retention curve,
0(h), and then weighted for various soil physical limitations (e.g. excessively rapid or slow drainage or aeration,
high soil strength, salinity, and low hydraulic conductivity). The method allowed any number of physical
limitations to be incorporated to obtain a net amount of plant available water. In the present study we are
primarily interested in evaluating the sole contribution of low unsaturated hydraulic conductivity common in
most coarse-textured soils. This paper describes the theory required to allow such an analysis.

Theory
The integral water capacity, INC, was defined by Groenevelt et al. (2001) in terms of the matric head, h:

IWCET oM [ dn (1]
he \ J=1 : dh

in which h; and hy are the initial and final matric heads, h¢ > h;, and the w;(h) are weighting functions designed to
reduce the differential water capacity, C(h) = d6/dh, based upon a number of limiting soil physical properties, j
=1 to n. In this context we focus here solely on soil hydraulic limitations, which arise partly from the inability
of the soil matrix to release water and partly from its inability to transport water from one point to another. The
limiting ‘water release’ component is found in the differential water capacity, d8/dh, and the limiting ‘transport’
component is found in the unsaturated hydraulic conductivity function, K(6), both of which can be combined to
formulate the so-called ‘diffusivity’ function, D(6) = K(8)/C(h).

If as a first approximation we define a weighting function, w(h) = D(0), its substitution into Eqn [1] gives:

wce = [ K(6)/ (48 4 [2]
b do |4n

dh

It can be seen that equation [2] reduces to:

IWC = jhh K(0) dh = d(h,)-d(h,) [3]

which is simply a difference in the matric flux potential (or the Kirchhoff potential) as outlined for example by
Klute (1952) and Raats (1970). An important consequence is that for soils in which nothing but hydraulic
properties restrict water uptake by plants, the integral water capacity is identical to the differential matric flux
potential.
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It is common to express h and K(h) as functions of the water content, which allows the integral in Equation [3]
to be written as:

we = ["" k(0)" do [4]
6 (hy) do

To evaluate this integral, we note that dK(0)/d0 is often available, derived from K(0) in integral form, which
allows Equation [4] to be integrated by parts:

[5]
o,(h,) d|K(0)h 8;(h;) 8, (h;)
[ A 0 oo L2 o5
0 (hy) do ef (hy) 0; (hy)
Rearrangement gives a more amenable integral:

Iei<hi) dh _ J-e (hy) d[K 9 I p 48 dK(e) 10 (6]
6y (hy) 0 (hy) 0; (hy) do

Now the first part of the integral in Equation [6] is relatively simple:

J‘:((::%e:hi(ei)Ki(ei)_hf(ef)Kf (ef) [7]

The second part, however, is somewhat more difficult to evaluate and requires assumptions about the form of
the 6-h relationship and the nature of its integration. In this work we assume a version of the 8—h relationship
proposed by Groenevelt and Grant (2004) and offer a solution to the second part of the integral using
incomplete gamma functions. As the work is currently under review for publication, the results will be
presented at the Congress or can be obtained from the authors directly.

Conclusion

In the limited circumstances where growth and water-uptake by an ‘average’ plant are restricted by the
hydraulic properties of the soil and nothing else, it is possible to calculate the amount of water that plants can
remove from the soil (the integral water capacity) by computing the matric flux potential. An evaluation of this
approach is currently underway using different types of plants grown at different planting densities under
different environmental conditions.
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Abstract

The Hybrid Soil Moisture Deficit (SMD) model (Schulte et al., 2005) was designed to predict soil moisture
conditions as a function of water balance for agro-climatic regions in Ireland. It is assumed to work between the
field scale (1,000 m?) and the regional scale (100 km?) and is being developed to predict runoff at the field scale.
However soil physical properties that affect the water balance vary significantly at field scale. This study
provides preliminary evidence of how a point estimation of SMD can be used as a predictor of a field water
balance. Point SMD predictions calculated from meteorological data measured on farm were compared with
continuous time series point volumetric water content (6,,) and periodic observations of variation in field
volumetric water content () both measured by time domain reflectometery. The 6, and 0, trends were relatively
similar.

Key Words
Soil, water, model, prediction, spatial, drainage

Introduction

The Hybrid Soil Moisture Deficit (SMD) model (Schulte et al., 2005) was designed to predict soil moisture
conditions as a function of water balance for agro-climatic regions in Ireland. It is a point model because it uses
input data from a specific meteorological observation location; however it has always been tacitly assumed that
it predicts water balance over an unspecified spatial extent thought of as a “field”. Additionally, the model is
effectively dimensionless with no defined support (i.e. defined length, width and depth over which it functions).
It was not designed to predict soil water contents, rather to predict when the soil was at a state of wetness,
expressed relative to field capacity, with units of mm rainfall deviation from field capacity. Furthermore, the
model has potential as the basis of farm decision support tools because it requires little data to run (soil
classified into one of three classes, rainfall, wind speed, temperature and solar radiation), yet during
development gave reliable predictions of relative soil water status for a range of grassland fields.

The SMD model is being developed as the core of a demonstration sustainable nutrient management decision
support system. As part of its testing and development, it is necessary to understand more about the spatial scale
over which the model applies, and how point predictions relate to field scale spatial variability on the farm. As it
was not designed as a physical model, soil variations are captured via 3 operational drainage classes: well,
moderate and poorly drained. Although a field is assigned to a class, two drainage classes may occur in the same
field, so it is imperative to ensure that each area of a field is allocated to the correct class. For practical purposes,
it has been decided that the minimum area to be considered will be 4,000 m?, which equates to the area of
spreading for one full slurry tanker. Although the weather is a main factor affecting nutrient transport from the
field to watercourses, the soil physical properties can also have a large impact on leaching and runoff events.
The objective of this work was to evaluate the relationship between Time Domain Reflectometry (TDR)
estimates of soil volumetric water content (0,) at a fixed location associated with the farm weather stations,
spatial variability 8;of water content in the field, and point prediction of SMD on the farm weather stations.

Methods

Sites

Ten sites representative of the three grassland soil drainage classes were selected to evaluate the SMD model
and the larger decision support system as a whole. They were selected based on geographical distribution (north
to south climate gradient) and the range of drainage classes they encompassed. For this paper, examples from
two sites are presented representing poor and well drained soil classes.
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Soil moisture deficit calculation

Meteorological stations were installed at each site therefore weather data from synoptic stations, interpolation or
Numerical Weather Prediction (NWP) were not required. Daily SMD was calculated from weather data using
maximum and minimum temperature (°C), rainfall (mm), wind speed at 10m (m s™) and radiation (J cm’z) ona
daily basis. The SMD model also requires spatial co-ordinates (latitude and longitude) and previous SMD state
(the model is initialised in mid-winter to ensure wet soil conditions). In the past it has been found that the SMD
model relates best to a 15 cm tensiometer, which represents rooting zone in a grassland soil.

Volumetric water content ()

In order to evaluate SMD predictions, the point soil volumetric water content (6,) was measured by a time
domain reflectometer (TDR) at fixed locations relative to the weather station. Four continuously logged TDR
probes were inserted into the wall of two pits. Each pit has one probe inserted at 10 cm and another one at 20
cm and at least 24 cm apart.

The spatial variation in soil water content (6) was assessed on specific days by handheld TDR. Waveguides 12
cm long were used to measure the volumetric water content across the soil surface. Variation in 6y was then
compared to ¢, and maps were created to visualise how representative the fixed TDR was of the sites being used
to test the DSS.

Handheld and fixed time domain reflectometers were calibrated by collecting volumetric water content samples
for laboratory analysis. Soil samples (3 x 13.7 cm’at 10 cm and 20 cm depths ) were taken on a monthly basis
during visits to each site. These samples were dried at 65°C until the dry mass was constant and the volumetric
water content was calculated as the mass of water per unit volume soil sampled.

Results

Although the volumetric water content, 6, has not been determined for the soil surface, the soil surface 6 and the
TDR 6, at 10cm depth have the same trends but slightly different absolute values (Figure 1). It can be expected
that the soil surface will have a more rapid change in ¢ than at 10 cm depth: on the well-drained soil, the soil
surface is drier or wetter than at 10 cm depth on respectively drier or wetter periods of the year; on the poorly-
drained soil, the soil surface usually remained wetter than at 10 cm depth but the 8 range was much greater at
the soil surface than at 10 cm.

ety

0.45

0.35 0.35

Volumetric water content (6)
Volumetric water content (8)

0.25 T T T T T T 0.25 T T T T T T
26-Jun 04-Sep 13-Nov 22-Jan 02-Apr 11-Jun 20-Aug 01-Jul 09-Sep 18-Nov 27-Jan 07-Apr 16-Jun 25-Aug

(a) time (day) (b) time (day)

Figure 1. The volumetric water content over 13 months on a poorly-drained soil (a) and a well-drained soil (b) in
Ireland. Fixed TDR time series are measured on a daily basis (-) while field observations with standard deviation of
spatial variation (e) are made on a monthly basis.

At a given location, SMD prediction was related to volumetric water content measurement, & (fixed TDR or
handheld TDR). On average, at a given point, the linear regression of ¢, and SMD was significant if SMD data
were grouped into classes of 5 mm (Figure 2). This means that small differences in SMD were smoothed out.
The linear regression of mean of 6y and SMD was also significant (Figure 2). However, the standard deviation
was much larger for the well-drained soil than for poorly-drained soil, perhaps due to differences in soil depth or
topography at the sites.
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Figure 2. Comparison of soil moisture deficit (mm) predictions with soil volumetric water content (em*H,0/cm’soil)
measurements (by fixed TDR (A ) and by handheld TDR(e)) on a poorly-drained soil (a) and a well-drained soil (b).

