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Abstract Humans have dramatically increased the
deposition and availability of nutrients, such as
nitrogen (N), worldwide. Soil organic matter (SOM)
is a significant global reservoir of carbon (C); however, the effects of N enrichment on this large,
heterogeneous C stock are unclear. Nitrogen has
variable effects on the biological, chemical, and
physical factors that determine SOM pool mean
residence time; consequently, we predicted that N
enrichment would have distinct effects on SOM pools,
including the pool that is readily available for
microbial decomposition, as well as the pools that
have been stabilized against microbial decomposition
via aggregate occlusion and mineral association. We
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addressed this gap in knowledge by measuring the
effects of N addition on different SOM pools at five
grassland experiments in the US Central Great Plains
that participate in the Nutrient Network and have been
fertilized for three or five years. Overall, N addition
decreased microbial respiration of unoccluded OM by
as much as 29 % relative to control plots, and
consequently, decreased C loss from this pool.
Furthermore, N addition tended to increase soil
aggregation and C occlusion in large macro-aggregates. These results suggest that N addition will
increase C sequestration by slowing the decomposition of SOM, as well as stabilizing SOM against
microbial decomposition in aggregate-occluded pools.
However, the effects of N on all pools studied varied
among sites, possibly due to site variation in soil
texture. Consequently, increased sequestration of soil
C in response to N enrichment may not be universal
across grasslands.
Keywords Carbon  Fertilization  Microbial
respiration  Soil aggregate  Nutrient Network 
Wet sieving

Introduction
Since the late 1800s, anthropogenic creation of
reactive nitrogen (N) has increased 10-fold (Galloway
et al. 2004, 2008), due to fossil fuel combustion,
cultivation of N-fixing crops, and fertilizer production,
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causing a concomitant rise in atmospheric N deposition. Perturbation of the global N cycle influences
global carbon (C) stocks as well. The addition of N can
significantly increase net primary production, and total
C aboveground stocks (Gough et al. 2000; LeBauer
and Treseder 2008; Lee et al. 2010). Soil organic
matter (SOM)—a globally significant C reservoir—
contains two to five times as much C than aboveground biomass, and two to four times as much C than
is present in the atmosphere (Ciais et al. 2013).
Consequently, either positive or negative changes to
soil C sequestration, in response to N addition, could
significantly alter atmospheric carbon dioxide (CO2)
concentrations, and thus have implications for future
global climate. However, the influence of added N on
soil C remains uncertain.
The effects of N addition on soil C storage differ
across studies. Specifically, N can increase (Frey et al.
2014), decrease (Waldrop et al. 2004), or not change
(Zeglin et al. 2007) the total SOM C stock (for metaanalyses of N addition studies see Liu and Greaver
2010 and Lu et al. 2011). However, the variable
effects of N addition on total soil C are not surprising.
The total SOM stock is comprised of multiple pools
with mean residence times (MRTs) that vary from
days to centuries (Von Lützow et al. 2006). Three key
factors play a role in determining the variation in pool
MRT: recalcitrance of SOM, physical protection of
SOM in soil aggregates, and associations between soil
minerals and SOM (Dungait et al. 2012; Cotrufo et al.
2013). Nitrogen addition can directly affect each of
these key factors; consequently, the effects of N
enrichment on each of these pools may differ.
Unfortunately, few studies have examined the effects
of N addition on multiple SOM pools with distinct
MRTs and the results of these studies have not been
concordant. Researchers report no change (Reid et al.
2012), increased (Neff et al. 2002), and decreased
(Torn et al. 2005) decomposition of the unprotected
SOM pool (rapidly cycling C with short MRT) and no
change (Kaye et al. 2002), increased (Bradford et al.
2008), and decreased (Hagedorn et al. 2003) decomposition of aggregate-occluded or mineral-associated
SOM pools (slowly cycling C with long MRT) in
response to N addition. Current knowledge, which is
riddled with inconsistent patterns and little mechanistic understanding, is still insufficient to predict
future soil C sequestration potential in response to N
enrichment.

123

What are the possible effects of N addition on SOM
pools with distinct MRTs? Microbial decomposition
of physically unoccluded, available SOM is influenced
by SOM biochemistry, environmental conditions, and
microbial physiology (Schimel and Schaeffer 2012).
Consequently, the effects of N addition on the
chemistry of the decomposition substrates and/or soil
microbes (e.g., enzyme activity, physiology, community composition) will determine how these rapidly
cycling C pools (MRT days to years) will respond to N
addition (Janssens et al. 2010). Since leaf litter
decomposition studies measure the decomposition of
unoccluded (e.g., physically accessible) organic matter, results from litter N addition studies can offer
insight into how unoccluded soil organic matter pools
may respond to N. For example, Berg and Matzner
(1997) and Hobbie et al. (2012) have found that N
addition increased the decomposition rate of the litter
fraction comprising more labile substrates that decomposes first (the ‘‘fast’’ decomposing litter fraction), but
decreased the decomposition rate of the remaining
litter comprising more chemically complex substrates
(the ‘‘slow’’ decomposing litter fraction). The contrasting effects of N on ‘‘fast’’ versus ‘‘slow’’ litter
fractions are likely due to differing effects of N on the
decomposition of the substrates that make up each
litter fraction. Specifically, previous litter studies have
shown that the addition of N alleviated N limitation of
microbes seeking C in relatively labile OM substrates,
such as polysaccharides, which would lead to faster
decomposition of the ‘‘fast’’ decomposing, labile litter
fraction (Berg and Staaf 1980; Talbot and Treseder
2011). By contrast, N addition can inhibit lignindegrading enzyme activity, leading to slower decomposition of the more chemically complex substrates
that dominate the ‘‘slow’’ decomposing litter fraction
(Carreiro et al. 2000). These effects could also occur in
the unoccluded soil organic matter pool, which is also
heterogeneous in substrate composition. Consequently, we expect divergent effects of N addition
on the decomposition of unoccluded SOM: N addition
may increase the decomposition of unoccluded labile
SOM, and decrease the decomposition of unoccluded
chemically complex SOM.
By contrast, in pools comprised of slowly cycling C
(MRT years to centuries), SOM is stabilized against
microbial decomposition via physical protection (occlusion) within soil aggregates (Jastrow et al. 1996).
Along with soil particles, biological components such
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as roots, fungal hyphae, and microbial biomass and
necromass, all contribute to aggregate formation
(Oades and Waters 1991; Jastrow et al. 1998; Six
et al. 2004; Wilson et al. 2009; King 2011; Gupta and
Germida 2015). Nitrogen addition can decrease plant
investment in belowground nutrient acquisition (such
as root biomass and mycorrhizae), leading to less
belowground biomass (Feng et al. 2010; Janssens et al.
2010; Li et al. 2015). Consequently, we expect
aggregate-binding ‘‘agents’’ and aggregate-occluded
SOM to decrease in response to N addition.
Finally, the very slowest cycling C pools (MRT
centuries to millennia) are stabilized against microbial
decomposition via adsorption onto soil mineral surfaces (Torn et al. 1997). Nitrogen addition can lead to
acidification and increased solubility of polyvalent,
hydrolyzing cations, such as Al3? and Fe3? in soils
(Bouwman et al. 2002; Mueller et al. 2012). In turn,
these pH-mediated effects can increase mineral surface reactivity and the abundance of exchangeable
cations, respectively, resulting in increased SOM
binding to mineral surfaces (Oades 1988; Baldock
and Skjemstad 2000). Consequently, we expect that N
addition will increase mineral-associated SOM
through changes to mineral surface reactivity.
The objective of this study was to determine the
effects of N enrichment on the decomposition of
multiple SOM pools using empirical measurements of
key SOM pools and fluxes. Specifically, we examined
the effects of N enrichment on: (1) rapidly cycling C in
the unoccluded SOM pools, (2) slowly cycling C in the
aggregate-occluded SOM pools, and (3) very slowly
cycling C in the mineral-associated SOM pools.
Understanding the effects of N addition on soil C
cycling is particularly important in grassland ecosystems as they comprise a significant proportion of the
earth’s land area (*24 %) and soil C (*28 %) and
contain more soil C per unit area than the global
average (Watson et al. 2000). Consequently, this study
focused on examining the effects of N addition at
multiple grasslands sites.
We tested the following hypotheses for the effects
of N addition on distinct SOM pools:
Hypothesis 1 (H1) Nitrogen addition will increase
the decomposition (and decrease the amount) of
relatively labile unoccluded SOM by alleviating
microbial nutrient limitation, and decrease the
decomposition (and increase the amount) of more

