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The canopies of woody plants in semiarid ecosystems modify the microclimate beneath and around them, 
with canopy patches usually having lower soil temperatures than intercanopy patches. However, lacking are 
studies that have evaluated how heterogeneity in soil temperature, induced by woody plant canopies, influences 
soil evaporation rates and the consequent effects on plant-available water. Soil temperatures were measured 
and soil evaporation rates were estimated for canopy and intercanopy patches in a semiarid pin.on-juniper 
woodland (Pinus edulis and Juniperus monosperma) in northern New Mexico. Soil temperature was measured 
at 2-cm depths in four canopy and four intercanopy locations during 1994. Maximum soil temperature in 
intercanopy patches was greater than in canopy patches between May and September, by as much as 10°C, 
while soil temperatures in intercanopy patches were lower than in canopy patches during colder parts of the 
day in the fall and winter months. Equations for soil drying rates for sandy loam soil samples were determined 
in laboratory experiments over a range of temperatures and soil water contents. Drying rates were dispro­
portionately greater at high soil moisture and high soil temperature. Intercanopy patches were predicted to 
dry more than canopy patches for days in April through September by as much as 2 % volumetric soil water 
content per day. The difference between patches was amplified at lower soil water contents when expressed 
as soil water potential, which more directly determines plant-available water. Our results quantify the effects 
of woody plants on the microclimate with respect to soil temperature and evaporation, which in turn affect 
herbaceous and woody plants by modifying factors such as germination, the potential for facilitation, and the 
amount of plant-available water. 

Introduction 

Both herbaceous and woody plants in semiarid ecosystems 
depend on pulses of soil moisture resulting from precipitation 
events (Noy-Meir 1973). The canopies of woody plants modify 
the microclimate beneath and around them through intercep­
tion of precipitation and by shading, both of which influence 
the amount of soil moisture available to plants. Relative to 
intercanopy patches, canopy patches receive reduced precipi­
tation inputs because of foliar interception of precipitation 
(Johnsen 1962; Skau 1964; Collings 1966; Young and Evans 
1987; Belsky et al. 1989; Breshears et al. 1997b). Canopy 
patches also usually have lower soil temperatures than inter­
canopy patches (Everett and Sharrow 1985; Belsky et al. 1989; 
Pierson and Wight 1991) as a result of effects of shading and 
litter accumulation. Near-surface soil temperatures, which re­
flect integrated energy relationships, affect soil evaporation 
rates (Hillel 1980), and hence, woody canopies can modify 
soil moisture not only directly via interception but also indi­
rectly via influences on soil evaporation rates. Loss of soil 
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moisture by soil evaporation in turn reduces the amount of 
water available to plants. However, lacking are _studies that 
have evaluated how heterogeneity in soil temperature induced 
by woody plant canopies influences soil evaporation rates and 
the consequent effects on plant-available water (see Scholes 
and Archer 1997 for a review of related studies). 

Our objectives were (1) to quantify the diurnal differences 
in soil temperature between canopy and intercanopy patches 
in a semiarid woodland throughout the year, (2) to determine 
soil evaporation rates as a function of soil temperature and 
soil moisture, and ( 3) to estimate the differences in soil evap­
oration rates between the two patch types as a function of 
time of year in terms of soil moisture and soil water potential, 
the latter of which more directly determines plant-available 
water. We used field measurements of soil temperature from 
a semiarid piiion-juniper (Pinus edulis Engelm. and Juniperus 
monosperma [Engelm.] Sarg.) woodland and laboratory ex­
periments to address these objectives. We focused on soil tem­
perature and moisture in the top 2 cm because a large pro­
portion of precipitation events in semiarid climates are small, 
only wetting surface soils and evaporating rapidly (Emerson 
1932; Sala and Lauenroth 1982; Bowen 1990; Roundy et al. 
1997). Our results, which quantify large soil temperature dif­
ferences between canopy and intercanopy patches and the syn­
ergistic effects between soil moisture and soil temperature on 
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soil evaporation rates, have implications for the germination 
of and plant water use by herbaceous and woody species. 

