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Abstract. The widespread occurrence ofN limitation to net primary production (NPP) and
other ecosystem processes, despite the ubiquitous occurrence ofN-fixing symbioses, remains
a significant puzzle in terrestrial ecology. We describe a simple simulation model for an
ecosystem containing a generic nonfixer and a symbioticN fixer, based on: (1) a higher cost
for N acquisition byN fixers than nonfixers; (2) growth of fixers and fixation ofN only when
low N availability limits the growth of nonfixers, and other resources are available; and (3)
losses of fixedN from the system only when the quantity of availableN exceeds plant and
microbial demands. Despite the disadvantages faced by theN fixer under these conditions,N
fixation and loss adjustN availability close to the availability of other resources, and biomass
and NPP in this simple model can be substantially but only transientlyN limited. We then
modify the model by adding: (1) losses ofN in forms other than excess availableN (e.g.,
dissolved organicN , trace gases produced by nitrification); and (2) constraints to the growth
and activity ofN fixers imposed by differential effects of shading,P limitation, and grazing.
The combination of these processes is sufficient to describe an open system, with input from
both precipitation andN fixation, that is nevertheless stronglyN-limited at equilibrium. This
model is useful for exploring causes and consequences of constraints toN fixation, and hence
of N limitation, and we believe it will also be useful for evaluating howN fixation and
limitation interact with elevatedCO2 and other components of global enviromental change.

Introduction

The supply of nitrogen often limits the growth of plants, the composi-
tion of communities, the productivity of ecosystems, and other population,
community, and ecosystem processes. Fertilization experiments suggest that
addedN enhances productivity in many or most intensive agricultural
systems, temperate forests, temperate and tropical grasslands, boreal forests,
and arctic/alpine tundras (Shaver & Chapin 1980; Miller 1981; Lee et al.
1983; Van Bremen & de Wit 1983; Hunt et al. 1988; Bonan 1990; Bowman et
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al. 1993; Magill et al. 1997). Correlative studies also show a tight connection
betweenN mineralization and forest productivity (Reich et al. 1997), and
ecosystem models suggestN limitation is widespread (McGuire et al. 1992;
Parton et al. 1993). Perhaps the most compelling evidence for the importance
ofN limitation is the tens of billions of dollars that humanity spends annually
onN fertilizer.

However, despite all of the sustained scientific effort that has gone into
analyzing the cycle ofN , there are no generally accepted answers to the ques-
tions: Why doesN supply limit productivity in so many natural and managed
ecosystems?N-fixers should have a substantial competitive advantage in
N-limited systems, and as a byproduct of their activity they should increase
the quantity and availability ofN in the system as a whole. Why don’t they
do so? In a world where biologicalN-fixation is ubiquitous, how canN
limitation be widespread? What keepsN fixers from adding sufficientN to
terrestrial ecosystems to bring the supply ofN more or less into equilibrium
with other potentially limiting resources?

One credible set of answers is that in the long term,N fixation does adjust
N supply close to the availability of other resources (Schimel et al. 1997).
In this case,N limitation would be a transient and/or marginal phenomenon
– as indeed we know it is in most temperate lakes. Outside of frequently
and intensely disturbed systems that are actively maintained in a transient
state, such as annual crops or fire-dominated areas (Seastedt et al. 1991),
N limitation might be more apparent than real, more proximate than ulti-
mate. Alternatively, there are a number of mechanisms that could prevent
N fixers from responding to even profoundN limitation, and could thereby
maintainN limitation in the long term. These mechanisms include energetic
constraints to growth of or colonization byN fixers, disproportionateP (or
other element) limitation to fixers as opposed to nonfixers, and disproportion-
ately high rates of herbivory on fixers as opposed to nonfixers (Vitousek &
Howarth 1991).

Determining whetherN limitation is transient or sustained, marginal or
substantial, is fundamental to our understanding of the biogeochemistry of
terrestrial ecosystems (Vitousek & Howarth 1991). It also represents a major
uncertainty in our ability to predict the responses of terrestrial ecosystems
to components of global environmental change. For example, humanity has
greatly increased the fixation ofN , and its deposition to terrestrial ecosystems
(Galloway et al. 1995; Vitousek et al. 1997a). Where that fixedN reaches
N-limited systems, it can alter their composition, dynamics andC storage
profoundly (Berendse et al. 1993; Schimel et al. 1996; Howarth et al. 1996;
Nixon et al. 1996); where recipient systems are notN-limited, orN limitation
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is marginal and/or short-lived, its consequences are smaller and less certain
(Matson et al., this volume).

Another example – much of the uncertainty about long-term ecosystem
responses to elevated atmosphericCO2 is related toN limitation. The stimu-
lation of plant growth by elevatedCO2 in short-term experiments is highly
variable, but median increases are 30–40% (Poorter 1993; Poorter et al.
1996; Curtis 1996; Koch & Mooney 1996), substantially above the 5–10%
increases in long-term NPP predicted by biogeochemical models (VEMAP
1995; Melillo et al. 1996).N limitation exerts profound constraints toCO2

responses in most biogeochemical models (McMurtrie & Comins 1996;
Rastetter et al. 1997), even though the empirical evidence for decreasedCO2

sensitivity underN limitation is mixed. Idso and Idso (1994) and Lloyd and
Farquhar (1996) found no consistent effect of nutrient status on response
to elevatedCO2, though a number of experiments tie the low sensitivity of
particular plants or ecosystems to nutrient effects (e.g. Larigauderie et al.
1988; Diaz et al. 1993; Oechel et al. 1994; Leadley & Körner 1996).

What accounts for this contrast in results and perspective? One component
involves species characteristics; species from nutrient-poor sites show small
sensitivity to either nutrient (Chapin 1980; Chapin et al. 1986; Field et al.
1992) orCO2 additions (Poorter 1993; Poorter et al. 1996; Hunt et al. 1991,
1993). Another component involves time scale. Most growth experiments last
from less than one to a few years, while in the biogeochemistry models, the
important feedbacks involving nutrient limitation emerge only after several
years, or even several decades, ofCO2 exposure (McMurtrie & Comins
1996).N limitation gradually intensifies with the immobilization ofN in
plant biomass, litter, and soil organic matter, even where growth at elevated
CO2 has no depressive effect on tissue decomposability (O’Neill & Norby
1996; Franck et al. 1996).

Alternatively, it is possible that in the medium to long term, increased
CO2 could stimulateN fixation on land, making anyN constraint on plant
response to increasedCO2 a transient phenomenon (Gifford 1992). The
growth response to elevatedCO2 appears to be somewhat larger in legumes
than in other species (Hunt et al. 1991, 1993; Poorter 1993), and elevatedCO2

often enhances symbiotic fixation under controlled conditions – usually as a
consequence of increased legume growth, rather than increasedN fixation per
unit of legume biomass (Phillips et al. 1976; Finn & Brun 1982; Norby 1987;
Arnone & Gordon 1990; Thomas et al. 1991; Ryle et al. 1992). What are
the factors that regulate changes inN fixation under elevatedCO2? Will the
stimulation of fixation by planted, weeded, tended, often fertilizedN fixers
observed in experiments carry over to increased rates ofN fixation in natural
ecosystems?
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In this paper, we develop a conceptual model for the regulation of
symbiotic N fixation in terrestrial ecosystems. We then use this model
and a set of simple simulations to evaluate several mechanisms that could
constrain rates ofN fixation, and could thereby allowN limitation to persist
indefinitely. Finally, we explore how these mechanisms could interact with
components of human-caused global environmental change.