Even though the SMD model is effectively dimensionless, SMD predictions were good estimates of the soil
wetness. In addition to comparing 6 versus SMD, the spatial variation of 8 was also considered. These data
showed that soil moisture variations at the field scale were small (Figure 3). However the application of the
SMD model to some areas should be considered carefully. While it is recognised that these example fields do
not capture all variability that might be found on grassland farms, these preliminary data do indicate that the
SMD model should be able to correctly capture trends in soil water balance, thus permitting a forecast of when
gravity moveable water, i.e. runoff, will occur in a field based op,soil wetness.
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Figure 3. Volumetric water content variation (8) across the field on a poorly-drained soil (a) and a well-drained soil
(b).The colour scale represent the average difference of volumetric water content between the fixed TDR location
and other points (blue is wetter and red is drier).

Longitude

Conclusions
It was found that:

e The trend in 6 was similar for the point observation and the mean of the field observations over time.
This means that the point field observation is characteristic of the field it represents, but that absolute
value does not necessarily reflect all that might be happening in the field.

e SMD and 6 were significantly related. While SMD is not a prediction of 4 it is necessary that it reflects
the trend in € correctly in order to give confidence to the use of SMD to predict when a condition of
gravity moveable water exists in a field.

® Small changes in SMD are probably not that meaningful at the field scale. SMD classes of 5 mm were
required to clearly see trends between SMD and 6.

e The relationship between SMD and € was different at the surface as a spatial average (as measured
around the field) when compared at a given location in the field. This reflects the fact that the SMD
model is a mixing bucket model that works over a non-defined depth. The trends indicate that the SMD
model should work at the farm scale.
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Abstract

Different recommendations exist world-wide on which — if any - pressure head should be used in laboratory
measurements to approximate the ‘field capacity’ (FC) of the soil. Literature often deems any such pressure
heads to be inadequate to approximate FC for soils of all textures. We used a data collection from the literature
to evaluate if corrections can be made to improve the estimation of FC from -33 kPa water retention (W33).
Regression tree modeling coupled with jack-knife cross validation was used to identify the best predictors —
sand, silt, clay and the measured W33 value — to estimate the difference between W33 and FC. Such predictions
were then successfully used to adjust the W33 value as the estimate of FC. An improvement in estimating FC
was seen in general statistical terms, and texture specific bias was also greatly reduced. Such a solution may
allow the reliable use of a single pressure head in the laboratory to approximate FC, which may be the only
feasible option for large scale studies.
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Introduction

Field capacity (FC) - i.e. the content of water remaining in a soil that has been wetted with water and after free
drainage is negligible - is an important soil hydraulic parameter that has multiple uses in hydrological,
meteorological, agronomical, and environmental predictions and modelling. Measurement of FC is unfeasible in
large scale projects, therefore estimating FC is common practice. The customary way to estimate FC is to equate
it to soil water contents measured in the laboratory at a predefined soil water pressure head. Different values of
such pressure head have been employed in different countries, e.g. -5 kPa in United Kingdom (White, 2006) and
France (Le Bas et al., 2007), -6 kPa in Brazil (Ajayi et al., 2009), -10 kPa in Australia (White, 2006) and
Sweden (Kitterer et al., 2006) and even varied among different authors in the same country. In the United States
the recommended value of such pressure head is -33 kPa (Kirkham, 2005).

There have been continual reports that the laboratory measured water content at -33 kPa can be a poor predictor
of FC (e.g., Haise et al., 1955; Rivers and Shipp 1978). The objective of this work was to use a sizeable data
collection (a) to evaluate the accuracy of using laboratory measured water content at -33 kPa as the predictor of
FC, and (b) to develop corrections to laboratory measured water content at -33 kPa - via examining the
prediction residuals - that may allow a more reliable estimation of FC.

Materials and Methods

We used the data collection described and used by Ratliff ez al. (1983), Cassel et al. (1983) and Ritchie ez al.
(1987). Data were assembled in 15 U.S. states for 61 soil profiles representing 6 soil orders. For each soil
profile, the in-situ drained upper limit (DUL) and lower limit (LL) were measured at various depths. Following
the field capacity concept (Veihmeyer and Hendrickson, 1931), DUL can be interpreted as the equivalent of FC.
Cassel et al. (1983) report a wide range of soil properties that have been measured in the National Soil Survey
Laboratory (Lincoln, NE) for these locations using standard procedures (USDA-NRCS SCS, 1972).

We categorized the field collected information and laboratory measured properties into three groups. Field
observations comprised data on depth, US taxonomy order, master soil horizon notation, land use type, drainage
and permeability classes. Simple laboratory based data included 3 particle-size classes (sand, silt, clay), texture
classes derived from those classes, organic carbon content, bulk density, coefficient of linear extensibility
(COLE) and the ratio of clay content to water retention measured at -1500 kPa pressure (CLratio). Detailed
laboratory based data included additional details about the particle-size distribution (PSD) by describing PSD
using 8 particle-size classes. Water retention measured at -33 kPa pressure was used as a separate individual
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variable. Total of 243 samples had all the abovementioned data. The distribution of samples by USDA texture
classes are shown in Table 1.

Table 1. Number of samples and texture class-wise differences in laboratory measured water retention at -33 kPa
(W33) and field measured drained upper limit (DUL). (s - sand; Is — loamy sand; sl — sandy loam; scl — sandy clay
loam; sc — sandy clay; 1 — loam; cl — clay loam; sil — silt loam; si — silt; sicl — silty clay loam; sic — silty clay; ¢ — clay).

S Is sl scl SC 1 cl sil si  sicl sic C

n 1 8 13 11 0 39 40 63 4 39 19 6

mean(W33-DUL) [vol. %] 396 -3.36 -1.31 -2.25 - 024 021 267 340 180 154 394
st.dev.(W33-DUL) [vol. %] N/A 4.15 244 346 - 407 685 527 658 358 480 3.09

We used regression tree modeling to find ways of improving the estimation of DUL using the selected data.
Regression tree modelling is an exploratory technique that uncovers structure in data by first partitioning data
into two groups. Each group is then further subdivided into two subgroups, providing groups as homogeneous
as possible at each of the levels (Clark and Pregibon, 1992). Regression trees can use both categorical and
numerical variables as predictors and have been used in the estimation of soil properties by e.g. McKenzie and
Jacquier (1997), Rawls and Pachepsky (2002) and Lilly et al. (2008).

The optimal use of a tree model requires a criterion to halt further partitioning of the data to avoid over-fitting.
In preliminary runs, we used random re-sampling combined with a trial-and-error approach and root-mean-
squared residuals (RMSR) as decision criterion to optimize tree pruning for the current task, i.e. to estimate
DUL. The ratio of the development and test data set size had also been optimized simultaneously. As a result, in
the subsequent sections of this study, tree development will be stopped when the tree reaches 10 terminal nodes
and calculations that involve re-sampling are performed using a training data set (N=220) and an independent
test data set (N=23) that are used in a recurrent “jack-knife” cross validation scheme (i.e. randomized subset
selection without replacement). In order to facilitate the estimation of uncertainty of our subsequent findings,
calculations are performed on one hundred alternative training/test data set pairs.

Results and Discussion

Figure 1a shows the 1:1 comparison of W33 and DUL values in the data set, and a simple linear regression
equation that best describes the data. There is considerable scatter around the 1:1 line as well as some bias; W33
tends to underestimate DUL where DUL is small and overestimate it where DUL is large. Typically coarse
textured soils retain less water at a given suction than finer textured ones; hence the lower values in Figure 1a
are those mostly of sands and other sandy soils. Table 1 also reflects such underestimation of DUL by W33 for
the coarse textured samples. This observation agrees with the general recommendation reflected in literature; i.e.
that in order to approximate DUL for coarse textured soils, a higher pressure should be used in laboratory
measurements (e.g. Cassel and Nielsen, 1986 and therein).

If the root mean squared residual (RMSR) and mean residual (MR) is calculated directly from the scatter data in
Figure 1a, an RMSR of 5.18 vol. % and an MR of -1.03 vol. % is found. To test various alternatives to improve
the DUL estimates from W33, the first choice was to use the simple linear equation in Figure 1a as the
correction factor. When DUL is calculated as 0.7433*W33+6.7746, the obtained RMSR is 4.715 and the overall
bias is removed (MR=0), which are both improvements. One other solution to account for variation by texture is
to correct the W33-based estimate of DUL according to the mean difference between W33 and DUL in each
texture class, as shown in Table 1. When that is done, we obtain an RMSR of 4.58 and an MR of 0.04 (vol. %).
To test such correction on independent data, we also generated the RMSR and MR using the re-sampling and
cross-validation scheme outlined above. In each of the 100 alternative runs, 220 samples were analyzed for
statistical differences between W33 and DUL and the texture class-based correction was then applied to the 23
independent test samples. The mean RMSR and MR for the independent test data set were 4.83 and 0.07 (vol.
%) respectively.
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Figure 1. (a) Laboratory measured water retention at -33 kPa (W33) vs. field measured drained upper limit (DUL) for
the 243 samples. Solid line and equation represent the best fit linear equation. (b) Estimate formulated after
correcting W33 by the best regression tree description of g where e=DUL-W33.

Table 2. Estimation RMSR and ME (and their standard errors) in estimating & - formulated as &eDUL-W33 (vol. %) -
using various input groups. (W33 - laboratory water retention at -33 kPa; DUL - field measured drained upper limit).

