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Woody plants produce shading patterns that can alter soil evaporation rates and provide nurse-plant
effects for seedling establishment. These effects depend on the density of woody plants and associated
characteristics of canopy architecture such as height, and can be particularly important in deserts. The
tallest stature woody plants in some desert ecosystems are columnar cacti, which have distinctly
different architecture than other woody plants for which shading effects have been systematically
assessed. Focusing on columnar cacti of the northern Sonoran Desert, we used hemispherical photography to evaluate the effects of saguaro cacti (Carnegiea gigantea) on microclimate along a gradient of
increasing cactus density. Notably, incoming annual near-ground solar radiation was reduced by up to
w10% for the highest density stand (156 cacti ha1), with spatial variation in shading patterns peaking at
nearly the highest stand density (133 cacti ha1). The annual near-ground solar radiation reductions were
more directly related to cacti density than to density of surrounding shrubs. Our results document that at
high density, saguaro columnar cacti can have substantial effects on microclimate and, more generally,
our results contribute to the growing library of relationships quantifying how shading patterns vary with
woody plant architecture and density.
Ó 2009 Elsevier Ltd. All rights reserved.
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The canopies of woody plants attenuate incoming solar
radiation and produce shading patterns that can signiﬁcantly
reduce the amount of solar radiation reaching the near-ground
microclimate below canopies (Anderson, 1964; Breshears et al.,
1997; Scholes and Archer, 1997; Martens et al., 2000; Breshears,
2006). The reduction in near-ground solar radiation due to woody
plant canopy attenuation can have important abiotic and biotic
consequences. Of particular note is that reduced near-ground solar
radiation further affects the abiotic environment through reductions in soil evaporation rate and associated ecohydrological
impacts (Breshears et al., 1998; Martinez-Berdeja and Valverde,
2008), and the biotic environment through facilitation of lower
stature plants, often seedlings or juveniles in arid environments
(Scholes and Archer, 1997; Flores-Martinez et al., 1998; Forseth
et al., 2001).
Determining the degree of spatial shading that woody plants
produce is more complex than might be apparent at ﬁrst. How the
overstory canopy of woody plants affects shading patterns
depends on numerous factors, including the amount of canopy
cover, branching pattern, foliar density, and canopy height
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(Campbell and Norman, 1998). Because the amount of cover from
woody plant canopies can be at least as important as the architecture of a given canopy type, several studies have focused on
systematically assessing how near-ground solar radiation varies
along gradients of woody plant canopy cover (Martens et al., 2000;
Breshears, 2006). Related assessments in more mesic environments have considered the effects of coniferous (Heithecker and
Halpern, 2006) and deciduous (Ricard et al., 2003) woody plants.
In more arid environments, studies have speciﬁcally considered
the role of the lower as well as upper height of the canopy (Breshears and Ludwig, in press) and interactive effects between
canopy cover amount and site topography with respect to slope
and aspect (Zou et al., 2007).
Shading by woody plant canopies might be especially important
in deserts where the solar radiation is strong and the canopy cover
is often low. Studies have shown that such processes have been
pivotal in facilitating plant establishment in arid environments
(McAuliffe, 1984; Franco and Nobel, 1989; Valiente-Banuet and
Ezcurra, 1991; Flores et al., 2004; Suzán-Azpiri and Sosa, 2006;
Drezner, 2007; López et al., 2007; Munguia-Rosas and Sosa, 2008).
One key example of the importance of facilitation is for saguaro
cactus (Carnegiea gigantea) (Flores and Jurado, 2003; Drezner,
2006a), an iconic plant for the Southwest USA. The saguaro cactus is
a columnar succulent with woody structural support and is native
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Table 1
Canopy structures associated with ﬁve different Saguaro density plots.
Density

Low

Low-medium

Medium

High-medium

High

Number of saguaro cacti (ha1)
Average height of saguaro cacti (m)
Saguaro basal cover (%)
Shrub canopy cover (%)
Average height of shrubs (m)
Total cover (%)

