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a b s t r a c t
Nitrogen (N) availability inﬂuences carbon (C) storage in forest soils through effects on plant growth, litter
production, and soil C decomposition and stabilization. Soil C/N and net N-mineralization are commonly
reported empirical measures of soil N availability, and changes in these variables due to N inputs may feed
back to soil C storage through a variety of biotic and abiotic pathways. We conducted a meta-analysis of the
responses of soil C storage, C/N, and net N-mineralization (Nmin) to N inputs in north temperate forests. The
modes of N addition we considered were the establishment of N-ﬁxing vegetation (Nﬁx), N-fertilization
(Nfert), and simulated chronic N deposition (Ndep). Overall, N inputs increased soil C (+ 7.7%) and Nmin
(+ 62%), while decreasing C/N (− 4.9%). Soil C concentrations and C storage (pool sizes) responded similarly
to N inputs, although increased soil C storage occurred only in the mineral soil (+ 12.2%). C/N shifts were
restricted to the forest ﬂoor (− 7.8%), whereas forest ﬂoor and mineral soil Nmin responses to N inputs were
very similar (+61% and + 64%, respectively). Signiﬁcant between-study variation in the effects of N inputs
on soil parameters was related to the mode of N addition, biogeographic factors, and time. Temporal
relationships between N inputs and soil response parameters suggested that increases in forest ﬂoor and
mineral soil Nmin were large but transient, and were followed by decadal-scale changes in forest ﬂoor C/N
and mineral soil C storage. Temporal patterns present in the dataset could have been due to changes in soil
organic matter decomposition and stabilization, or increased plant productivity and litter inputs. In either
case, the results of this study quantitatively demonstrate that managing forest N supply affects N availability
and soil C storage, and highlight the importance of long-term measurements for accurately assessing the
effects of N inputs on forest soils.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Nitrogen inputs in forests can affect soil C storage through effects
on plant growth, litter production, and decomposition and stabilization of soil organic matter (SOM). Plant growth and litter production
increase with the net rate of N supply by N-mineralization (Nmin; Aber
et al., 1985; Reich et al., 1997), which occurs when inorganic N is
released from litter and SOM during decomposition (sensu Baldock
and Skjemstad, 2000). In turn, substrate C/N ratios (i.e., litter and
SOM) affect the processes involved in soil C decomposition, stabilization, and N-mineralization (Sollins et al., 1996; Vance and Chapin,
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2001). Increasing forest N supply often affects Nmin and soil C/N
(Gundersen et al., 2006), so changes in these soil parameters may feed
back to soil C storage through biotic and abiotic pathways.
Soil C storage is important because it affects forest productivity
(Jurgensen et al., 1997; Grigal and Vance, 2000), and acts as a critical
sink and source of atmospheric carbon (Kirschbaum, 1995). Soil C pools
comprise the principal storehouse of energy for the nutrient-recycling
activity of heterotrophic microbes, so maintaining soil C stocks is vital
for sustaining forest productivity (Attiwill and Adams, 1993). Furthermore, SOM contains signiﬁcant amounts of water, C, and N — all of which
are exchanged between the biosphere and the atmosphere to affect
Earth's atmospheric chemistry, energy and water budgets, and climate
(Raich and Schlesinger, 1992; Conrad, 1996). Therefore, understanding
how N supply affects forest soil C storage is fundamentally important for
anticipating changes in ecosystem goods and services ranging from
forest products, to water resources, to greenhouse gas mitigation.
The effects of N inputs on forest soil C and N dynamics have been
studied through N-fertilization experiments, investigations of the
biogeochemistry of N-ﬁxing plants, and simulated chronic N
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deposition. Results from individual experiments are often highly
variable, though some have demonstrated signiﬁcant changes in soil C
storage, C/N, and Nmin in response to N inputs. However, this body of
research has not been subject to quantitative synthesis since a metaanalysis by Johnson and Curtis (2001), who examined the effects of
forest management, including fertilization and N-ﬁxing plant establishment, on soil C and N storage. We collected data from north
temperate forest sites exposed to experimentally elevated rates of N
supply to address the following questions: 1) Do N inputs signiﬁcantly
affect soil C storage, C/N, or Nmin? 2) Do soil responses to N inputs vary
regionally, or according to species composition? 3) Do different
modes of N addition (i.e., N-fertilization, N-ﬁxing vegetation, and N
deposition) induce different effects on soil C storage, C/N, and Nmin?
Meta-analysis is a powerful statistical tool for addressing these
questions, because it can detect underlying patterns that are broadly
consistent across studies, even when such patterns are obscured by
variability within the individual studies.
2. Materials and methods
2.1. Literature searches and data extraction
We conducted this meta-analysis following the general methods of
Curtis (1996) and Johnson and Curtis (2001). We searched the peerreviewed literature using keyword searches within the online reference
databases ISI Web of Science, BIOSIS, Agricola, and CAB Direct. Keyword
search strings were combinations of terms such as: forest, soil C, soil N,
fertilization, N-ﬁx, N deposition, chronic N, soil amendment, and generic
names of N-ﬁxing plants commonly used in forestry. Our literature
searches returned over 2600 references, but only 57 met our inclusion
criteria of reporting control and treatment values for at least one
response parameter of interest (soil C, C/N, or Nmin) and being
conducted in North American or European temperate forest (4–
8 months of mean air temperature N10 ° C; Köppen, 1931). We accepted
soil C concentrations and pool sizes as metrics of soil C, and used metaanalysis to determine whether concentrations and pool sizes signiﬁcantly differed in their responses to N inputs. Among publications that
reported both concentrations and pool sizes, we chose pool sizes as the
response parameter, and we calculated soil C pool sizes for publications
that reported concentrations and bulk densities. The term ‘soil C storage'
as used in this study denotes soil C pool sizes only; we use the more
general term ‘soil C’ when referring to soil C estimates that encompass
both types of reporting units. Nmin was measured in anaerobic and
aerobic conditions, in lab and ﬁeld incubations, and over variable
temporal scales. Elevated N input treatments, which we refer to as
modes of N addition, were N-ﬁxing vegetation (Nﬁx), N-fertilization
(Nfert; without additional nutrients; one or fewer applications per year),
or simulated chronic N deposition (Ndep; 3–50 applications per year).
We excluded Nfert experiments in which additional nutrients were
added (e.g., P, K, and Ca) because additional elements are known to
interact with N inputs and affect soil C and N cycling in complex ways
(Thirukkumaran and Parkinson, 2000; Compton and Cole, 2001).
We extracted meta-data (potentially useful predictor variables)
from each publication, including temporal, climatic, soil chemical and
physical data, and descriptors of measurement units and analytical
methods. One pertinent distinction in the soil physical data category
was the soil layer sampled. We extracted data for organic and mineral
soil components separately, and coded the data so that we could test
for differences between soil layers deﬁned as forest ﬂoor and mineral
soil (ranging from 5 to 100 cm deep). Sample size limitations
precluded analyzing topsoil and subsoil separately, which likely
added variability to the mineral soil component due to different
cycling rates commonly observed in upper and lower soils. We
categorized experimental forest sites into three broadly deﬁned
biogeographic groups, including: 1) western conifers (WC), which
were mostly Paciﬁc Northwest sites, but also included cordilleran

