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1 | INTRODUCTION
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Abstract
As urbanization and forest fragmentation increase around the globe, it is critical to
understand how rates of respiration and carbon losses from soil carbon pools are af-
fected by these processes. This study characterizes soils in fragmented forests along
an urban to rural gradient, evaluating the sensitivity of soil respiration to changes in
soil temperature and moisture near the forest edge. While previous studies found
elevated rates of soil respiration at temperate forest edges in rural areas compared
to the forest interior, we find that soil respiration is suppressed at the forest edge in
urban areas. At urban sites, respiration rates are 25% lower at the forest edge rela-
tive to the interior, likely due to high temperature and aridity conditions near urban
edges. While rural soils continue to respire with increasing temperatures, urban soil
respiration rates asymptote as temperatures climb and soils dry. Soil temperature-
and moisture-sensitivity modeling shows that respiration rates in urban soils are
less sensitive to rising temperatures than those in rural soils. Scaling these results
to Massachusetts (MA), which encompasses 0.25 Mha of the urban forest, we find
that failure to account for decreases in soil respiration rates near urban forest edges
leads to an overestimate of growing-season soil carbon fluxes of >350,000 Mg C. This
difference is almost 2.5 times that for rural soils in the analogous comparison (under-
estimate of <143,000 Mg C), even though rural forest area is more than four times
greater than urban forest area in MA. While a changing climate may stimulate carbon
losses from rural forest edge soils, urban forests may experience enhanced soil carbon
sequestration near the forest edge. These findings highlight the need to capture the
effects of forest fragmentation and land use context when making projections about

soil behavior and carbon cycling in a warming and increasingly urbanized world.
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2016). Our understanding of carbon cycling in forest soils comes

largely from studies of intact forests (Melillo et al., 2017), but these

Soils store more than three times the amount of carbon (C) contained forests do not represent the majority of global forest land cover.
in the atmosphere (Lal, 2008), but considerable uncertainty remains The world's forests are heavily fragmented, and more than 70% are
around soil carbon dynamics in a changing world (Bradford et al., within 1 km of a forest edge (Haddad et al., 2015). It is therefore
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critical to investigate how soil carbon storage will change in the face
of climbing global temperatures and pervasive land-use change,
such as forest fragmentation and urbanization (Bradford et al., 2016;
Carey et al., 2016; Smith et al., 2018, 2019).

Many recent studies about deforestation focus on the forest
area that is lost, often ignoring the secondary and long-lasting im-
pacts of land cover change on the forested ecosystems that remain.
Deforestation creates forest edges exposed to conditions distinct
from the forest interior (Smith et al., 2018). Forest edges tend to
be both hotter and drier than the forest interior due to increased
wind and light exposure (Harper et al., 2005; Matlack, 1993), and
they often experience enhanced rates of atmospheric nitrogen (N)
inputs (Remy et al., 2016; Weathers et al., 2001). The distance of
edge influence into the forest interior can vary across processes and
biomes, with soil abiotic conditions (e.g., temperature, moisture) and
biotic processes often altered within at least the first 20 m from the
forest edge (Meeussen et al., 2020; Smith et al., 2019).

Mounting evidence suggests that the unique microenvironment
at the forest edge alters carbon cycling relative to the interior forest
(Chaplin-Kramer et al., 2015; Meeussen et al., 2020; Reinmann et al.,
2020; Remy et al., 2016; Smith et al., 2019). At temperate forest
edges, trees tend to have greater aboveground biomass and rates of
growth than trees in the forest interior, potentially enhancing carbon
sequestration in aboveground biomass (McDonald & Urban, 2004;
Meeussen et al., 2020; Morreale et al., 2021). However, terrestrial
forests store nearly half of their carbon in the top meter of soil (Pan
et al., 2011) and recent studies report increased soil carbon diox-
ide (CO,) fluxes, or soil respiration, from rural forest edges that are
attributed to elevated soil temperatures near the edge compared
to the forest interior (Reinmann et al., 2020; Smith et al., 2019).
Increasing global temperatures are expected to lead to further soil
carbon losses via soil respiration, providing powerful positive feed-
back on planetary warming (Bond-Lamberty & Thomson, 2010).
However, current models and predictions for future carbon losses
from the soil do not account for unique soil respiration fluxes at the
forest edge (Luo et al., 2016). Soil carbon losses associated with in-
creased temperatures are likely to be magnified under future climate
change (Bond-Lamberty & Thomson, 2010), and failure to account
for differential losses near the forest edge could lead to serious er-
rors in estimates of biogenic carbon emissions (Smith et al., 2019).

The few studies of forest fragmentation effects on soils have fo-
cused on rural forest edges, away from intensive ongoing human ac-
tivities that can further exacerbate elevated temperatures, dryness,
and levels of nitrogen throughfall near the edge (Reinmann et al.,
2020; Remy et al., 2016; Smith et al., 2019; Weathers et al., 2001).
However, urban expansion is a pivotal driver of land-use change
(Seto et al., 2012), and small, fragmented forest patches dominate
urban areas (Trlica et al., 2020). In the northeastern quarter of the
US, more than 23% of forest area is within 30 m of a forest edge
created by anthropogenic deforestation and changes in land use
(Smith et al., 2018), and by 2050, four northeastern states are pro-
jected to be more than one half urban land (Nowak & Walton, 2005).
Urban soils are subject to biogeochemical perturbations distinct
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from their fragmented rural forest counterparts and experience a
variety of disturbances, including intensive, and extensive manage-
ment with implications for local carbon budgets (Decina et al., 2016;
Hundertmark et al., 2021; Vasenev et al., 2018). Intensively man-
aged, non-forested urban soils demonstrate substantial increases in

In

respiration compared to soils in nearby “natural” systems due in part
to increased applications of compost and mulch (Crum et al., 2016;
Decina et al., 2016; Vasenev et al., 2018). However, soil respiration
patterns at urban forest edges have yet to be characterized.

Soil respiration has traditionally been modeled as an exponen-
tial function positively correlated with temperature (Lloyd & Taylor,
1994). While studies of soil respiration responses to warming in
rural forest interiors demonstrate that soil carbon losses increase
with initial warming (Melillo et al., 2002, 2011), the magnitude of
this effect varies over time (Bradford et al., 2016; Melillo et al.,
2017), suggesting a more nuanced relationship between respira-
tion and chronic soil warming than previously thought (Jenkinson
et al,, 1991; Post et al., 1982). Further, increased soil temperatures
can also lead to heat and moisture stress, suppressing decompo-
sition and soil respiration (Carey et al., 2016; Crockatt & Bebber,
2015; Khomik et al., 2009). These varied responses are critical to
understanding soil respiration behavior near forest edges in de-
veloped areas, where soil warming at the edge associated with in-
creased incident radiation (Reinmann & Hutyra, 2017; Reinmann
et al., 2020) can be further exacerbated by the urban heat island
effect (Oke et al., 2017).

