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GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 10, NO. 4, PAGES 677-692, DECEMBER 1996

Climate and nitrogen controls on the geography and
timescales of terrestrial biogeochemical cycling

D. S. Schimel, B. H. Braswell', and R. McKeown

National Center for Atmospheric Research, Boulder, Colorado

D. S. Ojima, W. J. Parton, and W. Pulliam

Natural Resources Ecology Laboratory, Colorado State University, Fort Collins

Abstract. We used the terrestrial ecosystem model “Century” to evaluate the relative roles of
water and nitrogen limitation of net primary productivity, spatially and in response to climate
variability. Within ecology, there has been considerable confusion and controversy over the large-
scale significance of limitation of net primary production (NPP) by nutrients versus biophysical
quantities (e.g., heat, water, and sunlight) with considerable evidence supportin g both views. The
Century model, run to a quasi-steady state condition, predicts “equilibration” of water with nutrient
limitation, because carbon fixation and nitrogen fluxes (inputs and losses) are controlled by water
fluxes, and the capture of nitrogen into organic matter is governed by carbon fixation. Patterns in

the coupled water, nitrogen, and carbon cycles are modified substantially by ecosystem type or
species-specific controls over resource use efficiency (water and nitrogen used per unit NPP),
detrital chemistry, and soil water holding capacity. We also examined the coupling between water
and nutrients during several temperature perturbation experiments. Model experiments forced by
satellite-observed temperatures suggest that climate anomalies can result in significant changes to
terrestrial carbon dynamics. The cooling associated with the Mount Pinatubo eruption aerosol
injection may have transiently increased terrestrial carbon storage. However, because processes in
the water, carbon, and nitrogen cycles have different response times, model behavior during the
return to steady state following perturbation was complex and extended for decades after 1- to 5-
year perturbations. Thus consequences of climate anomalies are influenced by the climatic
conditions of the preceding years, and climate-carbon correlations may not be simple to interpret.

Introduction

Terrestrial ecosystem models have progressed from early,
highly aggregated models to include mechanistic or parametric
representations of the ecological, hydrological, and biogeo-
chemical processes that dynamically control carbon storage
and net primary productivity (NPP) [Melillo et al, 1993;
Potter et al., 1993; Schimel et al., 1994]. Process-based
models for terrestrial biogeochemistry are important for
furthering ecosystem science because they allow the extrapola-
tion of fluxes to large spatial scales, as well as the comparison
of model predictions to the growing body of global observa-
tions. Whereas most extant ecological data are site- or system-
specific (in contrast to the standardized sectional or global
sampling widely used in meteorology and oceanography for
seawater pCO,, atmospheric CO,, "CO,, and physical
variables), collaborative activities such as the International
Geosphere-Biosphere Programme (IGBP) and new satellite

1Also at Institute for Earth, Oceans and Space, University of New
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techniques are resulting in improved global ecosystem data.
Spatially resolved process models both provide insights into
large-scale controls and provide a consistent framework for
comparisons with existing observations.

Spatial ecosystem models are derived from theory linking
climate, soil properties, and species- or growth form-specific
traits to biogeochemical responses of plants and micro-
organisms [Farghuar er al., 1980; Melillo et al., 1984; Bloom
et al., 1985; Chapin et al., 1987; Nobel, 1991; Running and
Nemani, 1991]. Many studies have demonstrated nutrient
limitation of terrestrial primary productivity (i.e., added nutri-
ents lead to additional plant growth and carbon storage)
[Vitousek and Howarth, 1991; Schimel, 1995]; however,
large-scale patterns in terrestrial primary productivity, soil
carbon, and soil metabolism can often be explained from
simple equations using climate parameters (precipitation,
actual evapotranspiration, and solar radiation) [Lieth, 1975;
Post et al., 1985; Uchijima and Seino, 1985; Sala et al., 1988;
Potter et al., 1993; Gifford, 1994; Zak et al., 1994]. Within
grasslands, empirical climate or soil-based models and
process-based models have similar predictive power (Sala et al.
[1988] or Burke et al. [1991] vs. Parton et al. {1987, 1994]).
Intercepted solar radiation has also been suggested as a major
control over NPP, although Field [1991] pointed out the
circularity inherent ‘in observed . correlations between
intercepted radiation and plant growth.
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The climatic versus nutrient limitation views inherent in
modern ecology (discussed by Schulze et al. [1989] and
Schimel et al. [1991]) have important implications for predic-
tions of future environmental changes and for the application
of models in land management. Keeling et al. [1995] argued
that on the decadal timescale, the observational record
suggests that warming causes increased CO, uptake by the
biosphere but with a 2-year lag. This phenomenon, if true, is
inconsistent with direct biophysical effects, which are nearly
instantaneous, but is consistent with responses to a warming-
induced release of nutrients and subsequent increases in NPP, as
is suggested by models of long-term effects [VEMAP
Members, 1995]. In a recent study, response of modeled
carbon storage to increasing CO, was reduced by increasing
nutrient limitation [VEMAP Members, 1995]. Other work
suggests temperature responses will decrease as well [Schimel
et al.,, 1994]. The temperature response occurs because
warming increases microbial respiration thereby causing
reductions in soil carbon; but warming releases nutrients,
which, in forests, can lead to increases in carbon storage in
wood that are larger than the carbon losses from soils [VEMAP
Members, 1995]. Because of this, the short-term effect of
warming (carbon losses from soils) may be opposite in sign to
the long-term effect (carbon gains in wood). However, if
nutrient cycling equilibrates rapidly with climate and CO,
determinants of carbon storage (on annual to decadal
timescales, for example, through nitrogen fixation [Gifford,
1994; Schimel, 1995, Schimel et al., 1995]), then nutrient
feedbacks may be neglected in the big picture and attention
focused on CO, and biophysical constraints. If nutrient
cycling is uncoupled from climate and CO, changes (e.g.,
controlled more by long-term pedogenic and geomorphic
processes [Cole and Heil, 1981; Schimel et al., 1985]), then
modeling nutrient cycles is essential to simulating future
changes to ecosystems.

