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Abstract. Degradation of semiarid ecosystems is a major environmental problem
worldwide, characterized by a reduction in the ratio of herbaceous to woody plant biomass.
These ecosystems can be described as a set of canopy patches comprising woody plants
and the intercanopy patches that separate them, yielding an overstory with intermediate
closure. Field measurements of microclimate at the scale of canopy patches, particularly
for near-ground solar radiation and soil moisture, are largely lacking from both nondegraded
and degraded ecosystems. We tested for relationships among spatial patterns of the over-
story, near-ground solar radiation, and soil moisture in a semiarid piñon–juniper woodland
in northern New Mexico that had a highly heterogeneous overstory (ø50% canopy cover)
and was not degraded with respect to ground cover and erosion rates. We used measurements
taken every 1 m along a 102-m transect—solar radiation indices were estimated monthly
and annually using hemispherical photographs, and soil moisture was measured over 4 yr
using time-domain reflectometry (TDR)—and analyzed the data using general least squares
linear models that accounted for spatial autocorrelation and temporal heteroscedasticity.

Time-averages of solar radiation and of soil moisture both were spatially autocorrelated
at scales of up to 4 m (P , 0.05), corresponding approximately to the average lengths of
both canopy and intercanopy patches and to the scale of spatial autocorrelation in the
canopy/intercanopy pattern of the overstory (3 m; P , 0.05). For near-ground solar radi-
ation, we found expected spatial variation between patches (canopy , intercanopy; P ,
0.0001) and within patches for centers vs. edges (canopy center , canopy edge and in-
tercanopy center . intercanopy edge; P , 0.0001) and for north vs. south edges (canopy
north edge , canopy south edge and intercanopy south edge , intercanopy north edge; P
, 0.0001). For soil moisture, canopy locations were significantly drier than intercanopy
locations (P , 0.0001), and edge locations were significantly wetter than center locations
both overall and within both patch types (P , 0.0001). Spatial heterogeneity in soil mositure
was attributed primarily to canopy interception and drip on the basis of large differences
in snow cover between canopy and intercanopy locations. Spatial autocorrelation in the
residuals for soil moisture of up to 7 m was attributed to transpiration by woody plants at
scales corresponding to belowground root distributions.

The spatial heterogeneities in near-ground solar radiation and soil moisture are of suf-
ficient magnitude to affect biotic processes of woody and herbaceous plants, such as growth
and seedling establishment. Because land degradation problems in semiarid shrublands and
woodlands appear to result from differential impacts to intercanopy vs. canopy patches,
our results can be used to help design effective mitigation and remediation strategies. More
generally, our results demonstrate how the physical presence of woody canopies reinforces
spatial heterogeneity in microclimate and, because our site has intermediate closure of the
overstory, bridge the gap along a grassland–forest continuum between related studies in
relatively open savannas and in forests with nearly closed canopies.
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INTRODUCTION

Degradation of semiarid ecosystems resulting from
land use is a major environmental problem worldwide
(Schlesinger et al. 1990, Ludwig and Tongway 1995).
Changes in vegetation in these ecosystems can be sum-
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marized with respect to two plant functional types—
herbaceous and woody. Both functional types provide
important resources: herbaceous biomass provides for-
age for grazing, and woody biomass provides fuel-
wood. A reduction in the ratio of herbaceous to woody
plant biomass is characteristic of many degraded semi-
arid ecosystems. Further, these changes are interrelated
with increased erosion (Davenport et al. 1998), as well
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as with other ecosystem properties such as water in-
filtration capacity and nutrient cycling (Schlesinger et
al. 1990, 1996). The sensitivity of these semiarid sys-
tems to land use is determined in part by their sensi-
tivity to climate.

Semiarid ecosystems, shrublands and woodlands in
particular, are highly sensitive to climate, as evident
from biogeographical analyses (Stephenson 1990, Neil-
son et al. 1992). The proportions of the two plant func-
tional types depend not only on the magnitude of cli-
matic inputs, but also on intraannual timing and inter-
annual variations (Eagleson and Segarra 1985, Neilson
1986, Neilson et al. 1992, Frank and Inouye 1994,
Yeakley et al. 1994). The sensitivity of the two plant
functional types to climatic differences has been ex-
plained in terms of differing abilities to exploit vertical
heterogeneity in soil moisture, which is determined
largely by climate (Walter 1971). The ratio of woody
to herbaceous biomass in these systems is hypothesized
to be related to the relative vertical distribution of shal-
low vs. deep soil moisture. Herbaceous plants are as-
sumed to have predominant access to shallow soil
moisture, whereas woody plants are presumed to have
sole access to deeper water. Hence, the ratio of her-
baceous to woody plant biomass is assumed to be a
function of the ratio of shallow to deep soil moisture.
Along the continuum from an open grassland with no
overstory and a forest with complete closure of the
overstory, the proportions of area comprised of canopy
and intercanopy vary (Belsky and Canham 1994). The
relative importance of solar radiation and soil moisture
in determining ecosystem processes differs for the two
ends of the grassland–forest continuum (Lauenroth et
al. 1993); light is generally limiting in forests with
nearly closed overstories, whereas soil moisture (as
well as other belowground resources) is frequently lim-
iting in ecosystems with relatively open overstories
(e.g., grasslands and savannas). Disturbance processes
such as fire and heavy grazing interact with climate to
modify the canopy and intercanopy proportions.

Semiarid shrublands and woodlands, which are near
the middle of the grassland–forest continuum, are com-
posed of a large proportion of both canopy and inter-
canopy area, rather than being dominated by one or the
other. Consequently, the overstory is highly hetero-
geneous and has intermediate closure. These ecosys-
tems have a high degree of horizontal heterogeneity
due to the presence or absence of canopy patches of
woody plants. Woody canopies modify the microcli-
mate and reinforce spatial heterogeneity via shading,
interception of precipitation, and litterfall.

Recent models of water balance and vegetation dy-
namics have indicated that horizontal heterogeneity in
microclimate between canopy and intercanopy patches
influences ecosystem-scale processes (Sharpe et al.
1986, Walker et al. 1989, Mauchamp et al. 1994, Thiéry
et al. 1995). Further, recent hypotheses about land deg-
radation have focused on horizontal heterogeneity

(Grover and Musick 1990, Schlesinger et al. 1990):
land impacts such as grazing and off-road vehicle use
differentially impact canopy and intercanopy patches.
Although horizontal heterogeneity between canopy and
intercanopy patches has been well documented for nu-
trients (Charley and West 1975, Schlesinger et al. 1990,
1996, Padien and Lajtha 1992), direct field measure-
ments of canopy and intercanopy heterogeneity in near-
ground solar radiation and soil moisture, two micro-
climatic factors of key importance for biological pro-
cesses, are largely lacking in both degraded and non-
degraded semiarid shrublands and woodlands.