Other conditions near the forest edge, such as increases in
soil nitrogen availability, are also likely to intensify with proximity
to urbanization and affect soils (Contosta et al., 2011; Frey et al.,
2013). Greater tree canopy exposure near the forest edge can lead
to heightened throughfall nitrogen inputs (Weathers et al., 2001),
and this is likely to increase with human activity and anthropogenic
nitrogen emissions. Excess soil nitrogen loading can impede organic
matter decomposition and decrease microbial respiration rates
(Ramirez et al., 2012; Treseder, 2008). Forest edges are also exposed
to heightened air pollutant concentrations (Weathers et al., 2001),
and forests adjacent to roads may experience increased salt inputs
from de-icing applications in winter (Bryson & Barker, 2002).

In many respects, forest edges offer an observational coun-
terpart to global change manipulation experiments, providing an
opportunity to study the effects of multiple global change drivers
simultaneously, including warming, urbanization, and changes in
water and nitrogen availability. The influences of forest edges are
typically omitted from climate and ecosystem models (Reinmann
et al., 2020), and the response of soil respiration, in particular, rep-
resents a substantial missing piece of our understanding of the land-
scape and regional-scale carbon cycling.

We quantified the effects of forest fragmentation and urban-
ization on soil CO, fluxes along an urbanization gradient. We hy-
pothesized that soil respiration rates are greater in urban and rural
forest edges relative to the forest interior, but the magnitude of the
increase is substantially greater in urban areas due to heightened
temperatures near the edge, despite other adverse conditions.
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2 | MATERIALS AND METHODS

2.1 | Site descriptions and urbanization history

This study was conducted along an urbanization gradient from urban
Boston to rural central Massachusetts (MA). Due to historical settle-
ment patterns, development in MA radiated out from east to west,
and the earliest settlements developed into present-day urban cent-
ers across the state (Hall et al., 2002). The state has a long history
of deforestation driven by agriculture and urban expansion but also
experienced forest expansion after agriculture shifted westward in
the 1850s (Foster, 2010; Hall et al., 2002). These land-use changes
have resulted in patches of heavily fragmented and urbanized for-
ests in MA (Reinmann et al., 2020). Urbanization is a dominant driver
of continuing land cover change and forest loss in this area (Foster,
2010; Hall et al., 2002).

From May to June 2018, we established eight field sites at forest
edges along the urban to rural gradient in MA (Figure 1a; Figure S1).
All sites are temperate, mixed-deciduous forests typical of southern
New England (Duveneck et al., 2015), and site selection was designed
to reduce variation due to forest type. All sites are primarily domi-
nated by oaks (e.g., Quercus rubra, Q. veluntina) and maples (e.g., Acer
rubrum, A. saccharum). Typical of MA soils, all sites are located on
Leptic Podzols, soils developed on thick glacial drift deposits that tend
to be acidic and have mesic soil temperature regimes (Digital Soil Map
of the World, 2021; National Cooperative Soil Survey et al., 1975).

Observed mean daytime (08:00-17:00) air temperatures in rural

sites were 22.5 + 0.39°C (95% confidence interval) in the summer
(June, July, August 2018, and 2019) and -1.5 + 0.31°C in the winter

(December 2018; January, February 2019), and they receive approx-
imately 123 cm precipitation evenly distributed throughout the year
(National Centers for Environmental Information, 2021). Mean ob-
served daytime air temperatures in urban sites were 24.2 + 0.15°C
and 1.1 + 0.25°C in the summer and winter, respectively (Figure S2),
and they receive approximately 111 cm precipitation evenly dis-
tributed throughout the year (National Centers for Environmental
Information, 2021). The prevailing wind direction across MAis largely
westerly (data from Logan Airport, station #14739; Worcester, sta-
tion #94746, Natural Resources Conservation Service & National
Water and Climate Center, 2010).

We characterized the degree of urbanization intensity surround-
ing each forest site using impervious surface area (ISA; MassGIS
Data: Impervious Surface 2005, 2007), population density (US
Census Bureau, 2010), and distance to Boston Common in down-
town Boston (sensu Raciti et al., 2012), as well as whether the field
site fell within the boundaries of a census-designated place (CDP) (US
Census Bureau, 2021). Impervious surfaces refer to surfaces such as
concrete, pavement, and other structures that prevent water from
infiltrating into the soil. Sensu Raciti et al. (2012), percent ISA was
estimated for a 990 x 990 m area centered around the O m point for
each site transect (MassGIS Data: Impervious Surface, 2005, 2007).
CDPs are defined by the US Census Bureau and are the statistical
equivalent of incorporated places, such as cities and towns, refer-
ring to locally recognized, closely settled areas (US Census Bureau,
2018). Four sites were classified as rural and four as urban (Table 1;
Figure S1).

On average, the Boston area received 3.88 kg N halyear™ of
inorganic nitrogen deposition from 2016 to 2019 (data from U.S.

FIGURE 1 (a)Location of eight field
sites along an urbanization gradient in
Massachusetts. Black points indicate
rural research sites, red points indicate
urban research sites, and the yellow star is
Boston Common in downtown Boston. (b)
Aerial view of one of our forest edge sites
at Harvard Forest in Petersham, MA, one
of four rural research sites. (c) Aerial view
of our forest edge site in Lexington, MA,
one of four urban research sites. Black
and white dotted lines indicate the 90m
site transect from forest edge to interior
[Colour figure can be viewed at
wileyonlinelibrary.com]
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National Atmospheric Deposition Program (NADP) sites MA22 and
MA98), as well as high levels of sodium (8.52 kg Na* ha tyear™), chlo-
ride (18.60 kg CI” ha lyear™), and sulfate (5.58 kg 5042' halyear™)
deposition (National Trends Network, 2020). In contrast, an NADP
site in central MA (MAO08; ~15 km from Petersham research sites)
received 2.53 kg N halyear™ over the same period. Sodium, chlo-
ride, and sulfate were also prevalent in a deposition in central MA
from 2016 to 2019, but similar to nitrogen, levels were much lower
at 1.43 kg Na* ha"'year ™, 2.60 kg CI” ha™year, and 3.13 kg SO,%
halyear™ (National Trends Network, 2020). Note that NADP mon-
itoring sites tend to be located away from urban areas and point
sources of pollution, so these values may underestimate deposition

