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Abstract Understanding the impact of urbanization on terrestrial biogeochemistry is critical
for addressing society’s grand challenge of global environmental change. We used field
observations and remotely sensed data to quantify the effects of urbanization on vegetation
and soils across a 100-km urbanization gradient extending from Boston to Harvard Forest
and Worcester, MA. At the field-plot scale, the normalized difference vegetation index
(NDVI) was positively correlated with aboveground biomass (AGB) and foliar nitrogen
(N) content and negatively correlated with impervious surface fraction. Unlike previous
studies, we found no significant relationship between NDVI or impervious surface area
(ISA) fraction and foliar N concentration. Patterns in foliar N appeared to be driven more
strongly by changes in species composition rather than phenotypic plasticity across the
urbanization gradient. For forest and non-residential development, soil nitrogen content
increased with urban intensity. In contrast, residential land had consistently high soil N
content across the gradient of urbanization. When field observations were scaled-up to the
Boston Metropolitan Statistical Area (MSA), we found that soil and vegetation N content
were negatively correlated with ISA fraction, an indicator of urban intensity. Our results
demonstrated the importance of accounting for the influence of impervious surfaces when
scaling field data across urban ecosystems. The combination of field data with remote
sensing holds promise for disentangling the complex interactions that drive biogeochemical
cycling in urbanizing landscapes. Empirical data that accurately characterize variations in
urban biogeochemistry are critical to gain a mechanistic understanding of urban ecosystem
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function and to guide policy makers and planners in developing ecologically sensitive
development strategies.

Keywords Urbanization - Gradient - Vegetation - Soil - Nitrogen - Carbon - Remote sensing -
NDVI

Introduction

Urban ecological research is rapidly increasing in importance because of the growing impact
of urbanization on the natural environment (Grimm et al. 2008). Urban areas have large
ecological footprints (Rees 1992) and their effects on local climate (Zhang et al. 2004a),
aquatic ecosystems (Nixon and Fulweiler 2011), the atmosphere (Pataki et al. 2009), energy
and material flows (Kennedy et al. 2011) and biogeochemical cycling (Kaye et al. 2006) can
reach far beyond their physical boundaries (Grimm et al. 2008; Pickett et al. 2011). It has
been estimated that cities are responsible for 71 % of energy-related CO, emissions, a figure
that is expected to rise to 76 % by 2030 as a result of continued urbanization (Energy
Information Administration 2008). Urban areas are also key sources of reactive atmospheric
nitrogen and experience enhanced deposition from the by-products of fossil fuel combustion
(Lovett et al. 2000; Bettez 2009; Templer and McCann 2010). More than 50 % of the world
population lives in urban areas (WUP 2011), where biogeochemical cycles are influenced by
complex interactions between biophysical, technical, and socioeconomic systems (Kaye et
al. 2006, Kennedy et al. 2011).

Urban ecosystems have received increasing scientific scrutiny in recent years, but many
questions about urban biogeochemistry remain unanswered due to complex, often contra-
dictory influences of urbanization on the terrestrial C and Ncycles. In regions where closed-
canopy forest is the dominant native vegetation, urban development can lead to large
decreases in aboveground biomass and net primary productivity (Hutyra et al. 2011a).
However, in arid and semi-arid regions, urbanization can have the opposite impact on
primary productivity. Kaye and colleagues (2005) found that aboveground net primary
productivity (NPP) in the Denver, CO area was four to five times greater in urban land-
uses than in natural grasslands. A study by Imhoff and colleagues (2004), which combined
satellite data with a terrestrial carbon model, found that urbanization may lead to increased
NPP in “resource limited” regions, but decreased NPP in other areas.

Urban areas receive higher rates of atmospheric N deposition (Lovett et al. 2000; Bettez
2009; Templer and McCann 2010) and fertilizer N inputs (Law et al. 2004) than rural areas, but
it is unclear to what extent these N inputs lead to systematic changes in canopy N concentrations
across urban-to-rural gradients. Evidence from several studies suggests that higher N deposition
may result in increased foliar N concentration in hardwood and coniferous forests (Nihlgard
1985; McNulty et al. 1991; Boggs et al. 2005; Fang et al. 2011), however, changes in species
composition may complicate our ability to resolve these patterns across urban-to-rural gra-
dients. Plants can also vary in their foliar C:N ratios and their sensitivity to N deposition rates
across species and diverse environmental conditions (Aber et al. 2003; Finzi 2009). Further-
more, plants can alter local biogeochemistry, resulting in differences in soil and foliar C and N
concentrations and ratios (Finzi et al. 1998; Lovett et al. 2002).

Remote sensing has proven to be a useful tool to detect variations in canopy nitrogen
concentrations and hence, map primary productivity at landscape to regional scales (Schimel
et al. 1997; Reich et al. 1999; Ollinger and Smith 2005). The instrumentation available for
these types of analyses have different tradeoffs in availability, cost of acquisition, revisit
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frequency, spectral range, and spatial resolution. Imaging spectroscopy data have been used
to estimate canopy chemistry (Wessman et al. 1988; Kokaly and Clark 1999; Curran 2001;
Martin et al. 2008) and net primary productivity (Matson et al. 1994; Smith et al. 2002;
Ollinger and Smith 2005) in different ecosystems, but are limited by their high cost and
restricted flight paths. In contrast, freely available multispectral data from the Moderate
Resolution Imaging Spectroradiometer (MODIS) and Landsat satellites are spatially and
temporally rich, with global coverage and daily to 16-day return intervals, but have lower
spectral resolution. Despite this limited spectral resolution, Landsat-based multispectral
vegetation indexes have been shown to significantly capture the variation in foliar nitrogen
(Potter et al. 2007; Ollinger et al. 2008) and net primary production (Running et al. 2004;
Hollinger et al. 2009) at regional to continental scales.

In addition to aboveground impacts, urbanization also influences soil biogeochemistry.
Urban development is associated with physical changes to the landscape, such as increased
impervious surface area (Elvidge et al. 2007) and the replacement of natural vegetation with
lawns (Milesi et al. 2005), which can positively or negatively alter soil C and N stocks and
fluxes (Imhoff et al. 2004; Kaye et al. 2006). Soil studies in Baltimore, MD (Raciti et al.
2011a), Colorado (Kaye et al. 2005; Golubiewski 2006), Oakland, CA (Pouyat et al. 2006),
and Chicago, IL (Pouyat et al. 2006) have shown that urban land-uses may have higher soil
C stocks than the native ecosystems they replace. Conversely, in regions where native soil
pools are richer in carbon, such as Boston, MA (Pouyat et al. 2006; Raciti et al. 2012a) and
Syracuse, NY (Pouyat et al. 2006), urban land-uses may have similar or lower soil C stocks.
The aforementioned studies examined soils from pervious areas; however, a recent study of
the soils beneath impervious surfaces found that C and N losses from these areas may offset
sequestration in other parts of the urban landscape (Raciti et al. 2012b), which further
complicates these patterns.

