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Abstract Soil nitrogen (N) mineralization is an important
process determining terrestrial N availability, and evidence
suggests elevated temperatures will enhance N mineralization
rates. Along a 40 km urban-rural gradient of chestnut oak
forest stands in Louisville, KY, we expected N mineralization
rates would be higher in urban than in rural forests in part due
to increased temperatures caused by the urban heat island.
However, a 12-month field study along this Louisville gradi-
ent showed that annual N mineralization rates were lower in
urban than in rural stands. Since variation in precipitation
inputs and other factors across this land-use gradient may be
influencing soil N mineralization rates, we conducted a three-
month soil incubation experiment in the lab to determine the
extent to which a + 2 °C temperature difference could affect
soil Nmineralization in urban and rural soils. Across the range
of temperatures tested, rural soils mineralized N at twice the
rate of urban soils under base (7.86 vs. 3.65 mg N kg−1

AFDW soil d−1) and elevated (9.08 vs. 4.76 mg N kg−1

AFDW soil d−1) temperatures (p < 0.01). A 2 °C temperature
difference, did not significantly alter total inorganic N produc-
tion in urban (p = 0.272) or rural soils (p = 0.293). The pro-
portion of nitrate produced was lower in the urban (15.1 %)
than in the rural soils (72.3 %; p < 0.01). These results suggest
that differences in soil organic matter quality and potentially

decomposer community composition are the primary explan-
atory factors for forests along this Louisville gradient.

Keywords Urban-rural gradients . Forests . Urban heat
island . Temperature . Nitrogen cycling . Potential N
mineralization

Introduction

Urban environments experience multiple anthropogenic ef-
fects that act singly and synergistically to modify ecosystem
processes. Temperature, carbon dioxide (CO2), nitrogen (N),
and ozone (O3) are four important abiotic factors causing en-
vironmental change at local, regional, and global levels
(Grimm et al. 2008). Land-use change and human activities
associated with cities are important drivers of these global
changes but also alter these environmental factors at local
scales. For example, cities are well known to be warmer than
surrounding areas and create ‘urban heat islands’ largely due
to conversion of soil and vegetation to impervious surfaces
(Oke 1995; Bonan 2002). Since temperature is a strong con-
trolling variable for many ecosystem processes, including eco-
system respiration, evapotranspiration and soil processes such
as nitrogen (N) mineralization, the urban heat island may af-
fect the net ecosystem productivity and species composition
of natural areas within the urban landscape.

Natural areas, such as forests, are embedded within many
land uses (i.e., city centers, suburbs, and rural agriculture
areas), thus impacts from surrounding land on these natural
systems can be studied using an urban-to-rural gradient ap-
proach (McDonnell and Pickett 1990; Medley et al. 1995;
McDonnell et al. 1997). While there are now additional
methods for studying urban ecosystems as whole systems
(i.e., ecology of cities; Grimm et al. 2000) and as complex
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social-ecological systems (Pickett et al. 2011), the urban-rural
gradient approach is a useful comparative method for investi-
gating the combined effects of multiple environmental factors
on ecosystem function (Groffman et al. 2006) and for gener-
ating hypotheses about more proximate controls on ecosystem
behavior that can be tested using manipulated experiments
(e.g., Gregg et al. 2003). Several studies have shown that
forest remnants surrounded by urban land use display altered
ecosystem function relative to nearby rural forest remnants
(e.g., increased litter decay rates, atmospheric deposition
fluxes, and soil nitrogen cycling; McDonnell et al., 1997;
Carreiro et al. 2009; Pouyat et al. 2009). Understanding
how urban land-use context affects forest soils and their
processes may also be useful for predicting impacts on
rural areas as they become converted to urban land, or
potentially for predicting how global environmental change
might affect rural habitats in their region in the future
(Carreiro and Tripler 2005).

Soil temperature and moisture are considered the two most
important abiotic factors influencing soil microbial activity
and therefore microbially-mediated processes such as nitrogen
mineralization. In situ soil warming experiments (Peterjohn
et al. 1994; Rustad et al. 2001; Butler et al. 2012), as well as
laboratory incubation studies (Gonçlaves and Carlyle 1994;
Dalias et al. 2002; Franzluebbers et al. 2001), have shown
increased soil mineralization rates under elevated tempera-
tures. Since urban environments experience higher tempera-
tures than nearby rural areas, such a temperature differential
may have an important direct effect on soil processes and
stimulate faster N production rates, when all other factors
are equal.