chemically complex unoccluded SOM by inhibiting
its decomposition.
Hypothesis 2 (H2) Nitrogen addition will decrease
the size of the aggregate-occluded SOM pool through
decreased root and mycorrhizal biomass and associated soil aggregation.
Hypothesis 3 (H3) Nitrogen addition will increase
the size of the mineral-associated SOM pool through
pH-mediated increases to mineral surface reactivity.
Methods
Study sites
Soils were sampled from nutrient addition plots at five
participatory sites of the Nutrient Network (www.
nutnet.org; Table 1). The Nutrient Network is a collaborative, global network of experiments established
to investigate the effects of multiple nutrient additions,
including N, on ecosystem processes in grasslands.
Participatory sites are located across the globe and
follow standard protocols for sampling and analysis
(Borer et al. 2014). We focused on the nutrient addition plots at five Nutrient Network sites located in the
U.S. Central Great Plains region (Table 1): Cedar
Creek Ecosystem Science Reserve (East Bethel,
Minnesota; 45.40°, -93.20°), Cedar Point Biological
Station (Ogallala, Nebraska; 41.2°, -101.63°); Chichaqua Bottoms Greenbelt (Maxwell, Iowa; 41.79°,
-93.39°); Konza Prairie Biological Station (Manhattan, Kansas; 39.07°, -95.58°); and Shortgrass Steppe
(Nunn, Colorado; 40.82°, -104.77°). At each of these
sites, nitrogen (N), phosphorus (P), and potassium plus
micronutrients (K), have been added in a full factorial
manner since 2008 (Colorado, Kansas, Minnesota,
Nebraska) or 2010 (Iowa). N, P, and K were applied
annually (10 g m-2 year-1); a micronutrient mix,
including B, Cu, Fe, Mg, Mn, Mo, S, and Zn, was
applied once at the start of the experiment in the K
plots only. The treatments are replicated across three
blocks in Colorado, Kansas, and Nebraska, across five
blocks in Minnesota, and across six blocks in Iowa.
More details on the experimental set-up and nutrient
sources are available in Borer et al. (2014).
Our focus was on the effects of N on SOM
decomposition and stabilization. To maximize the
statistical power for detecting N effects, we sampled
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Table 1 Characteristics of the five Nutrient Network experimental sites
Site characteristic

Cedar Creek,
Minnesota

Cedar Point,
Nebraska

Chichaqua
Bottoms, Iowa

Konza Prairie,
Kansas

Shortgrass
Steppe,
Colorado

MAT (°C)a

6.3

9.3

9

12

8.4

MAP (mm)a

750

454

855

872

364

N deposition rate
(kg N ha-1 year-1)b

7.0

3.1

18.0

9.8

3.1

Elevation (m)

270

965

275

440

1650

Plant biomass (g m-2)c

217.6 (15.9)

361.5 (36.9)

464.1 (39.6)

265.2 (19.0)

42.5 (3.7)

Habitat

Tallgrass
prairie

Shortgrass
prairie

Tallgrass
prairie

Tallgrass
prairie

Shortgrass prairie

Sand %

90.1 (0.1)

71.4 (0.5)

87.5 (0.4)

31.9 (0.8)

71.3 (0.2)

Silt %

5.6 (0.2)

18.1 (0.7)

7.4 (0.4)

49.8 (1.2)

15.1 (0.2)

Soil textured

4.3 (0.1)

10.5 (0.5)

5.1 (0.2)

18.3 (0.4)

13.6 (0.4)

Soil bulk density (g dry soil cm-3)e

Clay %

1.22 (0.05)

1.58 (0.04)

1.08 (0.03)

1.52 (0.06)

1.17 (0.06)

Duration of nutrient addition
treatments (years)

5

5

3

5

5

a

Mean annual temperature (MAT) and mean annual precipitation (MAP) are from the WorldClim database (Hijmans et al. 2005)

b

Modeled N deposition rates are from the Oak Ridge National Laboratory Distributed Active Archive Center (Dentener 2006)

c

Site mean (standard error in parentheses) plant aboveground biomass sampled in 2012; sampling methods in Borer et al. (2014);
data from the Nutrient Network
d

Site mean (standard error in parentheses) soil texture sampled in 2012 (this study) and measured using the hydrometer method
(Ashworth et al. 2001). One plot per block sampled at each site (Minnesota, n = 5; Nebraska, n = 3; Iowa, n = 6; Kansas, n = 3;
Colorado, n = 3)
e