At each of the eight sites, we established a single transect or-
thogonal to the forest edge (defined by the tree stem-line) and
extended 90 m into the forest interior (Figure 1b,c; Figure S1). To
characterize the effects of a single forest edge and avoid confound-
ing by multiple edges, we purposefully chose forested sites with a
minimum of 100 m of uninterrupted forest on the three non-edge
sides of the transect. Sites were installed with a variety of edge as-
pects and adjacent to varying land cover types (Table 1; Figure S1).
Breaks in forest cover that extended at least 25 m from the tree
stem-line and were visible in high-resolution Google Earth images
were considered forest edges. Google Earth high-resolution images
also indicated that all forest edges in this study have been frag-
mented for at least 25 years prior to our measurements; however,
further land-use history data was not available. Three out of four
forest edge sites designated as “urban” border busy roads and/or
pavement with heavily traveled sidewalks. One rural forest edge re-
search site also borders a road but experiences much less foot and
car traffic and its surrounding forest is far more intact than its urban
counterparts (Figure S1). While surrounding open areas bordering
edges in this study appear to be regularly maintained (e.g., mowed,
cleared), only forest edges without obvious signs of forest manage-
ment were used in this study.

2.2 | Field data collection

Along each transect, we installed a pair of PVC soil respiration col-
lars at O, 15, 30, 60, and 90 m from the forest edge (n = 10 col-
lars per transect; 80 collars total). Respiration collars were 20.2 cm
in diameter, mounted in the soil approximately 4 cm deep and ex-
tending aboveground roughly 4 cm. Respiration collars were left
to equilibrate for at least two weeks before data collection began.
Soil respiration measurements were taken July 30-October 29,
2018 and April 25-November 8, 2019 using a LI-COR LI-8100A
soil respiration chamber system (+1.5% accuracy for CO, reading;
LI-8100A Specifications, 2021) every two weeks between 08:00
and 17:00 local time. During the early-spring and fall of 2019 (April,
October, and November), respiration measurements were taken

every three weeks. The time of measurement was randomized
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across sites and distances from the edge, and measurements were
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not taken during precipitation events. Our sampling interval is lim-
ited to the snow-free period of April-November because the vast
majority of soil respiration occurs during the snow-free portion of
the year (Giasson et al., 2013), and there are profound logistical dif-
ficulties and artifacts associated with taking soil respiration meas-
urements through the snow during winter months. Unless otherwise
noted, the growing season refers to the entire period of respiration
data collection (i.e., April 25 through November 8). We refer to June
1-September 15 as the mid-growing season, and the remainders of
the data collection window are referred to as shoulder seasons.

Soil temperature and volumetric soil water content (VWC) were
measured concurrently with soil respiration using hand-probes
at 10 cm and 7.6 cm depth, respectively. Soil temperature probes
measure temperature at depth, while VWC probe measurements
integrate moisture over the depth range. Depending on instru-
ment availability, these co-located measurements were taken with
a Hanna Instruments Thermistor Thermometer (+0.4°C for one
year excluding probe error; Waterproof Thermistor Thermometer:
HI93510N, 2021) and Field Scout TDR 150 (+3%; TDR 150 Soil
Moisture Meter with Case, 2021), respectively, or using LICOR aux-
iliary probes (+1.5°C, 0-50°C for Omega Soil Temperature Probe
(6000-09TC); 6400-09 Soil CO2 Flux Chamber Instruction Manual,
2003). Hand-probe measurements provide a critical snapshot of abi-
otic conditions at the time of respiration measurements but provide
only a partial picture of overall site conditions. Because they are
taken with respiration measurements, hand-probe measurements
are taken only during the daytime and not during periods of precipi-
tation. Soil temperature and VWC were also continuously-logged at
10 cm depth every 30 min using Onset HOBO Pendant Data Loggers
(+0.53°C, 0-50°C; HOBO Pendant Temperature/Light Data Logger
8K, 2021) and Onset Soil Moisture Smart Sensors (+3% in most soil
conditions; 10HS Soil Moisture Smart Sensor: S-SMD-MO005, 2021),

respectively, in seven of the eight transects at 0, 15, 30, and 90 m

TABLE 2 Gamma model fitted parameters

Urbanization

Model category By
Gamma (T,,,) Urban 18.90
Rural 21.65
Gamma (T,, + VWC) Urban 22.16
Rural 17.77
Gamma (T,, * VWC) Urban 13.68
Rural 8.31
Gamma (T,, * VWC + NearEdge,,5,,) Urban 14.09
Rural 8.15
Gamma (T,, * VWC + DFE) Urban 14.35
Rural 8.33

from the edge. Air temperature at ~1.5 m above the ground was also
logged at these distances at seven research sites using Onset HOBO
Temperature/Relative Humidity Data Loggers (+0.2°C, 0-70°C;
HOBO U23 Pro v2 Temperature/Relative Humidity Data Logger,
2021).

2.3 | Soil temperature and moisture
response modeling

The relationships between soil respiration and both soil tempera-
ture and moisture were characterized using multiple response mod-
els. Probe point measurements of temperature and moisture were
used in this modeling to most closely represent the concurrent and
proximate soil conditions at each respiration measurement location.
Following Bond-Lamberty et al. (2011), ordinary least squares (OLS)
and non-linear fitting algorithms were used depending on the model:
exponential Q,, (van't Hoff, 1898), logistic (Richards, 1959), Lloyd &
Taylor (Lloyd & Taylor, 1994) and gamma (Khomik et al., 2009) (Table
S1). The gamma model is a relatively flexible empirical model and is

described in Equation (1):

R, = (T 40)% eP1+(B2Tu0) 1)

where R_ is the soil respiration rate in umol CO, m2s and Ty is soil
temperature at 10 cm depth (°C) shifted by 40°C (i.e., T,, = measured
temperature +40°C; sensu Khomik et al., 2009). po-P, are fitted pa-
rameters (Table 2; Table S1).