A conceptual model

The basic assumptions of our model include: (1) The energetic cost of
acquiringN through biological fixation exceeds the cost of acquiringN from
the soil, whenever there is more than a trace of availableN in the soil; (2)
SymbioticN fixers require and maintain higher concentrations ofN andP
in their tissue than do nonfixers; and (3) SymbioticN fixers only acquire
N through fixation, rather than obtaining it from the soil. The first two of
these are readily supported (Pate 1986; Gutschick 1987; Smith 1992; McKey
1994). The last is not correct – symbiotic fixers can and do takeN from
soil, when it is available – but it simplifies the model substantially. More
importantly, our purpose is to evaluate the controls ofN fixation and the
plant growth supported by it, not to model the growth of legumes per se (at
least not yet).

We begin development of the conceptual model by assuming that for a
nonfixer, the cost of acquiring soilN is a function ofN availability, as illus-
trated in Figure 1. Thex-axis represents the total quantity ofN that could
be available in soil annually (netN mineralization, inputs via precipitation,
any other sources of availableN); the quantity ofN that actually becomes
available in a particular system is indicated by pointA on the figure. Some
of this availableN can be acquired at a relatively low (and fixed) energetic
cost, one that reflects the enzymatic machinery involved inN uptake and
transport. However, after half of the availableN has been taken up, obtaining
the remainder requires increasing investment in roots, or carriers, or other
mechanisms by whichN can be obtained from dilute concentrations in soil.
Costs increase to the point where essentially all of the availableN in soil
has been taken up; after that point, further investment in acquiring soilN is
unrewarding. We model the cost function as increasing linearly, although in
fact it probably increases exponentially.

In contrast, we assume that the cost to a symbioticN fixer of acquiring a
unit ofN2 is constant, independent of the quantity ofN fixed (Figure 1). We
assume that the two cost functions cross at pointA, where essentially all of
the fixedN in the soil has been utilized. To the left of that point, nonfixers
have a lower cost forN acquisition than fixers and can (we assume) outcom-
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Figure 1. A conceptual model for the costs ofN acquisition by nonfixers andN fixers. The
x-axis representsN availability, as quantity ofN /area (e.g. kg· ha−1 · yr−1). Any particular
ecosystem will have a light-limited productive capacity, and a level ofN availability required
to support that productivity (B); any system will also have an actual level ofN availability
(A), which in this example is below the productive capacity. The dark solid line represents the
cost ofN acquisition by a nonfixer; we assume thatN acquisition is relatively inexpensive
when a large quantity of availableN remains in the system, but the cost increases as a greater
proportion of the availableN is utilized. As the availableN in the system approaches full
utilization, the cost increases very steeply. In contrast,N fixers (dark dashed line) have a
relatively high but constant cost ofN acquisition. In this particular example, some light would
remain unutilized after all of the availableN had been taken up (A), andN fixers could use
that light to grow, fixN , and (ultimately) increase theN availability in the system towards B.
The shaded area under the nonfixer’s cost curve represents energy that could be allocated for
purposes other thanN acquisition, if moreN were available.

pete them, while to the right of pointA, fixers can obtainN and nonfixers
cannot. Finally, we assume that there is a productive capacity for each site,
set by the availability of resources other thanN . Initially, we will use light
as that ultimate resource. PointB (Figure 1) then corresponds to the quantity
of availableN that would be required to support nonfixers at this maximum
(light-limited) level of productivity.

Given this simple formulation, the availability ofN in an ecosystem
should adjust to that of other limiting resources. If pointA is to the left of
B as in Figure 1, then symbioticN fixers should grow, fixN , and gradu-
ally increaseN supply until its availability is equivalent toB, and fixers no
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longer have an advantage. At this point,N supply could still limit production
of nonfixers, in that large additions ofN would allow plants to reallocate
some of the resources that they had used to acquireN . However, only energy
equivalent to the shaded area in Figure 1 would be available for reallocation,
so any increase in production would be marginal.

Simulation

Based on the conceptual model in Figure 1, we put together a simple simula-
tion of production andN cycling in an ecosystem containing a nonfixer and
a symbioticN-fixer. Nitrogen availability is calculated as the sum of netN

mineralization,N inputs in precipitation or fertilizer, and any carryover from
the previous year. The potentialN uptake by nonfixing plants is set to 100
units ofN (say 100 kg/ha/yr), corresponding to a maximum potential NPP of
5000 units ofC (minus theC costs ofN acquisition). If more than 100 units
of N are available, the quantity in excess of 100 units is not taken up; if less
than 100 units are available, all are taken up by nonfixers. Production of the
nonfixers (NPPNF) is then calculated as

NPPNF= CNnf ∗ Nuptake∗ (1− costNF), (1)

whereCNnf is theC/N ratio (uncorrected for cost ofN uptake) of nonfixers,
Nuptake is uptake ofN by nonfixers, and costNF is theC expended in
acquiringN . costNF is determined using the function in Figure 1, in which
the cost is 0.1 up to half of totalN availability, then increases linearly to 0.2
for the last increment of availableN .

Production by symbioticN fixers (NPPfix) is then calculated as

NPPfix= 5000∗ (1− fixCOST) ∗ (4500− NPPNF)/4500, (2)

where fixCOST is the cost of fixingN (which we set equal to 0.3, calculated
as 0.2 per unit ofN , in terms comparable to nonfixers, multiplied by 1.5 to
account for the greaterN concentration in fixers). The potential productivity
(independent of the cost of acquiringN) is 5000; the light available for
growth by fixers, after nonfixers have taken what they can, is proportional
to (4500− NPPNF)/4500, 4500 being the maximum NPP of nonfixers that
can be realized in practice. In effect, this formulation gives nonfixers priority
for light in proportion to the soilN they can acquire. If there is still light
available after nonfixers have taken what they can, thenN fixers can grow
(and fixN). Water and other resources could be treated similarly.
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The production of litterC andN by fixers and nonfixers (independently)
is set to 10% annually of theC andN in plant biomass. The rate of decom-
position is set to 5% of soilC per year, and netN mineralization (Nmin) is
calculated as

Nmin = soilN − soilC/CNcrit, (3)

where soilN and soilC are the quantities of organicN andC (respectively) in
soil, andCNcrit is the critical ratio ofC toN , above whichN is immobilized
by microbes and below whichN is mineralized.

