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Abstract Concentrated human activities such as the burning
of fossil fuels have resulted in chronic nitrogen (N) additions
to urban ecosystems. We predicted that urban development in
North Texas (NTX; the largest Bmegapolitan^ region in the
Great Plains) would be positively correlated with atmospheric
concentrations of nitrogen oxides (NOx) and with the leaf
tissue quality (lower C:N ratio) and herbivory of the long-
lived native tree, post oak (Quercus stellata). Data from air
monitoring stations were used to calculate distance-weighted
estimates of atmospheric NOx for 11 sites of differing urban
development across NTX. Soil samples were collected at each
site along with post oak leaves, estimates of herbivory, and
measurements of tree size. Percent urban development was
strongly positively correlated with atmospheric NOx concen-
trations, though there was no correlation between atmospheric
NOx and soil N. There was a positive relationship between soil
N and leaf tissue quality, but only where atmospheric NOx

was relatively low, possibly due to factors that covary with
urban development. Herbivory was not significantly correlat-
ed with leaf tissue quality, but leaves from the two most urban
sites had the greatest amount of insect herbivory. The NOx

concentrations in NTX were lower than other industrialized
cities, which may be due to climate and topography differ-
ences or the relatively young age of this urban area. This study
adds to the expanding body of literature examining how urban
ecosystems are affected (or not) by N deposition and suggests

that interactions among NOx, soils, and plants are complex
and sometimes, counterintuitive.
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Introduction

With the world population growing and urban areas
expanding, more native landscape is being transformed to suit
human needs. If current trends in population growth and den-
sity continue, urban land cover will increase 1.2 million km2

by 2030, which is triple the urban land area in 2000 (Seto et al.
2012). In urban areas, concentrated human activities result in
habitat fragmentation, altered hydrology, elevated tempera-
tures, greater concentrations of carbon dioxide (CO2), higher
regional ozone (O3), and altered nutrient cycles (Pickett et al.
2011). All of these alterations to the landscape can impact
native flora and fauna, though one of the most impactful is
the addition of nutrients to a nitrogen (N) -limited landscape
(Bobbink et al. 2010; Pan et al. 2010).

Biologically available N is produced naturally (via light-
ning and biological nitrogen fixation) at a rate of about 125 Tg
N per year. Through various activities, humans introduce an
additional 300 Tg N per year (Galloway et al. 2008). In urban
areas, biologically available nitrogen is added primarily
through the combustion of fossil fuels. The combustion of
fossil fuels in automobiles and industry result in the creation
of nitrogen oxide byproducts (NO and NO2, collectively
NOx). These NOx compounds are released into the atmo-
sphere and may return to the ground in gaseous form, as dry
particles, or most commonly as nitrate (NO3

−) ions in precip-
itation - a process known as N deposition. Thus, atmospheric
NOx concentrations are directly positively correlated with
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NO3-N deposition in the U.S. (Butler et al. 2003; Butler et al.
2005; Lawrence et al. 2000). Atmospheric NOx inputs to ur-
ban areas enter an already complex N cycle, further compli-
cated by human activities and the interactions between human
activities and climate. This may result in an urban N cycle
drastically different from the surrounding rural area.

In N-limited terrestrial ecosystems, plant communities that
receive additional N inputs generally exhibit greater overall
productivity (Lebauer and Treseder 2008; Vitousek et al.
1997). At the organismal level, increases in N availability
increase plant growth rate, reproductive output, tissue quality
(lower C:N ratio), and palatability to herbivores (Chapin
1980; Yang et al. 2011b). However, greater nutrient availabil-
ity can also change competitive relationships among species,
resulting in a loss of biodiversity - particularly in native flora
(Aronson et al. 2014; Bobbink and Roelofs 1995). Thus, ni-
trogen additions may affect plant species and communities in
complex and conflicting ways.

