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enrichment, freshwater, marine and terrestrial systems are
surprisingly similar.

Substantial variation in nutrient enrichment response can
be seen within systems (Fig. 1). This is not surprising, given
the considerable heterogeneity in physical, chemical and
biological characteristics associated with the diverse habitats
we pooled into these broad categories. Consistent with this,
there are highly significant subhabitat effects for each of the
three ecosystem types (Fig. 2; P < 0.0001, Table 3), but
these differences depend on the nutrient treatment
(P < 0.0001). For example, RRNP is broadly similar across
subhabitats within terrestrial environments but RRN is
particularly high in wetlands while RRP is particularly high in

forests. In freshwaters, lake phytoplankton and stream
autotrophs (primarily attached algae) are equally responsive
to N or P (as in the overall pattern) but lake benthic
autotrophs (primarily attached algae) appear to be more
strongly limited by P than N and synergistic responses are
weak (Fig. 2). Finally, in the marine realm, benthic soft-
bottom autotrophs (primarily seagrass and attached estua-
rine algae) show relatively weak responses to nutrients while
coastal hard-bottom systems (rocky intertidal, temperate
reef and coral reef macro- and microalgae) show substantial
positive response to N and N + P but the strongest
responses, especially to N or N + P enrichment, are for
phytoplankton (Fig. 2).

We considered whether autotroph response to enrich-
ment varied across latitude, as it has been proposed that P
limitation dominates in tropical terrestrial (because of effects
of soil age) and marine (because of effects of sequestration
in calcareous sediments) ecosystems while N limitation is
predominant in temperate regions (Walker & Syers 1976;
Smith 1984). In contrast, N has been said to be more
limiting in tropical freshwaters with P more important in
limiting production in temperate waters (Downing et al.
1999a). However, we found little evidence for strong
latitudinal variation in autotroph nutrient limitation (see
Supplementary Figure 1 in Appendix S1). We also evaluated
some potential confounding factors that may have influ-
enced the major patterns we report, such as differences
among habitats in the range of ecosystem nutrient condi-
tions encompassed and in the strength of nutrient enrich-
ment applied in different ecosystem types. We found little
potential for major effects. Details of these assessments are
presented in Appendix S2 in the Supplementary Material.

It is possible that our results are influenced by major
differences among studies and habitats in experimental
duration relative to the size and generation time of
dominant autotrophs in different systems. However, indi-
vidual investigators likely choose their experimental dura-
tions to be appropriate for the approximate generation time
of the biota in their study systems. Consistent with this,
average experimental durations were c. 7 days for pelagic
systems (freshwater and marine), c. 40 days for lake and
stream benthos, c. 120 days for marine benthos (reflecting
studies involving macroalgae and vascular plants),
c. 450 days for wetlands, c. 960 for forest and shrubland,
c. 1900 for grasslands and c. 2200 for tundra (see
Appendix S4). Furthermore, correlations of response ratios
with experimental duration (log-transformed) within eco-
system type (freshwater, marine, terrestrial) were generally
weak and non-significant [P > 0.113, except for the
correlation of RRP with log (duration) in freshwaters].
Considering such correlations by subhabitats (and thus more
closely aligned with autotroph size and functional type),
correlations were also generally weak (r2 < 0.25, except for

Figure 1 Responses of autotrophs to single enrichment of N (red)
or P (blue) or to combined N + P enrichment (purple) in
terrestrial, freshwater and marine ecosystems. Data are given as
natural-log transformed response ratios (RRx) in which autotroph
biomass or production in the enriched treatment is divided by its
value in the control treatment and then ln-transformed (see
Methods). Thus, a value of 0.5 indicates a value in the manipulated
treatment that is c. 1.6 times its value in the control, while a value of
1.0 indicates a 2.7-fold increase. Sample sizes +N, +P and +N&P
treatments were 112, 107 and 126 for terrestrial studies, 509, 506
and 618 for freshwater studies and 149, 141 and 197 for marine
systems, respectively. Error bars indicate plus or minus one
standard error.