Material and Methods 

Study Site 

Soil temperatures were measured at the Mesita del Buey 
site-an upper-elevation (2140 m) pifion-juniper woodland 
(Pinus edulis Engelm. and Juniperus monosperma [Engelm.] 
Sarg.) in northern New Mexico, within Technical Area 51 of 
the Los Alamos National Laboratory (latitude 34.30°N, lon­
gitude 106.27°W). The dominant herbaceous species is Bou­
teloua gracilis [H.B.K.] Lag., located primarily in intercanopy 
patches. The site has a temperate mountain climate and re­
ceives ca. 40 cm of precipitation annually, mainly in the form 
of winter snowfall and late summer precipitation; mean am­
bient air temperature is ca. 9°C, ranging from -2°C in January 
to 21 °C in June (estimated as means of Los Alamos and White 
Rock sites from data in Bowen 1990). The upper soil layer at 
Mesita de! Buey is classified as Hackroy sandy loam (Nyhan 
et al. 1978); soil profile depths vary from 30 to 130 cm, and 
the canopy and intercanopy locations do not differ significantly 
in most soil morphological properties, except for the litter layer 
(0 horizon) present in canopy patches (Davenport et al. 1996). 

Soil Temperature Measurements 

Soil temperature was measured at eight locations that were 
selected to be representative of patch-scale variability within 
the woodland: four beneath canopy patches (including P. edulis 
and]. monosperma canopies) and four in intercanopy patches 
(including both bare soil and B. gracilis locations). A shallow 
pit was dug at each location and a temperature probe (107B, 
Campbell Scientific, Logan, Utah) was inserted vertically into 
the pit-face such that temperature readings were obtained in 
the undisturbed portion of soil profile at a depth of 2 cm from 
the soil surface for intercanopy patches and at 2 cm beneath 
the litter in canopy patches (mean litter depth for the four 
canopy locations was 2.4 cm). Most of the soil evaporation 
should occur at these shallow depths, consistent with results 
of stable isotope studies (Newman et al. 1997). The probes 
were attached to an automated data acquisition system, and 
the pits were then backfilled. 

Measurements were obtained during the 1994 calendar year 
at 2-h intervals, except for the months of January and Feb­
ruary, when measurements were for 6-h intervals. The tem­
peratures for each patch type-canopy and intercanopy-were 
summarized by calculating monthly mean temperntnre ,rnrl 
mean diurnal curves for each month. Differences between can­
opy and intercanopy patches were tested using analysis of var­
iance for repeated measures (ANOVAR). Hourly values for the 
mean diurnal curve for each patch type were estimated by 
linear interpolation between sampling times. The mean am­
bient air temperature for each month in 1994 was within 2°C 
of the long-term average for the site (Bowen 1990), except for 
June 1994, which was 3.5°C lower than the long-term average. 

Soil Drying Experiments 

Soil drying experiments were conducted using soil samples 
that were removed intact. These samples were Ascalon sandy 
loam, collected from the Pawnee Experimental Site (41°N, 
108°W; Nyhan 1975), and were similar in texture and her­
baceous vegetation (B. gracilis) to the Hackroy sandy loam at 
the Mesita de! Buey site. One hundred soil samples were re­
moved in tact and placed in soil incubation containers (plastic 
boxes 16 cm high and 12.5 x 12.5 cm with a 12 x 12-cm 
square cut out of the top and covered with Dacron curtain 
material [1 x 1-mm openings]). Each container received a 
12.5-mm simulated rain within a 30-min period, which was 
applied using a Plexiglas tank and 26-gauge hypodermic nee­
dles, yielding initial volumetric soil water contents of 20%. 
The containers were placed in laboratory incubators set at 5°, 
20°, 30°, 40°, 50°, and 60°C (n = 10 each). All of the air in 
each incubator was replaced 14 times daily, using a MMX-
110 Mini-Mixer (Little Giant Pump Co., Oklahoma City, 
Okla.). Soil water content was determined gravimetrically 
from the top 2.5 cm for five containers at each time interval 
(n = 2 samples per container); the duration of the measure­
ments ranged from 46 h at 60°C to 115 h at 5°C. 