Model Description and Methods

Over the past decade, W.J. Parton and colleagues have
developed the Century terrestrial ecosystem model, which now
includes parameterization of the major pathways for carbon
and nitrogen exchange, including atmospheric and biological
N inputs and gaseous, biomass combustion-related and hydro-
logical N losses [Parton et al., 1987, 1988, 1994; Schimel et
al., 1990, 1991, 1994; Ojima et al., 1994]. Examination of
the controls over carbon and nitrogen dynamics in the Century
ecosystem model suggests a mechanism through which bio-
physical (water and temperature) and biogeochemical controls
may become correlated. The distinguishing features of Century
are first, the explicit partitioning of living biomass and dead
organic matter into compartments defined by differing turn-
over times and second, the high degree of integration between
biophysical and biogeochemical processes. For the living
components, the model explicitly considers leaves, fine roots,
coarse roots, branches, and stems, and for dead organic matter,
the model is based on isotopic and other evidence for multiple
turnover times in detritus and soil organic matter [Trumbore,
1993; Parton et al., 1994, 1995]. The structure of the carbon
and nitrogen submodels are shown in Figures 1a and 1b. Full
descriptions of the model are found in Parfon et al. [1987,
1995]: below we describe features of the model and its global
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implementation that are new and/or impact the results
described in this paper.

The gridded version of the model requires three types of in-
formation including inputs that are grid cell-specific and time
varying (largely those related to the atmosphere), inputs that
are grid cell-specific and fixed (mostly soil properties), and
variables that describe physiological attributes of vegetation
types that apply to all grid cells within a vegetation type. The
model is integrated using monthly maximum and minimum
temperatures and precipitation. Climate data used in this study
are as described by Cramer et al. [1995] and derived from May
et al. [1992].

The algorithm for NPP in Century is key to understanding
the results presented in this paper. In Century, a “potential
NPP” (NPP,) is computed using the following equation:.

NPP,=NFP,,-T-M-S, m
where NPP, is a biophysically defined maximum NPP, T is
the effect of temperature on NPP, M is the effect of soil water,
and § is the effect of self shading. The functional forms for T,
M, and S are given by Parton et al. [1993]. This climatically
limited NPP is then constrained by nutrient availability. The
nutrient-limited NPP equation estimates the portion of NPP,
that can be achieved while maintaining appropriate tissue C:N
stoichiometry:

NPP,=X,(Nuu * W + Ng) -F C:N; 1= 1, nparts,  (2)

where NPP, is the nutrient-limited NPP, N, is the available
mineral N in soil solution (N,,,,) plus N in plant storage pools
(plant storage results from N that is resorbed from senescent
foliage and is available for new growth in the spring or
following drought in perennial vegetation), and N, is plant N
fixation. In turn, N, is the sum of net mineralization plus
microbial fixation plus atmospheric deposition. The factor
“W, Weights plant nutrient uptake based on root biomass (if
root biomass is zero, w,,, is zero; at an upper threshold of root
biomass, w,, is one). F and C:N, are the fraction of total
potential plant N uptake (N, - W, + Ng) allocated to plant
part i and the C:N ratio of plant part i, respectively. These are
indexed over plant parts (nparts: roots, leaves, and fine and
coarse wood). The C:N ratios of plant parts float between
tissue type-specific upper and lower critical levels (C:N, ., and
C:N, ..,) and are scaled by:

C:N,=f (IN s * Weree + Ny,]/demand), 3)

where demand is computed from X | (F, - NPP/C:N, ...). The
scalar function f is defined such that C:N, equals C:N; . when
supply equals demand, and approaches C:N, ,;, when supply is
limiting. That is, C:N ratios are scaled by the ratio of N avail-
able for plant uptake divided by the amount of N that a plant
would use if it could get all the nitrogen needed to grow at the
climate-limited rate. Thus the higher NPP, is relative to NPP,,
the wider the plant C:N ratios. Then, in effect, actual NPP is
defined by:

NPP = min (NPP,, NPFP)). “4)

Although NPP, is nearly always less than NPP, if NPP,
goes up, NPP will generally follow, because of (3), which
allows C:N ratios to float based on the N supply/demand
equation (unless the lower critical C:N ratio threshold is
reached). Experimental evidence supports floating C:N ratios
between years [Schimel et al., 1991]. If N availability goes up
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Figure l1a. Structure and main parameters of the carbon flow submodel of the Century model. The locus of
controls are indicated in Figure 1a and the controlling parameters are indicated adjacent to Figure 1a.

