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Abstract

We used a simple model of carbon-nitrogen (C-N) interactions in terrestrial ecosystems
to examine the responses to elevated CO, and to elevated CO, plus warming in ecosystems with
the same total nitrogen loss but that differed in the ratio of dissolved organic nitrogen (DON) to
dissolved inorganic nitrogen (DIN) loss. We postulate that DIN losses can be curtailed by higher
N demand in response to elevated CO, but that DON losses cannot. We also examined

simulations in which DON losses were held constant, were proportional to the amount of soil



organic matter, were proportional to the soil C:N ratio, or were proportional to the rate of
decomposition. We found that the mode of N loss made little difference to the short-term (<60
years) rate of carbon sequestration by the ecosystem, but high DON losses resulted in much
lower carbon sequestration in the long term than did low DON losses. In the short term, C
sequestration was fueled by an internal redistribution of N from soils to vegetation and by
increases in the C:N ratio of soils and vegetation. This sequestration was about three times
larger with elevated CO, and warming than with elevated CO; alone. After year 60, C
sequestration is fueled by a net accumulation of N in the ecosystem and the rate of sequestration
was about the same with elevated CO, and warming as with elevated CO, alone. With high
DON losses, the ecosystem either sequestered C slowly after year 60 (when DON losses were
constant or proportional to soil organic matter) or lost C (when DON losses were proportional to
the soil C:N ratio or to decomposition). We conclude that changes in long-term C sequestration

depend not only on the magnitude of N losses but on the form of those losses as well.

Introduction

Terrestrial ecosystems are thought to sequester about 25% of the carbon (C) currently
emitted through fossil-fuel burning and land-use change (IPCC 2001). It is hoped that these
ecosystems will continue to be a major sink for C in the future and thereby mitigate further
increases in CO; in the atmosphere. However, productivity in terrestrial ecosystems is strongly
constrained by the dynamics of the nitrogen (N) cycle (Vitousek et al. 1998) and C sequestration
will likely require a net accumulation of N in these ecosystems. The input of N to ecosystems
has been widely studied, especially from the perspective of atmospheric N deposition (Galloway

et al. 2003, 1995, Ollinger et al. 1993) and an understanding of the controls on biological N,



fixation is emerging (Cleveland et al. 1999, Rastetter et al. 2001, Vitousek et al. 2002).
However, surprisingly little is known about the form, magnitude, or controls of N losses from
terrestrial ecosystems (Pellerin et al. in press, McDowell 2003, Neff et al. 2003, Aber et al. 2002,
Hedin et al. 1995, Sollins and McCorrison 1981). In this paper we argue that the amount of C
sequestered in terrestrial ecosystems in response to elevated CO, depends on the fraction of N
losses that are in the form of dissolved organic N (DON) versus dissolved inorganic N (DIN);
because plants can curtail DIN losses as N demand increases in response to elevated CO,, but
plants have little control over DON losses, the potential for accumulating N by limiting N losses
should be small if DON losses are high. Thus, the potential for sequestering C in response to

elevated CO; should be small if a large fraction of the N losses are as DON.

Modifications to the Standard Model

Our assessment of C sequestration in relation to DON losses relies upon three
modifications to what has been called "the standard model” of N accumulation in terrestrial
ecosystems (Vitousek et al. 1998). First, as suggested by Vitousek et al. (1998) and Neff et al.
(2003), the standard model needs to be modified to include DON losses. Second, the standard
model needs to be modified to accommodate an increase in N demand by both plants and
microbes in response to elevated CO, levels. Finally, the dynamics of DIN in the standard model
have to be modified to reflect the fact that N uptake by microorganisms, N uptake by plants, and
N losses from the ecosystems happen simultaneously rather than sequentially. These changes are
discussed in more detail below.

There are also several assumptions we have made to simplify our analysis. The first

relates to the growing evidence that plants can use organic forms of N (Schimel and Bennett



2003, Neff et al. 2003, McKane et al. 2002, Schimel and Chapin 1996, Kieland 1994, Chapin et
al. 1993). We will circumvent this complication by lumping plant-available forms of DON into
the DIN pool and use "DON" to refer only to unavailable forms. By lumping plant-available
forms of DON into the DIN pool, we are also assuming that these forms of DON are available to
soil microbes. We will further simplify our analysis by assuming that any additional DON
available to microbes is retained in the ecosystems and can therefore be lumped with the soil
organic N (Lispon and Monson 1998, Perakis and Hedin 2001). Thus, we assume that the DON
lost from ecosystems is in a form that is unavailable to both plants and microbes. We also
assume that there is no change in the ratio of NH,4 to NOs in soil solution so that the DIN losses
can be represented as proportional to the total DIN in soil solution. Finally, we will lump

gaseous N losses (e.g., denitrification) in with DIN losses.