forests in California and the southwestern United States, 2) northeast
hardwoods (NEH), which included sites in the eastern United States
north and east of Illinois, and 3) northeast conifers (NEC), which
combined northeast U.S. and northern European sites, which were
found not to differ signiﬁcantly in any analyses.
2.2. Meta-analysis
Meta-analysis estimates the magnitude of change in a parameter
(i.e., the ‘effect size’) in response to an experimental treatment, which
may be applied across a wide range of experimental systems and
conditions. We used the ln-transformed response ratio R to estimate
treatment effect size:


E
C
lnðRÞ = ln X = X

ð1Þ

Where XĒ is the mean value of treatment (elevated N) observations,
and X̄ C is the mean value of control observations for a given set of
experimental conditions, for soil C, C/N, or Nmin. The number of response
ratios (k) from a given publication depends on how many sets of
experimental conditions are imposed. For example, one publication
with soil C storage data from control soils and four different levels of Nfert
would yield k = 4 response ratios, or ‘studies’. Because it is unitless, the
effect size R is a standardized metric that allows comparison of data
between experiments reporting responses in different units (Hedges
et al., 1999). After back transformation (eln(R)), R can be conceptualized
as the proportional change (%) in a parameter relative to its control
value. When error terms and sample sizes are reported for each X̄ E and
X̄ C, a parametric, weighted meta-analysis is possible, but many
publications we found did not report these data. Therefore, in order to
include as many studies as possible, we used an unweighted metaanalysis, in which conﬁdence intervals around mean effect sizes are
generated with nonparametric resampling techniques (bootstrapping;
Rosenberg et al., 1997). We performed analyses using MetaWin
software (Sinauer Associates, Sunderland, MA USA).
One of our principal goals in this analysis was to identify categorical
variables that had consistent impacts on soil C storage, C/N, and Nmin
responses to N inputs. Accomplishing this task with meta-analysis is
similar to using analysis of variance to partition the total variance of a
group of observations (Q t, the total heterogeneity) into two components: within- and between-group heterogeneity (Q w and Q b, respectively; Hedges and Olkin, 1985). In such a Q b analysis, a categorical
variable that deﬁnes a group of response ratios with a large Qb is a better
predictor of variation than a categorical variable associated with small
response-group Q b. We examined the Q b of all categorical variables
within each of the three response parameters to identify those which
consistently explained the most between-group heterogeneity in soil C,
C/N, and Nmin responses to N inputs. In Q b analysis, and all other metaanalyses, we accepted tests with P b .10 as statistically signiﬁcant.
Nmin response ratios were considerably more variable than soil C and
C/N response ratios. This is partly due to the fact that, while response
ratios of soil C and C/N cannot be negative, Nmin response ratios can, when
either the control or elevated N plots exhibit net N-immobilization. In the
Nmin database, 15 of 190 response ratios involved negative Nmin (i.e., net
N-immobilization), which we felt represented a condition fundamentally
different from the majority of response ratios, which showed signiﬁcant
(and quite large) increases in Nmin following N inputs. Therefore,
although data transformation would have allowed us to consider net Nimmobilization and Nmin together, we determined to consider separately
the 15 response ratios exhibiting net N-immobilization.
2.3. Dataset information
Our dataset comprised 712 response ratios from 72 experimental
forest sites subjected to N inputs. Information and references for these
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data are presented in Appendix A, and the full dataset is available
through the USDA Forest Service Northern Research Station (http://
www.nrs.fs.fed.us/niacs/tools/).
3. Results and discussion
3.1. Overview: effects of N inputs on soil parameters
Increasing forest N supply caused signiﬁcant changes in soil C, C/N,
and Nmin. Overall results of the meta-analysis revealed that N inputs
increased soil C (+7.7%) and Nmin (+ 62%), while causing C/N to
decline (−4.9%). However, changes in the response parameters
varied between forest ﬂoors and mineral soils, and among modes of N
addition (Table 1; Fig. 1). In addition to soil layer and mode of N
addition, Q b analysis indicated that time and biogeography were
signiﬁcant predictors of variation among soil responses to N inputs, at
least for soil C and C/N (Table 1). Because there is strong conceptual
basis for separating forest ﬂoor and mineral soil responses to N inputs,
we performed Q b analyses separately for these two soil layers, and the
mode of N addition, biogeographic group, and time category generally
remained signiﬁcant predictors of variation, primarily among soil C
and C/N (Table 2). Most other predictor variables we collected during
data extraction were not statistically signiﬁcant. Those predictors
which were signiﬁcant were either confounded with other variables,
or explained less variation (lower Q b) than soil layer, mode of N
addition, biogeographic group, and time. Therefore, most of our
Results and Discussion is framed in the context of these sources of
variation. Additional sources of variation are considered in Section 3.6.
3.2. Forest ﬂoor vs. mineral soil responses to N inputs
When all modes of N addition were considered together, forest
ﬂoor and mineral soil responses to N inputs differed signiﬁcantly for
two of the three response parameters (soil C and C/N; Table 1). While
neither forest ﬂoor %C nor C storage changed with N inputs (Fig. 1A),
mineral soils showed signiﬁcant increases in %C (+11.0%) and C
storage (+12.2%; Fig. 1D). In the forest ﬂoor, N inputs combined with
unchanged soil C to decrease C/N by 7.8% (Fig. 1B), while mineral soil
C/N did not change (Fig. 1E). Forest ﬂoors and mineral soils did not
exhibit signiﬁcantly different Nmin responses to N inputs, as the two
layers showed increases of 61% and 64%, respectively, with overlapping 95% conﬁdence intervals (Fig. 1C,F).

