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the Kruger National Park

Soil water potential is crucial to plant transpiration and thus to carbon cycling and
biosphere—atmosphere interactions, yet it is difficult to measure in the field. Volumetric and
gravimetric water contents are easy and cheap to measure in the field, but can be a poor
proxy of plant-available water. Soil water content can be transformed to water potential
using soil moisture retention curves. We provide empirically derived soil moisture retention
curves for seven soil types in the Kruger National Park, South Africa. Site-specific curves
produced excellent estimates of soil water potential from soil water content values. Curves
from soils derived from the same geological substrate were similar, potentially allowing
for the use of one curve for basalt soils and another for granite soils. It is anticipated that
this dataset will help hydrologists and ecophysiologists understand water dynamics,
carbon cycling and biosphere-atmosphere interactions under current and changing climatic
conditions in the region.

Introduction

Soil moisture is a key driver of plant productivity in many ecosystems, since water-stressed plants
close their stomata to curb water loss, resulting in reduced Carbon dioxide (CO,) assimilation
rates and, thus, growth (Lambers et al. 2008). In order to understand water availability, ecologists,
agronomists and land managers often use measurements of gravimetric (g of water g* soil)
or volumetric (cm?® of water cm? soil) soil water to estimate water availability to plants. These
measurements can easily be made by a wide array of sensors or simply by weighing and drying
soil samples. The problem with these measurements is that they do not necessarily provide
information about whether or not water is available to plants. This is because surface tension
can bind large amounts of water to soils with a high internal surface area (i.e. clays) at such large
negative pressures that plants cannot oppose them and are therefore unable to take up the water
(Vogel 2012). The negative pressure with which water is bound to the soil is the soil water potential.

In non-saline soils, the relationship between soil water content and soil water potential largely
depends on texture. Clay particles have a large surface area relative to their volume and therefore
have the ability to bind large amounts of water. As a result, a clay soil with, for example, 10%
moisture, may have a highly negative water potential, making water uptake impossible for
most plants. Sand particles are larger and more spherical and therefore have a lower surface-to-
volume ratio. Consequently, a sandy soil with 10% moisture may have a water potential that is
close to zero, allowing for easier water uptake by plants.

Temperate crops can transpire water through their stomata, and can therefore photosynthesize,
down to a soil water potential of about -1.5 MPa. Whilst this is called the permanent wilting point,
some plants in arid systems are able to transpire water at a soil water potential as low as -5 MPa
(Baldocchi et al. 2004; Rodriquez-Iturbe & Porporato 2004). Ecologists, vegetation modellers and
those modelling biosphere-atmosphere interactions therefore need accurate estimates of soil
water potential in the range from -5 MPa to 0 MPa to predict and explain stomatal responses,
carbon dynamics, and water and energy budgets.

Pedo-transfer functions transform variables that are easy and cheap to measure into more
informative variables that are too difficult or expensive to measure directly (Bouma 1989). One
such function is the soil water retention curve, which transforms soil water content into soil
water potential. The water retention curve is often estimated from information on soil texture,
but can be determined precisely by measuring both variables simultaneously on samples under
controlled conditions. Here we provide empirically derived soil water characteristic curves for
seven soils representing the major soil types of the Kruger National Park (KNP). We test whether
the same curve can be used for soils with a similar texture.
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Methods
Study site

The Kruger National Park is situated in the north-east of
South Africa between 30.9-32.0 °E and 22.3-25.5 °S. The
park receives between 450 mm and 750 mm yr' of rain,
most of which falls between October and March. Average
temperatures are approximately 25 °C in summer and
20 °C in winter. Most of KNP is underlain by either basaltic
rock that weathers into clay-rich soils or granitic rock that
weathers into sandy soils. Both of these dominant parent
materials are old: the basaltic rock was formed ~200 MA,
whilst the granite was formed ~2050 MA (Venter et al. 2003).
Seven dominant soil types from across the park (Venter et al.
2003) were sampled (Figure 1; Table 1). The sampled soil
types cover approximately 65% of KNP.

