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a b s t r a c t

Anthropogenic climate change is expected to increase global temperatures and potentially increase soil
carbon (C) mineralization, which could lead to a positive feedback between global warming and soil
respiration. However the magnitude and spatial variability of belowground responses to warming are not
yet fully understood. Some of the variability may depend on the native temperature regimes of soils. Soils
from low temperature climates may release more C than will soils from high temperature climates
because soils in cold climates are often C-rich and may experience more warming. We investigated
whether soils from low native temperatures respired more than did soils from high native temperatures.
We collected intact soil cores from three elevational transects along a latitudinal gradient in the forests of
southern Appalachian Mountains. Soil cores were incubated for 292 days at low, medium, and high
temperatures (separated by 3 �C each) with diurnal temperature and light regimes that simulated
realistic temperature changes likely to occur within the next century. The native temperature regimes of
soils negatively influenced soil respiration, such that soils from cold climates respired more in response
to experimental warming than did soils from warm climates. Conversely, soils from warm climates
mineralized the largest proportion of available soil C and available soil nitrogen in response to warming.
Across all soils, modest experimental warming increased soil respiration, the proportion of available soil
C that was being respired (respiration/soil C), and the proportion of soil nitrogen that was mineralized (N
min/soil N). Taken together, these data suggest that soils from low native temperatures have a greater
potential to release C in response to climate warming because the C stocks are larger and respiration
rates will be higher than those in soils from high native temperatures.

� 2013 Published by Elsevier Ltd.

1. Introduction

Forest ecosystems account for approximately half of the Earth’s
terrestrial surface and understanding their responses to increased
global temperature will be vital toward predicting future climate
change feedbacks (Dixon et al., 1994). The amount of carbon di-
oxide (CO2) respired from soils is over 11 times larger than the
amount of CO2 released into the atmosphere via anthropogenic
processes (Bader and Korner, 2010), and forests account for
approximately 40% of global soil C (Dixon et al., 1994). Increasing
global temperatures can induce greater soil respiration (Bond-
Lamberty and Thomson, 2010), and the presence of a positive
feedback between soil carbon (C) release and temperature remains
unclear (Campbell et al., 2009; Bader and Korner, 2010). The
spatial distribution of C stored in soils will also affect soil C min-
eralization since climate change is variable at regional scales
(CCSP, 2007; Christensen et al., 2007). Our goal was to determine

whether the temperature dependent responses of belowground
processes are influenced by regional and local variation in the
native temperature regimes.

Historical climate has influenced the size and quality of C pools
in soils as the biological activity that drives C turnover is temper-
ature dependent (Bottner et al., 2000; Pendall et al., 2004). Soil C
pools and turnover rates are also a product of the quantity and
quality of inputs from plant litter (Berg, 2000). Aboveground inputs
to belowground systems are comprised of simple, easily-
decomposed substrates (labile C) as well as complex, structural
molecules that are not easily degraded (recalcitrant C), and theo-
retical studies indicate that these substrates should have different
temperature sensitivities (Sierra, 2012). The difference between
labile and recalcitrant C pools has important C cycling implications,
as many models partition soil C into two or three pools, with
varying turnover times ranging from years to millennia (Paustian
et al., 1997; Falloon et al., 1998; Tague and Band, 2004; Zhang
et al., 2007). In natural systems there is a continuum of soil C
recalcitrance, and the proportion of recalcitrant C increases over
the course of decomposition during the process of humus forma-
tion (Berg, 2000). Humus accumulation is often associated with
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cold climates, such that these ecosystems accumulate C in recalci-
trant pools (Hobbie et al., 2000). Since increases in latitude/ele-
vation generally decrease mean annual temperature (Komatsu
et al., 2010), forests at high elevations/latitudes contain more
stored soil C than do forests at low elevation/latitudes, and this can
have important consequences for how soils respond to elevated
temperatures (Dixon et al., 1994; Garten and Hanson, 2006;
Griffiths et al., 2009).

How soils respond to increasing temperatures will be an
important driver of potential carbon-climate feedbacks, but there
has been a lack of consensus concerning the temperature sensi-
tivity of soil C cycling. An early meta-analysis suggested that the
Q10 for soil organic matter decomposition, a change in reaction
rate standardized to a 10 �C increase, was the greatest at low
temperatures and decreased exponentially with increasing in-
cubation temperature (Kirschbaum, 1995). However, others have
also reported that decomposition of a variety of substrates is
relatively insensitive to temperature (Katterer et al., 1998), time
(Fang et al., 2005), or mean annual temperature (Giardina and
Ryan, 2000). In addition, recent work indicates that the intrin-
sic temperature sensitivity of ecosystem level respiration is uni-
formly low across all mean annual temperatures (Mahecha et al.,
2010). Some of the discrepancies among studies may be due to
various experimental designs and protocols that influence soil
disturbance, especially when soils are sieved and/or divided into
fractions (Thomson et al., 2010). Kinetic theory suggests that
temperature sensitivity should increase with soil C recalcitrance,
which could limit studies that did not include different soil C
pools (Davidson and Janssens, 2006; Sierra, 2012). The incubation
time of soils in the laboratory can shift soil C toward recalcitrant
stocks as labile C sources are catabolized, and the temperature
sensitivity of heterotrophic respiration often increases with soil C
recalcitrance (Conant et al., 2008; Hartley and Ineson, 2008).
Finally, some mechanistic studies reveal important trends in
belowground processes, but may be unrealistic because the
magnitude of the experimental warming is often far beyond what
soils are expected to experience based on climate change pre-
dictions for the next 100 years.