We further used gamma models to integrate the relationship be-
tween soil respiration and temperature as mediated by volumetric
soil moisture:

R, = (T40)ﬂ° eP1HB2Tao)+(B3VWC) 2)
Adj
B, By By Bs n R?
-59.00 -0.28 - - - 411 041
-67.88 -0.32 - - - 394 0.46
-70.14 -0.34 2.03 = = 409 048
-56.81 -0.24 1.28 = = 394  0.50
-42.21  -0.21 -12.29 026 - 409 054
-26.15 -0.10 -11.34 023 - 394  0.53
-43.62  -0.21 -11.81 0.25 0.16 409  0.56
-25.66 -0.103 -11.29 0.23 -0.043 394 0.53
-44.453 -0.22 -11.43 0.24  0.0026 409  0.56
-26.21 -0.11 -11.34 0.29  0.000044 394 0.53

Note: R, is the soil respiration rate in pmol CO,, m2st, T,o is soil temperature at 10 cm depth in degrees Celsius (°C) shifted by 40°C. VWCis
volumetric soil moisture (v/v) at 7.6 cm depth. NearEdge,, ;. is a binary categorical term describing soils 0-15 m from the forest edge or 30-90 m
into the forest interior, while DFE represents each discrete distance from forest edge to the interior (m). Bo-Ps are fitted model parameters. n refers to
the sample size used to parameterize each model. Adj R? is the R-squared value adjusted for the number of terms in the model.
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RS - (T40)ﬂ0 eﬂ1+(ﬂzT40)+(ﬂ3VWC)+ﬂ4(T40XVWC) (3)

where VWC is volumetric soil water content (v/v) at 7.6cm depth, and
po=P, are fitted model parameters (Table 2; Table S1). In Equation (2),
soil temperature and moisture are additive, whereas in Equation (3) we
include an interaction term. Models were fit to all respiration data, re-
gardless of urbanization category (urban or rural), and also fit to urban
and rural data separately.

After selecting the gamma model described in Equation (3) for
both rural and urban sites based on residual sum of squares (RSS),
Akaike Information Criterion (AIC; Akaike, 1998), and adjusted R?
(Table 2; Table S1), we evaluated differences in soil behavior near
the forest edge compared to those in the forest interior by adding
a categorical term to Equation (3). The categorical term indicates if
measurements were taken 0-15 m from the forest edge to deter-
mine if temperature-moisture sensitivity near the forest edge was
significantly different from the forest interior for rural and urban

soils, respectively:

Rg = (T40)ﬂ0 el aTal (VWO 4 (TuxVWO) g NearEdgegpsy,  (4)

where NearEdge,, ... is a binary categorical term describing mea-
surements taken either 0-15 m from the forest edge or 30-90 m
into the forest interior, and §,-/3; are fitted model parameters (Table
2; Table S1). We aggregated to a 0-15 m interval following the dis-
tance from edge (DFE) influence findings from other temperate for-
ests (Harper et al., 2005; Reinmann et al., 2020; Smith et al., 2019).
Analysis of variance (ANOVA,; Girden, 1992) was used to determine
if temperature-moisture sensitivity for respiration was significantly
different for soils 0-15 m from the edge relative to soils 30-90 m
into the forest interior within each of the two urbanization classes
(rural or urban). We also evaluated DFE for each discrete distance
(Table 2; Table S1), but we did not see a meaningful improvement
in model performance and continued our analysis with the term
NearEdge,,,, ;s for parsimony.

In this analysis, we do not attempt to partition autotrophic and
heterotrophic respiration and assume that they change propor-
tionally in response to stimuli near the forest edge. Previous work
from Reinmann and Hutyra (2017) found that root biomass does not
change significantly with distance from the edge; in this analysis, we
assume that the ratio of heterotrophic to autotrophic respiration is

also unchanged.

2.4 | Estimating and scaling soil CO, efflux

Median hourly soil temperature and volumetric water content from
continuously-logging sensors were used to create composite soil
time series for “typical” urban and rural soils closer to the forest
edge (<20 m) and further into the forest interior (>20 m). This 20 m
threshold was used to scale our results using the available binary
edge/interior forest classification done by Reinmann et al. (2020)
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and to allow for a direct comparison of above- and belowground
edge effects across studies. Where possible, gaps in continuously-
logged VWC data at rural sites were filled using archival data from
nearby forest edge sites (Smith, 2019; 2687 VWC values filled out
of 67,271 total observations; nearby forest edge sites located on
Harvard Forest property approximately 3 km from Petersham re-
search sites). The remaining data gaps in VWC data from dataloggers
were filled by linearly interpolating between adjacent hourly time
points (2809 observations).

We used the mean area under the curve to calculate average
soil temperatures and VWC values for average urban and rural soils
0-20 m and 20-90 m from the forest edge. We then used these
temperature-moisture time series to predict hourly soil respiration
fluxes across the growing season for urban and rural soils, respec-
tively. When estimating fluxes, Equation (3) was used to model
soil respiration rates only if an ANOVA indicated that inclusion of
a NearEdge,, ... term did not significantly affect the model perfor-
mance, as was the case for rural soils. If an ANOVA indicated that
inclusion of NearEdge,,,,,s,, Was statistically significant, as for urban
soils, Equation (4) was used to model soil respiration rates. Respiration
estimates were then scaled to the state of MA using CDPs to identify
urban areas. Using ArcGIS Pro, we estimated the fraction of forest
within 20 m of a non-forest edge within CDPs, as well as for all other
lands outside of CDP boundaries (sensu Reinmann et al., 2020; US
Census Bureau, 2021). We then scaled soil respiration estimates for
all forested areas in MA, regardless of forest type, treating CDPs as
urban and all other land areas in MA as rural. While not explicitly ac-
counted for in our analyses, the forest edge aspect is likely to affect
soil processes like respiration near the edge through its effects on
soil temperature and soil moisture (Matlack, 1993). Because our sites
cover a range of edge orientations, we are likely indirectly capturing
the effects of aspects on soil temperature, moisture, and, therefore,

soil respiration across our results.

2.5 | Statistical analysis

All data quality assurance and statistical analyses were performed
in R version 3.6.2 (R Core Team, 2019). We used standard OLS re-
gression as implemented in R core packages using the Im function
(Chambers, 1992) and non-linear least squares regression with the
nls function (Bates & Chambers, 1992) and nls.Im function from the
package minpack.Im (Elzhov et al., 2016) to fit models of soil respira-
tion temperature-moisture sensitivity. We used linear mixed-effects
models (Ime function from package nime; Pinheiro et al., 2019 and
Ismeans function from package Ismeans with a post hoc Tukey's
range test; Lenth, 2016) to calculate average soil respiration, tem-
perature, and moisture values at varying distances from the forest
edge. Distance from the forest edge (continuous data) and urbani-
zation category (urban or rural) were treated as fixed effects, and
the site was included as a random effect (intercept) to account for
repeated measurements. Note that unless otherwise specified, all
values reported are means with standard error, summary statistics
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reflect the full growing season dataset, and we report significance

asp <.05.
3 | RESULTS
3.1 | Soil respiration at the edge

Rates of soil respiration showed diverging patterns near forest edges
between urban and rural sites, particularly during the mid-growing
season (Figure 2a). We observed that soil respiration rates are gener-
ally elevated at 0 m from the forest edge (hereafter referred to as the
“forest edge”) in rural areas compared to respiration rates further
into the forest interior, while respiration rates were suppressed at
the urban forest edge relative to the urban interior forest (Figure 2a;
Figure S3a). Over the full period of data collection, the mean for-
est edge soil respiration rate at rural sites was 6.92 + 0.43 pmol
co, m~2s7%, and rural respiration rates declined up to 30 m into the
forest interior. In contrast, rates of soil respiration in urban sites
were 25% lower at the forest edge (4.06 + 0.42 pmol CO, m2s7Y)

compared to 5.45 + 0.33 pmol CO, m 27

on average from 15-90 m
into the urban forest interior (p = .0003). Soil respiration fluxes 15-
90 m into the interior were not significantly different from one an-
other in urban and rural forests, respectively (p > .35).