Table 1
Sources of variation among overall soil responses to N inputs.
Response parameter

Predictor variable

k

Qb

Qt

P

Soil C

Soil layera
Biogeographic groupb
Mode of N additionc
Time categoryd
Soil layer
Biogeographic group
Mode of N addition
Time category
Soil layer
Biogeographic group
Mode of N addition
Time category

302
302
302
293
220
220
220
208
175
175
175
172

1.5
1.4
1.5
1.5
0.16
0.31
0.46
1.1
b 0.10
2.3
5.0
3.1

27
27
27
25
5.6
5.6
5.6
5.2
125
125
125
124

b 0.005
b 0.005
b 0.005
b 0.005
b 0.05
b 0.005
b 0.005
b 0.005
NS
NS
b 0.05
NS

Soil C/N

Net N-min

Within each response parameter, the amounts of between-group (Q b) and total (Q t)
heterogeneity associated with each predictor variable are shown. The statistical
signiﬁcance of Q b for each predictor variable is shown in column (P), while column (k)
is the number of response ratios tested in the groups deﬁned by each predictor variable.
Note that soil C statistics include both concentrations and pool sizes, which were not
signiﬁcantly different in the overall analysis.
a
Forest ﬂoor or mineral soil.
b
Northeast conifers, northeast hardwoods, or western conifers.
c
N-ﬁxing vegetation, N-fertilization, or simulated N deposition.
d
Time since N inputs initiated: 0–10, 11–25, or N26 yr.
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The observation that N inputs affected forest ﬂoor and mineral soil C
and C/N differently suggests that multiple (though likely interdependent) processes are responsible for the responses of these soil layers to N
inputs. The forest ﬂoor frequently is the strongest sink for N inputs to
temperate forests (Buchmann et al., 1996; Tietema et al., 1998; Currie,
1999; Nadelhoffer et al., 1999; Templer et al., 2005), and the result that
C/N declined signiﬁcantly in this layer, but not in the mineral soil,
supports this pattern. In comparison to C stored in the mineral soil,
forest ﬂoor C substrates typically comprise a relatively small C pool with
high C/N (∼30–70), a relatively fast turnover time, and an inverse
relationship between C/N and initial rates of decomposition and Nmin
(Sollins et al., 1984; Fog, 1988; Berg, 2000; Homann et al., 2001; Neff
et al., 2002; Swanston et al., 2004). Accordingly, by lowering the C/N
ratio, N inputs may accelerate forest ﬂoor C and N cycling by increasing
decomposition and Nmin. However, higher Nmin is correlated with
greater plant N uptake, productivity, and litterfall (Reich et al., 1997),
which could offset potential C losses from faster forest ﬂoor decomposition with increased N inputs. In addition to lowering forest ﬂoor C/N
and affecting plant and microbial processes, the retention of N inputs in
the forest ﬂoor may elevate dissolved organic matter (DOM) and
inorganic N export to the mineral soil below (Currie et al., 1996;
Gundersen et al., 1998). Downward export of DOM from the forest ﬂoor
may cause several signiﬁcant changes in mineral soil C dynamics. First,
adsorption of DOM molecules onto mineral particle surfaces may
directly increase mineral soil C and N concentration and storage (Qualls
and Haines, 1992; Kalbitz et al., 2000). Furthermore, accumulation of
complex DOM molecules (such as polyphenols), as well as inorganic N,
may reduce rates of microbial activity associated with SOM degradation
(Hattenschwiler and Vitousek, 2000; Waldrop et al., 2004; Grandy et al.,
2008). The decreasing C/N and increasing Nmin in the forest ﬂoor suggest
a sustained increase in N export to mineral soil, which maintains a
balance between N and C as both accumulate in mineral soils in
response to N inputs. This observation supports the idea that long-term
ecosystem C accumulation is stoichiometrically limited by N (progressive N limitation; Luo et al., 2004; Johnson, 2006), and suggests a
principal role of N redistributions between the forest ﬂoor and mineral
soil, which have been studied by direct manipulation (Hart and
