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Abstract. Our meta-analysis of 126 nitrogen addition experiments evaluated nitrogen (N)
limitation of net primary production (NPP) in terrestrial ecosystems. We tested the hypothesis
that N limitation is widespread among biomes and influenced by geography and climate. We
used the response ratio (R ffi ANPPN/ANPPctrl) of aboveground plant growth in fertilized to
control plots and found that most ecosystems are nitrogen limited with an average 29% growth
response to nitrogen (i.e., R ¼ 1.29). The response ratio was significant within temperate
forests (R ¼ 1.19), tropical forests (R ¼ 1.60), temperate grasslands (R ¼ 1.53), tropical
grasslands (R ¼ 1.26), wetlands (R ¼ 1.16), and tundra (R ¼ 1.35), but not deserts. Eight
tropical forest studies had been conducted on very young volcanic soils in Hawaii, and this
subgroup was strongly N limited (R¼ 2.13), which resulted in a negative correlation between
forest R and latitude. The degree of N limitation in the remainder of the tropical forest studies
(R ¼ 1.20) was comparable to that of temperate forests, and when the young Hawaiian
subgroup was excluded, forest R did not vary with latitude. Grassland response increased with
latitude, but was independent of temperature and precipitation. These results suggest that the
global N and C cycles interact strongly and that geography can mediate ecosystem response to
N within certain biome types.
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INTRODUCTION

Nitrogen (N) constrains net primary production
(NPP) in terrestrial ecosystems (Vitousek and Howarth
1991). Nitrogen limitation is diagnosed when addition of
N results in increased NPP. In this manner, a broad
array of ecosystem-scale studies has consistently dem-
onstrated N limitation (Kenk and Fischer 1988, Tamm
1991, Hooper and Johnson 1999). The persistence of N
limitation results from the transient nature of biologi-
cally available forms of N (Vitousek et al. 2002). Unlike
the abiotic inputs of many other resources, the primary
source of N is biological N fixation. Once fixed, N is
particularly susceptible to being removed from an
ecosystem by leaching and volatilization.
Anthropogenic N fertilization of N-limited ecosys-

tems is a primary component of global change. During
the 20th century, anthropogenic N fixation doubled
the global flux of N to the biosphere. Moreover, N
deposition rates are expected to increase another
two- or threefold before reaching a plateau (Vitousek
et al. 1997, Galloway and Cowling 2002, Lamarque et al.
2005). In contrast to the current pattern of N deposition,
which is concentrated in temperate regions of the
northeastern United States and northern Europe, future

N deposition will increasingly occur in the tropical
regions (Galloway and Cowling 2002, Lamarque et al.
2005). This change in distribution of N deposition will
result in N fertilization of a larger proportion and
diversity of the earth’s ecosystems. However, the effect
of this fertilization on global NPP will depend on the
degree to which N limits NPP in both temperate and
tropical ecosystems.

Walker and Syers (1976) presented a geophysical
framework that predicts P limitation should be stronger
than N limitation in equatorial regions, owing to
considerations of soil age and climate. Warmer and
wetter tropical climates enhance N mineralization and
plant N use efficiency (Lloyd and Taylor 1994, Schle-
singer and Andrews 2000). Concurrently, tropical soils
become depleted in P with age (Walker and Syers 1976).
By contrast, cold and dry climates reduce N minerali-
zation and plant N use efficiency by slowing enzyme
activity (Lloyd and Taylor 1994, Schlesinger and
Andrews 2000), while glaciations deliver rocks rich in
P and other mineral nutrients to the soil profile. The
shift from N to P limitation with soil age has been
supported by N and P fertilization studies along a
chronosequence in the Hawaiian archipelago (Crews et
al. 1995, Vitousek and Farrington 1997). In addition,
these global trends are supported by an analysis of plant
stoichiometry; both N:C and N:P ratios increase among
plants closer to the equator (Reich and Oleksyn 2004). If
tropical ecosystems are P limited and N replete, future
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increases in tropical N deposition might not have an
important impact on global NPP. Although previous
syntheses and reviews support global patterns of
nutrient limitation in line with the geophysical hypoth-
eses, no studies have directly tested global patterns of N
limitation based on observed plant response to experi-
mental N addition.
To assess global patterns of N limitation, we