44
4.48  2.92
0.04
17.61
2.44  1.21
18.11

58
4.05  2.29
0.07
5.18
1.87  1.23
5.33

89
4.9  3.16
0.07
10.70
2.67  1.6
11.11

133
6.32  2.95
0.16
9.06
3.24  1.28
9.70

156
6.84  2.53
0.19
16.60
1.51  0.88
17.72

to the hot and warm Sonoran Desert (Drezner, 2006b). Where
found, saguaro cacti are often the tallest vegetation structure in the
landscape. Densities can exceed 150 individuals ha1, with such
high density stands even being referred to as saguaro ‘‘forests’’.
Because height and density are two key drivers of shading patterns
and even small reductions in near-ground solar radiation might be
important in deserts, mature saguaro at high densities could have
signiﬁcant effects on microclimate.
Our objective was to assess how near-ground solar radiation
varied with saguaro density. We obtained ﬁeld measurements in
the Saguaro National Park West in southern Arizona, USA
(32150 2100 N, 111120 2500 W) between March 2006 and June 2006.
We ﬁrst identiﬁed ﬁve transects that spanned from low to high
saguaro densities. Each transect was 30 m long and oriented Eastto-West. Along each transect we took hemispheric photos every
1 m at 1 m above the ground under uniform sky conditions,
immediately before sunrise or after sunset or on overcast days
(consistent with methods in related studies; e.g., Zou et al., 2007).
The photos were obtained using a ﬁsheye lens (Nikkor CF-8,
Japan). We calculated mean and spatial variance of annual nearground solar radiation for each transect, expressed as the Direct
Site Factor (DSF), using HemiView software (Delta-T Devices Ltd,
Cambridge, UK). DSF is the proportion of direct solar radiation
reaching a given location, relative to that in a location with no sky
obstructions. For DSF, 1.0 corresponds to a completely open
location with no shading and 0.0 corresponds to a completely
shaded location. Description of vegetation surrounding each
transect was based on surveys of a 900 m2 plot (using the 30 m
transect as central axis and extending it 15 m on either side to
form a 30 m  30 m plot). To estimate the basal cover of each
individual saguaro cactus, we used the cross-sectional area at
breast height (1.3 m from ground, which is a commonly used
metric in forestry and a height similar to that hemispheric photos
were taken; Table 1). Saguaro canopy cover corresponded to basal
area for plants with no branching structure and for other saguaros
to the maximum plant diameter accounting for branching structure, analogous to similar measurements for trees (Breshears and
Ludwig, in press).
Mean DSF decreased with increasing density of saguaro cacti,
culminating in nearly a 10% reduction at the highest stand density
(DSF z 0.9; Fig. 1A). Spatial variation in DSF was largest just below
the highest density, at the medium-high density (133 cacti ha1;
Fig. 1B). The total basal cover of saguaro cacti was strongly correlated with DSF (Fig. 2A). Although percentage wise, other woody
plant cover was much greater than the cover of saguaro cacti, it was
not strongly related to the reduction in the solar radiation (Fig. 2B).
This somewhat counter-intuitive result is likely due to the overall
sparse vegetation in the desert and to saguaro architecture. Because
saguaros are almost twice as tall as the co-occurring woody species,
their shadows can extend farther into intercanopy locations. The
shadows cast by saguaros are solid and do not depend on a foliar
density, as is the case for woody species like velvet mesquite
(Prosopis velutina) and palo verde (Cercidium microphyllum)
(Fig. 2C).

Our ﬁndings highlight the importance of both height and
stature in producing shading. Additional research is needed to
assess the degree to which the reduction in near-ground solar
radiation that we quantiﬁed here is relevant in an abiotic context
for soil evaporation and a biotic context for facilitation of
understory plants. Juvenile columnar cacti have been shown to
depend on reductions in solar radiation from nurse plant shrubs
(McAuliffe, 1984; Franco and Nobel, 1989; Valiente-Banuet and
Ezcurra, 1991; Drezner, 2007; Munguia-Rosas and Sosa, 2008).
Interestingly we show that adult saguaros in high density stands
may contribute signiﬁcantly to the overall reductions in nearground solar radiation. We focused here only on annual totals for
near-ground solar radiation; the degree of shading caused by
saguaros would of course be much greater at particular times
associated with seasonal and daily variation. In conclusion, our
results document that at high density, saguaro columnar cacti
can have substantial effects on microclimate and they more
generally contribute to the growing library of relationships
quantifying how shading patterns vary with woody plant architecture and density.

Fig. 1. Relationship between saguaro density and the annual mean (A) and the variance (B) of direct site factor (DSF).
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Fig. 2. Direct site factor (DSF) as related to (A) saguaro basal cover and (B) shrub canopy cover, and digitized image showing the different shading effects between high, solid
Saguaro trunks and low, loose foliar structure of shrub and their relative position along the sun track (C).
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