Lab Lab Field W33 TEST DATA TRAINING DATA
(simple) (detailed) RMSR ST. ERR ME ST. ERR RMSR ST. ERR ME ST. ERR
X 4900 0.087 -0.025 0.118 3.989 0.012 0 0
X X 5.013 0.083 -0.091 0.119 3.984 0.012 0 0
X X 4412  0.064 -0.010 0.102 3.652  0.008 0 0
X X X 4465 0.063 -0.018 0.108 3.647  0.009 0 0
X 5.092 0.086 -0.213  0.120 3.885 0.013 0 0
X X 5.223 0.086 -0.284 0.125 3.857 0.013 0 0
X X 4808 0.074 -0.146 0.115 3.765 0.016 0 0
X X X 4.891 0.076 -0.167 0.121 3.757 0.015 0 0
X 4.855 0.085 -0.067 0.114 4.404  0.011 0 0
X 5.167 0.097 -0.039 0.121 4.513 0.014 0 0
X X 4548 0.079 0.022 0.103 3.929  0.009 0 0
X 4.855 0.085 -0.067 0.114 4404  0.011 0 0
x(T) X 4367 0.063 -0.015 0.102 3.655  0.008 0 0
x(%) X 4377  0.066 -0.028 0.101 3.693 0.009 0 0
1: sand, silt, clay, org. carbon, clay/-1500kPa water retention ratio used only 1: sand, silt, clay used only

We then calculated & for each sample as &eDUL-W33. The value of € is the correction needed to adjust W33 as
the estimate of DUL. We evaluated the use of a hierarchically decreasing amount and variety of input variables
to estimate € (Table 2). Of the initial grouping of input data, using the simple laboratory data group and W33
itself gave one of the most accurate (training data) — and the most reliable (test data) — results. Use of more input
data clearly had no advantage and signaled ‘over-fitting’ even for the training data. We then reduced the amount
of data to sand, silt, clay content and W33, the error-estimates did not get worse. The three-class particle-size
distribution appears to control much of the explainable variability in W33-DUL, while information related to
e.g. soil depth (depth, horizons), taxonomic grouping or drainage/permeability classification could not explain
any additional variability. When W33 is adjusted by using the texture+W33 model to estimate the W33-DUL
difference, using re-sampling and the cross-validation scheme, a mean RMSR of 4.25 and MR of 0.01 (vol. %)
is obtained, which is a substantial improvement from the direct estimation of DUL from W33. Moreover, the
general texture related bias could be virtually eliminated, as seen in Figure 1b.

Conclusions

The use of the water content at -33 kPa as a practical approximate to DUL (and FC) is driven by early
recommendations in literature and also by national preference and data availability. Inadequacy of that value to
represent DUL for some soil texture groups has been noted in the past — and the use of other water retention
point(s) have been recommended. In this study we examined the general suitability of W33 as an estimate to
DUL and explored some possibilities to improve such estimate. It appears that a regression tree based grouping
of the initial W33-DUL difference by soil particle-size fractions (sand, silt, clay) and W33 can result in a
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correction that generally improves the initial estimate, while also removes most of the texture based bias noted
already in early literature. The presented methodology is also usable to test water contents at other pressure
heads or to be tested on data from other parts of the World. More research is planned about the comparison of
this technique with an improved direct estimation of DUL, testing of additional potentially influential
environmental variables, as well as the extension of the approach to LL and available water content. An
international effort seems to be desirable to improve and standardize the estimation of the field capacity value
that is widely used in evaluations of the magnitude and consequences of global change.
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Abstract

Increasing water use efficiency in agriculture is a multi-faceted optimization problem which could benefit from
the use of a pro-active planning process. Simulation models are tools that can facilitate such planning, but their
parameterization may be a difficult and costly task. Pedotransfer functions (PTFs), however, can provide
important soil physical data at relatively low cost. Few studies, however, explore what contributions PTFs can
make to land-use planning, in terms of being applied to evaluate the expected outcome of changes in
management. We use an exploratory research approach using simulation modeling to evaluate benefits and risks
posed while using different irrigation scenarios to a heterogeneous field. We also evaluate the applicability of
pedotransfer functions to parameterize the simulation model for this task. Using this research approach we
provide quantitative answers to several “what if” type questions, allowing the distinction of trends and potential
problems. The approach may help increase water use efficiency while evaluating potential associated risks.
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Introduction

Large areas in the world face either a shortage of (irrigation) water or a decline in available water resources;
while the demand for water by agricultural, industrial and municipal users keeps increasing. To keep up with the
demand, it is necessary to find ways to increase water use efficiency in agriculture. Natural, technical or
financial limitations of using different irrigation systems combined with the potential shortage or high cost of
irrigation water poses a complex problem for practitioners in quest of maximizing yield and profit without
posing avoidable risks the environment.

Field experimentation with different management scenarios is time consuming, costly and sometimes can even
be risky. Changing land management, irrigation or fertilization practices can carry undesired and hazardous
risks. However, given that a suitable model is available, exploratory (‘what if?’) simulation modeling offers an
alternative that is quicker and easier to execute, and may give at least indicative answers about trends that are
expected to occur without risk to the environment.

Plant-soil-atmosphere models need input on soil hydraulic properties, regardless of their complexity. However,
measurement of these properties is relatively time-consuming and costly, especially when data are needed for
large areas of land. Extensive research exists on pedotransfer functions (PTFs) that can estimate such properties
from easily or routinely measured soil properties (e.g. Pachepsky and Rawls, 2004 and other papers therein), but
few studies go further to evaluate the functionality of PTFs in field applications (e.g. Wosten et al., 1995; Soet
and Stricker, 2003). Well tested PTFs can assist such modeling by providing low-cost and low-risk input data.

In this study we explore the use of a simulation model and estimated soil hydraulic properties to evaluate
different irrigation scheduling scenarios in a heterogeneous field. The specific objectives of this study are (1) to
examine the effect of different irrigation scheduling scenarios on selected soil water balance components and
the soil’s ability to supply the vegetation with water; (2) to examine the effect of apparent soil heterogeneity on
those water balance components at the selected site; and (3) to evaluate the functionality and effectiveness of
using a cost saving soil hydraulic pedotransfer function to parameterize the applied simulation model.
Materials and Methods

Three soil profiles were sampled in central Hungary within 50 meters from each other in a field that has a
history of heterogeneity in crop yield (Czinege, 2000). The profiles had 2 to 4 distinct horizons. Textural and
other differences among the top 120 centimeters of the three profiles can be seen in Figure 1.
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Figure 1. Physical properties of the top 120 cm of the soil profiles. The depth of 1 meter was considered as the bottom
of the simulated profile. Light grey: sand (0.05-2mm); dark grey: silt (0.002-0.05mm); black: clay (<0.002mm) content.
BD: bulk density [g/cm’]; OM: organic matter content [%]; K,: saturated hydraulic conductivity [cm/day].

Simulations of one-dimensional flow were carried out on a daily basis, using the SWAP model (van Dam et al.,
1997). This model has previously been tested under Hungarian climatic and soil conditions (e.g. Farkas and
Rajkai, 2002; Nemes et al., 2003). Groundwater levels were recorded at variable time intervals and were used as
lower boundary condition for the simulations. Simulated weather data were used as upper boundary condition.
The stochastic weather generator of Semenov and Barrow (1997) was used to generate one-year-long data sets
of daily average temperature, solar hours and amount of precipitation. These were used to calculate daily values
of potential evapotranspiration (ET,) using an empirical equation developed for the Hungarian Great Plain area
(N. Fodor, pers. comm., 2002). Three drier and warmer than average years were simulated. The average annual
precipitation was 416.5 (SD=29.2) mm, annual average temperature was 11.47 (SD=0.25) °C, and the calculated
sum of annual ET,, was 1280.6 (SD=71.5) mm; yielding considerably long periods of dry soil conditions. The
simple crop growth routine of SWAP was used with grass as cover crop. Factors to characterise plant growth
were derived by adjusting general factors suggested by van Dam ef al. (1997), and FOCUS (2000) to local
conditions. Soil hydraulic properties were described using the four parameter van Genuchten water retention
model - with m=1-1/n - combined with Mualem’s solution to describe unsaturated hydraulic conductivity, K(h)
(van Genuchten, 1980). The M9 neural network PTF of Nemes et al. (2003), developed from Hungarian data,
was used to predict the van Genuchten model parameters for all soil horizons. Soil texture, BD and OM content
were used as input to a neural network model to predict saturated hydraulic conductivity (K;) (A. Nemes, pers.
comm., 2004). Predicted K;, coupled with an assumed L=0.5 was used to describe K(/). Laboratory measured
water retention and K, data were used in alternative simulation runs to validate the PTF driven results.

Three different irrigation scheduling scenarios were evaluated for each of the three profiles. A “simple”
(empirical) irrigation scheduling scenario was based on simple decision criteria that relied on daily weather
observations as follows: (1) From May to September, 20 mm of irrigation water was applied on a particular day
if the average daily temperature of the preceding five days was >20 °C, and the sum of the precipitation for the
same period was <1 mm; (2) The same amount of irrigation was applied when daily average temperature was
17-20 °C for the preceding 8 days, with <1 mm of precipitation. Hence, irrigated days were at least 6 days apart
to account for the need to rotate the irrigation equipment between fields. The alternative (“advanced”) irrigation
scheduling technique used decision criteria based on a preceding run of the simulation model. Using the
available weather data, the model calculated when the vegetation started to suffer from water stress. When daily
actual plant transpiration fell below 85% of the potential transpiration, we applied 20 mm of irrigation water,
considering the same rule to rotate irrigation equipment as above. As the three profiles are physically close
enough to each other to fall within the same irrigation unit in reality, we calibrated the latter scheduling
technique to the profile with the intermediate texture (Profile 2) and applied the resulting irrigation schedule to
all three soil profiles. As a control, we also ran simulations for each profile without any irrigation.

