
Dynamics of Soil Water and Temperature in Aboveground Sand Cultures Used for
Screening Plant Salt Tolerance

D. Wang*

ABSTRACT nized to prescribed salinity levels (Grieve and Shannon,
1999). Frequent irrigation and careful selection of theThere are increasing concerns about the feasibility of applying
sand materials can provide root-zone salinity values rel-plant salt tolerance information obtained from artificial sand cultures

in field soils. A main question concerns the similarity of growth condi- atively constant over time and soil depths.
tions between the sand cultures and the field. This study was conducted Although the application of a fixed-level salinity as
to determine the dynamic variations of soil water and temperature the primary treatment variable, often by means of irriga-
in sand cultures and to compare them with the same parameters tion with saline water (Shani and Dudley, 2001), has
observed in a field soil. Results indicated that sand cultures filled with many practical agronomic advantages for studying plant
a reasonably well graded river sand exhibited values of minimum salt tolerance, whole plant response to salt stress is con-
and maximum soil water content similar to those in the field. Soil

voluted by environmental variables such as tempera-volumetric heat capacity and thermal conductivity of the river sand
ture, humidity, radiation, and soil water content that coaf-were also comparable with values found in the field soil. A poorly
fect both transpiration and growth (Baker et al., 1992).graded silica sand, however, was found not suitable to reproduce soil
Dalton and Poss (1989) showed that the threshold valueswater and temperature regimes that commonly occur in the field. If

other environmental factors for plant growth can be simulated to of root-zone salinity are related to soil temperature. For
match those found in the field, results of plant salt tolerance obtained most plant species, there exists an optimal soil tempera-
from the sand cultures can be used to provide guidance for plant se- ture for root growth (McMichael and Burke, 1996). The
lection under field conditions. The approach of using particle-size interactive and overlapping effect of soil temperature on
analysis information to derive the hydraulic and thermal properties plant growth should be integrated in plant salt tolerance
should be readily adoptable by interested researchers in selecting the assessment studies. A dynamic salinity stress index was
most appropriate grading of sand culture materials.

proposed by Dalton et al. (1997) to account for tempera-
ture and other biophysical variables, in addition to salin-
ity, that are important to root water uptake.

Root-zone salinity is one of the major production Despite the obvious advantages of using sand cultures
and environmental concerns in irrigated agricul- for screening plant salt tolerance, the artificial growth

ture, especially in arid regions. High levels of salinity environment is often far from duplicating the biophysi-
caused by elevated salt concentrations in soil solution cal growth conditions in the field. Two of the most im-
can severely impair plant growth resulting in significant portant variables are soil water content and soil temper-
yield losses. A survey of salinity effects on agricultural ature. The objectives of the reported study were: (i) to
and horticultural crops indicates that salt sensitive spe- determine the dynamics of soil water and soil tempera-
cies have threshold tolerance values as low as 1.5 dS ture in aboveground sand cultures, and (ii) to compare
m�1, whereas tolerant species may reach 10 dS m�1 in with the soil water and thermal regimes of a field soil in
the saturation extract (Maas and Hoffman, 1977). The the context of selection criteria of appropriate sand ma-
high salt content in soil and water also poses a potential terials and feasibility assessment of transferring plant salt
threat to surface and ground water quality. tolerance information from sand cultures to the field.

The concept of root-zone salinity or profile-averaged
salinity (Wu et al., 2001) and its application to plant

MATERIALS AND METHODSstudies often assumes a pseudostatic condition where
growth and yield responses are referenced to a salinity The Sand Culture Experiments
value averaged over the entire root zone. However, the