Approach

Using a soil auger, samples were collected at three depths:
at the top of the profile (0 cm - 10 cm), at the bottom
(110 cm or degraded bedrock, whichever was shallower) and
in the middle (Table 2). Soils were air dried and sieved in a
2 mm-aperture sieve to remove large roots and rocks. The
proportion of rock with dimensions greater than 2 mm was
generally negligible (< 3%).

Water retention curves

Soil moisture retention curves were derived empirically
using an instrument that exploits the chilled-mirror
technique (WP4T, Decagon Devices Inc., Pullman). A
soil sample is inserted into the device and equilibrated
with the headspace of a sealed chamber, so that the water
potential of the air in the chamber is the same as the water
potential of the sample. The point of condensation on
a mirror is detected by shining a beam of light onto the
mirror and recording its reflectance with a light sensor. At
the point of condensation, the temperature of the mirror
is recorded, allowing the water potential of the air, and
therefore of the sample, to be calculated. The instrument
measures the water potential with an accuracy of 0.05 MPa
over the range of -0.1 MPa — -0.5 MPa and an accuracy of
0.1 MPa over the range of -0.5 MPa — -300 MPa. Therefore, it
adequately covers the range relevant to plant growth. The
water content of the sample at the time of measuring water
potential is determined gravimetrically (i.e. it is weighed
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and reweighed after oven-drying at 60 °C to a constant
weight). Since the relationship between water potential
and water content is often hysteretic (affected by the initial
state of the system), we constructed soil moisture retention
curves from both drying and wetting soils.

Soil from each sampling location and depth was subdivided
into 15 samples of 5 g — 6 g each. These samples were used to
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FIGURE 1: Dominant soil types of the Kruger National Park following Venter
et al. (2003), and the sampling locations of this study.

TABLE 1: Coordinates of the sampling sites and description of soils at those sites, following Venter et al. (2003). The sand, silt and clay fractions are the mean of all samples

from a site in percentages * the standard error.

Site Longitude Latitude Substrate  Description of dominant soil type Sand Silt Clay
Letaba 31.5195 -23.7796  Basalt Calcareous shallow clays 32+7 gl 5 37+3
Lower Sabie 31.9063 -25.1916  Basalt Pedocutanic clays, mainly brown and black 42+7 26+2 32+9
Phalaborwa 31.2779 -23.8676  Granite Coarse fersiallitic sands and loams, mainly yellow and grey - - -
Pretoriuskop 31.2336 -25.1300  Granite Coarse fersiallitic sand, solonetzic duplex soil with coarse sandy A-horizon and loams 85+2 10+2 5+2
Punda 30.9922 -22.6668  Sandstone Arenaceous sediments 96 +2 3+0 1+1
Satara 31.7484 -24.4065  Basalt Pedocutanic clays, mainly brown and black 46+5 37+4 17+3
Skukuza 31.5450 -25.0730  Granite Co:rlse fersiallitic sand, shallow sand, solonetzic duplex soil with coarse sandy A-horizon 82+ 7 102 816
and loam
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TABLE 2: Parameter estimates, standard deviations of the parameter estimates, and goodness of fit for the power functions fitted as water retention curves for soils in

the Kruger National Park.