Spatial variability in near-ground solar radiation has
been studied primarily in forests with nearly complete
closure of the overstory (Becker and Smith 1990, Can-
ham et al. 1990, Rich et al. 1993a, Fournier et al. 1995,
Clark et al. 1996). Reductions in near-ground solar ra-
diation beneath woody canopies has been quantified
relative to that in the ‘‘gaps’’ in the canopy (or inter-
canopy patches); further, sharp gradients have been
found within intercanopy patches, gradients based on
distance from the edge of the patch and on direction.
This spatial heterogeneity varies temporally with solar
position in predictable ways: east–west diurnal gradi-
ents and north–south seasonal gradients. However, sim-
ilar studies in highly heterogeneous ecosystems with
intermediate closure of the overstory are lacking.

The effects of overstory architecture on soil moisture
heterogeneity are more complex because the physical
effects of woody canopies on soil moisture are com-
plicated by the biotic effects of the woody plants (i.e.,
water use) and redistribution of runoff. Canopies in-
tercept precipitation (Sharpe et al. 1986, Joffre and
Rambal 1988, 1993, Dawson 1993). Some of the in-
tercepted precipitation may be concentrated around the
trunk through stem flow (Martinez-Meza and Whitford
1996), some may be deposited at the edge through can-
opy drip (Collings 1966, Young and Evans 1987), and
a substantial proportion can be lost via evaporation or
sublimation (Young and Evans 1987). The effect of
woody canopies on spatial variability in soil moisture
for sites with very open overstories that contain a small
proportion of isolated canopies is a reduction in soil
moisture beneath these isolated canopies, as expected
from measures of precipitation interception (Belsky et
al. 1989). However, this effect can be offset by redis-
tribution of runoff from intercanopy to canopy loca-
tions (Joffre and Rambal 1988, 1993, Cornet et al.
1992). Canopies reduce rainfall intensity, and the litter
beneath them often has a greater infiltration capacity
(Seyfried and Wilcox 1995); hence more runoff is gen-
erated in intercanopy patches (Wilcox 1994, Wilcox
and Breshears 1995) and can be redeposited in canopy
locations. Lacking are studies in highly heterogeneous
ecosystems with intermediate cover that test for mois-
ture gradients within the two patch types and that eval-
uate the effects of spatial heterogeneity in solar radi-
ation on soil moisture.
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Our study was designed to test the hypothesis that
the spatial pattern of the overstory imposes predictable
spatial patterns in microclimatic variables, near-ground
solar radiation and soil moisture, between and within
canopy and intercanopy patch types. We studied a semi-
arid piñon–juniper woodland in northern New Mexico
that had a highly heterogeneous overstory with inter-
mediate cover (ø50% canopy cover), and examined
spatial patterns of the overstory, and the two micro-
climatic variables. The site was not degraded in that
erosion rates were low and ground cover was moderate
(Wilcox 1994). For near-ground solar radiation, we ex-
pected that in addition to canopy patches receiving less
solar radiation than intercanopy patches, variation
within patch type was different between centers and
edges (canopy center , canopy edge; intercanopy cen-
ter . intercanopy edge) and between north and south
edges (canopy north , canopy south; intercanopy north
. intercanopy south). For soil moisture, we hypothe-
sized that canopy patches would be drier than inter-
canopy patches due to the effect of interception, that
edge locations would be wetter than center locations
due to drip at canopy edges, and that within patches,
edge locations that received less solar radiation would
be wetter than edge locations that received more due
to reduced evaporation. We also hypothesized that fol-
lowing intense storms, canopy locations would become
wetter than intercanopy locations due to the redistri-
bution of runoff from intercanopy to canopy patches.
We expected the spatial pattern of near-ground solar
radiation to be determined by the overstory pattern,
whereas for soil moisture, we anticipated that other
belowground processes and patterns could contribute
to residual variation. Our results provide important in-
formation on how the canopies of woody plants rein-
force spatial heterogeneity in microclimate. Further,
measurements in nondegraded semiarid woodlands
provide a baseline for comparison with other similar
but degraded semiarid sites. Because land degradation
problems in these environments appear to result from
differential impacts to canopy or intercanopy locations,
our results can be used to help design effective miti-
gatation and remediation strategies for addressing land
degradation.

METHODS

Study site

The Mesita del Buey study site is an upper-elevation
(2140 m) piñon–juniper woodland in northern New
Mexico, within Technical Area 51 of the Los Alamos
Environmental Research Park (latitude 34.308 N, lon-
gitude 106.278 W). This site and nearby sites have been
the subject of various long- and short-term ecological
studies (Barnes 1986, Lajtha and Barnes 1991, Lin et
al. 1992, Padien and Lajtha 1992, Breshears 1993,
Lajtha and Getz 1993, Rich et al. 1993b, Wilcox 1994,
Rich et al. 1995, Wilcox and Breshears 1995, Rich

1997). The area has a temperate montane climate, with
annual precipitation of ø40 cm, mainly in the form of
winter snowfall and late-summer precipitation (Bowen
1990). The soils are Hackroy sandy loam, derived from
volcanic tuff (Nyhan et al. 1978); soil depth varies from
33 to 125 cm (Davenport et al. 1996). Allen (1989)
describes the landscape ecology of this area, including
historical land use and disturbances such as fire,
drought, and insect infestations. The dominant over-
story species are piñon pine (Pinus edulis Engelm.)
and one-seed juniper (Juniperus monosperma [En-
gelm.] Sarg.). All piñons and junipers .1 m in height
were mapped and their crown characteristics recorded
for a 4-ha area at the study site (Rich et al. 1993b, C.
W. Meyer, D. D. Breshears, F. J. Barnes, and P. M.
Rich, unpublished report). The density of P. edulis and
J. monosperma is just over 500 woody individuals/ha,
with near equal densities of the two species, an over-
story canopy coverage of 50%, and a clumped distri-
bution of individual crowns (Padien and Lajtha 1992,
Rich et al. 1993b). Ground cover in intercanopy areas
adjacent to the study site is ø85% with ø50% from
cryptogamic crust, 13% from grass (primarily Boute-
loua gracilis (H.B.K.) Lag.), 2% semishrub, 1% forb,
and 18% litter (Wilcox 1994); canopy areas are covered
with litter and contain few herbaceous plants.