During the growing season, urban forest remnants within
Louisville, KY were measured to have mean monthly air and
soil temperatures (10 cm depth) 1–2 °C greater than rural
stands of similar tree composition, stand age, aspect and soil
characteristics that were 40 km away from the city center
(Carreiro et al., unpublished results). The primary goal of this
study was to isolate and estimate the effect of elevated tem-
perature on soil N mineralization rates of urban and rural for-
est soils collected from an urban-to-rural land-use gradient in
Louisville, KY. We conducted this experiment in the lab to
remove potential influences of precipitation and pollutant de-
position differences that can occur during soil incubations in
the field. Potential soil legacy differences between urban and
rural soils, such as organic matter quality and quantity or mi-
crobial community differences, would remain to influence the
temperature effects. We asked the following questions: 1)
Once removed from the field, will urban soils mineralize N
at rates similar to rural soils?, and 2) Does a temperature ele-
vation of 2 °C from different baseline temperatures increase N
mineralization and nitrate production in urban and rural forest
soils and in a similar proportion? We hypothesized that lab-
incubated urban soils would mineralize N at similar rates to

rural soils once removed from site conditions, suggesting that
other site factors like soil moisture are important in controlling
N mineralization rates in these forest soils. Once isolated from
site factors, we also expected a 2 °C increase in temperature
would both increase N mineralization rates and the relative
proportion of nitrate production in urban and rural forest soils.
Since soil N productionmay be altered by other abiotic (i.e., N
deposition, precipitation) and biotic (i.e., litter quantity and
quality) factors, it is important to experimentally isolate tem-
perature differential, such as that caused by the urban heat
island effect, as a potential factor altering soil Nmineralization
in similar habitats at local-to-regional scales.

Methods

Study sites

The study area is located in the Interior Low Plateau,
Bluegrass Section and the Eastern Broadleaf Forest biome
(National Atlas of the U.S. 2013). Louisville (equivalent to
Jefferson County since the city-county governmental merger
in 2003) has a population of 741,000 and a mean density
of 750 people km−1 (U.S. Census Bureau 2008). The
mean annual precipitation for this region is 113 cm, and
the mean annual maximum and minimum temperatures are
30.6 °C and −3.9 °C, respectively (National Climate Data
Center 2009).

Study sites were located along a 40 km urban-rural gradient
established in Louisville, KY (Jefferson County) extending
southward into Bullitt County. All forest sites were located
on erosional remnant hills that comprise Bthe Knobs^ physio-
graphic region of the Outer Bluegrass of Kentucky. The urban
forest sites in Iroquois Park (300 ha) were located approxi-
mately 8 km south of the city center, and the rural forest sites
in Bernheim Arboretum and Research Forest (5660 ha) were
approximately 40 km south of the city center. We established
three 400-m2 forest sites dominated by Quercus montana
(Chestnut oak), which were at least 300 m – 1 km apart in
the urban park and more than 1 km apart in the rural park.
Sites were chosen to minimize variation in site factors except
those related to surrounding land use. Tree composition, stand
age, basal area, and soil characteristics were similar between
urban and rural forest sites (Table 1). Plots were located on the
eastern side of the Knob Hills on silt-dominated soils in the
Tilsit Soil Series. To provide more information on the degree
of urban-rural contrast for these forests, population density,
built land, and road length were quantified within either
1.5 km of the forest boundary (population) or within a 2 km
radius of each forest site (built land and road length) using
Geographic Information System and data obtained from the
U.S. Census Bureau (2000), the KY Natural Resources and
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Environmental Protection Cabinet, and KY Geological
Survey (2001; Table 2).

Soil collection and analyses

Soil samples were collected from urban and rural forest sites
(n = 3 sites per land use) underneath two chestnut oak trees,
1 m from the trunk, in September, October and November
(n = 6 soil cores per land use per month). At each sampling
date, loose litter was removed from the soil surface, and a soil
core (5 cm diameter; referred to as Binitial^) from the top
10 cm of mineral soil was collected to provide data about
initial soil ammonium (NH4

+) and nitrate (NO3
−) content.