(e.g., if N mineralization increases because of warmer or wetter
soils [Schimel et al., 1994]), NPP will increase as NPP, more
nearly approaches NPP, Conditions that modify NPP,
(changes to temperature or precipitation) will also affect soil
processes (and hence N,,,;) that are also influenced by T and M
[see Schimel et al., 1994; Parton et al., 1995].

The model requires estimates of nitrogen fluxes into the
system. As discussed below, budgetary nitrogen fluxes are
critical to the model. Nitrogen enters ecosystems via several
mechanisms including wet aiid dry deposition. We assume,
based on extensive data analysis, that deposition is correlated
with precipitation and thus use this correlation to produce a
general field of N deposition mimicking observations [Parton
et al., 1987; Schimel et al., 1990]. This relationship does not
supply sufficient nitrogen in tropical regions to support
observed NPP. A second equation relates N inputs to actual
evapotranspiration (ET) (as modeled in Century):

N, = 0.008 * (ET - 40). (5)
If N, is less than zero (ET less than 40 cm yr'h), it is set to

zero. This parameterization has no mechanistic basis but
captures phenomenologically the fact that most observations
of high rates of biological nitrogen fixation are from humid
settings with high evapotranspiration and that these systems
(tropical and temperate rainforests) have large N stocks and
high losses (requiring high inputs) of N [e.g., Matson and
Vitousek, 1987]. In Century, this provides a constant flux
tuned to provide sufficient N to sustain observed NPP. In
reality, biological nitrogen fluxes may occur at certain succes-
sional or climatic stages, rather than as a constant background
process. The requirement to use this empirical and tuned
parameterization reflects our ignorance of the biogeography
and biogeochemistry of nitrogen fixation in natural eco-
systems over long timescales [Eisele et al., 1989; Vitousek
and Howarth, 1991; Schimel, 1995].

Soil properties required by Century include soil texture and
depth. Texture is defined by the continuous distribution of soil
in terms of size classes (percent sand, percent silt, and percent
clay). These may be derived via a look-up table from maps in
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Figure 1b. As in Figure la, but showing the nitrogen fluxes and controls within Century.

which texture is defined categorically; in this case, the
midpoint percentages of size classes are used for each

category. For the simulations presented in this paper, soil

textures were prescribed according to Zobler's [1986] analysis
of the Food and Agriculture Organization Soil Map of the
World (see also Schimel et al. [1994]).

Century also requires some vegetation type-specific
parameterizations [VEMAP Members, 1995; Schimel et al.,
1996]. These include carbon-to-nutrient ratios by tissue type
and nitrogen allocation between tissue types for each eco-
system type. Lacking a comprehensive theory of allocation,
fundamental allocation relationships (percent of NPP allocated
to wood vs. foliage vs. roots) are defined as a function of
ecosystem type and as a function of plant size via allometric
equations, designed to reproduce observations at calibration
sites. This approach is based on a large database, reproduces
observed allocation patterns at calibration and validation
sites, and allows some changes in allocation proportions as
trees or large shrubs become larger. It does not reproduce

changes in allocation resulting from changes in resource
availability, which have been observed and which may be
significant [Ingestadt and Lund, 1986; Running and Hunt,
1993]. We adopted the more conservative approach of using
parametric allocation equations because of the lack of general
and proven theory for a resource-based approach [Running and
Hunt, 1993] and the lack of parameters for a resource-based
approach for many biomes.

Three model experiments are reported in this paper. First,
we carried out a global steady state simulation, in which
Century was integrated using global climatology, soils, and
vegetation descriptions as described above. That simulation
was carried out according to the protocols of the Potsdam
Intercomparison of the IGBP Global Analysis, Interpretation,
and Modeling (GAIM) Task Force [see Cramer et al., 1995].

Second, we carried out a temperature anomaly experiment on
a globally distributed subset of grid cells in which we modified
the temperatures based on the deviations from long-term
averages that occurred over the period 1981-1994. The devia-
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Figure 2. The cyclic coupling of carbon, water flux, and nitrogen cycle processes, idealized from Century.
Critical points include the control of the nitrogen budget by the hydrological cycle, the feedbacks between
carbon and water dynamics, and the effect of carbon flux on the capture of nitrogen into organic forms.

tions or “anomalies” were based on satellite measurements
using the microwave sounding unit (MSU) aboard the National
Oceanic and Atmospheric Administration polar orbiting
spacecraft [Spencer et al., 1990). The long-term monthly
means were subtracted from each monthly value to create an
anomaly time series with mean zero. The deviations were added
to or subtracted from the climatological values. The MSU
temperatures are for the lower troposphere and so are not
precisely the same as surface temperatures, although the
anomalies are usually highly correlated. Monthly precipita-
tion was held constant at climatological values in this simula-
tion. Because surface observations in high latitudes are very
sparse, the satellite-based approach has significant advan-
tages. The satellite temperatures are global measurements and
avoid the problems of interpolation from station data. As will
be seen, temperature anomalies in the northern hemisphere
high latitudes are quite significant.