Our understanding of plant responses to anthropogenic N
additions is further complicated by the fact that responses are
also mediated (or co-limited) by aspects of climate such
as temperature and precipitation (Lebauer and Treseder
2008; Shen et al. 2008; Xia and Wan 2008; Yang et al.
2011a). Aspects of climate influence N mobility and the
ability of ecosystems to act as sources or sinks for N
additions (Bai et al. 2015).

Across the U.S., there is a growing body of research con-
tributing to our understanding of the interaction between an-
thropogenic N and climate (Bedison andMcNeil 2009; Boggs
et al. 2005; Kahan et al. 2014; McNeil et al. 2007). This body
of research encompasses many ecoregions, however, there is a
distinct paucity of research for the southern Great Plains.
North Texas, the metropolitan area encompassing the cities
of Dallas and Fort Worth (henceforth NTX), is located within
the sub-humid, sub-tropical southern Great Plains ecoregion
and has a population of over 7 million (U.S. Census Bureau
2016). The NTX area is rapidly expanding and has been iden-
tified as an area of urban development ripe for exploring the
impacts of urbanization (Grimm et al. 2008). Despite this,
there has been very little investigation into the effects of con-
centrated human activities on this biome; such research could
help clarify the role of climate variables in urban ecosystem
properties and function by providing an important comparison
to existing research sites.

Here, we explored the effects of chronic atmospheric NOx

exposure on a long-lived native tree, post oak (Quercus
stellata), across a gradient of urban development in NTX.
By sampling soil and trees located in areas of differing urban
development and comparing them to annual atmospheric NOx

concentrations, we were able to test the following hypotheses:

1. Atmospheric NOx will increase along a gradient of in-
creasing urban development

2. Increased atmospheric NOx will be positively correlated
with:

a. elevated soil nitrogen (via N deposition)
b. increased tissue quality (lower leaf C:N ratio via

greater soil N availability)
c. increased herbivory of leaf tissue (via increased

palatability)

Methods

Study area

The area surrounding the Dallas-Fort Worth metropolitan area
belongs to the BCross Timbers Climate Division,^ a sub-tropical
and sub-humidmixed savanna andwoodland (National Oceanic
and Atmospheric Administration (NOAA) 2016). Post oak
(Quercus stellata) and blackjack oak (Quercus marilandica)
dominate the overstory of the Cross Timbers, with an understory
of shrubs and grasses. Where there are stream bottoms, trees
such as bur oak (Quercus macrocarpa), Shumard oak
(Quercus shumardii), and sugar hackberry (Celtis laevigata)
dominate. The sites in our study have a fifty-year annual precip-
itation average of 92 cm with site averages ranging from 84 to
107 cm and a fifty-year mean temperature of 18.3 °C with site
averages ranging from 17.8–18.8 °C. Though the region is cat-
egorized as humid subtropical, cyclical oscillations in Pacific
Ocean surface temperatures and air pressure known as El Niño
and La Niña have long-term impacts on Texas precipitation,
leading to periods of moderate to severe drought (Texas Water
Deveopment Board 2012). The region is drained by the Trinity
River and its forks. Very little of the natural ecoregions remain
due to cattle grazing, conversions to cropland, and urbanization
(Griffith et al. 2007).

The first major period of population growth in NTX
occurred in the late 1880s and a second rapid develop-
ment period began in the 1960s (Vision North Texas
2008). The pattern of development in NTX is such that
the city-centers of Dallas and Fort Worth were the earli-
est settled and are now the most densely populated. The
percentage of land dedicated to urban development de-
creases in all directions with increasing distance from the
city-centers.

Study species and experimental design

Post oaks were chosen as the subject of this study because of
their ubiquity and status as the dominant tree in the region.
Post oaks are a slow-growing deciduous species, and remnant
forests in NTX have an age range of 200–300 years (Diggs
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et al. 1999). The post oaks of the NTX region are well adapted
to the poor soil and periods of extreme drought.

Survey sites were chosen a priori from publicly accessible
parks along and near the Trinity River. Nineteen sites were
identified as possible survey sites, and eleven were chosen
based on the presence of post oak trees. The sites represented
a range of urban development (see section below) with less
urban sites on both the eastern and western sides of the met-
ropolitan region (Fig. 1).