Results and Discussion

An average of 293 (SD=23.1) mm irrigation water was applied during the irrigated period annually following
the “simple” irrigation scheduling system; while a total of 353 (SD=23.1) mm irrigation water was applied to
the field following the “advanced” irrigation scheme. This gives a possible indication that the “simple” system
does not supply enough water or proper timing to cover the needs of the vegetation.
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Table 1. Water deficit for the vegetation (a); number of days with soil water pressure below —80 kPa in the top 50 cm of
the soil (b); and flux balance of the soil profiles (c) in the period May 15 — October 15 under different irrigation schemes.
Different letters indicate significant differences at 95% confidence level. First letters compare soil profiles within each
irrigation scheme; second letters compare irrigation schemes within each profile; third letters compare results between
pedotransfer function (PTF) and measured water retention (WRC) within the same profile and irrigation scheme.

Pedotransfer function Measured water retention and hydraulic conductivity
irrigation Profile 1 Profile 2 Profile 3 Profile 1 Profile 2 Profile 3
scenario ~ MEAN (STD) MEAN (STD) MEAN (STD) MEAN (STD) MEAN (STD) MEAN (STD)

a) Water deficit [mm] for the vegetation
no 5447 (52.6) ***  413.7 (49.2) "**  172.6 (76.6) “** 569.7 (54.4)***  436.7 (56.0) °**  221.8 (83.6) °**
simple 317.3 (23.6) ™™ 1444 (20.5) *"* 14.2 (20.1) ©** 3433 (32.1) *™*  166.1 (25.3) ™™ 37.8 (38.2) “™*
advanced  296.2 (16.7) ***  100.9 (10.5) *** 2.3 (0.2) " 323.5 (25.8) “™*  121.1 (17.6) °°* 46 (2.5

b) Number of days with soil water pressure below -80kPa in the top 50cm

no 153.0 (0.0) ™" 129.3 (13.0)™™" 513 (13.1) “** 1527 (0.6) *** 1280 (12.0)>** 613 (12.7) ™

simple 1357 (6.4) 71.7 (13.0) *** 7.0 (12.1) <** 140.3 (8.5 *** 69.0 (13.5) *°* 18.3 (19.1) °>*

advanced  100.3 (13.3) *** 313 (7.2) ™ 0.0 (0.0)"* 101.7 (16.7) *** 26.7 (5.1) °¢* 1.7 (.1
c) Flux balance of the soil profiles [mm, negative downwards]

no 04 (0.5 ** 762 (3.3) " 2357 (21.6) °** -5.0 (0.3) **° 36.1  (1.8) ™™ 184.3 (25.7) °**

simple -0.5 (0.5)*** 73.4 (3.9 "% 133.2 (23.6) °** 5.1 (0.2) **° 339 (3.6) ™" 100.6 (24.1) °**

advanced -0.5 (0.5) “** 754 (3.2) " 88.7 (18.1) """ -5.1 (0.3) *** 36.0 (1.8) " 75.7 (14.6) “"*

We used eight different output measures to evaluate the result of different irrigation schemes, of which we show
and discuss three measures. Water deficit to the vegetation, as the difference between potential and actual
transpiration (expressed in mm), was added up for the period from 15" May to 15" October. Flux balance —
defined as the sum of daily bottom fluxes - at the depth of 1 meter in the profiles was summarized for the same
period; and days were counted, when the average matric potential in the top 50 cm of soil — representing the root
zone — was below the suggested starting point of water stress for grass (—80 kPa, FOCUS, 2000).

Table 1a shows that for each soil, irrigation significantly decreased water stress for the vegetation, calculated
using the PTF estimates. For the heaviest textured Profile 1, using the simple irrigation scheduling scenario
reduces plant water deficit by a predicted ~40% compared to using no irrigation. For Profile 2 such
improvement is by ~65%, and for Profile 3 it nearly removes all water deficit. Using the advanced irrigation
scheme resulted in further significant improvement for Profile 2. For Profiles 1 and 3 any such improvement
was not significant. Differences between respective values for the three profiles are significant in all cases.
Differences between respective values obtained using PTFs or measured soil hydraulic data are not significant
in any of the cases.

The number of days with the average pressure in the top 50 cm below -80 kPa, were significantly different for
the three profiles and were significantly reduced by both irrigation schemes (Table 1b). For Profile 3, the simple
scheme reduced the presence of such stress condition to the plant to only 7 days a year. Additional improvement
by the advanced irrigation scheme proved insignificant. Despite the coarse texture and thus low water holding
capacity in the top 100 cm, Profile 3 had the least amount of water deficit. The overlying horizons greatly
benefited from the favorable hydraulic properties of loamy material beneath 105 cm. That layer retains a
considerable amount of water that later may partially be available by upward flux during water redistribution.
Differences between results obtained using measured or estimated soil hydraulic data were not significant.

Table 1c summarizes the flux balance of each profile at the depth of 1 meter. Some of the water/soluble that
flow below this depth may still reach shallower horizons by capillary rise during water redistribution, but most
will end up in the subsoil and/or ground water. Only Profile 3 with its very coarse texture in the top 1 meter
showed to be sensitive for the irrigation treatments. Differences between simulated results using PTF estimates
and measured soil hydraulic properties were small in absolute values, but significant for two of the three
profiles. None of the applied irrigation schemes had any influence on the leaching pattern of Profiles 1 and 2,
but the amount of water leached into the subsoil increased significantly for Profile 3 (not shown). This signals
an increased risk of subsoil/groundwater pollution introduced locally at the coarse part of the field by the
application of extra water. Such leached pollutants will redistribute in the subsoil and groundwater due to the
three-dimensional nature of water flow in field soils.
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Conclusions

We used predicted soil hydraulic properties in exploratory simulation modeling to quantify the benefits and
risks of using different irrigation scheduling scenarios. Studies of these kinds can be used to extend expert
knowledge by giving a quantitative dimension to the outcome of planned or implemented changes. A
simulation-assisted “advanced” irrigation system is more complicated, but for some soils, it brings further
improvement in terms of plant water supply as compared to a simple “empirical” irrigation system. However,
we also showed some dilemmas soil heterogeneity may cause: one action optimal for part of a management unit
may be far from optimal for other parts, and the extent of the differences may be large. We quantified a major
reason for the observed heterogeneity in crop yield, and showed that while one part of the field is sensitive for
leaching; other parts are sensitive for drought. For most water balance components, and for at least two of the
three soils, simulation results using PTF estimates and measured soil hydraulic properties did not differ
significantly. Using well tested PTFs to provide soil hydraulic data appears to be a reasonable, reliable and
cheap alternative to sampling and laboratory measurements; especially since laboratory measurements
themselves are not error-free. PTFs appear to be useful in planning sustainable, productive and environmentally
sound management systems.

Results of this demonstration are based on a limited number of simulation years. The presented approach can be
further broadened and improved by running simulations using a larger number of years of different weather
scenarios or by involving e.g. simultaneous yield estimation, estimation of cost-effectiveness, or assessment of
uncertainty in the inputs. Besides quantifying different risk factors, such studies can also support the delineation
of new management units that better balance contradictory demands within fields.
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Abstract

Root-soil contact is vital for water transport via liquid films. X-ray microtomography potentially makes it
possible to study the root-soil interface non-invasively. This paper presents first attempts to quantify the contact
areas of roots with the three phases of soil systems using X-ray microtomography. Root-particle contact was
investigated producing 3D volumetric images of maize in soil and vermiculite wetted to matric potentials of -
0.03MPa and -1.6MPa. Root-soil contact was calculated to be greater in soil than in vermiculite. Water volumes
in artificial porous media, formed by cellulose acetate beads, were determined by weighing samples before and
after wetting and by image analysis of 3D volumetric images. Image analysis underestimated the water volume
by about 10%. Contact between an artificial root (porous glass fibre tube) and the solid, liquid and gaseous
phases in sand were calculated from 3D volumetric images. The total sum of contact areas was about 8% greater
than the estimated surface area of the root. Results of repeated image analysis of root-particle contact revealed
that changes in threshold values influenced the final results by up to 12%. Thus, whilst this method has clear
potential for investigating the root-soil interface, there remain several limitations that are being addressed.

Key Words
X-ray microtomography, 3-D visualisation, root-soil interface, root-contact surface area

Introduction

Knowledge of root contact with the soil solution is essential for understanding water and nutrient adsorption by
plants. The contact is influenced by soil and root properties, such as particle size, soil bulk density, root
diameter, soil matric potential and volumetric water content (Tinker 1976; Nye 1994). In water saturated and
heavily compacted soils, problems with gas exchange can occur (Veen et al., 1992). Conversely, incomplete
root-soil contact due to soil structure or root shrinkage can reduce the uptake of water and nutrients (Veen et al.,
1992). A thin section technique was used by Noordwijk et al. (1992) to derive the degree of root-soil contact in
2D slices. An increase in root-soil contact with increasing bulk density was investigated by Kooistra ef al.
(1992). A decrease in water and nitrate uptake per unit root length was associated with smaller root-soil contact
(Veen et al., 1992). Neutron and X-ray computed tomography have been used to provide a non-invasive
methodology to visualise and quantify roots growing in opaque soils (Heeraman et al., 1997; Lontoc-Roy et al.,
2006; Tumlinson et al., 2007; Oswald et al., 2008; Moradi et al., 2009; Carminati et al., 2009) and establish an
approach to examine root-soil contact. Root-soil contact dynamics of lupin plants under drying and wetting
cycles were investigated by Carminati et al. (2009). Changes of water contents around roots were detected with
neutron radiography. A non-uniform water uptake around the root was observed (Oswald et al., 2008).
Quantification of the spatial distribution of solid, liquid and gaseous phases using X-ray computed tomography
was achieved by a cluster analysed segmentation method (Wildenschild et al., 2002).

