




species- and growth form-specific traits related to allocation
patterns and CyN ratios. The correlation of variables in Fig. 2
indicates the extent to which NPP and nitrogen cycling are
controlled by system-level dynamics: the vertical scatter indi-
cates roughly the extent to which system-specific ecological
traits influence NPP and nitrogen cycling.

The model results are consistent with observations of large-
scale correlations of NPP with direct or derived climate
variables, but also with experimental evidence of nutrient
limitation. The modulation of the water-carbon-nitrogen sys-
tem by species- andyor growth form-specific traits implies that
large-scale dynamics are influenced by population dynamics on
time scales longer than the life spans of individual plants
(years-centuries). The relationship of biogeochemistry to pop-
ulation dynamics is outside the scope of this paper, but see refs.
39 and 40.

Conclusions

We hypothesized that water and nitrogen limitations of NPP
are correlated at steady-state because of the control of carbon
and nitrogen fluxes by the water budget. We further hypoth-
esized that these correlations arise because of the system-level
structure of interactions among the water, carbon, and nitro-
gen cycles. In model simulations, the correlations between
biophysical and nutrient limitations to NPP and carbon storage
arise because both carbon and nitrogen fluxes (ecosystem
inputs and outputs) are influenced by water and energy
availability. This model-based analysis is consistent with the
widespread reports of strong correlations of climate with
ecosystem processes, suggesting dominant climate controls,
and strong experimental evidence that nutrient additions can
increase productivity and carbon storage. The tight correla-
tions among N budgetary fluxes (Table 1) suggest that atmo-
spheric trace gas composition may be affected by changes to
either climate or N inputs via air pollution or fertilization.

Predicted ecosystem behavior becomes more complex when
biophysical and nutrient constraints are considered together as

compared with purely biophysical formulations (24, 41, 42).
The biophysical effects of temperature, moisture, and radia-
tion on photosynthesis, plant respiration, and evapotranspira-
tion can be simulated with relatively few ecosystem-specific
controls (4). Nutrient cycling is additionally coupled to spatial
patterns of N inputs (34–36) and to patterns of plant allocation
of carbon and nitrogen among roots, wood, and leaves. These
allocation patterns, in turn, influence the distribution among
long and short-lived compartments of living (e.g., wood vs.
leaves) and detrital organic matter. As more of a system’s
organic matter becomes tied up in long-lived compartments,
fewer nutrients are available for rapid recycling, and nutrient
limitation becomes tied to processes with longer time scales,
such as soil carbon turnover or tree mortality and wood
decomposition.

Nutrient-mediated processes assume increasing importance
as ecosystem behavior is considered on interannual and longer
time scales because they can cause lagged responses to climate
change and variability (24). Models such as those discussed by
Sellers et al. (3) describe the behavior of the ‘‘fast’’ carbon-
water-energy system (43); biogeochemical models add the
consequences of slower processes such as soil carbon and
biomass accumulation, and allocation patterns between leaves,
roots, and wood. Whereas even biophysical models may have
‘‘memory’’ over one to two years through soil moisture storage,
biogeochemical models can simulate lagged effects over de-

FIG. 1. Schematic illustration of the coupling of water, nitrogen
cycling, and carbon in ecosystems. Principle features of these coupled
controls are that (i) water controls the inputs and outputs of nitrogen,
(ii) increasing net primary productivity (NPP) allows more of the N
flux through the system to be captured into organic matter, (iii)
increasing organic N stocks allow for more N mineralization, support-
ing more NPP, and (iv) increasing precipitation both allows more NPP
and more N cycling, thus water and nutrient limitation of NPP tend to
become correlated.

FIG. 2. Results from an integration of Century for the Northern
Hemisphere. Simulations used standard global climate, soils, and
vegetation type distribution data sets and were carried out globally on
an 0.5 3 0.5 degree grid. Points indicated in green are for forest
ecosystems, yellow indicates grasslands, and black indicates ‘‘mixed’’
ecosystems that include both grasses and trees or shrubs (such as
savannas). (a) The relationship between ET and NPP (r2 5 0.71). (b)
The relationship between nitrogen mineralization and NPP (r2 5 0.90).

8282 Colloquium Paper: Schimel et al. Proc. Natl. Acad. Sci. USA 94 (1997)

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ja
nu

ar
y 

18
, 2

02
1 



cades through the decomposition of wood or soil organic
matter. Here we identify ‘‘equilibration’’ of the nitrogen
budget with wateryenergy and carbon fluxes as an additional
process causing decadal and longer time scale behavior.

Just as perturbations to the climate system can cause the
nitrogen and carbon systems to respond (4, 24), perturbations
of the N inputs from air pollution or fertilization will also cause
long-lived ecosystem changes (34, 36, 44). Analyses of the past
interannual variability of the carbon cycle, and of its potential
future behavior, must consider mechanisms that act through
the coupled wateryenergy, carbon, and nitrogen cycles.
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