Third, we carried out a temperature perturbation experiment.
At a subset of sites, we integrated the model to quasi-steady
state and then perturbed the model by increasing monthly
temperatures by 3 standard deviations over a period of either 1
or 5 years and then returned temperatures to their long-term
mean. The model integration was then continued for 3

additional decades. This experiment was carried out to
determine the timescales of response to physical forcing and
to aid in the interpretation of the temperature anomaly
experiment described above.

Results and Discussion

Nutrient and Water Limitation Equilibration at
Steady State

The water-carbon-nutrient relationships in Century emerge
from its basic logic (see (1)-(5) above). In Century, the
modeled fluxes of nitrogen through ecosystems are strongly
influenced by the hydrological cycle. Inputs of N are either
directly linked to precipitation (wet deposition) or assumed to
be comelated with annual evapotranspiration (nitrogen
fixation) as discussed above. Losses of nitrogen are similarly
controlled by water. Leaching losses of NO, and dissolved
organic N (DON) are directly controlled by the product of water
flux and NO,/DON concentrations [Parton et al., 1994].
Losses of N trace gases are linked to mineralization of NH,
and NO; from organic matter. The rate of loss is controlled by
an abiotic decomposition factor that increases as temperature,
rainfall, and soil moisture increase [Parton et al., 1994;
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Plate 1. (a) Mapped annual evapotranspiration (ET) from a global steady state integration of Century. (b)
Mapped nitrogen mineralization (the net production of NO, + NH, from organic matter). (c) Mapped net

primary production (NPP).
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Holland et al., 1995]. Losses of gaseous N from inorganic N
(proportional as well as absolute) also increase with
increasing soil moisture [Parton et al., 1988]. Thus the flux of
N through ecosystems will in general increase as precipitation
increases. Critical controls over soil moisture and water flux
through the soil include the atmospheric demand for water in
evapotranspiration and the water holding capacity of soils
Thus, although we argue that the hydrological cycle is a major
control over N cycling, implicitly both energy (as a driving
force for ET) and soil hydrological properties substantially
modify the operation of the hydrological cycle from grid cell
to grid cell.

Potential primary production increases as evapotranspira-
tion increases in Century because the model includes an
equation that constrains primary production by linking the
sum of rainfall and previously stored water (divided by
potential evapotranspiration) to production (equation (1))
[Parton et al., 1994]. This equation integrates the
precipitation, energy and soil hydrological constraints over
the evapotranspiration flux. Additionally, primary production
requires nitrogen to form organic matter meeting critical C N
ratios for wood, foliage, and roots (equations (2) and (3)).

N is derived from precipitation and N fixation on centennial
timescales, but on an annual timescale, most plant-available N
is derived from nitrogen mineralization, which arises from the
turnover of dead organic matter (decomposition). To illustrate
the timescales of the N cycle, consider that nitrogen inputs
range from 10-30% of N mineralization. N mineralization, in
turn, averages < 5% of soil organic N. N mineralization is
derived from the turnover of compartments with turnover times
from 1-8 years (~80%) and 30-90 years (~20%) [Schimel et al.,
1994]. N losses due to trace gas emission and leaching range
from 5% to 40% of inputs. Episodic losses due to fire and tree
mortality, averaged over the modeled disturbance cycle, bring
losses to near equality with inputs. Because inputs range from
0.4-1.5 g Nm? yr' and soil nitrogen levels typically exceed
500 g Nm? N storage can only increase at a fraction of a
percent per year even if losses are zero.

The structure of the model results in cyclic coupling of
production and decomposition. during the approach to steady
state (Figure 2). Forest NPP in Century approaches a constant
value as the nitrogen budget approaches balance (inputs equal
to outputs). However, when NPP stabilizes, net ecosystem
production (NEP) may still be small and positive in forests,
because of the continuing accumulation of carbon in wood with
minimal requirements for additional nitrogen, which are met
by small changes in storage or nitrogen use efficiency. Thus,
for forests, Century simulates a quasi-steady state.

As water flux increases, N flux increases, and likewise, the
potential for carbon fixation increases. As carbon fixation
increases, the amount of the N flux that can be captured in
organic matter increases. As more nitrogen is captured in
organic matter, its subsequent turnover also contributes to

Plate 2. (a) The relationship between NPP and ET, from
Plates 1a and 1b (R* = 0.86). (b) The relationship between N
mineralization and NPP, from Plates 1b and 1c (R* = 0.92), (c)
The relationship between N mineralization and ET, from Plates
la and 1¢ (R? = 0.75). Green indicates forest, black indicates
savanna, and yellow indicates grassland
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(a) Temperature anomalies from the microwave sounding unit, showing the global average, the

average over land, and the average over land during the northern hemlsphere summer (biotemp: June, July, and
August (JJA)). (b) The spatial distribution of the boreal growing season temperature anomalies following

Pinatubo (JJA ,,-JJA,.).

plant-available N, allowing more plant productivity. These
processes contribute to accumulation of living and nonliving
organic matter reflecting the water budget. Plates la-1c show
the global distribution of modeled NPP, ET, and nitrogen
mineralization. Strong correlations between ET, nitrogen
availability, and net primary productivity appear in global
steady state simulations (Plates 2a-2c). The relationships
amongst ET, N mineralization, and NPP are modulated on a grid
cell-to-grid cell basis by other factors that influence turnover
times, such as temperature, ecosystem type-specific factors
that control resource use efficiencies (effectively the carbon-

to-nutrient stoichiometry of plants and microorganisms), and
water use efficiency (organic matter produced per unit water
transpired). ET itself is also influenced by physical soil and
energy budget variables that influence the partitioning of
precipitation to transpiration, evaporation, and runoff, with
consequent effects on water use efficiency.