The simulation maintains mass balance ofC andN in plants, soils, and
the system as a whole; it also constrains potential production andN uptake
by fixers and nonfixers when their initial biomass is low. We include a rela-
tively low rate of input of fixedN in precipitation (2 units per year), one
designed to represent unpolluted regions. In this formulation, outputs ofN

occur only whenN remains in the available pool after all biological demands
are met. A complete listing of the simulation in MATLAB (including the
extensions described in subsequent sections) is available from the authors at
http://jasper.stanford.edu/chrisweb/flab/flab.html.

Initial results

We used this simple model to simulate the development of an ecosystem on
a new substrate, one that starts with no organicC orN in soil. Initially, very
low levels ofN are available in soil; consequently the growth of nonfixers
is limited byN , light is available, andN fixers dominate the site and add
substantial quantities ofN to the system (Figures 2a, 3a). As this fixedN
enters the soil, rates ofN mineralization eventually increase, and nonfixers
colonize, grow, and ultimately use almost all the available light, replacing
the fixers. Similar patterns of species replacement are observed in the field
during primary successions in which symbioticN fixers are present (Walker
& Syers 1976; Van Cleve et al. 1991; Chapin et al. 1994). Approximately 150
years into the simulation, the system reaches equilibrium levels of production,
biomass,N mineralization, etc;N fixers are then very sparse in the system.
Nevertheless,N remains limiting to nonfixers, if only marginally. We simu-
late additions ofN to the equilibrium system by adding 50 units of inorganic
N a year for a 20-year period beginning in year 300, and find a small increase
in biomass of nonfixers that reflects their lower cost of acquiringN when its
availability is high (Figures 1, 3a).

We also evaluated ecosystem development withoutN fixers, forcing the
system to draw upon inputs of fixedN from the atmosphere. Under these
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Figure 2. Simulated biomass of nonfixers (solid lines) andN fixers (dashed lines) through
long-term ecosystem development on a site that begins with noC, N , or availableP in
soil. The panels evaluate combinations of the presence or absence ofN fixers and differing
pathways ofN loss. Those on top (a, b) includeN fixers while those on the bottom (c, d)
exclude them; those on the left (a, c) include only losses ofN from the pool of availableN
that remains in the soil after plant and microbial uptake, while those on the right (b, d) also
include losses of 5% of mineralizedN . Note the change in scale on thex-axes.

conditions, the system eventually reaches the same equilibrium level of
production, etc. – as indeed it must, as long as there are anyN inputs, and
only availableN in excess of biological requirements is lost. However, it takes
much longer to reach that equilibrium (2700 versus 150 years) (Figure 2c).
Moreover, if we simulateN losses occurring by pathways other than removal
of excess availableN , by removing 5% of mineralizedN annually, then in the
absence ofN fixers the system equilibrates at a lower biomass, productivity,
N mineralization, etc., as observed in the simpler model of Vitousek et
al. (1998) (Figure 2d). In practice, leaching of dissolved organicN and
emissions ofN trace gases produced during nitrification (though not denitri-
fication) could represent losses that are independent of the existence of excess
availableN (Hedin et al. 1995; Parton et al. 1996). WithoutN fixers, suchN
losses can allow substantialN limitation to persist at equilibrium (Vitousek
et al. 1998).

Finally, we evaluated the consequences of a 5% loss of mineralizedN in
the presence ofN fixers. In this scenario, fixers remain within the system at
equilibrium, though at a relatively low level (Figure 2b, 3b). Their activity
is sufficient to offset losses of N, and (together with atmospheric inputs), to
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Figure 3. Simulated biomass of nonfixers (solid lines) and fixers (dashed lines); the panels
evaluate combinations of pathways ofN loss and constraints onN fixers. Those on the left
(a, c, e, g, i) include losses ofN only from the pool of availableN that remains in the soil
after microbial and plant uptake; the panels on the right (b, d, f, h, j) also include losses of
5% of mineralizedN . After 300 y, 50 units ofN /year are added for 20 years, to evaluate the
strength ofN limitation. (a, b) The basic model, as outlined in the text. (c, d) Inclusion of
a shade limitation to the colonization and growth ofN fixers. (e, f) Inclusion of phosphorus
limitation. P supply can constrain both nonfixers and fixers, butN fixers require moreP
and so are more severely constrained. (g, h) Inclusion of grazing, which removes 1% of the
biomass of nonfixers and 5% of the biomass ofN fixers annually. (i, j) The combination of all
three constraints to the growth ofN fixers.
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maintain the system at the same equilibrium biomass as occurs when onlyN

in excess of biological requirements is lost (Figure 2a, 3a).
Together, these initial simulations show that despite our rather strong

assumptions about the poor competitive ability of fixers versus nonfixers
(e.g., nonfixers have absolute priority for availableN in the soil, nonfixers use
available light in direct proportion to that availableN),N fixation is still suffi-
cient to adjust levels of availableN close to those of other limiting resources
(in this case light). We believe that this model yields a reasonable represent-
ation of a system in whichN limitation can be substantial but transient, or
sustained but marginal. If the model were also a reasonable representation
of the world,N limitation could affect the transient but not the equilibrium
responses of ecosystems to regional and global change.

We now turn to mechanisms that could further constrainN fixers in
comparison to nonfixers, and thereby extend the time over whichN is limiting
or even sustain substantialN limitation at equilibrium. We first add these
constraints one at a time, evaluating both the conditions in which only excess
N is lost, and those in which 5% of mineralizedN (plus any excessN) is lost.
For each case, we simulate a 500-year course of ecosystem development,
starting with no organicC or N in soil, and we apply a 20-year pulse of
elevatedN inputs at year 300 to evaluate the extent ofN limitation.

Energy limitation

Energy limitation could affect the growth and persistence ofN fixers because
their operational cost forN acquisition is high, and/or because the high cost
of N fixation makes it difficult for fixers to become established and grow
through the understory of a closed canopy system (Gutschick 1987). The
former mechanism already is embedded in our model (Figure 1). For the
latter, the cost ofN fixation could in effect decrease the shade tolerance of
N fixers, suppressing their ability to fixN in low-light environments where
nonfixers would still be able to persist and grow.N fixers that had already
reached the canopy might be able to grow and fixN , but N fixers in the
understory would be unable to reach the canopy.

We simulated the influence of shade in a closed-canopy system by calcu-
lating a potential shade-limited NPP of theN fixer (potshNPPfix) as a
function of the biomass of the nonfixers in the system (NFBiomass)

potshNPPfix= 5000∗ (1− fixCOST) ∗ (4)(
1− 1.00025NFBiomass

100+ 1.00025NFBiomass

)
,
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where fixCOST is the cost toN fixers for acquiringN . The term on the
right provides a logistic function that takes on values between 0 and 1. This
function has little effect when biomass is< 15,000 units, but it suppresses
the NPP of fixers almost completely when biomass approaches 35,000 units.
The potential NPP from Equation (2) is compared with that from Equation
(4) each year, and the lesser of the two is used.