We investigated how variation in the native temperature re-
gimes of soils influences the temperature sensitivity of below-
ground processes. We approximated field conditions by using
relatively large intact microcosms, including the leaf litter layer,
and simulating realistic temperature increases. We tracked soil
microbial respiration, microbial extracellular enzymatic potential,
litter decomposition, and N mineralization. We were able to
address regional scale variation in native soil temperatures by
collecting soil cores from a latitudinal and elevational range. Our
goal was to determinewhether rates of C and N cycling in soils from
different native temperature regimes, with varying substrate
qualities, responded differently to realistic global warming.

2. Methods

2.1. Site description

Wesampledsoils along threeelevational transects in the southern
AppalachianMountains of North Carolina spanning a 135 kmnorthe
south range. Three sites were chosen along each transect, with dif-
ferences in aspect minimized within each transect. The southern-
most site was located at the Coweeta Hydrologic Laboratory in Otto,
NC (USDA e USFS), and contained the greatest elevation range
(w700 m, Table 1). The next largest range (w450 m Table 1) was
located in Pisgah National Forest in Avery County, NC, and the final
and northernmost site was on Appalachian State University’s Gilley
Field Station in Watauga County, NC, and contained the smallest
elevation range (w 200 m, Table 1). Soil texture and taxonomy were
fairly consistent within sites but varied among sites (Table 1).

2.2. Field collection

PVC tubes 10.3 cm in diameter were inserted into the ground to
a depth of 15 cm. Due to the brittle nature of the PVC cores, we
necessarily avoided large roots or rocks. We allowed severed fine
roots to remain within cores, as fine roots do not vary with ele-
vation in our study region (Davis et al., 2004). Soil cores were
carefully excavated from below in order to retain intact soil cores
and capped at both ends for transport to the laboratory. Six cores
were randomly excavated from each elevation at each site, for
a total of 54 cores. Variation in soil characteristics at each site was
unavoidable with intact soil cores, but allowed for a better
approximation of in situ soil response to warming. We chose to use
intact soil cores to avoid disturbing soil profiles, as sieving or ho-
mogenization can lead to large flushes of microbial activity by
altering substrate availability (Thomson et al., 2010). We measured
bulk density at three locations per site and monitored soil tem-
perature at 10 cm deep using Hobo data loggers (Onset Computer
Corp., Bourne, MA, USA). Soil temperature data were used to
characterize the native temperature regimes of each collection site.

In order to standardize starting conditions for microcosm in-
cubations, cores were stored at 4 �C for up to 14 days until all cores
were collected. We standardized leaf litter mass among all cores to
a mean value of approximately 0.7 g to normalize C inputs into soils
during the incubation period. Litter type varied among sites, but all
were from mature mixed deciduous stands. We tracked litter
decomposition by measuring the initial and final litter mass
remaining at the end of the incubation period.

2.3. Laboratory incubation

Three incubators (I-36LL, Percival Scientific Inc., Perry, IA, USA)
were programmed with three different diurnal light and

Table 1
Soil collection site parameters.

Elevation (masl) Coordinates Soil texturea Soil taxonomya

Coweeta 1381 35.0320�N, 83.4654�W Fine-loamy mesic Humic Dystrudepts
1189 35.0402�N, 83.4603�W Fine-loamy mesic Typic Hapludults
702 35.0563�N, 83.4324�W Fine-loamy mesic Typic Hapludults

Pisgah 1146 35.9190�N, 81.8888�W Coarse-loamy mesic Lithic Dystrudepts
917 35.9180�N, 81.8956�W Coarse-loamy mesic Typic Dystrudepts
701 35.9141�N, 81.9016�W Coarse-loamy mesic Typic Dystrudepts

Gilley 1025 36.2907�N, 81.5865�W Fine-loamy mesic Typic Hapludults
973 36.2909�N, 81.5844�W Coarse-loamy mesic Typic Dystrudepts
897 36.2914�N, 81.5828�W Coarse-loamy mesic Typic Dystrudepts

a Information taken from USDA SSURGO database (Soil Survey Staff, 2010).
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temperature regimes. The low temperature incubation treatment
was programmed with light regimes that mimicked field condi-
tions for day length from the National Oceanic and Atmospheric
Administration (NOAA) and for temperature from soil data loggers
at the Pisgah site (mid-latitude, average of elevations). We simu-
lated moderate and high warming scenario for the next century
(IPCC, 2007) by incrementally adding three degrees to the low
temperature treatment. Two replicates of each site-elevation
combination were randomly assigned to each temperature treat-
ment; low, medium (med), and high. Soils were kept moist with DI-
H2O evenly among all cores to approximately maintain field moist
conditions. Soil moisture was monitored using a Hydrosense probe
(Campbell Scientific, Inc. Logan, Utah, USA) with 10 cm long probes.
Within incubators, microcosms were shifted by one row and col-
umn after each watering, and incubators were rotated monthly to
avoid block effects. After six months (182 days) at the initial tem-
peratures (“fall” temperatures: 10, 13 and 16 �C), incubators were
warmed by 14 �C (“summer” temperatures: 24, 27 and 30 �C) for an
additional four months, ten months total. Diurnal temperature and
light cycles were also adjusted to summer conditions according to
NOAA. A winter temperature incubation period was not simulated
because portions of the upper 15 cm of soils are intermittently
frozen for nearly two months mid-winter at our field sites. At three
times, after 0, 124, and 304 days of incubation, subsamples of the
upper 10 cm were collected with a 1 cm diameter soil corer. The
corer was passed through the litter layer and the resulting leaf disks
were separated from the soils for separate analyses. Soil and litter
samples were freeze-dried and ground to a fine powder for C and N
determination by flash combustion in a Flash EA 1112 NC analyzer
(Thermo Fischer Scientific, Delft, The Netherlands).