While we often conceptualize and categorize areas as urban or rural, there is a continuum
in the interactions between the anthropogenic and natural variables across the landscape
(McDonnell and Pickett 1990; Stewart 2007). Urbanization gradients can capture this
continuum and provide a conceptual framework for understanding anthropogenic effects
on basic ecological processes (Pouyat et al. 1995; McDonnell et al. 1997; Idso et al. 2001;
Gregg et al. 2003). Quantifying such gradients with measures that capture the variability in
urbanization patterns (Mclntyre et al. 2000; Luck and Wu 2002; Hahs and McDonnell 2006)
could allow for inter-comparison between urban ecological studies. Some of the common
metrics used to represent urbanization intensity are distance from urban core (Lovett et al.
2000; Hutyra et al. 2011b; Berland 2012), impervious surface area fraction (Raciti et al.
2012a, Berland 2012), land use (Pouyat et al. 1995; Blair 1996), and landscape fragmenta-
tion metrics (Zhang et al. 2004b; Hahs and McDonnell 2006). Inherent differences and
complexities arising from variations across biomes, land use history (Foster 1992), and
urban development patterns (Seto et al. 2011), suggest that there may not be a single
standard set of metrics for quantifying different urbanization gradients (Mclntyre et al.
2000). Nonetheless, the challenge in unifying various urban ecological studies rests upon
clear characterization of the degree of ‘urbanness’ and potentially the reporting of a standard
set of urbanization metrics (Hahs and McDonnell 2006).

In this study, we used field data from 139 plots to analyze the effects of urbanization on
foliar and soil C and N, and vegetation across a 100 km urbanization gradient extending
westward from Boston, Massachusetts. In addition, we paired the field measurements with
remotely sensed data from Landsat to test our ability to scale up plot-level aboveground
variables to the landscape-level (Boston Metropolitan Statistical Area, MSA). We hypoth-
esized that aboveground woody and foliar biomass would decrease with increasing
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impervious surface area (ISA), but that foliar and soil N concentrations would be higher in
more urbanized areas due to higher local N inputs.

Materials and methods

In this study we used a stratified-random sampling approach and remotely sensed data to
quantify the influence of urbanization and land-use on ecosystem characteristics. We
collected data on aboveground vegetation biomass, foliar and soil C and N content, and
examined relationships between these ecosystem variables, urbanization intensity metrics
and Landsat NDVI.

Study area

Approximately 20 % of the US population lives in the large megalopolis extending from
Washington, DC to Boston, MA. The Boston MSA, with a population of 4.4 million people,
is the 10™ most populous metropolitan area in the United States (Census 2010). Our study
area extended from coastal Boston, MA westward for 100 km and included transitions from
urban to rural areas (Fig. 1). Within this portion of eastern Massachusetts, historical land-use
patterns and a complex environmental east-to-west gradient arising from variation in
physiography, geology and climate have significantly influenced the vegetation composition
and structure (Hall et al. 2002; Foster et al. 2010). By 1850, forest cover in Massachusetts
declined to 35 % because of extensive clearing of forested land for agriculture in the late
eighteenth century. Subsequently, as the local economy transitioned from agriculture to
industry, the forest cover steadily increased to 85 % by 1950. Since then, urbanization,
particularly residential and commercial development, has been the major cause for a slow
but gradual reduction in forest cover to 63 % (FIA 2005; Foster et al. 2010).

Harvard Forest N
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:l Transect grid box - High-urban forest I:l Low-urban forest |:| Nop-urbanforest

10 5 0 10 & Sample site :I High-urban resid. D Low-Urban resid. I:| Mon-urban resid.
(—mmm———7] - High-urban develop. I:[ Low-urban develop. Ij Naon-urban develop.

Fig. 1 The map of the study area consisting of 198 adjacent ~1 km?> grid boxes along the north (98 grid
boxes) and south (100 grid boxes) transects. Approximately 15 plots per sample class (total 139 plots) were
randomly selected from within these transect grid boxes for field data collection. The nine sample classes
based on urbanization intensity and land-use are shown as the map background
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The current dominant vegetation type in this region is mixed temperate forests mainly
comprising oak (Quercus spp.), maple (Acer spp.), birch (Betula spp.), ash (Fraxinus spp.),
pine (Pinus spp.), and eastern hemlock (7suga Canadensis; FIA 2005). At the time of
European settlement, chestnut (Castanea dentata) was also a locally important species,
but the chestnut blight has nearly removed its presence from the landscape. The soils are
mostly acidic with glacial origins (USDA Natural Resources Conservation Service 2009)
and metamorphic bedrock is common, particularly in the Boston MSA (Hall et al. 2002).
The Boston region experiences a temperate climate with hot summers (mean daily temper-
ature of 23.3 ° C), cold winters (mean daily temperature of —1.5 © C) and mean annual
precipitation of 105.4 cmyear ' spread uniformly across the entire year (National Climatic
Data Center 2011).

Field data

The sampling strategy and field data collection protocols for estimating aboveground
vegetation biomass and soil chemistry have been described in detail in Raciti et al.
(2012a). Here, we summarize these protocols for biomass and soil chemistry and describe
the data collection and analysis for foliar chemistry.