Site mean (standard error in parentheses) soil bulk density sampled in 2012 (this study). One core per block sampled at each site
(Minnesota, n = 5; Nebraska, n = 3; Iowa, n = 6; Kansas, n = 3; Colorado, n = 3)

the full factorial of nutrient treatments for most
analyses. For the more labor-intensive analyses, we
analyzed the control and N addition plots only (see
Appendix 1 for a summary of sampled plots included
in each analysis).
Soil sampling
Soil samples were collected in July and August of
2012. Three cores (5 cm diameter and 10 cm deep)
were sampled from each plot and composited across
the full factorial of nutrient treatments; a fourth core
was sampled from the control and N addition
treatments for root analyses. Samples were kept on
ice or in the refrigerator for a maximum of 6 days until
processed in the lab. A subsample of composite soil
from each plot was sieved to 2 mm for chemical and
biological analysis and 8 mm for soil aggregate
isolation. Fresh, 2 mm-sieved soil was used to measure gravimetric soil moisture, microbial respiration,
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microbial biomass and net N mineralization (details
below). Air-dried, 2 mm-sieved soil was used to
measure total soil % C and % N by combustion
(Costech ESC 4010 Elemental Analyzer, Valencia,
California, USA), soil pH (1:1 soil:water slurry
method), and particulate organic matter (POM) C
and N via density flotation (method detailed below).
Additionally, soil texture was measured on air-dried,
2 mm-sieved soil from the control plots using the
hydrometer method and sodium hexametaphosphate
as the dispersing agent (Ashworth et al. 2001). Soil
sieved to 8 mm from the control and N addition plots
was air-dried and used to measure water-stable soil
aggregates (details below).
Analyses: decomposition of unoccluded SOM
We evaluated the effects of nutrient addition on
microbial decomposition of unoccluded SOM by
measuring microbial respiration during a long-term
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laboratory incubation. A subsample of fresh, 2 mm
sieved soil from each plot was placed in a 120 ml
specimen cup and soil moisture was adjusted to 70 %
field capacity. Field capacity was calculated separately for each site by pulling 20 kPa pressure on
saturated soil. Microbial respiration rate (mg C g
soil-1 day-1) was determined at least 17 times during
the 380-day laboratory incubation. For each respiration rate measurement, the specimen cups were
placed inside 1 L Mason jars and sealed for either
24- or 48-hour intervals. The CO2 concentration in
the airtight jars was measured at the beginning and
end of each interval using an infrared gas analyzer
(LICOR 7000). When not being measured, specimen
cups were covered with gas-permeable, low-density
polyethylene film. Throughout the incubation, soil
samples were maintained at 70 % field capacity and
kept at 20 °C in the dark. We calculated cumulative C
respired (mg C g soil-1) during the incubation by
averaging the respiration rate between adjacent
measurement dates and multiplying by the interval
between them, then summing the amount of C
respired in between each rate measurement. Additionally, because we were interested in the effects of
N on unoccluded SOM substrates that decay at
different rates, we evaluated our respiration rate data
against both one- and two-pool decay models (see
‘‘Statistical analyses’’ section below).
Since microbes drive the turnover of unoccluded
SOM, we also assessed the effects of N addition on
microbial biomass C and N at the start of the
respiration incubation using chloroform fumigation
extraction (Brookes et al. 1985). Briefly, replicate
fresh, 2 mm-sieved soil samples were extracted with
0.5 M K2SO4 prior to and following chloroform
fumigation under vacuum for 5 days. Following
filtration, extracts were analyzed for total organic C
and total N (Shimadzu TOC-V, Shimadzu Corporation, Kyoto, Japan). Soil microbial biomass C (MC)
and N (MN) were calculated as: MC = EC/kEC and
MN = EN/kEN, where EC is the difference between
extractable C in the fumigated and unfumigated
samples, EN is the difference between extractable N
in the fumigated and unfumigated samples, kEC is the
C extraction efficiency coefficient, and kEN is the N
extraction efficiency coefficient. We used the standard
extraction efficiency coefficients of 0.45 (kEC) and
0.54 (kEN) from the literature (Brookes et al. 1985;
Beck et al. 1997).