Table 1 Summary results of three analyses of variance (ANOVA)
testing whether the magnitude of autotroph response for each
nutrient treatment (RRX) differs across ecosystem type (freshwater,
marine and terrestrial)

Parameter d.f. Sum of squares F P-value

RRN 2, 767 9.758 14.77 < 0.0001
RRP 2, 751 0.737 1.017 0.3621
RRNP 2, 938 39.53 17.61 < 0.0001
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the same flock. Even individual fish with
their multiple fins recycle the wake of
their own upstream propellers for in-
creased power and control. An improved
understanding of these natural mecha-
nisms should help engineers to design
better foil propulsors. The next step will
be to seek more examples of phase-

locked swimming and flight movements
in nature to ascertain how widely vortex
recycling is exploited during swimming
and flight.
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Human activities, particularly burn-
ing fossil fuel, have increased at-
mospheric carbon dioxide (CO2)

concentrations. Because CO2 traps heat,
continued emissions are expected to
change global climate. The extent of this
change will depend not only on the rate of
emissions, but also on carbon uptake by the
oceans and the land.

According to some models, land ecosys-
tems can sequester carbon fast enough to help
to counteract CO2 emissions. Models featured
in the Third Assessment Report of the
Intergovernmental Panel on Climate Change
(IPCC) suggest that increasing atmospheric
CO2 alone could cause 350 to 890 Pg of car-
bon (1 Pg = 1015 g) to accumulate in the ter-
restrial biosphere by 2100. These amounts are
equivalent to 22 to 57% of expected anthro-
pogenic CO2 emissions in an intermediate
emissions scenario (1, 2). The models suggest
that atmospheric CO2 and climate change to-
gether could cause 260 to 530 Pg of carbon to
accumulate, or 16 to 34% of emissions (1, 2).

These models probably exaggerate the
terrestrial biosphere’s potential to slow at-
mospheric CO2 rise. Ecosystem carbon ac-
cumulation may be constrained by nutri-
ents, particularly nitrogen (3, 4), through
mechanisms that are not well developed in
or absent from the models.

How much nitrogen do the model pro-
jections require? The models distribute the
future terrestrial carbon sink roughly equal-
ly between trees and soils. With no change
in the carbon:nitrogen (C:N) ratios of trees
(200) and soils (15), the CO2-only projec-
tions require 7.7 to 37.5 Pg of nitrogen; the
CO2-climate projections require 2.3 to 16.9
Pg of nitrogen (see the figure) (5).

Can increasing ecosystem C:N ratios re-
duce the nitrogen required? Tree C:N in-
creases with atmospheric CO2 concentration
(6, 7). But even allowing all the simulated in-
crease in tree carbon to occur as wood (C:N
= 500) only slightly reduces the amount of
additional nitrogen required (see the figure).
Soil C:N could also increase with rising at-
mospheric CO2 concentration, allowing soil
carbon accumulation without additional ni-
trogen. This mechanism could allow some ni-
trogen transfer from soil to trees (6, 7), low-
ering the nitrogen demand associated with
increased tree carbon. However, experimen-
tal studies show that when CO2 enrichment
increases soil C:N, decomposing microor-
ganisms require more nitrogen. This effect
can reduce nitrogen mineralization, the main
source of nitrogen for plants (8, 9). It is thus

unlikely that increases in soil C:N could yield
large increases in ecosystem carbon stocks. 

With little contribution from increasing
C:N, the carbon-uptake projections (1, 2)
almost certainly require nitrogen accumu-
lation. Nitrogen enters the terrestrial bio-
sphere through atmospheric deposition and
biological fixation, and is mainly lost
through leaching and gaseous fluxes. We
have estimated high and low nitrogen flux-
es for each of these mechanisms (10).

To estimate future anthropogenic nitro-
gen deposition based on population-
growth projections (11), we assume that
per capita nitrogen deposition remains con-
stant (low) or increases linearly to that of
North America today (high) (12). We as-
sume that 5% (low) to 10% (high) of that
deposited nitrogen supports increased car-
bon storage (9). We estimate biological ni-
trogen fixation (12) to increase linearly by
10% (low) or 45% (high) with CO2 dou-
bling (9). We further assume that nitrogen
leaching losses are currently 36 Tg of ni-
trogen per year (13), and that nitrogen

leaching would decline lin-
early with CO2 doubling by
0 (low) to 20% (high) (9). 

Combining our high esti-
mates, 6.1 Pg of nitrogen
could accumulate by 2100
(see the figure). This amount
is less than is required by all
CO2-only simulations and by
four of the six CO2-climate
simulations (1, 2) (see the
figure). Our low estimates of
nitrogen accumulation yield
only 1.2 Pg of nitrogen, in-
sufficient for all simulations.

