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Biologically derived emissions of carbon dioxide (CO2) and nitrous oxide (N2O) at 0 �C vary with soil
depth during soil thawing. Micro-site soil properties, especially those which influence porosity and
substrate availability, also vary with depth and may help explain gas emissions. Intact soil cores collected
to a depth of 80 cm from an undisturbed prairie Mollisol in central North Dakota were uniformly sub-
jected to distinct temperature steps during a simulated soil thaw (�15 to 5 �C) and sampled for CO2 and
N2O emissions throughout the soil profile. Emission data were fit to a first order exponential equation
(E ¼ aebT). Cores were then analyzed in 10 cm depth increments for micro-site properties including root
length and mass, aggregation, and organic substrate availability (available, aggregate-protected and
mineral-bound pools). Both CO2 and N2O emissions at 0 �C declined exponentially with depth. Emissions
of CO2 and N2O at 0 �C were strongly related to root length (R2 ¼ 0.80 and 0.76, respectively), root mass
(R2 ¼ 0.56 and 0.74), large macroaggregate mass (R2 ¼ 0.63 and 0.54), and aggregate-protected organic
matter (R2 > 0.57), while available organic matter was related to CO2 (R

2 > 0.60) and not N2O. When CO2

and N2O emissions were normalized by available and aggregate-protected carbon pools, respectively,
nutrient use efficiency increased significantly with depth. Results suggest CO2 and N2O emissions are (1)
positively influenced by the rhizosphere and (2) differentially affected by substrate pool or location. CO2

emissions were more positively affected by available substrate, while N2O emissions were more posi-
tively affected by less labile, aggregate-protected substrate.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Emissions of carbon dioxide (CO2) and nitrous oxide (N2O) vary
between surface and subsurface soils during thawing (Fierer et al.,
2003a, 2005; Davidson et al., 2006; Risk et al., 2008). These differ-
ences in emissions with depth have been attributed to environme
ntally-driven parameters such as temperature buffering (Burton
and Beauchamp, 1994; van Bochove et al., 2000a) and moisture
distributions (Fierer et al., 2003a; del Prado et al., 2006) throughout
the soil profile. Other studies have also identified important soil
properties or processes related to trace gas emissions, such as
porosity (Phillips et al., 2012), microbial functional group stratifi-
cation (Fierer et al., 2003b), rhizosphere priming (Zhu and Cheng,
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2011), and variability in carbon (C) and nitrogen (N) content (Risk
et al., 2008). When the environmental variables of temperature
and moisture are similar at multiple soil depths, substrate avail-
ability is considered a fundamental driver to biogenic gas emissions
from soils during thawing (Paul and Clark, 1996; Sehy et al., 2004).
Substrate availability varies throughout the soil profile, subse-
quently influencing CO2 and N2O gas production from surface and
subsurface sources.

Near the soil surface, high-quality organic substrates (root
detritus and exudates as well as recent plant litter inputs) are
relatively abundant, while subsoil material is generally lower in
organic substrate quality and quantity (Ajwa et al., 1998; Jobbágy
and Jackson, 2000; Fierer et al., 2003a,b; Fang et al., 2005). Strati-
fication of organic substrate across depths contributes to the crea-
tion of soil micro-sites (defined as environments or locations where
biological processes differ from those occurring in the whole soil;
Gregorich et al., 2001), which are considered to be potential “hot
spots” for CO2 and N2O production (Parkin, 1987; Sexstone et al.,
1988; Sey et al., 2008). Micro-sites become increasingly important
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for gas emissions during thawing in highly aggregated soils, where
physical soil attributes (i.e. aggregation) influence root penetration
patterns into soil (Bronick and Lal, 2005) and drive substrate
availability (Christensen and Christensen, 1991; van Bochove et al.,
2000a,b; Plante et al., 2009). During freeze-thawevents,micro-sites
(substrate locality) play a larger role because substrate liberated by
freezing is available immediately for use by microorganisms in situ
(Sehy et al., 2004).