The influence of soil water content on soil drying rates was 
evaluated in an additional set of experiments. The top 3 cm 
of soil was removed from 30 samples taken from the field. In 
each of 24 plastic boxes (12.2 x 2.2 x 3 cm) we placed 200 
g (oven-dry weight basis) of soil. Water was slowly pipetted 
onto the soil to bring the water contents to 2 %, 7%, 12 %, 
17%, 22%, 27%, 32%, and 36% (oven-dry weight basis) for 
each of three replicate samples. The samples were sealed and 
the soil was equilibrated for 24 h at room temperature. The 
samples were then placed in an incubator at 20°C with the 
incubator air exchanged with laboratory air 14 times a day 
using the Mini-Mixer pump. Soil water content was estimated 
gravimetrically at 4.5, 10.0, 23.0, 31.0, 58.0, 105.5, and 123.5 
h. 

The data from these two laboratory experiments were used 
to determine soil drying rates as functions of soil temperature 
and volumetric soil water content (Nyhan 1974). A function 
for soil water drying rate was fitted for each soil temperature 
treatment using an exponential model: volumetric soil water 
content (%) = a+ e-b,, where a is the intercept, b is the soil 

drying rate (change in percentage of volumetric soil water con­
tent per hour), and t represents the hours of drying time. A 
correction factor to include the influence of volumetric soil 
water content on the soil drying rate was determined by least 
squares regression. This correction factor takes into account 
that the soil drying rate at higher water contents (>8% for 
Hackroy sandy loam) is a function of the ability of the soil 
profile to deliver water to the soil evaporation zone (the falling 
rate stage of Hillel 1980), while at lower water contents, evap­
oration rates remain constant (constant rate stage of Hillel 
1980). The correction factor was calculated by dividing the 
drying rate predicted at a given soil water content by that at 
8%. The correction factor was then multiplied by the initial 
estimate of soil drying rate at a specific soil temperature to 
yield an improved estimate of soil drying rate. 
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Canopy and lntercanopy Soil Drying Differences 

The mean diurnal temperature curves for each month and 
each patch type were used in conjunction with the soil drying 
relationships developed in the laboratory to estimate differ­
ences in soil drying rates between canopy and intercanopy 
patches over a range of initial soil moisture conditions (15%, 
25%, and 35%) at hourly intervals over the mean 24-h period 
for each month of the year. The soil water content curves were 
converted to soil water potential using a previously determined 
empirical conversion for Hackroy sandy loam (Breshears et al. 
1997a). The difference in the predicted soil water potential 
between canopy and intercanopy patches was integrated over 
the mean 24-h interval for each month. 

Results 

Soil Temperature Differences 

Mean monthly soil temperature ranged from - l.6°C to 
25.9°C for intercanopy patches and 0.4°C to 22.5°C for canopy 
patches (fig. 1). Mean monthly soil temperature in intercanopy 
patches exceeded that in canopy patches by at least 1 °C from 
April through August, while the converse was true from Oc­
tober through February; the transition between these two in­
tervals occurred near the spring and fall equinoxes. These dif­
ferences were statistically significant (ANO VAR interaction for 
patch type x time; P < 0.001). 