We have focused on ni-
trogen, but the situation may
be worse for other nutrients,
such as potassium and phos-
phorus, which are less sub-
ject to human or biological
control than is nitrogen fixa-
tion. Models that incorpo-
rate nutrient cycling predict
much less CO2 carbon up-
take than models lacking
these feedbacks (14). The
next IPCC assessment must
include models taking into
account these feedbacks.
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Supply and demand. (Left) Nitrogen required to support terrestri-
al carbon uptake (1), compared to likely limits of nitrogen supply
(green). For each model (2), values are shown for CO2-only (blue)
and CO2-climate (red) projections.The upper nitrogen requirement
assumes a fixed tree C:N of 200; the lower value assumes that all
new tree carbon is allocated to wood. (Right) Discrepancy between
nitrogen required for projected carbon uptake and likely nitrogen
availability for CO2-only (blue) and CO2-and-climate-change (red)
scenarios. Upper value: maximum calculated nitrogen required mi-
nus low nitrogen supply limit. Lower value: minimum nitrogen re-
quired minus high nitrogen supply limit.
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(Table 3, fire amounts for experiment C relative to exper-
iment CN).

3.2. Response to Increasing CO2 and Nitrogen
Deposition

[17] Introduction of C-N coupling significantly reduces
the carbon uptake response to increasing atmospheric CO2

concentration (Tables 2 and 4). Total carbon uptake due to
increasing atmospheric CO2 concentration over the histor-
ical period (years 1850–2000) was 3.7 times higher for the
carbon-only model than for the for the C-N model (Table 4),
with mean uptake over the period 1981–2000 of 3.8 ± 0.4
and 1.1 ± 0.1 PgC a!1 for experiments C + co2 and CN +
co2, respectively. These differences persist under the as-
sumed future CO2 trajectory: total uptake is 3.8 times higher
for carbon-only than for C-N model over the period 2000–
2100 AD, with mean uptake over the period 2081–2100 of

10.8 ± 0.5 and 2.8 ± 0.2 PgC a!1 for experiments C + co2
and CN + co2, respectively (Table 4). Anthropogenic N
deposition by itself produces a mean uptake of 0.24 ± 0.03
and 0.73 ± 0.09 PgC a!1 for the periods 1981–2000 and
2081–2100, respectively (experiment CN + ndep, Table 4).
The interaction effect of increasing CO2 and increasing N
deposition on total land carbon uptake is +2.5% for the
period 1850–2000, but increases to +11.3% for the period
2000–2100 (experiment CN + co2ndep, Table 4), suggest-
ing an increase in N limitation under rising CO2.
[18] Introduction of C-N coupling shifts the partitioning

of carbon accumulated due to CO2 fertilization away from
soil organic matter and toward vegetation pools. Of the total
carbon uptake under increasing CO2, the fraction entering
soil organic matter is 50–58% lower and the fraction
entering vegetation is 18–22% higher for experiment
CN + co2 compared to experiment C + co2 (Table 4).

Figure 1. Example annual mean flux and state variables from final 25 a of control simulations for C-N
(Experiment CN) and carbon-only (Experiment C) model configurations. (a) Net primary production
(NPP). (b) Total vegetation carbon (Cveg). (c) Total soil organic matter carbon (CSOM).
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the same flock. Even individual fish with
their multiple fins recycle the wake of
their own upstream propellers for in-
creased power and control. An improved
understanding of these natural mecha-
nisms should help engineers to design
better foil propulsors. The next step will
be to seek more examples of phase-

locked swimming and flight movements
in nature to ascertain how widely vortex
recycling is exploited during swimming
and flight.
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Human activities, particularly burn-
ing fossil fuel, have increased at-
mospheric carbon dioxide (CO2)

concentrations. Because CO2 traps heat,
continued emissions are expected to
change global climate. The extent of this
change will depend not only on the rate of
emissions, but also on carbon uptake by the
oceans and the land.

According to some models, land ecosys-
tems can sequester carbon fast enough to help
to counteract CO2 emissions. Models featured
in the Third Assessment Report of the
Intergovernmental Panel on Climate Change
(IPCC) suggest that increasing atmospheric
CO2 alone could cause 350 to 890 Pg of car-
bon (1 Pg = 1015 g) to accumulate in the ter-
restrial biosphere by 2100. These amounts are
equivalent to 22 to 57% of expected anthro-
pogenic CO2 emissions in an intermediate
emissions scenario (1, 2). The models suggest
that atmospheric CO2 and climate change to-
gether could cause 260 to 530 Pg of carbon to
accumulate, or 16 to 34% of emissions (1, 2).