Micro-site characteristics arise primarily from rooting patterns,
aggregation, substrate quality and distribution in soils (van Bochove
et al., 2000b; Davidson and Janssens, 2006; Seyet al., 2008). Rooting
patterns influence micro-sites by providing organic substrate for
microbial communities and facilitating aggregate formation from
individual soil particles (Killham, 1994; Paul and Clark, 1996;
Bronick and Lal, 2005). Aggregation contributes to variability in
pore size distributions important for gas transfer throughout the
soil (Hillel, 1982) as well as to the compartmentalization or locality
of organic substrates where decomposers are physically isolated
from soil substrates (Plante et al., 2009). The total amount of
measured substrate collected from the whole soil may be distrib-
uted disproportionately among pools located inside aggregates
(aggregate-protected), on the outside of aggregates (available), or
bound to soil minerals (mineral-bound; Paul and Clark, 1996; Six
et al., 1998). All three substrate pools (both quality and quantity)
are unique as a result of their spatial distribution throughout the
soil. For example, organic matter in the available pool tends to be
a higher quality substrate than aggregate-protected organic matter,
which is subsequently of higher quality than mineral-bound
organic matter (Jastrow and Miller, 1998). Though the available
pool is the highest quality, it is also the smallest of the three pools,
with the mineral-bound pool being the largest (Carter, 1996). The
quality and quantity of these three pools likely varies with depth as
root and aggregate properties shift within the soil profile, particu-
larly between the surface and subsoil.

Micro-site properties are often not preserved during field
sampling, limitingour understandingof how these propertiesmight
influence CO2 and N2O emissions (Silver et al., 2005; Risk et al.,
2008; Phillips et al., 2012) especially when attempts are made to
hold the environmental parameters of temperature and moisture
constant throughout the soil profile (which can only be done in lab
experiments). To identify potential micro-site controls on CO2 and
N2O emissions with depth, we exposed intact prairie Mollisol cores
(including both the surface soil and subsoil) to a simulated soil thaw
(where all depths were exposed to the same temperature steps)
while preserving structure and maintaining constant soil moisture
across all depths. Data fit to a first order exponential equation
(E ¼ aebT; van’t Hoff, 1898) indicated emissions at 0 �C (a) varied
withdepthwhilemicrobial temperature responses (Q10 ¼ eb�10) to
thawing were similar with depth (Phillips et al., 2012). We investi-
gated these particular soils further to determine if micro-site soil
properties (root mass and length, aggregation and soil organic
matter pools) contribute to variation in emissionswith depth of CO2
andN2O at 0 �C for a highly aggregated, undisturbed prairieMollisol.

2. Materials and methods

2.1. Site information and field sampling

A historically-native grassland enclosure (23 ha) with no history
of tillage was selected at the USDA-ARS Northern Great Plains
Research Laboratory (NGPRL) in south-central North Dakota
(46�460N,100�550W). The site ismanaged for annual hay production
and has not been grazed by cattle or fertilized for over 11 years. Soils
are Temvik-Wilton silt loams (FAO: Calcic Siltic Chernozems; USDA:
Fine-silty, mixed, superactive, frigid Typic and Pachic Haplustolls;
Soil Survey Staff, 2010). Climate is semiarid with mean annual
temperature of 5 �C and mean annual precipitation of 41.2 cm. Soil
samples were collected from the southwest corner of the enclosure
where vegetation was dominated by Schizachyrium scoparium
(Michx.) Nash in October 2009. Soil cores were collected along a 30-
m, northesouth transect from six points spaced approximately 5 m
apart. At each point, a pair of intact cores (located<0.3m from each
other) was collected using a hydraulic tractor press (Giddings
Machine Co., Inc, Windsor, CO) with a plastic sleeve insert
(7.65 cm dia. � 90 cm length) to avoid compaction of the cores
during collection. Water filled pore space was 55% throughout the
entire soil core at time of sample collection (Phillips et al., 2012).