conducted a meta-analysis of N limitation across diverse
biomes. Following the geophysical model (Walker and
Syers 1976), we predicted that N limitation would
increase poleward and with temperature or precipitation
limitation of N mineralization (Vitousek and Howarth
1991, Reich and Oleksyn 2004). To test these predic-
tions, we performed a comprehensive meta-analysis on
N addition studies, using the response ratio R as an
estimate of the ratio of production in fertilized to
control plots.

METHODS

Data selection

We found 80 publications containing 126 independent
N addition studies that measured the response of plant
productivity to N (Fig. 1 and Appendix A). We included
experiments performed on restored prairies and planta-
tions, but excluded greenhouse studies and experiments
in which species composition was directly manipulated.
Studies were included in our analysis if aboveground
NPP (ANPP) was measured on plants that represented
90% or more of the biomass in an ecosystem. Because we

sought to test N limitation directly, we excluded studies
that used N deposition or soil fertility gradients as well
as studies that lacked an N-only treatment. To meet the
statistical assumption of independence among studies,
we used only a single measurement from each study; we
chose the highest rate of N addition and the first
measurement of productivity one or more years after
fertilization. Choosing the maximum fertilization rate
increased the likelihood that N was available in excess of
plant demand. Using the initial time step reduced
downstream feedbacks of excess N associated with
either N saturation (Aber et al. 1998) or species
replacement (Chapin et al. 1986). We assumed studies
conducted at distinct sites were independent; we also
assumed independence of discrete studies performed in
the same general area or research station.
Most data were obtained from the original article.

When data were presented in graphical format, we used
the Grab It! graph digitizer (Datatrend Software,
Raleigh, North Carolina, USA) to derive numerical
data. We assumed that unidentified error bars were
standard errors. Data were occasionally presented as
subgroups within a plot, for example, by species or
functional group. To combine subgroup data into a
single value for the plant community response, means
were added together and the standard deviation was
calculated as the square root of the sum of standard
deviations (conservatively assuming independence of
subgroups [Gurevitch et al. 2000]).
We assigned each study to one of seven biomes (Table

1), with grasslands and forests divided into tropical or

FIG. 1. Global distribution of studies included in the meta-analysis, by biome.
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temperate, depending on latitude. As necessary, we
obtained study data from secondary sources including
the author, other reports at the same location, and
public databases. For example, NASA WorldWind
provided geographical coordinates based on a site name
or description (information available online).4 Based on
the geographical coordinates, we found mean annual
temperature (MAT) and mean annual precipitation
(MAP) from local weather stations or at the nearest
point in the New et al. (2002) global 001000 3 001000

climatology (see Supplement).

Plant productivity and the response ratio

The response ratio (R) is the ratio of estimated ANPP in
the fertilized and control plots:R¼ANPPN/ANPPctrl. We
calculated the natural log of R, ln(R), from each study to
obtain a single unitless response metric, and this metric
enabled us to combine estimates of ANPP from multiple
methods into a single meta-analysis (Hedges et al. 1999).
Methods used to estimate NPP were diverse. Forest
productivity fit into five categories: allometric biomass
increment plus litterfall (ANPP*), basal area increment
(BAI), diameter increment (DI), annual litterfall, and
allometric volume increment. Peak aboveground biomass
or repeated measurements were used to estimate current-
year production in the herbaceous plant communities of
grasslands and wetlands. Most of these measurements
accounted for biomass increments but not carbon lost to
herbivory, decomposition, turnover, volatile organic
compounds, root exudates, and allocation to microbial
symbionts. Previous reviews discuss the methods and
assumptions associated with NPP measurements in more
detail (Clark 2002, Scurlock et al. 2002, Chapin et al. 2005).
Although belowground NPP (BNPP) accounts for ap-
proximately half of total NPP (Schimel 1995, Saugier et al.
2001, Giardina et al. 2005), BNPP is infrequently
measured. Consequently, the present analysis is limited
to ANPP by the available data. Although N may increase
the ratio of above- to belowground biomass (Chapin 1980,
Bloom et al. 1985, Agren and Franklin 2003), we have no
reason to suspect that an observed increase inANPP could
beoffset by a decrease inBNPP. In fact,N increasedBNPP
(R¼1.47, n¼7,P¼0.03) among the four forests and three
grasslands in which it was measured (Owensby et al. 1994,
Ostertag 2001, Camill et al. 2004, Davis et al. 2004).