Whereas large-scale patterns in NPP-resource relationships
arise from system-level interactions of the biogeochemical
and hydrological cycles, substantial variation is induced by
species- and growth form-specific traits. The correlation of
variables in Plates 2a-2c indicates the extent to which NPP and
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nitrogen cycling are controlled by system-level dynamics: the
scatter and variability of slopes indicate roughly the extent to
which system-specific ecological traits influence NPP and
nitrogen cycling.

The relationships in Plates 2a-2c appear as trends, with
different slopes and/or intercepts for different ecosystem
types, rather than as unitary relationships. Although each of
the biome types used in parameterizing global Century have
specific resource use efficiencies, it is apparent that some
large-scale patterns exist between forests, grasslands, and
mixed ecosystem types, such as savannas. Systems with
woody components have higher N use efficiencies (NPP vs.
N..) (see, for example, Plate 2b), as do C, compared to C,
photosynthetic pathway grasslands. Savannas that have both
woody and herbaceous components show N mineralization-
NFPP relatiohships similar to but slightly higher than
grasslands. Within savannas, a similar bifurcation is
observed, reflecting the differentiation between savannas with
C, versus C, grass understories. A C,-C, effect is also observed
in the N mineralization-ET relationship. In this case,
differences in nitrogen use efficiency between C, and C,
grasses result in changes to defrital C:N ratios that in turn
influence N mineralization.

Water use efficiency (NPP per unit ET) increases as the
fraction of woody biomass increases (Plates 2a-2c). This
pattern reflects the use of ET rather than transpiration in these
Plates (2a-2c). The modeled ratio of evaporation to
transpiration generally increases from forests to grasslands in
Century and produces part of this pattern. Also, although
grasses, especially C, grasses, have high photosynthetic
water use efficiency, Century predicts that the fraction of
photosynthate translated into NPP increases as the nitrogen
demand of new tissue decreases. Thus systems dominated by
woody tissue have higher effective water use efficiencies at the
annual timescale than grasslands because of N constraints on
the production of high-N foliar tissue in grasslands. This is
amplified by higher absolute rates of N cycling in humid forest
ecosystems compared to grasslands (Plate 1b). The interaction

of water and nitrogen use efficiencies in Century is consistent
with the biogeochemical orientation of the model [VEMAP
Members, 1995; Schimel et al., 1996] and suggests that model
comparisons with annual timescale observations of water and
nitrogen use efficiencies between grasslands, savannas, and
forests, as can be derived from some flux experiments [Wofsy
et al., 1993], are crucial for model testing.

There are limited observations to support the hypothesis of
tripartite correlation amongst N, water flux, and NPP, but Zak
et al. [1994] report correlations amongst an index of nitrogen
availability, aboveground NPP, and ET. The model results are
also consistent with observations of large-scale correlations
of NPP with direct or derived climate variables and also with
experimental evidence of nutrient limitation. This result is
consistent with the argument of Pastor and Post [1993, p. 115]
that the Rosenzweig [1968] relationship of NPP to actual
evapotranspiration was a “steady state consequence of the
interactions between species and soil nitrogen and light
availabilities as constrained by temperature and soil water
deficits,” and not a “..direct relationship between actual
evapotranspiration and productivity.” The modulation of the
water-carbon-nitrogen system by species- and/or growth form-
specific traits implies that large-scale dynamics are influenced
by population dynamics on timescales longer than the life
spans of individual plants (years-centuries).

Because of the sensitivity of Century to resource use
efficiency and allocation patterns, a knowledge of the spatial
and temporal distributions of physiological traits (either for
species or functional plant types) is critical for modeling
biogeochemistry. Knowledge of how these traits might change
with adaptation, evolution, or migration is critical in the long
run for predictive or retrospective analyses on timescales
commensurate with ecosystem type change [Bolker et al.,
1995].

Temperature Anomalies

Temperature variability (Plates 3a, 3b) causes biogeo-
chemical responses in the Century model. In the temperature

a (NPP,Tave) b (RESP,Tave) C (NEP,Tave)
1.0 T ™ T v T 1.0 T T T 1.0 T T T
o [m]
o a 8]
A u] o RN a a
2 A o
A A o 05  ,08 0 05k A, 1
0.5F H O . @ o 5 &
% a . A ann
a AL & A a Ba o
a é A A AA
Oa o A 0, A O A
By 7 oo B8 @ ]
0.0 ‘% A Ap g 9 0.0 A . A
A a a N YN AA o
a, 2 N N A 8 A
A A o
L 8 4 05k | —05kA & B
-0.5 oy 0.5 0 tr o5
s A
o
-1.0 I N el -1.0 L 1 1 N -1.0 1 . ! 1
4] 100 200 300 400 0 100 200 300 400 0 100 200 ?00 400
Precipitation (cm yr™) Precipitation (cm yr™) Precipitation (cm yr™)

Figure 3. (a) Correlations for 52 grid cells between temperature and NPP anomalies, plotted against
precipitation. (b) Correlations for 52 grid cells between temperature and heterotrophic (microbial) respiration
anomalies, plotted against precipitation. (c) Correlations for 52 grid cells between temperature and NEP
anomalies, plotted against precipitation. Horizontal lines show 95% confidence intervals for Rs significantly
different from zero. Squares represent forest sites, and triangles represent grassland sites.