All six pairs of cores were exposed to simulated thaw incuba-
tions, with pairs one through five used for gas and soil analyses and
the sixth pair of cores used to track soil temperature (using
a Omega Model HH21, Type E temperature sensor inserted in the
50e80 cm section of the core) and non-biogenic core emissions
(autoclaved; Phillips et al., 2012) during the incubation. The first set
of five cores was designated formeasurement of biogenic emissions
of CO2 and N2O using multiple 5 �C temperature-step incubations
followed by analyses for general physiochemical soil properties
(pH, nitrate-N, ammonium-N, total phosphorous, whole soil C and
N, texture, bulk density, water filled pore space and porosity;
Phillips et al., 2012). The second set of five cores was reserved for
analysis of micro-site properties (roots, aggregation and organic
matter pools) post-incubation.

For full details on themeasurement andmodelingof CO2 andN2O
emissions with depth during temperature-step incubations and
relations with whole soil properties see Phillips et al. (2012). Briefly,
the cores reserved for gas measurements were transferred into
incubation chambers constructed with polyvinyl chloride (PVC)
tubes with sampling port locations at 15, 30, 45, 60 and 75 cm soil
depths. Small soil cores at port locations were removed and perfo-
rated Bev-Line� tubing was inserted and secured with a threaded
brass fitting and septum creating an airtight connection for gas
sampling at port locations. The cores were placed in a Queue Cryo-
star Model 7110 (Queue Systems, Parkersburg, WV) freezer instru-
mented with T107 temperature sensors that logged one-minute
temperature datawith a 21X datalogger (Campbell Scientific, Logan,
UT). All cores were gradually (0.5 �C h�1) brought to �15 �C, which
was sustained for 48 h. All cores were then uniformly subjected to
sequential, 5 �C temperature-step incubations (�15 to �10 �C, �10
to �5 �C, �5 to 0 �C, and 0 to 5 �C), according to temperature probe
data collected within the dedicated soil core (Phillips et al., 2012).
These temperatures are commonly observed in soils in the northern
prairie, so we exposed all soil depths to these specific temperature
ranges to determine the temperature dependence of CO2 and N2O
with depth. Each temperature step (i.e.�15 to�10 �C) occurred over
a 7 h time period with temperature increasing at a rate of 0.5 �C h�1

and a stabilization period at each temperature of 2 h prior to
sampling. We aimed to minimize methodological weakness by col-
lecting soils just prior to freezing and controlling temperature with
mesocosms (Henry, 2007). Post-sampling, ports were flushed with
ultrapure N2 and vented (fittings removed from all ports) for 12 h at
each temperature step. Gas samples were analyzed using a Varian
Model 3800 Gas Chromatograph with Combi-Pal autosampler.
Incubations were completed within 28 d of core collection to mini-
mize potential changes to microbial communities in the laboratory
(Gödde and Conrad, 1999; Mikan et al., 2002).

Gas concentrations were converted to emissions using the bulk
density of the soils immediately surrounding each gas port for the
460 cm3 of soil (46 cm2 area � 10 cm depth). We used the same
volume for each gas sampling depth. The use of intact soil cores
precluded the quantification of specific areas for each gas sampling
depth. However, we minimized this effect by incubating long
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enough to observe a measurable difference in gas productionwhile
minimizing the time for diffusive transport out of our defined zones
(see Phillips et al., 2012 for more detail).

Measured CO2 and N2O emissions were then fit to a simple, first-
order exponential equation [E¼ aebT; where E is emission of CO2 or
N2O (nmol CO2 or pmol N2O g�1 h�1), T is the measured soil
temperature (�C), and a (emission of CO2 or N2Owhen T¼ 0 �C) and
b (units¼ 1/�C) are fitted parameters; van’t Hoff, 1898]. Though CO2
and N2O temperature responses did not vary with depth, emissions
of CO2 and N2O at 0 �C were found to exponentially decrease with
depth suggesting dependence of emissions on soil micro-site
properties as they shift throughout the soil profile (Phillips et al.,
2012). While actual N2O emissions data are typically not normally
distributed, CO2 and N2O emissions at 0 �C were normally distrib-
uted and subsequently analyzed.