The magnitude and direction of the differences in soil tem­
perature between the two patch types varied diurnally by 
month (fig. 2). During late spring (e.g., May; fig. 2c) and sum-
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Fig. 1 Average monthly soil temperature (0 C) in canopy and in­
tercanopy patches at a depth of 2 cm in a semiarid woodland. Data 
are from 1994; n = 4 for each patch type. Error bars = 1 standard 
deviation. 
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Fig. 2 Average diurnal soil temperatures (0 C) in canopy and in­
tercanopy patches for 4 mo during 1994. 

mer (e.g. , July; fig. 2d), soil temperature was greater in inter­
canopy than canopy patches during late afternoon (ANOVAR 
interaction for patch type x time; P<0.001), with the max­
imum diurnal temperature from intercanopy soils exceeding 
that from canopy soils by as much as 10°C (e.g., 38.5°C in 
intercanopy vs. 27.2°C in canopy in July; fig. 2d). In contrast, 
during colder months minimum soil temperature was lower in 
intercanopy than canopy patches (e.g., November; fig. 2/; AN­
OVAR contrast for patch type x time; P < 0.05). Transitions 
between the two periods-intercanopy warmer than canopy 
midday versus intercanopy colder than canopy most of the 
day-occurred near the equinoxes (e.g., March and September; 
fig. 2b, e). 

Effects of Soil Temperature and Water Content 
on Soil Drying Rates 

Soil drying rate increased with increasing soil temperature 
(fig. 3a). Relative to the soil drying rate at 5°C, the drying 
rates for other soils increased by factors of 1.5 at 20°, 1.9 at 
30°, 3.2 at 40°, 8.8 at 50°, and 11 at 60°C. Soil drying rates 
were also affected by the initial volumetric soil water content 
(fig. 3b). A correction factor (unitless) that was determined by 
dividing the drying rate predicted at a givt:n volumetric soil 
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Fig. 3 a, Volumetric soil water content (%) as a function of soil drying time at constant soil temperatures; regressions are of this form: 
volumetric soil water content(%)= a+ e-•,, where tis the soil drying time in hours and a and bare temperature-dependent parameters (5°C: 
a= 16.4, b = l.0E-2; 20°C: a= 16.7, b = 1.2E-2

; 30°C: a= 18.6, b = 1.4E-2
; 40°C: a= 18.7, b = 2.3E-2

; 50°C: a= 17.9, b = 6.sE-2
; 60°C: 

a = 13.9, b = 8.SE- 1
; P < 0.05 for all regressions). b, Effect of initial volumetric soil water content on rate of soil drying rate. c, Combined 

effects of soil temperature and volumetric soil water content(%) on soil drying rate (change in percentage of volumetric soil water content per 
hour). 

water content (M) by that at 8% yielded the following rela­
tionship (r 2 = 0.93): 

Correction= (-1.6 + 3.8 • log[log(M · 100)] + 0.56/M 

+[2.0E - s • (IM - 181)3
] - l.SE - 4 • M 2 J/0.23. 

This correction factor produced estimates of ~ 1.0 at M = 
8%, 1.4 at M = 15%, and 1.8 at M = 35%. The combined 
effects of soil temperature and initial soil moisture on soil 
drying rates (change in percentage of volumetric water content 
per hour) were synergistic such that soil drying rates were 

much greater under conditions of high soil moisture and high 
soil temperature (fig. 3c). 

Soil Evaporation Rates for Canopy and 
lntercanopy Patches 

Soil drying rates were estimated for canopy and intercanopy 
patches using the field measurements (fig. 2) and the soil drying 
relationships that were based on soil temperature and soil wa­
ter content (fig. 3c). One of the largest differences between the 
two patch types occurred during July (fig. 4a). The major dif-
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Fig. 4 a, Change in volumetric water content for canopy versus 
intercanopy patches for an average 24-h period in July at initial vol­
umetric soil water contents of 15%, 25%, and 35%. b, Corresponding 
changes in soil water potential for July. 

ference in the soil drying rates occurred between 1200 and 
1800 hours (fig. 4a), when soil temperature differences were 
large (fig. 2). The differences between the two patch types were 
amplified at low soil water content when expressed as soil 
water potential (fig. 4b). 