2.4. Respiration and decomposition measurements

Soil CO2 respiration was measured with a Li-8100 soil CO2 flux
system with a 10 cm chamber (LI-COR Biosciences, Lincoln, NE,
USA). Measurements were taken three times per week initially, and
then incrementally reduced to once per month as microbial res-
piration in microcosms declines exponentially with time (Bradford
et al., 2008). We resumed the initial measurement frequency after
incubation temperatures were increased from fall to summer in-
cubation treatments, but data presented here are the average of all
observations in a given treatment. On days when respiration
measurements were taken, cores were not watered until after the
respirationwasmeasured becausewetting events can cause flushes
of heterotrophic respiration in soils (Chatterjee and Jenerette,
2011). We analyzed respiration relative to soil %C (respiration/soil
C) as soil C content varies among sites and respiration generally
increases with soil C (Garten and Hanson, 2006).

2.5. Microbial enzyme activity potentials

We measured microbial extracellular enzyme activity (EEA) by
colorimetric reactions based on Madritch et al. (2007). We assayed
three enzymes, cellobiohydrolase (CB), b-glucosidase (BG), and
leucine aminopeptidase (LA). These enzymes degrade cellulose (CB
and BG) and amino acids (LA) and their activity can reflect micro-
bial allocation to C and N acquisition, respectively (Allison et al.,
2008). Briefly, we extracted w1 g freeze dried soil samples in
15 mL of 5 mM acetate buffer pH 5, and duplicate aliquots of 400 mL
of extract were given 100 mL of 5mM4-pNP-b-D-cellobioside for CB,
4 mM pNP-b-glucopyranoside for BG, 2.5 mM leucine p-nitro-
anilide for LA (see Madritch et al., 2007). We determined enzyme
activity after two hours by fitting results to a p-nitrophenol stan-
dard curve. We conducted assays using final soil samples to
determine whether the incubation temperatures affected EEA. We

also measured N mineralization by comparing ammonium con-
centration of the soils in the initial and final soil samples using the
sodium salicylate/sodium dichloroisocyanurate method as descri-
bed in Madritch et al. (2007). We used estimates of N mineraliza-
tion and soil N to indicate whether soils were N-limited or
saturated, as more limited systems will tightly cycle available N
(Bonito et al., 2003). We also analyzed the ratio of N mineralization
to soil %N (N min/soil N) to account for heterogeneity in soil N
among sites that may confound mineralization rates (Powers,
1990). N min/soil N can be used as an index of soil N availability
and has been employed to compare N mineralization among sites
with difference substrate qualities (Knoepp et al., 2008).

2.6. Statistical analysis

We calculated the Moran’s I statistic using ArcGIS (v10. ESRI
Redlands, CA, USA) to determine if response variables were spa-
tially autocorrelated. To describe the initial variation among the
soils and litter layers sampled, we performed simple linear re-
gressions of initial characteristics with the native temperature of
the origin site. We calculated the native temperature for all nine
sites as the average temperature for the month of May at the end of
the data logger record, as summer months have the greatest soil
respiration rates annually (Garten and Hanson, 2006; Hart, 2006).
We performed the same analyses with elevation because several
important environmental variables other than temperature often
co-vary with elevation. We analyzed response variables using an
ANCOVA with native temperature and incubation treatment (low,
med, high) as factors. To determine the effect of fall and summer
incubation conditions on soil respiration, we included season in our
ANCOVA model of respiration. All statistical analyses were per-
formed in SAS JMP (v10.0.0 SAS Institute Inc., Cary, NC, USA), and
relationships were considered significant at p < 0.05. We tested for
interactions among dependent variables when verifying the
assumption of homogeneity of regressions for the ANCOVA model
(Sokal and Rohlf, 2001). For response variables that significantly
varied with incubation temperature, we performed a Tukey test to
compare amongst groups. We transformed data as necessary to
meet the assumptions of normality. Untransformed data are pre-
sented in figures; however, the interpretations and conclusions are
based on statistical results.

3. Results

Soil and leaf C and N concentrations declined with increasing
native temperature regime, and C:N ratios were weakly related to
soil’s native temperature regime (Fig. 1). Soils varied widely in total
C, probably due to variation in organic horizon depth both among
sites and among cores collected at each site, and such variation is an
important component of how soils from varying temperature re-
gimes will respond to future warming. Soil and leaf C and N con-
centrations did not vary with elevation, with the exception of soil %
N which increased slightly with elevation (r2 ¼ 0.13, p ¼ 0.01, data
not shown). Soil bulk density increased with the native tempera-
ture of the soils, which is likely associated with the low %C of the
soils at high native temperature (Fig. 1d). In general, the native
temperature regime explained more variation in belowground C
and N than did the elevation of collection sites. Consequently, we
omit elevation from in-depth analyses or discussion.