2.2. Physiochemical soil property analyses

Prior to micro-site soil analyses, a morphological description of
a representative core was conducted according to Natural Resources
Conservation Service (NRCS) protocol (Table 1). Briefly, the mollic
epipedon was observed to a depth of 36 cm and underlain by
combined sequence of Bw horizons with angular blocky structure
through the remainder of the core. Macropores were observed
throughout the mollic epipedon, while very fine tubular pores were
observed throughout the B horizons. The cores reserved for micro-
site properties were cut into 10 cm sections (0e10, 10e20, 20e30,
30e40, 40e50, 50e60, 60e70, and 70e80 cm) to follow natural
horizonation in the soil core,while still aligningwith thegas sampling
depths. Core sectionswere analyzed for root length andmass, water-
stable aggregate size distributions, and location of organic matter
within the soil matrix (physical separation into available, aggregate-
protected and mineral-bound C and N pools) as described below.

Cores were first analyzed for root properties on volumetric
subsamples collected from the center of each core section with
a 2.25 cm diameter probe. Visible litter was removed from each
sub-sample and remaining soil þ roots were immersed in deion-
ized water overnight to moisten roots and slake aggregates
attached to roots. Samples were gently washed with deionized
water on nested 2000 and 250 mm sieves. Roots remaining on each
sieve were transferred to trays and scanned for length using the
WinRhizo program (Régent Instruments, Quebéc, QC). Roots were
then dried at 55 �C and weighed to determine root mass on
a weight per area basis within each depth.
Table 1
Soil profile description for an undisturbed Mollisol near Mandan, ND.

Depth (cm) Horizon Color Structure Pores

0e2 Oi
2e5 A1 10YR 3/2 strong, fine and

medium granular
macropores

5e16 A2 10YR 2/1 strong, medium
and coarse granular

macropores

16e36 A3 10YR 2/1 moderate, medium
and coarse granular

macropores

36e54 BA 10YR 3/2 weak, medium
prismatic parting to
moderate, fine and
medium subangular
blocks

common, very fine
tubular pores

54e70 Bw1 10YR 4/2 moderate, medium
prismatic parting to
moderate, fine and
medium angular
blocky

common, very fine
tubular pores

70þ Bw2 10YR 4/2 strong, coarse
angular blocky

common, very fine
tubular pores
Soils remaining after root samples were removed were dried at
room temperature and gently sieved to 8000 mm. Identifiable roots
and litter were removed from the samples using forceps. Water-
stable aggregate size distributions (2000e8000 mmelarge macro-
aggregates, 250e2000mmesmallmacroaggregates, and53e250mm-
microaggregates) were determined using a wet sieving protocol
described by Six et al. (1998) and sand corrected according to Denef
et al. (2001). Physical separation of organic matter into available,
aggregate-protected andmineral-bound pools was conducted based
on methods described by Six et al. (1998). The relationship between
aggregate size classes and organic matter pool separation is
conceptually diagramed in Fig. 1. Briefly, whole soil samples (10 g)
were dried at 105 �C and suspended in 1.85 g cm�3 density sodium
polytungstate (SPT). The samples were then placed under vacuum
(138 kPa) and centrifuged for 60 min at 2500 rpm. Floating material
(available pool; organic residues at various stages of decomposition
held between aggregates; Stevenson and Cole, 1999) was aspirated
through a 20 mm nylon filter, rinsed, dried at 55 �C, weighed and
stored. Twelve 6 mm glass beads and 30 mL of 1.85 g cm�3 density
SPT were added to the material remaining in the centrifuge tube
(aggregate-protected pool, sand, silt and clay), shaken for 18 h and
centrifuged for 60 min at 2500 rpm. Floating material (aggregate-
protected pool; organic residues physically protected aggregates;
Jastrow andMiller, 1998) was aspirated through a 20 mmnylon filter,
rinsed, dried at 55 �C, weighed and stored. The remaining soil pellet
(sand, silt and clay) was rinsed three times to remove SPT from the
sample. The soil pellet was then sieved with a 53 mm sieve and glass
beads removed to separate sand from silt and clay (mineral-bound
pool; amorphous organic matter chemically bound to silt and clay
particles; Christensen, 1996). All samples were dried at 55 �C,
weighed and stored. Organic matter fractions were powder-ground
to <53 mm and analyzed for C and N via dry combustion (Carlo
Erba, Thermo Scientific, Waltham, MA, USA). Pool sizes were calcu-
lated using bulk density. Carbon:N ratios were used to indicate the
potential for decomposition within each of these pools (with net
mineralizationgenerallyoccurring forC:N ratios<20; Stevenson and
Cole, 1999). Emissions of CO2 and N2O at 0 �C were normalized with
depth per g of whole soil C for both gases, per g of available C for CO2
and per g of aggregate-protected C for N2O to indicate substrate-use
efficiency with depth.

