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Fig. 4. Total primary production for groups of land cover types (in units of NDVI x PAR x 10°) at different years. The pie chart shows percentages of total CAPLTER area occupied by
each group. Percent difference above the bars indicates the difference between transformed and untransformed ecosystems where positive number signifies lower production of

transformed (urban + agricultural) ecosystems.

productivity estimates agreed but temporal dynamics of NDVI and
vegetative cover predicted by PALS co-varied significantly (adjusted
R? = 0.54, n = 133, p < 0.0001). This indicates the plausibility of
using NDVI x PAR to model ANPP in the area, at least for the Larrea-
Ambrosia Desert communities.

3.2. Relationship of primary production to rainfall and
socio-economic variables

The relationships of primary production to annual precipitation
and socio-economic variables are shown in Tables 1 and 2. Primary
production was better correlated with rainfall in the Arizona Upland
regardless of the variations in soil type and annual rainfall. Sandy
substrates with high infiltration rates and rapid water percolation

seemed to support stronger primary production-rainfall
correlations supporting the “inverse texture effect” hypothesis.
Vegetation growth on clayey skeletal soils was also highly correlated
with rainfall (Table 1). Correlations for all soil types were higher in
2001 and 2004 when annual precipitation was close to the long-
term average (normal), but became weaker during very dry or wet
years. In contrast, urban vegetation growth was clearly decoupled
from precipitation except for primary production of high-density
vegetation in 2003 and 2004 and low-density vegetation in 2001
whose correlations were weak and only statistically significant for
low-density urban vegetation (Table 2).

Household income was the most important correlate, and the
age of housing structures was only weakly correlated with primary
production. There are certain differences in time periods when
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maximum NDVI (3-point moving average) for selected land cover types in 2000-05.
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Table 1

Pearson product-moment correlation coefficients (r) characterizing relationships
between NDVI x PAR and annual rainfall and computed for different soil texture
classes (n = number of MODIS pixels).

Year Arizona Upland Larrea-Ambrosia Desert

Total Clayey Loamy Coarse Loamy Sandy Total Coarse Fine Fine
skeletal loamy skeletal skeletal loamy loamy

2001 0.59 0.76 0.63 0.66 0.5 0.82 033 022 024 021
2002 033 044 023 04 0.34 0.51 0.07 01 —0.04* —0.23
2003 031 0.25 -018 022 0.2 0.19 022 019 023 0.04"
2004 0.67 0.74 0.53 0.62 0.54 0.66 029 015 013 036
2005 048 0.33 036 054 038 0.55 026 018 02 017

n 33,877 6568 1587 1367 11,807 510 31,896 9798 7434 2803

*Correlation is not significant at « = 0.05.

contrasting yard landscaping motifs were prevalent. The majority
of higher density vegetation neighborhoods were developed in the
period between the 1960s and 1980s, whereas low-density vege-
tation ones were built up mostly in the 1980s and 1990s. Finally,
primary production was strongly negatively correlated with human
population density (Table 2).

4. Discussion and conclusions

Our results showed several major trends in the dynamics of
primary production in response to urbanization in the Phoenix
metropolitan region (Figs. 2 and 5). First, conversions of natural
vegetation to agricultural and urban land covers can result in both
an increase (agriculture, cultivated grasses, high-density urban
vegetation) and a decrease (commercial and industrial areas and
transportation networks) in primary production. The overall effect
depends on the relative proportions of these land cover classes. Our
findings of the overall effects of urbanization on primary produc-
tion in Phoenix are in contrast to those reported for forested areas
(Imhoff et al., 2004; Milesi et al., 2003), and suggest that urbani-
zation can substantially increase regional primary production in an
arid environment. Our results generally agree with those of Imhoff
et al. (2004) who found that urban areas in the southwestern
region of the United States as a whole are characterized by a gain in
ANPP of 25 g C m~2 over non-urbanized areas. We argue, however,
that such gains/losses in primary production need to be evaluated
at finer scales for improved accuracy, and that the composition of
the urban landscape must be considered explicitly to facilitate the
understanding of causes and mechanisms of these changes.

Second, because the gain in primary production in the urban-
ized landscape is not evident during wet years, temporal variability
must be quantified for long-term assessment. We found that
differences in total primary production between anthropogenic
and natural areas were also affected by inter-annual variations of

Table 2

Correlations between primary production estimates, rainfall, and socio-economic
variables for two urban vegetation classes computed at the scale of census block
groups (number of block groups is in parentheses). Values in the table are Pearson’s
product-moment correlation coefficients (r) between NDVI x PAR and each of the
variables listed in column headings: PRECIP - annual precipitation (mm), POP -
population density (persons/km?), INCOME - median household income (US$/year),
BUILT - median age of housing structures (year built).

Year  Urban high-density vegetation (194) Urban low-density vegetation (995)

PRECIP  POP INCOME BUILT PRECIP POP INCOME BUILT
2001 -0.03* -04 053 -0.17* 018 -0.21 0.26 —0.08*
2002 0.08* -0.36 0.52 -0.21* -0.01* -0.14 0.19 —-0.16
2003 0.23* -04 053 -0.17* -0.04* -021 0.25 —0.08*
2004 0.22* -04 056 -0.16* 0.04* -0.23 0.29 —-0.07*
2005 0.02* -041 055 -0.17* 0.04* -027 03 -0.07*

*Correlation is not significant at « = 0.05.