Response variables were not spatially autocorrelated (Table S1).
Consequently, location was not included as a covariate in our
model. All response variables satisfied the homogeneity of regres-
sion assumption of the ANCOVA model; none of the independent
variables had significant interaction terms (Table S2). Soil respira-
tion was greatest for low native temperature soils regardless of
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incubation treatment (Fig. 2a). In addition to higher basal respira-
tion for low native temperatures, warming increased respiration
across all native temperatures, and increased respiration was most
apparent in the high temperature treatment (Table 2, Fig. 2a).
Respiration/soil C was positively correlated with native tempera-
ture and accounting for variation in soil C among cores improved
the model fit relative to raw respiration (Table 2, Fig. 2b).

Soil microbial processes that drive soil C turnover were also
influenced by the native temperatures of the collection sites. Leaf
litter, generally considered to be a fast turnover C pool, decomposed
more quickly in microcosms taken from high native temperature
sites than those taken from low native temperature sites (Fig. 3).
Medium and high temperature incubations both accelerated leaf
mass loss, but the amount of warming did not significantly affect
the rate of litter decomposition (Table 2, Fig. 3). Soil N trans-
formations likely interact with soil respiration, but absolute rates of
N mineralization did not co-vary with native temperature or
respond to warming treatments (Table 2). However, rates of N min/

soil N, which can be used as an index of N availability (Knoepp et al.,
2008), increased with the native temperature of the collection site
(Fig. 4). N min/soil N increased with warming but was not sensitive
to the degree of warming (med or high temperature), similar to the
response of litter decomposition to warming.

We employed extracellular enzyme activity (EEA) potentials to
complement our soil respiration measurements in order to better
describe the functional response of the soil microbial communities.
All three enzymes were negatively related to native temperature
regime of the soil (Table 2, Fig. 5aec). However EEA potentials did
not respond to temperature treatments (Table 2).

4. Discussion

The variability of belowground responses to elevated tempera-
tures will have important consequences on climate-induced feed-
backs with the terrestrial C cycle. Soils from historically cold
climates have slow C turnover and have accumulated more C than

Fig. 1. Regressions of native temperature regime of the collection site with soil edaphic factors of nitrogen of upper 10 cm of soil (a), carbon of upper 10 cm of soil (b), soil C:N ratio
(c), bulk density (d), litter nitrogen (e), litter carbon (f), and litter C:N ratio (g). Regression lines are shown if p < 0.05 (n ¼ 54, except for panel d n ¼ 9).
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have soils fromwarm climates (Hobbie et al., 2000). Our initial soil
C results showa similar trend in soils from a relatively small,w4 �C,
native temperature gradient. Kinetic theory and empirical studies
also predict that soils from cooler climates will increase decom-
position rates more than will soils from warmer climates under
projected warming (Davidson and Janssens, 2006). The combina-
tion of high C density and predicted high temperature sensitivity
make soils from cooler climates a potential contributor to positive
feedbacks between global warming and soil respiration.

We found that soils from low native temperature soils respon-
ded differently than did soils from high native temperatures under
moderate warming, such that soil respiration was highest in soils
collected from low native temperatures and respiration increased
with experimental warming regardless of season. This does not
necessarily indicate that recalcitrant C is more or less sensitive to
warming as has been previously shown (Knorr et al., 2005;
Davidson and Janssens, 2006; Bonan, 2008; Conant et al., 2008;

Hartley and Ineson, 2008), but it may indicate that historic native
temperature regimes may have more influence on C cycling than
does the degree of warming. Because of differences in soil organic
horizon depth, soils from cool native temperatures had large
organic horizons, as indicated by very high soil %C (Fig. 1b). Our
incubations likely missed some of the mineralization of recalcitrant
C stocks stored in the mineral horizons because the depth of the
organic horizon varied across collection sites. Nonetheless, it is
likely that recalcitrant C stored in humified organic layers was at
least partially responsible for the higher respiration rates of the low
native temperature soils in our study, as temperature sensitivity
should increase with soil C recalcitrance (Davidson and Janssens,
2006; Sierra, 2012). For instance, Li et al. (2012) demonstrated
that soils from a cooler site respired a greater proportion of CO2
from recalcitrant stores than did soils from the warmer site. They
also showed that the switch to more recalcitrant substrates is more
pronounced with warming (Li et al. 2012). In addition, litter
decomposition, a relatively labile C source, increased with the
native temperature of soils, suggesting that labile C pools were not
responsible for the overall negative relationship found between soil
respiration and native temperature regime. Given the extended
duration of our incubation, the increased respiration that accom-
panied experimental warming was likely derived, in part, from
recalcitrant C stocks.

Respiration/soil C is an important metric that that describes the
proportion of soil C mineralized, and can normalize respiration
because respiration rates increase with C supply (Garten and
Hanson, 2006). Respiration/soil C increased with native tempera-
ture of soils (Fig. 2) as well as incubation temperature (Table 2) due,
at least in part, to recalcitrant C mineralization because the dura-
tion of our incubation allowed us to deplete more labile substrates
over time. As high temperature soils increasingly catabolize rela-
tively limited C stores, detrital communities may become more C-
limited with increased warming, while soils from low temperature
sites may not be C-limited. In addition, soil C cycling rates may not
increase linearly with warming, as the medium and high in-
cubations were not significantly different from each other. While it
appears that recalcitrant C is sensitive to warming, and that soils
from warmer climates may respire a larger proportion of recalci-
trant C in the short term, the larger recalcitrant C stores in soils
from cooler climates will likely sustain high respiration rates and
have a large influence on long-term soil C flux.