Firestone, 1991) and ecosystem modeling (Currie et al., 2004).
3.3. Mode of N addition
The mode of N addition (Nﬁx, Nfert, and Ndep) was a highly
signiﬁcant predictor of variation in soil responses to N inputs in both
layers (Table 2). While forest ﬂoor C storage did not change with N
inputs, signiﬁcant increases in mineral soil C storage occurred in
response to Nﬁx (+11.8%) and Nfert (+23.5%), but not Ndep (Fig. 1A,D).
In the forest ﬂoor, the three modes of N addition caused slightly
different (but all negative) changes in C/N. The largest forest ﬂoor C/N
decrease was due to Nﬁx (−13.5%), while Nfert (−9.3%) and Ndep
(−4.1%) caused smaller declines (Fig. 1B). Mineral soil C/N changes
varied signiﬁcantly between modes of N addition, with Nﬁx and Ndep
causing C/N changes of −6.5% and +4.0%, respectively, while Nfert had
no signiﬁcant effect (Fig. 1E). In the forest ﬂoor, the three modes of N
addition affected Nmin similarly (Fig. 1C), but this was not the case for
mineral soils. Speciﬁcally, although Ndep did not change mineral soil
Nmin, Nﬁx and Nfert caused increases of 73% and 573%, respectively
(Fig. 1F). The large effect of Nfert on Nmin probably reﬂects high
variability due to a limited sample size, though it is interesting to note
that all 15 response ratios involving net N-immobilization were from
Nfert, with most originating from mineral soils (data not shown).
While there were interesting trends in forest ﬂoor responses to N
inputs, such as the tendency for the three modes of N addition to
decrease forest ﬂoor C/N to varying degrees, the differences between
modes of N addition generally were greater in the mineral soil. The
effects of N inputs by Nﬁx and Ndep were in particularly marked contrast.
Under Nﬁx, mineral soil C/N decreased, and C storage and Nmin increased.
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Fig. 1. The effects of N inputs on soil C, C/N, and Nmin in forest ﬂoors (panels A–C) and mineral soils (panels D–F). Points are means ± bootstrapped 95% conﬁdence intervals, with
number of studies (k) in parentheses. Groups with conﬁdence intervals overlapping the dotted reference line (0% change) show no signiﬁcant effects of N addition. Soil C responses
to N inputs are shown separately for pool sizes (ﬁlled symbols) and concentrations (open symbols). For each response parameter, the effects of N inputs are shown overall, and for
individual modes of N addition, including the establishment of N-ﬁxing vegetation (N-ﬁx), large-dose N-fertilization (N-fert), and simulated chronic N deposition (N-dep). Note that
points plotted in panels C and F have 95% CIs with upper bounds beyond the x-axis maximum (N600% increase in Nmin).

Table 2
Sources of variation among soil responses to N inputs, shown separately for forest ﬂoors
and surface mineral soils.
Response Predictor
parameter variable
Soil C
storage

Soil
C/N

Net
N-min

Biogeographic
group
Mode of N
addition
Time category
Biogeographic
group
Mode of N
addition
Time category
Biogeographic
group
Mode of N
addition
Time category

Forest ﬂoor
k

Qb

Mineral soil
Qt

P

k

Qb

Qt

P

45

0.20

5.1 NS

87

0.78

6.9 b.05

45

0.74

5.1 b.05

87

0.34

6.9 NS

44
86

0.23
0.11

4.5 NS
1.4 b.05

86
121

0.52
0.27

6.9 b.05
3.8 b.05

86

0.10

1.4 b.05

121

0.32

3.8 b.05

84
81

0.23
1.3 b.005 111
0.69 52
NS
80

81

2.0

0.87
3.4 b.005
1.8
68
NS

52

NS

80 14

68

b.005

80 b 0.10 52

NS

80

68

NS

3.5

Within each response parameter, the amounts of between-group (Q b) and total (Q t)
heterogeneity associated with each predictor variable are shown. The level of statistical
signiﬁcance for each predictor variable is shown in column (P), while column (k) is the
number of response ratios tested in the groups deﬁned by each predictor variable. Note
that soil C storage statistics include pool sizes only. See Table 1 notes for the categorical
groups deﬁned by each predictor variable.