Two additional soil cores were collected close to the first using
a soil impact corer with 5.8 cm diameter × 10 cm long poly-
carbonate sleeves and removed for intact core lab incubation.
Cores were transported in a cooler, and refrigerated in the lab
at 4 °C until they could be processed.

Initial soils were sieved (4 mm) within 48 h of return to the
lab. The lab-incubated soils were sieved at the end of each
incubation period. To determine the NO3

− and NH4
+ content

of the soil, a 10 g subsample was extracted with 1 M KCl and
analyzed for NO3

− and NH4
+ by colorimetric spectrophotom-

etry (Bundy & Meisinger 1994), using a Skalar San Plus seg-
mented flow water analysis system (Breda, the Netherlands)
and cadmium reduction and phenate digestion methods
(APHA 1999). Net N mineralization was calculated as the
change in NO3

−-N plus NH4
+-N (total inorganic nitrogen,

TIN) and net nitrification as the change in NO3
−-N between

initial and incubated extracts, respectively. A second 10 g sub-
sample was oven-dried at 105 °C for at least six hours to
calculate the gravimetric soil moisture content. For the lab-
incubated soils, the remaining soil was dried at 70 °C for
48 h to calculate bulk density (g cm−3) for each soil core.
Ash-free dry mass (soil organic matter; SOM) was determined
gravimetrically and by loss on ignition (LOI) after placing 7 g
dry mass soil in a muffle oven at 500 °C for 4 h.

Lab incubation experiment and temperature regime

Soil cores used for the lab incubations were weighed upon
arrival at the lab to determine the total combined weight of
plastic sleeve and soil. After weighing, the intact cores were
incubated in the dark in a Percival incubator (Percival Intellus
I-36VL, Percival Scientific Inc., Perry, IA). Periodically dur-
ing the incubation, the cores were reweighed and any mass
lost was assumed to be moisture loss. In this case, the soil was
brought up to the initial weight with distilled water applied to
the top of the core using a pipet. The incubation period lasted
approximately 28 days. Soils were collected monthly over a
three-month period, because we sought to understand if the N-
mineralization response to a +2 °C difference in temperature
might vary with changes in the base temperature measured in
the forests over that period. Therefore, the temperature regime
for the incubations varied between months and was deter-
mined using the previous months’ urban soil temperature
measured at 10 cm depth using iButton data loggers (Dallas
Semiconductor, Dallas, TX). Temperatures were not held
constant over any single monthly incubation period, but
instead were set to mimic diurnal fluctuations (changed
in three-hour time steps) that had been measured the
previous month in the urban stands over a 24-h cycle
(Fig. 1). One incubator was set to urban field soil tem-
peratures (base temperature) and the other set to +2 °C
above the base temperature. The average base tempera-
tures for September, October, and November incubations
were 25.8 °C, 24.5 °C, and 17.4 °C, respectively. These
autumn months were chosen to represent a seasonal transition
when warm summer temperatures (i.e., September) change to
cool fall temperatures (i.e., November) in order to capture
potential seasonal differences. Elevation above the urban

Table 1 Tree and soil data for urban and rural forest stands in Louisville,
KY. Tree data and stand age estimates from tree cores (±1 SE) were
obtained from three 30 × 30 m plots per land use. Data for other values

represent mean (±1 SE) of three 20 × 20 m plots per land-use type. Soil
data are for upper 10 cm horizon, N = 4 soil samples plot−1

Land Use
Type

Tree basal area
(m2 ha−1)

%
Quercus

%
Q. montana

Soil %
silt

Soil %
clay

% SOM Soil pH Soil Bulk density
(g cm−3)

Soil C:N
ratio

Stand age
(years)

Rural 34.9 (2.1) 92 (0.64) 77 (7.6) 81.6 (0.6) 15.0 (0.7) 5.9 (0.1) 4.2 (0.19) 0.879 (0.023) 21.2 (1.6) 124 (3)

Urban 36.7 (1.8) 89 (5.6) 70 (11.7) 77.1 (1.3) 16.3 (1.2) 8.2 (0.9) 4.3 (0.15) 0.818 (0.041) 26.2 (4.6) 106 (7)

Table 2 Population and land cover characteristics (i.e., built land, road
length) surrounding urban and rural forest stands in this study. Data from
U.S. Census Bureau (2000) and KY Geological Survey (2001)

Land Use Type Population †
(people km−2)

Built Land ‡ (ha) Road Length ‡ (km)

Rural 20 50 11

Urban 1665 933 112

†Data within 1.5 km of forest boundary

‡Data within 2 km radius of plot center; values represent mean of three
forest plots
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baseline would also allow us to observe how Nmineralization
rates in these urban and rural soils may respond to warmer
temperatures that may occur as the heat island intensifies or
expands into present rural areas, or if global warming in-
creases seasonal baseline temperatures over time.