Between May 28, 2014 and June 13, 2014, the survey sites
were explored on foot to locate the natural areas – those not
maintained by watering, mowing, or fertilizing – within each
park. The first five post oak trees identified within natural
areas were selected for the survey. For each tree, diameter at
breast height (DBH) was measured, and loose litter (Oi layer)
was removed from an area near the base of the tree so that a
10 cm long × 5 cm diameter PVC pipe could be used to obtain
a soil sample. The lowest main branch of the tree was identi-
fied and followed laterally to the point at which the branch
was approximately 3.5 cm. There, the terminal branch was
separated from the tree using a 3.5 m pole pruner. To estimate
herbivory, five leaves were randomly selected from the branch
and photographed on grid paper to be analyzed later. An ad-
ditional five leaves (with no or minor herbivory) were haphaz-
ardly selected from the same branch for use in quantifying
tissue quality (C:N ratio).

To calculate our estimate of herbivory, the leaf photographs
were opened in Adobe Photoshop V 14.1.2. The outline of the
leaf as it was in the field was traced and the area converted
from pixels to cm2. The remaining leaf tissue was used to hand
draw a full leaf shape based on a generalized post oak leaf
template scaled to appropriate size. The total area of the esti-
mated original leaf was divided by the actual leaf area and
subtracted from one hundred to estimate percent herbivory.

Soil samples were refrigerated at 3 °C before being sent to
Texas A&M Soil, Water, and Forage Testing Lab (College
Station, TX) for analysis of pH, KCl-extractable nitrate-N
(NO3-N) and ammonium-N (NH4-N), phosphorous (P), po-
tassium (K), calcium (Ca), magnesium (Mg), sulfur (S), and
sodium (Na). Leaf samples were dried in a 50 °C oven for one
week before grinding and analysis of percent C and percent N
using a Perkin Elmer CHN series 2400 analyzer.

Measures of atmospheric nitrogen and urban
development

The Texas Commission on Environmental Quality (TCEQ)
has established atmospheric NOx monitoring sites across
North Texas (Fig. 1). Because NOx concentrations (ppbv)
are positively correlated with N deposition (Butler et al.
2003; Elliott et al. 2007; Likens et al. 2005; Redling et al.
2013), we used atmospheric NOx as a proxy for N deposition
in this study. Hourly NOx concentration data were obtained

from the TCEQ’s on-line database (TCEQ 2015a) for the pe-
riod of 01 January 2013 to 31December 2013 (themost recent
full year of data prior to the study). Atmospheric NOx data
from 2011 and 2012 were also examined, and matched very
closely with 2013, thus the 2013 data are considered to be
representative for the region and are the only data presented
here. An inverse distance weighting formula was used to cal-
culate the estimated hourly NOx values in parts per billion by
volume (ppbv) for the survey sites based on all available
TCEQ air monitoring sites within a 40 km radius. The formula
was as follows:

Pi ¼
X G

j¼1
P j

.
D

n

ij
X G

j¼1
1
.
D

n

ij

ð1Þ

where (P) represents estimated NOx values for each survey
site (i), G is the number of monitoring stations, Pj is the NOx

values of monitoring station at location j, and Dij is the dis-
tance between the monitoring station j, and survey site, i. In
this equation n = 2 - a constant used by NOAA for determin-
ing missing rainfall measurements. For the KSP survey site,
only one air monitoring station was within 40 km (3 km away)
and consequently was the only value used. For the MWP site,
there were no data from the closest TCEQ monitoring site,
therefore, the next closest site (56 km away) was used as the
sole data source. The 2013 hourly values were averaged into
monthly values to examine seasonal trends, and each hour of
the day was averaged across 2013 to examine diurnal trends.