Transect design

A 102-m transect, running approximately southwest
to northeast (bearing 2138/338), is being used for long-
term ecological studies at the Mesita del Buey study
site. This transect was originally established in 1988;
11 access tubes were spaced along its length, ø10 m
apart, for measurement of soil moisture by means of
neutron attenuation (Breshears 1993). In 1991, 103
sampling stations were added, at 1-m intervals, for
measurement of soil moisture by time-domain reflec-
tometry (TDR) and estimation of solar radiation from
hemispherical photographs (Lin et al. 1992). We de-
veloped a general overstory index by categorizing each
sampling station as ‘‘canopy’’ or ‘‘intercanopy’’ on the
basis of whether or not woody overstory was present
directly over the station. In addition, we recorded if
there was an edge between the two patch types (canopy
and intercanopy) within 1 m in each of the four cardinal
directions. Edges to the north and south were mutually
exclusive: the one location that was within 1 m of a
canopy/intercanopy boundary to both the north and the
south was categorized as the closer of the two (in this
categorization, locations with an edge to either the
north or south may also have an edge to the east and/or
west). Thus, for analysis purposes, we were readily able
to divide our sampling locations into eight categories.
There were four types of canopy patches: canopy cen-
ter, canopy north (canopy near an intercanopy to the
north), canopy south (canopy near an intercanopy edge
to the south), and canopy other (canopy near an inter-
canopy edge to the east and/or west but not to either
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the north or south). There were also four types of in-
tercanopy patches: intercanopy center, intercanopy
north (intercanopy near a canopy edge to the north),
intercanopy south (intercanopy near a canopy edge to
the south), and intercanopy other (intercanopy near a
canopy edge to east and/or west but not to either the
north or south).

Measurements

Solar radiation.—We characterized near-ground so-
lar radiation levels for each sampling station using
hemispherical photographs acquired during June and
July of 1991 (Lin et al. 1992). Photographs were taken
at heights of 1.0 and 1.75 m above the ground with
Kodak TMAX 400 ASA film with a camera setting of
800 ASA, using a Nikon FM2 on a self-leveling mount
and fitted with a Nikkor 8-mm fisheye lens that pointed
directly upward. An identifying number was printed on
each photograph by a Nikon MF16 databack. To ensure
even skylight conditions, most photographs were taken
just before sunrise (a few were taken just after sunset).
Photographs were analyzed using the video image-
analysis system CANOPY (Rich 1989, 1990), which
calculates the proportions of diffuse radiation (indirect
site factor, or ISF) and direct radiation (direct site fac-
tor, or DSF) beneath the canopy relative to those above
the canopy. Each photograph was analyzed twice and
the values from the two analyses were averaged. Es-
timates from the two heights were similar (Lin et al.
1992). Three indices from photographs taken at the
1.0-m level were used for the current study: (1) diffuse
solar radiation (ISF); (2) annual direct radiation (DSF);
and (3) monthly direct radiation (DSFmonth). These in-
dices were calculated with a cosine correction relative
to a horizontal plane. Further, for ISF, isotropic sky
conditions (equal diffuse radiation from all sky direc-
tions) were assumed; for DSF, clear sky conditions were
assumed, corrected for atmospheric attenuation as a
function of zenith angle (Rich 1989, 1990). ISF can
only be estimated annually. We estimated DSF annually
and at monthly intervals, yielding 7 rather than 12 dif-
ferent time-dependent estimates within the year, be-
cause the sun angle is the same in months that precede
and follow solstices by equal time periods (estimates
were for December, January/November, February/Oc-
tober, March/September, April/August, May/July, and
June).

Precipitation.—Precipitation was measured contin-
uously at meteorological stations on study plots adja-
cent to the site (Nyhan et al. 1990). For snowfall, water
equivalents on the surface were estimated by measuring
snow depth at each of the sampling stations and esti-
mating snow density from locations adjacent to the
transect based on 5.6 cm diameter cores (n 5 3 canopy
cores and n 5 3 intercanopy cores). Snow density was
measured for most dates that depths were sampled (for
dates when density was not measured, estimates from
the closest date for which it was measured were used).

Soil moisture.—Soil moisture was measured by time-
domain reflectometry; (TDR; Topp et al. 1980, Topp
and Davis 1985) using a system similar to that de-
scribed by Baker and Allmaras (1990). The TDR
probes, each 30 cm in length, were installed vertically
in the soil at each of the transect sampling stations. A
site-specific calibration factor for Hackroy sandy loam
(J. W. Nyhan and T. G. Schofield, unpublished data)
was applied to each estimate. Measurements were ob-
tained at least every 5 wk over a nearly 4-yr period
from July 1992 through May 1996, except during the
1992–1993 winter, when prolonged, deep snow cover
precluded measurements.

Analyses

Temporal heteroscedasticity and spatial autocorre-
lation.—Our analyses were designed to account for
both temporal and spatial variability in testing our hy-
potheses. In particular, we evaluated the data for two
problems that could potentially complicate statistical
analyses: spatial autocorrelation and temporal heter-
oscedasticity. The assumptions underlying the usual
analysis of variance methods, where the coefficients of
a linear model are estimated by ordinary least squares,
are violated by both types of problems, because the
residuals from ordinary least squares are assumed to
be independently and identically distributed.

Initial evaluation of spatial autocorrelation was
based on ISF and annual DSF data for solar radiation
and a 4-yr, time-weighted average (obtained by linearly
interpolating between measurement dates) for soil
moisture. We calculated Moran’s I (Sokal and Oden
1978, Sokal 1979, Fortin et al. 1989, Legendre and
Fortin 1989, Legendre 1993) and tested for signifi-
cance. As expected, the data were spatially autocor-
related at scales comparable to canopy and intercanopy
patch sizes. In addition, however, spatial autocorrela-
tion in the residuals from initial least squares analyses,
a regression of solar radiation and soil moisture data
on overstory indices, indicated that our hypothesis tests
would need to account for some residual spatial au-
tocorrelation.

We considered temporal variability at different scales
for solar radiation and soil moisture. For solar radia-
tion, we used the seven monthly intervals described
above. For soil moisture, we estimated time-weighted
averages over 6-mo periods spanning the winter/spring
(December through May) and the summer/fall (June
through November) of each year, yielding eight tem-
poral categories (summer/fall 1992 through winter/
spring 1995–1996). We selected this temporal scale of
resolution, which is larger than that used for solar ra-
diation, because the sampling intervals for soil mois-
ture measurements were irregular, but at least five mea-
surements were obtained in each 6-mo period. Tem-
poral heteroscedasticity was evaluated based on var-
iogram analysis of residuals from the initial least
squares analyses with respect to the overstory indices.
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Variability was reasonably uniform among the seven
temporal categories for solar radiation, although rela-
tively minor differences among overstory classes were
noted. However, large temporal variation, approxi-
mately proportional to the square of the average mois-
ture in a given time period, was evident among the
eight periods for soil moisture data. In particular, the
winter/spring of 1992–1993 was extremely wet and the
moisture data for this period exhibited very large vari-
ability both within and between overstory categories.