Analyses: aggregate-occluded and mineralassociated SOM
We measured the effects of nutrient addition on
SOM stabilization in aggregate and mineral fractions
using wet sieving fractionation, which isolated water
stable soil aggregates (Six et al. 2000; Bach et al.
2010). Briefly, air-dried, 8 mm-sieved soil subsamples from the control and N addition treatments only
were wet sieved with a 2 mm sieve for 2 min each to
isolate large macro-aggregates ([2000 lm). Soil
that passed through the sieve was wet-sieved with a
250 lm sieve to isolate small macro-aggregates
(2000–250 lm). Finally, the remaining material was
wet-sieved with a 53 lm sieve to isolate microaggregates (250–53 lm) and mineral-associated
SOM (\53 lm). During wet sieving, floating
organic matter was removed so we could test for N
effects on C that was occluded within each aggregate
fraction. The isolated fractions were dried at 105 °C
for 12 h, followed by 60 °C for 48 h. Fractions were
weighed and analyzed for C and N concentration
(Costech ESC 4010 Elemental Analyzer, Valencia,
California, USA) and used to determine percentage
of whole soil total C and N contributed by each
fraction. We did not perform sand-corrections on the
aggregate fractions (Elliott et al. 1991) because our
primary goal was to evaluate the distribution of C
and N among aggregate fractions at several grassland sites, not a direct comparison of C and N content
within specific fractions across sites. The large
macro-aggregate, small macro-aggregate, and
micro-aggregate fractions were used to evaluate H2
(aggregate-occluded SOM), while the smallest size
fraction informed H3 (mineral-associated SOM).
In order to assess mechanisms of aggregation, we
supplemented our aggregate fraction data with root
biomass and mycorrhizal colonization measurements. Directly following collection, the additional
intact core sampled from the control and N treatment
plots was washed in wire mesh tubes (0.28 mm mesh)
in a rotating elutriator (Wiles et al. 1996) until all soil
was removed (*3 h). Remaining material was
suspended in water and roots were captured with
fine sieves and hand-picking. Root crowns were not
considered root biomass and removed. Once free of
soil, roots were dried at 65 °C overnight and weighed
to calculate dry root biomass per unit area. Colonization of root tissue by arbuscular mycorrhizal
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fungi was determined by the point intercept method.
Roots were removed from soil cores by washing
gently with water over a 53 lm sieve. Cleaned roots
were stained with Trypan Blue and stored in a 1:1:1
(vol) solution of glycerin:lactic acid:water at 4 °C.
Roots were spread in a petri dish marked with 13 mm
square grid and examined at 940 magnification to
determine presence of fungal structures (hyphae and/
or vesicles) at each root-grid line intersection. One
hundred intersects were counted for every sample to
determine the proportion of root tissue colonized, and
each sample was counted twice to ensure reproducible results. Seven root samples were not prepared
for mycorrhizal analysis and, consequently, are not
included in the statistical analyses.
Analyses: additional soil measurements
We also measured the effects of nutrient addition on
POM chemistry and microbial net N mineralization
rate. These two soil properties can change in response
to N addition due to the effects of N addition on plant
substrate chemistry. POM was measured following
gentle agitation and separation in a dense liquid
(method modified after Sollins et al. 2006). Briefly,
10 ml of 1.8 g L-1 NaI was added to 10 g of airdried, 2 mm sieved soil. Samples were gently shaken
for 30 min to disperse weakly bound soil aggregates
and centrifuged (2400 rpm for 30 min). We separated floating light fraction material (POM) and
rinsed and analyzed the fraction for % C and % N
(Costech ESC 4010 Elemental Analyzer, Valencia,
California, USA). Four samples were contaminated
during the procedure and excluded from the statistical analyses.
To measure net N mineralization, we performed a
28-day laboratory incubation. Fresh, 2 mm sieved soil
samples were extracted immediately with 2 M KCl.
Duplicate samples were adjusted to 70 % field capacity, incubated in the laboratory at 20 °C in the dark for
28 days, and then extracted with 2 M KCl. Extracts
were analyzed for inorganic N (ammonium and
nitrate) using colorimetric methods (Hood-Nowotny
et al. 2010). We calculated net N mineralization
(mg N g soil-1 day-1) by subtracting the inorganic N
concentration of the original soil extract from the
inorganic N concentration of the incubated soil extract
and dividing by the number of incubation days.
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Statistical analyses
We were interested in whether N had distinct effects
on more labile versus chemically complex unoccluded
SOM (H1). Consequently, we evaluated whether
microbial respiration data should be modeled with
two pools that cycle at different rates, or a simple onepool model (single decomposition rate). We evaluated
the fit of the daily respiration rate measurements to two
decomposition models: a one-pool decay model,
Crate(t) = k (Ct e-kt); and a two-pool decay model,
Crate(t) = kf (Cf e kf t ) ? ks [(Ct–Cf) e ks t ]. In both
models, Crate(t) is the daily respiration rate (mg C g
soil-1 day-1) at time t, t is time (days), and Ct is total
soil C (mg C g soil-1). In the one-pool model, k is the
decomposition rate (day-1) of the total soil C pool
(Ct). In the two-pool model, kf and ks are the
decomposition rates (day-1) of the ‘‘fast’’- and
‘‘slow’’-decomposing soil C pools, respectively. The
-1
MRT (day) of the fast and slow pools are k-1
f and ks ,
respectively. The slow pool is defined as the difference
between the total soil C pool (Ct; mg C g soil-1) and
the fast soil C pool (Cf; mg C g soil-1).
We used maximum-likelihood estimation (MLE) to
fit both decomposition models and calculate the decay
rate and pool size parameters (bbmle package in R).
The Akaike Information Criterion (AIC) was used as a
measure of model fit. Since the two-pool model fit the
data best (see Results: Decomposition models and
parameters below), the parameter estimates from the
two-pool model were used in subsequent analyses. We
tested for parameter estimate equifinality—or model
results where multiple combinations of parameters
produce equally good model fits (Beven 2006)—by
randomly generating 50,000 parameter combinations
for each sample and fitting all parameter combinations
to the one- and two-pool models. We evaluated model
goodness-of-fit (R2) by comparing the predicted
respiration rates from these random parameter combinations against the actual respiration rate data of
each soil sample. This test showed no evidence in
support of parameter estimate equifinality using MLE
(see Appendix 2 for further details on equifinality
evaluation methods and results).
We evaluated the effects of N on the unoccluded
SOM pool (H1) by testing for the effects of site and
nutrient addition (N 9 P 9 K) on the two-pool model
parameter estimates (kf, ks, Cf, and Cs) and cumulative C
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respired using ANOVA. We evaluated N effects on the
aggregate-occluded and mineral-associated SOM pools
(H2 and H3) by testing the effects of site and N on the
proportion of total C contained in each of the aggregate
fractions isolated via wet sieving. We also tested for the
effects of site and nutrient addition (N 9 P 9 K) on
total soil C, N and C:N ratio; microbial biomass C, N,
and C:N ratio; POM C, N, and C:N ratio; soil pH; and
net N mineralization; as well as the effects of site and N
on root biomass and mycorrhizal colonization using
ANOVA. Response variables were natural log transformed when needed to meet normality assumptions
(tested using the Shapiro-Wilke normality test). Additionally, we assessed the regression assumptions of
normality and homogeneity of variance by plotting the
residual values versus fitted values and quantile–
quantile residual plots of each model.
For all responses, we examined alternate model
structures that included covariates (e.g., soil, climate,
or plant variables) instead of site identity as main
effects along with nutrient treatments (data not
shown). None of the available covariates provided as
much or more explanatory power than site. Furthermore, the covariate models did not describe the site by
nutrient response interactions when they occurred.
Consequently, for all models we included site as a
fixed effect to account for known (e.g., climatic,
pedologic, and plant community) differences among
the study sites. Block was included as a random effect
(nlme package in R).
For each model, we tested for site by nutrient
interactions, and included them in the final model
structure when significant. When there was a significant interaction, we used the lsmeans package in R to
perform post hoc comparisons; p-values were Bonferroni corrected for multiple comparisons. Both
marginal and conditional R2—or the variance
explained by fixed effects only versus both fixed and
random effects—were calculated for each model using
the MuMIn package in R (Nakagawa and Schielzeth
2013). All analyses were performed in R (R version
3.0.1; R Foundation for Statistical Computing 2013).
For the samples collected from the full nutrient
factorial (N 9 P 9 K plots), the N treatment dominated the observed responses (see Results below) and
the ?NP, ?NK, and ?NPK plots enhanced the N
response. Consequently, we report significant interactions with P and K below when they occurred, but we
focus on the effects of N.