To calculate Bpercent urban development,^ we used the
U.S. Department of the Interior’s 2011 National Land Cover
Database (NLCD; Homer et al. 2015). NLCD urban land-use
categories are calculated based on percent impervious surface
area (ISA). The NLCD categories BDeveloped High
Intensity,^ BDeveloped Medium Intensity,^ and BDeveloped
Low Intensity^ represent ISA values of 80–100%, 50–79%,
and 20–49% respectively. For a set radius around each site, the
area of these categories were summed into one value and
divided by the total area of that radius to calculate Bpercent
urban development.^ This was done for each survey site at a
1 k, 3 k, 5 k, 10 k, 15 k, and 30 k radius to find the best
determination of urban development. The same calculations
for percent urban development were made for each of the
TCEQ monitoring sites.

Statistics

All statistical analyses were conducted using R 3.1.2 (R Core
Team 2014).

The percent urban development value for each site was
regressed against the estimated atmospheric NOx. This was
repeated for each of the radii listed to evaluate which radius
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was the best indicator of urban development, based on R2

value. This analysis was also conducted at all radii for the
measured atmospheric NOx at the TCEQ monitoring sites to
determine the accuracy of our estimated NOx values.

Site averages were calculated for each variable examined,
and percent herbivory was arcsine square-root transformed. A
Pearson’s R correlation matrix was constructed using R pack-
age psych (Revelle 2014) to examine relationships between
relevant soil characteristics (NO3-N, NH4-N, and pH), site
characteristics (percent urban development and hourly NOx)
and plant characteristics (DBH, leaf C:N, and percent herbiv-
ory). Soil NO3-N and soil NH4-N were summed to create the
variable Bsoil N^ as an indicator of total available soil N and
used in the remainder of the analyses.

For the response variables leaf C:N and leaf herbivory, we
wanted to examine the effects of multiple predictor variables
and their potential interactions. The multiple linear regression
was conducted in R and the significance of terms was deter-
mined using Type III sums of square from function BAnova^ in
R package car (Fox et al. 2009). For leaf C:N ratio, we started
with a model that included NOx, soil N, and the interaction
between NOx and soil N, as well as the covariates DBH and
soil pH. Soil pH andDBHwere included as covariates because
of their influence on nutrient availability and primary produc-
tivity, respectively (Aber and Melillo 2001). We then used
automated stepwisemodel section using exact AIC as themod-
el selection criterion (function Bstep AIC^ in R packageMASS;
Venables and Ripley 2002). This eliminated nonsignificant
terms DBH and soil pH from the model, leaving us with a final
model that included only soil N, NOx, and their interaction.

For leaf herbivory, we used a similar multiple linear regres-
sion process as with leaf C:N using the predictor variables leaf
C:N, percent urban, and their interaction, along with tree DBH
as a covariate. Using the same stepwise process, tree DBH
was eliminated. The final model included leaf C:N, percent
urban, and their interaction.

Results

NOx: Spatial and temporal patterns

Overall, the relationship between urban development and es-
timated atmospheric NOx was positive and linear, though the
strength of the relationship varied depending on the radius of
the area calculated. At radii of 3 k, 5 k, 10 k, 15 k, and 30 k, the
relationship between NOx and urban development was highly
significant (p < 0.001), with R2 values of 0.35, 0.58, 0.69,
0.66, and 0.62 respectively. The strongest relationship was
found at the 10 k radius (y = 8.9x + 6.1, adjusted R2 = 0.66,
F(1,9) = 20.74, p = 0.001; Fig. 2). The measured atmospheric
NOx at the TCEQ monitoring sites was also highly correlated
with the percentage of urban development at the 10 k radius
(adjusted R2 = 0.61, F(1,12) = 18, p < 0.001), confirming the
relationships documented for the survey sites. Thus, we used
the percent urban development at the 10 k radius as our metric
of urban development for the remainder of the analyses.

The overall hourly average of atmospheric NOx in 2013 for
each of the sites ranged from 4 to 12.9 ppbv (Table 1). As sites
increased in percent urban development, atmospheric NOx

Fig. 1 Map of the NTX area with
urban development in light gray,
surface water in dark gray, survey
sites (indicated by a plus), and
NOx monitoring sites (indicated
by a point); inset denotes
locations of counties in TX
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also increased with the exception of two sites: the median
atmospheric NOx value belonged to RLP - the site with the
highest urban development - and the fourth highest atmo-
spheric NOx value belonged to the fourth most rural site –
FWN (Table 1, Fig. 2). There were no characteristics of these
sites that would immediately explain why they are outliers.