At the time of soil respiration measurements over the season,
mean soil temperatures in urban sites were 2.78 + 1.4°C warmer
than in rural forest sites (p = .097). Urban and rural soils alike were
significantly drier at the forest edge relative to 15-90m into the for-
est interior (hand probe; urban, p = .0047; rural, p = .0074). Data
from point measurements also suggest that VWC at rural sites
tended to be higher than at urban sites (p = .0402). Frequency dis-
tribution plots from continuously-logging sensors additionally show
that soils in urban forest sites experienced warm temperatures and
severe dryness more frequently than soils in rural forest sites, par-
ticularly during the mid-growing season (Figure 3a,b; Figure S6).
During the mid-growing season, dataloggers indicated that soil tem-

peratures between urban and rural sites were more significantly

different during the daytime than nighttime (urban vs. rural: day-
time, p = .016; nighttime, p = .12), and a similar trend was true for
VWC (daytime p = .41; nighttime p = .17).

3.2 | Soil conditions and respiration
through the season

The divergence in soil respiration rates at the forest edge between
rural and urban sites occurred during the mid-summer months when
soil temperature and moisture content were most different between
urban and rural soils (Figure 4; Table 3; Figure S5). In the early grow-
ing season (April, May 2019), we observed no significant difference
between mean urban and rural respiration rates (p = .08) or day-
time (08:00-17:00) datalogger measurements of soil temperature
(p = .15) and moisture (p = .97). Environmental conditions began to
diverge in June 2019, at the start of the mid-growing season, with
urban soils becoming hotter than their rural counterparts through-
out the transect (p = .02; datalogger). For rural and urban soils during
this time, conditions 0-15 m from the forest edge began to deviate
from those further into the interior. Temperatures near the forest
edge became hotter than those in the forest interior (p < .0001; da-
talogger) and additionally became significantly drier at the edge than
the interior in June (p < .0001; datalogger).

In July and August of 2018 and 2019, soil respiration rates at the
forest edge of urban sites deviated significantly from those at O m from
the edge of rural sites (p < .001). Urban soil respiration rates 0-15 m
from the edge were also significantly different from rates 30-90 m into
the urban forest interior at this time (p = .0011; Figure 4; Table 3; Figure
S5). Continuously-logging sensors indicate that urban soils overall re-
mained warmer during the daytime than rural soils through July and
August (p = .017), but for both rural and urban soils alike, conditions
0-15 m from the forest edge continued to be both hotter (p < .0001)
and drier (p < .0001) than the respective forest interior (Figure S4).
Rural soils experienced peak daytime soil temperatures in August with
a mean of 19.4 + 0.24°C, and in the same month, they reached their

peak soil respiration flux with an average rate of 9.62 + 0.39 umol
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Co, m?2s?t (Figure 4). Urban soils also experienced peak temperatures
and fluxes during August, but while the mean daytime temperature was
20.8 + 0.21°C, mean urban soil respiration was only 6.99 + 0.48 pmol
co, m2s?t (Figure 4). Both urban and rural soils were driest on aver-
age during September, containing 21.0 + 1.6 and 25.3 + 1.9% VWC,
respectively (datalogger). By September 2018 and 2019, urban and
rural soil temperature, moisture, and respiration rates began to con-
verge again (temperature: p =.0102; VWC: p = .13; respiration: p = .36).
Continuously-logged daytime soil temperature and moisture values
were not significantly different between urban and rural sites through-
out the remainder of the year (temperature: p = .086; VWC: p = .99).

It is worth noting that at 90 m from the forest edge in rural sites,
soil respiration fluxes during the period of data collection were not

5 10 15

Soil temperature (°C)

20

significantly different from those at any other distance along the
transect, including rates at 0 m from the forest edge (p > .3; Table 3).
There was a small but significant increase in daytime VWC at 90 m
relative to 0-60 m from the forest edge for rural sites (+3.2 + 0.1%,
p < .0001; datalogger), with a commensurate decrease in soil tem-
perature (-1.1 + 0.06°C, p < .0001; datalogger).

3.3 | Respiration temperature- and moisture-
response modeling

Based on goodness of fit and significance metrics, we selected
the gamma model from Equation (3) to represent the temperature
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TABLE 3 Soil respiration, temperature, and moisture results

Mid-growing season (June 1-September 15)

Shoulder seasons (April 25-May 31, September
16-November 8)

Distance
Urbanization  from Soil respiration Soil temperature
category edge (m) (umol CO, m?2s?)  (°C)
Rural 0 9.1+0.49 18.9 +0.28
15 7.6 +0.49 17.3 +£0.28
30 7.3 +0.49 18.0 +0.28
60 7.8 +0.49 -
90 8.8 +0.49 16.7 +0.28
Urban 0 5.0+0.48 19.5+0.24
15 6.6 +0.48 18.7 +0.24
30 6.7 +0.48 18.8 +0.24
60 7.0+0.48 -
90 74 +0.48 18.6 + 0.24

Soil moisture

Soil respiration

Soil temperature

Soil moisture

(v/v or %) (pmol CO, m?2s?l)  (°C) (v/v or %)
28.5+2.2 4.2 +0.33 12.2+0.18 32.3+15
248 +22 3.1+0.33 11.7+£0.18 264 +1.5
27.8+2.2 3.1+0.33 11.8 +0.18 31.8+1.5
- 3.7+0.33 - -

30.3+2.2 3.9+0.33 11.6 + 0.18 321+15
181+1.9 29+0.33 12.9 +0.16 26.5+1.3
21.6 +1.9 3.5+0.33 12.6 +0.16 299 +1.3
252+1.9 3.5+0.33 12.5+0.16 30.4+1.3
= 3.6 +0.33 = =

269 +1.9 3.7+0.33 12.5+0.16 29.7+13

Note: Soil respiration (umol CO, m~2s™Y), temperature (°C), and volumetric soil moisture (v/v) values were presented as means with standard error. Soil
temperature and moisture values reflect continuously-logged measurements taken every 30 min (measured data, 24 h). Shoulder season windows are

trimmed to reflect the range of field data collection.

sensitivity of soil respiration as affected by VWC for rural forest
edge soils. While an ANOVA indicated that model fits for rural
soils were not significantly different when the NearEdge,, 5, was
included (p = .27), the inclusion of the edge/interior categorical
term for urban soils significantly affected model fit (p < .0001).
Therefore, Equation (4) was used to model and scale urban forest
soil respiration fluxes, while Equation (3) was used for rural soils
(Table 2; Table S1).