Statistics

First, we combined results from independent studies
in a meta-analysis to test the overall response using a
weighted, random-effects model. Next, categorical
effects, including biome, fertilizer form, and method of
measurement, were compared using a weighted, mixed-
effects model (Hedges et al. 1999, Rosenberg et al. 2000,
2004). These models incorporate both within- and
among-study variance into study weights to account

for real differences that exist among independent
studies. Calculation of R required treatment and control
means, and study weights used in the analysis required
within-study replication and an estimate of the standard
deviation (s). We derived s from multiple variance
estimates. Standard error (sx) was most often reported,
and s could be calculated as s¼ sx

ffiffiffi
n
p

. When the effect of
nitrogen was not significant and sx was not reported, s
was calculated across treatments. Otherwise, it was
possible to estimate s from ANOVA tables. For
example, an estimate for s may be derived from the
mean squared error (s ffi

ffiffiffiffiffiffiffiffiffiffi
MSE
p

) or least significant
difference (s ffi LSD2/t2

a=2) (t
2
a=2 is calculated from a two-

tailed t distribution at significance level a; Rosenberg et
al. 2004). We can also estimate s when given the
significance level, P, along with treatment and control
means (XT and XC) and treatment and control degrees of
freedom (s ffi (XT# XC)/t(P/2,df)). Compared to a directly
calculated treatment variance, these estimates resulted in
an overestimation of variance, providing less weight for
those studies in the analysis. All statistical analyses were
computed with Comprehensive Meta-Analysis software
(Borenstein and Rothstein 1999).

Preferential publication of significant results can be a
source of bias in meta-analysis (Gurevitch and Hedges
1999). However, this bias is minimized when the result of
interest is part of a larger investigation. This would limit
the bias in the present analysis, because three-quarters
(97) of the studies reported data from phosphorus
addition, multiple rates of N addition, and/or multiple
years after fertilization. We used two statistical metrics
to infer publication bias. The trim-and-fill method uses
the correlation between standard error and effect size to
impute studies omitted due to bias (Duval and Tweedie
2000), and the fail-safe N calculates the number of zero-
effect studies that would be required to invalidate our
findings (Rosenthal 1979).

Both overall and categorical results are reported as R,
along with 95% confidence intervals, degrees of freedom,
model variance (Q), and the significance level (P ).
Therefore, fertilization effects were significant at P ¼
0.05 if confidence intervals do not include R¼ 1. Effects
of MAT, MAP, and latitude on R were tested using a
weighted, unrestricted maximum-likelihood meta-re-
gression model (Borenstein and Rothstein 1999). We
performed climate and geographical regressions. In
order to derive global-scale patterns in these regressions,
we combined temperate and tropical subclasses. For
significant correlations, we report significance (P), slope
(m), intercept (b), variance accounted for by the model
(Qw), and total variance (Qtot).

RESULTS

Five of seven biomes were represented by 10 or more
studies (Table 1, Fig. 1). Nitrogen addition increased
plant growth across all biomes by 29% (P , 0.0001;
Table 1), and all biomes except for desert responded
positively to N fertilizer addition. Furthermore, the4 hworldwind.arc.nasa.govi
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magnitude of the response varied by biome (P¼ 0.0018).
Temperate grassland response (R ¼ 1.53) and tropical
grassland response (R ¼ 1.26) were not significantly
different (P ¼ 0.10) from one another. Tropical forest
response (R ¼ 1.60) was greater than temperate forest
response (R ¼ 1.19, P ¼ 0.011). Eight of the 16 tropical
forest studies were performed on very young (,1000 yr)
Hawaiian soils specifically chosen as ecosystems that
should be prone to N limitation (P. M. Vitousek,
personal communication). Aboveground net primary
production on the young Hawaiian soils doubled after
N addition (R¼ 2.13, P , 0.0001). After removing these
studies, the response of tropical forests (R ¼ 1.20; N
effect, P¼ 0.013) was similar to that of temperate forests
(tropical vs. temperate, P ¼ 1.00).