Statistical analyses

Soil organic matter (SOM) and soil moisture were analyzed
separately for each core using a three-factor model (ANOVA)
to partition variation according to time (incubationmonth), site
(urban vs. rural), and temperature (base vs. +2 °C). Initial soil
NH4

+-N and NO3
−-N content were quantified prior to incuba-

tion using a separate core and the same initial value applied to
both sets of incubated soil cores; thus, a two-factor model was
used to assess the effects of time (incubation month) and site
(urban vs. rural) on N mineralization rate. Total N mineraliza-
tion and relative proportion of nitrate in TIN produced were
analyzed separately for urban and rural soils using a two-factor
model to assess variation due to time (incubation month) and
temperature treatment (base vs. +2 °C). Comparisons between
urban and rural soil N mineralization were analyzed separately
for each temperature treatment using a two-factor model to
partition variation according to time (incubation month) and
site (urban vs. rural). Where tests for normality and homosce-
dasticity failed, data were log transformed prior to ANOVA
analysis. All statistical tests were performed using Systat 10.2.

Results

Soil water, SOM, and initial TIN content

Soil moisture in the cores was held as constant as possible
during the laboratory incubation and as expected no

significant differences in soil water content (g H2O g−1 soil)
were detected between urban and rural lab-incubated soils at
the end of the incubation period (p > 0.05; Table 3). Mean
urban soil organic matter (SOM) content was 20 to 26 %
greater than rural SOM for base and +2 °C temperature incu-
bations (base =0.069 vs. 0.057 g OM g−1 soil, +2 °C = 0.072
vs. 0.057 g OM g−1 soil, respectively; p < 0.01; Table 3).
However, mean initial TIN content in urban soils was approx-
imately 50% less than in rural soils on a dry weight (p = 0.018)
and ash free dry weight basis (p = 0.014; Table 3).

Potential net N mineralization

Potential N mineralization rates on a dry weight basis were
approximately one order of magnitude lower than those
expressed on an ash free dry weight basis. No differences in
mineralization directional trends were observed in lab-
incubated soils between data expressed on dry weight
(mg N kg−1 DW soil d−1), ash free dry weight (mg N kg−1

AFDW soil d−1), or area (g N m−2 y−1) basis (Tables 4 and 5).
Thus, only data expressed on an ash-free dry weight basis
were statistically analyzed. Across all base temperatures, net
N mineralization rates were about twice as high in rural
(7.86 mg N kg−1 AFDW soil d−1) than in urban soils
(3.65 mg N kg−1 AFDW soil d−1, p = 0.001; Fig. 2a). A
2 °C temperature elevation across all months did not alter this
N mineralization disparity between rural (9.08 mg N kg−1

AFDW soil d−1) and urban soils (4.76 mg N kg−1 AFDW soil
d−1, p < 0.001; Fig. 2b). Although across all months mean N
mineralization rates at +2 °C were higher, they were not
statistically different for either urban (base vs. elevated,
respectively: 3.65 vs. 4.76 N mg kg−1 AFDW soil d−1,
p = 0.272; Fig. 3a) or rural soils (7.86 vs. 9.08 N mg kg−1

AFDW soil d−1 respectively, p = 0.293; Fig. 3b).
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Potential net NO3
−-N production

The percentage of TIN production as NO3
−-N was lower in

urban than in rural soils (15.1 % vs. 72.3 % NO3
−, respective-

ly; p < 0.001). Elevating temperature by 2 °C did not change
the percentage of TIN comprised of NO3

−-N in urban soils
(14.3 % vs. 15.9 % NO3

—N, for base and elevated tempera-
ture, respectively; p = 0.380; Fig. 4a), or in rural soils (77.5 %
vs. 67.0 % NO3

−-N for base and elevated temperature, respec-
tively; p = 0.398; Fig. 4b).