In this paper, the use of X-ray microtomography to study the root-soil interface will be discussed and
preliminary data on root-soil contact and water distribution will be presented. Processes for quantifying the
solid, liquid and gaseous phases around the root surface will be reviewed with both artificial and natural
systems.

Methods

X-ray microtomography

3D volumetric images were obtained using a Metris X-Tek HMX CT scanner with a Varian Paxscan 2520V
detector with a 225kV X-ray source and a molybdenum target. 3D volumetric images were reconstructed with
the Metris software CT-Pro v2.0. VGStudioMAX v2.0 was used to analyse the 3D volumetric images.
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Water visualisation

3D volumetric images of water in packed cellulose acetate beads of 1mm and 3mm diameter were obtained. A
0.75g/100g sodium iodide-spiked solution was used as a wetting fluid to obtain a greater contrast between the
water and solid phases. A high absorption was achieved through the sodium iodide rendering the water and solid
phase separable. Samples were scanned before and after wetting, using a beam with energy of 65kV and a
current of 486pA. 2855 projections were acquired. A resolution of 21um (isotropic voxel size) was attained.
Typically, scans took approximately 150 minutes.

Figure 3. False coloured 3D volumetric images of wetted cellulose acetate beads (3 mm diameter; left), extracted
beads (middle) and extracted water (right).

The volume of water was segmented using 3D volume segmentation tools, which identify and extract voxels
belonging to calculated ranges of greyscale values (representing water phase in the sample). As a control the
sample was weighed before and after wetting.

Contact areas of the root with the water, air and solid phases of the growth medium

Root-particle contact was estimated for 3D volumetric images of maize seeds growing in soil and vermiculite at
matric potentials of -0.03MPa and -1.6MPa. The pre-germinated seeds were grown for 2 days at 20°C in
darkness. The samples were scanned using a beam with energy of 145kV and a current of 140pA. 2987
projections were acquired. Typically, scans took 180 minutes. Three replications of each treatment were
analysed twice by the same operator. The sample size was 3 cm in diameter and 10 cm high. To differentiate the
contact areas of the root with air, water and solid phase, an artificial root (porous glass fibre tube of 1.5 mm in
diameter) in sand was scanned. The sand was wetted with 0.75% sodium iodide solution (see above) and
drained by applying suction to the artificial root. The sample was scanned with energy of 85kV and a current of
296 A with 2855 projections acquired. The sample was 1.5 cm in diameter and 10 cm high. Resolutions of
35um for the samples in soil and vermiculite and 18um for the sample in sand were attained.

eotrn et

Figure 4. Region of interest with artificial root in sand (partly drained; left), polygonal mesh of root volume for
calculating the root surface area (middle) and polygonal mesh of root sand contact surface area (right).

Image analysis was performed to determine the contact areas of liquid, air and solid phases with the root. For
calculating the root surface and contact surface area, the root volume was segmented. Advanced calibration and
3D volume segmentation tools, which identify and extract voxels belonging to calculated ranges of greyscale
values (representing root, water, air and solid particle) were used to segment the root volume. The surface area
of the root was determined for the extracted root volume. The contact surface area of root with the three
different phases of the sample were investigated, by subtracting voxels representing each phase which were
adjacent to voxels of the root volume from the volumetric region of the root.

Results

Water visualisation

In Figure 3 the volumes of water added to the packed cellulose acetate beads (1 mm and 3 mm diam.) and
calculated from 3D images are shown. Image analysis underestimated the volume of water by 11% for 1 mm
beads and 8% for 3 mm beads.
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Figure 5. Water volume determined by weighing samples before and after adding water to cellulose
acetate beads of Imm and 3mm size and by image analysis with VGStudioMAX v2.0.

Root-soil interface contact areas

The results for root-particle contact of maize in soil and vermiculite at -0.03MPa and -1.6MPa are shown in
Figure 4. The determination of root-particle contact in VGStudioMAX v2.0 was done twice. The second time
(VGStudio MAX (2)) the root-soil contact for all samples except maize in vermiculite at -1.6MPa was greater
than that determined in the first attempt (VGStudio MAX (1)). The results for both investigations showed
greater root-particle contact in soil than in vermiculite.
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Figure 4. Root-particle contact of maize in soil Figure 5. Surface area of artificial root (black) and
and vermiculite at matric potentials of -0.03MP contact surface areas of artificial root in contact with
and -1.6MPa analysed in VG Studio MAX v.2.0 ¢ water, solid and air (grey; right).

two time points, average differences between
the 1 and 2™ attempt are ca. 6-11% (left).

The contact surface areas of an artificial root with air, water and sand particle are shown in Figure 5. The total
root surface area of the root volume was 154 mm”. The total contact surface area was 162 mm?® according to the
image analysis in VGStudioMAX, where the water phase contributed the greatest part at

74 mm” and the solid phase the smallest part at 37 mm’.

Discussion and Future Work

These studies investigated the use of X-ray microtomography for quantifying contact areas of roots in a three
phase system. The water, air and solid phases could be clearly distinguished. It was possible to segment voxels
containing water in a bead system using a contrast enhancer (Nal). The concentration of the contrast enhancer
was kept as small as practicable, resulting in relatively small contrast between solid and liquid phase, making
discrimination between water and solid voxels difficult. A small proportion of voxels containing water might
have been counted as voxels representing beads. However, the water volume was underestimated by 8-11%. To
better quantify this source of uncertainty, we intend comparing the volume of the beads in dry samples (two
phase system, big contrast) with the volume estimated with water present to help specify the effects of
decreasing contrast. A similar approach was used by Culligan et al. (2004) where partially saturated images
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were registered with the dry image to create tertiary volume in which the solid, liquid, and air phase were
quantified.

Image analysis of root-particle contact of maize grown in soil and vermiculite showed a greater root-soil contact
than in vermiculite. This was expected because of the greater particle sizes of vermiculite and smaller bulk
density (Kooistra et al., 1992). Yet, repeating the image analysis on the same samples showed a variation of 6 to
12% in the relative root-particle contact. This was probably because the contrast between root and solid particles
was relatively poor and partial volume effects made it difficult to specify the borders between root and solid
phase. In the procedure, several parameters are changed manually to extract the different phases and define the
root-particle contact areas. A sensitivity analysis of those parameters on a model system of known dimensions is
underway to help improve the methodology. Extracting the three phases and calculating the contact areas with
an artificial root in sand was possible but a greater cumulative contact surface area resulted — this is probably
because voxels were classified non-uniquely, with certain voxels being double-counted as both root-solid and
root-water interfaces. This may also have been associated with partial volume effects making the segmentation
of the phases more difficult and adding to this double counting. We are currently modifying the procedure to
reduce this source of error.

In conclusion, X-ray microtomography and 3D image analysis algorithms are useful tools to study the root-soil
interface and determine contact areas, but require both careful optimisation of image quality and the
development of rigorous image analysis protocols that minimise elements of subjectivity.
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Abstract

Stony soils cover about 30% of the surface soils of Western Europe, and 60% in Mediterranean areas. Rock
fragments may alter the physical, chemical and agricultural properties of soils. In particular, the stony phase
may participate in the water supply of crops and change the storage capacity of soil water. This implies the
existence of water transfer between rock fragments and fine earth. To better understand the interaction between
the fine earth and rock fragments, we studied the transfer of water between the pebbles and the fine earth on
remoulded soils in the presence and absence of plants.

Key Words
Stones, fine earth, water content, water exchange.

Introduction

Lots of physical and chemical exchanges occur in the rhizosphere between the soil, plant roots and micro-
organisms. The physico-chemical, biochemical and biological processes that take place at the soil-root interface
affect water transfer and fluxes of many elements, macro- nutrients like potassium and phosphorus or micro-
nutrients like iron. But rock fragments are also a potential reservoir of water and nutrients for plants (Poesen and
Lavee 1994; Coile 1953; Gras 1994; Cousin et al. 2003), suggesting that the stony phase of soil can participate
in water supply to crops and affect the storage capacity of soil water. Some water exchanges between the rock
fragments and the fine earth should then exist. The understanding of these exchanges between the rhizosphere
and the soil would be a significant progress and would improve the existing “soil-plant” models. It is then
necessary to understand mechanisms taking place between the different phases of soil: fine earth and stones.
Our experiment, conducted on remoulded samples during one season under controlled conditions, aimed to
analyse the water transfer between stones and fine fractions of soil and the effects of the proportion (0, 20, 40%
in volume) of rock fragments and of the rhizosphere (with or without plants).