Dependence of R on geography and climate

Across all studies, correlation with latitude was not
significant (P ¼ 0.10, Table 2). Nevertheless, response
varied among biomes. Forest R decreased poleward,
whereas grassland and wetland R increased (Fig. 2a–c).
The response ratio increased with MAP and MAT
across forest studies (P ¼ 0.033; Fig. 2d, f ) and with
MAT across tundra studies (P ¼ 0.015; Fig. 2g). The
response ratio decreased with MAP in wetlands (P ¼
0.007; Fig. 2e). All other correlations were nonsignifi-
cant (Table 2).

Experimental variables

Duval and Tweedie’s (2000) trim and fill method
predicted that no studies were missing due to publication
bias, and our fail-safe N (Rosenthal 1979) was over
21 000, indicating 150 zero-effect studies would be
required for each study in the present analysis to
invalidate our result (expand the 95% confidence
interval to include R¼ 1).
Nitrogen was applied in five different chemical forms

and combinations thereof (Appendix B). Ammonium
nitrate (NH4NO3) was added in over half the studies (n¼
72), and urea was applied in one-fifth (n ¼ 24). Neither

the type of fertilizer (n ¼ 8, P ¼ 0.30) nor the oxidation
status of the N (oxidized, reduced, or combined, P ¼
0.46) had significant effects on R. Regressions on N
application rate and on the duration of fertilization (i.e.,
time between fertilization and time of measurement)
were nonsignificant (P ¼ 0.42 and P ¼ 0.79, data not
shown). However, these tests were biased by our
selection of the highest rate of application and shortest
time interval from each study.
Within forests, litterfall alone did not significantly

respond to N addition (Appendix B). The response ratios
that were calculated based on tree trunk increments of
diameter, basal area, or volume were generally higher on
average than those based on litterfall alone, but were not
different from estimates based on combined trunk
increment and litterfall response. Basal area increment
was reported more often in temperate forests, while
diameter increment was reported more often in tropical
forests, accounting for the larger response of DI-based
estimates. Grassland and wetland measurements were
categorized as either repeated measurements or peak-
season biomass. Results based on these two methods did
not significantly differ (P¼ 0.18).

DISCUSSION

Global N limitation

Nitrogen limits ANPP in the majority of terrestrial
ecosystems. Our results demonstrate consistent and
statistically significant responses of ecosystem NPP to
N addition (Table 1), supporting the hypothesis that N
limitation is widespread (Vitousek and Howarth 1991).
We focus on N limitation because increasing N
availability is a major component of global change
(Vitousek and Howarth 1991). However, other nutrients
stimulate NPP, and responses to N in combination with
other nutrients exceed responses to N alone (Harpole et
al. 2007; Elser et al. 2007). Therefore, our estimates of R
should be considered conservative with respect to
nutrient limitation overall.

TABLE 1. Effects of nitrogen on plant growth, overall and grouped by biome.

Grouping n R 95% CI Q P

Overall 126 1.29 1.22–1.35 1032 ,0.0001
Biome 7 20.5 0.0022
Temperate forest 22 1.19 1.11–1.28 ,0.0001

Tropical forest 16 1.60 1.30–1.97 ,0.0001

Excluding young Hawaiian soils 8 1.20 1.04–1.40 0.013
Young Hawaiian soils 8 2.13 1.48–3.08 ,0.0001

Tundra 10 1.35 1.12–1.64 0.0018
Tropical grassland 6 1.26 1.04–1.54 0.021
Desert 3 1.11 0.80–1.55 0.53
Temperate grassland 32 1.53 1.37–1.71 ,0.0001
Wetland 36 1.16 1.00–1.34 0.045