Results
Unoccluded SOM response to N enrichment (H1)
We evaluated our long-term microbial respiration
incubation against two decomposition models. Based
on AIC, the two-pool decomposition model was the
best fit for 85.6 % of the samples (137/160) and the
one- and two-pool models were indistinguishable
(difference in AIC\3) for 14.4 % of the samples (23/
160). The one-pool model was never the best fit.
Model fit for the two-pool model ranged from 0.54 to
0.99 R2, with a mean R2 value of 0.85 and median R2
of 0.88. The effects of N addition on the two-pool
parameter estimates are reported here.
On average, decomposition rates of the ‘‘fast’’
decomposing soil C pool (kf) increased with N addition
(ambient N average = 0.1008 day-1; added N average = 0.1173 day-1) and the fast pool MRT decreased
with N addition (ambient N average = 9.92 days; added
N average = 8.53 days), although the direction and
magnitude of response varied by site (site by N
interaction: p = 0.001; Fig. 1a; see Appendix 3, Table 1
for decomposition parameter ANOVA tables). Post-hoc
tests revealed that N addition significantly increased kf at
the most northern and sandiest soil sites (Iowa,
p = 0.0001; Minnesota, p = 0.03), had no significant
effect on kf in Kansas and Nebraska, and significantly
decreased kf in Colorado (p = 0.007). In response to N
addition, there was a marginally significant decrease in
the size of the fast pool (Cf) on average (ambient N
average = 0.30 mg C g soil-1; added N average = 0.23 mg C g soil-1; N effect: p = 0.07; Fig. 1b).
In contrast to the fast pool (kf), the decomposition
rate of the ‘‘slow’’ decomposing soil C pool (ks)
decreased with N addition on average (ambient N
average = 2.95 9 10-4 day-1; added N average = 2.63 9 10-4 day-1) and the slow pool MRT
increased with N addition on average (ambient N
average = 9.30 years;
added
N
average = 10.42 years). Responses to N addition varied
among the sites, having either negative or neutral
effects (site by N interaction: p = 0.03; Fig. 1c).
Nitrogen significantly decreased ks in Nebraska
(p = 0.05), Kansas (p = 0.03) and Colorado
(p = 0.003), but had no effect at the two sandiest
sites (Iowa and Minnesota). The size of the slow pool
(Cs) did not change significantly (N effect, p [ 0.1;
Fig. 1d).
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a
**

Ambient N
Added N

0.15

****

0.10

b
Fast pool size (mg C g soil−1)

Fast pool decay (day−1)

0.20

Treatment

*

0.5

0.4

0.3

0.2

0.05
Minnesota Nebraska

Iowa

Kansas

Colorado

Minnesota Nebraska

Site

Kansas

4e−04

**

3e−04

*

2e−04

Colorado

d
Slow pool size (mg C g soil−1)

c

*
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Nitrogen addition either significantly decreased or
did not change cumulative C respired (site by N
interaction: p = 0.02; Fig. 1e). Post-hoc tests showed
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that N significantly decreased cumulative respiration
in Nebraska by 23 % (p = 0.002) and Kansas by 29 %
(p = 0.0001), but had no effect at the other three sites.

Biogeochemistry
b Fig. 1 Effect of nitrogen addition on decay rate a and size b of

the ‘‘fast’’ decomposing C pool, decay rate c and size d of the
‘‘slow’’ decomposing C pool, and cumulative C respired
e measured with a long-term microbial respiration incubation.
All panels show mean plus/minus one standard error. Stars
indicate significance from post hoc pairwise comparisons:
*p B 0.05, **p B 0.01, ***p B 0.001, ****p B 0.0001. Treatment codes are the same across all panels. Treatment codes:
ambient N (open circles) include all plots where N was not
added (control, ?P, ?K, ?PK plots); added N (closed squares)
include all N addition plots (?N, ?NP, ?NK, ?NPK). See
Appendix 1, Table 2 for sample numbers

The trend toward decreasing cumulative respired C in
response to N addition at Nebraska and Kansas was the
same whether evaluated on a per g soil or per g
microbial C basis (i.e., metabolic quotient, qCO2; data
not shown). Microbial biomass C concentration (per
mass soil and per mass soil C) did not change in
response to N addition (p [ 0.1; see Table 2 for
microbial biomass data and Appendix 3, Table 3 for
microbial biomass ANOVA tables).
Aggregate-occluded and mineral-associated soil
fraction responses to N enrichment (H2 and H3)
At the four coarse-textured sites (Colorado, Iowa,
Minnesota, Nebraska), at least half of the total C
content was associated with the middle aggregate size
classes: small macro-aggregates (2000–250 lm) and
micro-aggregates (250–53 lm; Fig. 2). In contrast, at
the site with the greatest soil clay content (Kansas),
more than 50 % of total soil C was in the large macroaggregate fraction ([2000 lm). On average, N addition increased the proportion of C in large macroaggregates (ambient N average: 0.16 g macro-aggregate C g soil C-1; added N average: 0.18 g macroaggregate C g soil C-1), but the difference was only
marginally significant (N effect: p = 0.07). None of
the other aggregate fractions or the mineral-associated
fraction had statistically significant N effects (p [ 0.1;
see Appendix 3, Table 2 for aggregate fraction
ANOVA tables).
To assess mechanisms that could lead to the N
responses in the aggregate-occluded and mineralassociated fractions, we also evaluated root and
mycorrhizal abundance (Table 3), as well as soil pH
(Table 2). N addition had no significant effect on root
biomass (p [ 0.1; see Appendix 3, Table 4 for root
variable ANOVA tables). However, N addition caused
a marginally significant increase in average percent

root colonization by mycorrhizae (ambient N average:
50.96 %; added N average: 59.44 %; N effect:
p = 0.052), as well as a statistically significant
increase in the absolute root biomass colonized by
mycorrhizae (ambient N average: 4.72 mg cm-3;
added N average: 4.92 mg cm-3; N effect:
p = 0.05). Finally, average soil pH decreased with N
addition (ambient N average: 6.0; added N average:
5.8), especially in the presence of either P or K (N by P
interaction: p = 0.02; N by K interaction: p = 0.04;
see Appendix 3, Table 3 for pH ANOVA table).
Additional soil variables
In addition to evaluating multiple SOM pools, we
measured variables that may influence site responses
to N addition (Table 2). POM C concentration
increased significantly in response to N, but only in
P addition plots (N by P interaction: p = 0.008;
ambient N/added P = 3.20 mg POM C g soil-1,
added N/added P = 4.48 mg POM C g soil-1).
Particulate organic matter N concentration increased
significantly with N addition (N main effect:
p = 0.001; ambient N average: 0.32 mg N g soil-1;
added N average: 0.38 mg N g soil-1). The POM C:N
ratio also declined significantly with N, but only under
ambient P (N by P interaction: p = 0.009; ambient
N/ambient P = 11.51, added N/ambient P = 9.73).
Nitrogen addition significantly increased net N mineralization rates at three sites (site by N interaction:
p \ 0.0001):
Iowa
(p = 0.004),
Minnesota
(p \ 0.0001), and Kansas (p \ 0.0001). Finally, there
was no statistically significant effect of N on total soil
C concentration, but on average, N addition increased
total soil N concentration by 6 % (N effect: p = 0.04)
and decreased the soil C:N ratio by 3 % (N effect:
p = 0.0008) relative to control plots (see Appendix 3,
Table 3 for ancillary soil variable ANOVA tables).