We find that respiration rates in rural soils were more sensitive
to changes in temperature than in urban soils (Figure 3; Figure
S6; p < .0001). In the case of rural soils, the gamma model took
the shape of an exponential function with rural soil respiration
rates continuing to increase with rising temperatures (Figure 3c).
In urban sites, the gamma model took a more asymptotic form
with more frequent dryness and elevated temperatures as com-
pared to rural soils (Figure S5). We observed that rates of respira-
tion in urban sites at all distances began to an asymptote as soils
approached extreme temperatures above ~25°C (Figure S7b), but
this was most pronounced for soils 0-15 m from the forest edge
(Figure 3). Model estimates indicate that urban soil respiration
rates were significantly lower 0-15 m from the forest edge rela-
tive to 30-90 m from the forest edge, independent from VWC and
temperature (p < .0001; Table 2; Figure 3c,d), suggesting differ-
ences in the sensitivities of urban edge and interior soil behavior.
Note that the shape of the relationship between urban soil respi-
ration and soil temperature and moisture is not contingent on the
inclusion of the NearEdge,,s,, term. When a unified model for
urban soils at all distances from the edge was used, we still saw
a separation in the respective responses of urban and rural soils
(Figure S7).

We estimated hourly soil respiration fluxes using the temperature-
moisture response curves for rural (Equation 3) and urban (Equation

4) soils and composite time series for soil temperature and moisture
0-20 m and 20-90 m from the forest edge (Figure 5a,b). Over the
course of the growing season, soils in a typical urban forest O to 20 m
from the edge may respire up to 2.35 Mg C hatyr™? less than soils
in a typical rural forest edge over the same area (Figure 5c). We then
scaled these modeled respiration fluxes to the state of MA, consider-
ing forest area within CDP as urban and all other forest areas in MA as
rural. In rural forests of MA, we observed that of the 1.18 Mha of non-
CDP forest area, 23.4% is within 20 m of a non-forest edge (Reinmann
et al., 2020). In the state's urban forests, however, 45.8% of the 0.25
Mha of CDP forest area is within 20 m of a non-forest edge (Figure 6;
Reinmann et al., 2020). When growing season respiration fluxes for
rural soils 0-20 m from the forest edge were modeled independently
from those >20 m into the forest interior, we found that the total res-
piration flux during the growing season was not meaningfully different
and increased only 1.0% (142,223.8 Mg C yr™Y) relative to when all for-
ested area is treated as the interior. When the same analysis was done
in CDPs and urban respiration rates 0-20 m from the forest edge were
modeled separately from those >20 m into the interior, the growing
season soil respiration flux was 352,511.8 Mg C yr™! (10.6%) lower
than when all forested area is treated as the interior.

4 | DISCUSSION

With urbanization and forest fragmentation increasing around the
globe, it is imperative to determine how rates of soil respiration and
resulting losses from critical soil carbon pools vary near forest edges.
While previous studies have found elevated rates of soil respiration
at forest edges compared to interiors in temperate forests (Smith
etal., 2019), we surprisingly observed that soil respiration rates were
suppressed at the forest edge specifically in urban areas, likely due
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FIGURE 6 Forestcoverin
Massachusetts in urban areas (Census
Designated Places; forests shown in
green) and rural areas (non-CDP; forests
shown in grey) (MassGIS Data: Land Use
2005, 2009; US Census Bureau, 2021)
[Colour figure can be viewed at 0
wileyonlinelibrary.com]

to the high temperature and low moisture conditions experienced
by soil communities at these locations. In combination with higher
aboveground productivity at the temperate forest edge (Morreale
et al., 2021; Reinmann & Hutyra, 2017), potential reductions in
urban soil CO, losses have critical implications for ecosystem carbon
sequestration in developed areas. While previous results suggested
that rural edge soil temperatures may lead to unaccounted for car-
bon losses (Smith et al., 2019), our results suggest urban edges may
enhance soil carbon storage through reduced respiration losses.
When we considered the amount of forest within 20 m of a non-
forest edge in urban and rural areas across MA, we found that failure
to account for differences in urban soil respiration fluxes near the edge
led to an overestimate of soil growing season respiration fluxes of more

I Urban forest cover
I Rural forest cover

100 km

than 350,000 Mg C yr ! for just 0.25 Mha of the urban forest. This sug-
gests that ignoring the effects of forest edges in urban sites may lead
to inaccurate estimates of the amount of carbon stored in and lost from
urban forest soils. These findings highlight the need to consider urban
and rural landscapes independently when quantifying landscape and
regional carbon balances in a changing world (Reinmann et al., 2020).

4.1 | Temperature and moisture sensitivity in
urban and rural forests

A meta-analysis by Carey et al. (2016) showed that soil respiration
rates worldwide increased with temperature up to 25°C and then
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began to decline, suggesting that increasing temperatures around
the globe could lead to regionally variable responses in soil respi-
ration. Our results emphasize that soil carbon responses to global
change vary not only due to climate, but also with land-use and ur-
banization context.

While soil moisture and temperature are tightly linked and are
considered the primary controls on soil respiration, studies of res-
piration sensitivity often focus exclusively on temperature. Soil
moisture can improve model fit when there is low variation in soil
temperature, as is the case in the tropics (Davidson et al., 2000;
Vargas & Allen, 2008) or in temperate soils when soil moisture be-
comes limiting (Savage & Davidson, 2001). The soils in our study dis-
played a wide range of both soil temperatures and moisture content,
where soil conditions varied substantially from forest edge to inte-
rior; and urban soils near the forest edge, in particular, experienced
severe soil dryness. Our final model selection indicates interactions
between soil temperature and VWC differ between urban and rural
forests and suggests that relationships between soil temperature
and respiration commonly used to characterize global forest cover
do not capture soil respiration dynamics in urban forests, particu-
larly those near the forest edge (Figure 3).