The integrated areas between the curves of soil water po­
tential for the two patch types were summarized by month for 
initial volumetric soil water contents of 15%, 25%, and 35% 
(fig. 5). During late spring and summer (May-August), the 
integrated difference in soil water potential between the two 
patch types over a day was positive, indicating that soil evap­
oration was greater in intercanopy than canopy patches. In 

July, the integrated difference in soil water potential between 
the two patch types ranged from 0.2 MPa h- 1 for an initial 
volumetric soil water content of 35% to 2.2 MPa h- 1 for an 
initial volumetric soil water content of 15%. In contrast, dur­
ing fall and winter months, the difference between intercanopy 
and canopy soil water potential was negative (fig. 5), indicating 
that soil evaporation was less in intercanopy than in canopy 
patches. Spatial differences in soil temperature produce dif­
ferences in soil evaporation only when the temperature is above 
freezing; hence, the difference between intercanopy and canopy 
soil water potential (fig. 5) is less negative during months when 
soil temperatures are mostly below freezing (January, February, 
and December) than during other months in the fall and winter 
(March, Octo_ber, and November). 

Discussion 

Effects of Woody Plants on Microclimate 

Our results showing higher temperatures in intercanopy 
than canopy patches during warmer months are similar to the 
differences between the two patch types reported in other sem­
iarid shrublands and woodlands (Everett and Sharrow 1985; 
Belsky et al. 1989; Pierson and Wight 1991). In addition, our 
results show that between the fall and spring equinoxes (Oc­
tober-March), this relationship changes direction such that 
canopy patches have warmer average temperatures. This re­
versal results from the combined effects of lower sun angle 
and insulation by litter. The lower solar angle diminishes the 
difference in near-ground solar radiation between canopy and 
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Fig. 5 Summary of integrated differences in soil water potential 
between intercanopy and canopy patches for each month of the year 
at initial volumetric soil water contents of 15%, 25%, and 35%. 
Positive values are associated with evaporation rates that are higher 
in intercanopy than canopy patches, while negative values are asso­
ciated with the converse. 
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intercanopy patches (Breshears et al. 1997b) and the litter layer 
dampens diurnal variance in temperature. 

The soil evaporation relationships that we quantified can be 
applied to other soils with similar texture. These relationships 
can also be used to evaluate the relative amount of evapo­
transpiration that results from soil evaporation through the 
year. The amount of evapotranspiration from soil evaporation 
relative to that from transpiration should increase with soil 
temperature as a result of the synergystic effect of soil tem­
perature on evaporation, as we quantified, and the reduction 
in stomata! conductance (and hence transpiration) associated 
with increasing leaf temperature. Model estimates of evapo­
transpiration from a location near our site quantify this effect 
seasonally: soil evaporation represents a larger fraction of total 
evapotranspiration during June and July than during other 
months (Lane and Barnes 1987). Our results also highlight the 
importance of distinguishing between canopy and intercanopy 
soil evaporation rates. The horizontal heterogeneity in soil 
evaporation between canopy and intercanopy patch types is 
particularly large under conditions of high temperature when 
water flux rates are also greatest. At lower temperatures, e.g., 
in fall and winter, soil evaporation rates tend to be greater in 
canopy than intercanopy patches, but the magnitude of this 
difference is greatly reduced when soil temperatures drop be­
low freezing for much of the day. 

The horizontal heterogeneity in soil temperature and evap­
oration rates is particularly important when relating soil hy­
drological processes to stand-level fluxes of water for stands 
in which woody patches comprise an intermediate proportion 
of cover. Variance in near-ground solar radiation for a stand 
is greatest when woody plants comprise an intermediate pro­
portion of cover as opposed to very low or very high pro­
portions (S. N. Martens, D. D. Breshears, and C. W. Meyer, 
unpublished manuscript). 