Discussion
Overall, we confirmed that N enrichment affects SOM
pools with variable MRTs differentially, but our poolspecific hypotheses were only partially supported. In
the unoccluded SOM pools, our results supported our
hypothesis: on average, N enrichment increased the
decomposition rate of the most quickly decomposing
unoccluded pool (‘‘fast’’ decomposing soil C pool) and
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0.20 (0.02)
8.10 (0.78)
6.4 (0.1)

POM N (mg N g soil-1)b

POM C:N ratiob

Soil pH

4.42 E-4 (1.66 E-4)

6.3 (0.1)

8.37 (0.75)

0.23 (0.02)

1.90 (0.19)

5.26 (0.37)

50.40 (14.09)

180.45 (15.79)

12.16 (0.15)

0.73 (0.03)

8.93 (0.39)

a

7.13 E-5 (1.89 E-5)

6.2 (0.1)

15.71 (1.75)

0.41 (0.04)

6.08 (0.58)

5.66 (0.18)

102.60 (4.81)

581.31 (34.16)

13.62 (0.14)

3.05 (0.08)

41.49 (0.98)

Ambient N

a

a

5.61 E-4 (1.03 E-4)

6.1 (0.1)

13.22 (0.78)

0.45 (0.03)

5.81 (0.30)

5.45 (0.27)

91.91 (4.76)

490.44 (18.84)

13.08 (0.14)

3.02 (0.10)

39.45 (1.20)

Added N

a

7.10 E-4 (7.80 E-5)

5.2 (0.0)

10.40 (0.99)

0.43 (0.05)

5.11 (0.96)

5.10 (0.12)

54.27 (4.92)

271.45 (22.76)

14.00 (0.27)

1.08 (0.13)

15.50 (2.04)

Added N

Konza Prairie, Kansas

8.08 E-5 (2.27 E-5)

5.5 (0.0)

11.64 (1.15)

0.31 (0.07)

3.94 (0.91)

5.88 (0.14)

43.87 (2.99)

255.21 (17.27)

15.08 (0.26)

0.83 (0.07)

12.51 (1.03)

Ambient N

a

Cedar Creek, Minnesota

1.11 E-3 (7.74 E-5)

6.2 (0.1)

10.10 (0.87)

0.54 (0.06)

5.77 (0.93)

6.23 (0.31)

42.24 (4.93)

252.57 (26.96)

11.90 (0.22)

1.24 (0.11)

14.71 (1.37)

Added Na

5.42 E-4 (3.14 E-5)

5.7 (0.1)

7.60 (1.32)

0.30 (0.03)

2.48 (0.53)

5.63 (0.28)

26.39 (1.66)

152.44 (16.41)

11.42 (0.26)

0.87 (0.04)

9.95 (0.55)

Ambient Na

1.16 E-3 (2.99 E-4)

5.4 (0.1)

9.88 (1.49)

0.39 (0.03)

3.90 (0.51)

6.97 (0.79)

22.37 (2.24)

139.76 (10.62)

11.09 (0.24)

1.00 (0.04)

11.02 (0.49)

Added Na

Shortgrass Steppe, Colorado

7.10 E-4 (6.29 E-5)

6.4 (0.1)

9.87 (0.49)

0.49 (0.05)

4.97 (0.65)

7.13 (0.31)

43.49 (3.63)

305.87 (25.63)

12.10 (0.18)

1.35 (0.10)

16.34 (1.26)

Ambient Na

Cedar Point, Nebraska

b

POM: particulate organic matter

Treatment codes: ambient N includes all plots where N was not added (control, ?P, ?K, ?PK plots); added N includes all N addition plots (?N, ?NP, ?NK, ?NPK plots). See
Appendix 1, Table 2 for sample numbers

a

Values are mean (and standard error in parentheses)

1.47 E-4 (1.32 E-5)

1.71 (0.24)

Net N mineralization (mg N g soil-1
day-1)

5.85 (0.20)

POM C (mg C g soil-1)b

25.56 (0.93)

Microbial N (lg N g soil-1)

Microbial C:N ratio

148.80 (6.33)

Microbial C (lg C g soil-1)

12.25 (0.13)

Total soil N (mg N g soil-1)

Total soil C:N ratio

8.28 (0.34)
0.67 (0.02)

Total soil C (mg C g soil-1)

Ambient N
Added N

Chichaqua Bottoms, Iowa

7.34 E-4 (7.73 E-5)

5.8 (0.1)

10.09 (0.42)

0.38 (0.02)

4.17 (3.07)

5.65 (1.68)

52.29 (5.03)

254.41 (15.18)

Analysis
a

1.28 (0.09)
12.56 (0.15)

2.65 E-4 (3.05 E-5)

6.0 (0.1)

a

16.33 (1.27)

Added N

Net N mineralization (mg N g soil-1
day-1)

Soil pH

10.30 (0.58)

0.32 (0.02)

POM N (mg N g soil-1)b

POM C:N ratio

3.52 (0.32)

POM C (mg C g soil-1)b

b

5.99 (0.11)

44.50 (3.17)

Microbial N (lg N g soil-1)

Microbial C:N ratio

264.50 (18.46)

Microbial C (lg C g soil-1)

12.99 (0.17)

1.20 (0.10)

Total soil C:N ratio

15.82 (1.32)

Total soil N (mg N g soil-1)

Ambient N

a

Overall (across sites)

Total soil C (mg C g soil-1)

Analysis

Table 2 Effects of nitrogen addition on soil variables
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decreased the decomposition rate of the more slowly
decomposing unoccluded pool (‘‘slow’’ decomposing
soil C pool) (average fast pool MRT decreased from
9.92 to 8.53 days, average slow pool MRT increased
from 9.30 to 10.42 years with N addition). Additionally, on average cumulative C respired decreased with
N addition. By contrast, in the aggregate-occluded and
mineral-associated SOM pools, data did not support
our hypotheses: the proportion of C occluded within
the largest aggregate fraction ([2000 lm) actually
increased slightly with N addition and there were no
effects of N addition on the mineral-associated soil

Nitrogen enrichment changed the decomposition
rates of unoccluded SOM
We found partial support for our first hypothesis (H1):
in line with our prediction, N enrichment increased the

60
Kansas

40
20
0

60
Colorado

40

Proportion of Total C (%)

20
0

60
Nebraska

Fig. 2 Effects of nitrogen
addition on soil C
concentration (as % of total
soil C) across soil aggregate
size classes: large macroaggregates ([2000 lm),
small macro-aggregates
(2000–250 lm), microaggregates (250–53 lm),
and mineral-associated C
(\53 lm). Figure shows
mean plus/minus one
standard error. Treatment
codes: ambient N
(white) = control plots;
added N (gray) = ?N plots.
Sites are ordered from high
to low clay content. See
Appendix 1, Table 2 for
sample numbers

fraction. Despite some agreement with our hypotheses, the effects of N on multiple SOM pools were not
consistent across the five grassland sites studied. Our
results suggest that, while C sequestration could
increase in response to N, the effect is not universal
across grasslands.