On the basis of these initial analyses, we developed
two generalized least squares linear models, one for
near-ground solar radiation and the other for soil mois-
ture, incorporating covariance models that account for
spatial autocorrelation and also, in the case of soil
moisture, for temporal heteroscedasticity. (See Cressie
1991; Section 5.7.2, for discussion of this approach to
the estimation of treatment effects in the presence of
spatial autocorrelation.) Specifically, the underlying
model for ordinary least squares analysis is normally
distributed with mean xb and variance s2I, where for
p explanatory variables or categories, x is a design
matrix of N observations by p variables, b is a vector
of coefficients for p, I is the N 3 N identity matrix,
and s2 is a scalar (the residual variance). To account
for spatial autocorrelation and temporal heteroscedas-
ticity in the residuals, a generalized least squares linear
model replaces I by a N 3 N covariance matrix W (i.e.,
one that is symmetric and positive-definite). Nonzero
off-diagonal terms of W correspond to spatial auto-
correlation of the residuals, and on-diagonal terms will
not all be equal to one if there is temporal heterosce-
dasticity (i.e., W need not be a correlation matrix). In
the case of solar radiation, the diagonal terms are all
equal to one, since temporal heteroscedasticity was
judged to be minor, and only spatial autocorrelation
was of concern. For soil moisture, where temporal het-
eroscedasticity was a problem, the diagonal terms for
rows corresponding to measurements in the i-th time
period are proportional to 1/m(i)2, where m(i) is the
average moisture for the i-th time period. In both cases,
the off-diagonal terms of W were estimated iteratively,
together with the coefficients b, from a semivariogram
of the residuals.

Hypothesis tests.—We parameterized the model for
near-ground solar radiation in terms of the following
contrasts, added sequentially to test for significance of
the hypothesized overstory effects: canopy locations
receive less solar radiation than intercanopy locations;
within patches, centers and edges differ (canopy center
, canopy edge; intercanopy center . intercanopy
edge), and there are expected north–south differences
(canopy north , canopy south; intercanopy south ,
intercanopy north). At each step we also considered
the significance of additional temporal variables
(month and season 3 overstory interactions).

Similarly, for soil moisture, the model was para-
meterized to test the following hypotheses: canopy lo-

cations are drier than intercanopy locations; edge lo-
cations are wetter than center locations; with a larger
within-patch contrast in canopies. Further, within patch
type, we expected north and south edges to differ (can-
opy south , canopy north; intercanopy south . inter-
canopy north). Again, the significance of temporal vari-
ables and of season 3 overstory interactions was eval-
uated at each step. In addition, we tested for redistri-
bution of runoff from intercanopy patches to canopy
patches during summer storms by contrasting seasonal
differences between intercanopy centers and canopy
edges.

Supplemental calculations.—To evaluate the poten-
tial for spatial differences in solar radiation between
canopy and intercanopy patches to influence soil mois-
ture, we estimated potential evaporation as a function
of solar radiation using the equations in Ritchie (1972).
We used monthly maximum incoming solar radiation
for White Rock (which has a long-term meteorological
station near our study site; Bowen 1990) modified by
DSFmonth for canopy and for intercanopy locations. We
assumed an albedo of 0.23 for canopy locations and of
0.11 for intercanopy locations. In addition, we used
equations presented by Ritchie (1972) to calculate the
potential soil evaporation rate, which is a function of
soil texture. Since the predominant soil at our site is a
Hackroy sandy loam, we assumed 60% sand and 15%
clay in estimating the potential soil evaporation rate.

To better assess the biological importance of spatial
heterogeneity in soil moisture, we converted soil mois-
ture (volumetric water content) to soil water potential,
using site-specific data (Breshears et al. 1997). Using
mean values for spatial categories, we constructed a
synthetic view of the local gradients of near-ground
solar radiation and soil water potential as a function of
spatial position for adjacent canopy and intercanopy
patches. We used a single conversion for all categories
because canopy and intercanopy locations do not differ
in soil morphology at this site (Davenport et al. 1996).

RESULTS

Spatial and temporal variability

Fig. 1A shows the spacing of canopy and intercanopy
locations along the transect as a band of black (canopy)
and white (intercanopy) segments at the top of the fig-
ure. There were 54 intercanopy locations and 49 canopy
locations, which comprised 10 intercanopy patches and
11 canopy patches. The intercanopy patch length was
5.4 6 4.0 m (mean 6 1 SD) and the mean canopy patch
length was 4.5 6 2.7 m. More than one-third of the
locations (n 5 38) were within 1 m of a canopy/inter-
canopy edge to the north and/or south. An additional
13 locations were within an edge to either the east
and/or west but not to the north or south. As shown in
Fig. 1A, the variations in both the solar radiation in-
dices, ISF and DSF, indicate a strong relationship with
the canopy/intercanopy index for the overstory (Fig.
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FIG. 1. The overstory index along the transect is repre-
sented by the bar at the top of each part of the figure (black
5 canopy, white 5 intercanopy). (A) Direct (DSF) and in-
direct (ISF) site factors for the fraction of total solar radiation
at each location; DSF is the annual estimate. (B) Mean vol-
umetric water content (%), based on 4-yr data set from each
location.

FIG. 2. (A) The overstory index along the transect is rep-
resented by the bar at the top of the figure. The direct site
factor (DSF) for monthly intervals for each location is shown
for December, March/September (the estimate is the same for
these two months), and June. (B) The direct site factor (DSF)
for intercanopy and canopy locations for each month. (C)
Potential soil evaporation (PE; centimeters per day) as esti-
mated from Ritchie (1972) for incoming radiation and the
threshold for the maximum soil evaporation rate, as limited
by soil texture.

1A). Similarly, the variations in mean soil moisture
along the transect also varied in a pattern similar to
that of the canopy/intercanopy variations (Fig. 1B; the
overstory pattern is repeated again in Fig. 1B for ref-
erence).

The spatial heterogeneity in solar radiation and soil
moisture imposed by the overstory was modified tem-
porally. The amount of temporal variability in solar
radiation was related to spatial position (Fig. 2A): the
amount of incoming solar radiation for intercanopy
patches (corresponding to locations with a high DSF)
varied more temporally than that for canopy patches.
The mean temporal variability for canopy and inter-
canopy locations can be summarized as follows (Fig.
2B): temporal changes were greatest between February
and March and between August and September; direct
solar radiation varied much less temporally within can-
opy than within intercanopy locations; and the differ-
ence between canopy and intercanopy locations was
greatest during the summer solstice and least during
the winter solstice. The differences between canopy
and intercanopy locations were amplified when the di-

rect site factor was used to calculate the potential soil
evaporation for monthly maximum solar radiation (Fig.
2C). These rates did not exceed the upper limit for the
evaporation rate of bare soil (0.88 cm/d), as limited by
soil texture (Ritchie 1972; Fig. 2C).
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FIG. 3. Time-series measurements for (A) precipitation,
(B) snow water equivalent in intercanopy and canopy loca-
tions, and (C) volumetric water content (%) for intercanopy
and canopy locations, and the ratio of intercanopy to canopy
mean volumetric water content. S 5 summer/fall; W 5 winter/
spring.