The results of including shading (as simulated here) into the model are
summarized in Figures 3(c) and 3(d), for the cases in which only excessN

is lost and in which 5% of mineralizedN is lost, respectively. This shading
function constrainsN fixers substantially as nonfixer biomass exceeds 30,000
units, shortening and reducing the pulse ofN that fixers add to developing
systems. Consequently, when the fixers decline,N remains strongly limiting
to nonfixers. Where only excessN is lost, inputs ofN in precipitation gradu-
ally reduce that limitation (Figure 3(c)). However, the combination ofN

losses proportional to mineralization and suppression ofN fixers by shading
(Figure 3(d)) yields an open system in which substantialN limitation can be
sustained indefinitely.

Phosphorus limitation

The availability ofP can constrain rates ofN fixation; this is the most
important control of fixation in most temperate lakes (Schindler 1977),
and there are clear examples whereinP additions stimulateN fixation in
terrestrial ecosystems as well (Smith 1992; Crews 1993). LowP availability
could limit fixers disproportionately because they have a greater requirement
for P than do nonfixers (Pate 1986).

To simulate the effects ofP supply on the growth and persistence of N
fixers, we assumed that while theN :P ratio of fixers and nonfixers is the
same, fixers require more of bothP andN than nonfixers. We developed a
simpleP cycling and limitation module, in which the quantity of availableP
in soil is calculated asP mineralization plusP inputs from weathering plus
turnover of labile inorganicP plus carryover from previous years plus fertil-
izer inputs. We assume that because nonfixers require lessP (and thereby can
produce more biomass per unit ofP taken up), they can outcompete fixers
for low levels in soil (ultimately if not immediately). Accordingly, the model
gives nonfixers priority over fixers for uptake of availableP (as for light).

In the implementation of this model, the uptake ofN by nonfixers is
calculated as described above, but it is now considered to represent a potential
N uptake. We then calculate how muchP would be required to match that
uptake ofN (given plantN :P ratios); if at least that muchP is present in
the available pool ofP (minP), the matching quantity ofP is taken up. If
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lessP is available, then the entire minP pool is taken up, andN uptake is
constrained to the level determined byP uptake. NPP of the nonfixers is then
calculated as in Equation (1).

We calculate the potential production by fixers, as it is constrained byP

supply (potPNPPfix), as

potPNPPfix= minP∗ CP f, (5)

where minP is now the quantity of availableP remaining after uptake by
nonfixers, andCP f is the carbon to phosphorus ratio of fixers. This potential
production is compared to that calculated by Equation (2) above, and the
smaller of the two potential productivities is used.

The production of litterP is set to 10% of biomassP , in parallel with
C andN , andP mineralization is calculated analogously toN mineraliz-
ation (Equation (3)). To account for the much lower mobility ofP than
N , we assume that only 10% of the availableP remaining in the soil after
biological demands are met can be lost from the system annually. This loss
could represent leaching of inorganicP , or it could represent the formation
of occludedP (cf Walker & Syers 1976). Twenty percent of the availableP
remaining after uptake is carried over to the next year, and 70% goes into a
labile inorganic pool with a turnover time of 10 years. We assumeP inputs
via weathering to be 2 units/year, with a brief pulse of more rapid weathering
in the initial stage of soil development.

The simulated consequences ofP limitation are summarized in
Figures 3(e) and 3(f). Pathways ofN loss have little effect on the responses
of biomass or other ecosystem characteristics toP limitation. Compared to
the simple model (Figures 3(a, b)), a low supply ofP strongly constrains the
growth ofN fixers early in ecosystem development, extends the period over
which fixers are active by about 60 years, and delays equilibrium biomass in
the system as a whole by about 50 years. Early in development, the production
of nonfixers is limited byN , while that of fixers is limited byP . Additions
of N would stimulate production by nonfixers, up to the point where they too
would becomeP -limited. Additions ofP would stimulateN fixers, which
in turn would addN and stimulate nonfixers, bringing the whole system
to equilibrium more rapidly. In this case, what appears asN limitation (to
nonfixers) could actually beP limitation in disguise (Vitousek & Howarth
1991).

Later in development, sufficientP has weathered from the substrate so that
P no longer constrainsN fixation (in this model). However, this simulation
only considers losses of excess availableP , the inorganicP that remains
after biological demands are met. The combination of a much lower rate of
P weathering in very old soils (Walker & Syers 1976; Crews et al. 1995;



191

Newman 1995; Vitousek et al. 1997b) with losses ofP via other pathways
(such as leaching of dissolved organicP ) could in practice causeP limitation
toN fixation in old as well as very young soils.

A low supply of elements other thanP could also constrainN fixation, if
N fixers require more of a particular element than do nonfixers. Molybdenum
and iron are perhaps the most interesting of these other elements; both are
necessary to the functioning of the nitrogenase enzyme, andMo in particular
is not even required by nonfixers that use ammonium as their soleN source.
There is some evidence from both marine and terrestrial ecosystems that
additions ofMo sometimes can stimulate rates ofN fixation (Howarth &
Cole 1985; Silvester 1989).

Control by grazing

The growth of many grazing animals is limited by access to protein more
than it is by access to energy.N fixers are systematically richer in protein
than nonfixers, and are often preferred by both vertebrate and invertebrate
herbivores (Hulme 1994, 1996). Selective grazing onN fixers could suppress
N fixation and thereby keepN availability from equilibrating with the supply
of other resources, as Ritchie and Tilman (1995) demonstrated in old-fields
and savannas at Cedar Creek, Minnesota. Alternatively,N fixers could main-
tain more chemical defenses against grazers than nonfixers, reducing losses
to grazing at the expense of effectively raising the cost ofN fixation.

We simulated the effects of grazing by defining a fraction of the nonfixers’
biomass that is consumed annually (grazefrac). We established a higher
grazing pressure onN fixers using a multiple of this fraction. For the runs
here, we set grazing on the nonfixers at 1% and grazing on fixers at 5%. We
assume that all of theN andP , and half of theC, in grazed plant tissue is
transferred to the soil organic pool; the remainder of theC is respired by
grazers.