40
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0

60
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40
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0

60
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40
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0
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250−53 um
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Aggregate Fraction
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decomposition rate (kf) and decreased the pool size
(Cf) of the ‘‘fast’’ decomposing soil C in the
unoccluded SOM pool at the more northern, sandy
soil sites (Iowa and Minnesota). Additionally, the
‘‘slow’’ decomposing soil C in the unoccluded pool
had a slower decomposition rate (ks) under N enrichment at the more southern sites that did not exhibit fast
pool responses (Colorado, Kansas, and Nebraska).
Furthermore, N enrichment decreased cumulative C
respired in Kansas and Nebraska. Overall, these
divergent effects of N on more quickly versus more
slowly cycling soil C are in accordance with patterns
observed in leaf litter decomposition (Berg and
Matzner 1997; Hobbie et al. 2012) and predicted from
models of microbial activity following N addition
(Ågren et al. 2001; Schimel and Weintraub 2003;
Moorhead and Sinsabaugh 2006). A number of nonexclusive mechanisms have been proposed to explain
increased decomposition of rapidly cycling C and
decreased decomposition slowly cycling C in response
to N addition. Next we evaluate these mechanisms in
light of explaining our pool- and site-specific
responses.
In response to N enrichment, the decomposition of
the ‘‘fast’’ decomposing C in the unoccluded pool
could increase due to increasing N concentration of
plant tissue inputs to this pool. Substrates with a low
C:N ratio will decompose faster than substrates with
higher C:N ratio, at least in the early stages of
decomposition (Cornwell et al. 2008). Studies in
grasslands have shown that litter N content increases
with increasing soil N availability (Wedin and Tilman
1996). Nitrogen addition can also alter plant input
chemistry by increasing the abundance of species with
high N content tissue (Henry et al. 2004). Although we
did not measure plant input chemistry, under N
enrichment we observed increased POM N concentration, decreased POM C:N ratio, and increased N
mineralization rates, all of which suggest that the N
content of substrate inputs increased with N addition.
Interestingly, N addition significantly increased N
mineralization rates at three sites, two of which also
had significantly higher decay rates in the ‘‘fast’’
decomposing soil C pool.
Additionally, N addition could increase the decay
rate of the ‘‘fast’’ decomposing C in the unoccluded
pool through N effects on the microbial community.
Previous research has shown that the production of
hydrolytic microbial enzymes, including cellulases
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that degrade labile organic matter, are stimulated by N
addition (Carreiro et al. 2000; Sinsabaugh et al. 2002;
Talbot and Treseder 2011; Hobbie et al. 2012) and
lead to increased decomposition (Sinsabaugh and
Moorhead 1994). Examination of microbial enzyme
production, as well as the site-level factors that affect
their production (e.g., the availability of non-N
nutrient enzyme co-factors), would be needed to
assess the relevance of this hypothesis in light of the
site by N interaction we found in the response of
rapidly cycling unoccluded C.
On the other hand, N addition may decrease the
decomposition of the ‘‘slow’’ decomposing C in the
unoccluded pool through N effects on microbial
growth efficiency. Models (Schimel and Weintraub
2003) and empirical studies (Thiet et al. 2006) have
shown N addition can cause more C to be allocated to
microbial growth (assuming N-limited growth)
instead of lost via respiration and extracellular
enzymes, leading to increased microbial efficiency
and decreased respiration. We did find that N
decreased cumulative C respired per unit microbial
biomass C (i.e., the metabolic quotient, qCO2), and
that this decline was significant at two of the three sites
where N also decreased the decay rate of the slow
pool. This result is consistent with a recent metaanalysis which found a significant negative relationship between microbial respiration per unit microbial
biomass and litter N concentration (Spohn 2015).
Although we only evaluated the microbial biomass C
pool at the beginning of the laboratory incubation, this
finding does suggest that changing microbial allocation to growth versus respiration may be occurring at
some sites.
Additionally, N effects on microbial enzyme
activity could explain the decrease in decay rates of
the ‘‘slow’’ decomposing C pool with N addition. The
production of oxidative enzymes – which decompose
more complex C substrates such as lignin—can be
inhibited by N addition (Fog 1988), Previous research
in forest ecosystems has demonstrated that N addition
leads to decreased oxidative enzyme activity and
increased soil C sequestration (Waldrop et al. 2004).
However, there is some evidence to suggest that
oxidative enzymes are not significantly inhibited by N
addition in grasslands (Keeler et al. 2008; Sinsabaugh
2010), where plant lignin content is relatively low
compared to forests. Alternately, lignin may be
degraded as a mechanism of N acquisition, or ‘‘N

68.17 (3.49)
55.05 (5.93)
57.33 (3.93)
37.39 (7.98)
57.40 (2.15)

a

Values are mean (and standard error in parentheses)

Only Control and ?N plots were analyzed. See Appendix 1, Table 2 for sample numbers

50.03 (4.10)
NA
49.07 (0.81)
57.50 (3.69)
59.44 (1.84)
50.96 (2.93)
Root biomass
colonized by
mycorrhizae
(percentage;
%)

65.52 (4.67)

4.30 (0.51)
3.59 (0.96)
9.01 (0.99)
8.27 (2.71)
2.77 (0.49)
1.85 (0.24)
NA
7.87 (1.06)
4.99 (0.36)
4.92 (0.61)
4.72 (0.80)
Root biomass
colonized by
mycorrhizae
(absolute;
mg cm-3)

4.49 (0.20)

6.27 (0.50)
5.37 (1.20)
15.67 (1.23)
21.27 (2.77)
7.10 (2.43)
3.72 (0.38)
16.51 (3.89)
15.98 (1.89)
8.85 (0.85)
7.01 (0.46)
10.11 (1.27)
9.26 (1.55)
Root biomass
(mg cm-3)

Controla
?Na
Controla
?Na
Controla
Controla
?Na
Controla

?Na

Cedar Point,
Nebraska
Cedar Creek,
Minnesota
Overall
(across sites)
Analysis

Table 3 Effects of nitrogen addition on root variables

Contrary to our expectation that N addition would
decrease C occluded within soil aggregates (H2), we
found a trend of increasing proportion of C in the
largest aggregate fraction ([2000 lm). The effect of N
on macro-aggregate C was, however, consistent with
the root responses we observed: we found that root
biomass also increased with N addition on average (but
not significantly). Although theory predicts that plant
proportional allocation belowground should decrease
as belowground resources (such as N) increase,
previous studies have observed greater absolute root
biomass under N addition even if the relative root:shoot ratio decreases (e.g., Fornara and Tilman 2012).
It is possible soil texture interacts with N addition to
evoke this response; within sites with coarse-textured
soil (Minnesota, Iowa, Nebraska, and Colorado), root
biomass increased slightly with N addition and at three
of these sites (Minnesota, Iowa, and Nebraska), macroaggregate C increased (although neither response was
significant). In contrast, within the most fine-textured
soil (Kansas), root biomass was 25 % lower in N
addition plots than control (Table 3). In light of the role
of roots in aggregate formation (Oades and Waters
1991; Jastrow et al. 1998), the root biomass response to
N enrichment, particularly in the coarse-textured sites,
may have contributed to increased formation of macroaggregates and occlusion of C. Future studies replicated across soil texture types are required to support
and understand this potential interaction.