Discussion

The urban forests in Louisville, KY exhibited air and soil
temperatures that were 1 to 2 °C warmer during the growing
season than those measured in their rural forest counterparts,
likely due to the urban heat island effect. Despite warmer
temperatures, net N mineralization rates measured in situ in
these forests were lowest in urban stands (Carreiro et al.
2009). This soil core incubation experiment, which was con-
ducted concurrently with the field experiment, enabled us to
isolate urban and rural soils from potential variation in other

local environmental factors (e.g., pollutant deposition, differ-
ences in soil moisture), and evaluate the potential of a realistic
increase in temperature to affect N mineralization in these
forest soils.

Effect of temperature

The expectation that removing urban soils from the field and
incubating them at the same temperatures as rural soils would
increase urban N mineralization rates to the levels observed
in rural soils was not supported. Rural soils continued to
mineralize faster than urban soils across a range of temper-
atures experienced in those forest soils from September to
November (Fig. 2). Additionally, the hypothesis that a 2 °C
increase in temperature would increase N mineralization
rates to a statistically detectable extent was not supported.
While mean soil N mineralization rates were greater with a
2 °C increase temperature in all months in the urban soils and
in September and November in the rural soils, we found no
significant differences in urban or rural soil N mineralization
rates between the base and elevated temperature regimes due to
high variability (Fig. 3). Furthermore, the effect of a 2 °C rise
in temperature on either nitrate production or nitrate production

Table 3 Initial total inorganic nitrogen (TIN) content in urban and rural
soils reported on a dry weight (DW) and ash free dry weight (AFDW)
basis. Soil organic matter (SOM), soil water content (SWC), and bulk

density of urban and rural soils at base and +2 °C temperature regimes.
N = 6 cores per land use type per month. Land-use means in bold type (±1
SE) for the three-month collection period

Land Use Month Initial TIN (μg N g−1 soil) SOM (g OM g−1 soil) SWC (g H2O g−1 soil) Bulk Density (g cm−3)

DW AFDW Base °C +2 °C Base °C +2 °C Base °C +2 °C

Urban September 2.4 (0.7) 26.9 (6.8) 0.073 (0.009) 0.077 (0.009) 0.29 (0.06) 0.30 (0.03) 0.91 (0.13) 0.91 (0.10)

October 1.8 (0.8) 33.4 (17.1) 0.074 (0.007) 0.077 (0.010) 0.38 (0.04) 0.40 (0.05) 0.89 (0.08) 0.83 (0.10)

November 3.1 (0.9) 28.1 (7.8) 0.059 (0.003) 0.063 (0.006) 0.28 (0.01) 0.29 (0.01) 1.18 (0.06) 1.16 (0.06)

Mean 2.4 (0.4) 29.4 (2.0) 0.069 (0.005) 0.072 (0.005) 0.32 (0.03) 0.33 (0.04) 0.99 (0.09) 0.96 (0.10)

Rural September 3.7 (1.4) 56.6 (21.5) 0.064 (0.006) 0.060 (0.006) 0.45 (0.02) 0.33 (0.04) 0.75 (0.04) 0.89 (0.04)

October 2.9 (0.5) 38.9 (8.8) 0.058 (0.005) 0.059 (0.003) 0.31 (0.02) 0.32 (0.01) 0.97 (0.07) 1.02 (0.07)

November 6.0 (1.3) 68.1 (14.6) 0.050 (0.004) 0.053 (0.003) 0.30 (0.01) 0.31 (0.01) 1.25 (0.06) 1.07 (0.03)

Mean 4.2 (0.9) 54.5 (8.5) 0.057 (0.004) 0.057 (0.002) 0.35 (0.05) 0.32 (0.01) 0.99 (0.15) 0.99 (0.05)

Table 4 Means (±1 SE) of mineralization and nitrification rates on dry
weight (DW), ash-free dry weight (AFDW), and area basis (10 cm depth)
are shown for urban and rural soils at the base temperature regime only.