These models probably exaggerate the
terrestrial biosphere’s potential to slow at-
mospheric CO2 rise. Ecosystem carbon ac-
cumulation may be constrained by nutri-
ents, particularly nitrogen (3, 4), through
mechanisms that are not well developed in
or absent from the models.

How much nitrogen do the model pro-
jections require? The models distribute the
future terrestrial carbon sink roughly equal-
ly between trees and soils. With no change
in the carbon:nitrogen (C:N) ratios of trees
(200) and soils (15), the CO2-only projec-
tions require 7.7 to 37.5 Pg of nitrogen; the
CO2-climate projections require 2.3 to 16.9
Pg of nitrogen (see the figure) (5).

Can increasing ecosystem C:N ratios re-
duce the nitrogen required? Tree C:N in-
creases with atmospheric CO2 concentration
(6, 7). But even allowing all the simulated in-
crease in tree carbon to occur as wood (C:N
= 500) only slightly reduces the amount of
additional nitrogen required (see the figure).
Soil C:N could also increase with rising at-
mospheric CO2 concentration, allowing soil
carbon accumulation without additional ni-
trogen. This mechanism could allow some ni-
trogen transfer from soil to trees (6, 7), low-
ering the nitrogen demand associated with
increased tree carbon. However, experimen-
tal studies show that when CO2 enrichment
increases soil C:N, decomposing microor-
ganisms require more nitrogen. This effect
can reduce nitrogen mineralization, the main
source of nitrogen for plants (8, 9). It is thus

unlikely that increases in soil C:N could yield
large increases in ecosystem carbon stocks. 

With little contribution from increasing
C:N, the carbon-uptake projections (1, 2)
almost certainly require nitrogen accumu-
lation. Nitrogen enters the terrestrial bio-
sphere through atmospheric deposition and
biological fixation, and is mainly lost
through leaching and gaseous fluxes. We
have estimated high and low nitrogen flux-
es for each of these mechanisms (10).

To estimate future anthropogenic nitro-
gen deposition based on population-
growth projections (11), we assume that
per capita nitrogen deposition remains con-
stant (low) or increases linearly to that of
North America today (high) (12). We as-
sume that 5% (low) to 10% (high) of that
deposited nitrogen supports increased car-
bon storage (9). We estimate biological ni-
trogen fixation (12) to increase linearly by
10% (low) or 45% (high) with CO2 dou-
bling (9). We further assume that nitrogen
leaching losses are currently 36 Tg of ni-
trogen per year (13), and that nitrogen

leaching would decline lin-
early with CO2 doubling by
0 (low) to 20% (high) (9). 

Combining our high esti-
mates, 6.1 Pg of nitrogen
could accumulate by 2100
(see the figure). This amount
is less than is required by all
CO2-only simulations and by
four of the six CO2-climate
simulations (1, 2) (see the
figure). Our low estimates of
nitrogen accumulation yield
only 1.2 Pg of nitrogen, in-
sufficient for all simulations.

We have focused on ni-
trogen, but the situation may
be worse for other nutrients,
such as potassium and phos-
phorus, which are less sub-
ject to human or biological
control than is nitrogen fixa-
tion. Models that incorpo-
rate nutrient cycling predict
much less CO2 carbon up-
take than models lacking
these feedbacks (14). The
next IPCC assessment must
include models taking into
account these feedbacks.
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Supply and demand. (Left) Nitrogen required to support terrestri-
al carbon uptake (1), compared to likely limits of nitrogen supply
(green). For each model (2), values are shown for CO2-only (blue)
and CO2-climate (red) projections.The upper nitrogen requirement
assumes a fixed tree C:N of 200; the lower value assumes that all
new tree carbon is allocated to wood. (Right) Discrepancy between
nitrogen required for projected carbon uptake and likely nitrogen
availability for CO2-only (blue) and CO2-and-climate-change (red)
scenarios. Upper value: maximum calculated nitrogen required mi-
nus low nitrogen supply limit. Lower value: minimum nitrogen re-
quired minus high nitrogen supply limit.
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FIG. 6. Comparison of the integrated flux-based carbon–concentration (bA, bL, and bO) and carbon–climate
(gA, gL, and gO) feedback parameters across the nine participating models for the (a),(d) atmosphere; (b),(e) land;
and (c),(f) ocean components.
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