From an hourly perspective, atmospheric NOx peaked at
hour 7, coinciding with morning rush hour traffic (Fig. 3). A
second longer lasting, but lower magnitude increase began at
17 h (coinciding with evening rush hour), peaked around 21 h,
and decreased to the morning low by hour 1. The lowest
hourly NOx values were found during the hottest part of the
day from 13 to 16 h. The intensity of the daily peaks was for
the most part dependent on the percentage of urban develop-
ment for each site. For example, the diurnal range in hourly
atmospheric NOx averages for EMP, the site at the 1st quartile
of urban development (henceforth used as an example of a
low urban development site), was 9.4 ppbv while the site at
the 3rd quartile of urban development, MCP (henceforth used
as an example of a high urban development site), had an
hourly atmospheric NOx range of 14.2 ppbv. Throughout the
day, atmospheric NOx values at the less urban sites fell below
the value of the median urban development si te
(LLA = 41.8% urban development), and the more urban sites
had values above the median site. However, as noted above,
FWN, the eighthmost urban site, did not follow this trend, and
tended to have one of the highest hourly atmospheric NOx

values (Fig. 3).
Seasonally, the highest atmospheric NOx values occur dur-

ing the colder winter months, while the lowest occur during
the warmer summer months (Fig. 4). Regardless of season,
rural sites generally had lower atmospheric NOx values com-
pared to urban sites. The one exception again is the FWN site,
which had a lower urban development value, but atmospheric
NOx values above those of the median site (Fig. 4). The

magnitude of seasonal changes in average hourly atmospheric
NOx is again closely related to the percentage of urban devel-
opment for each site. EMP had an average hourly low of 4.7
ppbv in June and a high of 14.0 ppbv in December, while
MCP had an average hourly low of 5.4 ppbv in June and
21.4 ppbv in December (Fig. 4).

Soil characteristics

The average soil pH for all sites was 7.6 ± 0.1, and soil pHwas
not correlated with atmospheric NOx, soil NO3-N, or soil
NH4-N. The averages for soil NO3-N and soil NH4-N for all
sites were 13.2 ± 0.4 and 9.3 ± 1.4 ppm, respectively. For
combined soil N, EMP (low urban) fell below the mean and
MCP (high urban) above the mean, however, there were no
clear trends across the sites (Table 1). Soil Ca, Mg, S, and Na
were also measured at each site in addition to pH, but there
were no significant relationships between them or with the
other measured variables (data not shown). There was no re-
lationship between soil N and atmospheric NOx across the
sites (Table 1; Fig. 5).

Plant characteristics

Site averages for DBH ranged from 31 to 71 cm (Table 1). The
westernmost sites tended to have the smallest diameter trees
(Fig. 1; Table 1), but there was no statistical relationship be-
tween longitude and DBH. There was also no relationship
between DBH and leaf tissue quality.

Leaf C:N ratio did not vary widely across the study sites.
The average for all sites was 26.0 ± 0.4 with EMP (low urban)
and MCP (high urban) both at a C:N ratio of 27 (Table 1).
There were no significant correlations between leaf C:N and
other measured variables. However, the multiple linear regres-
sion revealed a significant interaction between the effects of

Fig. 2 Plot of average hourly
atmospheric NOx values in 2013
for each of the sites against the
calculated percent urban
development of that site,
y = 8.9x + 6.1, adjusted
R2 = 0.66, F(1,9) = 20.74,
p = 0.001
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atmospheric NOx and soil N on leaf C:N (Table 2). In order to
visualize this relationship, the sites were divided at the median
atmospheric NOx level (9.8 ppbv) into low- and high-NOx

categories containing 6 and 5 sites, respectively. At low levels
of atmospheric NOx, leaf C:N and soil N were negatively
correlated, indicating that tissue quality increased with in-
creasing soil N while at high levels of atmospheric NOx, leaf
C:N and soil N were positively correlated, indicating that tis-
sue quality decreased with increasing soil N (Fig. 6). This
relationship was particularly clear for the sites with the three
lowest and three highest values of NOx, (Fig. 6). We ran the
same linear regression model with percent urban development
in place of NOx, and found no relationship.