Methods

Experiments in controlled conditions (artificial light and 22°C in a greenhouse) with remoulded soils in
containers (3 L) were conducted. Rock fragments and fine earth were collected separately from the Ap horizon
of a calcareous lacustrine limestone silty soil located in the central region of France. The fine earth was sieved at
2 mm and air-dried. The rock fragments were sieved at 2-5 cm, which corresponds to the pebble fraction,
washed under tap water and dried at 105°C during 2 days in an oven. The pebbles’ bulk density was about 1.98
g/cm’. Pebbles were mixed with the fine earth to reach a bulk density of the fine earth of 1.1 g/cm’. Four
modalities of remoulded soil, with different percentage in volume of pebbles, were created:

“0%p™: 0 % pebbles + 100 % fine earth + plant
“20%p”: 20 % pebbles + 80% fine earth + plant
“40%p”: 40 % pebbles + 60% fine earth + plant
“40%: 40 % pebbles + 60% fine earth

Fifteen containers were created for each modality and cuttings of Populus robusta were planted in the three first
modalities. All containers were saturated, then irrigated by capillarity and controlled to maintain a moderate
water stress continuously. After three months, the containers were again saturated and then allowed to dry. At
that time, plants were from 27 cm to 43 cm height depending on the modality. Soil samples were collected at 5
dates following this second saturation: DO, Day 2 = DO + 2 days, Day 4 = DO + 4 days, Day 7 = D0 + 7 days,
Day 11= D0 + 11 days, where DO corresponds to the soil water content equal to the Available Water Content.
At each sampling date, the fine earth and the pebbles were separated at five depths inside each container. The
gravimetric water content of the fine earth (Wfe) and the gravimetric water content of the pebbles (Wp) were
measured; and the gravimetric water content of the soil (Wsoil) was calculated, knowing the volume percentage
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of fine earth and pebbles. Three containers of each modality were used at each date. Differences in water

content between the pebbles and fine earth, and between the dates, were analysed by a variance analysis
(ANOVA with a threshold of 5%).

Results

During drying, the water content decreased in both the fine earth and the pebbles, and differences between
modalities were observed for each phase (Figure 1).
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Figure 1. Temporal evolution of water content of fine earth (left) and pebbles (right).

The pebbles’ effect

To study the effect of the proportion of pebbles, a statistical comparison was made between the modalities
G‘O%p’7, “20%p” and 6640%p’7‘

The water content of fine earth in all modalities decreased from the beginning but the rate of decrease was less

rapid from Day 4 to Day 11 (Table 1 and Figure 1). In contrast, the water content of the stony phase stayed
stable at the beginning, and decreased after Day 7 for the modality “20%p”, and after Day 4 for the modality
“40%p”.

There were significant differences in water content of the fine earth from the 4™ day between the modalities
(Table 2). The stony phase shows no differences for the modalities concerned (20%p and 40%p).

These results show that the fine earth of the modality without pebbles (0%p) lost water faster compared to
modalities with pebbles (“20%p” and “40%p”) from the 7" day. Meanwhile, pebbles lose water only from the
4™ day or 7™ day. This suggests a water transfer from the pebbles towards the fine earth occurs when drought
starts to be severe which would explain the higher water content in fine earth for modalities with pebbles.
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Table 3. Statistical analysis results on the temporal evolution of mass water content (g/g) by phase and by modality.
The table reads left to right. Letters in group column correspond to differences between dates within a modality.

Fine Day 0 Day 2 Day 4 Day 7 Day 11
Standard Standard Standard Standard Standard
Earth | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group
0%p | 0270 0,016 a 0,230 0019 b 0,162 0,007 c 0,110 0,003 d 0,095 0,005 d
20%p 0,283 0,038 a 0,226 0,021 b 0,155 0,010 c 0,115 0,003 d 0,105 0,002 d
40%p 0,301 0,021 a 0,212 0,014 b 0,143 0,005 c 0,123 0,003 cd 0,103 0,006 d
40% 0,320 0,014 a 0,261 0,029 b 0,206 0,012 c 0,179 0,007 cd 0,158 0,004 d
Day 0 Day 2 Day 4 Day 7 Day 11
Pebbles Standard Standard Standard Standard Standard
Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group
20%p 0,077 0,015 a 0,088 0,017 a 0,090 0,005 a 0,071 0,011 a 0,047 0,002 b
40%p 0,091 0,009 a 0,091 0,005 a 0,081 0,004 a 0,063 0,002 b 0,048 0,006 c
40% 0,097 0,006 a 0,095 0,008 0,085 0,007 ab 0,077 0,009 b 0,077 0,004 b

Table 4. Statistical analysis results on the daily comparison of water content (g/g) by phase between modalities. The
table reads vertically. Letters in group column correspond to differences between modalities within a date.

Fine Day 0 Day 2 Day 4 Day 7 Day 11
Standard Standard Standard Standard Standard
Earth | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group
0%p 0,270 0,016 b 0,230 0,019 ab 0,162 0,007 b 0,110 0,003 c 0,095 0,005 c
20%p 0,283 0,038 ab 0,226 0,021 ab 0,155 0,010 be 0,115 0,003 bc 0,105 0,002 b
40%p 0,301 0,021 ab 0,212 0,014 b 0,143 0,005 c 0,123 0,003 b 0,103 0,006 be
40% 0,320 0,014 a 0,261 0,029 a 0,206 0,012 a 0,179 0,007 a 0,158 0,004 a
Day 0 Day 2 Day 4 Day 7 Day 11
Pebbles Standard Standard Standard Standard Standard
Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group | Average Deviation Group
20%p 0,077 0,015 a 0,088 0,017 a 0,090 0,005 a 0,071 0,011 a 0,047 0,002 b
40%p 0,091 0,009 a 0,091 0,005 a 0,081 0,004 a 0,063 0,002 a 0,048 0,006 b
40% 0,097 0,006 0,095 0,008 0,085 0,007 a 0,077 0,009 0,077 0,004 a
The plant’s effect

In order to study this effect, modalities “40%p” and “40%” were statistically compared. The water content

decreased at a similar rate for the fine earth and we noted the same water content from the 7" sampling date for
the fine earth for the 2 modalities (Table 1 and Figure 1). For the stony phase, significant differences from this
7™ date onward were observed.

The day by day comparison between modalities (Table 2) showed that the water content of the fine earth of the
“40%p” modality was significantly greater than the “40%”modality after Day0Q. Similarly, the drying of the rock
fragments was more pronounced with a plant by Day 11.

These results indicate that, whatever the percentage of stones, the moisture of the fine earth reduces on average
1.3 times faster with a plant (modality “40%p”) than without a plant (modality “40%p”).

Conclusion
Results showed different behaviour for water loss between fine earth and pebbles during a drying period of 11
days. While water content of fine earth decreased from the beginning and onward, pebbles only started to lose
water several days after. Plants enhanced the drying processes due to their transpiration but did not seem to

modify the water transfer trends.

Evolution of water content in the fine earth and the coarse fraction suggests the existence of water exchange
between the two phases to establish a water balance. In the future work we aim to determine the water

exchanges using water retention curves of pebbles and fine earth to determine the radii of pores involved in this
exchange.
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Abstract

Limited databases on water retention and availability in soils to generate pedotransfer functions are available for
tropical and subtropical soils. The objectives of the study were to generate and evaluate pedotransfer functions
for soil water retention in soils from subtropical Brazil; and to estimate plant available water based on soil
particle size distribution. Two databases were set up for soil properties including water retention: one had 725
data and the other 253 data. From the literature database, pedotransfer functions were generated, nine
pedofunctions available in the literature were evaluated and the plant available water capacity was calculated.
Pedotransfer functions for selected sections generated for the soils had coefficients of determination ranging
from 0.56 to 0.66. Pedotransfer functions generated with soils from other regions were not appropriate for
estimating the water retention. Plant available water content varied with soil texture class, from 0.089 kg kg™ for
the sand texture class to 19.6 kg kg™ for the silty clay class. These variations were more dependent on sand and
silt content than on clay content. The soils with a greater silt/clay ratio, that were less weathered and had a
greater quantity of smectite clay minerals, possessed greater water retention and plant available water capacity.

Key Words
Pedotransfer functions, moisture retention, field capacity, permanent wilting point, tropical soils, ferralsols

Introduction

Plant available water in the soil is essential for adequate development of crops and is dependent on soil
properties. To overcome difficulties in water retention and availability determinations, researchers have
proposed mathematical models to estimate soil water retention (Saxton et al., 2006), known as pedotransfer
functions or equations (pedofunctions). These models estimate water retention by means of soil properties that
are more easily obtainable or available in the literature, which are related to water retention, and are generally
related to capillarity and water adsorption phenomena (Rawls et al., 1991).

Models were initially developed for temperate regions, where the edaphoclimatic properties are different from
tropical regions, which may make their use for these regions unviable (Tomasella et al., 2000). In Brazil, some
pedotransfer functions have already been established for estimating soil water retention (Arruda et al., 1987;
Masutti, 1997; Giarola et al., 2002; Oliveira et al., 2002), but their validity for other soils different from the
database soils has been little studied, which makes one question the degree of efficiency of generalized use of
these equations.

The objectives of this study were: to generate pedotransfer functions to estimate soil water retention at different
tensions from easily obtainable soil properties; to evaluate the efficiency of pedotransfer functions generated in
other regions for the estimation of water retention in subtropical soils from southern Brazil; and to calculate
plant available water capacity based on soil particle size distribution of Brazilian subtropical soils.

Methods

The pedotransfer functions for the soils were generated from data obtained from the 25 literature sources. These
studies were generated from samples collected from soil classes and horizons which represent various regions of
the state, giving a total of 725 sets of data, which include water retention curves, organic matter content, clay,
silt and sand, and bulk and particle density.

Retention data was available for up to eight tensions. The water retained at the tension of 10 kPa was
denominated as field capacity and that of 1,500 kPa as permanent wilting point. The option was made to
standardize the estimation of water retention at 10 kPa, determined in the laboratory, in spite of the concept of
field capacity for a given tension being questionable.

Based on the database, multiple regression analyses were made for obtaining the pedofunctions using the
stepwise option. This method selects the independent variables, sand, silt, clay, organic matter, bulk density,
particle density and the sum of the clay fractions plus silt (soil properties) and generates the respective
coefficients that compose each pedofunction to estimate the water content retained by the soil at the tensions of
6, 10, 33, 100, 500 and 1,500 kPa. Pedofunctions to estimate water retention for the tensions of 10, 33 and
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1,500 kPa were also generated simply from particle size distribution data, necessary for databases that do not
have the organic matter content and the bulk and particle densities.