The sand cultures used in this study were black high-strengthsoluble salt concentration in the soil is a dynamic func- polyvinyl containers, 120 by 60 by 45 cm for the length, width,
tion of soil texture, structure, porosity, bulk density, soil and height dimensions, that were filled with a number 12 silica
water content, and soil temperature. The discrepancy sand for Exp. 1 and a washed river sand for Exp. 2. The silica
between a single value of average root-zone salinity and sand was a high-purity quartz (SiO2) that has often been used
its variable nature in field soils has long been recognized as a uniform porous medium to support plant growth or for

chemical transport studies (Meeussen et al., 1999), whereas(Shannon, 1979). Further, spatial and temporal variabil-
the washed river sand that provides some particle-size separa-ity in soil salinity creates additional difficulties in plant
tion has primary been used as a growth medium for plantsalt tolerance assessment studies in field soils. A possible
assessment studies (Grieve and Shannon, 1999). Irrigation ofalternative to these difficulties is to use artificial sand
these sand cultures or sand tanks was accomplished throughcultures irrigated with nutrient solutions that are sali-
small closely spaced openings on polyvinyl chloride (PVC)
pipes fitted on the inside edge along the 120-cm sides (Fig. 1).
These sand tanks were preexisting and operational facilitiesDep. of Soil, Water, and Climate, Univ. of Minnesota, St. Paul, MN
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that were located in greenhouses equipped with automated
climate control systems. Nonsaline irrigation water (�1 dS
m�1) was pumped, within a closed system, to the surface of
the sand tanks from 687-L reservoirs located at a lower level
of the greenhouses, percolated through the sands, then drained
back to the reservoirs by gravity. For Exp. 1 with the silica
sand, the recirculating irrigation was carried out three times
a day at 0830, 1130, and 1430 h, with each irrigation lasting
for 12 min. For Exp. 2 with the river sand, four irrigation runs
were used at 0830, 1130, 1430, and 1730 h, with each irrigation
lasting for 10 min. The increased frequency and reduced dura-
tion in the river sand was intended to account for the texture
differences that resulted in a reduced water intake rate com-
pared with the silica sand.

Soil water content and soil temperature were measured
using time domain reflectometers (CS615) and thermocouple

Fig. 1. Schematic of a cross-section of the sand tanks and installationprobes (105T) from Campbell Scientific Inc. Two banks of
of soil water content and soil temperature sensors.CS615 sensors were installed, with one bank near the edge

and the other near the center of the sand tank, at 2-, 5-, 10-, 20-,
Rp � �m

i�1 [ri fri] [1]30-, and 40-cm depths, respectively (Fig. 1). The temperature
probes were installed on the other half of the same cross-

where ri was the average particle radius (mm) for a size rangesection and additional probes were placed at the sand surface.
i (equal to the average value between two adjacent sieve sizes,Because of the potentially very rapid infiltration rate, a 5-s
i.e., i � 1 and i or i and i � 1), m equals the total number ofsampling interval was used in the dataloggers to record both
size classes minus 1, fri equals the weight fraction of classsoil water content and soil temperature. Replicated sand sam-
range i over the total weight of the m classes and �(fri ) � 1.ples were taken before and after each experiment for the

An equivalent mean pore or void radius (Rv ) was estimateddetermination of bulk density and particle-size distribution
using the semi-empirical model of Arya and Paris (1981)for the two sand media.

Rv � Rp �2
3
e n(1��) [2]The Field Experiment

A separate field experiment was conducted that focused
where e was the void ratio and defined as (�p � �b)/�b, n �primarily on salinity, irrigation management, soil water con-
(�b/�p)/(4�R 3

p/3), �p and �b were respectively the particle andtent, and soil temperature among other key biophysical param-
bulk density, and the empirical parameter � was maintainedeters for optimized soybean growth. Results from drip-irriga-
as a constant value of 1.38 (Arya and Paris, 1981) for all threetion treatments of the field experiment were used, where the
texture classes.drip irrigation system, similar to that described in Aragüés et

The matric or capillary potential (Pc) corresponding to theal. (1999), was set up to facilitate salt injection to selective
mean equivalent pore sizes was computed aslevels of salinity. To compare with the sand culture experi-

ments, however, only measurements from the nonsaline treat-
ment were used. The irrigation water was low in salinity (�1 dS Pc � �

2� cos(	)
Rv

[3]
m�1 ). The soil at the field site was an Arlington fine sandy
loam (coarse-loamy, mixed, thermic, Haplic Durixeralf) that where � was the soil water surface tension (� 73 g s�2), 	 was
consisted of about 64% sand, 99.1% total mineral materials, the water contact angle (degrees) and was assumed to be zero.and 0.9% organic matter. Soil volumetric heat capacity (Cs) was calculated asTo measure soil water content and soil temperature, time
domain reflectometry (TDR) probes and the 105T thermo- Cs � fq �qcq � fm �mcm � fo �oco � 
�wcw [4]
couples were installed at separate sections beneath field rows.