Notes: The response ratio, R, is the ratio of estimated aboveground net primary productivity in
the fertilized to the control plots. An R .1 reflects a positive growth response to nitrogen and
indicates nitrogen limitation as defined in Methods. The homogeneity statistic Q is used to assess
homogeneity of effect sizes. Boldface type indicates responses that are significant at P , 0.05.
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Forests

In contrast to the prediction by Walker and Syers
(1976) and indirect evidence (Reich and Oleksyn 2004)
that the degree of N limitation increases with latitude,
we observed no trend in forest R when eight very young
sites from Hawaii were removed (Table 2) and a
poleward decrease when they were included (Fig. 2a).
We therefore conclude that N limitation is an important
control on NPP even in tropical forests. However, these
findings may not reflect tropical forests as a whole.
Among the eight studies that were not established on
young Hawaiian lava flows, four were conducted in
lowland (,1000 m) tropical forests. Of these four, one
was a primary forest (Mirmanto et al. 1999) that was N
replete (R ¼ 1.09, P ¼ 0.64). The remaining three were
based in secondary lowland tropical forests (Campo and
Vázquez-Yanes 2004, Davidson et al. 2004) that were N
limited (R ¼ 1.50, P ¼ 0.007). Secondary forests
represent 40% of tropical forests (Brown and Lugo
1990, FAO 1995), so N limitation in these ecosystems
would have substantial impacts on global NPP.

Grasslands

Although grassland R increased with latitude, there
was no correlation between R and MAT or MAP (Table
2). These results support the conclusion that grassland R
is independent of climate over wide ranges (Schimel et
al. 1997, Hooper and Johnson 1999). Hooper and
Johnson (1999) analyzed the results of 40 arid to semi-
arid (MAP ¼ 211–1031 mm/yr) grassland N-addition

studies, including multiple time points and fertilization
rates from each study, and observed no correlation
between R and geographical or temporal variation in
precipitation. Eight of our 38 grassland data points were
included in the previous study.

The CENTURY model (Schimel et al. 1997) predicts
tight coupling of water and N limitation. This occurs
because both soil N availability and plant N demand are
limited by, and therefore positively correlated to,
temperature and water availability. According to
CENTURY (Schimel et al. 1997), this causes the ratio
of N availability to plant N demand to remain constant
as temperature and precipitation increase. By corollary,
the ratio of N deficit (demand # supply) to N demand
would also remain constant. If plant response to N is
proportional to the N deficit while plant N demand is
proportional to NPP, R should also remain constant as
temperature and precipitation increase. Our finding that
grassland R remains constant across a large range of
MAT and MAP supports the CENTURY prediction
(Schimel et al. 1997) and corroborates the results
reported by Hooper and Johnson (1999).

Wetlands

Although the mean response of wetland ANPP to N
was positive (Table 1), 11 of the 36 wetlands responded
negatively to N. Previous research has demonstrated
that wetland NPP can be limited by resources other than
N, most commonly P (Verhoeven et al. 1996, Bedford et
al. 1999, Olde Venterink et al. 2001). For example,

TABLE 2. Correlations between R and environmental variables expressed as the change in response
R per unit latitude, temperature, or precipitation (statistics used for Fig. 2).

Regressions n Slope Qw Qtot P

Latitude DR/degrees latitude
Overall 124 2.8 141.5 0.10
Wetlands 35 0.076 16.7 55.0 ,0.0001
Forests 38 #0.0046 4.5 65.3 0.033
Excluding young Hawaiian soils 30 0.0 30.2 0.93

Grasslands 35 0.0080 5.9 53.8 0.015
Tundra 9 2.6 19.7 0.11

MAT DR/8C
Overall 124 3.5 141.3 0.060
Wetlands 35 0.9 46.6 0.34
Forests 38 0.14 6 67.1 0.014
Excluding young Hawaiian soils 30 1.5 29.7 0.22

Grasslands 35 0.5 46.9 0.46
Tundra 9 0.038 5.7 20.9 0.017

MAP DR/(mm/yr)