Mineral soil N storage also increased signiﬁcantly, at a rate nearly equal
to that observed for C storage (+10.5%). Soil C and N storage increases
were equal within the bounds of their conﬁdence intervals, indicating
that the decrease in C/N reﬂects a ﬁne-scale shift in organic matter
chemistry more than a bulk change in soil C and N storage. Thus, the
decline in soil C/N reﬂects an improvement in organic matter quality
that increased Nmin, suggesting that the microbial activity responsible
for Nmin was N-limited in these study systems (Vance and Chapin,
2001). Ndep, on the other hand, increased mineral soil C/N, but did not
signiﬁcantly change C storage or Nmin. Supplemental meta-analyses
indicated that the increase in mineral soil C/N also did not involve any
decrease in mineral soil N storage. However, mineral soil C and N storage
showed nonsigniﬁcant tendencies that would tend to increase mineral
soil C/N, including an effect size of +8.2% for C storage, and an effect size
of −4.9% for N storage. Thus, the mineral soil C/N increase probably
reﬂects an interaction of several processes that have been documented
in Ndep studies, including increased soil C storage (Pregitzer et al., 2008)
and N exports from mineral soil through NO−
3 leaching (Kjonaas et al.,
1998; Aber et al., 2003) and vegetation N uptake (Magill et al., 2000;
McNulty et al., 2005).
Taken together, mineral soil responses to Nﬁx and Ndep may
represent points along an ecosystem trajectory from N limitation to N
saturation. At the onset of N inputs, when N is limiting, highly efﬁcient
foliar N resorption results in the transfer of high C/N litterfall to the
forest ﬂoor, where high C/N materials promote N retention (Vitousek,
1982; Johnson et al., 2000). Inputs of relatively high C/N root litter
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may also be important for retaining N (Stump and Binkley, 1993;
Silver and Miya, 2001). Initially, retention of N inputs by the forest
ﬂoor lowers its C/N and enhances Nmin, as is observed for all modes of
N addition. However, N may become less limiting as ongoing N inputs
are immobilized, causing decreased vegetation and forest ﬂoor C/N
and N retention capacity, and increases in nitriﬁcation, DOM, and N
export from the forest ﬂoor to the mineral soil (Currie et al., 1996;
Gundersen et al., 1998). As C and N accumulate in the mineral soil and
its C/N decreases, these changes in C and N pool sizes and
stoichiometry may accelerate Nmin. This appears to be the N status
of the Nﬁx studies in our database. Continuing N inputs could cause
mineral soil C/N to drop even further, below the threshold value that
limits NO−
3 leaching. By the time this stage has been reached, mineral
soil Nmin no longer increases in response to continued N inputs.
Rather, lower rates of decomposition interact with elevated nitriﬁcation and N leaching and prevent mineral soil C/N from decreasing any
further. This is the N status of the Ndep studies in our database, and the
signiﬁcant increase in mineral soil C/N among these studies may not
represent a long-term trend, but rather a short-term periodic
oscillation about some steady state value of mineral soil C/N. If
different modes of N addition do, in fact, have comparable long-term
effects on C and N biogeochemistry, then the forest ﬂoor and mineral
soil may be expected to play sequential roles in N retention as
ecosystem N status moves from N limitation to saturation.
In mineral soils, the effects of Nfert were distinct from those
associated with Nﬁx and Ndep, in that C storage increased without any
signiﬁcant change in C/N. This suggests that mineral soil C and N
accumulated at equal rates, perhaps due to elevated DOM and N
exports from the forest ﬂoor (see Section 3.2). Mineral soil Nmin
responses to Nfert were somewhat variable, with N inputs causing very
large Nmin increases in some studies (Fig. 1F), and net N-immobilization in others. Ten of the 15 response ratios involving net Nimmobilization were from mineral soils (the other 5 were forest
ﬂoors), and all 15 came from experiments in which the most recent
fertilizer application occurred within 1 yr of sampling (Aarnio and
Martikainen, 1992; Matson et al., 1992; Vestgarden et al., 2003). The
very large degree of variation among Nmin responses to Nfert may exist
because large N additions perturbed the balance between substrate
and microbial biomass C/N, leading to shifts between net immobilization and mineralization (Vance and Chapin, 2001). Another possibility
is that soils collected for incubation shortly after large Nfert doses were
impacted by high spatial variability and N-rich microsites (Le Cadre
et al., 2004). In any case, it is clear that Nmin changes caused by Nfert
were substantially less predictable than the changes associated with
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Nﬁx and Ndep, and that these changes occasionally had the counterintuitive result of decreasing inorganic N supply.
3.4. Biogeographic groups
Biogeography was a signiﬁcant source of variation among soil C
storage and C/N responses to N inputs (Table 2, Figs. 2 and 3).
Although sample sizes preclude making strong inferences about the
full set of interactions between soil layers, modes of N addition, and
biogeographic groups, several patterns emerge when all modes of N
addition are considered collectively within each biogeographic group.
First, forest ﬂoor C/N declines were greater among WC (−12.5%) than
NEC (− 6.3%), while NEH showed no signiﬁcant change (Fig. 2).
Second, signiﬁcant increases in mineral soil C storage were restricted
to WC (+25.6%), which also was the only group that exhibited a
signiﬁcant decline in C/N (− 6.9%; Fig. 3). Finally, WC had greater Nmin
increases than NEC or NEH in both soil layers (Figs. 2 and 3).
The apparent biogeographic variation in forest ﬂoor C/N responses
to N inputs may reﬂect the modes of N addition most commonly
practiced in each biogeographic group, or relate to inherent
differences in biogeochemistry between the three forest types.
Unfortunately, all NEH forest ﬂoor C/N response ratios originated
from Ndep studies, confounding biogeography with the mode of N
addition for this response parameter. However, when biogeographic
variation is considered simultaneously for all three response parameters and both soil layers, confounding relationships between
biogeography and the mode of N addition are minimized. This is
because, when taking such a ‘big-picture’ view, most comparisons
between biogeographic groups have at least some response ratios
from each mode of N addition. From this perspective, it becomes clear
that WC generally were more responsive to N inputs than NEH or NEC,
as evidenced by the greater number of signiﬁcant responses to N
inputs in the WC group. The result that N inputs were more likely to
signiﬁcantly affect WC than NEH and NEC soils may be due to
geographic variation in long-term atmospheric deposition. Unlike WC
sites, which receive comparatively little atmospheric pollution, NEH
and NEC studies occurred in regions that have experienced decades of
moderate-to-high atmospheric N deposition (Lovett, 1994; Galloway
et al., 2003). Due to their history of N inputs, NEH and NEC systems
may be less sensitive to further N inputs and perturbations of the N
cycle. Indeed, in the northeast United States and Europe, some of the
direct effects of N inputs on forest soils may have already occurred due
to the atmospheric N load. Forest growth responses to N inputs that
feed back to soil processes also may be less likely in NEH and NEC than