The effects of differential grazing on fixers versus nonfixers are summa-
rized in Figures 3(g) and 3(h); pathways ofN loss have little effect on
responses to grazing. Relative to the control case (Figures 2(a, b)), grazing
reduces the peak biomass ofN fixers by about 35%; it thereby delays the
whole system’s approach to equilibrium by about 20 years. The equilibrium
biomass of the nonfixer is reduced slightly by the direct effects of grazing.
More interestingly, because grazers return material with lowerC:N andC:P
ratios to the soil than does litterfall, grazing causes substantial net mineral-
ization ofN from soil organic matter, and consequently increased growth of
the nonfixer, to begin almost 10 years earlier than in the control case.
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The combined model

Results for the complete model, including the effects of shading, phosphorus,
and grazing, are summarized in Figures 3(i) and 3(j). All three constraints
contribute to simulated biomass dynamics during long-term ecosystem devel-
opment. Given our set of parameters,P limitation and grazing interact to
reduce the biomass of theN fixer in young systems by more than two-fold,
in comparison with the control case. After about 125 years, suppression of
N fixers by shading becomes the dominant effect, shaping the biomass of
fixers directly, and that of nonfixers through consequentN limitation. The
approach to equilibrium is much slower whereP and grazing reduce the
early pulse ofN fixation (compare Figures 3(c) and 3(d) with Figures 3(i)
and 3(j)), but ultimately the equilibrium biomass of fixers and nonfixers is
set by shading. Where only excessN is lost from ecosystems (Figure 3(i)),
sustained inputs of fixedN from precipitation drive a gradual increase inN
capital that eventually offsets all but marginalN limitation. However, where
N can also be lost by other pathways (Figure 3(j)), NPP and biomass can be
constrained substantially byN supply, indefinitely.

We can also use the combined model to evaluate other ecosystem-
level processes. Net primary production (NPP) varies similarly to biomass
(Figures 4(a, b)); indeed, except for grazing, biomass is directly proportional
to the 10-year running mean of NPP. Nitrogen fixation (Figures 4(c, d))
is scaled directly to the NPP ofN fixers, through their fixedC:N ratio.
The net mineralization ofN and P lag early in ecosystem development
(Figures 4(e, f)), as a consequence of microbial immobilization during the
processing of litter that hasC:N andC:P ratios well above the critical values
for mineralization. After that early lag,N mineralization is the major cause
of variation in the biomass and production of nonfixers. The decrease in net
mineralization associated withN fertilization at 300 years represents a tran-
sient increase in immobilization in response to increased inputs of litter with
fixedC:N andC:P ratios. To the extent that the inherent decomposability of
litter increases and/orC:nutrient ratios decrease following fertilization, real
systems might not experience this reduced net mineralization. There is mixed
evidence concerning the effects of fertilization on litter decomposability, and
good evidence that fertilization withN orP generally decreasesC:N orC:P
ratios in litter (Berg & Tamm 1991; Prescott et al. 1993; O’Connell 1994).

Effects of fire

The constraints toN fixation modeled above effectively confine the growth
of N fixers to early stages of soil and ecosystem development. Are these
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Figure 4. Rates of other ecosystem processes simulated using the combined model from
Figures 3(i) and (j), with alternative pathways ofN losses as in Figure 3. (a, b) Net primary
production (NPP) of nonfixers (solid lines) and fixers (dashed line). (c, d) Rates ofN fixation.
(e, f) Net mineralization ofN (solid lines) andP (dashed lines).

constraints so severe thatN fixers are excluded under any reasonable circum-
stances? We evaluated this question (and the temporal dynamics of the model)
by simulating the effects of fire onN fixers and nonfixers. We assume that fire
volatilizes all of theC andN contained in fixers and nonfixers; all of theP
returns to soil. These assumptions overstate the contrast betweenN andP –
in practice, some plantN is retained within systems and someP is volatilized
(Ojima et al. 1994; Kauffman et al. 1994) – but they do capture an important
difference betweenN andP , and they are readily modified.

All fire simulations were carried out using the combined model
(Figure 3(j)), includingN losses by pathways other than excess available
N , except that we evaluated the consequences of including versus excluding
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Figure 5. Effects of simulated fire on the biomass of nonfixers (solid lines) and fixers (dashed
lines), in the combined model with (b, d) and without (a, c) grazing, using levels of 1% on
nonfixers and 5% onN fixers. (a, b) A 100-year fire return interval, beginning after 300 y. (c,
d) A 20-year fire return interval.

grazing. We tested two fire frequencies – fires every 20 versus every 100
years, in both cases initiating fire after 300 years of ecosystem develop-
ment. In the model, the first fire has the effect of removing nonfixers, and
so allowing colonization by fixers; it also temporarily removes shade limit-
ation and enhancesP availability. Fixers respond with a pulse of growth
and activity (Figure 5). With a fire-return interval of 100 years or more,
nonfixers eventually replaceN fixers; the pulse of fixers following fire is
briefer and smaller than that occurring at the beginning of ecosystem devel-
opment, because substantial fixedN remains in the soil after fire. With these
long fire-return intervals, fixers add sufficientN to sites to replace that lost
during and after fire; subsequent fires give rise to the same dynamics as the
first one (Figures 5(a, b)).

Despite the loss of fixedN from biomass, fire causes a large but brief pulse
of netN mineralization (not shown). This increase is a consequence of the
reduction in litter inputs after a fire, leading to decreased immobilization of
N and an increase in net mineralization. The combination of reduced plant
uptake and decreased immobilization further causes a large but brief increase
in losses of ‘excess’ availableN from the system following fire (not shown),
in addition to that lost during fire. The magnitude of this simulated pulse
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of availableN suggests that the model probably overestimatesN fixation
immediately following a fire, at least when the fire-return interval is long; in
practice, fixers may grow but their fixation ofN is likely to be repressed in
the presence of so much availableN .

With more frequent fires, the quantity ofN fixed between fires is insuf-
ficient to replace theN lost during and following fire (Figures 5(c, d)). The
first fire causes a large pulse of netN mineralization, with consequent rapid
growth of the nonfixer. However, losses ofN are greater than inputs over
the first 20-year cycle, and so the pulse ofN grows smaller andN becomes
more limiting following the second and subsequent fires. As a consequence,
N fixers come to dominate NPP and biomass in the short interval between
fires.

Differential grazing onN fixers substantially constrains their biomass
and activity following fire. With long fire-return intervals, grazing substan-
tially reduces the magnitude and duration of the post-fire pulse, and thereby
sustainsN limitation during post-fire succession (Figure 5(b)). With short
fire-return intervals, fixers remain more abundant than nonfixers, but grazing
reduces their peak biomass substantially (Figure 5(d)).

Effects of elevated CO2

Increasing concentrations ofCO2 could have multiple effects on the produc-
tion and biomass ofN fixers and on constraints to their activity, as these are
modeled here. Most of the direct effects should reduce constraints toN fixa-
tion, but several indirect effects could reinforce them. Predicting how these
direct and indirect effects will work on balance will require determination of
accurate coefficients, not just reasonable mechanisms, for the processes that
constrainN fixation. However, we believe that it is useful to simulate some
of the direct effects of increasingCO2 in an exploratory way.

We modeled the consequences of an increase inCO2 (say a doubling)
by: (1) increasing theC:N ratio of nonfixers by a factor of 1.25, thereby
increasing their potential NPP; (2) increasing the potential NPP of fixers
by 1.5, to simulate a greater productive capacity under elevatedCO2; (3)
decreasing the cost ofN acquisition by fixers by 1.5; and (4) shifting to the
right the curve describing the effect of shading by nonfixers on growth of
fixers, by dividing the coefficients in Equation (4) by 1.5.