?Na

Aggregate-occluded SOM increased slightly
with N enrichment

Controla

Chichaqua Bottoms,
Iowa

Konza Prairie,
Kansas

Shortgrass Steppe,
Colorado

mining.’’ Consequently, N enrichment could suppress
N mining and, consequently, decrease lignin (and slow
pool) degradation (Craine et al. 2007). However, it is
unclear to what extent N mining occurs in ecosystems
(Spohn 2015).
Overall, we have scant evidence to explain the site
by N interactions we observed for the divergent N
responses of unoccluded SOM pools with ‘‘fast’’
versus ‘‘slow’’ decomposing C among our sites.
Although the sites that exhibited positive N effects
on fast pool decay are the sandiest, the climate and
vegetation characteristics of these sites also differ in
comparison with the other sites studied (Table 1).
Further research on site differences, along with
measurements of the candidate mechanisms described
above, would inform site-specific responses.

?Na

Biogeochemistry
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Alternately, N enrichment could have increased C
content of the large macro-aggregate fraction via
another aggregate-formation agent, such as fungal
biomass (Guggenberger et al. 1999; Six et al. 2006;
Strickland and Rousk 2010). Although we did not
measure fungal biomass in this study, we did find that
arbuscular mycorrhizal colonization of roots (both
absolute mass abundance and percent colonized)
increased with N addition. This was surprising, since
a meta-analysis by Treseder (2004) found that colonization of both ecto- and arbuscular mycorrizal fungi
on roots tends to decrease in response to N addition,
although this was a weak relationship when data were
limited to colonization rates only. Furthermore, a
recent meta-analysis by (Li et al. 2015), reported that
the inhibitory effects of N on mycorrhizal colonization
was strongest in forests, and insignificant in grasslands. Increased arbusucular mycorrhizal fungi colonization of roots may lead to increased large macroaggregate C concentration through physical enmeshment of soil particle with organic matter and/or direct
inputs of hyphae and exudates, such as glomalin
(Rillig 2004), into aggregates.
The large macro-aggregate fraction is relatively
dynamic (Yang and Wander 1998; Plante and McGill
2002) and C occluded in large macro-aggregates is not
stabilized against microbial decomposition. However,
this fraction has the potential to influence C sequestration on the centennial time scale and beyond via
interactions with smaller aggregate fractions. Large
macro-aggregates can facilitate aggregation (and stabilization) of smaller occluded fractions that cycle
much more slowly (Oades 1984; Six et al. 2004).
Consequently, even small increases to this aggregate
fraction could lead to greater aggregate and mineral
occlusion of SOM in the future, along with greater C
sequestration.
Mineral-associated SOM was not changed with N
enrichment
We expected N enrichment to increase mineral
surface-associated C (H3), however, we observed no
effect of N enrichment on mineral-associated C despite
a 3 % decrease in pH in N addition plots relative to
control plots. Lack of N effects on the mineralassociated pool could have been caused by several
factors. First, four of the five study sites had very
coarse-textured soil with little silt and clay (Kansas
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average % silt and clay particles = 68.1 %; all other
sites ranged from 9.9 to 28.7 % silt and clay);
therefore, potential for OM to associate with mineral
surfaces in these soils is very small and detecting
treatment differences in this already very small pool
may be difficult. Second, the mineral-associated
fraction (\53 lm) isolated during wet sieving, is itself
a heterogeneous mixture of clay micro-structures and
silt-sized particles, which may not uniformly associate
with C. Furthermore, the site with the highest
percentage clay (Kansas) had the largest amount of C
occluded in macro-aggregates (and other smaller
fractions therein). If there were N enrichment effects
on the mineral-associated fraction at this site, they may
have been undetectable as they were occluded within
larger aggregates. The duration of N addition (5 years
in Colorado, Kansas, Minnesota, and Nebraska;
3 years in Iowa) may not have been sufficient to detect
N effects in this fraction, despite observable decreases
in soil pH. For example, Gillespie et al. (2014), found
that N enrichment altered the chemistry of SOM in the
fine (\5 lm) fraction following 17 years of N addition. Further investigation into the effects of N
enrichment on mineral-associated OM (and the timescale of this effect) is warranted.

Conclusion
Our findings—specifically, the decrease in decomposition rate of ‘‘slow’’ pool unoccluded SOM,
decreased cumulative C respired, and trend toward
increased aggregation after only 3–5 years of nutrient
addition—suggest that N enrichment will lead to
increased sequestration of soil C in grassland soils,
although unexplained site-to-site variation indicates
that this effect may not be universal. Our decomposition results are consistent with findings from forest
systems where soil C has increased under N enrichment due to suppressed microbial decomposition (e.g.,
Zak et al. 2008; Frey et al. 2014). In contrast to
previous studies, however, we also examined mechanisms of stabilization that could sequester C beyond
the decadal scale (e.g., via aggregate occlusion and
mineral association): in addition to slowing microbial
decomposition, N addition may increase soil C storage
at grassland sites through increased C occlusion in
large macro-aggregates. This could eventually lead to
C accumulation in the mineral-associated SOM

Biogeochemistry

fractions (MRT centuries to millennia) due to the
cascading effects of increased aggregation on smaller
aggregate fractions. Finally, site-specific factors will
influence how N affects the decomposition rates and
sizes of multiple SOM pools. Unsurprisingly, but
importantly, we observed significant site-by-site variation in response to N addition in both the unoccluded
and occluded SOM pools we measured. Soil texture
appeared to play a significant role in these interactions;
however, we caution against over-interpreting this
effect since texture co-varied strongly with climatic
and biotic variables among our study sites. In the
future, additional multi-study sites that investigate the
effects of N while varying a key state factor that
influences SOM stabilization (e.g., soil parent material) will inform our understanding of soil C sequestration across ecosystems.
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