FIG. 4. Spatial autocorrelation, as measured by Moran’s
I vs. lag, for overstory index, annual direct site factor (DSF),
annual indirect site factor (ISF), and mean volumetric water
content. Solid symbols denote P , 0.05.

The majority of the precipitation during the study
period occurred as snow over the winter and as rain
during the late summer monsoon season (Fig. 3A).
Snow cover was greater and more persistent in inter-
canopy locations than canopy locations (Fig. 3B). Al-
though intercanopy locations were wetter than canopy
locations when averaged across time, the magnitude

and direction of canopy/intercanopy differences was
time dependent (Fig. 3C). Following snow melt, inter-
canopy locations were wetter than canopy locations by
as much as 3% volumetric water content (Fig. 3C), but
the magnitude of the differences diminished as soils
dried. Canopy locations became wetter than intercan-
opy locations following periods of intense rainstorms
that generated runoff, which occurred during late sum-
mer and early fall of each year (Wilcox 1994; B. P.
Wilcox, unpublished data). (In addition, canopy lo-
cations were wetter than intercanopy locations in Jan-
uary 1995 when snow had melted in canopy locations
but had not yet melted in intercanopy locations; inter-
canopy locations later became wetter than canopy lo-
cations following snowmelt.)

Spatial autocorrelation

Spatial autocorrelation was evident in the overstory
index, solar radiation indices (ISF and DSF), and mean
soil moisture (Fig. 4). The correlograms showed pos-
itive correlation for all four variables at lag distances
of 5 m or less, with statistically significant lags (P ,
0.05) at 1–3 m for the overstory and 1–4 m for solar
radiation and soil moisture variables. The correlograms
for all four variables were also similar for longer lags.
The overstory index and both solar radiation indices
had significant negative correlation at some lags .20
m.

The spatial autocorrelation in the overstory index
accounts for only part of the spatial autocorrelation in
both the solar radiation and soil moisture data. Resid-
uals from ordinary least squares models in which these
data are regressed on the overstory index are still au-
tocorrelated. This led to the use of generalized least
squares models, as described previously. Residuals
from the final optimized model, including temporal and
interaction terms, are still autocorrelated for solar ra-
diation (DSF) at lags out to 3 m (Fig. 5A) and for soil
moisture at lags out to 7 m (Fig. 5B). In addition, the
residuals for soil moisture have a substantial uncor-
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FIG. 5. (A) Spatial autocorrelation (Moran’s I ) in resid-
uals from generalized least squares models for (A) solar ra-
diation (direct site factor, DSF) and (B) soil moisture (%
volumetric water content). Solid symbols denote P , 0.05.

related component (ø30% of the total residual vari-
ance); there is no uncorrelated component in the re-
siduals from the solar radiation model.

Hypothesis tests

Results for tests of hypotheses about near-ground
solar radiation are presented in Table 1. Both the spatial
and temporal variables significantly increase predictive
capability at each step. We found most of the expected
spatial variation. Between patches, canopy , intercan-
opy (P , 0.001), and this effect is significantly stronger
in summer/fall (P , 0.001). Within patches, centers
differed significantly from edges (P , 0.001), and the
direction of the difference was opposite between the
two patch types, as expected (canopy center , canopy
edge: P , 0.001; intercanopy center . intercanopy
edge: P , 0.01); for canopies, this variation was more
pronounced in summer/fall than winter/spring (P 5
0.02). Within patches, there were also differences be-
tween north and south edges (P , 0.001) with the
direction of the difference again varying between patch
type (canopy north , canopy south: P , 0.001; inter-
canopy north . intercanopy south: P , 0.001); these
differences were not significant in summer/fall (P .
0.09).

Of course, the temporal variability for our near-

ground solar radiation estimates has been induced de-
terministically (rather than actually measured) by the
CANOPY program in calculating monthly solar radi-
ation from photographs. The interesting result from the
regression analysis is that the full monthly model is
not better (P 5 0.09) than a model including only a
simple two-season contrast between near summer sol-
stice (April through August) and near winter solstice
(October through February).

Results for tests of hypotheses about soil moisture
are presented in Table 2. Both spatial and temporal
variables increased predictive capability, but the inter-
action terms between overstory as a spatial variable
and a seasonal contrast between summer/fall and win-
ter/spring were not significant, for the most part.

Canopy locations were significantly drier than in-
tercanopy locations (P , 0.001), and the difference
was about the same summer and winter (P ø 1.0).
Within patch types, edge locations were significantly
wetter than center locations (P , 0.001). This effect
was somewhat stronger in summer, but not significantly
(P 5 0.13), and was also significantly greater in canopy
patches (P , 0.001).

Overall, soil moisture for north edges was not sig-
nificantly different from that for south edges (P 5
0.09). Within the intercanopy, south edges (which re-
ceive less solar radiation than north edges) were sig-
nificantly different from north edges (P , 0.05). How-
ever, this effect was in the opposite direction than ex-
pected (edges receiving less solar radiation were drier)
and occurred only during the winter.

We tested for redistribution of runoff from intercan-
opy patches to canopy patches by contrasting seasonal
difference between intercanopy center locations and
canopy edges (an alternative parameterization of the
level 2 models in Table 2). The soil moisture difference
between the two patches changed in the expected di-
rection (intercanopy center , canopy edges) from win-
ter/spring to summer/fall, but the difference was not
significant (P 5 0.23).

Results from the generalized least squares models
for soil moisture were converted to soil water potential
and are presented in conjunction with those for solar
radiation (Fig. 6). In canopy patches, solar radiation is
reduced by more than half and soil water potential is
40% less than in canopy patches. Further, within-patch
gradients, as tested above, are apparent.

DISCUSSION

Overstory-imposed heterogeneity in solar radiation
and soil moisture

Our results supported our general concept that the
spatial pattern of the overstory defines predictable solar
radiation and soil moisture patterns, effectively cre-
ating a variety of microclimatic zones (Fig. 6, Tables
1 and 2). Overstory geometry imposes predictable spa-
tial and temporal variation in near-ground solar radi-
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TABLE 1. Spatial and temporal (T) variability for near-ground solar radiation (S), as tested using a generalized least squares
model.