Sampling design

We laid out two 100-km transects extending westward from Boston: first, a north transect
from Boston to the Harvard Forest long-term ecological research site (Petersham, MA), and
second, a south transect from Boston to Worcester, MA (Fig. 1). Linear transects were used
to maximize the number of field sample plots while minimizing the amount of travel time
between plot locations. This study design also allowed us to compare results from traditional
distance-based urbanization metrics (e.g. distance from urban core) with distance-
independent measures of urbanization (e.g. impervious surface area fraction in the 1 km?
neighborhood around each study plot). Both transects originated in downtown Boston
(71.04 W, 42.35 N), extended westward on bearings of 284° and 262°, respectively, and
then eastward along the same bearings until reaching the coast. The two transects together
consisted of 198 adjacent, ~1 km? (990 m x 990 m) grid boxes. Stratified random sampling
was carried out within these grid boxes by 3 land-use classes and 3 urban classes (9 sample
classes in total; Table 1). The three land-use classes were forest, residential, and other-
developed (commercial, industrial, and developed open space), based on the 2005
Massachusetts Geographic Information System (MassGIS 2009) land-use/land cover
data layer (described in GIS and Remote Sensing Data). We defined an urban intensity
class for each ~1 km?® transect grid box based on two urbanization measures: ISA
fraction and population density (see Gradient Characteristics). The three urban classes
were high population density urban (ISA>0.25 and population density >2,500 persons
km?), low population density urban (ISA>0.25 and population density <2,500 persons
km ), and non-urban (ISA <0.25) hereafter referred to as high-urban, low-urban, and
non-urban (Table 1). For reference, the US Census delineates ‘core’ urban areas using a
similar population density threshold of 2,590 persons km 2 (1,000 persons mi ). We
identified the threshold for separating urban (ISA>0.25) from non-urban (ISA<0.25)
classes based on the steep drop in ISA when crossing the Interstate-95 corridor around
Boston. This threshold defined what we considered to be the urban core of the Boston
MSA (Raciti et al. 2012a).
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Table 1 The nine sample classes and transect area within each class. These classes were defined based on
urbanization intensity and land-use. We obtained land-use information from the Massachusetts land-use/land
cover dataset. The three land-use classes were defined by merging different classes from the Massachusetts land-
use dataset (see Online Resource 1). Other-developed class consisted of non-residential, developed urban spaces

Urbanization intensity Land use
Forest Residential Other
(Area in hectares) Develop.
High-urban (High ISA & High Population) ISA>25 %, 49 1,064 1,048
Population Density >2,500 persons/km?
Low-urban (High ISA & Low Population) ISA>25 %, 358 938 848
Population density <2,500 persons/km?
Non-urban (Low ISA & Low Population) ISA<25 %, 8,248 2,328 630

Population density <2,500 persons/km®

We randomly selected 139 sample plots (approximately 15 plots for each of the nine
sample classes) and surveyed these for vegetation composition, aboveground biomass,
and C and N chemistry of foliage and soil (Raciti et al. 2012a). We obtained prior
permissions from property owners of private and governmental land holdings and
avoided creating a publically accessible sampling bias by maintaining the public-private
land fraction present in the original random draw. All field measurements were made
during the 2010 growing season (June-August). In the analysis stage, we reclassified the
sample plots based on the ISA and population density of the 1 km?* area around each
plot (rather than the original grid-box). Through this process, a few plots were re-
categorized into a different sample class.

Data collection

Each sample plot was circular with a 15 m radius (707.14 m*) and was comparable in size to
a Landsat pixel (900 m?). Within each of the 139 plots, we collected information on plot
characteristics such as land-use, canopy cover, tree species composition, and live and dead
tree biomass (see Raciti et al. 2012a for a detailed description). We measured the diameter at
breast height (DBH; 1.37 m) of all trees with DBH greater than 5 cm and used species-
specific allometric equations to estimate total live biomass and foliar biomass (see Data
Analysis).

A shotgun is commonly used for collecting foliar samples from different levels of the
canopy (Martin et al. 2008). Since a majority of our sample plots belonged to residential and
other-developed land-use types, we collected leaf samples using a 5 m tall pole pruner rather
than a shotgun. Consequently, foliage was collected from the lower and middle, but mostly
sunlit, sections of the canopy for the dominant species present in each plot. We collected five
to six leaves from different individuals of the same species, composited them into a single
plot sample, dried these samples in the laboratory at 60 ° C for 2-3 days, and stored them for
subsequent laboratory analysis.

To determine the soil chemistry, we collected two representative soil samples to a depth
of 10 cm from each plot. Soils were sampled to capture the dominant, pervious land covers
within each plot. For instance, if the plot consisted of driveway, lawn and a considerable area
of bare ground, one soil core was extracted from the lawn and another from the bare ground.
Due to logistical constraints associated with sampling on public and private lands, we were

@ Springer



Urban Ecosyst (2013) 16:593-616 599

only able to sample and measure soil characteristics within pervious areas, values from
Raciti et al (2012b) were used to explore the influence of soils under impervious surfaces.
Intact soil cores were brought back to the laboratory and refrigerated at 4 © C until they could
be processed and analyzed for soil moisture, bulk density, and total C and N content (see
Laboratory Analysis).

Laboratory analysis

The dried leaf samples were ground and homogenized with a mortar and pestle. We
weighed the intact 10 cm deep soil cores, sieved them to remove rocks, coarse roots, and
organic material greater than 2 mm in size, and then homogenized the soil samples.
Samples were then dried at 60 © C (until no further change in mass was detectable) and
ground into a fine powder with a mortar and pestle. Finally, we loaded subsamples of the
homogenized leaf and soil material (2-3 mg and 20 mg, respectively) into 9 x 5 mm tin
capsules, placed in sealed microtiter plates, and analyzed for total C and N content by
flash-combustion/oxidation using a Thermo Finnigan Flash EA 1112 elemental analyzer
(0.06 % C and 0.01 %N detection limits). Samples with known concentrations of C and
N were included for every twelve of our samples to confirm the accuracy of the
estimates.

GIS and remote sensing data

The following two datasets were downloaded from the MassGIS website: (i) Land-
use/land cover vector layer based on 0.5 m digital ortho-images from April 2005 (http://
www.mass.gov/mgis/lus2005.htm), and (ii) Impervious surface area (ISA) raster layer with
a spatial resolution of 1 m, derived from 2005 near infrared ortho-imagery (http://
www.mass.gov/mgis/impervious_surface.htm). We created a population density map using
a dasymetric population interpolation method (Langford 2007) whereby we excluded non-
habitable areas, such as water bodies and wetlands, and then spatially allocated population
to only the residential land cover classes in a census block (Raciti et al. 2012a). The
Rogan et al. (2010) Landsat-based vegetation and land cover dataset was used to estimate
the proportion of conifer, deciduous and mixed vegetation in the 198 transect grid boxes.