different land cover types. In particular, urban low-density vege-
tation (mostly residential yards with xeric landscaping) consisting
typically of desert plants that received water throughout a year was
more productive than similar natural desert plant communities in
normal and dry years. The production of the Larrea-Ambrosia
dominated desert nearly doubled in wet years while low-density
urban vegetation stayed at the same level (Fig. 3). The two land
covers were different in that urban vegetation had generally lower
density due to the presence of impervious surfaces (pavements and
buildings) which are essential elements of any urban landscape.
Perennial herbaceous plants and ephemerals (annual forbs and
grasses) are abundant in the presence of sufficient soil water in the
outside desert (Beatley, 1974; Patten, 1978) but they are generally in
lower abundance in cities. The 200-point survey conducted in 2005
by CAPLTER recorded much higher richness of annuals species in
desert sites (19 species, st. dev. = 7.2, n = 70) compared to 8 species
in urban (st. dev. = 5.1, n = 111) and 8 in agricultural (st. dev. = 4.2,
n = 16) sites. Significant proportion of urban soils in Phoenix is the
result of conversion from agriculture where soil seed banks are
potentially depleted due to agricultural practices. Forbs and grasses
are essential to desert productivity and can contribute up to 15-18%
of Sonoran Desert ecosystem level ANPP (Chew and Chew, 1965;
Shen et al.,, 2005). Overall, in normal and dry years, the total
primary production was higher for anthropogenic than for natural
land covers, but this pattern could be reversed in wet years. Thus,
desert ecosystems determine inter-annual dynamics of ANPP. Yet,
desert riparian areas remain the most productive ecosystem
regardless of precipitation dynamics. Occupying only 1.5% of the
total area, they are exceedingly important in maintaining many
ecosystem functions in this area. Preservation and restoration of
riparian corridors inside and outside of the urban landscape should
be of high priority.

Third, human supply of resources, primarily water and nutri-
ents, has effectively decoupled the vegetation growth of urban and
agricultural land cover types from precipitation. As a result, the
temporal pattern of primary production of cultivated vegetation
was weakly or even negatively correlated with precipitation
pattern. Our results further extended the concept of the so-called
“luxury effect” - plant diversity increased with higher household
income levels in the Phoenix metropolitan region (Hope et al.,
2003; Martin et al.,, 2004) - from a biodiversity to ecosystem
functioning perspective. Jenerette et al. (2007) also showed that
more affluent neighborhoods were characterized by lower air
temperatures. In addition, human population density was strongly
negatively correlated with ANPP. These results together have
important implications for urban planning and management.
Quantification of spatial distributions of environmental amenities
related to biodiversity and ANPP is important for formulating
policies relevant to environmental justice (Environmental Protec-
tion Agency, 2003).

Fourth, residential land uses constituted a significant portion of
the urban landscape and contributed the most to the regional-
scale ANPP. Historically, mesic landscaping, which corresponds
most closely to our high-density urban vegetation land cover class,
was common for residential yards in Phoenix. With the advent of
air conditioning in the 1960s and recent municipal policies for
water conservation, large shade trees and grassy lawns have been
increasingly replaced with xeric motifs (Martin et al., 2003). Our
remotely sensed data analysis confirms Martin et al’s (2003)
finding that desert-like and an oasis (a combination of mesic and
xeric) landscaping types predominated in new developments,
mostly planned communities with governing boards or home-
owner associations. These areas correspond to our low-density
urban vegetation class and occupy more than 10% of total study
area compared to only 3% occupied by high-density urban
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vegetation. Considering that productivity of xeriscapes is much
lower than that of mesic residential yards, the current trend of
increasing the extent of xeric landscaping implies a decrease in
future ANPP of the urban landscape. This decrease will be
amplified in view of the expected reduction in agricultural land at
the expense of new residential developments (Berling-Wolff and
Wu, 2004).

MODIS NDVI data have great potential for urban ecological
studies. A major source of error is the spatial resolution of the
sensor which makes it highly susceptible to the problem of mixed
pixels common in studies of urban environments (Mesev, 2003).
Another challenge is the sparse desert vegetation responsible for
increased soil reflectance and high variability of soil background
(Okin and Roberts, 2004; Tueller, 1987). Our study utilized detailed
land cover information derived from Landsat imagery and then
translated it to the scale of MODIS data. This allowed us to minimize
spatial uncertainties. However, uncertainties due to high temporal
variability of desert vegetation and limitations of the standard NDVI
product still existed in our study as vegetation dynamics below the
time span of 14-16 days were undetectable. This problem can be
partially alleviated by obtaining raw surface reflectance data and
computing NDVI at a time step of 1-2 days. Cloud-free conditions
frequent in the Sonoran Desert and other arid regions should make
this option feasible. Further work is needed for calibrating MODIS
NDVI data and developing landscape-scale process models for
estimating ANPP in this urbanizing region. This study is an
important step toward these future goals.

In conclusion, our results show that, in normal and dry years,
most anthropogenic land covers have higher productivity than
natural desert vegetation in the Phoenix metropolitan region.
During wet years, however, primary production of the managed
land cover types (urban and agriculture) did not change much
because it was essentially decoupled from precipitation. In
contrast, desert ecosystem primary production increased signifi-
cantly and was a more major contributor to regional productivity.
This finding has important implications for predicting long-term
environmental impacts in the face of accelerating urbanization and
future climate changes (Grimm et al., 2008; Shen et al., 2008). As
most climate models predict a warmer and drier climate for this
area (Ellis et al., 2008), the difference in primary production
between the metropolitan region and the native desert may
become larger. While some have predicted that western United
States will remain a carbon sink in the foreseeable future (Bachelet
et al.,, 2004), the effects of rapid and extensive urbanization in this
region seem to have a potential to significantly alter the carbon
source-sink relationship.
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