Fig. 2. The effects of N inputs on forest ﬂoor parameters, by biogeographic group. Points are means ± bootstrapped 95% conﬁdence intervals, with number of studies (k) in
parentheses. Soil C storage response ratios include pool sizes only. Biogeographic groups are western conifers (WC), northeast conifers (NEC), and northeast hardwoods (NEH).
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Fig. 3. The effects of N inputs on mineral soils, by biogeographic group. Points are means ± bootstrapped 95% conﬁdence intervals, with number of studies (k) in parentheses. Soil C
storage response ratios include pool sizes only. See Fig. 2 for biogeographic group abbreviations.

in regions with lower rates or a shorter history of atmospheric
deposition, such as WC. In addition to the independent, direct role
that initial ecosystem N status may have played in governing soil
responses to N inputs, certain modes of N addition are more common
in some locations than others. For example, Nﬁx and Nfert are more
likely to be employed in systems of lower initial fertility (such as WC),
while Ndep studies frequently occur in areas that have already been
subjected to high atmospheric N inputs (e.g., NEH and NEC).
In addition to regional factors, site-speciﬁc causes probably
contributed to biogeographic variation in soil responses to N inputs.
These factors could include variation in: the chemical form of N
inputs, management history (Goodale and Aber, 2001; Compton and
Boone, 2002), microbial communities (Pennanen et al., 1999), and soil
chemical/physical properties (Bergstrom et al., 2001). One particularly important source of variation in soil chemical and physical
properties may be the distribution and abundance of labile and
recalcitrant OM within the soil matrix, since these two SOM fractions
may react differently to N inputs (Sollins et al., 1984; Fog, 1988; Neff
et al., 2002; Swanston et al., 2004). Accordingly, geographic variation
in pedogenesis and mineralogy are likely to play important roles in
soil C responses to N inputs (Shaw et al., 2008). Ultimately, more
primary research will be necessary to understand the sources of
variation in soil responses to N inputs at even a regional scale.
Considerably more effort will be required to determine the roles of
site-speciﬁc factors.

there was no temporal component to forest ﬂoor C responses to N
inputs, mineral soils accumulated C over time. Temporal trends in %C
and C storage in mineral soils were similar, although signiﬁcant
increases were not detected until the second time interval evaluated
(11–20 yr of N inputs, Fig. 6).
The temporal patterns underlying soil C, C/N, and Nmin responses
to N inputs have many possible explanations; two will be considered
here. First, the long-term trajectories of all three response parameters
support the idea (from Section 3.2) that N inputs have opposite effects
on N cycling and C storage in two distinct SOM pools. Initially, N
inputs may subsidize microbial degradation of labile, high C/N litter or
SOM, increasing decomposition and Nmin (see Section 3.2; also, Knorr
et al., 2005). However, accelerated microbial activity may rapidly
deplete the supply of labile SOM, causing Nmin to decrease back
towards pretreatment levels. Continued retention of N inputs
decreases forest ﬂoor C/N, reducing the decomposability of recalcitrant SOM, but there is no further change in Nmin. Instead, an
increasing proportion of mineralized N may be nitriﬁed and exported
to the mineral soil, along with DOM leached from the forest ﬂoor. Over
time, NO−
3 and DOM accumulation in the mineral soil increase C
storage through a variety of mechanisms, including the inhibition of
microbial enzyme production and consequent alteration of OM
degradation (Waldrop et al., 2004; Waldrop and Zak, 2006). Enhanced

3.5. Temporal patterns
There were signiﬁcant temporal trends underlying soil responses to
N inputs in the forest ﬂoor and mineral soil (Tables 1 and 2). In the forest
ﬂoor, the time elapsed since initiation of N inputs explained a signiﬁcant
proportion of variation in C/N across all modes of N addition (Fig. 4).
Declines in forest ﬂoor C/N were relatively consistent across biogeographic groups, though it appeared to take 15–20 yr of N inputs to
signiﬁcantly reduce C/N. Forest ﬂoor and mineral soil Nmin responses to
N inputs were not signiﬁcantly different (Table 1), and pooling the data
from both soil layers revealed a nonlinear temporal trend following Ndep
and Nfert treatments (Fig. 5) However, the magnitude and duration of
Nmin increases differed between the two modes of N addition. Initiating
relatively small, frequent N inputs (Ndep) induced a consistent, large (up
to 300%), but short-lived increase in Nmin, which declined back to
control values within 4 yr. Larger, less frequent N inputs from Nfert were
capable of causing larger short-term Nmin increases than Ndep, but Nmin
declined more rapidly following fertilizer addition, and there were also
numerous instances of net N-immobilization following Nfert. While

Fig. 4. Changes in forest ﬂoor C/N as a function of the time elapsed since N inputs began.
Data from all modes of N addition are combined within each biogeographic group (see
Fig. 2 for abbreviations). Points are means ± 95% conﬁdence intervals within each time
category (0–10, 11–25, and N 26 yr).
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Fig. 5. Changes in Nmin over time in response to simulated chronic N deposition (panel A) and large-dose N-fertilization (panel B). Forest ﬂoor and mineral soil data are pooled in this
ﬁgure, and each point is one response ratio. Note that three response ratios corresponding to immediate Nmin increases of over 1000% are not shown in B.