Spatial variables

Temporal variables

None
(S)

Month
(ST)

Month 1
solstice 3
overstory

(IST)
Overstory
contrasts

Temporal
interactions

with overstory
contrasts

0) None S0 ST0: r2 5 3.6%
P (S0) , 0.01

1) Canopy vs.
intercanopy

S1: r2 5 11.8%
P (S0) , 0.0001

ST1: r2 5 15.5%
P (ST0) , 0.0001
P (S1) , 0.0001

IST1: r2 5 20.4%
P (ST1) , 0.0001

canopy , inter-
canopy
(P , 0.001)

more pronounced
in summer/fall
than winter/
spring
(P , 0.001)

2) Row 1 1
within patches:
center vs. edg-
es

S2: r2 5 20.2%
P (S1) , 0.0001

ST2: r2 5 23.9%
P (ST1) , 0.0001
P (S2) , 0.0001

IST2: r2 5 29.4%
P (IST1) , 0.0001
P (ST2) , 0.0001

canopy center ,
canopy edge
(P , 0.001)

intercanopy center
. intercanopy
edge
(P , 0.01)

more pronounced
in summer/fall
than winter/
spring
(P 5 0.02)

no different in
summer/fall
than winter/
spring
(P 5 0.44)

3) Row 2 1
within patches:
north vs. south
edges

S3: r2 5 23.8%
P (S2) , 0.0001

ST3: r2 5 27.4%
P (ST2) , 0.0001
P (S3) , 0.0001

IST3: r2 5 34.4%
P (IST2) , 0.0001
P (ST3) , 0.0001

canopy north ,
canopy south
(P , 0.001)

intercanopy north
. intercanopy
south
(P 5 0.001)

not significant in
summer/fall
(P 5 0.094)

not significant in
summer/fall
(P 5 0.096)

Note: Spatial variables related to overstory are added down rows (0 through 3), temporal variables across columns (S for
no consideration of temporal differences, ST for inclusion of temporal variables for monthly periods, and IST for interaction
between spatial variables and temporal variables). Significant improvements in prediction are made moving down rows and
across columns, as indicated by P (model) values in each cell under temporal variables. Overstory contrasts for each level
of spatial variable and temporal interactions with overstory contrasts are listed to the right.

ation. Our results extend the findings of other studies
of near-ground solar radiation in relatively homoge-
neous canopies to highly heterogeneous canopies.
More specifically, our results quantify the expected re-
ductions in solar radiation in canopy patches due to
shading, and they support expected gradients within
both patch types. At our site with intermediate closure
of the overstory, the canopy is a series of alternating
canopy and intercanopy patches (Fig. 4). The center
portions of canopy patches receive 40% less near-
ground solar radiation than intercanopies on average
(Fig. 6), and .50% less during much of the growing
season (Fig. 2B). The shading effects of the canopies
are quantified in that edge locations within a patch type
received less solar radiation than center locations (Fig.
6). Further, these shading effects produce contrasting
north and south patterns within patches (canopy north
, canopy south; intercanopy north . intercanopy
south). Our statistical analysis of solar radiation based
on the eight cover types was not sufficiently robust to
remove all of the spatial autocorrelation in the data:
the residuals were spatially autocorrelated at a scale of
3 m (Fig. 5A), the same scale as the spatial autocor-
relation for the canopy/intercanopy pattern (Fig. 4).
The eight cover categories fail to account for many

attributes of canopy architecture associated with our
measurements, including tree heights, patch size, tree
locations, and foliar density. Hence, the remaining spa-
tial autocorrelation in the residuals can be attributed to
additional shading effects of the canopy on the alter-
nating canopy/intercanopy areas that are not deter-
mined by our categories. Temporally, near-ground solar
radiation is more variable within intercanopy locations
than canopy locations. Our results are consistent with
those from studies of environments with nearly com-
plete closure of the overstory (Becker and Smith 1990,
Canham et al. 1990, Rich et al. 1993a, Clark et al.
1995, Fournier et al. 1995) and link them to a broader
range of overstories along the grassland–forest contin-
uum.

Overstory geometry also influences soil moisture
patterns. Our results extend those of soil moisture in
more open canopies to highly heterogeneous canopies
by addressing within-patch heterogeneity as well as
between-patch heterogeneity. In addition, we evaluated
potential effects of spatial heterogeneity in near-ground
solar radiation on soil moisture. The effect of the can-
opy patches on soil moisture heterogeneity is evident
in the spatial autocorrelation at a scale similar to that
of the overstory (Fig. 4) and in the hypothesis tests
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TABLE 2. Spatial and temporal (T) variability for soil moisture (M), as tested using a generalized least squares model.

Spatial variables

Temporal variables

None
(M)

Year/season
(MT)

Year/season 1
season 3 overstory

(IMT)
Overstory
contrasts

Temporal
interactions

with overstory
contrasts

0) None M0 MT0: r2 5 19%
P (M0) , 0.0001

1) Canopy vs.
intercanopy

M1: r2 5 11.6%
P (M0) , 0.0001

MT1: r2 5 25.5%
P (MT0) , 0.0001
P (M1) , 0.0001

IMT1: r2 5 25.5%
P (MT1) 5 0.97

canopy , inter-
canopy
(P , 0.001)

summer/fall same
as winter/spring
(P ø 1.0)

2) Row 1 1 cen-
ter vs. edges

M2: r2 5 19.2%
P (M1) , 0.0001

MT2: r2 5 33.1%
P (MT1) , 0.0001
P (M2) , 0.0001

IMT2: r2 5 33.2%
P (MT2) 5 0.14

centers , edges
(P , 0.001)

summer/fall same
as winter/spring
(P 5 0.13)

3) Row 2 1 in-
teraction

M3: r2 5 19.9%
P (M2) , 0.01

MT3: r2 5 33.8%
P (MT2) , 0.01
P (M3) , 0.0001

IMT3: r2 5 34.2%
P (MT3) 5 0.32

within canopy ef-
fect . within
intercanopy ef-
fect
(P , 0.001)

summer/fall same
as winter/spring
(P 5 0.32)

4) Row 3 1 with-
in patches:
north vs.
south edges

M4: r2 5 20.3%
P (M3) 5 0.14

MT4: r2 5 34.2%
P (MT3) 5 0.094
P (M4) , 0.0001

IMT4: r2 5 34.6%
P (MT4) , 0.05

canopy north vs.
canopy south:
no difference
(P 5 0.56)

intercanopy north
. intercanopy
south
(P , 0.05)

not significant
(P 5 0.37)

not significant in
summer/fall
(P 5 0.90)

Note: Spatial variables related to overstory are added down rows (0 through 4), temporal variables across columns (M for
no consideration of temporal differences, MT for inclusion of temporal variables for monthly periods, and IMT for interaction
between spatial variables and temporal variables). Significant improvements in prediction are made moving down rows and
from M to MT models (and from MT4 to IMT4), as indicated by P (model) values in each cell under temporal variables.
Overstory contrasts and temporal interactions with overstory contrasts for each level of spatial variable are listed to the right.

FIG. 6. Mean values for gradients in solar radiation and
soil water potential along a north–south transect through a
canopy and an intercanopy patch, estimated from generalized
least squares models.

(Table 2) and predictions of the generalized least
squares models (Fig. 6). Further, within-patch hetero-
geneity was as important as between-patch variability
in explaining variance in soil moisture (Table 2). In
our site with a highly heterogeneous overstory, a much
greater proportion of the area is near an edge between
canopy and intercanopy patches in comparison to sites
with more open overstory. Hence, we find that within-
patch heterogeneity is important in this site with in-
termediate cover (ø50%).