Mineralization and nitrification rates on an area basis were calculated
from DW g soil. Data are means for 6 intact soil core samples
incubated for a one-month period

Land
Use

Month Mineralization
(mg N kg−1 DW d−1)

Mineralization
(mg N kg−1 AFDW d−1)

Mineralization
(mg N m−2 y−1)

Nitrification
(mg N kg−1 DW d−1)

Nitrification
(mg N kg−1 AFDW d−1)

Nitrification
(g N m−2 y−1)

Urban September 0.36 (0.11) 3.56 (0.71) 10.86 (3.09) 0.03 (0.01) 0.32 (0.14) 1.03 (0.73)

October 0.53 (0.12) 4.92 (2.08) 17.60 (5.76) 0.13 (0.08) 1.32 (0.81) 4.62 (2.87)

November 0.17 (0.06) 2.48 (0.82) 7.24 (2.66) 0.05 (0.03) 0.61 (0.36) 2.36 (2.21)

Rural September 0.87 (0.17) 8.68 (1.86) 23.18 (4.65) 0.69 (0.16) 7.24 (1.51) 18.15 (4.03)

October 0.80 (0.18) 9.64 (1.43) 26.40 (5.05) 0.61 (0.22) 7.25 (2.35) 19.42 (8.15)

November 0.30 (0.01) 5.25 (0.53) 13.20 (0.52) 0.22 (0.05) 3.52 (0.74) 9.72 (2.91)
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as a proportion of total N mineralized was not statistically
detectable in either urban or rural soils at any month (Fig. 4,
Tables 4 and 5). Within the spatial sampling limitations of a
soil core experiment, all of these responses to temperature sug-
gest that variation in both SOM quantity and quality, and per-
haps differences in microbial and invertebrate communities,
are more important determinants of N mineralization rates
across this urban-rural gradient. While monthly temperature
difference during the three-month period affected N minerali-
zation rates (Tables 4 and 5), a 2 °C rise in temperature does not

appear a substantial enough elevation to overcome soil organic
matter legacy effects in these particular systems.

Surprisingly, soil organic matter quantity differed signifi-
cantly between urban and rural soils, with SOM being 20–
26 % greater in the urban. Expectations are that N mineraliza-
tion rates on a dry weight basis would be positively correlated
with greater organic matter content. However, this was not
observed. Possible explanations for these differences in soil
organic matter are: 1) greater organic matter inputs to the
urban soils, 2) decreased microbial mineralization of

Table 5 Means (±1 SE) of mineralization and nitrification rates on dry
weight (DW), ash-free dry weight (AFDW), and area basis (10 cm depth)
are shown for urban and rural soils at +2 °C temperature regime only.

Mineralization and nitrification rates on an area basis were calculated
from DW g soil. Data are means for 6 intact soil core samples
incubated for a one-month period

Land
Use

Month Mineralization
(mg N kg−1 DW d−1)

Mineralization
(mg N kg−1 AFDW d−1)

Mineralization
(mg N m−2 y−1)

Nitrification
(mg N kg−1 DW d−1)

Nitrification
(mg N kg−1 AFDW d−1)

Nitrification
(g N m−2 y−1)

Urban September 0.54 (0.08) 5.86 (1.47) 17.58 (3.54) 0.09 (0.04) 1.09 (0.46) 3.31 (2.24)

October 0.60 (0.10) 5.51 (1.98) 18.04 (3.93) 0.18 (0.09) 1.82 (0.97) 5.31 (2.67)

November 0.22 (0.08) 2.90 (0.93) 9.23 (3.15) 0.03 (0.03) 0.39 (0.33) 1.39 (1.50)

Rural September 0.84 (0.06) 10.47 (1.39) 27.17 (1.53) 0.67 (0.16) 8.67 (2.21) 21.58 (7.67)

October 0.68 (0.19) 8.49 (1.91) 24.15 (6.19) 0.46 (0.14) 5.60 (1.55) 16.35 (7.16)

November 0.50 (0.09) 8.29 (1.40) 19.91 (4.13) 0.35 (0.07) 5.52 (1.19) 13.67 (1.94)
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organic matter in the urban soils, or 3) both. While we found
that aboveground organic matter inputs to the soil from the
two dominant tree species in these forest stands (Quercus
montana and Acer saccharum)were not significantly different
between the urban and rural forests (Carreiro et al., unpub-
lished results), rhizodeposition (i.e., plant root cells sloughed
off into the rhizosphere) and dead root inputs as sources were
not measured and could occur particularly during summer
droughts. Rates of rhizodeposition and dead root input could
be greater in urban stands if the heat island results in greater
evapotranspiration in summer even if precipitation differences
between urban and rural stands are negligible. However, when
soil temperature was held constant and soil moisture differ-
ences were minimal, as occurred in this lab incubation exper-
iment, the slower Nmineralization rates on a per gramAFDW
basis indicate that the quality of SOM in urban soils was
poorer than in rural soils. This suggests that decreased micro-
bial activity may be a more plausible explanation for increased
SOM quantity in the urban soils as well.