Several previous laboratory studies conducted with soils from
different environmental gradients have not found an effect of soil
origin (Niklinska and Klimek, 2007; Schindlbacher et al., 2010) or
native temperature regime (Giardina and Ryan, 2000) on decom-
position or respiration to artificial warming. Discrepancies among
studies may be due to different methodological approaches. For
instance, past work has generally focused on relatively short in-
cubation periods of a few days or weeks (Niklinska and Klimek,
2007; Schindlbacher et al., 2010). In addition, previous studies

Table 2
Results of analysis of covariance (ANCOVA) of soil responses to native temperature, incubation treatment (low, med, high), and season (fall or summer, for respiration only).

Whole model Native temperature Incubation treatment Season

df F ratio p-value df F ratio p-value df F ratio p-value df F ratio p-value

Respiration 4 3.74 0.01 1 6.82 0.01 2 3.79 0.03 1 0.53 0.47
Respiration/soil C 4 32.68 <0.01 1 81.75 <0.01 2 24.33 <0.01 1 0.30 0.59
Litter decomposition 3 12.14 <0.01 1 9.12 <0.01 2 13.65 <0.01 e e

N mineralization 3 0.53 0.66 1 0.09 0.77 2 0.76 0.47 e e

N min/soil N 3 8.88 <0.01 1 16.26 <0.01 2 5.20 <0.01 e e

CB activity 3 25.96 <0.01 1 76.56 <0.01 2 2.76 0.07 e e

BG activity 3 20.35 <0.01 1 59.66 <0.01 2 2.35 0.10 e e

LA activity 3 13.67 <0.01 1 40.64 <0.01 2 1.33 0.27 e e

Bold F-ratios represent significant effects at a¼ 0.05 level. Carbon (C), Nitrogen (N), Mineralization (min), Cellobiohydrolase (CB), b-glucosidase (BG), Leucine aminopeptidase
(LA).

Fig. 2. Respiration (a) and respiration/soil C (b) (each point represents the average of
24 observations) varied with native temperature and incubation treatment (low, med,
high). Regression lines are shown if p < 0.05 (n ¼ 54) and upper-case letters indicate
Tukey groupings of incubation treatments. See Table 2 for ANCOVA results.
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have typically used soils that were sieved and separated which
alters substrate availability by disrupting water filled pore space,
soil aggregates, and bulk density (Hartley et al., 2007). Although the
potential variation between samples is increased by employing
intact microcosms, incubating intact soil profiles for long periods of
time may provide a more realistic response of heterotrophic soil
respiration to artificial warming than would well-mixed soils that
are incubated for short periods of time.

Terrestrial C flux to the atmosphere may also depend on C
sequestration into above- and belowground-biomass that is influ-
enced by N availability (Bonan, 2008). N mineralization rates were
not influenced by either the native temperature regime of the soil
or our moderate temperature increases. However, similar to res-
piration/soil C, and in agreement with Powers (1990) and Knoepp
et al. (2008), N min/soil N rates did increase with the soil’s native
temperature regime. At high native temperatures, high respiration/
soil C and rapid litter mass loss are both indicators of fast nutrient-
cycling soils that support high microbial biomass (Allison et al.,
2007; Sinsabaugh et al., 2008). High N min/soil N, at high native
temperature sites may also indicate high N availability and thereby
enable C sequestration into plant biomass. Tree growth and phys-
iology at low native temperature sites are primarily limited by
lower temperatures and the length of growing season (Bresson

et al., 2011), which are predicted to increase under warming sce-
narios (Campbell et al., 2009). Since we did not incorporate plant
uptake into our experimental design, it is difficult to determine
whether the increased C loss from soils in cold climates would be
offset by increased primary production afforded by increased ni-
trogen availability in the soil. Nonetheless, we have conflicting re-
sults indicating that colder soils have more total N present than do
warmer soils, but proportionately less nitrogen may be available in
colder soils than in warmer soils as N min/soil N declines with the
native temperature. Multi-factor experiments that incorporate
soileplant interactions with warming may be able to resolve
whether or not plant growth could mitigate soil C loss to the
atmosphere.

The quality of substrates and the availability of limiting nutrients
along the native temperature gradient likely influenced potential
microbial extracellular enzyme activities (EEA). High potential EEA

Fig. 5. Cellobiohydrolase (CB) activity (a), b-glucosidase (BG) activity (b), and leucine
aminopeptidase (LA) activity (c) varied with native temperature, but not incubation
treatment (low, med, high). Regression lines are shown if p < 0.05 (n ¼ 54) for native
temperature, and upper-case letters indicate Tukey groupings of incubation treat-
ments. See Table 2 for ANCOVA results.

Fig. 3. Leaf mass remaining (% initial weight) varied with native temperature and
incubation treatment (low, med, high). Regression lines are shown if p < 0.05 (n ¼ 54)
for native temperature, and upper-case letters indicate Tukey groupings of incubation
treatments. See Table 2 for ANCOVA results.