2.3. Statistical analyses

Differences among soil properties with depth were determined
using one-way analysis of variance followed by a post-hoc multiple
comparison ofmeans (JMP 4.0.4, 2001). Level of significancewas set
at P < 0.05. A stepwise linear regression was used on micro-site
property data (root mass, root length, aggregate size classes, avail-
able, aggregate-protected and mineral-bound C and N) to identify
the properties that showed the greatest potential relationship
(highest R2) with CO2 and N2O emissions at 0 �C (a, Phillips et al.,
2012). The gas sampling port at the surface (0 cm) was evaluated
using soil data collected at the 0e10 cm soil depth, while the gas
sampling port at subsequent intervals was evaluated using the soil
depth increment immediately surrounding each port. Further, we
tested if the soil property most strongly related to emissions of CO2

and N2O at 0 �C significantly affected the emissions at 0 �C using
a mixed, random coefficients regression model (SAS 9.2, 2008).

3. Results

3.1. Soil structure and micro-site characteristics

Surface soils (<20 cm) contained a majority of the roots, as
indicated by both mass and length (Fig. 2a and b). Trends in large



Fig. 1. Schematic diagram for the physical separation of whole soils into organic matter pools using high density fluid and aggregate fractions via wet sieving.
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macroaggregate proportions with depth were similar to trends in
root properties with depth. Large macroaggregate (2000e8000
mm) proportions decreased significantly within the surface 20 cm
of soil (from 17 to 1% of total soil) and thenwere largely unchanged
across all remaining depths (Fig. 2c). Between 30 and 45% of the soil
was aggregated in the small macroaggregate size class (250e2000
mm), with similar proportions across all depths (0.39 � 0.02 g
aggregate g�1 soil; �std error; data not shown). Microaggregates
increased with depth throughout the mollic epipedon (approxi-
mately 0e40 cm) from 20 to 35% of total soil mass, and stayed
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Whole soils were physically fractionated into available,
aggregate-protected and mineral-bound C and N pools. The largest
decrease in available C and N occurred within the surface soils
(between the 0e10 and 10e20 cm depth; 2.8e1.3 Mg C ha�1 and
0.18e0.06 Mg N ha�1), while at depths >20 cm C and N
decreased much less, consistent with the root and large
macroaggregate trends (Fig. 3a and b). Less than 10% of whole
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Table 2
Relationships between CO2 and N2O emissions at 0 �C and soil micro-site variables
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decreasing percentages with depth increments. Aggregate-
protected C and N was consistently higher than available C and N
across all depths and also declined more slowly with depth
throughout the mollic epipedon than the available pool. Aggregate-
protected C and N values decreased from 6.9 Mg C ha�1 and
0.38 Mg N ha�1 in the surface soils to 1.4 Mg C ha�1 and
0.05 Mg N ha�1 at the epipedon-subsoil contact. Values then
remained similar throughout the subsoil. Mineral-bound C and N
pool sizes were nearly five times that of the available and
aggregate-protected C and N pool sizes, and again demonstrated
a significant difference in values observed within the mollic epi-
pedon versus the subsoil material. Mineral-bound C in the upper
part of the mollic epipedon (0e20 cm depth) was 34.5 (�2.0)
versus 27.0 (�1.6) Mg C ha�1 in the lower part of the epipedon
(20e40 cm depths), while N averaged 3.1 (�0.20) Mg N ha�1 in the
upper part of the epipedon and declined gradually to 2.3 Mg N ha�1