Site Depth % Sand % Silt % Clay Drying curve Wetting curve
(cm) a a(s.d.) b b(sd) R a a(s.d.) b bisd) R
Letaba 0-20 45.00 22.50 32.50 1.09x10*  1.29x10° 4.572 0.005 0.97 8.12x10%  3.72x10° 7.221 0.019 0.95
40-60 25.00 33.75 41.25 1.29x10*  2.14x10° 4.889 0.008 0.96 1.78x10° 5.08x10°% 6.543 0.012 1.00
70-90 25.00 37.50 37.50 1.91x10*  2.01x10° 4.080 0.004 0.95 6.05x10°  2.23x107 5.810 0.016 0.96
Lower Sabie 0-15 35.00 26.25 38.75 4.44x10°  5.47x107 5.209 0.005 0.96 4.91x10°  1.35x107 5.880 0.012 0.98
30-40 35.00 22.50 42.50 2.07x10°  4.72x10°® 6.574 0.010 0.97 1.64x10°  1.20x107 6.375 0.033 0.95
60-75 55.00 30.00 15.00 2.66x10°  9.62x101° 7.751 0.015 0.98 3.24x107  2.70x10%® 6.511 0.033 1.00
Phalaborwa 0-10 - - - 1.68x10°  3.48x10° 2.141 0.006 0.90 4.53x102  1.54x10°3 0.998 0.010 0.96
30-40 - - - 2.18x10%  4.54x10* 1.504 0.006 0.91 1.18x10° 5.03x107 3.589 0.012 0.81
75-80 - - - 1.10x10*  1.28x10° 3.011 0.036 0.96 1.17x10*  4.09x10° 2.877 0.010 0.98
Pretoriuskop 0-10 91.00 9.00 0.00 3.09x10°®  5.52x10° 1.874 0.004 0.98 1.36x10° 4.11x107 3.159 0.007 0.98
30-40 85.00 7.50 7.50 1.85x10°  3.86x10° 2.084 0.005 0.96 1.37x107  5.82x10° 4.518 0.011 0.97
90-100 79.00 14.50 6.50 5.40x10°  3.32x10* 1.834 0.019 0.80 1.06x107 1.17x10°% 4.943 0.030 0.98
Punda 0-10 97.00 3.00 0.00 7.35x10%  9.00x10° 1.647 0.003 0.96 3.33x10° 1.18x10° 2.877 0.009 0.86
30-40 94.00 3.50 2.50 1.09x102  1.75x10* 1.458 0.004 0.98 5.01x10° 4.44x10° 2.673 0.022 0.95
100-110 - - - 2.92x10°  3.68x10° 1.788 0.003 0.97 7.16x10° 1.52x10° 2.487 0.056 0.87
Satara 0-10 55.00 33.75 11.25 5.31x10°  1.00x10* 2.819 0.008 0.91 2.77x10* 9.25x10° 3.980 0.013 0.99
30-35 47.50 32.50 20.00 3.20x10°  4.61x10° 3.706 0.007 0.93 5.00x10* 1.45x10° 4.474 0.015 0.94
50-60 36.25 43.75 20.00 5.69x10°  8.29x10° 3.456 0.008 0.93 5.95x10* 1.18x10° 4.558 0.010 0.98
Skukuza 0-10 87.00 11.00 2.00 5.26x10°  7.17x10° 1.812 0.004 0.97 6.20x10° 2.12x10° 2.774 0.008 0.98
30-40 91.00 7.00 2.00 8.02x10%  1.80x10* 1.679 0.006 0.99 4.66x10° 1.92x10° 3.022 0.011 0.99
50-60 67.00 13.00 20.00 - - - - - 2.41x10° 1.86x10* 1.998 0.024 0.99

a and b, Parameter estimates; s.d., standard deviations; R?, goodness of fit.

construct a single drying curve and a single wetting curve for
each depth at each sampling location. For the drying curve,
the samples were initially saturated with distilled water,
sealed, and left to equilibrate overnight. Water potential
and moisture content were then measured repeatedly as the
samples air dried. A typical curve was completed within a
day. For the wetting curve, incremental amounts of moisture
were added to initially dry samples to achieve a range
of saturation levels. Samples were then sealed and left to
equilibrate overnight, after which the water potential and
moisture content were measured.

Empirical models for the water retention curve are typically
written to be solved for water content (see Assouline et al.
[1998] for an overview). We fitted two widely used models,
proposed by Van Genuchten (1980), and Fredlund and Xing
(1994), which were rewritten to solve for water potential
given a known water content using non-linear regression
in R (R Core Team 2013). We compared the performance of
these models to simpler power and exponential functions,
which were fitted by maximising the likelihood using
iterative methods (Plummer 2013). These functions were
fitted to both the entire measured range of water potentials
(0 MPa - -100 MPa) and to a subset that is relevant to plant
growth (0 MPa - -8 MPa).