We implemented these changes to the combined model, includingN

losses equal to 5% of net mineralization (Figure 3(j)), by introducing the
effect of elevatedCO2 200 years into the run (Figure 6). The NPP and biomass
of nonfixers responds immediately to elevatedCO2, as a consequence of
their increasedC:N ratios (as is observed in many growth experiments).



196

0 100 200 300 400 500
0

20000

40000

60000

Year

B
io

m
a

s
s
 (

k
g

 h
a

-1
)

Figure 6. Effects of an instantaneous increase inCO2 at 200 y, on biomass of nonfixers (solid
lines) andN fixers (dashed lines), using the conditions in Figure 3(j) as a base. Effects of
increasedCO2 on the fixers are simulated by decreasing the fixer’s costs ofN acquisition,
shifting the curve describing effects of shading, and increasing potential NPP by a factor of
1.5; the potential NPP of nonfixers is increased by raising theirC:N ratio by a factor of 1.25.
AddedCO2 stimulates the growth of nonfixers immediately, but this response decays asN is
immobilized in litter with a higherC:N ratio.N fixers respond more slowly, but ultimately
they increaseN supply in the system as a whole, and drive a substantial increase in production,
biomass, andC storage in soil.

However, the initial positive response declines over decades as a result of
increased immobilization ofN by higherC:N litter – just as is predicted by
most ecosystem models (cf. McMurtrie & Comins 1996). More importantly,
N fixers then respond gradually with a substantial pulse of growth andN

fixation (Figure 6). Over more than a century, this pulse adds enough fixed
N to increase the NPP and biomass of nonfixers by more than 40%; soilC

andN also are increased. Under the particular conditions we evaluated, the
most important reason for theN-fixers’ response is the shift in the shade-
limitation function, which can be related directly to the increased quantum
yield of photosynthesis with increasedCO2.

We believe that Figure 6 represents the most likely direction of response to
the direct effects ofCO2; understanding the details and the magnitude of those
responses will require additional work. However, increasedCO2 also has
indirect effects, and some of these may suppress the growth ofN fixers. For
example, theC:N ratios ofN fixers may increase less than those of nonfixers,
and grazers’ relative preference forN fixers consequently may be reinforced.
Also, increasedCO2 may lead to a denser canopy of nonfixers, offsetting
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any increased shade tolerance of the fixers. We believe that evaluating both
the direct and the indirect effects of elevatedCO2 on all of the mechanisms
simulated here would be rewarding.

Conclusions

The model described herein demonstrates that it is possible to simulate an
ecosystem that contains active symbioticN fixers and that receives fixed
N in precipitation, and yet remains substantiallyN-limited at equilibrium.
The necessary conditions are (1) that someN is lost from the system even
whenN is not available in excess of biological requirements; and (2) that
some process(es) limit the growth ofN fixers to a greater extent than that of
nonfixers, over and above simple priority in access to resources. A number of
ecosystem models incorporate the first condition. For example, Century simu-
latesN trace gas emissions as a constant fraction of grossN mineralization
(Parton et al. 1996); the multiple element limitation model (MEL) simulates
relatively large losses of availableN even when it is strongly limiting to
plant and microbial activity (Rastetter et al. 1997). For the second condi-
tion, while mechanisms that could enhance or constrainN fixers have been
discussed (cf. Vitousek & Howarth 1991), they are not widely incorporated
into ecosystem models. Century generally makes overallN input a function
of precipitation, although it can make use ofN :P ratios (Parton et al. 1993);
Rastetter et al. (1997) evaluated MEL with precipitation inputs only versus
essentially unlimitedN inputs, as a means to determine the potential effects
of N fixation, but did not evaluate controls or constraints onN fixation.

In this analysis, we show that simple formulations of the differential
effects of shading, limitation byP , and grazing all could suppress the growth
of N fixers relative to nonfixers, and so could reinforceN limitation. We
believe that this model provides a framework for evaluating constraints toN

fixation, and so for analyzing the causes, nature, and consequences ofN limit-
ation in terrestrial ecosystems. Further, we think that the combined model,
including some losses ofN in proportion to mineralization (Figure 3(j)),
is a reasonable representation of the mechanisms and dynamics (if not
process rates and magnitudes) that are important in drivingN limitation
in mesic-to-wet, temperate and boreal forest ecosystems. Tropical forests
appear to function quite differently, both in being relatively enriched inN

(Martinelli et al. this volume) and in supporting relatively abundant legumes
in closed-canopy forests (cf. McKey 1994).

To the extent that this model incorporates mechanisms that causeN

limitation, it also provides a framework for suggesting howN fixation and
limitation are likely to interact with components of human-caused global
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environmental change. Where the mechanisms simulated here (and/or others)
combine to constrainN fixation in temperate and boreal forests, anthropo-
genic inputs ofN have the potential to alter the growth of andC storage in
those forests profoundly. Similarly, the direct effects of increasedCO2 onN
fixers could increase long-term forest production andC storage substantially,
where they are not offset by indirect effects that suppressN fixation.

Acknowledgements

This research was supported by NSF grant DEB 96-28803 to PMV and NSF
DEB 97-27059 to CBF, and by grants from the Andrew W. Mellon Founda-
tion. We thank Lawrence Bond for assistance with manuscript preparation,
and S. Hobbie, R.W. Howarth, L. Kurina, J. Neff, and L. Olander for
comments on earlier drafts of the manuscript.

References

Arnone JA III & Gordon JC (1990) Effect of nodulation, nitrogen fixation andCO2 enrichment
on the physiology, growth and dry mass allocation of seedlings ofAlnus rubraBong. New
Phyt. 116: 55–66

Berendse F, Aerts R & Bobbink R (1993) Atmospheric nitrogen deposition and its impact on
terrestrial ecosystems. In: Vos CC & Opdam P (Eds) Landscape Ecology of a Stressed
Environment (pp 104–121). Chapman and Hall, England

Berg B & Tamm CO (1991) Decomposition and nutrient dynamics of litter in long-term
optimum nutrition experiments. Scand J. Forest Res. 6: 305–321

Bonan GB (1990) Carbon and nitrogen cycling in North American boreal forests. II.
Biogeographic patterns. Can. J. Forest Res. 20: 1077–1088

Bowman WD, Theodose TA, Schardt JC & Conant RT (1993) Alpine tundra primary
production constrained by nutrient availability. Ecology 74: 2085–2097

Chapin FS III (1980) The mineral nutrition of wild plants. Ann. Rev. Ecol. Syst. 11: 233–260
Chapin FS III, Vitousek PM & Van Cleve K (1986) The nature of nutrient limitation in plant

communities. Am. Nat. 127: 48–58
Chapin FS III, Walker LR, Fastie CL & Sharman LC (1994) Mechanisms of primary

succession following deglaciation at Glacier Bay, Alaska. Ecol. Monogr. 64: 149–175
Crews TE (1993) Phosphorus regulation of nitrogen fixation in a traditional Mexican

agroecosystem. Biogeochem. 21: 141–166
Crews TE, Kitayama K, Fownes JH, Riley RH, Herbert DA, Mueller-Dombois D & Vitousek