The quality of the litter inputs to the soil may help explain
the differences in N mineralization between these urban
and rural soils. Organic matter inputs to the soil may
explain some of this expected variation in SOM quality

between urban and rural soils. While not found to be statisti-
cally significant, the total biomass inputs from the recalcitrant
Quercus montana litter was greater in the urban forests com-
pared to the rural forests (60.6 g versus 47.8 g, respectively),
whereas the total biomass inputs from the higher quality
litter of Acer saccharum was significantly greater in the
rural than urban stands (41.6 g versus 10.74 g, respectively;
p < 0.01; Carreiro et al., unpublished results). Furthermore,
the litter N in Q. montana was significantly greater in the
rural stands (68.2 μg N cm−2 leaf) than in the urban stands
(51.1 μg N cm−2 leaf; p < 0.05), and, while not statistically
significant, litter N in A. saccharum was also greater in
rural stands (37.7 μg N cm−2 leaf) than in urban stands
(29.7 μg N cm−2 leaf; p > 0.05). These differences in the
contribution of the two species to the total litter biomass
inputs to the soil and in the litter N concentration between
urban and rural stands could likely explain the SOM
quality differences between the urban and rural soils. This
in turn may help explain the differences in soil N mineral-
ization observed between these urban and rural forests.

The carbon-to-nitrogen ratios (C:N) of soil are indicative of
soil organic matter quality and of N availability to microbes
and plants and can predict nitrification rates in soils. As
expected from the N mineralization data, the urban soils
had higher C:N (C:N = 26.2 vs. 21.2) and significantly
less initial soil N content than rural soils, providing addi-
tional support that the urban soils may have lower SOM
quality compared to the rural soils. C:N ratios above 25
may reduce microbial activity and limit their ability to
produce nitrogen (Gundersen et al., 1998; Lovett et al. 2002;
Ollinger et al. 2002). Thus, the urban soil C:N may be above
this threshold where microbes are not able to net mineralize N
even when temperatures are increased by +2 °C or moisture is
sufficient. Less nitrogen production in the urban soils suggests
less N is available for plant growth and foliar production,
which may feed back to produce SOM of lower quality.

While removing soils from current environmental condi-
tions (e.g., air and soil pollution) did not alter urban soil N
production, the legacy of pollution on with-in soil factors,
such as soil organic matter quality and the soil microbial com-
munity, may affect urban soil N mineralization rates as well.
Ozone damage to cottonwood leaves altered leaf litter quality
(Findlay et al. 1996), which reduced subsequent litter decom-
position rates. The New York City urban-to-rural gradient
study of forest remnants demonstrated that the quality of red
oak litter was more recalcitrant in urban than in rural stands
(Carreiro et al. 1999; Pouyat and Carreiro 2003). Heavy metal
deposition to urban soils may also decrease decomposer activity,
resulting in lower N mineralization rates (Bääth 1989). In this
study, the urban soils had higher heavy metal concentrations
(Pb + Cu + Ni) than the rural soils (289 vs. 107 μmol kg−1

ODW soil), and these heavy metal concentrations in the urban
soil approach concentrations that may negatively affect soil
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microbial activity in forests (Pouyat et al. 1997). Lower soil
organic matter quality, different microbial community composi-
tion, and higher heavy metal concentrations may be several
factors that can account for lower N mineralization rates in
urban soils; however, further research is needed to determine
the extent to which each of these biotic and abiotic factors are
potentially controlling soil N production in these urban and rural
forest soils.