To estimate greenness metrics we downloaded and processed Landsat data covering our
transect area (path 12, row 31) for four dates (June 19, July 5, August 14 and 30, 2010),
which overlapped with the period of field data collection. We applied atmospheric (Masek et
al. 2006) and cloud (Zhu and Woodcock 2012) corrections to the Landsat data and computed
the surface reflectance. For each of the 198 transect grid boxes and 139 sampled plots, we
computed NDVI, EVI and extracted NIR (0.75-0.90 pum) reflectance values and used their
growing season maximum for our analyses. Given that NDVI, EVI, and NIR were found to
be highly correlated and NDVI showed the strongest statistical relationships, only the NDVI
relationships were reported here. The sample plot, being a circular plot of 30 m diameter,
was slightly smaller in area than a 30 m Landsat pixel. To accurately extract the
corresponding Landsat reflectance values for the sample plots, we resampled the Landsat
data to 3 m and then estimated the average of all the 3 m pixels falling within the plot
boundary. Since the 198 transect grid boxes were 1 x 1 km and matched the 1 km spatial
resolution of the MODIS products of Gross Primary Productivity (GPP) and Leaf Area
Index (LAI), we also downloaded these MODIS products and estimated their 2010 growing
season averages for our analysis.
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Data analysis

Distance from urban core, ISA fraction, and population density are commonly used metrics
of urbanization (McDonnell and Hahs 2008). We compared the suitability of these three
metrics for characterizing patterns of development in both the north and south transects of
our study area. We found that ISA fraction was the most appropriate metric for urbanization
in our study area and used it in our analyses (see Raciti et al. 2012a for a more detailed
discussion).

For each sample plot, we estimated aboveground woody and foliar biomass, and soil and
foliar C and N content (gm 2) and concentration (%). Foliar biomass was estimated using
species-specific allometric equations (Tritton and Hornbeck 1982; Ter-Mikaelian and
Korzukhin 1997; Jenkins 2004). In the absence of species-specific equations, genus-level
or general hardwood (Harris et al. 1973) or conifer (Sollins et al. 1973) equations were
applied. Foliar N concentrations for the most abundant tree species (red oak, red maple,
sugar maple) were estimated from the mean N concentrations that we measured in leaf
samples for those species within a given urban class. Since we had fewer leaf samples from
species other than red oak, red maple and sugar maple, we grouped them into hardwood and
conifer categories. We calculated foliar N content for each sample plot by multiplying
species-specific total foliar biomass and the mean leaf N concentration, again using the
hardwood and conifer classes for the less common species. We used the following equation
to calculate both soil C and N content (or density at 10 cm depth).

W = M;Bp(1 — 82mm)V (1)

where W is soil C content, 0,,,,, is the fraction of material larger than 2 mm diameter, Bp, is
bulk density, M is the fraction by mass of total C, and V'is the volume of the soil core (Post
et al. 1982). We estimated bulk density of the soil samples by dividing its dry weight by
volume (gem ).

The aboveground and belowground plot-level estimates of C and N content and concen-
tration were scaled to the transect grid boxes by applying the means from the nine sample
classes (Table 1) to their respective land areas. The following equation was used to
determine all four transect grid (TG) scale estimates of C and N content and concentration
for each of the 198 grid boxes.

G =

9
N x 4; (2)

i=1

where N, is the corresponding plot-scale mean value and 4; is the area of each sample class
‘I’ in the transect grid box. We scaled the soil C and N estimates in two ways. First, we
assumed that the soils beneath impervious surfaces were similar in composition to those in
the pervious areas of our plots (henceforth referred to as all-pervious estimates). Next, we
accounted for the altered composition of the soils under impervious surfaces by applying the
C and N estimates from Raciti et al. (2012b) to the impervious area of each transect grid box.
Raciti et al. (2012b) found that the soils under impervious surfaces in New York City had
66 % and 95 % lower C and N concentrations, respectively, than the soils in nearby pervious
areas. We applied those values to the soil under impervious surfaces in each of the 1 km?
transect grid boxes to arrive at impervious-adjusted estimates of soil C and N content and
concentration. The purpose of this analysis was to compare the sensitivity of our scaling
results to a range of potential assumptions. The all-pervious estimates represent an extreme
case that will likely overestimate soil C and N stocks, particularly in highly urbanized areas.
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We analyzed our field variables at two different scales: plot (~707 m?) and transect
grid (~1 km?). Using ISA as the urbanization metric, we examined the relationships
between the ecosystem variables and urbanization and investigated the relationship of
Landsat NDVI with aboveground biomass, foliar N content and concentration. In
addition, we also explored whether MODIS GPP and LAI could be used to charac-
terize the urbanization gradient.

Due to the non-normal data distributions, a bootstrapping method was used to determine
the 95 % confidence intervals (CI) of different ecosystem variables for the nine sample
classes (Efron and Tibshirani 1993). We used non-linear least square to estimate the
relationships between different variables, with the non-linear power function having the
following form: y=ax". Goodness of fit on the non-linear curves was assessed with a pseudo-
R? based on the residual sum of squares for our regressions (1-SS,.,/SS,). The R software
package, version 2.12.2, was used for statistical analysis. Unless noted otherwise, all
parenthetically reported values are 95 % CI.

Results
Gradient characteristics

ISA and population density varied with distance from the Boston urban core along the
two transects with both metrics declining rapidly within the first 20 km from the urban
core (Fig. 2a, b). Although these two metrics of urbanization were highly correlated (R*=
0.76, p<0.001), ISA declined more gradually with distance from the urban core and
showed more sensitivity than population density away from the urban core. Hence, we
chose ISA as the metric for analysis of the urbanization gradient. For sample plot
stratification, we used a combination of ISA and population density to differentiate
between the high-urban and low-urban classes (see Sampling Design).

The two sample transects captured different urban-to-rural transitions; the north transect
quickly transitioned from urban Boston to mostly non-urban areas and small towns and the
south transect showed a more varied urban transition, following the Interstate 90 and Route 9
transportation corridors, and passing through secondary urban centers in Framingham and
Worcester. The north transect contained 98 grid boxes (Fig. 1), covering a total area of
96 km?; 21 grid boxes had a mean ISA fraction greater than 0.25. ISA fraction decreased
with distance (traveling westward) from downtown Boston with the highest values observed
in downtown Boston and the lowest values near the Harvard Forest. The south transect had
100 grid boxes (Fig. 1) covering a total area of 98 km?. Of these 100 grid boxes, 33 had an
ISA fraction greater than 0.25 with the highest values observed in the cities of Boston,
Worcester, and Framingham.