Fig. 4. Nitrogen mineralization/soil %N (N min/soil N) varied with native temperature
and incubation treatment (low, med, high). Regression lines are shown if p < 0.05
(n ¼ 54) for native temperature, and upper-case letters indicate Tukey groupings of
incubation treatments. See Table 2 for ANCOVA results.
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for low native temperature soils is consistent with the resource
allocation theory, where enzyme production is up-regulated when
additional nutrients, represented by high soil C and N, are readily
available (Allison andVitousek, 2005). Respiration rates and soil EEA
showed similar responses to native temperature regimes because
enzyme activity is directly linked to microbial C acquisition and
subsequent mineralization (Allison and Vitousek, 2005). However,
microbial respiration increased with warming whereas potential
EEA did not, and the disconnect may be associated with different
microbial biomass or community composition (Bradford et al.,
2008). In addition, our respiration measurements were of actual
respiration, whereas EEA measurements may not directly reflect in
situ activity, but rather potential activity (German et al., 2011).
Increased respiration/soil C with warming may indicate that mi-
crobes are less efficient at incorporating substrate C into biomass at
higher temperatures, as suggested by previous studies that dem-
onstrate carbon use efficiency is lower at higher temperatures
regardless of substrate quality or incubation duration (Steinweg
et al., 2008; Wallenstein et al., 2011). In alpine soils, the
temperature-dependency of EEA varies with season (Koch et al.,
2007), and our analyses did not capture intra-annual dynamics.
Although linkages between potential EEA and soil C cycling are
difficult to interpret, our data suggest that low native temperature
regimes increase thepotential forhighextracellular enzymeactivity.

At regional scales, historical temperature regimes may deter-
mine the magnitude of temperature-induced soil microbial re-
sponses to climate change. Carbon stores were catabolized more in
low native temperature soils than in high native temperature soils
in response to simulated warming. Temperature-induced changes
in N min/soil N may mitigate some increased heterotrophic respi-
ration by releasing plants and microbes from N-limitation. How-
ever, it is difficult to determine if stimulated growth from increased
N availability would occur in soils from low native temperatures
because of higher amounts of soil N concurrent with lower rates of
N min/soil N. High soil respiration rates combined with large
recalcitrant C stores make historically colder soils a large potential
source of C release to the atmosphere, which could contribute to
positive feedbacks in response to atmospheric warming.

Acknowledgments

We thank Coweeta Hydrological Lab for site use permission.
Funding was provided by the Appalachian State University
Department of Biology graduate program. We would also like to
thank Jacqui Bryant for field and laboratory assistance.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.soilbio.2013.01.014.

References

Allison, S.D., Czimczik, C.I., Treseder, K.K., 2008. Microbial activity and soil respi-
ration under nitrogen addition in Alaskan boreal forest. Global Change Biology
14, 1156e1168.

Allison, S.D., Vitousek, P.M., 2005. Responses of extracellular enzymes to simple and
complex nutrient inputs. Soil Biology & Biochemistry 37, 937e944.

Allison, V.J., Condron, L.M., Peltzer, D.A., Richardson, S.J., Turner, B.L., 2007. Changes
in enzyme activities and soil microbial community composition along carbon
and nutrient gradients at the Franz Josef chronosequence, New Zealand. Soil
Biology & Biochemistry 39, 1770e1781.

Bader, M.K.F., Korner, C., 2010. No overall stimulation of soil respiration under
mature deciduous forest trees after 7 years of CO2 enrichment. Global Change
Biology 16, 2830e2843.

Berg, B., 2000. Litter decomposition and organic matter turnover in northern forest
soils. Forest Ecology and Management 133, 13e22.

Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate
benefits of forests. Science 320, 1444e1449.

Bond-Lamberty, B., Thomson, A., 2010. Temperature-associated increases in the
global soil respiration record. Nature 464. 579-U132.

Bonito, G.M., Coleman, D.C., Haines, B.L., Cabrera, M.L., 2003. Can nitrogen budgets
explain differences in soil nitrogen mineralization rates of forest stands along
an elevation gradient? Forest Ecology and Management 176, 563e574.

Bottner, P., Couteaux, M.M., Anderson, J.M., Berg, B., Billes, G., Bolger, T.,
Casabianca, H., Romanya, J., Rovira, P., 2000. Decomposition of C-13-labelled
plant material in a European 65e40 degrees latitudinal transect of coniferous
forest soils: simulation of climate change by translocation of soils. Soil Biology &
Biochemistry 32, 527e543.

Bradford, M.A., Davies, C.A., Frey, S.D., Maddox, T.R., Melillo, J.M., Mohan, J.E.,
Reynolds, J.F., Treseder, K.K., Wallenstein, M.D., 2008. Thermal adaptation of soil
microbial respiration to elevated temperature. Ecology Letters 11, 1316e1327.

Bresson, C.C., Vitasse, Y., Kremer, A., Delzon, S., 2011. To what extent is altitudinal
variation of functional traits driven by genetic adaptation in European oak and
beech? Tree Physiology 31, 1164e1174.

Campbell, J.L., Rustad, L.E., Boyer, E.W., Christopher, S.F., Driscoll, C.T., Fernandez, I.J.,
Groffman, P.M., Houle, D., Kiekbusch, J., Magill, A.H., Mitchell, M.J., Ollinger, S.V.,
2009. Consequences of climate change for biogeochemical cycling in forests of
northeastern North America. Canadian Journal of Forest Research 39, 264e284.