Herbivory

The average leaf herbivory was 7 ± 0%, and the majority of
sites had herbivory levels of less than 10%. The two excep-
tions to this were MTC (13%) and RLP (20%), the two most
urban sites (Table 1). The representative low urban site had
lower percent herbivory than the representative urban site
(EMP = 5% and MCP = 8%, respectively), however, there
were no clear trends in herbivory across the entire gra-
dient. We did not see a relationship between herbivory
and atmospheric NOx or with any of the other measured
variables (Fig. 5).

Discussion

Atmospheric NOx increased along a gradient of increasing
urban development

The strong positive relationship between urban development
and atmospheric NOx concentrations seen in cities across the
globe (Gao 2007; Hagemann et al. 2014; Xie et al. 2016) was
also confirmed for NTX. However, atmospheric NOx levels in
NTX were lower than those documented in other urban areas.
In Nanjing, China, hourlyNOx concentrations during the sum-
mer months of 2008 averaged 19 ppbv and hourly NOx con-
centrations during the winter months averaged 35 ppbv (Xie
et al. 2016). In contrast, the hourly NOx concentrations for
NTX site MTC averaged 7 ppbv during the summer months
of 2013 and 20 ppbv during the winter months of 2013. In the
eastern U.S. (New Jersey), the hourly NOx average at 7 am
(during morning rush hour) in the spring of 2007 was 60 ppbv
(Song et al. 2011), whereas the NOx concentration at 7 am in
the spring of 2013 at MTC was 13 ppbv. Though urban atmo-
spheric NOx concentrations in the U.S. have been on the de-
cline in the past decade (Lu et al. 2015), this decline does not
account for the magnitude of the differences between NTX
NOx concentrations in 2013 and other cities in 2007–2008.
Differences in topography and wind patterns could beT
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contributing to the lower values of NOx in NTX relative to
other cities.

As expected, the daily rise and fall of atmospheric NOx

closely followed morning and evening rush hour traffic
(Fig. 3), as approximately 50% of NOx emissions in NTX
were attributed to vehicular sources in 2015 (TCEQ 2015b).
As in other US cities, the morning peak in atmospheric NOx is
likely strengthened by the atmospheric inversion that occurs
overnight (Song et al. 2011). As the evening rush hour occurs,
NOx concentrations again increase, though the peak is smaller
in the evening due to greater solar radiation and photochemi-
cal reactions in the afternoon (Fig. 3).

The seasonal variation in atmospheric NOx in NTX also
followed the patterns of NOx in US and other global cities
(Vellingiri et al. 2015a; Xie et al. 2016; Zhang et al. 2003)
with lower hourly averages in the summer and the highest
hourly averages in the winter (Fig. 4). Higher winter atmo-
spheric NOx relative to summer levels may be attributed to a
combination of factors including lower solar radiation and less
photochemical activity, increased consumption of fuels, and
poorer dispersion conditions.

The diurnal and seasonal patterns of NOx can be seen at
each site, though the magnitude of the peaks was much greater
at the sites with greater urban development. MTC, the second
most urban site, showed the greatest variation in average hour-
ly (Fig. 3) and seasonal (Fig. 4) atmospheric NOx, while the
range of NOx values for KSP (the least urban) was 45%

smaller for the peak hourly averages and 25% smaller for
the peak seasonal average. This suggests that plants at the
more urban sites experience a Bpulse^ of N input during peak
atmospheric NOx seasons rather than a relatively constant
low-level input as found at more rural sites.