The three dominant land-use types across the study area were mixed forest,
deciduous forest and low-density residential which together covered nearly 66 % of
the total area along each transect. The north transect had more mixed forest (41 %
compared to 25 % in S transect; Fig. 2c, d), whereas the south transect had more
low-density residential (22 % compared to 8 % in N transect). Both transects had the
same proportion of deciduous forest (~17 %; Online resource 1). The other vegetated
land-use types (coniferous forest, pasture row crop, orchard and grassland) together
covered approximately 10 % of the total area of each transect. The remaining area
(~25 %) in each transect was covered by land-use types such as high-density
residential, commercial and bare ground.
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Fig. 2 Urbanization metrics, distance from urban core, impervious surface area (ISA) fraction and population
density for the (a) north and (b) south transects. In the south transect, the peaks at 30 and 60 km from the
Boston urban core represent the towns of Framingham and Worcester, MA. The proportions of the three major
vegetation types (deciduous, coniferous and mixed) in the transect grid boxes are shown here for the (¢) north
and (d) south transects

Aboveground ecosystem variations

Plot-level total aboveground biomass (AGB) was 42 % lower in high-urban (4.0+£3.4
kgCm™?) compared to non-urban classes (6.8+3.4 kg C m 2; Table 2) and decreased
exponentially from low to high ISA (R?=0.43, p<0.001, Fig. 3a). Plot foliar biomass
decreased consistently from non-urban to urban areas for each of the three sampled land-
use classes (forest, residential, and other-developed). Across both transects, the mean foliar
biomass of forest (278.6+50.5 g C m %) was 3.5 times greater than residential (79.4+27.4 g
C m %) and 6 times greater than other-developed (45.5+22.5 g C m™%; Table 2). Differences
in foliar biomass amongst the three sampled land-use classes were larger in high-urban areas
than in non-urban areas. Foliar biomass in the “forest” class was 16-, 6- and 5-fold higher
than that in the “other-developed” class in high-urban, low-urban and non-urban settings,
respectively (Table 2).
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<« Fig. 3 Relationship between ISA fraction and field measurements of (a) plot aboveground biomass (kg C m2),
(b) species-weighted average plot foliar N content (gNm ), and (c) species-weighted average plot foliar N
concentration (percent). The urban class of each sample plot is based on the urbanization metrics, ISA fraction
and population density at 90 m scale

The species-weighted average plot foliar N content, estimated from plot foliar biomass
and leaf foliar N concentration, decreased significantly from non-urban to high-urban areas
(R*=0.47, p<0.001; Fig. 3b). This decrease in foliar N content was consistent across each of
the three land-use classes. The plot foliar C:N ratio decreased from non-urban forest (27.00+
2.49) to high-urban forest (20.75+1.88) and from non-urban other-developed (26.38+1.89)
to high-urban other-developed (21.40+0.40). The difference between high- and non-urban
residential land-uses was not statistically significant.

Foliar N concentration was significantly higher in red oak (2.36+0.09 %N), sugar maple
(2.09+0.14 %N) and other-hardwood (2.32+0.11 %N) than red maple (1.80+0.09 %N) and
conifer (1.37+0.17 %N; Table 3). Foliar N concentration of these three species and the two
categories (other-hardwood, conifer) showed a tendency for lower values in non-urban than
high-urban areas. However, the difference in foliar N concentration due to urban class was
statistically significant only for conifers. The three species also showed a higher variability
in foliar N concentration in high-urban than non-urban areas (Table 3). The species-weighted
average plot foliar N concentration did not show any significant trend with ISA (p=0.57,
Fig. 3c) though high-urban plots (2.18+0.15 %N) had higher foliar N concentration than
low-urban (1.89+0.20 %N) and non-urban plots (1.94+0.14 %N) (Table 2). Plot foliar N
concentration was 19-22 % higher in high-urban forests and other-developed land-use types
than in the corresponding non-urban land-use types, but the differences were not statistically
significant (Table 2).

Compared to Landsat EVI and the NIR reflectance band, NDVI explained the most
variability in aboveground variables, and was highly correlated with measures of vegetation
biomass and foliar N content. The mean NDVI for the forest, residential and other-developed
land-uses along the gradient was 0.79+0.04, 0.64+0.05 and 0.51+£0.06, respectively. For
each of these three land-uses, NDVI consistently increased from high- to low- to non-urban.
At the plot scale, Landsat NDVI showed negative linear correlation with ISA (R*=0.66,
p<0.001; Fig. 4a) and positive, non-linear correlation with AGB (R*=0.47, p<0.001;
Fig. 4b). NDVI correlated positively and non-linearly with foliar N content (R*=0.39, p<
0.001; Fig. 4c), but there was no significant correlation between NDVI and foliar N
concentration (p<0.52; Fig. 4d). In addition to Landsat NDVI, we also examined the
relationships between MODIS LAI and GPP with our aboveground field variables. LAI
and GPP showed decreasing trends with increasing ISA fraction. However, these trends

Table 3 Mean foliar N concentration with 95 % CI (in parenthesis) of the three major species and two
species-categories. We grouped all tree species other than red oak, red maple and sugar maple under other-
hardwood and conifer categories

Species or category Foliar %N (95 % CI)

High-urban Low-urban Non-urban
Red oak 2.42 (0.13) 2.46 (0.07) 2.26 (0.10)
Red maple 1.74 (0.14) 1.84 (0.10) 1.78 (0.08)
Sugar maple 2.06 (0.24) 2.15 (0.09) 2.01 (0.10)
Other-hardwood 2.46 (0.14) 2.31 (0.10) 2.27(0.13)
Conifer 1.58 (0.13) 1.37 (0.08) 1.30 (0.13)
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Fig. 4 Plot-scale relationships between growing season mean Landsat NDVI and (a) ISA fraction, (b)
Aboveground biomass (kg C m2), (c) foliar N content, and (d) foliar N concentration. The curves in (b)
and (¢) show nonlinear least square fit of power function to the data

could not be analyzed across the entire gradient since urban areas (ISA fraction greater than
0.25) are masked out of most MODIS products.