at the epipedon-subsoil contact. Mineral-bound pool sizes
within the subsoil averaged 16.5 (�1.1) Mg C ha�1 and 1.7
(�0.09) Mg N ha�1.

Available and aggregate-protected C:N gradually increased with
depth, indicating the potentials for decomposition of both pools
were lower in the subsoil than the mollic epipedon (Fig. 3c).
Available C:N ratios averaged 22.4 (�2.5) in the mollic epipedon
then increased significantly in the subsoil material (average
43.9 � 5.6). Aggregate-protected C:N averaged 22.9 (�1.5) in the
mollic epipedon and 26.8 (�0.98) in the subsoil. Mineral-bound
organic matter in the epipedon had similar values, with 11.0
(�0.13) in the mollic epipedon and 9.6 (�0.22) in the subsoil.
for an undisturbed Mollisol (0e80 cm) near Mandan, ND determined using a step-
wise linear regression. Bold indicates a significant relationship, symbol indicates
level of significance.

Soil micro-site variable R2

CO2 N2O

Root length 0.80** 0.76**

Root mass 0.56** 0.74**

Large macroaggregate mass 0.63** 0.54**

Small macroaggregate mass 0.14 0.20
Microaggregate mass 0.41 0.46
Available C 0.65* 0.44
Available N 0.60* 0.39
Aggregate-protected C 0.66** 0.59**

Aggregate-protected N 0.63** 0.57*

Mineral-bound C 0.36 0.25
Mineral-bound N 0.35 0.24

*, ** indicate level of significance at p � 0.05 and 0.01, respectively.
3.2. Relationships between gas emissions at 0 �C and micro-site
properties

Emissions at 0 �C (a) for both CO2 and N2O decreased expo-
nentiallywith depth (Fig. 2a and b) andwere strongly related to root
length and root mass (Table 2). Large macroaggregate distribution
trends also tracked emissions with depth (Fig. 2c). For CO2, 7 out of
11 micro-site variables were significantly correlated (R2 > 0.56)
with a parameter estimates (Table 2). The highest coefficient of
determination was for root length (R2 ¼ 0.80), followed by
aggregate-protected C (R2 ¼ 0.66), available C (R2 ¼ 0.65), large
macroaggregate mass (R2 ¼ 0.63), aggregate-protected N
(R2 ¼ 0.63), and available N (R2 ¼ 0.60). For N2O, 5 out of 11 micro-
site variables were significantly relatedwith a parameter estimates.
The highest coefficient of determination was again for root length
(R2¼ 0.76), followed by rootmass (R2¼ 0.74), aggregate-protected C
(R2 ¼ 0.59), aggregate-protected N (R2 ¼ 0.57), and large macro-
aggregate mass (R2 ¼ 0.54). Root length was most highly correlated
with a for both gases, and the random coefficients model indicated
root length significantly affected a for CO2 (F1, 4.56 ¼ 41.96;
p < 0.005) and N2O (F1, 4.56 ¼ 26.69; p < 0.005).