stabilization of SOM might also occur due to greater biogeochemical
recalcitrance of degraded, N-rich litter (Berg, 2000). Nitrogenous
compounds may also foster more biogeochemically stable organomineral associations (Sollins et al., 2006; Kleber et al., 2007). These
chemical and physical changes in SOM affect not only soil C storage,
but also are important drivers of the attenuation of Nmin after its initial
increase in response to N inputs (Aber et al., 1998). Therefore, the
Nmin increase following N inputs may represent a short-term indicator
of increased microbial activity within a small and rapidly depleted
labile SOM pool. The long-term effect of N inputs may be to increase
soil C storage by lowering forest ﬂoor C/N, causing leaching of
compounds into the mineral soil that stabilizes SOM. However, since
our analysis did not speciﬁcally investigate two distinct SOM pools,
we cannot deﬁnitively conclude that the two-pool explanation is the
mechanism responsible for temporal patterns in soil C and N.
A second, but not mutually exclusive, explanation for the temporal
patterns of soil C storage, C/N, and Nmin is that N inputs increased N
availability, resulting in greater plant growth and plant litter inputs to
soil. In addition to the direct, immediate effects of N inputs on plant
growth, N inputs also have a longer-term, indirect effect on plant

productivity by increasing Nmin. Nmin is positively correlated with plant
N uptake and leaf, wood, and ﬁne root production (Nadelhoffer et al.,
1985; Reich et al., 1997), suggesting that even short-term increases in
Nmin may enhance growth and subsequent C inputs to soil by litterfall. If
some of the litterfall C inputs that follow a forest growth increase
become stabilized within the soil, then this could also increase soil C
storage. In the long-term, forest trees mine deeper layers of the mineral
soil to acquire N (Currie et al., 2004), and root and mycorrhizal litter
inputs to these deep soil layers could be the basis for increased mineral
soil C storage (Langley and Hungate, 2003; Bird et al., 2008).
3.6. Other sources of variation
Variation among soil responses to N inputs was most affected by
temporal factors and the mode of N addition, but also by biogeographic factors and differences between the forest ﬂoor and mineral
soil, when Qb was examined at the response variable level (Table 1).
We tested other variables for their predictive capability, such as the
chemical form of N inputs, soil texture, and mean annual precipitation, but these and other variables did not have as strong a statistical
basis (as determined by Qb values) for explaining variation simultaneously across the three response parameters we analyzed. We
devoted particular attention to testing the effects of data collection
and analysis methods on the results reported across different studies,
and found little evidence for methodological variation among soil C
and C/N response ratios. However, Nmin increases in response to N
inputs appeared to be greatest for in situ core (ISC) incubations,
slightly less for buried bag (BB) measurements, and least for lab
incubations (LI). Qualitatively, it is interesting to note that the degree
of physical disturbance (ISC b BB b LI) was negatively correlated with
the apparent increase in Nmin under N inputs. Differences among
methods are consistent with ﬁndings from studies comparing multiple methods of estimating Nmin (Binkley et al., 1986, 1992a), but are
not likely to have confounded the results of our analysis since
categorical groups deﬁned by time, mode of N addition, soil layer, and
biogeography included response ratios from each Nmin method.
4. Conclusions

Fig. 6. Changes in mineral soil C as a function of the time elapsed since N inputs began.
Data are plotted separately for soil C concentrations (open symbols) and pool sizes
(ﬁlled symbols), and include response ratios from all modes of N addition and
biogeographic groups. Points are means ± 95% conﬁdence intervals within each time
category (0–10, 11–25, and N 26 yr).

Using meta-analysis to test a database of over 700 response ratios,
we detected statistically signiﬁcant changes in soils subjected to N
inputs at 72 north temperate experimental forest sites. Our analysis
identiﬁed the mode of N addition (Nﬁx, Nfert, and Ndep) and time
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elapsed since N inputs began as the strongest predictors of variation in
soil C, C/N and Nmin responses to N inputs. Although biogeographic
factors contributed to variation among soil responses to N inputs, our
results demonstrate broadly consistent effects of N inputs on soil C
(+7.7%), C/N (− 4.9%), and Nmin (+62%). Temporal patterns and
relationships between forest ﬂoor and mineral soil C and N properties
suggest that these results may have been due to a combination of Ninduced shifts in SOM decomposition/stabilization, and increased
plant growth and litter inputs to soil. Further primary research into
the effects of N supply on forest C and N cycling will add to the already
large body of work in this area, making more powerful cumulative
meta-analyses possible. The present meta-analysis identiﬁes the need
for more targeted research into the mechanisms by which N inputs
increase soil C storage, especially across sites with diverse characteristics and management practices.
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Appendix A. Study information for the references included in the
meta-analysis

Mode of N BG
Dominant
addition
group canopy
genera

Location

Aarnio and
Martikainen (1992)
Aarnio and
Martikainen (1995)
Aber et al. (1993)

N-fert

NEC

Pinus, Picea

Southern Finland

N-fert

NEC

Pinus, Picea

Southern Finland

N-dep
N-fert
N-ﬁx

Pinus,
Quercus, Acer
Pseudotsuga
Pseudotsuga

Massachusetts, USA

Adams et al. (2005)
Binkley and Husted
(1983)
Binkley et al. (1982)
Binkley et al. (1992a)