To assess the variability amongst sites of the same geology,
we compared site-specific curves to curves for which the
data were aggregated by geology. This was done for four
levels of water content (0.03 g g7, 0.05 g g7, 0.1 g g'and
0.15 g g'). For this analysis, soils from Punda, which are
derived from quartzite (Venter et al. 2003), were included
with granite-derived soils as they had a very similar texture.

http://www.koedoe.co.za . doi:10.4102/koedoe.v56i1.1228

Soil texture

Particle size affects the total surface area for a given mass
or volume of soil, and therefore the shape of the water
retention curve. To quantify sand, silt and clay fractions,
the hydrometer method (Bouyoucos 1962) was used. For
each sample, between 40 g and 50 g of soil was dispersed
with an electrical mixer in 100 mL of a 5% sodium
hexametaphosphate ([NaPO,],) solution, in order to break
down clay aggregates. This mixture was allowed to soak
overnight and mixed again the following morning before
being transferred to a 1 L cylinder filled up to 1 L with
distilled water. Sediment was dispersed with a plunger and
hydrometer readings were taken after 40 s and 6 h 52 min.
Fractions were calculated as:

clay = H, s [Eqn 1]

silt = Hw [Eqn 2]
w

sand =1-silt — clay [Eqn 3]

where H is the hydrometer reading at ¢ seconds after
inserting the hydrometer, and w is the sample weight
in grams. Hydrometer readings were corrected for the
added (NaPO,), by subtracting the hydrometer reading of
a cylinder with 100 mL (NaPO,), solution filled up to 1 L
with distilled water. The temperature was measured at the
time of each hydrometer reading and 0.4 g L' of solute
concentration was added to the hydrometer reading for
every degree C above 20 °C (http://uwlab.soils.wisc.edu/
files/procedures/particle_size.pdf).
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Results

As expected, soils from the basalt substrate had a much

higher clay content than soils from the granitic substrate
(Table 1; Table 2).

The water potential and water content data is given in
Online Appendix 1. The Fredlund and Xing model (1994)
appeared to fit the data well, with R* values > 0.99 for most
curves. However, the confidence intervals on the parameter
estimates could not be estimated using standard techniques,
suggesting the parameters were not identifiable. In other
words, multiple combinations of parameter values can result
in an identical fit. This outcome is likely to be a symptom
of over-parameterisation of the model. The Van Genuchten
model (1980) did not converge well, also hinting at over-
parameterisation. Therefore only results from the simpler
power and exponential functions were reported.

The best fit to individual curves in the -0.5 MPa — -8 MPa
range was provided by a power function of the form
(Table 2; Appendix 1):

a

Wy =
®(‘

[Eqn 4]

where V¥ is water potential in MPa, © is gravimetric water
content in g g*, and a and c are estimated coefficients. For
a given water content, water potentials from drying curves
were generally lower than for wetting curves (Appendix 1).

When combining data from all sites per geological
substrate, the residuals of the power function fits showed
systematic bias. An exponential model to describe the data
aggregated by geology was therefore used. The exponential
model fits these grouped data reasonably well in the
-0.5 MPa - -8 MPa range: basalt R* = 0.59; granite R* = 0.66
(Figure 2; see Appendix 2 for 0 MPa — -100 MPa range). It
should be noted that R* values should be interpreted with
caution in non-linear regression, and that the standard error
of the regression (SER) is a better measure of goodness of fit:
basalt SER = 1.42 MPa; granite SER = 1.13 MPa.

The equation to convert soil water content to water potential
for basaltic (clayey) soils in the -0.5 MPa — -8 MPa range is:

¥ =0.21+46.51 (e #%9) [Eqn 5]

For granitic (sandy) soils in the -0.5 MPa — -8 MPa range, the
equation is:

Y= 0.51+17.35 (e 559) [Eqn 6]

To assess the accuracy of these geology-specific curves,
we compared the range in water potential for four water
contents (0.03, 0.05, 0.10 and 0.15), as predicted by the site-
specific models to the predicted water potential, using the
geology-specific curve (Figure 3). The geology-specific
curves predicted water potentials close to the median value
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of site-specific curves, suggesting that they might be useful
for modelling applications.