PM (1995) Changes in soil phosphorus fractions and ecosystem dynamics across a long
chronosequence in Hawaii. Ecology 76: 1407–1424

Curtis PS (1996) A meta-analysis of leaf gas exchange in trees grown under elevated carbon
dioxide. Plant Cell Env. 19: 127–137

Díaz S, Grime JP, Harris J & McPherson E (1994) Evidence of a feedback mechanism limiting
plant response to elevated carbon dioxide. Nature 364: 616–617



199

Field CB, Chapin FS III, Matson PA & Mooney HA (1992) Responses of terrestrial ecosys-
tems to the changing atmosphere: a resource-based approach. Ann. Rev. Ecol. Syst. 23:
201–235

Finn GA & Brun WA (1982) Effect of atmosphericCO2 enrichment on growth, non-structural
carbohydrate content, and root nodule activity in soybean. Plant Phys. 69: 327–331

Franck VM, Hungate BA, Chapin FS III & Field CB (1997) Decomposition of litter produced
under elevatedCO2: dependence on plant species and nutrient supply. Biogeochem. 36:
223–237

Galloway, JN, Schlesinger WH, Levy H II, Michaels A & Schnoor JL (1995) Nitrogen fixa-
tion: atmospheric enhancement – environmental response. Glob. Biogeochem. Cyc. 9:
235–252

Gifford RM (1992) Interaction of carbon dioxide with growth-limiting environmental factors
in vegetation productivity: implications for the global carbon cycle. Adv. Bioclimat. 1:
25–58

Gutschick VP (1987) A Functional Biology of Crop Plants. Timber Press, Portland, U.S.A.
Hedin LO, Armesto JJ & Johnson AH (1995) Patterns of nutrient loss from unpolluted, old-

growth temperate forests: evaluation of biogeochemical theory. Ecology 76: 493–509
Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N, Lajtha K, Downing JA, Elmgren

R, Caraco N, Jordan T, Berendse F, Freney J, Kudeyarov V, Murdoch P & Zhao-liang Z
(1996) Regional nitrogen budgets and riverineN , andP fluxes for the drainages to the
North Atlantic Ocean: Natural and human influences. Biogeochem. 35: 181–226

Howarth RW & Cole JJ (1985) Molybdenum availability, nitrogen limitation & phytoplankton
growth in natural waters. Science 229: 653–655

Hulme PE (1994) Seedling herbivory in grassland: relative impact of vertebrate and inverte-
brate herbivores. J. Ecology 82: 873–880

Hulme PE (1996) Herbivores and the performance of grassland plants: a comparison of
arthropod, mollusc and rodent herbivory. J. Ecology 84: 43–51

Hunt HW, Ingham ER, Coleman DC, Elliott ET & Reid CPP (1988) Nitrogen limitation of
production and decomposition in prairie, mountain meadow, and pine forest. Ecology 69:
1009–1016

Hunt R, Hand DW, Hannah MA & Neal AM (1991) Response toCO2 enrichment in 27
herbaceous species. Funct. Ecology 5: 410–421

Hunt R, Hand DW, Hannah MA & Neal AM (1994) Further responses toCO2 enrichment in
British herbaceous species. Funct. Ecology 7: 661–668

Idso KE & Idso SB (1994) Plant responses to atmosphericCO2 enrichment in the face of
environmental constraints: a review of the past 10 years’ research. Ag. Forest Meteor. 69:
153–202

Kauffman JB, Cummings DL & Ward DE (1994) Relationships of fire, biomass & nutrient
dynamics along a vegetation gradient in the Brazilian cerrado. J. Ecology 82: 519–531

Koch GW & Mooney HA (1996) The response of terrestrial ecosystems to elevatedCO2:
a synthesis and summary. In: Mooney HA & Koch GW (Eds) Carbon Dioxide and
Terrestrial Ecosystems (pp 415–429). Academic Press, San Diego, U.S.A.

Larigauderie A, Hilbert DW & Oechel WC (1988) Effect ofCO2 enrichment and nitrogen
availability on resource acquisition and resource allocation in a grass,Bromus mollis.
Oecol. 77: 544–549

Leadley PW & Körner C (1996) Effects of elevatedCO2 on plant species dominance in a
highly diverse calcareous grassland. In: Körner C & Bazzaz FA (Eds) Carbon Dioxide,
Populations & Communities (pp 159–175). Academic Press, San Diego, U.S.A.



200

Lee JA, Harmer R & Ignaciuk R (1983) Nitrogen as a limiting factor in plant communities.
In: Lee JA, McNeill S & Rorison IH (Eds) Nitrogen as an Ecological Factor (pp 95–112).
Blackwell Scientific, Oxford

Lloyd J & Farquhar GD (1996) TheCO2 dependence of photosynthesis, plant growth
responses to elevated atmosphericCO2 concentrations and their interaction with soil
nutrient status. I. General principles and forest ecosystems. Funct. Ecology 10: 4–33

Magill AH, Aber JD, Hendricks JJ, Bowden RD, Melillo JM & Steudler P (1997) Biogeo-
chemical response of forest ecosystems to simulated chronic nitrogen deposition. Ecol.
Applic. 7: 402–415

Martinelli LA, Piccolo MC, Townsend AR & Vitousek PM. Nitrogen stable isotope composi-
tion of leaves and soil: tropical versus temperate forests. Biogeochem., this volume

Matson PA, McDowell WH, Townsend AR & Vitousek PM. The globalization ofN
deposition: ecosystem-level consequences. Biogeochem., this volume

McGuire AD, Melillo JM, Joyce LA, Kicklighter DW, Grace AL, Moore B III & Vorosmarty
CJ (1992) Interaction between carbon and nitrogen dynamics in estimating net primary
productivity for potential vegetation in North America. Glob. Biogeochem. Cyc. 6: 101–
124

McKey D (1994) Legumes and nitrogen: the evolutionary ecology of a nitrogen-demanding
lifestyle. In: Sprent JL & McKey D (Eds) Advances in Legume Systematics: Part 5 – The
Nitrogen Factor (pp 211–228). Royal Botanic Gardens, Kew, England

McMurtrie RE & Comins HN (1996) The temporal response of forest ecosystems to doubled
atmosphericCO2 concentration. Glob. Change Biol. 2: 49–59

Melillo JM, Prentice IC, Farquhar GD, Schulze E-D & Sala OE (1996) Terrestrial ecosystems:
Biotic feedbacks to climate. In: Houghton J, Meira LG Filho, Callander BA, Harris N,
Kattenberg A & Maskell K (Eds) Intergovernmental Panel on Climate Change 1995:
Scientific Assessment of Climate Change (pp 447–481). Cambridge University Press,
Cambridge