Overall 124 2.3 141.3 0.13
Wetlands 35 #0.00085 7.4 46.4 0.0070
Forests 38 0.012 9.3 55.9 0.0018
Excluding young Hawaiian soils 30 0.02 30.4 0.88

Grasslands 35 0 48.0 1.00
Tundra 9 2.4 19.6 0.12

Notes: The response ratio, R, is the ratio of estimated aboveground net primary productivity in
the fertilized to the control plots (an R . 1 reflects a positive growth response to nitrogen and
indicates nitrogen limitation as defined in Methods); Qw is the variance accounted for by the
regression model; Qtot is the total variance among studies included in the regression; MAT is mean
annual temperature; MAP is mean annual precipitation. Boldface type indicates regressions that
are significant at P , 0.05.
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wetlands that experience high rates of N deposition, are

at a late successional stage, or have cation-rich water

inputs are more likely to exhibit P rather than N

limitation (Morris 1991, Verhoeven and Schmitz 1991,

Aerts et al. 1992). These results illustrate how the

biogeochemistry of wetlands can differ from that of

well-drained grasslands.

The negative correlation between wetland R and

MAP (Table 2, Fig. 2e) is consistent with the conclusion

of Morris (1991) that the impact of N deposition on a

wetland is correlated to the contribution of rainfall to its

water budget. Although precipitation is linked to N

deposition, plant N demand may decrease with precip-

itation. Plant growth is limited by anaerobic conditions,

and these conditions persist longer in wetlands with high

rainfall (Morris 1991). Furthermore, rain-fed wetlands

are more likely to be limited by other nutrients that are

delivered via ground or surface water inputs.

Potential impacts on the global carbon cycle

The response of plants to N addition is an indication
of the global NPP deficit that can be attributable to N
limitation. However, we do not expect that long-term N
deposition will produce the same NPP response that was
observed in the N fertilization studies. Experimental
nitrogen addition provides an ecosystem with an
immediate and large increase in N availability. In the
present analysis, the rate of N addition was 14.3 6 1.1 g
N$m#2$yr#1 (mean 6 SE). In contrast, anthropogenic
pollution produces a steadily increasing rate of N
deposition from pre-industrial levels. Presently, anthro-
pogenic N inputs average 1 g N$m#2$yr#1 over terrestrial
ecosystems and could level off at 4–6 g N$m#2$yr#1
during the next century (Prather et al. 2001, Galloway
and Cowling 2002, Lamarque et al. 2005). On average,
we found a 30% increase in NPP under N addition, and
at the global scale this is equivalent to an NPP response
of 203 1015 g C/yr (calculated using R from Table 1 and

FIG. 2. (a–c) Correlations between the response ratio (R) and absolute latitude among (a) forest, (b) wetland, and (c) grassland
studies. The wetland regression remains significant after removal of the maximum or the minimum value of R. (d, e) Correlations
between R and mean annual precipitation (MAP) among (d) forest and (e) wetland studies. The tundra regression is not significant
after removal of the minimum value of R. (f, g) Correlations between R and mean annual temperature (MAT) among (f ) forest and
(g) tundra studies. For statistics see Table 2.

DAVID S. LEBAUER AND KATHLEEN K. TRESEDER376 Ecology, Vol. 89, No. 2



global NPP estimates for each biome; Houghton and
Skole 1990, Saugier et al. 2001). However, our data set
represents short-term data that are not necessarily
applicable to persistent low-level N deposition. Global
models estimate that the present impact of anthropo-
genic N fertilization on global NPP is closer to 0.5–1.53
1015 g C/yr (Townsend et al. 1996, Vitousek et al. 1997).
Furthermore, there is evidence that long-term exposure
to pollution can negatively impact plant growth as a
system becomes N saturated and the soil becomes
acidified (Aber et al. 1998).
Ultimately, the balance between production and