CCSP, 2007. The First State of the carbon cycle Report (SOCCR): the North American
Carbon Budget and Implications for the Global Carbon Cycle. A Report by the
U.S. Climate Change Science Program and the Subcommittee on Global Change
Research. National Oceanic and Atmospheric Administration, National Climatic
Data Center, Asheville, NC, USA, 242 pp.

Chatterjee, A., Jenerette, G.D., 2011. Changes in soil respiration Q10 during drying-
rewetting along a semi-arid elevation gradient. Geoderma 163, 171e177.

Christensen, J.H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, I., Jones, R.,
Kolli, R.K., Kwon, W.-T., Laprise, R., Rueda, V.M., Mearns, L., Menéndez, C.G.,
Rinke, J.R.A., Sarr, A., Whetton, P., 2007. Regional climate projections. In: Climate
Change 2007: the Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA.

Conant, R.T., Steinweg, J.M., Haddix, M.L., Paul, E.A., Plante, A.F., Six, J., 2008.
Experimental warming shows that decomposition temperature sensitivity in-
creases with soil organic matter recalcitrance. Ecology 89, 2384e2391.

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decom-
position and feedbacks to climate change. Nature 440, 165e173.

Davis, J.P., Haines, B., Coleman, D., Hendrick, R., 2004. Fine root dynamics along an
elevational gradient in the southern Appalachian Mountains, USA. Forest
Ecology and Management 187, 19e34.

Dixon, R.K., Brown, S., Houghton, R.A., Solomon, A.M., Trexler, M.C., Wisniewski, J.,
1994. Carbon pools and flux of global forest ecosystems. Science 263, 185e190.

Falloon, P.D., Smith, P., Smith, J.U., Szabó, J., Coleman, K., Marshall, S., 1998. Regional
estimates of carbon sequestration potential: linking the Rothamsted carbon
model to GIS databases. Biology and Fertility of Soils 27, 236e241.

Fang, C.M., Smith, P., Moncrieff, J.B., Smith, J.U., 2005. Similar response of labile and
resistant soil organicmatter pools to changes in temperature. Nature 433, 57e59.

Garten, C.T., Hanson, P.J., 2006. Measured forest soil C stocks and estimated turn-
over times along an elevation gradient. Geoderma 136, 342e352.

German, D.P., Weintraub, M.N., Grandy, A.S., Lauber, C.L., Rinkes, Z.L., Allison, S.D.,
2011. Optimization of hydrolytic and oxidative enzyme methods for ecosystem
studies. Soil Biology & Biochemistry 43, 1387e1397.

Giardina, C.P., Ryan, M.G., 2000. Evidence that decomposition rates of organic carbon
in mineral soil do not vary with temperature. Nature (London) 404, 858e861.

Griffiths, R.P., Madritch, M.D., Swanson, A.K., 2009. The effects of topography on
forest soil characteristics in the Oregon Cascade Mountains (USA): implications
for the effects of climate change on soil properties. Forest Ecology and Man-
agement 257, 1e7.

Hart, S.C., 2006. Potential impacts of climate change on nitrogen transformations
and greenhouse gas fluxes in forests: a soil transfer study. Global Change
Biology 12, 1032e1046.

Hartley, I.P., Heinemeyer, A., Ineson, P., 2007. Effects of three years of soil warming
and shading on the rate of soil respiration: substrate availability and not
thermal acclimation mediates observed response. Global Change Biology 13,
1761e1770.

Hartley, I.P., Ineson, P., 2008. Substrate quality and the temperature sensitivity of
soil organic matter decomposition. Soil Biology & Biochemistry 40, 1567e
1574.

Hobbie, S.E., Schimel, J.P., Trumbore, S.E., Randerson, J.R., 2000. Controls over carbon
storage and turnover in high-latitude soils. Global Change Biology 6, 196e210.

IPCC, 2007. Climate Change 2007: the Physical Science Basis: Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge.

Katterer, T., Reichstein, M., Andren, O., Lomander, A., 1998. Temperature depend-
ence of organic matter decomposition: a critical review using literature data
analyzed with different models. Biology and Fertility of Soils 27, 258e262.

Kirschbaum, M.U.F., 1995. The temperature-dependence of soil organic-matter
decomposition, and the effect of global warming on soil organic-C storage.
Soil Biology & Biochemistry 27, 753e760.

Knorr, W., Prentice, I.C., House, J.I., Holland, E.A., 2005. Long-term sensitivity of soil
carbon turnover to warming. Nature 433, 298e301.

T.G. Whitby, M.D. Madritch / Soil Biology & Biochemistry 60 (2013) 202e209208



Author's personal copy

Knoepp, J.D., Vose, J.M., Swank, W.T., 2008. Nitrogen deposition and cycling across
an elevation and vegetation gradient in southern Appalachian forests. Inter-
national Journal of Environmental Studies 65, 389e408.

Koch, O., Tscherko, D., Kandeler, E., 2007. Temperature sensitivity of microbial
respiration, nitrogen mineralization, and potential soil enzyme activities in
organic alpine soils. Global Biogeochemical Cycles 21.