where f represented volume fraction, � � density (g cm�3), cThe installation was accomplished by excavating trenches trav-
equals the specific heat (J g�1 C�1), 
 was the volumetric soilersing the field row and inserting the probes into the undis-
water content (cm3 cm�3), and subscripts q, m, o, w representedturbed soil at predetermined depths (5, 10, 20, 30, and 50 cm).
quartz, soil minerals, organic matter, and water content, re-The trenches were backfilled with the same soil to restore
spectively. Values of specific heat were 0.80, 0.87, 1.92, andconditions similar to that before the excavation and left for
4.18 J g�1 C�1 for quartz, soil minerals, organic matter, andseveral irrigation cycles for hydraulic equilibrium before start-
water, respectively (Campbell and Norman, 1998). Contribu-ing to collect data. The TDR probes were read with a 1502 B
tions of soil air to Cs were negligible and ignored in the calcu-Tektronix cable tester (Tektronix, Beaverton, OR) with the
lations.Campbell SDM1502 communication interface and a SDMX50

Soil thermal conductivity (ks) was calculated based on amultiplexer controlled through a CR10X datalogger from Camp-
faction- and efficiency-weighted contribution from differentbell Scientific. The TDR setup was calibrated in the laboratory
soil constituents (De Vries, 1963)against gravimetric water content measurements using the

same field soil under five volumetric moisture contents. Repli-
cated soil samples were also taken for bulk density determina- ks �

fq �qkq � fm �mkm � fo �oko � 
�wkw � fg �gkg

fq �q � fm �m � fo �o � 
�w � fg �g

[5]
tion and particle-size distribution analysis.

where � represented weighting factors for various soil constit-Analyses of Particle and Pore Sizes, Capillary
uents, subscript g was for soil gas (air and water vapor), andPotential, and Thermal Properties k with different subscripts represented thermal conductivity
values of each soil constituent. Values of k were 8.8, 2.5, 0.25,Based on the particle-size analysis data, a fraction-weighted

equivalent mean particle radius (Rp) was determined as 0.6, and 0.074 W m�1 C�1 for quartz, soil minerals, organic mat-
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Fig. 2. Soil water content (a, b) and temperature (c, d) during an irrigation event in a tank filled with a silica sand.

ter, water, and moist soil air, respectively (Campbell and Nor- bottom up) followed the rising of water table recharged
man, 1998). The weighting factors (�) were estimated using a by the irrigation water. The minimum soil water content
fluid conductivity (Campbell et al., 1994) and a set of functions prior to irrigation was about 0.06 cm3 cm�3 and the max-
from Campbell and Norman (1998). imum water content reached 0.52 cm3 cm�3 during irriga-Clearly, values of both the heat capacity and thermal con-

tion. The lower readings at the 20- and 30-cm depths andductivity are dynamic functions of soil water content. Because
the persistently higher values at the 40-cm depth weresoil mineral and organic components should remain relatively

constant, to represent the extreme cases, values of the heat attributed to boundary effects where the sensors were
capacity and thermal conductivity were computed for soil wa- measuring, in addition to soil water, the drainage pipes
ter content averaged for the top 20-cm depth before an irriga- and the water inside the drain that acted as a water table
tion event when water content was the smallest (
min) and near (Fig. 1). After irrigation, soil water content decreasedthe end of an irrigation when the water content reached the

rapidly to values close to those prior to the irrigationhighest values (
max).
event, and the reduction followed a reverse order (from
top down) caused by the receding water table. SimilarRESULTS AND DISCUSSION
wetting and drainage patterns were observed at the tank

Soil Water and Temperature Regimes center (Fig. 2b). However, the maximum soil water con-
tent at the 20- and 30-cm depths reached similar valuesIn the silica sand, the surface irrigation water perco-
as those at shallower depths because of the absence oflated instantly to the bottom of the tanks, without lateral
the drainage pipes. The water content at the 40-cm depthmovement at the sand surface (Fig. 2a). The surface drip
remained at about 0.42 cm3 cm�3, unchanged during theor flood irrigation became virtually subsurface irrigation

where an incremental increase in water content (from course of the irrigation, which indicated a residual water
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Fig. 3. Soil water content (a, b) and temperature (c, d) during an irrigation event in a tank filled with a washed river sand.