To evaluate the accuracy of other available equations, those that estimate the gravimetric soil water content
were used, such as those proposed by Arruda et al. (1987), Oliveira et al. (1992), Bell & van Keulen (1995) and
Masutti (1997), and others that estimate the volumetric soil water content, such as those from Gupta & Larson
(1979), Rawls et al. (1982), Saxton et al. (1986), Van den Berg et al. (1997) and Giarola et al. (2002), with data
of organic matter, bulk density and clay, silt and sand content. Estimated moisture was correlated with the
moisture measured for each model.

Water content at field capacity (10 kPa) and at the permanent wilting point (1,500 kPa) and plant available
water capacity (between 10 and 1,500 kPa) were calculated for each sample. The results were grouped by
textural class and the mean of each class was presented in a textural triangle. For these properties, regression
analysis and path analysis were done. In this analysis, the data were submitted to descriptive statistics, Pearson
correlation analysis and multicollinearity. Variables with high and severe multicollinearity were not included in
the path analysis.

Results

Soil physical properties and water retention

The clay contents varied from 0.01 to 0.82 kg/kg, silt from 0.01 to 0.78 kg/kg and sand from 0.01 to 0.99 kg/kg.
The organic matter content varied from 0.01 to 0.10 kg/kg and the bulk density from 0.86 to 1.85 kg/dm’. This
ample variation is favorable and necessary for the generation of pedotransfer functions (Pachepski & Rawls,
1999). Thus, water retention also varied, as exemplified for the tension of 1,500 kPa, with levels from 0.01 to
0.48 kg/kg. These differences reflect the material of origin and the degree of weathering and thus the physical,
chemical and mineralogical properties of the soil.

Water retention had a positive correlation with the clay content, because this fraction favors the occurrence of
micropores and menisci, which generate capillary forces. In addition, clay increases the specific surface area of
the soil matrix and, consequently, water adsorption. These two phenomena, capillarity and adsorption,
determine the matric potential and are responsible for soil water retention.

Estimation of water retention and validation of the pedofunctions

The independent variables included in the equations were the same as the model presented by Gupta & Larson
(1979) and Rawls et al. (1982), and the coefficient associated with bulk density also had a negative signal, as in
that study, which is due to the fact that sandier soils, with low water retention, are denser.

The pedofunctions generated have coefficients of determination (R?) that vary from 0.56 at the tension of 500
kPa to 0.67 at the tensions of 6 and 10 kPa, all significant at the 1% level. Nevertheless, there are overestimates
for low tensions and underestimates for high tensions of water retention, differences expressed in the angular
coefficient (slope of the equation), always less than one, with variation from 0.56 to 0.67. The pedofunctions
generated only with particle size distribution data had R* from 0.44 to 0.54, less than those of the equations that
also use organic matter and bulk density, when only the particle size distribution data are available.

Evaluation of pedofunctions from the literature

Of five models tested that of Masutti ez al. (1997) for the tension of 33 kPa and of Oliveira et al. (2002) for the
tensions of 33 and 1,500 kPa were those that resulted in the best estimation of water retention, in spite of
underestimating water retention for greater tensions. The model from Arruda ef al. (1987) presents a
gravimetric soil water content estimated at approximately 0.32 kg/kg at the tension of 33 kPa, while the
measured contents are much higher than this level. All the models underestimate water retention for high
tensions, which may be observed by the b coefficient of the determined equation, which frequently has a value
of less than 0.5. The model from Bell and van Keulen (1995) estimated with greater precision the retention
measured for the soils of Rio Grande do Sul. Nevertheless, the b coefficient of the equation was 0.61, different
than 1 from the straight line 1:1. This indicates that for low tensions there was an underestimation of water
retention.

Models developed from soils of the temperate climate region, such as those from Gupta & Larson (1979), Rawls
et al. (1982) and Saxton et al. (1986), also had under or overestimation in water retention; nevertheless,
variability was high. With the exception of the model from Saxton et al. (1986) for the tension of 33 kPa, the
other models had R? less than the models developed from the soils of tropical regions. This may be due to
differences in mineralogy between the soils of the tropical regions and the temperate climate regions.

To evaluate the accuracy of the model proposed, the estimated results were compared with those estimated by
the models from Oliveira et al. (1992) and from Masutti (1997), which were generated with data from the State
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of Pernambuco. The water retention estimation from the proposed model, compared to that estimated by the
model from Oliveira et al. (1992) has a higher R? (0.93 for 33 kPa to 0.92 for 1,500 kPa), but the model
proposed overestimates water retention at the tension of 1,500 kPa. For the Masutti (1997) model, the R* were
0.46 for 33 kPa and 0.94 for 1,500 kPa. In addition, the angular coefficient at the tension of 1,500 kPa was only
0.42, very different from the unit value, which indicates a significant underestimation.

With the objective of making equations available when there is only information regarding particle size
distribution, three water retention equations were generated for the tensions of 10, 33 and 1,500 kPa. For the
tensions of 33 and 1,500 kPa, it was possible to evaluate the equations with the data available for soils from an
irrigation system. It may be seen that at the tension of 33 kPa, the R* between the estimated moisture and the
measured moisture was 0.73, while for 1,500 kPa it was 0.76.

Plant available water

Through path analysis, the direct and indirect effects of soil properties on water retention were evaluated. For
water retention at field capacity (10 kPa), direct and positive effects are seen from clay and silt, and a negative
effect from bulk density. The direct effect of clay (R=0.71) is greater than its total effect (R = 0.62) due to its
indirect effect through silt content (R = -0.23). In the more clayey soils, the silt content had a negative
relationship with clay (R =-0.42) and the lower direct contribution from the silt fraction to water retention
(R=0.54) diminishes the total effect from the clay in that retention.

The total effect of bulk density was negative (R = -0.65), a result of its direct effect (R =-0.27) and indirect
effect via the clay content (R =-0.34). In denser soils, the volume of larger pores diminishes, affecting water
retention at field capacity. With an increase in sand content, bulk density increased (R = 0.51); thus in the
denser and sandier soils, water retention was less, which resulted in an indirect effect from particle size
distribution in reduction of field capacity in the denser soils. The organic matter content had a total positive
effect on water retention at field capacity, with a correlation coefficient of 0.41. Nevertheless, the direct effect
was low (R = 0.14), while the indirect effect through clay (R = 0.04), silt (R = 0.15) and bulk density (R =0.09)
were responsible for the total effect.

Similar effects to those discussed for field capacity were observed for the permanent wilting point, however
with different correlation coefficients, primarily by the lower direct effect from the silt fraction. Furthermore,
for bulk density, the negative effect on water retention (R = -0.44) was principally indirect via clay content (R
=-0.33) and from organic matter (R = -0.04).

The water content retained at field capacity varied from 0.141 kg/kg in the sand class to 0.477 kg/kg in the silty
clay class, while the permanent wilting point varied from 0.050 kg/kg in the sandy loam textural class to

0.286 kg/kg in the silty clay textural class. Both the field capacity and the permanent wilting point increased in
similar magnitude with the increase in clay content, which caused the plant available water capacity to change
little with the increase of clay content in the soil.

The mean plant available water capacity for the soils evaluated was 0.130 kg/kg, with less retention in the sand
textural class and greater in the silt-clay textural class (Figure 1). Other classes with greater retention were silty
clay loam (0.158 kg/kg) and the silty loam (0.176 kg/kg). In the other textural classes, the plant available water
capacity varied little with the particle size distribution, from 0.116 kg/kg, in sandy clay loam, to 0.137 kg/kg, in
sandy clay soil. The lower plant available water capacity in the sand textural class is related to the low specific
surface area of these soils, while the greater availability in the silt-clay class is related to the greater presence of
clay and silt, with a greater specific surface area. When the three classes with greater retention are examined, it
is observed that these soils are less weathered and with a greater silt clay ratio and, thus, greater contribution to
water retention by 2:1 type minerals.

The path analysis showed that the plant available water capacity had positive total correlation with the silt
content (R = 0.22) and organic matter (R = 0.19), and negative with bulk density (R = - 0.30). For the silt
content and bulk density, the effects were direct, while for organic matter, the direct effect was small (R = 0.04)
and the total effect was dependent on the indirect effects via the silt content (R = 0.06) and bulk density (R

= 0.10). Soils with greater organic matter content were those with greater silt content (R = 0.22); thus, the
greater water retention of these soils was also via silt. Low correlation coefficients among soil properties and
plant available water capacity have frequently been related (van den Berg et al., 1997; Giarola et al., 2002),
probably due to the interactions with positive and negative effects among the soil properties, which could be
verified through path analysis.
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Figure 1. Relationship between clay content and moisture at field capacity (UV 10 kPa), permanent wilting point
(UV 1500 kPa) and available water (UV10 - UV 1500 kPa) for the subtropical soils.

Conclusion

Pedotransfer functions generated from soils from other geographical regions were not adequate for estimating
water retention for the soils of southern Brazil and, for the soils evaluated, the proposed equations generally
included the variables of organic matter, bulk density and the sum of the clay plus silt fractions.

The contents of clay, silt and organic matter had total positive correlation with soil water content at field
capacity and at permanent wilting point, whereas bulk density had negative correlation with water content in
field capacity. Part of the correlation was due to an indirect effect, as a consequence of interrelationships which
exist among soil properties.