Multiple city comparisons

In several other field studies, soil N mineralization rates in
remnant forests along an urban-rural gradient were found to
be greater in the urban compared to the rural soils (Pouyat
et al. 1997; Pouyat and Turechek 2001; Pavao-Zuckerman
and Coleman 2005; Szlavecz et al. 2006; Chen et al. 2010;
Enloe et al. 2015). The elevated in-situ N mineralization in
these other urban forests have been partially attributed to
higher temperatures in the urban forests (Chen et al. 2010;
urban 1 °C warmer Pavao-Zuckerman and Coleman 2005;
urban 0.63 °C warmer Enloe et al. 2015). However, in a lab
incubation study of soils along the New York City urban-rural
gradient, urban soils demonstrated increased net N minerali-
zation relative to rural soils under the same temperature re-
gime (Zhu and Carreiro 1999). The importance of nonnative
earthworm activity was shown to be the important driver of
soil N cycling in these urban soils (Zhu and Carreiro 2004).
Furthermore, the presence of exotic earthworms in urban for-
est soils along this gradient was shown to be an important
factor explaining differences observed between urban and ru-
ral litter decay rates as well. It appears then these earthworms
were able to override the potential negative effects of lower
litter and SOM quality on microbial activity on urban soil N
cycling processes (Pouyat and Turechek 2001; Pouyat and
Carreiro 2003; Steinberg et al. 1997). To our knowledge, this
is the first study to document slower soil N mineralization
rates in urban forests relative to rural forest counterparts.
The uniqueness of our results demonstrates the importance
of conducting urban ecological research across multiple cities,
since the primary controls on ecosystem functions can differ
across cities, regions and continents, changing both the mag-
nitude and direction of these ecosystem processes.

Implications for global change

One of the advantages of studying urban ecosystems is the
potential of urban environments to provide insight about
ecosystem responses to global climate change since the con-
ditions in urban environments are comparable to predicted
climate alterations (e.g., increased temperature; altered
precipitation regime; Grimm et al. 2008). While forests rem-
nants embedded along urbanization gradients offer an oppor-
tunity to study the multiple factors attributed to global change

(e.g., elevated temperature from urban heat islands, CO2, and
N deposition), the inherent limitation of this approach is the
inability to separate the direct impacts of individual factors on
forest function (Carreiro and Tripler 2005). Controlled lab
experiments conducted simultaneously with urban-to-rural
gradient studies, as the one conducted in this study, provide
valuable information about how one aspect of urbanization
and global climate change (i.e., elevated temperature) may
affect ecosystem function. Soil warming experiments have
demonstrated increased in situ net N mineralization and nitri-
fication when temperatures were elevated by 3–5 °C and 0.6–
1.2 °C, respectively (Verburg and van Breemen 2000; Xu et al.
2010), and net Nmineralization was shown to remain elevated
even after 7 years of continuous experimental warming
(Butler et al. 2012). These experimental manipulations sug-
gest urban soil ecosystem processes should be accelerated
with elevated temperatures. However, results from our incu-
bation experiment demonstrated that a +2 °C temperature
differential, as was measured along this gradient, was not the
primary factor controlling soil N cycling differences between
forest remnants at either end of an urban-rural gradient in
Louisville, KY.We conclude that other factors associated with
our urbanization gradient (e.g., differences in SOM quality)
were more important than temperature differences in control-
ling the magnitude and direction of soil N mineralization and
nitrification in these forests. This implies that ecosystem re-
sponses to urbanization and global change are complex and
difficult to predict.

Conclusion

A +2 °C difference in soil temperature, as can be observed
along urban-rural gradients, did not influence soil N produc-
tion rates in our urban or rural forest soils since increased
temperature regimes had no statistically detectable effect on
soil N mineralization rates or proportion of nitrate production.
Furthermore, urban soils removed from current climatic con-
ditions and pollutant deposition did not mineralize at similar
rates to the rural forest soils, indicating soil legacy factors are
more important in controlling N production in these forests.
SOM quantity and quality inputs to forest soils along this
urban-rural gradient were found to be more important fac-
tors controlling soil N production rates than temperature
differences. If slower N mineralization rates persist in urban
forests, then this reduction in N availability may negatively
feed back to above- and below-ground organisms, in turn
resulting in tight N cycling in these urban forests (e.g.,
increased foliar N resorption) or an increased dependence
on N inputs to the system (e.g., N deposition). Lower N
mineralization rates in urban soils also suggests these forests
are not contributing as much to N export from the system as
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are their rural counterparts 40 km away and are likely more
retentive with respect to N inputs.
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