Fig. 4. Soil temperature at different depths during a 5-d period in a Fig. 5. Soil temperature at different depths during a 5-d period in a
tank filled with silica sand. tank filled with washed river sand.
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Fig. 6. Comparison of soil water content between silica sand and river sand at the 20-cm depth.

table at a height within the sensing range of the 40-cm tion or drainage cycles required considerably longer time
soil water probe. than in the silica sand. Some lateral water flow on the

Affected by the irrigation water, soil surface tempera- surface was also observed and a less pronounced tempo-
ture immediately decreased to water temperature (�20�C) ral separation in water content increase by depth was
at the tank side (Fig. 2c). The reduction of soil tempera- recorded by the water content sensors. The minimum
ture of other depths and at the tank center followed the soil water content prior to irrigation was about 0.13 cm3

same order as the water content changes (Fig. 2c,d). cm�3 and the maximum water content reached only
Comparing values from the same soil depth, soil temper- 0.28 cm3 cm�3 during irrigation. The range between the
ature prior to irrigation was 1 to 3 �C higher at the tank minimum and maximum water content in the river sand
side than at the center locations because of heat transfer was very similar to water content variations commonly
from the ambient air and through the tank walls. Be- observed in field soils. Similar to the silica sand, soil
cause of this additional heat source, the rate of tempera- temperature in the river sand was reduced by the irriga-
ture recovery was also faster at the tank side than at tion water. However, the order of temperature reduc-
the center locations. tion started from the surface at both the tank side and

In the river sand experiment, changes in soil water center locations (Fig. 3c,d). The order of temperature
content in the wetting process (Fig. 3a,b) exhibited pat- reduction was also consistent with the water content
terns similar to the silica sand. However, the desatura- measurement. The absolute values of surface tempera-

ture and water temperature were different from the silica
sand experiment because the river sand experiment was
conducted in a different greenhouse and at a later season
of the year when the daily mean temperature was higher
(Fig. 4 and 5). The maximum diurnal temperature varia-
tion at the surface was between 17 to 28 �C in the silica
sand (Fig. 4) and 18 to 38 �C in the river sand (Fig. 5).
Large temperature variations, similar to that in the river
sand, are often observed in field soils. Unlike field soils,
however, the smaller phase lag in temperature changes
over depth, especially in the silica sand, indicated poten-
tially low values in heat capacity and high thermal con-
ductivity. A direct comparison using measurements at
the 20-cm depth further demonstrated that soil water
content of the two sand materials responded similarly
in the wetting process but with different minimum and
maximum water content values (Fig. 6). The comparisonFig. 7. Comparison of soil temperature between silica sand and river

sand at the 20-cm depth. also depicted that the drainage process took much
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Fig. 8. Soil water content (a) and temperature (b) in a field soil during a drip irrigation event.

longer time in the river sand (about 30 min) than in the larger heat capacity values in the field soil than in the
sand materials.silica sand (about 5 min). Furthermore, the daytime sur-

face irrigation generated a small heat pulse from surface
Particle-Size Distribution andlayers that translated to a slight temperature increase

Parameter Comparisonat the 20-cm depth (Fig. 7).
In the field experiment, soil water content at only the Particle sizes and distribution were significantly dif-

5- and 10-cm depths responded to each drip irrigation ferent between the two sand materials and the field
event (Fig. 8a). The increase in water content at the soil (Fig. 9). As expected, the silica sand had the least
10 cm depth lagged the increases at the 5-cm depth by

Table 1. Uniformity index, density, equivalent mean particle ra-�5 h. The water content at the 5-cm depth increased
dius, pore radius, and capillary potential†.from a low value of 0.14 cm3 cm�3 prior to irrigation to

Soil type Iu �p �b Rp Rv Pca maximum value of 0.27 cm3 cm�3 during the irrigation.
The range of variation was very similar to that in the g cm�3 mm kPa