Soil evaporation is one of several processes-including foliar 
interception, runoff generation and redistribution, and plant 
water use-that can contribute to spatial differences in soil 
moisture between canopy and intercanopy patches. Soil mois­
ture heterogeneity between the two patch types varies tem­
porally in magnitude and direction (Rye! et al. 1996; Breshears 
1997b). Soil moisture input to canopy patches is reduced rel­
ative to intercanopy patches as a result of foliar interception 
and could be lost at a greater rate because of increased plant 
uptake, as suggested by root distributions (Young and Evans 
1987; McDaniel and Graham 1992; Davenport et al. 1996). 
In contrast, soil moisture loss from canopy patches can be 
reduced relative to that from intercanopy patches during 
warmer months because of lower soil evaporation rates and 
reduced runoff. The relative importance of these processes dif­
fers among sites (Joffre and Rambal 1993; Breshears 1997b). 
Hence, the soil evaporation rates that we quantified can 
dampen or amplify the soil moisture heterogeneity between 
canopy and intercanopy patches that results from other factors. 
Our results can be used to assess the relative roles of these 
processes under a variety of conditions. More generally, our 
results show how the woody canopies modify microclimate in 
terms of soil temperature and soil evaporation, and these mod­
ifications, in turn, have implications for both herbaceous and 
woody plants. 

Effects of Microc/imate on Herbaceous 
and Woody Plants 

The effects of soil temperature and evaporation rates are 
important for both herbaceous and woody plants. The differ­
ences in soil temperature between the patch types directly affect 
biological processes such as germination for both woody and 
herbaceous species (Jordan and Haferkamp 1989; Fulbright et 
al. 1995; Roundy and Biedenbender 1996). For example, ger­
mination rates for Pinus edulis at a soil temperature of 30°C 
are more than four times less than at 20°C (Floyd 1983). The 
soil temperature differences between the two patch types cor­
respond to differences in the distributions of herbaceous spe­
cies: C3 species are more abundant in the cooler canopy 
patches, and C4 species are more abundant in the warmer 
intercanopy patches (Arnold 1964; Armentrout and Pieper 
1988), similar to the differences observed at landscape scales 
(Epstein et al. 1997). Woody canpoy effects on microclimate, 
then, may provide facilitation for germinating plants (Martens 
et al. 1997). 

Soil evaporation rates modify the amount of soil moisture 
that is available to plants. The differences in soil evaporation 
rates between the two patch types become increasingly im­
portant biologically, as indicated by soil water potential at 
lower soil moistures. The amount of plant-available water, in 
turn, affects germination percentages and rates of herbaceous 
(Briske and Wilson 1976; Everett and Sharrow 1985; Aguilera 
and Lauenroth 1995) and woody (Daubenmire 1943; Meagher 
1943) species. Small differences in soil moisture may have dis­
proportionately greater effects on germination (Lauenroth et 
al. 1987). Herbaceous and woody plants are differentially af­
fected by patch-scale heterogeneity in soil moisture. Herba­
ceous species in semiarid shrublands and woodlands primarily 
use resources from one patch type or the other, while woody 
plants obtain resources from surrounding shallow regions of 
intercanopy areas (Pelaez et al. 1994; Montano et al. 1995; 
Breshears et al. 1997a; Martens et al. 1997) as well as in the 
canopy patches beneath them (Young and Evans 1987). 

Increasingly, models of water balance and vegetation dy­
namics in semiarid shrublands and woodlands are focusing on 
the horizontal heterogeneity created by woody plants (Sharpe 
et al. 1986; Mauchamp et al. 1994; Reynolds et al. 1997). 
Our results demonstrate the importance of accounting for this 
type of horizontal heterogeneity and can be used to improve 
predictive hydrological and ecological models of semiarid sys­
tems. In summary, our study quantifies how woody plants 
modify the microclimate at the canopy/intercanopy patch 
scale, with respect to soil temperature, soil moisture, and soil 
evaporation, all of which in turn affect the germination and 
plant-available water of herbaceous and woody plants. 
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