Soil chemistry

Plot-level soil chemistry was measured in pervious areas only (i.e. lawn, garden, bare soil,
and forest floor; Table 2). Soil C content increased from non-urban residential (4.02+1.0 to
4.45+0.2 kg C m ) and other-developed (2.83+0.5 to 4.02+0.4 kg C m ) classes to their
high-urban counterparts and remained consistent across non-urban forest to high-urban
forest (4.29+0.8 to 4.24+0.7 kg C m %; Table 2). Soil N content increased consistently for
forest and other-developed classes from non-urban to low-urban to high-urban classes. For
residential areas, the soil N content remained high throughout the gradient and did not show
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any significant change across the urban classes (Table 2). Soil C:N ratio decreased from non-
urban to high-urban forest (21.9+£1.9 to 18.0+3.3), while it increased from non-urban to
high-urban residential (16.9+3.1 to 18.9+0.9) and remained consistent across the three
urban classes of other-developed land-use type. In contrast to the observed trend in soil N
content, soil N concentration decreased in the three land-use classes from non-urban to low-
urban to high-urban areas, inversely following the measured patterns in soil bulk density
(Raciti et al. 2012a). Plot-scale soil C and N content and N concentration did not show any
significant trends with increasing ISA fraction.

Ecosystem characteristics at the transect grid scale

Scaling up of the aboveground and belowground plot-level variables to the transect grid
scale, weighted by the nine sample classes (Table 1), allowed us to explore neighborhood
influences and resulted in some different spatial trends than those observed at the individual
plot-level. As the ISA fraction increased, transect scale foliar N content decreased exponen-
tially from 13.1 to 2.1 gNm > (R*=0.80, p<0.001; Fig. 5a), showing a trend similar to that
of the plot scale (R*=0.47, p<0.001; Fig. 3b). Foliar N concentration showed a significant
positive correlation with the ISA fraction when scaled up to the transect grid scale. It
increased from 1.8 to 2.2 % with an increase in ISA (R*=0.66, p<0.001; data not shown)
unlike the plot-level results (p=0.57, Fig. 3c).

In the case of soils, all-pervious estimates of soil N concentration (0.25 to 0.35 %N) and
N content (195.8 to 256.0 gNm ?) were considerably higher than the impervious-adjusted
estimates at the transect grid scale. However, both these estimates for soil N concentration
showed similar trends with an increase in ISA. The all-pervious estimates of soil N
concentration showed a significant decrease (R*=0.71, p<0.001) and soil N content showed
a significant increase (R*=0.70, p<0.001) with an increase in ISA fraction, in contrast to the
statistically weak trends at plot scale. Impervious-adjusted estimates of soil N concentration
decreased from 0.35 to 0.01 % with increasing ISA fraction, and was lower in urban areas
because of the extremely low values of soil N concentration (0.0057 % for 10 cm depth)
under impervious surfaces. Earlier results reported by Raciti et al. (2012a) for soil C and N
content did not account for the C and N concentrations under impervious surfaces; and hence
showed higher soil C and N content in urban areas. However, estimation of the differences in
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Fig. 5 Transect grid scale relationship between foliar N content and (a) ISA fraction, (b) all-pervious
estimates of soil N content, and (¢) impervious-adjusted estimates of soil N content. The urban class of each
transect grid box is defined by its ISA fraction and population density. The a/l-pervious estimates are based on
the assumption that the soil chemistry beneath impervious surfaces was similar to that in the pervious areas of
our plots. The impervious-adjusted estimates accounted for the altered composition of soils under impervious
surfaces
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soil chemistry under impervious surfaces (see Raciti et al. 2012b) resulted in significantly
decreasing soil C (4.3 to 1.6 kg C m ?) and N content (211.0 to 12.9 gNm' ?) with increasing
urbanization; broadly similar to approximations based on clean fill under impervious
surfaces (Pouyat et al. 2006; Raciti et al. 2012a).

These differences between all-pervious and impervious-adjusted estimates of soil N
content are further highlighted in their relationship with foliar N content along the gradient.
At the transect grid scale, all-pervious soil N content had a negative linear correlation with
foliar N content (R*=0.85, p<0.001; Fig. 5b) while impervious-adjusted soil N content had
a positive exponential correlation with foliar N' content (R*=0.64, p<0.001; Fig. 5c).

Discussion
Urban ecosystem patterns and heterogeneity

Our field observations of aboveground live biomass and C and N content within soils and
foliage showed variable relationships with the ISA fraction along our urbanization gradient.
Urbanized areas are highly heterogeneous, with large variations in the intensity of land-use, the
spatial organization and distribution of different land-uses and covers, species ensembles, land
development histories, and underlying abiotic structure. The resultant community of people and
flora and fauna across urbanization gradients is the net product of these variations.

The strongest observed relationships between biotic and abiotic data at the plot scale were
in aboveground live biomass across the gradient. As the impervious fraction increased and
the potential growing space decreased, the observed aboveground live biomass also de-
creased (Fig. 3a). While this result is intuitive, the field observations also revealed differ-
ences between individual land-uses across the gradient (Table 2), with a consistent pattern of
decreasing biomass from non- to low- to high-urban. The land cover, as observed and
classified through remote sensing, reflects what can be observed from the top-down, but
the development intensity and neighborhood context below the vegetation canopy were also
strong predictors of the biomass patterns. As reported by Raciti et al. (2012a) the mean
aboveground biomass for the Massachusetts portion of the Boston MSA was 7.2+0.4 kg C
m™ in 2010, which is substantially greater than the 2.3 kg C m> reported by Nowak and
Crane (2002) for the aboveground live urban carbon density in the City of Boston. This
difference in the ‘Boston’ biomass estimates reflected different definitions of urban and
‘Boston’ (Raciti et al. 2012a) and the underlying heterogeneity present within different
portions of the urban matrix (Table 2). Although variable across the urbanization gradient,
the overall aboveground live biomass for high-, low- and non-urban forests (9.5, 10.6 and
12.4 kg C m 2, respectively) was higher than the estimated mean biomass for MA timber-
lands of 8.5 kg C m > (FIA 2005). Note that 4.4 million people reside within the Boston
MSA (Census 2010) and the mean impervious fraction of this region is 0.17.

Patterns in plot-level foliar N concentrations showed only a weakly positive relationship
with ISA across the low- and high-urban classes (Table 2 and Fig. 3c¢) and there was no
significant trend in foliar N concentration in non-urban areas. These weak or non-existent
correlations can be attributed, in part, to the variable proportion of hardwood and coniferous
species across the study area (Fig. 2c¢ and d). These results are counter to other published
studies which reported large differences in foliar N concentration or in N cycling rates
between urban, suburban, and non-urban areas (c.f. White and McDonnell 1988; Alfani et al.
2000; Zhu and Carreiro 2004; Fang et al. 2011). For example, Fang et al. (2011) reported
large differences in foliar N concentration, but also observed very high N deposition (16.2—
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38.2 ngha_1 year_l) along an urbanization gradient in southern China. Templer and
McCann (2010) found lower deposition rates at 14.9+1.7 and 3.6+1.0 kgNha 'year ' in
urban and rural sites, respectively, in the Boston area. N cycling rates, which were not
directly measured in this study, are another key driver of N concentrations in soil and
vegetation and may explain some of the cross-study variability. While soil bulk density (at
the plot scale) increased with urbanization across the gradient (Raciti et al. 2012a), soil N
content and concentration did not show consistent patterns except for an overall enhance-
ment in residential land-use (Table 2).