Emissions of CO2 andN2O calculated onper g ofwhole soil C basis
varied considerably from amounts calculated using per g of available
or aggregate-protected C (Fig. 4a and b). Carbon dioxide emissions
per g of whole soil C varied from 7.8 (�5.4) at the surface to 46.3
(�41.8) mmol CO2eC g�1 whole C h�1 at the 75 cm depth (Fig. 4a),
while CO2 per g of available C ranged from 36.3 (�5.8) at the surface
to 152.1 (�11.9) mmol CO2eC g�1 available C h�1 at the 75 cm depth
(Fig. 4b). Nitrous oxide emissions per g of whole soil C varied from
0.59 (�0.35) at the surface to 2.13 (�1.6) nmol N2OeN g�1 whole
C h�1 at the 75 cm depth (Fig. 4a), while N2O per g of aggregate-
protected C ranged from 1.53 (�0.28) at the surface to 11.0
(�4.5) nmol N2OeN g�1 aggregate-protected C h�1 at the 75 cm
depth (Fig. 4b). Differences between themollic epipedon and subsoil
were only observed when values were normalized by the individual
soil C pools (available and aggregate-protected), indicating the
importance of C pool selectionwhen reporting gas fluxes per g of C.
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4. Discussion

Temperature exerts a strong influence on CO2 and N2O emis-
sions during soil thawing (Phillips et al., 2012), but soil micro-site
properties also influence CO2 and N2O emissions during thawing
(van Bochove et al., 2000b; Fang et al., 2005; Knorr et al., 2005;
Davidson and Janssens, 2006; Risk et al., 2008). Of the micro-site
properties measured in this study, root length and mass, large
macroaggregate mass and aggregate-protected C and N were
correlated to both CO2 and N2O emissions at 0 �C, while available C
and N were correlated with CO2 emissions only. These results point
to potential differences in substrate use for organisms producing
CO2 and N2O belowground (Fierer et al., 2003b; Sey et al., 2008),
where organic substrate held within aggregates (aggregate-pro-
tected) is inherently more complex than substrate held between
aggregates (available pool; Jastrow and Miller, 1998; Stevenson and
Cole, 1999).

Roots play an integral role in soil CO2 and N2O production by (1)
providing inputs of labile organic substrate in the form of exudates
and root detritus fueling microbial activity (Dormaar, 1990; Jastrow
et al., 1998; Bird et al., 2011), (2) altering soil physical properties (i.e.
porosity and pore size distribution) in the rhizosphere via wetedry
cycles and aggregate formation/stabilization (Jastrow and Miller,
1998; Dijkstra and Cheng, 2007) and (3) providing channels for
the transfer of soil gases throughout the profile (Hillel, 1982). Root
inputs and rhizosphere processes have been found to increase the
rate of CO2 production via decomposition (Bottner et al., 1999;
Cheng and Kuzyakov, 2005; Fierer et al., 2005; Bird et al., 2011; Zhu
and Cheng, 2011). Additionally, higher microbial biomass, diversity
and activity is commonly observed in the rhizosphere relative to
the subsoil (Fierer et al., 2003a), with bacteria utilizing substrates
within immediate surroundings due to limited mobility in the soil
(Jastrow et al., 2007). The limited mobility of bacteria is further
amplified in frozen soils, where activity is restricted to unfrozen
water films (Ostroumov and Siegert, 1996).

We found trends in root properties and large macroaggregates
were similar with depth, which corroborates observations where
roots were closely related to macroaggregate formation and
stability (Jastrow et al., 1998). Both large macroaggregates and root
properties were also highly correlated with CO2 and N2O emissions
at 0 �C, which is likely attributed to their effects on the soil micro-
environment. In a previous study by Jastrow et al. (1998), fine and
very fine roots were identified as the most important factor in
aggregate stabilization. Fine roots influence macroaggregation via
localized physical entanglement, wetting and drying, exudate
production and rhizodeposition to stimulate microbial activity, as
well as continued contributions of organic material to the soil via
root turnover (Jastrow et al., 1998). As a result of root penetration
and organic matter additions, large macroaggregates protect the
most recent inputs of organic matter (Elliott, 1986). They also
contain an assemblage of macropores (diameter >10 mm), provide
habitat for microbial communities, and create a network of soil
pores facilitating the movement of dissolved organic and inorganic
substances throughout the soil (Ranjard and Richaume, 2001). This
assemblage of organic matter and abundance of macropores facil-
itates a more diverse environment for microbial activity than
observed in smaller aggregate size classes (Oades and Waters,
1991). These factors can also lead to both abundant and variable
microbial communities in relatively small spaces (Mummey et al.,
2006). Substrate use by abundant, more diverse and potentially
more efficient microbial communities in macroaggregates (Ranjard
and Richaume, 2001) may explain relationships between large
macroaggregates and CO2 and N2O emissions at 0 �C.