DON losses: Until recently, DON losses from terrestrial ecosystems have been largely
ignored (Goodale et al. 2000, Campbell et al. 2000) and were not incorporated into the standard
model of N accumulation (Vitousek et al. 1998). Estimates that infer total N losses from stream
chemistry indicate that DON losses range from less than 20% to greater than 80% of those losses
(e.g., Perakis and Hedin 2002, Qualls et al. 2002, Buffam et al. 2001, Goodale et al. 2000,
McHale et al. 2000). Because of retention and processing of DON and DIN in the vadose zone,
ground water, riparian areas, and streams (Kroeger 2003, Hedin et al 1998, Newbold et al. 1981,
1982), stream water chemistry probably does not faithfully reflect the chemistry of water leaving
the rooting zone of upland areas. For example, Currie et al. (1996) found that DON accounted
for over 97% of the N in zero-tension lysimeters at the base of the rooting zone of a previously

logged New England forest, whereas Goodale et al. (2000) found that on average DON



accounted for only 67% of the N in steams draining previously logged New England forests. In
a southern hardwood forest, Qualls et al. (2002) found N fluxes to be 92% DON in the B
horizon, 75% in the C horizon, and 79% in the stream. In addition, none of these studies
quantify the fraction of DON that might be available to either plants or microbes. Thus, although
DON losses appear to be important, the relative losses of DIN versus DON from upland
ecosystems are far from certain (McDowell 2003). Our purpose here is not to resolve this
uncertainty but rather to assess the consequences of DIN versus DON losses on the potential for

C sequestration in terrestrial ecosystems in response to elevated CO, concentrations.

Increased N demand in response to elevated CO,: The standard model of N
accumulation is formulated from the perspective of a single limiting resource (i.e., N) and
therefore does not address the effects of other resources, like CO,, on N dynamics. An alternate
perspective is provided by the "functional equilibrium hypothesis™ (Farrar and Jones 2000,
Chapin et al. 1987, Bloom et al. 1985), which predicts that increased CO, concentrations will
free plant resources currently allocated toward C acquisition and allow them to be reallocated
toward the acquisition of other resources like N. This hypothesis has been corroborated in
several studies on tree saplings, in which allocation to fine roots increased in response to
elevated CO; (e.g., Tingey et al 2000, Janssens et al. 1998, Prior et al. 1997), and has also been
observed in intact forest stands, although the response is weaker than in studies on saplings
(Pritchard et al 2001, Matamala and Schlesinger 2000). This compensatory reallocation of
internal resources should increase N-uptake potential of plants. In addition, elevated CO, should
increase the flux of C to soils in litter and root exudates and thereby increase microbial N

demand (Johnson et al. 2001, Mikan et al. 2000). These responses of plants and microbes to



elevated CO; should decrease soil DIN concentrations and therefore decrease DIN losses,
resulting in an increase in N accumulation in the ecosystem (until enough N accumulates in the
ecosystem to meet the demand through internal N recycling). However, this mechanism for
accumulating N requires that N losses from the ecosystem be in a form that is available to plants

and microbes and will therefore not work if N is lost as an unavailable form of DON.

Simultaneity of DIN uptake and loss processes: In the standard model of N
accumulation in terrestrial ecosystems (Vitousek et al. 1998), inorganic N entering the soil by
gross mineralization or deposition is assumed to satisfy microbial needs first (immobilization),
then to satisfy plant needs (plant uptake), and only then is N lost from the ecosystem. This
heuristic simplification arose for two reasons. First, by assuming microbes have first access to
the available N, the model could be formulated directly on net N mineralization, which is readily
estimated, and there would be no need to estimate gross mineralization, which is far more
difficult (Nadelhoffer et al. 1985, Hart et al. 1994, Bosatta and Agren 1995). Second, by
assuming N losses only occur after plant requirements are met, the model could focus on N-
breakthrough dynamics associated with N saturation (Aber et al. 1998). In an ecosystem
approaching N saturation, the rate of N inputs as net mineralization plus deposition is higher than
plant requirements. Nitrate therefore builds up in the soil, which results in accelerated N losses
through denitrification and leaching of the highly mobile nitrate ions.

These simplifications in the standard model could be problematic for analyses of
ecosystem response to elevated CO, because they do not allow for changes in the competitive
interactions between plants and microbes for available N or for decreases in ecosystem N losses

in response to increased N demand by plants and microbes. Although soil microbes clearly have



a substantial competitive advantage over plants for acquiring N, that advantage is not so
overwhelming as to exclude plant N uptake until microbial N demand is fully satisfied. Nor are
plants so effective at acquiring N that they can completely shut off DIN losses from the
ecosystem. Thus, as CO, increases, plant N demand and C fluxes to the soil should increase,
which should result in a shift in the relative rates of plant uptake, microbial immobilization, and
ecosystem losses. To account for this shift in relative rates, the three processes have to be
modeled as occurring simultaneously, a perspective that has been greatly facilitated by the
development of stable isotope techniques (e.g., Perakis and Hedin 2001, Nadelhoffer et al. 1999).
Our purpose here is to assess how this shift in the relative rates of plant uptake, microbial
immobilization, and ecosystem losses might differ if N losses are as DON versus DIN and how

that difference might affect C sequestration in response to elevated CO..