Soil nitrogen did not increase with greater NOx

We hypothesized that the effects of cumulative atmospheric
NOx additions would result in elevated soil N via chronic low-
level N deposition. However, our study revealed no correla-
tions between atmospheric NOx, soil NO3-N, or soil NH4-N
(Fig. 5). Our findings may be the result of the relatively small
increase in atmospheric NOx in NTX urban areas (relative to
other major metropolitan areas, discussed above), or it may be
that the signal has been obscured by other processes or trans-
formations that occur in the urban N cycle. We discuss some
of these possibilities below.

If the atmospheric NOx does reach the ground in the form
of N deposition, it may not be captured in a springtime mea-
surement of extractable soil N. Various soil processes such as
immobilization and denitrification of N by bacteria may mean
that very little of the added anthropogenic N is available to
plants. There is also evidence from other US cities that N can
move directly from deposition to leaching without any inter-
mediate biological processes (Rao et al. 2013). The fact that
our sites are in close proximity to the Trinity River and the

Fig. 3 Average hourly NOx

values in 2013 for each survey
site. The dotted line with triangles
represents the site with the
median percent urban
development. Solid lines
represent the most urban sites
with the darkest being the most
urban. Hashed lines represent
sites with less urban development
with the darkest being the lowest
percent urban

Fig. 4 Average monthly NOx

values in 2013 for each survey
site. The dotted line with triangles
represents the site with the
median percent urban
development. Solid lines
represent the most urban sites
with the darkest being the most
urban. Hashed lines represent
sites with less urban development
with the darkest being the lowest
percent urban
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sampling occurred just after the annual spring rains raises the
possibility that these NTX sites experience rapid NO3-N
leaching. Although we measured soil N during the period of
active growth in post oak, the seasonal nature of atmospheric
NOx levels may mean that annual N mineralization is better
correlated with NOx.

Effect of soil N on leaf C:N depends on NOx

We did not see the same positive relationship between soil N
and leaf tissue quality that has been documented in reviews of
fertilization experiments (Phoenix et al. 2012; Yang et al.
2011b). Most fertilization experiments use much higher levels
of simulated N deposition than are realistic for many areas,
thus the amount of N deposited across our gradient was likely
much lower than the amounts used in fertilization experi-
ments. In our results, however, there was an effect of the
interaction between soil N and atmospheric NOx on leaf
C:N. At low levels of NOx, the positive correlation between
greater soil N availability and greater tissue quality occurred
as expected. At levels of NOx above the median site value, the
relationship reversed. This suggests that the usual positive
correlation between soil and plant N concentrations is

decoupled when NOx and associated influences of the urban
environment are greater.

One possible explanation is that that the elevated tempera-
tures associated with urban areas are confounding the relation-
ship between soil N and foliar C:N ratios. Red oak (Quercus
rubra) grown along an urban to rural transect in New York,
U.S., and in growth chambers showed differential responses to
N availability based on night-time and inter-annual differ-
ences in temperature (Searle et al. 2012). While the range
in annual average temperature of our sites is only 1 °C, it
is possible that the elevated night-time temperatures

Fig. 5 Correlation matrix and
plot for percent urban
development, NOx (ppm), leaf
C:N ratio, soil nitrate (ppm), soil
ammonium (ppm), soil
ammonium (ppm), total available
soil N (ppm), tree DBH (cm), soil
pH, and percent leaf herbivory
with Holm-adjusted p values.
Only p values less than 0.05 are
shown and bolded

Table 2 Terms included in the final multiple linear regression for leaf
tissue quality C:N

SumSq Df F-value Pr(>F)

(Intercept) 38.692 1 45.2669 <0.001***

NOx 6.427 1 7.5193 0.03*

Soil N 7.197 1 8.4202 0.02*

NOx:Soil N 7.775 1 9.0957 0.02*

Residuals 5.983 7

* = p < 0.05, ** = p < 0.01, *** = p < 0.001
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associated with urban areas (George et al. 2007) are influenc-
ing either plant nitrogen uptake or allocation.