686

anomaly experiment, highly variable correlations over time
between NPP, respiration, and NEP with temperature were
observed (Figures 3a-3c). The correlations with temperature
tended to be higher as precipitation increased. In systems
where water is strongly limiting to NPP, interannual
variations in temperature have comparatively little effect.
Conversely, we would expect such systems to be very
responsive to interannual variations in precipitation [Parton
et al., 1995]. The lack of response to temperature is
surprising. Temperature is a direct driver of biogeochemical
processes in Century, and one would expect a fairly direct
correlation between temperature anomalies and resulting
biogeochemical anomalies. In fact, the correlations are not
always high (only a small number of the correlations in
Figures 3a-3c are significantly different from zero at a 95%
level), and the proportionality between changing temperature
and changing biogeochemical response was highly variable.
This occurs because of lagged effects of temperature via water
budget and biogeochemical mechanisms explored in the next
section.

One of the dramatic carbon cycle phenomena during the
1990s was the reduction in the growth rate of CO, in 1992,
following the eruption of Mount Pinatubo in the Philippines
and the consequent cooling due to stratospheric aerosols
[Hansen et al., 1992; Ciais et al., 1995b; Francey et al., 1995;
Keeling et al., 1995; Schimel, 1995]. The effect of the
Pinatubo eruption was a reduction in the growth rate of CO,,
corresponding to an anomalous or additional uptake of CO, of
about 2 Gt. Isotopic evidence suggested a terrestrial rather than
marine sink [Keeling et al., 1995; Ciais et al., 1995b]. The
MSU temperatures capture the Pinatubo cooling clearly (Plates
3a, 3b) and show it to have significant spatial structure,
concentrated in the northern hemisphere. Coolings during the
boreal growing season of up to 3°C are evident (Plate 3b).
Despite the complexity of the temperature response of
Century, the model predicts significant increases in per-unit-
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area NEP in midlatitudes (30°-60°N). The model predicts release
of CO, from high latitude regions (negative NEP), but there is
comparatively little biologically active land area in that
latitude band. If the predicted average NEP of +30 g m? was
representative of the 30°-60°N region (Figure 4), that could
easily amount to 1-3 Gt C globally. Thus the Century model
results are consistent with a Pinatubo-related anomalous
increase in NEP (arising mostly from reduced respiration rather
than increased NPP) of magnitude comparable to the additional
sinks deduced from observations. If the modeled responses to
the cooling are correct, an overshoot in atmospheric CO,
should occur as the short-lived carbon pools, whose size
increased during the cooling, relax back to equilibrium with
warmer temperatures. However, because of the low and variable
direct correlations between temperature and ecosystem
processes, we propose a more complex hypothesis for the
observed and simulated Pinatubo effect below.

Temperature Perturbations and Timescales

Although biophysical and nutrient limitations of NPP tend
to equilibrate with each other (Plates 2a-2c); [Schimel et al.,
1996], the equilibration will not be instantaneous. The
response times of the different carbon-water-nitrogen compo-
nents of ecosystems are not identical, and some are long. It
requires years for soil water, decomposition, and nitrogen
cycling to return to steady state after a perturbation because of
inherent lags in the system. We carried out a simple simulation
experiment in which we increased air temperatures each month
by 3 standard deviations for the duration of either 1 or 5 years
to probe the lagged responses suggested by the temperature
anomaly experiment. Figure 5a shows the response for a
northern boreal forest. NPP increases during the year of the
perturbation because of a longer growing season and reduced
temperature stress. Respiration (decomposition) decreases
because warmer winter temperatures lead to reduced soil water
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Figure 4. The effects of the Pinatubo temperature anomaly on net ecosystem production for 52 gridcells,
averaged zonally. Error bars indicate mean + one standard error.



SCHIMEL ET AL.: GEOGRAPHY AND TIMESCALES OF BIOGEOCHEMICAL CYCLING 687

PALBERT

NWT

60F

__ 40F E _
S 20F ] ;;
E o E 3
e f i
o —20:— -] a
g ; ] g

—40't' ]

-60L . . .

-5 0 5 10 15

Time (yr)

I; ‘\>-‘
) &)
£ £
= =
o o
g g
[v4 o
-10E ,
-5 0 5 10 15

0.4f
~ 02F ~
5 00 5,
IE [ IE
o -0.2} o
z —0.4f z
s _ %
Z _o0sf
-0.8L . . .
-5 0 5 10 15
Time (yr)
1€
5 3 IS
£ £
= 3 g
& &
5 10 15
Time (yr) Time (yr)
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Figure 6. (a) As in Figure 5, but for a tropical forest grid cell. (b) Using the same grid cell as Figure 6a, but
showing results for NPP, respiration, nitrogen mineralization, and ET following a 5-year temperature

perturbation.