Silica sand 2.7 2.65 1.23 0.88 1.09 �0.13river sand. Temperature in the field soil did not respond
River sand 14.1 2.65 1.54 0.51 0.35 �0.42to the irrigation (Fig. 8b). Relatively large phase lags Field soil 52.5 2.65 1.53 0.12 0.03 �4.25

in temperature change over depth were also found, com-
† Iu, particle uniformity index (� d60/d10); �p, particle density; �b, bulkpared with the sand cultures. The slower or gradual tem- density; Rp, equivalent mean particle radius; Rv, equivalent mean void

or pore radius; Pc, equivalent mean capillary or matric potential.perature change over depth was likely attributable to
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Fig. 9. Particle-size distribution of a silica sand, a river sand, and a field soil.

separation and the field soil exhibited the greatest with the temperature measurements, at 
 � 
min, esti-
mated Cs of the silica sand was 70% smaller than thatspread in particle sizes. Consistent with data in Fig. 9, the

silica sand had the smallest value for particle uniformity of the field soil (Table 2). At 
min, the Cs value for the
river sand was comparable with the field soil. Althoughindex (Iu), whereas Iu was the largest for the field soil

(Table 1). Because the silica sand was nearly 100% Cs increased significantly during water saturation (
max)
to a value greater than that of the field soil, the shortquartz, the particle density was assumed to be 2.65 g

cm�3. Both the river sand and the field soil consisted of duration of each irrigation event would less likely have
a significant effect on the overall soil thermal regime.over 99% mineral composition, it was reasonable to

assume a particle density of 2.65 g cm�3. Soil bulk density In the silica sand experiment, the total duration of irriga-
tion or water saturation was 36 min for each 24-h period.was only 1.23 g cm�3 for the silica sand, however, the

river sand had a bulk density value nearly identical to Soil thermal conductivity was nearly identical between
the river sand and the field soil because of similar min-that of the field soil (Table 1).

The computed equivalent mean particle radius (Rp) eral composition and similar values of minimum and
maximum soil water content. The slightly higher ks val-for the silica sand was 0.88 mm or a diameter of 1.76 mm

which was remarkably similar to the diameter of 1.7 mm ues in silica sand were attributed to (i) the higher particle
thermal conductivity for quartz at 
 � 
min, and (ii)specified by the manufacturer. The estimated equivalent

mean void radius (Rv) of the silica sand was about three significantly higher water content at 
 � 
max, compared
with the river sand or field soil.times that of the river sand, and over 30 times that of

the field soil (Table 1). The large differences in void sizes
translated to proportional differences in the capillary CONCLUSIONSpotential that the soil pores exerted on soil water. After
free drainage, higher pore potential such as in the silica Analyses of soil water and thermal regimes in sand

cultures and comparison with a field soil provided strongsand would hold less amount of water, and lower poten-
tial such as in the field soil would hold more water. Soil evidence to support the application of artificial sand

cultures for plant screening studies. A carefully selectedwater content averaged over the top 20-cm depth before
an irrigation event was only 0.06 cm3 cm�3 for the silica sand medium such as the washed river sand would fulfill

the need of providing rapid solution exchange to achievesand (
min in Table 2), but a significantly higher value
was found for the field soil (0.17 cm3 cm�3). Consistent a desired growth condition in the root zone, while main-

Table 2. Soil heat capacity and thermal conductivity†.

Volume fraction Water content Cs ks

Soil type fq fm fo �min �max �min �max �min �max

cm3 cm�3 J cm�3 C�1 W m�1 C�1

Silica sand 0.46 0.00 0.00 0.06 0.52 1.23 3.16 1.01 1.57
River sand 0.00 0.58 0.00 0.13 0.28 1.88 2.51 0.94 1.05
Field soil 0.00 0.57 0.01 0.17 0.22 2.04 2.25 0.93 0.99

† fq, fm, and fo are volume fractions of quartz, soil minerals, and organic matter content, respectively; �min and �max are the average minimum and maximum
volumetric water content of the top 20-cm soil, C2 � soil heat capacity, ks � soil thermal conductivity.
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