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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 in�uenced 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 signi�cant 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 �xation. Once �xed, 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 �xation doubled
the global �ux 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 ef�ciency (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 ef�ciency 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 pro�le. 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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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 signi�cantly
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 speci�cally 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
signi�cant (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 nonsigni�-
cant (Table 2).

Experimental variables

Duval and Tweedie�s (2000) trim and �ll 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% con�dence
interval to include R¼ 1).

Nitrogen was applied in �ve 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-�fth (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 signi�cant effects on R. Regressions on N
application rate and on the duration of fertilization (i.e.,
time between fertilization and time of measurement)
were nonsigni�cant (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 signi�cantly
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 signi�cantly differ (P¼ 0.18).

DISCUSSION

Global N limitation

Nitrogen limits ANPP in the majority of terrestrial
ecosystems. Our results demonstrate consistent and
statistically signi�cant 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 re�ects a positive growth response to nitrogen and
indicates nitrogen limitation as de�ned in Methods. The homogeneity statistic Q is used to assess
homogeneity of effect sizes. Boldface type indicates responses that are signi�cant at P , 0.05.
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APPENDIX A
Study statistics and site variables used in the meta-analysis, including biome classi�cation, 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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