(more evaporation from snow), reducing ET. N mineralization
decreases, reducing NPP in the year following the perturbation.
This occurs because of increased litterfall (from the enhanced
NPP), and thus more microbial competition for N, and because
of dryer soils. Soil water is affected by the perturbation both
directly and through the increased water demand associated

with the initial increase in NPP and retums to steady state after
3 years. The additional detritus resulting from the initial rise in
NPP increases respiration beginning in year 2 and also leads to
increases in both N mineralization and respiration that persist
for years.

Figure 5b shows an alpine tundra site in which warming
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increases N mineralization, NPP, and ET. Increased NPP leads
to increased respiration that persists for > 15 years (because of
slow decomposition in this cold, short growing season site),
affecting net ecosystem production (NEP = NPP - heterotrophic
respiration) for decades. Tropical sites (Figure 6a) show
similar lags, modulated by the water cycle. Respiration
equilibrates rapidly because of high decomposition rates due to
warm temperatures. When the temperature perturbation lasts
for 5 years, complex behavior occurs as the system responds
to the initial perturbation, equilibrates to the changed
temperatures, and then responds again in a transient manner to
the cessation of the temperature perturbation (Figure 6b).
Whereas the sites examined in Figures 5 and 6 show NPP
responses of opposite sign in the year of and following the
perturbation, this is a frequent but not invariable behavior of
the model. Other sites show large initial responses with
monotonic returns to steady state, on timescales linked to
component response times [Schimel et al., 1994].

The above responses were controlled by iterative feedbacks
between the water, carbon, and nitrogen cycles, leading to
complex responses on annual-to-decadal timescales. The
responses were system-specific and were influenced by the
initial steady state. In particular, systems in which
precipitation often exceeds ET and in which stored soil
moisture is significant are sensitive to perturbations and may
have multiyear responses to perturbations through the water
cycle. The temperature perturbation experiment helps explain
why the instantaneous correlations shown in Figure 3 between
temperature and ecosystem processes are low.

The experiments reported in this paper, taken together,
suggest the hypothesis that the Pinatubo effect resulted from
both the instantaneous effect of cooling on metabolism and
the water and nutrient status of ecosystems prior to the
cooling. For each site simulated, water and nutrient limitation
at each time step reflected the preceding pattern of temperature
anomalies and the lags specific to the ecosystem type being
simulated. Thus the Pinatubo anomaly reflected the history of
temperature anomalies over the previous decade, as well as the
instantaneous effect of the cooling. Global simulations with
climate perturbations based on observed anomalies are now in
progress to determine the broad-scale patterns that emerge
from the complex site-specific responses [Braswell et al.,
1995].

The modeled NEP perturbations from the temperature
perturbation experiments range from 5% to 20% of steady state
NPP. If spatially coherent anomalies in climate produced
responses of this magnitude, then global anomalies in the
terrestrial carbon balance resulting from interannual climate
variability could easily be of the order of several Gt C
(assuming that global NPP is 40-60 Gt C [Schimel et al.,
1995]). Carbon anomalies in the 1-3 years following a climate
anomaly could be as large as or larger and of opposite sign
from the initial response, leading to the low time series
correlations of temperature and biogeochemical anomalies
observed in the temperature anomaly experiment. Changes of
5% to 20% of NPP are, however, extremely difficult to detect
given sampling variability using conventional techniques,
and so observational detection will require care with
methodology [Parton et al., 1995].
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Role of Lagged Effects in the Global Carbon
Cycle

Several groups have attempted to quantify the effects of
climate anomalies on terrestrial carbon storage using models
compared to global CO, observations. These efforts have often
included the assumption that the effects of anomalous
temperature and precipitation are instantaneous and have no
lagged effects [e.g., Dai and Fung, 1993]. Other approaches
cannot diagnose the mechanisms underlying any lagged effects
because they use satellite observations (modified by climate
data) to estimate NPP (although lags may be present in the
satellite observations [Potter et al., 1993, Thompson et al.,
1995]). Observational time -series studies suggest lagged
effects. For example, the Mount Pinatubo eruption appears to
have caused an anomalous increase in terrestrial carbon uptake,
apparent as a decrease in the growth rate of atmospheric CO,
[Braswell et al., 1995; Ciais et al., 1995a, b; Keeling et al.,
1995; Schimel, 1995]. This decrease in the growth rate,
however, began before the eruption. Keeling et al. [1995] have
speculated this may be a rebound from the warm years of the
late 1980s, which may have been reinforced by the Pinatubo
cooling, behavior that is qualitatively consistent with some
site-specific Century simulations. The direct post-Pinatubo
effect may have occurred because of reductions in respiration
with cooler temperatures that were larger than the decreases in
NPP [Braswell et al., 1995]. Keeling and colleagues have also
suggested that, on decadal timescales, warming . causes
increases in terrestrial carbon uptake but with a 2-year lag
[Keeling et al., 1995]. This is a response consistent with a
nutrient release-controlled response but not obviously with a
Dai and Fung [1993] type of instantaneous physiological
response of plants and decomposers. Because of the
individualistic responses of the sites simulated in this study,
we cannot yet determine whether Century’s response is
qualitatively consistent with Keeling et al.’s [1995] analyses,
but the existence of significant lags in the model is a
precondition for more comprehensive agreement.