When foliar N content was extrapolated to the grid box scale (~1 km?), we found a
negative exponential relationship with ISA (Fig. 5a). This relationship was driven largely by
decreases in foliar biomass with ISA, rather than by changes in foliar N concentration across
the gradient. We also observed a strong, but negative linear relationship between foliar N
concentration and impervious-adjusted soil N concentration at the grid box scale (R*=0.65,
p<0.001; figure not shown), which is contrary to studies whose findings did not account for
impervious area soils (Nikula et al. 2010; Fang et al. 2011). This result emphasizes the need
to account for all cover types, not just pervious areas, when scaling plot-level results to the
landscape. The strength of our correlations (Fig. 5a and c) are partly a result of our method of
extrapolation, which takes the average soil and foliar N contents from our study transect and
applies them to their respective land-uses and urbanization classes.

The overall patterns in foliar N content and concentration across the gradient reflect not
only the patterns in ISA and amount of available growing space, but also differences in N
deposition and loss, changing floral and faunal compositions, and underlying edaphic factors.
Templer and McCann (2010) found 4-5x higher rates of N deposition to a Boston urban forest
compared to the rural Harvard Forest, but 10x higher rates of N loss through soil leachate at the
urban forest site. In our study we observed changes in the vegetative species composition
along the gradient with an increased conifer and mixed vegetation fraction in non-urban areas
(Fig. 2c, d); higher foliar N concentrations were observed in hardwood species (Table 3) and in
urban land cover classes (Table 2). Additional data such as N deposition and loss, past land use
history, species distribution and edaphic conditions would therefore be required to determine
the individual and combined influence of these factors on the overall spatial patterns of foliar N
content and concentration. As a whole, spatial patterns in vegetation type and the selected
scaling methods were found to strongly influence our results and conclusions.

Challenges in urban scaling and comparability

Despite the growing importance of urban areas for global biogeochemistry (Grimm et al.
2008), there is a paucity of data on urban biomass and soil and foliar chemistry. A number of
recent review and synthesis papers have highlighted this knowledge gap and summarized the
existing observations (Kaye et al. 2006; Pataki et al. 2006; Cadenasso et al. 2007; Pickett et
al. 2008; Lorenz and Lal 2009; Pickett et al. 2011), but many of the vegetation and soil
biogeochemistry results have been based on markedly different definitions and character-
izations of urban (see Raciti et al. 2012a) and have used different sampling and scaling
methods. Further, some of the heterogeneity observed in urban areas is likely due to edaphic
and land-use history differences rather than urban transformations per se. For example,
Lorenz and Lal (2009) compiled a global set of existing organic carbon estimates for urban
soils to highlight their heterogeneity, but the underlying biome differences between the study
areas have the potential to swamp the urban induced variability.

Two facets of our analysis highlight the sensitivity of cross-site comparisons to differences in
urban definition and scaling methodology: the treatment of impervious land areas and the way
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that sample class or vegetation type can be used for scaling from field plot to landscape.
Estimates of soil C and N content were highly sensitive to whether or not adjustments for soils
under impervious surface areas were included (Pouyat et al. 2006; Raciti et al. 2012a; Raciti et
al. 2012b). In the case of soils, scaling beyond the plot or pervious surface area typically
necessitates adjustments for the commonly unsampled areas below impervious layers since
surface soil horizons may be removed during the paving process (Jim 1998) and labile nutrient
pools can be lost through time due to continued soil organic matter decomposition in the
absence of new organic matter inputs (Scalenghe and Marsan 2009). A recent analysis by Raciti
et al. (2012b) found that the concentrations of C and N in soil beneath impervious surfaces in
New York City were 66 % and 95 % lower, respectively, than in adjacent pervious-area soils.
While the sampling depth intervals differed, these direct measurements of soil chemistry under
pavement differed by nearly a factor of two from the ‘clean fill” assumptions applied by others
(Pouyat et al. 2006; Raciti et al. 2012a). Many analyses of soil C and N content in urban areas
have focused on pervious area soils, typically resulting in large increases of soil C and N content
with increasing urbanization due to human amendments (Pouyat et al. 2002; Golubiewski 2006;
Raciti et al. 2011b). While some studies have tried to account for the influence of impervious
surfaces on soil C and N pools, proxies had to be used for the previously unknown composition
of these soils (Pouyat et al. 2006, Pouyat et al. 2009, Raciti et al. 2011b). We used the Raciti et
al. (2012b) New York City results to adjust for the N composition of impervious covered soils
and found that our conclusions were opposite of those that would be drawn from looking at
pervious area soils in isolation. Soil N content at the transect grid scale declined steeply (211.0
to 12.9 gN'm % Fig. 5b) with increasing urbanization. On the other hand, all-pervious estimates
of soil N content increased (195.8 to 256.0 gN'm™%; Fig. 5¢) with an increase in urbanization.
Our simple all-pervious scaling analysis likely over-estimates soil N stocks, but highlights the
sensitivity of our results to the range of assumptions that might be used when scaling urban
soils data. Our results show that the overall conclusions about regional patterns in soil N
content are very sensitive to the inclusion of impervious estimates of soil chemistry and
to the exact values that are applied; additional field measurements of soil chemistry
below impervious surfaces are needed to better constrain these estimates.

The methods and assumptions used for scaling-up foliar chemistry may also prove
important. In this analysis we explored scaling by sample class based on land-use and urban
classes; however, spatially explicit information on the distribution of tree species or major
vegetation types could have provided a more direct physical basis for scaling up foliar C and
N content and concentration. Existing remote sensing products in the study area identify
broad vegetation classes (hardwood, conifer, mixed forest), but not with great precision.
Further, these data are available for many forested areas, but not for the other land-use types
that make up much of the study area. The increasing availability of higher resolution remote
sensing data and new methods of vegetation spectral analysis hold promise for providing this
kind of information in the future. While we were unable to conduct a scaling analysis using
detailed, spatially explicit information on vegetation type, the changes in vegetation com-
position that we observed across the study transects (Fig. 2¢ and d) and the large differences
we measured in foliar chemistry between species and vegetation types (Table 3) suggest that
this would be an important factor to consider in future work.