We tested hypotheses about the effects of canopy

patches on spatial heterogeneity in soil moisture that
may be attributable to a combination of three physical
effects—interception and drip, soil evaporation as
modified by near-ground solar radiation, and redistri-
bution of runoff from intercanopy to canopy patches—
and/or biological effects (i.e., plant water use). Our
results suggest that the primary process determining
differences between canopy and intercanopy locations
is interception and drip, the first physical effect of the
tree canopy. The spatial autocorrelation of time-aver-
aged soil moisture is similar to that for the overstory
(Fig. 4), which shows positive correlation at intervals
of ø5 m—approximately the average length of the can-
opy and the intercanopy patches on the transect. We
are also able to detect the effects of canopy drip as-
sociated with interception: within both patch types,
edge locations are significantly wetter than center lo-
cations (Table 2, Fig. 6). The measurements of snow-
water equivalent show large differences between can-
opy and intercanopy locations every winter, even for
the dry winter of 1995–1996 (Fig. 3B). The intercep-
tion of precipitation by woody canopies and the un-
derlying litter has been shown to be significant at other
semiarid sites (Johnsen 1962, Skau 1964, Collings
1966, Young and Evans 1987, Belsky et al. 1989), re-
sulting in reduced soil moisture beneath canopies.

Our results show some evidence of the second phys-
ical effect of woody canopies, near-ground solar ra-
diation on soil moisture, although the effects are small.
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The only effect of solar radiation on soil moisture that
we were able to detect was that within intercanopies,
the north edges, which received more solar radiation
than the south edges, were wetter than the south edges
in the winter/spring. This is likely due to increased
canopy drip effects on the warmer sides of tree cano-
pies, as has been observed previously (Collings 1966).
Spatial heterogeneity in solar radiation is expected to
modify soil moisture based on differences in potential
evaporation between canopy and intercanopy patches
(Fig. 2C). Our soil moisture measurements included
the main depth interval for which soil evaporation oc-
curs (Newman et al. 1997). We did not account for
actual temporal differences in cloudiness over the 4-yr
period, which may have reduced our ability to detect
effects of solar radiation on soil moisture. However,
such effects were generally overwhelmed by the effects
of interception and canopy drip.

Our data also suggest that the third physical effect,
redistribution of runoff from intercanopy to canopy
patches, may be operating: the ratio of intercanopy-to-
canopy soil moisture drops to ,1 each year in the
summer following runoff-generating storms (Fig. 3C).
While the contrast between intercanopy centers and
canopy edges shifted in the expected direction in sum-
mer, as did the contrast between canopy center and
canopy edge (as would be expected if intercanopy run-
off was being redistributed to canopy edges), neither
of these shifts was statistically significant in our anal-
yses. Seasonal differences in the effect of canopy drip
could also cause these differences. Another analysis
that had less temporal averaging might be able to detect
redistribution of runoff to canopy patches. Although
our results suggest that runoff may be being redistrib-
uted to canopy patches, overall this process is less im-
portant than interception in determining soil moisture
heterogeneity at our site. Redistribution of runoff to
canopy patches has been shown at other sites (Joffre
and Rambal 1988, 1993, Cornet et al. 1992, Seyfried
and Wilcox 1995), which may have greater differences
in infiltration capacity and microtopography between
canopy and intercanopy patches; at our site, soil mor-
phological properties do not differ significantly be-
tween canopy and intercanopy patches except for the
presence of litter in the canopy patches (Davenport et
al. 1996). The contrast between our site and these oth-
ers highlights the important interplay between herba-
ceous plant cover in intercanopy locations, soil infil-
tration differences between canopy and intercanopy
patches, and redistribution of runoff from intercanopy
patterns to canopy patches.

The spatial heterogeneity in soil moisture that we
observed could be due to differences in plant water
uptake between the canopy and intercanopy locations.
Greater rooting density beneath the canopy patches
(presumably by woody plants) may be related to greater
water use in canopy patches, further increasing the spa-
tial heterogeneity resulting from reduced precipitation

inputs (Fig. 3B); organic C is nearly five times greater
in canopy than intercanopy soils at this site (Davenport
et al. 1996). However, the spatial heterogeneity be-
tween patch types is greatest after snow melts, and the
rates of soil moisture depletion (Fig. 3B, C) between
canopy and intercanopy patches do not appear to differ
greatly (Fig. 3C). This suggests that the spatial het-
erogeneity in soil moisture between canopy and inter-
canopy patches is primarily due to interception rather
than to differences in plant water uptake. Nonetheless,
our results do indicate that plant water use is affecting
soil moisture heterogeneity. Water uptake by woody
plants is not limited to the same spatial scale as the
aboveground pattern of the canopy patches. Both P.
edulis and J. monosperma can use shallow intercanopy
soil moisture, as demonstrated in a manipulative ex-
periment at this site (Breshears et al. 1997). Tracer
experiments indicated trees up to 8 m away from wet
intercanopy patches could obtain detectable amounts
of the labeled water (Breshears 1993). In this study the
residuals from the generalized least squares model are
spatially autocorrelated at scales of up to 7 m (Fig.
5B), well beyond the scale of the aboveground canopy
patches (Fig. 4; Martens et al. 1997). Hence, we at-
tribute this spatial autocorrelation to the belowground
neighborhood of patches of woody plants.

Our results clearly demonstrate that there is impor-
tant spatial heterogeneity in solar radiation and soil
moisture between canopy and intercanopy patches and
there are predictable gradients within each patch type.
For solar radiation, these within-patch gradients are
north to south due to solar angle, whereas for soil mois-
ture, the within-patch differences are between edges
and center locations, with edges being wetter due to
canopy drip. These results vary somewhat temporally
between seasons. For both solar radiation and soil
moisture, .30% of the variance is explained, despite
the coarse temporal resolution of our analyses (Tables
1 and 2). We expect that additional variance can be
explained for solar radiation by accounting for canopy
architecture and for soil moisture by collecting and
evaluating data on a finer temporal scale. Our results
help link studies of overstory effects along the grass-
land–forest continuum to one another and indicate how
canopy architecture amplifies spatial variability in solar
radiation and soil moisture: two key microclimatic vari-
ables that affect several important plant processes for
both herbaceous and woody plants.

Relevance of overstory-imposed heterogeneity for
environmental problems

We studied spatial heterogeneity in soil moisture and
solar radiation in a nondegraded semiarid woodland.
Our results provide a baseline set of measures quan-
tifying how woody canopy patches of the overstory
reinforce spatial heterogeneity in a nondegraded semi-
arid ecosystem. These results can be used to help un-
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derstand ecosystem processes in nondegraded and de-
graded semiarid ecosystems.