decomposition determines the impact of N on the net
global flux of carbon from the biosphere to the
atmosphere. Anthropogenic N can augment terrestrial
carbon storage by increasing NPP more than decompo-
sition (Vitousek et al. 1997). Our study supports this
proposition by demonstrating strong, consistently pos-
itive effects of N on NPP in contrast to the inconsistent
effects of N on decomposition (Fog 1988). Nitrogen can
increase, decrease, or have no effect on the rate of
decomposition, depending on environmental conditions,
substrate quality, and microbial physiology (Schlesinger
and Andrews 2000). For example, a meta-analysis of
litter decomposition experiments by Knorr et al. (2005)
found no significant effect of N on litter decomposition
overall. In regions exposed to high rates of N deposition,
experimental N addition either decreased or had no
effect on decomposition rates (Knorr et al. 2005).
Conversely, N limits NPP even among ecosystems in
our meta-analysis that were exposed to high background
rates of N deposition.

Methodological considerations

Studies of N limitation are not randomly distributed
(Fig. 1), and our conclusions are necessarily limited to
the studies included in our analysis. Although we found
no evidence for publication bias (unpublished zero-effect
studies), research bias is more difficult to detect.
Research bias results from experiments not performed
because no effect is expected (Gurevitch and Hedges
1999). For example, many tropical forest studies used
NPK fertilizer rather than N fertilizer, because tropical
forests are often expected to be P limited. We were
unable to include the NPK studies in our meta-analysis.
Additionally, published research is geographically

clustered around universities and well-studied ecosys-
tems. This geographical bias is particularly evident in the
cluster of tropical forest studies performed in Hawaii
and to a lesser degree among grasslands in midwestern
United States. Equally notable is the scarcity of
available studies performed in low-latitude deserts,
grasslands, and forests, particularly in Africa, South
America, and Asia (Fig. 1). The least-studied regions
will experience disproportionate increases in N deposi-
tion in the near future. A better understanding of the
interaction among nitrogen, climate, and plant physiol-
ogy in these ecosystems will provide a more detailed

understanding of how future N deposition will affect the
global C balance.

We found no significant effects due to methodological
differences among studies (Appendix B), demonstrating
the utility of the log response ratio for comparison
among studies. The type of fertilizer and rate at which it
is applied, estimates of ANPP, and the lag between
initial fertilization and initial measurement did not
influence R. We conclude that fertilizer form is not an
important factor. However, it is not possible to infer
that there is no effect of time or fertilization rate because
of our data selection bias (see Methods).

CONCLUSIONS

Nitrogen limitation constrains productivity in most
ecosystems, and the degree of limitation varies by
biome (Table 1). Response was correlated with latitude,
MAT, or MAP within some biomes but not overall
(Table 2). Our findings support the prediction that N
limitation is widespread (Vitousek and Howarth 1991),
but do not rule out multiple element limitation
(Rastetter and Shaver 1992, Harpole et al. 2007; Elser
et al. 2007). Evidence for the poleward increase in the
degree of N limitation as predicted by the geophysical
hypothesis (Walker and Syers 1976) was observed in
grasslands and wetlands, but not in forests. Nitrogen
limitation is important in many tropical forests,
montane as well as secondary lowland forests. Primary
lowland tropical forests were represented by a single
study, leaving the potential response to N by a large
fraction of terrestrial NPP difficult to predict. Histor-
ically elevated N deposition may suppress R in
temperate regions, possibly overwhelming the geophys-
ical mechanisms outlined by Walker and Syers (1976).
Increasing N deposition, particularly in the most
rapidly developing regions, is likely to further stimulate
global NPP and slow the accumulation of atmospheric
CO2.
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APPENDIX A

Study statistics and site variables used in the meta-analysis, including biome classification, climate, latitude, and statistics
calculated for the analysis, with references (Ecological Archives E089-020-A1).

APPENDIX B

Effect of nitrogen form and method of aboveground net primary productivity estimation on R (Ecological Archives E089-020-
A2).

SUPPLEMENT

MATLAB m-code used to obtain values of mean annual temperature and mean annual precipitation at a point nearest to the
study site from the New et al. (2000) 100 climatology when local data were not available (Ecological Archives E089-020-S1).
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