Remote sensing for characterizing urbanization gradients
Remote sensing has been widely applied in urban studies such as mapping land-use and land

cover, mapping urban vegetation, and monitoring urban growth and its effects on local
climate. Multispectral vegetation indexes have been used successfully to predict foliar
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nitrogen and net primary productivity at landscape to regional scales (Potter et al. 2007;
Ollinger et al. 2008), but we are unaware of any urban applications. Here, we combined
Landsat NDVI with field measurements of foliar N content and concentration and above-
ground biomass to explore whether Landsat data could be used to upscale plot measurements
along an urbanization gradient. Landsat NDVI correlated well with aboveground biomass
(Fig. 4b), foliar biomass (data not shown) and foliar N content (Fig. 4c). NDVI is a measure
of greenness and is directly related to foliar biomass. Given that foliar biomass exercises a
strong control over foliar N content, we observed a significant correlation between NDVI
and foliar N content.

To check the robustness of the relationship between NDVI and foliar N content, we
calibrated a regression model based on one transect and applied those parameters to predict
foliar N content for the other transect. Predicted N content correlated reasonably well with
the measured N content along the gradient (R*=0.40, p<0.01) showing that Landsat data
could potentially aid in empirically mapping foliar N content along urbanization gradients.
Reliable mapping of foliar N content along urbanization gradients may require integration of
other variables. A more direct physical basis for scaling up plot-specific foliar C and N
content would be to use spatial data on species composition or major vegetation types, along
with plot-specific field estimates of foliar C and N content. Tree species composition,
beyond broad conifer/hardwood/mixed classes, has been successfully characterized from
remote sensing data in non-urban environments (Martin et al. 1998; Asner et al. 2008), but
challenges remain for characterizing vegetation in urban areas. Mixed-pixels (Woodcock and
Strahler 1987) make it difficult to differentiate between tree species or even between forest,
shrub, and turfgrass vegetation in spatially heterogeneous urban areas (Cadenasso et al.
2007). The move towards higher-resolution remotely sensed data, paired with intelligent
object-oriented algorithms, holds promise for better characterizing urban vegetation (O’Neil-
Dunne et al. 2012).

In addition to Landsat NDVI, we also examined the relationships between MODIS LA,
GPP and our aboveground field variables. LAI and GPP showed decreasing trends with
increasing ISA fraction. However, these trends could not be analyzed for the entire gradient
since urban areas are masked out from the standard MODIS products. The spatial resolution of
the MODIS LAI and GPP products is 1 km and therefore, too coarse to resolve the vegetative
processes in heterogeneous urban landscapes. Milesi et al. (2003) demonstrated that it could be
possible to develop 250 m estimates of MODIS LAI and Fractional Photosynthetically Active
Radiation (FPAR) by using the 250 m MODIS land cover as an input to the MOD15 Radiative
Transfer algorithm, but such a product is currently not available. Fusion of Landsat and MODIS
data (Gao et al. 2006) could also provide an opportunity to combine the spatial resolution of
Landsat with the temporal resolution of MODIS. Such a dataset might be used to estimate
vegetation indexes, FPAR and GPP for characterizing heterogeneous urban landscapes and
also, for monitoring temporal changes in productivity.

Conclusions & implications

Urbanization has been shown to have diverse effects on the biogeochemistry of vegetation
and soils and is a fundamental driver of current and future global change. Urbanization alters
biogeochemical cycling through increased atmospheric N deposition (Templer and McCann
2010), higher temperatures (Zhang et al. 2004a), longer growing seasons (Piao et al. 2008),
greater concentrations of ozone (Gregg et al. 2003) and CO, (George et al. 2007), altered
hydrological flow paths (Kaushal and Belt 2012), and human management activities that
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directly alter species composition, disturbance regimes, and water and nutrient availability
(Pickett et al. 2011). Urban areas are rapidly expanding, the combination of field data with
remote sensing holds promise for helping us detect and understand the complex interactions
that drive biogeochemical cycling in urbanizing landscapes. Canopy nitrogen concentration
is an important proxy for key ecosystem processes such as N cycling and primary produc-
tivity at landscape to regional scales (Schimel et al. 1997; Smith et al. 2002). The ability to
remotely sense canopy N concentration across urban to rural gradients could provide new
insights about the dynamic interplay between environmental change and ecosystem process-
es in urbanizing landscapes. In this study we found that NDVI, a remotely sensed index of
vegetation, was positively correlated with foliar N content, but not N concentration. Hence,
future work might address additional explanatory parameters, such as N deposition, to better
predict foliar N at the landscape scale. Impervious surface area fraction, an index of
urbanization intensity (Raciti et al. 2012a), was inversely correlated with biomass, foliar N
content, and soil C and N contents. For soils, in particular, our results demonstrated the
importance of accounting for impervious surfaces (Raciti et al. 2012a and b) when scaling
field data across urban ecosystems. Unlike previous studies, we did not find a strong
relationship between urbanization and foliar N concentration. Foliar N concentration
appeared to be driven more strongly by changes in species composition across the urban-
to-rural gradient, rather than the phenotypic changes that might result from increased N
inputs. These findings suggest that the influence of urbanization on the environment may be
masked or muted by natural variation in soils, vegetation, and climate.

The process of urban development and redevelopment is complex and does not have a
predefined trajectory or end point. Inherent edaphic, climatic, and biological variations
become intertwined with social, cultural, and economic drivers of development to produce
diverse urban environments that evolve over time and space. Within and across urban areas
the abiotic growing conditions and biotic compositions can differ markedly from those of
natural systems resulting in a unique urban biogeochemistry (Kaye et al. 2006). The dearth
of ecological data about urban and urbanizing areas is, in part, a byproduct of the perception
that urban ecosystems have limited ecological value because they are heavily modified by
humans and are relatively small in size. However, urban areas are rapidly growing in spatial
extent and the ecology of cities is becoming more pertinent to people’s lives. Empirical data
that accurately characterize variations in urban biogeochemistry are critical to gain a
mechanistic understanding of urban ecosystem function and to guide policy makers and
planners in developing ecologically sensitive development strategies.
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