Miller HG (1981) Forest fertilization: some guiding concepts. Forestry 54: 157–167
Newman EI (1995) Phosphorus inputs to terrestrial ecosystems. J. Ecology 83: 713–726
Nixon SW, Ammerman JW, Atkinson LP, Berounsky VM, Billen G, Boicourt WC, Boyton

WR, Church TM, Ditoro DM, Elmgren R, Garber JH, Giblin AE, Jahnke RA, Owens NPJ,
Pilson MEQ & Seitzinger SP (1996) The fate of nitrogen and phosphorus at the land-sea
margin of the North Atlantic Ocean. Biogeochem. 35: 141–180

O’Connell AM (1994) Decomposition and nutrient content of litter in a fertilized eucalypt
forest. Biol. Fert. Soils 17: 159–166

Oechel WC, Cowles S, Grulke N, Hastings SJ, Lawrence B, Prudhomme T, Riechers G, Strain
B, Tissue D & Vourlitis G (1994) Transient nature ofCO2 fertilization in Arctic tundra.
Nature 371: 500–503

Ojima DS, Schimel DS, Parton WJ & Owensby CE (1994) Long- and short-term effects of
fire on nitrogen cycling in tallgrass prairie. Biogeochem. 24: 67–84.

O’Neill EG & Norby RJ (1996) Litter quality and decomposition rates of foliar litter produced
underCO2 enrichment. In: Koch GW & Mooney HA (Eds) Carbon dioxide and terrestrial
ecosystems (pp 87–104). Academic Press, San Diego, U.S.A.

Parton WJ, Scurlock JMD, Ojima DS, Gilmanov TG, Scholes RJ, Schimel DS, Kirchner T,
Menaut J-C, Seastedt T, Garcia Moya E, Kamnalrut A & Kinyamarie JI (1994) Observa-
tions and modelling of biomass and soil organic matter dynamics for the grassland biome
worldwide. Glob. Biogeochem. Cyc. 7: 785–809



201

Parton WJ, Mosier AR, Ojima DS, Valentine DW, Schimel DS, Weier K & Kulmala AE (1996)
Generalized model forN2 andN2O production from nitrification and denitrification.
Glob. Biogeochem. Cyc. 10: 401–412

Pate JS (1986) Economy of symbioticN fixation. In: Givnish TJ (Ed) On the Economy of
Plant Form and Function (pp 299–325). Cambridge University Press, Cambridge, U.K.

Phillips DA, Newell KD, Hassell SA & Felling CE (1976) The effect ofCO2 enrichment on
root nodule development and symbioticN2 reduction inPisum satiuum. L. Am. J. Botany
63: 356–362

Poorter H (1994) Interspecific variation in the growth response of plants to an elevated ambient
CO2 concentration. Vegetatio 104/105: 77–97

Poorter H, Roumet C & Campbell BD (1996) Interspecific variation in the growth response
of plants to elevatedCO2: A search for functional types. In: Körner C & Bazzaz FA (Eds)
Carbon Dioxide, Populations & Communities (pp 375–412). Academic Press, San Diego,
U.S.A.

Prescott CE, McDonald MA, Gessel SP & Kimmins JP (1994) Long-term effects of sewage
sludge and inorganic fertilizers on nutrient turnover in litter in a coastal Douglas fir forest.
Forest Ecol. Manage. 59: 149–164

Reich PB, Grigal DF, Aber JD & Gower ST (1997) Nitrogen mineralization and productivity
in tree stands on diverse soils. Ecology 78: 335–347

Rastetter EB, Agren GI & Shaver GR (1996) Responses to increasedCO2 concentration inN-
limited ecosystems: application of a balancing-nutrition, coupled-element-cycles model.
Ecol. Applic. 7: 444–460

Ritchie ME & Tilman D (1995) Responses of legumes to herbivores and nutrients during
succession on a nitrogen-poor soil. Ecology 76: 2648–2655

Ryle GJA, Powell CE & Davidson IA (1992) Growth of white clover, dependent onN2
fixation, in elevatedCO2 and temperature. Ann. Botany 70: 221–228

Schimel DS, Braswell BH, McKeown R, Ojima DS, Parton WJ & Pulliam W (1996) Climate
and nitrogen controls on the geography and time-scales of terrestrial biogeochemical
cycling. Glob. Biogeochem. Cyc. 10: 677–692

Schimel DS, Brassell BH & Parton WJ (1997) Equilibration of the terrestrial water, nitrogen,
and carbon cycles. PNAS 94: 8280–8283

Schindler DW (1977) Evolution of phosphorus limitation in lakes. Science 195: 260–262
Seastedt TR, Briggs JM & Gibson DJ (1991) Controls of nitrogen limitation in tallgrass

prairie. Oecol. 87: 72–79
Shaver GR & Chapin FS III (1980) Response to fertilization by various plant growth forms in

an Alaskan tundra: nutrient accumulation and growth. Ecology 61: 662–675
Silvester WB (1989) Molybdenum limitation of asymbiotic nitrogen fixation in forests of

Pacific Northwest America. Soil Biol. Biochem. 21: 283–289
Smith VH (1992) Effects of nitrogen:phosphorus supply ratios in nitrogen fixation in

agricultural and pastoral systems. Biogeochem. 18: 19–35
Thomas RB, Richter DD, Ye H, Heine PR & Strain BR (1991) Nitrogen dynamics and growth

of seedlings of anN-fixing tree (Gliricidia sepium (Jacq.) Walp.) exposed to elevated
atmospheric carbon dioxide. Oecol. 88: 415–421

van Bremen H & de Wit CT (1983) Rangeland productivity and exploitation in the Sahel.
Science 221: 1341–1347

Van Cleve K, Chapin FS III, Dyrness CT & Viereck LA (1991) Element cycling in taiga
forests: state-factor control. BioSci. 41: 78–88



202

VEMAP members (1995) Vegetation/ecosystem modeling and analysis project: Comparing
biogeochemistry models in a continental-scale study of terrestrial ecosystem responses to
climate change andCO2 doubling. Glob. Biogeochem. Cyc. 9: 407–437

Vitousek PM & Howarth RW (1991) Nitrogen limitation on land and in the sea: How can it
occur? Biogeochem. 13: 87–115

Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, Schindler DW, Schlesinger
WH & Tilman D (1997a) Human alteration of the global nitrogen cycle: sources and
consequences. Ecol. Applic. 7: 737–750

Vitousek PM, Chadwick OA, Crews T, Fownes J, Hendricks D & Herbert D (1997b) Soil and
ecosystem development across the Hawaiian Islands. GSA Today 7(9): 1–8

Vitousek PM, Hedin LO, Matson PA, Fownes JH & Neff J (1998) Within-system element
cycles, input-output budgets, and nutrient limitation. In: Pace M & Groffman P (Eds)
Successes, Limitations, and Frontiers in Ecosystem Science (pp 432–452). Springer-
Verlag, Berlin, Germany

Walker TW & Syers JK (1976) The fate of phosphorus during pedogenesis. Geoderma 15:
1–19