The lowest level of plant available water capacity was in the sand textural class due to the low specific
superficial area, while the greatest level was observed in the classes with a greater silt content and, therefore in
those with a greater silt/clay ratio, indicative of less weathered soils with a greater quantity of 2:1 type clay
minerals.
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Abstract

It is sometimes desired to establish native plant species on rehabilitated minesites of central Queensland that are
occupied by exotic pasture grasses such as Cenchrus ciliaris, which is more effective than native plant species
in utilising the limited available soil moisture. Investigations were conducted on the hydrological characteristics
of the mine site soils and on the water requirement for germination of selected native species. Rainfall
simulation experiments using established pastures of different ages showed that pastures increased the
infiltration rates and water retention capacities of soils as compared with bare surfaces. Germination
experiments exposed non-dormant seeds of six native tree and shrub species and five grass species to decreasing
osmotic water potentials (OWPs). Each species varied in its rates of imbibition, radicle elongation and
germination, as well as their tolerance to dehydration during germination. Imbibing seeds of all species would
germinate only if they reached critical minimum water contents, regardless of the OWPs imposed during
imbibition.

Coupled with the knowledge on the rainfall characteristics of the region, this study demonstrates the possibility
of increasing the success of native species establishment on rehabilitated minesites in central Queensland by
identifying environmental conditions that must be provided in order to achieve successful germination.

Key Words
Runoff, erosion, water content, bulk density, coal industry, grazing

Introduction

While grazing may continue to be a practical option as a post-mining land-use in some areas, the mining industry
in central Queensland has, in the past two decades, turned towards the establishment of native plant communities
or bushland as one of the alternative post-mining land-uses (Emmerton and Elsol, 1998; Williams, 2001). Native
trees and shrubs have been seen by many mine operators as useful in providing shade and shelter for native fauna,
as well as potentially providing useful forest timbers and assisting in erosion control (Roe et. al., 1996). Itis
assumed that once established, native vegetation communities can be self sustaining and maintenance-free. On the
other hand, grazed pastures are thought to form plant communities that lack diversity and are less resilient to
environmental disturbances (Walker et al., 1999).

However, following reshaping of the mined land and placement of growth media to support vegetation, the
slower growing native species are exposed to intense competition for water, nutrients and light from fast-
growing weed species and exotic pasture grasses such as Cenchrus ciliaris (buffel grass), and thereby tend to be
excluded from the site (Mulligan, 1993). Moreover, only limited work has been done where exotic pastures that
have been established for two or more years were replaced with native species sown into media with much
higher organic matter concentrations and vastly improved physical characteristics than would have existed if the
pasture phase had not been established initially. Therefore, the replacement of well established exotic pastures
under the relatively dry and erratic climate of central Queensland requires that the seeds of native species can
germinate and become established before the limited available soil moisture is exhausted. This study examines
three factors involved in seedling establishment: water characteristics of the soil, germination characteristics of
the seeds of native species and the rainfall distribution of the region. Defining conditions under which these
three factors were optimised at a site would allow ‘windows of opportunity for sowing’ to be selected for
desired species in terms of water availability, which in this region will be largely determined by soil water
retention and climatic conditions.

Methods

Water characteristics of the replaced soils

Three rehabilitated sites with similar reconstructed duplex topsoils and sown with exotic pasture grasses 2.5, 5
and 16 years previously were selected for treatment plots. Three additional sets of treatment plots were also
established on a stockpile of duplex topsoil supporting a 5-year-old pasture. On each treatment site, two sub-
treatments were applied: grassed (undisturbed) and grass cut to ground level, created to reflect different seedbed
conditions. Each sub-treatment was replicated three times. Altogether there were 27 treatment plots established
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and rain simulated. A field rainfall simulator (RFS) designed and developed at the Queensland Department of
Primary Industries, Toowoomba, (Loch ef al., 2001) was employed to apply simulated rain events on the
treatment plots. Runoff and erosion data customarily produced by this type of experiment were recorded,
together with soil moisture changes by depth (0-2.5, 2.5-5, 5-10 and 10-20 cm) over several days after the
application of simulated rainfall of approximately 100 mm over a period of one hour. Plant available water was
determined as the difference in water content (mm rainfall equivalent) between field capacity and permanent
wilting point (-1.5MPa).

Germination characteristics of selected native species

A series of experiments was conducted in controlled temperature chambers at the University of Queensland on

selected native species of trees (Acacia holosericea, Acacia leiocalyx, Eucalyptus citriodora), shrubs

(Lysiphyllum carronii) and grasses (Astrebla lappacea, A. pectinata, Dicanthium sericeum, Themeda triandra)

from central Queensland region, as well as the exotic pasture grass Cenchrus ciliaris. The following parameters

were investigated in petri dishes under a range of water potentials from O to -1.5 MPa imposed by solutions of

polyethylene glycol:

e [mbibition: to establish the rate and extent of water uptake by seeds.

® Germination: to determine the rate and completeness of germination.

® Hydropedesis: to determine the germinability of partly imbibed seeds that had been exposed to dry
conditions for 1 to 5 days.

® Radicle elongation: to estimate the rate of radicle growth rate in germinating seeds.

However, only results from the first two experiments are reported in this paper.

Results

Moisture availability in surface soils

In this paper only results from rainfall simulation run on topsoil stockpile are discussed. Plant available water in
each of the two uppermost soil layers (0-2.5 and 2.5-5.0 cm) varied between 3.5 and 4.5 mm after application of
simulated rainfall (Figure 1). On the bare soil, the plant available water (above -1.5 MPa) in the 0-2.5 cm layer
had been exhausted within two days after the simulated rainfall event. Most of the plant available water in the
2.5-5.0 cm layer had been lost in the first two days, but some remained until four days after rainfall. In the
grassed treatment, the rate of water loss during the first day after simulated rainfall was similar to that on the
bare plot, but the rate of loss slowed between 1 and 3 days and then accelerated in both the 0-2.5 and 2.5-5.0 cm
layers so that plant available water was exhausted about four days after the rainfall application (Figure 1).
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Figure 1. Moisture availability in the top 5 cm of stockpiled topsoil that had been under pasture for 5
years, showing the comparison between bare plots and grassed plots. Bare plots were prepared
by removing the top 15 cm of the soil. Grassed plots were undisturbed.

Imbibition responses to water potential

The germination experiments showed that the process of germination in all species was delayed and inhibited at
reduced osmotic potentials. For most species, it was possible to identify the three phases of germination as
postulated by Bradford (1995). Phase I (imbibition) is associated with a relatively rapid increase in seed water
content and the measurements were taken to determine any reduction in the rate of imbibition at the end of
Phase I. A failure or substantial retardation of imbibition is likely to affect the eventual success of germination.
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Phase Il is a period during which seed water content changes slowly but important metabolic changes are
occurring in the seed. The end of Phase II was taken to be the time at which germination first occurred or when
the rate of imbibition increased again. The results of these interpolations for the species examined are set out in
Table 1. The estimates of the duration of Phase I and the resulting rates of imbibition are approximate but non-
dormant seeds of all species exposed to continuous saturation (~0 MPa) readily imbibed water and reached a
water content of 45% or more within 12 hours. Two tree species (E. citriodora and A. leiocalyx) reached water
contents of about 100% in that time, demonstrating the most rapid imbibition rates for the experiment.

Table 1. Summary of imbibition characteristics of nine tree, shrub and grass species at osmotic potentials
of 0 MPa. Values are mean =+ s.e. (P=0.05)

Species Phase I Phase 11 Phase 111
Initial  Dur. Rate Final Dur. Rate Final Begins
wc% hr  wc%/hr  we% hr  wc%/hr  wc% hr

Tree

Acacia holosericea 2.7+0.8 24 2.7+0.2  73+4.9 24 2.2+0.5 125+0.1 48

Acacia leiocalyx 7.6+0.5 24 6.4+0.3 162+6.7 24 0.6x0.3 178%1.5 48

ff;ff;gg}f;‘s 9.7+0.7 12 68203 91+234 36 03204 1013.6 48

Shrub

Lysiphyllum carronii  10.5£0.6 24 4.5+0.7 118+29 48 0.1£0.1 153+5.6 72

Grass

Astrebla lappacea 22.5+0.1 24 2.8+0.3 90%1.7 24 0.1£0.3 109+8.6 48

Astrebla pectinata 21.6+0.9 24 3.1+04 98434 24 0.6£0.2 105+4.5 48

Cenchrus ciliaris 15.02£0.7 12 3.1+0.1  52+1.7 12 29403 87+5.5 24

Dicanthium sericeum 15.0£0.7 12 2.5+0.1 45%0.8 12 0.1£04 46+4.1 24

Themeda triandra 13.7+0.5 12 2.4+03 42413 >84 n.a. n.a. n.a.

Abbreviations:

wc%: seed water content per cent dry weight; Dur.: duration; n.a.: not applicable.

The commencement of Phase III can be taken as the time of detection of germination. It is clear that Cenchrus
ciliaris and Dicanthium sericeum would be likely to commence germination well before the surface soils in the
field study had reached the permanent wilting point. It is likely that a substantial portion of the seed population
may have begun to germinate by this time. In contrast, the other species would have just commenced
germination by the time the available water had been exhausted. In addition, the germination process in most
species was retarded at reduced osmotic potentials (data not shown) so it would be less likely that successful
germination would have occurred on bare soil by the time the available water had been exhausted.

Conclusion

This study shows that it may be possible to replace well established exotic pasture grasses such as Cenchrus
ciliaris with native plant species in central Queensland. However, plant available soil water must be maintained
for several days after a rain event if that is to happen. For seedling establishment under natural rainfall
conditions, this means that several rain events must follow in quick succession over at least a week so the
seedling roots can penetrate below the first 5 cm of soil. The most likely result is that without serious
management intervention, Cenchrus ciliaris will become established sooner and more abundantly than the
desired native species, reinforcing the dominance of this exotic species on mine rehabilitation sites.
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