Available, aggregate-protected andmineral-bound C and Nwere
all higher in the mollic epipedon (0e40 cm) versus subsoil
(40e80 cm) depths for this specific soil by magnitudes of 3�, 5�
and 2�, respectively. The relatively larger pool sizes of available and
aggregate-protected organic matter in the mollic epipedon also
have a higher potential for decomposition than the available and
aggregate-protected pools in the subsoil material. This coincides
with the higher CO2 and N2O emission rates observed in the mollic
epipedon than the subsoil. The mineral-bound pool was not related
to CO2 or N2O emissions despite the quantity and quality of organic
matter observed in this pool. The mineral-bound pool is commonly
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found to be the largest of the three pools (Davidson and Janssens,
2006; Plante et al., 2006) and is more decomposed and humified
than organic material in the available and aggregate-protected
fractions (Jastrow and Miller, 1998).

Using available and aggregate-protected C to normalize emis-
sions of CO2 and N2O, respectively, we found that substrate-use
efficiency increased with depth for both gasses. This may be due
to the change in microbial biomass and community diversity with
depth (Fierer et al., 2003b) as well as the stratification of organic
substrate quantity and quality with depth (Paul and Clark, 1996).
This was not observed when whole soil C values were used, indi-
cating the importance of fractionating soil C pools for normalizing
soil gas emission data. When roots and substrate are abundant, as
in the mollic epipedon, utilization by microbial communities is less
efficient than in the subsoil, where substrate is limited and
microbial communities are more specialized (Fierer et al., 2003b).

In soils where temperatures fluctuate around 0 �C, soil aggre-
gates tend to break apart and release once aggregate-protected
organic material into the available organic matter pool (Sehy
et al., 2004; Bronick and Lal, 2005). This may have occurred
during this study to influence CO2 and N2O emission rates during
thawing. The relationships observed among roots, large macroag-
gregates, organic matter stratification, and temperature are clearly
important to the variability observed in CO2 and N2O emissions for
these highly aggregated soils. Respiration rates reported in this
study for multiple soil depths were greater than reports for arctic
soil depths (Waldrop et al., 2010), but lower than soils found in
warmer climates (Silver et al., 2005). Rates of CO2 and N2O emis-
sions in frozen soils tend to be low and dominated by denitrifica-
tion (Phillips, 2008; Sehy et al., 2004); nonetheless, emissions
during thawing can represent a significant portion of the annual
budget (van Bochove et al., 2000a). This study supports the asser-
tion that substrate availability with respect to micro-site (rhizo-
sphere and aggregate protection) is fundamental to microbial
emissions of CO2 and N2O.

5. Conclusions

The magnitude of CO2 and N2O emissions at 0 �C were lower at
deeper soil depths (>45 cm) and were highly related to micro-site
properties, such as root length and mass, large macroaggregation,
and available and aggregate-protected C and N. While CO2 emis-
sions were highly correlated with both available and aggregate-
protected C and N, N2O emissions were highly correlated with
the less labile, aggregated-protected C and N. These relationships
point to the importance of substrate pool or location when evalu-
ating factors that influence CO2 and N2O emissions belowground
and corroborate others that have suggested “hot spots” for N2O
production may be located within aggregate-protected micro-sites.
We suggest future temperature-response investigations include
multiple depth data on intact soils to better constrain those soil
properties influencing emissions of CO2 and N2O. These results are
specific to a historically native, northern prairie Mollisol, and
additional investigations that include other soil series are needed.
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