Herbivory not correlated with greater NOx

We did not see a relationship between atmospheric NOx and
herbivory, nor did we see the expected intermediary relation-
ship between leaf C:N and herbivory. However, there was a
trend toward greater herbivory with increasing urban develop-
ment, with the two most urban sites having the greatest levels
of herbivory. Raupp et al. (2010) offer several thoughts on the
possible mechanisms behind elevated herbivory in urban
areas: the reduction of native plant diversity in urban envi-
ronments may contribute to the reduction of natural ene-
mies; elevated temperatures in developed areas may favor
an increased population of herbivores; and the (non-
native) vegetative complexity may provide more opportu-
nities to hide from predators. These mechanisms may be
at play among the sites we studied, but only significant in
the most urban locations.

In NTX, chewing insects commonly found on post oak
trees include leaf-cutting bees (Megachilidae), katydids
(Tettigoniidae), luna moths (Actias luna), and other
Lepidoptera larvae, some of which have the potential to
cause significant damage (Texas A&M Forest Service
2015). Insects can affect N cycling by consuming leaf
tissues and depositing frass, although the magnitude of
this effect is not well known in urban ecosystems
(Raupp et al. 2010). Gaining a greater understanding of
the interactions between the urban environment in NTX
and insect herbivores will be important for establishing a
baseline as development and climate change persist.

Conclusions

This study adds to the recently expanding body of lit-
erature examining how urban ecosystems are affected
(or not) by N deposition and suggests that interactions
among NOx, soils, and plants are complex and some-
times, counterintuitive. We found that atmospheric NOx

was highly correlated with percentage of urban develop-
ment in NTX, as in other cities. The temporal patterns
affirm that in this region, atmospheric NOx were driven
by combustion of fossil fuels in automobiles. However,
the atmospheric NOx concentrations were somewhat
lower than those reported in other major metropolitan
areas. Despite the positive correlation between urban
development and NOx across our sites, we found no
relationship between atmospheric NOx and soil N, sug-
gesting a minimal effect of NOx on these soils. Leaf
tissue quality was positively related to soil N as expect-
ed, but only at low NOx values. This suggests that at
higher NOx values, the expected correlation between
soil and plant N concentration is influenced by other
factors that covary with urbanization. Herbivory was
not correlated with leaf tissue quality, but there was a
trend toward greater herbivory with greater urban
development.

This research also highlights the need for further examina-
tion of N deposition components and quantities in NTX.
There is a growing body of evidence suggesting a shift from
primarily NO3-N deposition in urban areas to a greater pro-
portion of NH4-N (Du et al. 2014; Li et al. 2016; Rao et al.
2013). Thus, it is possible that the elevated atmospheric NOx

concentrations associated with urban development are not a
good indicator of overall N deposition in large, sprawling
urban areas.

Studies such as this one, done on a local scale (50-100 km),
are vitally important in linking ecosystem processes to urban-
ization patterns (Brazel et al. 2000). The rapid growth and
sprawling and heterogeneous nature of the urban development
in NTX provides an opportunity to expand our understanding
of urban areas still being actively developed and those that are
relatively young. Additionally, the location of NTX in the sub-
humid, sub-tropical southern Great Plains also provides the
opportunity to further explore the dynamic feedback between
climate and urbanization as Texas is predicted to be one of the
hardest hit U.S. states in future climate change scenarios
(Melillo et al. 2014). The higher temperatures, irregular rain-
fall, and more dry-days predicted for NTX may further inhibit
urban forest C and N retention and lead to accelerations of C
and N losses from the terrestrial ecosystem (Bai et al. 2015).
Future examinations of urban ecosystems in NTX will be
particularly useful in expanding general patterns that can be
used to predict and potentially mitigate ecological responses
to the urban environment.

Fig. 6 Plot of leaf C:N as a function of soil N at two levels of NOx based
on the median concentration. Sites were divided into high-NOx (greater
than themedian of 9.8 ppbv, represented in black) and low-NOx (less than
the median of 9.8 ppbv, represented in gray). Black squares represent the
three highest NOx sites and gray squares represent the three lowest NOx

sites
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