Komatsu, H., Hashimoto, H., Kume, T., Tanaka, N., Yoshifuji, N., Otsuki, K., Suzuki, M.,
Kumagai, T., 2010. Modeling seasonal changes in the temperature lapse rate in
a northern Thailand mountainous area. Journal of Applied Meteorology and
Climatology 49, 1233e1246.

Li, J.W., Ziegler, S., Lane, C.S., Billings, S.A., 2012. Warming-enhanced preferential
microbial mineralization of humified boreal forest soil organic matter: Inter-
pretation of soil profiles along a climate transect using laboratory incubations.
Journal of Geophysical Research-Biogeosciences 117.

Mahecha, M.D., Reichstein, M., Carvalhais, N., Lasslop, G., Lange, H., Seneviratne, S.I.,
Vargas, R., Ammann, C., Arain, M.A., Cescatti, A., Janssens, I.A., Migliavacca, M.,
Montagnani, L., Richardson, A.D., 2010. Global convergence in the temperature
sensitivity of respiration at ecosystem level. Science 329, 838e840.

Madritch, M.D., Donaldson, J.R., Lindroth, R.L., 2007. Canopy herbivory can mediate
the influence of plant genotype on soil processes through frass deposition. Soil
Biology & Biochemistry 39, 1192e1201.

Niklinska, M., Klimek, B., 2007. Effect of temperature on the respiration rate of
forest soil organic layer along an elevation gradient in the Polish Carpathians.
Biology and Fertility of Soils 43, 511e518.

Paustian, K., Levine, E., Post, W.M., Ryzhova, I.M., 1997. The use of models to inte-
grate information and understanding of soil C at the regional scale. Geoderma
79, 227e260.

Pendall, E., Bridgham, S., Hanson, P.J., Hungate, B., Kicklighter, D.W., Johnson, D.W.,
Law, B.E., Luo, Y.Q., Megonigal, J.P., Olsrud,M., Ryan,M.G.,Wan, S.Q., 2004. Below-
ground process responses to elevated CO2 and temperature: a discussion of ob-
servations, measurement methods, and models. New Phytologist 162, 311e322.

Powers, R.F., 1990. Nitrogen mineralization along an altitudinal gradient e in-
teractions of soil-temperature, moisture, and substrate quality. Forest Ecology
and Management 30, 19e29.

Schindlbacher, A., de Gonzalo, C., Diaz-Pines, E., Gorria, P., Matthews, B., Inclan, R.,
Zechmeister-Boltenstern, S., Rubio, A., Jandl, R., 2010. Temperature sensitivity of
forest soil organic matter decomposition along two elevation gradients. Journal
of Geophysical Research-Biogeosciences 115.

Sierra, C.A., 2012. Temperature sensitivity of organic matter decomposition in the
Arrhenius equation: some theoretical considerations. Biogeochemistry 108, 1e15.

Sinsabaugh, R.L., Lauber, C.L., Weintraub, M.N., Ahmed, B., Allison, S.D., Crenshaw, C.,
Contosta, A.R., Cusack, D., Frey, S., Gallo, M.E., Gartner, T.B., Hobbie, S.E.,
Holland, K., Keeler, B.L., Powers, J.S., Stursova, M., Takacs-Vesbach, C.,
Waldrop, M.P., Wallenstein, M.D., Zak, D.R., Zeglin, L.H., 2008. Stoichiometry of
soil enzyme activity at global scale. Ecology Letters 11, 1252e1264.

Soil Survey Staff, Natural Resources Conservation Service, United States Department
of Agriculture. 2010. Soil Survey Geographic (SSURGO) Database for [Macon,
Burke, and Watauga, NC], Available online at: http://soildatamart.nrcs.usda.gov
(accessed 12.01.10.).

Sokal, R.R., Rohlf, F.F., 2001. Biometry. W.H. Freeman and Company, New York, NY,
USA.

Steinweg, J.M., Plante, A.F., Conant, R.T., Paul, E.A., Tanaka, D.L., 2008. Patterns of
substrate utilization during long-term incubations at different temperatures.
Soil Biology and Biochemistry 40, 2722e2728.

Tague, C.L., Band, L.E., 2004. RHESSys: regional hydro-ecologic simulation system-
an object-oriented approach to spatially distributed modeling of carbon, wa-
ter, and nutrient cycling. Earth Interactions 8, 1e42.

Thomson, B.C., Ostle, N.J., McNamara, N.P., Whiteley, A.S., Griffiths, R.I., 2010. Effects
of sieving, drying and rewetting upon soil bacterial community structure and
respiration rates. Journal of Microbiological Methods 83, 69e73.

Wallenstein, M., Allison, S.D., Ernakovich, J., Steinweg, J.M., Sinsabaugh, R., 2011.
Controls on the temperature sensitivity of soil enzymes: a key driver of in
situ enzyme activity rates. In: Shukla, G.V.A. (Ed.), Soil Enzymology, pp. 245e
258.

Zhang, C., Tian, H., Chappelka, A.H., Ren, W., Chen, H., Pan, S., Liu, M., Styers, D.M.,
Chen, G., Wang, Y., 2007. Impacts of climatic and atmospheric changes on
carbon dynamics in the Great Smoky Mountains National Park. Environmental
Pollution 149, 336e347.

T.G. Whitby, M.D. Madritch / Soil Biology & Biochemistry 60 (2013) 202e209 209