NEC,
NEH
WC
WC

N-ﬁx
N-ﬁx

WC
WC

Pseudotsuga
Pseudotsuga

Binkley et al. (1992b)

N-ﬁx

WC

Pseudotsuga

Binkley (1983)

N-ﬁx

WC

Pseudotsuga

Bormann and Debell
(1981)
Cole et al. (1990)
Emmett et al. (1995)
Erickson et al. (2005)

N-ﬁx

WC

Pseudotsuga

Oregon, USA
Washington and
Oregon, USA
Washington and
Oregon, USA
Washington, USA
and British Columbia
Washington, USA

N-ﬁx
N-dep
N-ﬁx

WC
NEC
WC

Fox (2004)
Frey et al. (2004)

N-fert
N-dep

Gallo et al. (2005)

N-dep

WC
NEC,
NEH
NEH

Gilliam et al. (1996)

N-dep

NEH

Gilliam et al. (2001)

N-dep

NEH

Grifﬁths et al. (1998)
Gundersen et al.
(1998)
Hart et al. (1997)

N-ﬁx
N-dep

WC
NEC

Pseudotsuga
Picea
Abies,
Calocedrus,
Pinus
Pseudotsuga
Pinus,
Quercus, Acer
Acer, Quercus,
Tilia
Acer, Betula,
Liriodendron
Acer, Betula,
Liriodendron
Pseudotsuga
Picea

N-ﬁx

WC

Pseudotsuga

Hungate et al. (2007)
Jefts et al. (2004)

N-fert
N-dep

WC
NEC,
NEH

Pinus
Picea, Abies,
Fagus, Acer

Reference

Washington, USA
British Columbia

Washington, USA
Scotland
California, USA

Washington, USA
Massachusetts, USA
Michigan, USA
West Virginia, USA
West Virginia, USA
Washington, USA
Southern Sweden,
Denmark, Scotland
Washington and
Oregon, USA
Arizona, USA
Maine, USA

(continued)
Appendix
A (continued)
Reference

Mode of N BG
Dominant
addition
group canopy
genera

Location

Johnson (1995)
Kjonaas et al. (1998)
Landgraf et al. (2005)
Lavery et al. (2004)

N-ﬁx
N-dep
N-ﬁx
N-ﬁx

California, USA
Southern Sweden
Germany
British Columbia

Magill et al. (1996)

N-dep

Magill et al. (2000)

N-dep

Matson et al. (1992)
McNulty and Aber
(1993)
McNulty et al. (1996)
McNulty et al. (2005)
Moldan et al. (2006)
Nohrstedt et al.
(1988)
Nohrstedt (2002)
Oakley et al. (2003)
Oakley et al. (2006)
Parker et al. (2001)

Pinus
Picea, Pinus
Pinus, Robinia
Abies, Pinus,
Tsuga
Picea, Abies,
Fagus, Acer
Pinus,
Quercus, Acer
Pseudotsuga
Picea, Abies

Maine, USA

N-fert
N-dep

WC
NEC
NEC
NEC,
NEH
NEC,
NEH
NEC,
NEH
WC
NEC

N-dep
N-dep
N-dep
N-fert

NEC
NEC
NEC
NEC

Picea, Abies
Picea, Abies
Picea, Pinus
Picea

Vermont, USA
Vermont, USA
Southern Sweden
Southern Sweden

N-fert
N-ﬁx
N-ﬁx
N-dep

NEC
WC
WC
NEC

Southern Sweden
California, USA
California, USA
Maine, USA

Paschke et al. (1989)
Pregitzer et al. (2008)
Prietzel et al. (2004)
Prietzel et al. (2008)
Ring et al. (2003)
Rothe et al. (2002)
Sjoberg et al. (2003)
Smolander et al.
(1995)
Smolander et al.
(2005)
Stanturf and Stone
(1994)
Swanston et al. (2004)

N-ﬁx
N-dep
N-fert
N-ﬁx
N-fert
N-ﬁx
N-fert
N-fert

NEH
NEH
WC
NEC
NEC
WC
NEC
NEC

Picea
Abies
Abies
Picea, Abies,
Fagus, Acer
Juglans
Acer, Fagus
Pseudotsuga
Pinus
Picea
Pseudotsuga
Picea
Picea

N-fert

NEC

Picea

Southern Finland

N-fert

NEH

N-fert

WC

Tiedemann et al.
(1998)
Vesterdal and
Raulund-Rasmussen
(2002)
Vestgarden and
Kjonaas (2003)
Vestgarden et al.
(2003)
Vestgarden et al.
(2004)
Waldrop et al. (2004)

N-fert

WC

Acer, Fraxinus, New York, USA
Prunus
Pseudotsuga
Washington and
Oregon, USA
Abies
Oregon, USA

N-fert

NEC

Picea

Denmark

N-dep

NEC

Pinus, Picea

Southern Sweden

N-fert

NEC

Pinus

Southern Norway

N-fert

NEC

Pinus

Southern Norway

N-dep

NEH

Michigan, USA

Wallenstein et al.
(2006)

N-dep

NEC,
NEH

Zak et al. (2006)

N-dep

NEH

Acer, Quercus,
Tilia
Picea, Abies,
Pinus,
Quercus
Acer, Fagus

Massachusetts, USA
New Mexico, USA
Vermont, USA

Illinois, USA
Michigan, USA
Washington, USA
Germany
Southern Sweden
Oregon, USA
Southern Sweden
Southern Finland

Maine, Vermont,
Massachusetts, USA
Michigan, USA

See Table 1 for mode of N addition and biogeographic group abbreviations.
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