The spatial and temporal variability in the two patch
types, canopy and intercanopy, is of sufficient mag-
nitude to influence many important plant processes for
both herbaceous and woody plants. In comparison to
the centers of intercanopy patches, the centers of can-
opy patches are reduced on average by .60% for soil
water potential and .40% for near-ground solar radi-
ation (Fig. 6). Further, there is substantial variation
within each patch (Fig. 6). The relationship between
soil moisture (volumetric water content) and soil water
potential is nonlinear, such that as soil moisture dries,
soil water potential changes only slightly at first and
then dramatically. For our soils, this transition occurs
slightly below 15% volumetric water content. Hence,
the observed differences between canopy and inter-
canopy of 1–3% volumetric water content (Fig. 3C)
may not be biologically important when both patch
types are wet (.15%), but as soils dry, these small
spatial differences become amplified in terms of soil
water potential, leaf water potential, and conductance
for predominant species of both herbaceous (B. grac-
ilis; Sala et al. 1981) and woody (P. edulis and J. mon-
osperma; Barnes 1986, Lajtha and Barnes 1991, Bre-
shears 1993) plant types at our site. Small differences
in the length of time during which the soil has adequate
moisture for plant growth appear to amplify the prob-
abilities of successful establishment for B. gracilis
(Aguilera and Lauenroth 1995); the same is likely for
P. edulis and J. monosperma at our site, and other
herbaceous and woody species at other sites.

The spatial differences in near-ground solar radiation
influence not only light, but also soil and leaf temper-
atures. Canopy and intercanopy patches differ in soil
temperature (Emerson 1932, Johnsen 1962, Everett and
Sharrow 1985, Pierson and Wight 1991), which affects
germination of P. edulis (Kintigh 1949). Effects of soil
temperature on herbaceous establishment are less clear
(Everett and Sharrow 1985; Aguilera and Lauenroth
1995). In addition, transpiration rates of both P. edulis
and J. monosperma are sensitive to leaf temperature
(Barnes 1986).

The between- and within-patch heterogeneity created
by the overstory is reflected in the patterns of herba-
ceous plants in piñon–juniper woodlands, including
north–south differences within canopy patches (Arnold
1964, Everett et al. 1983, Armentrout and Pieper 1988).
These patterns have been attributed to microclimatic
differences, but measures of overstory-imposed het-
erogeneity in microclimate were largely lacking.

Our study provides empirical support for models that
treat semiarid woodlands and shrublands as a set of
canopy and intercanopy patches (Walker et al. 1989,
Mauchamp et al. 1994, Thiéry et al. 1995). The two
patch types are differentiated by reduced inputs of solar
radiation and moisture to the soil beneath woody can-
opies and are connected via canopy shading of inter-

canopy areas, use of intercanopy water by woody
plants, and, in some cases, redistribution of runoff from
intercanopy to canopy locations. The proportions and
spatial patterns of the two patch types are presumed to
reflect ecological properties of herbaceous and woody
plants (Milne et al. 1996). Predictions of vegetation
dynamics in semiarid woodlands and shrublands may
be improved through application of gap models, which
have been successfully applied in both grasslands and
forests (Shugart 1984, Coffin and Lauenroth 1989,
1990, 1994, Coffin and Urban 1993, Lauenroth et al.
1993). Horizontal heterogeneity in microclimate is
likely to be more important in semiarid shrublands and
woodlands than for sites with more homogeneous ov-
erstories at either end of the grassland–forest contin-
uum, and may be particularly important to consider in
evaluating population and community dynamics for a
broader set of plant functional types (Coffin and Lauen-
roth 1990). Hence, the application of gap models to
more heterogeneous semiarid sites may need to account
for horizontal interactions between patch types, both
aboveground (canopy shading of intercanopy patches
and potential redistribution of intercanopy runoff to
canopy patches) and belowground (use of shallow in-
tercanopy water by woody plants). In addition, this
spatial heterogeneity in microclimate between canopy
and intercanopy patches may be important to consider
in scaling up fluxes of water and energy for hetero-
geneous overstories (Goutorbe et al. 1994).

As we seek to apply our knowledge of nondegraded
semiarid ecosystems to solving problems of land deg-
radation, the importance of considering microclimatic
differences between canopy and intercanopy patches
becomes even more important. Differential impacts on
canopy vs. intercanopy locations in degraded ecosys-
tems have been documented for nutrients (Schlesinger
et al. 1990, 1996); the net result is an increase in spatial
heterogeneity of resources. However, to detect changes
in heterogeneity associated with land use, we must first
quantify the amount of spatial heterogeneity in non-
degraded but heterogeneous sites, such as ours. Land
uses such as grazing and off-road vehicle use can si-
multaneously reduce intercanopy herbaceous plant bio-
mass and reduce infiltration capacity in intercanopies,
thereby increasing intercanopy runoff and the potential
for some of that runoff to be redistributed to canopy
patches. Erosion in these systems can enter a feedback
cycle, leading to further degradation (Wilcox et al.
1996a, b, Davenport et al. 1998). Hence, we concur
that land degradation can be better understood by eval-
uating canopy and intercanopy differences (Grover and
Musick 1990, Schlesinger et al. 1990); our results sup-
port extending that perspective to soil moisture and
near-ground solar radiation.

Remediation strategies for degraded lands also dif-
ferentially alter canopy and intercanopy areas, and
there are probably interrelationships between their ef-
fectiveness and spatial impacts on microclimate. Ap-
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proaches to remediation include thinning of woody
plants, adding a surface mulch to intercanopy areas,
modifying soil surface microtopography, and seeding
with herbaceous species. Thinning woody plants alters
the soil moisture and solar radiation environment of
the canopy patch: soil moisture in canopy patches in-
creases and soil temperature differences between can-
opy and intercanopy are diminished (Everett and Shar-
row 1985). Similarly, a surface mulch should reduce
runoff from and soil temperatures in intercanopy soils.
Microtopographic changes to the intercanopy surface
should be beneficial to herbaceous plants, including
benefits at the seedling establishment phase. Seeding
in intercanopy patches with herbaceous species coun-
teracts previous losses in seedling production and es-
tablishment. Land degradation problems in semiarid
ecosystems, then, are related to differential impacts on
canopy and intercanopy patches, and require consid-
eration of how remediation alternatives affect these two
patch types. Understanding the inherent spatial hetero-
geneity between canopy and intercanopy locations, and
how that heterogeneity changes as sites become de-
graded, is a required step to arrive at effective preven-
tion and mitigation of land degradation in semiarid
ecosystems.

In summary, our results demonstrate how the spatial
patterns of the overstory define predictable solar ra-
diation and soil moisture patterns, effectively creating
a variety of microclimatic zones that are of biological
importance. Our results also contribute to bridging the
gap between studies at either end of the grassland–
forest continuum, and are highly relevant for under-
standing ecosystem processes in nondegraded and de-
graded semiarid shrublands and woodlands.
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