Similar to soil warming experiments that have found increases
in soil temperatures lead to increased rates of soil respiration (Frey
et al., 2013; Melillo et al., 2017), we observed increases in soil res-
piration near rural forest edges from 0-30 m that can be attributed
to warmer edge soil temperatures. In agreement with previous
studies, we found that modeled rural forest soil respiration sensi-
tivity to temperature and moisture at the edge was not meaning-
fully different from that of the interior (Smith et al., 2019). However,
our observed decreases in soil respiration near urban forest edges
suggest the presence of moisture and/or temperature thresholds in
this response. The divergence between urban and rural respiration
rates was driven by large changes in mid-season conditions (partic-
ularly July and August) when soils were warm and dry enough to
cross these thresholds regularly. Unlike the exponential increase
in respiration with the temperature that we observed in rural soils,
soil temperature and respiration began to decouple in urban soils as
temperatures climbed and soils dried (Figure S7). Further, rates of
respiration at urban forest edges were even less sensitive to changes
in temperature than in the urban forest interior (Figure 3), suggest-
ing that forest soils near the urban forest edge are distinctly dif-
ferent in some way from soils in the forest interior. These findings
are in contrast with previous studies that have observed increased
temperature sensitivity in aboveground net primary productivity
near the urban forest edge compared to both urban forest interiors
and rural forests (Reinmann & Hutyra, 2017; Reinmann et al., 2020).

We attributed the slight increase in rural soil respiration at 90 m
from the edge largely to changes we observed in forest canopy
structure and land-use at rural sites between 60 and 90 m into the
forest interior, such as trails, seasonal streams, and canopy gaps, that
likely affect soil respiration rates. The small but significant increase
in rural VWC we observed at 90 m from the forest edge suggests
that site differences in the rural forest interior may allow soils to

remain wetter during periods of water stress, thereby buffering po-
tential declines in soil respiration. Because our modeling results sug-
gest that rural forest soil respiration sensitivity to temperature and
moisture at the edge is not meaningfully different from that of the
interior, observed rural respiration fluxes can be attributed to site-
specific conditions at the time of measurement.

Coupled with results from prior studies (Reinmann et al., 2020;
Smith et al., 2019), the patterns in soil CO, effluxes we observed sug-
gest that while relative differences in rural soil respiration 0-30 m
from the edge were driven by the distinct temperature and mois-
ture conditions at the forest edge, there could be additional factors
affecting soil respiration at the edge in urban areas. These findings
exemplify the disconnect between rural forested landscapes tradi-
tionally used for ecological exploration and rapidly expanding frag-
mented, urban landscapes. Classically defined relationships between
soil respiration and temperature alone do not capture key nuances
in soil respiration dynamics for fragmented forests in urban areas.

4.2 | Dynamic responses near the forest edge

While traditional soil respiration-temperature response models pre-
dict increases in carbon losses with warming, decreases in soil res-
piration rates at urban forest edges despite warm temperatures may
be driven by local, short-term responses to heat and water stress
that are particularly intense at the urban forest edge. Heat stress can
lead to decreased rates of respiration and limited microbial enzyme
activity (Davidson et al., 2006; Khomik et al., 2009). Soil dryness
tends to co-occur with extreme temperatures near urban edges in
mid- to late-summer (Figure 4; Figure Sé), and severe dryness can
cause water and substrate limitation leading to decreases in respi-
ration (Allison & Treseder, 2008; Henry, 2013; Savage & Davidson,
2001). These severe stressors could contribute to the suppression
of soil respiration near the urban forest edge. For example, coarse
woody debris decomposition can be impeded at the forest edge due
to moisture limitation, and this may contribute to the patterns we
observe (Crockatt & Bebber, 2015).

However, the forest edges characterized in this study are more
than 25 years old, and there may also be long-term mechanisms at
work. The soil microbial communities in this study have experienced
a long legacy of extreme edge conditions (Figure 2c, d; Figure Sé).
Resulting changes in microbial biomass and/or microbial carbon use
efficiency at developed forest edges due to prolonged exposure to
severe temperatures, dryness, or other extreme conditions could
play a pivotal role in soil behavior. Prolonged elevated temperatures
from soil warming experiments at Harvard Forest and elsewhere
have been shown to lead to depletion of labile substrates in soil
(Frey et al., 2013), reductions in microbial biomass (Frey et al., 2008),
reductions in microbial carbon use efficiency (Allison et al., 2010;
Steinweg et al., 2008), and thermal adaptation of microbial respira-
tion (Bradford et al., 2008). The previous land-use history of each
forest site is likely also to play a role in soil behavior, including po-
tentially affecting soil carbon stores (Ziter & Turner, 2018); however
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further land-use history data for our field sites were not available at

this time.

4.3 | Potential interactions with other
global changes

Not all forest edges are created equal. The conditions experienced
at an anthropogenic forest edge near human development or sur-
rounded by pavement are very different from those experienced at
a forest edge in a rural area that opens to a grassy field and without
urban heat island impacts. Forest edges surrounded by increasing
urbanization are likely to be influenced by interactions between mul-
tiple different global change drivers, and it is critical to note that
biotic and abiotic changes induced by forest edges can operate on
varying length scales from less than 1 m to up to 100 m into the for-
est interior (Meeussen et al., 2020; Reinmann & Hutyra, 2017; Smith
etal., 2019).

Prior studies have observed elevated atmospheric nitrogen in-
puts at the forest edge (Remy et al., 2016; Weathers et al., 2001),
and in European temperate forests, nitrogen has been pointed to
as a key mechanism behind forest edge responses (Meeussen et al.,
2020). If nitrogen throughfall is sufficiently high, it can decrease mi-
crobial biomass, inhibit the production of organic matter-degrading
enzymes and suppress soil respiration (Treseder, 2008), ultimately
leading to soil carbon accumulation (Frey et al., 2014). However,
while atmospheric nitrogen inputs are up to two times greater in
urban compared to rural areas in MA (Decina et al., 2018; National
Trends Network, 2020; Rao et al., 2014), nitrogen throughfall rates
in our study region are still comparatively low relative to throughfall
rates in European studies of forest fragmentation (Rao et al., 2014;
Remy et al., 2016) and may not be sufficiently high to affect soil res-
piration behavior.