Discussion

Ecophysiological and hydrological interpretation of soil
water content — an affordable measure of soil moisture —
requires the use of pedo-transfer functions that transform
water content into water potential. We generated such water
retention curves with a WP4T instrument (Decagon Devices
Inc., Pullman) using empirical data, and provided curves for
common soil types in KNP, South Africa. A power function
provided a good fit for individual samples, and, depending
on the required accuracy, a single exponential function per
geological substrate may be used. At low water contents
(i.e. ~5% for granitic and ~15% for basaltic soils), water
potentials estimated from our pedo-transfer functions begin
to vary widely between sites, reflecting differences in clay
content. Thus, researchers interested in precise estimates of
soil water potentials in dry soils should use our site-specific
functions. However, these water potentials are below the
permanent wilting range (-1.5 MPa — -5 MPa; Figure 3) and
represent small volumes of soil water.
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FIGURE 2: The relationship between soil moisture and water potential in the
range relevant to plant growth, for (a) basalt-derived and (b) granite-derived
soils in the Kruger National Park. Note that the pressures on the y-axis are
negative pressures. The water retention curves were fitted using an exponential
model.
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FIGURE 3: Comparing site-specific and geology-specific curves for (a) Basalt and
(b) Granite. Each box shows the range of predicted water potentials from all
site-specific curves per geological substrate for a given water content. The solid
horizontal line in the box denotes the median of predicted values. The horizontal
dotted lines indicate the wilting range (-1.5 MPa — -5 MPa). The * symbols show
the predicted values from the geology-specific curves. The water potentials at
water contents of 0.03 g g* and 0.05 g g in basaltic soils are not shown as they
are < -25 MPa and not relevant for plant physiological processes.

Researchers using the equations provided here should take
care to avoid several potential problems. First, our analyses
relied on the chilled-mirror technique. This method is highly
accurate in the dry range (-0.5 MPa — -300 MPa), but is less
accurate in the wet range of soils (-0.001 MPa — -0.5 MPa).
It should be noted that some crop species may become
water limited at -0.03 MPa (Rodriquez-Iturbe & Porporato
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2004). Second, the functions presented here are based on
gravimetric soil water measurements, whilst some field
sensors measure soil moisture volumetrically. To use the
functions provided in this study, volumetric soil moisture
should be divided by the bulk density of the soil. Bulk
density in KNP varies with texture, spatially, and with soil
depth (Wigley et al. 2013). When converting gravimetric or
volumetric contents to water potentials, researchers should
be aware of the potential role of coarse rock fragments. A
soil sensor that provides volumetric water content in a
rocky soil will underestimate soil water potentials because
the volumetric sensor reports the water content of a volume
comprised of both rock and soil.

In conclusion, the presented soil water retention curves
will improve estimates of plant-available water from
measurements of volumetric or gravimetric soil moisture
in KNP and surrounding areas with similar geological
substrates.
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FIGURE A1 : The relationship between soil moisture and water potential in the range relevant to plant growth for each of the sampled soils in the Kruger National Park,
Letaba, Lower Sabie, Phalaborwa, Pretoriuskop, Punda, Satara, Skukuza. The pressures on the y-axis are negative pressures. The water retention curves were fitted using
a power function. The parameter values for the curves are given in Table 2.
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FIGURE A1 (Continues...): The relationship between soil moisture and water potential in the range relevant to plant growth for each of the sampled soils in the Kruger
National Park, Letaba, Lower Sabie, Phalaborwa, Pretoriuskop, Punda, Satara, Skukuza. The pressures on the y-axis are negative pressures. The water retention curves
were fitted using a power function. The parameter values for the curves are given in Table 2.
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The equation for basaltic (clayey) soils in KNP is:

Y =0.01 +228.15 (¢723%0)

and for granitic (sandy) soils in Kruger National Park:

W =0.01 + 119.40 (e-10)

where WV is water potential in MPa, © is gravimetric water contentin g g™.

R?values are 0.78 and 0.70 for basaltic and granitic soils respectively. Standard errors of the regression are 8.74 MPa and 13.15 MPa for basaltic and granitic soils respectively.

FIGURE A2: The relationship between soil moisture and water potential in the 0 MPa —-100 MPa range for (a) basalt-derived and (b) granite-derived soils in the Kruger
National Park. The pressures on the y-axis are negative pressures. The water retention curves were fitted using an exponential model.
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