Investigation of mechanisms leading to long-term
equilibration and perturbation responses will increase under-
standing of processes tied to the “slow” components of eco-
systems (woody biomass, detritus, and soil organic matter),
processes that are difficult to study with experimental
techniques. Such investigation will provide a crucial window
into the components of terrestrial ecosystems that may govern
long-term responses to changing climate, CO,, and other
perturbations (e.g., N deposition [Townsend et al., 1996]).
Hedin et al. [1995], for example, suggest profound and long-
lived effects of anthropogenic perturbations to nitrogen
deposition. Ecosystem N inputs (deposition and biological N
fixation) are not well known for much of the world, nor are
they understood mechanistically. N outputs are likewise not
well quantified globally [Hedin et al., 1995].

Conclusions

We hypothesize that water and nitrogen limitations of NPP
are correlated at steady state because of the equilibration of
water and nitrogen limitation of NPP that occurs through the
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control of carbon and nitrogen fluxes by the water budget. We
further hypothesize that these correlations arise because of the
structure of interactions amongst the water, carbon, and
nitrogen cycles: they are a system-level property. As a
corollary, ecological differences in resource use efficiencies,
soil properties, and temperature should induce substantial
quantitative  variability in the water-nitrogen-carbon
relationships, requiring that, eventually, community and
biogeographic processes be integrated into biogeochemical
models. Many of the steady state patterns in Century arise
through simulation of the nitrogen budget, rather than as a
result of internal cycling. This is a unique feature of Century
and allows the mechanisms under-lying resource interactions
to be diagnosed explicitly. Most other current ecosystem
models initialize N stocks based on observations [Potter et al.,
1993], or iteratively, to force consistency with observed or
assumed fluxes [Melillo et al., 1993].

These hypotheses and corollary are consistent with recent
regional [Schimel et al., 1996] and global model results and
some data but require additional testing. Further, because the
water, nitrogen, and carbon budgets respond to perturbation on
different timescales, the responses of ET, nitrogen
availability, and NPP during transient climate changes are not
necessarily tightly correlated. Interannual variability in the
terrestrial carbon cycle, as inferred from CO, observations,
may arise from complex multiyear cauvses, and this complex
behavior may become more evident as the spatial resolution
and continental focus of atmospheric CO, observations
increases. Although Century suggests that the Mount Pinatubo
cooling could have caused a significant shift in terrestrial
carbon exchange, consistent with observations, it also
suggests that this effect was manifest through temperature
effects on water relations, leaf area changes, and nutrient
cycling, rather than via a simple effect of temperature on
metabolism. The model further suggests that through lagged
effects the magnitude of interannual changes in
biogeochemistry should reflect climate patterns over several
preceding years.

To detect either systematic (CO,-caused [Friedlingstein et
al., 1995; Fung et al., 1995] or N-caused [Townsend et al.,
1996]) or interannual changes, one must consider the
possibility of lagged effects, and sampling designs and
associated process studies should take into account both signal
and noise arising from lagged changes to hydrological and
biogeochemical processes [Fung et al., 1995]. Detection of
patterns and processes associated with water budget and
biogeochemical lags will provide a window on the slower
processes in ecosystem metabolism that may dominate global
change effects on ecosystems in the future.

Finally, experimental evaluation of global ecosystem
models is difficult [Schimel et al., 1996]. Because the changes
predicted for NPP, NEP, and respiration by the Century model
are modest relative to local spatial sampling variability,
observational validation will be difficult and may require
careful multiyear monitoring with techniques insensitive to
small-scale variability, such as flux measurements using aero-
dynamic techniques [Wofsy et al., 1993; Lenschow, 1993] or
will require inverse estimates from concentration fields [e.g.,
Ciais et al., 1995a, b]. Experimental studies that directly
probe the relevant mechanisms (i.e., by directly or indirectly
changing transpiration, nitrogen availability, or carbon
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inputs via manipulative experiments) are critical; reexamina-
tion of existing studies of fertilization by N or CO, may prove
highly useful. Attribution of variation to specific mechanisms
operating on multiple timescales will also require innovative
measurements of nitrogen inputs, outputs, and internal cycling
at large spatial scales.

Models with a wide range of formulations have all been able
to reproduce observed variations in atmospheric CO, or limited
site-specific observations of NPP [e.g., Fung et al., 1987;
Bonan, 1993; Potter et al., 1993; Schimel et al., 1996]
approximately equally well. Because site-specific measure-
ments, such as of NPP, have high uncertainty resulting from
local heterogeneity, it is difficult to reject ecosystem models
using such data. However, global-scale process models make
some very specific predictions about ecosystem-type
differences in resource use efficiency and other robust measures
of ecosystem physiology. These may be tested at large spatial
scales using flux measurement techniques supplemented by
critical nitrogen measurements. Resource use efficiency
diagnostics of model performance are less subject to tuning
than is NPP and also provides insight into model behavior
under altered environmental forcing [VEMAP Members, 1995].
This study suggests that data sets providing, at an annual
timescale, measures of NPP and water and nitrogen use
efficiencies from ecosystems ranging from grasslands through
savannas to forests could be extremely powerful in testing
ecosystem models.
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