Forest edges near human development, especially roadways, ex-
perience elevated concentrations of CO, and are unprotected from
lateral inputs, such as salt and sand from road snow removal (Bryson
& Barker, 2002; Gately et al., 2013), as well as heavy metals and poly-
cyclic aromatic hydrocarbons (PAHs) from fossil fuel combustion
(Apeagyei et al., 2011; Zehetner et al., 2009). Elevated atmospheric
CO, leads to increased plant fine root production and exudation,
increasing microbial biomass, and soil respiration (Paterson et al.,
1997; Zak et al., 2000). Road salt application is common practice in
many cold winter locations, and salt spray can penetrate up to 10 m
into the forest (Bryson & Barker, 2002; Lundmark & Jansson, 2008).
This spray accumulates in soils along roadside edges over time, in-
hibiting soil respiration through decreases in microbial biomass and
soil organic matter content (Bryson & Barker, 2002; Rath & Rousk,
2015). Heavy metals and PAHs can also lead to significant decreases
in soil respiration as they accumulate in soils, affecting microbial
biomass, and decreasing community diversity (Chodak et al., 2013;
Deary et al., 2018).

To our knowledge, the effect of the size of the open patch bor-
dering the forest edge has yet to be investigated; but forest break
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size likely plays an important role in the conditions and level of dis-
turbance that forest soils near the edge experience. The size of the
open area bordering a forest edge may affect solar radiation expo-
sure, wind, and atmospheric deposition patterns, as well as the de-
gree and type of human activity near the edge. The complex drivers
at the forest edge are intrinsically linked to human activity and affect
not only how much carbon is lost from soils, but also how it is lost
and by whom in the soil community. Understanding the relative con-
tributions of these contrasting stimuli at the forest edge over both
the short- and long-term is critical to modeling how soils behave at
the forest edge in different conditions.

4.4 | Implications on a heterogeneous landscape
The soil respiration responses we observed at the forest edge are
pronounced, but their impact on ecosystem carbon cycling varies
across the growing season and with the relative proportion of frag-
mented forests in urban and rural areas. In Massachusetts, 27.5%
of all forests are within 20 m of a non-forest edge, but the preva-
lence of fragmentation across the landscape is not uniform. Urban
forests within CDPs are far more heavily fragmented than non-CDP
forest areas (Figure 6), and forests near urban areas and agriculture
are more likely to be fragmented than those in less developed areas
(Reinmann et al., 2020; Smith et al., 2018). Accounting for differ-
ential urban soil conditions and behavior 0-20 m from the forest
edge and >20 m into the forest interior within CDPs led to a grow-
ing season soil respiration decrease of more than 352,511 Mg C yr!
(10.6%) relative to when all urban forested area was modeled as the
interior. This was almost 2.5 times the difference in flux estimates
for rural soils in the analogous comparison (+142,223.8 Mg C yr'l),
even though forest area within CDPs is less than one quarter that
of all other forest areas in MA (Figure 6). Over the entire 0.25 Mha
of the urban forest, soil respiration decreased more than 1.38 MgC
halyr?, meaning that the effect per hectare of the forest was al-
most 12 times greater in urban CDPs than in rural, non-CDP forest
areas. Thus, our results demonstrate that failure to include differen-
tial soil fluxes at the forest edge will have substantial implications for
local and large-scale carbon accounting, particularly in more devel-
oped areas. Urban expansion continues to drive deforestation in the
northeastern US (Foster, 2010; Hall et al., 2002). By 2050, more than
118,000 km? of US forestland is projected to be subsumed by ur-
banization, a land area roughly the size of the state of Pennsylvania
(Nowak & Walton, 2005).

These results highlight the role of urban forest soils, particularly
urban forest edge soils, as potential carbon sinks. Coupled with in-
creased aboveground productivity at the temperate forest edge and
the highly fragmented nature of urban forests, these findings may
agree with previous studies suggesting that urban forests have the
potential to be a stronger carbon sink per unit forest area than rural
forests (Hardiman et al., 2017; Reinmann et al., 2020). However, it is
plausible that the lower soil respiration fluxes we observed near the
urban forest edge could be indicative of reduced edge soil carbon
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sequestration (Bae & Ryu, 2021; Schlesinger, 1995). A recent meta-
nalysis showed that soils in urban green spaces can contain signifi-
cantly less carbon than soils in undisturbed forests (Chien & Krumins,
2021); however investigation of trends in soil carbon stocks near the
forest edge remains limited (Bae & Ryu, 2021). This research is not
an argument for the fragmentation of forests in cities as a carbon
sequestration strategy; carbon lost in the creation of forest edges
will outweigh any potential additional carbon storage by soils or ac-
celerated growth at the edge (Reinmann & Hutyra, 2017; Reinmann
et al., 2020). Further, whether the observed differences in biogenic
carbon fluxes at the forest edge result in a forest edge carbon source
or sink is highly dependent on management, and we do not manage
our urban forests for above- or below-ground carbon sequestration.

Forests edges adjacent to residential and commercial properties
are commonly used as dumping grounds for trash and organic yard
waste, which could significantly affect soil carbon fluxes. Recent
work demonstrates that management decisions in non-forested
urban soils can lead to large increases in soil respiration compared to
nearby forest interiors (Decina et al., 2016), and similar management
decisions, such as irrigation and mulch application, can be applied to
forests adjacent to residential lands. While not the focus of this study,
this work highlights the importance of individual land management
decisions in broader carbon cycling and emphasizes the fragility of
the developed forest edge carbon balance. It is possible that certain
land-use adjacencies and management practices could offset or even
cancel out the decrease in soil carbon efflux we observe at urban

edges.

4.5 | Conclusions

This study supports the growing perspective that studying global
change drivers independently can lead to incomplete conclusions
(Wolkovich et al., 2012). Forest edges can be a confluence of mul-
tiple facets of global change, including warming temperatures, ur-
banization, nitrogen loading, and more. Explicitly studying these
distinct anthro-ecological systems allows us to elucidate the inter-
actions between global change drivers that would otherwise only
be possible through expansive and costly manipulation experiments.
Studies of forest fragmentation effects in rural areas alone previ-
ously suggested positive effects of fragmentation on soil respira-
tion. However, when the effects of urbanization were considered,
we observed changes in both the magnitude and direction of soil
respiration responses.

This study characterized soils on the forested side of the forest
edge boundary, but the results were shaped by activity beyond the
forest in adjacent land areas and underscore the inherent complex-
ity of forest edges. Understanding the altered state of fragmented
forest soils is imperative for accurately quantifying biogenic carbon
fluxes because the relationship between respiration and soil tem-
perature at the forest edge is unlikely to remain constant with future
climate change. Forest fragmentation and human activity alter the
biogeochemical state of forest soils, and further environmental and

land cover change will affect how soils and their carbon fluxes re-

spond in a warming and increasingly urbanized world.
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