Analysis

Our hypothesis is easily conceptualized from the perspective of an ecosystem initially at
steady state. Under this steady state, N losses exactly equal N inputs to the ecosystem so there is
no net N accumulation. If an increase in CO, then results in higher N demand by plants and
microbes, DIN losses will decline and N will accumulate in the ecosystem until enough N builds
up and is recycled within the ecosystem to meet the higher N demand, at which point a new
steady state is reached. However, because we assume that DON losses are in a form that is
unavailable to plants and microbes, the rate of N accumulation by this mechanism cannot exceed
the initial rate of DIN loss. The actual rate of N accumulation will depend upon how low the
DIN concentrations can be decreased in response to increased N demand by plants and microbes.

The amount of C sequestered will depend upon how the accumulated N is distributed among



ecosystem components and if there is any change in the C:N ratio of those components. To
assess this potential for C sequestration we have implemented DON losses into the Multiple-
Element Limitation (MEL) model (Rastetter and Shaver 1992, Rastetter et al. 1997, 2001).

Modifications to the MEL model: The MEL model was designed to examine responses
of terrestrial ecosystems to changes in CO, and N deposition under the constraints of mass
balance on both C and N and the feedbacks associated with N recycling through the soil (Table
1). The C and N cycles are coupled through the acclimation of C and N uptake rates by
vegetation to maintain the ratio of C:N in plant tissues (Egs. 6 & 21 in Table 1) and through the
adjustment of microbial N immobilization and C and N assimilation efficiencies to maintain the
microbial C:N ratio (Egs. 24 - 29). The C:N ratio and growth of vegetation are constrained by
simple assumptions about allometry and biomass allocation to wood (Eq. 8). The DIN pool is
simultaneously available to plants, to microbes, and for losses from the ecosystem (Egs. 15, 22,
& 24). The model and its parameterization for a northeastern US mixed forest at steady state are
fully documented in Rastetter et al. (2001).

For our analysis here, we added equations to simulate both dissolved organic C (DOC)
and DON losses. We assume that the DON loss rate (Lpon, in g N m? yr™) is proportional to the

DOC loss rate (Lpoc, in g C M2 yr'); Looy = Looe /O pom » Where Ghou is the C:N ratio of the

dissolved organic matter lost from the ecosystem. We further assumed that this C:N ratio is
constant with a value of 30 g C g™* N (the average for old growth watersheds reported in Goodale
et al 2000). A more dynamic representation of the C:N ratio of dissolved organic matter must

wait for better empirical assessment of how those dynamics are regulated.



To explore various controls on DOC losses, we developed four alternate models (in the
following equations, foc IS a constant with units that differ for the four models; respectively: 1)
gCm?yrt, 2)yr!, 3)gNm?yrt and4)gCg*C).

1) Constant-loss model: Lyo. =Bpoc - This is the simplest possible model. In it we

assume a constant DOC loss rate and therefore no feedbacks from other ecosystem
properties.

2) Proportional-loss model: Ly, =Bpoc De . In this model we assume DOC losses are

proportional to the amount of organic matter in the soil (D¢), as was found by Neff et al.
(2000) for Hawaiian soils of varying ages. This formulation provides a feedback that
increases DOC losses in response to any process that increases the accumulation of soil

organic C (e.g., higher litter inputs or slower decomposition rates).

3) C:N-based model: L. =Bpoc % In this model we assume DOC losses are
N

proportional to the soil C:N ratio (Dc/Dy), as found by Aitkenhead and McDowell (2000)
for a global relationship across 15 types of biome. In this formulation, losses of DOC
again increase with increasing soil organic C, but decrease with increasing soil organic N.
The feedbacks therefore involve the complex interactions among the inputs of C and N in
litter, decomposition, and N mineralization and immobilization.

4) Rm-based model: Lyo. = BpocRem- I this model we assume DOC losses are
proportional to microbial respiration (Rcm). Brooks et al. (1999) found a similar

relationship, but for over-winter rates of soil respiration. Again DOC losses increase

with higher soil organic C stocks, but also increase with elevated temperature.



We present simulations for both high (5:1) and low (1:5) ratios of DON:DIN losses. In
the original parameterization with no DON losses (Rastetter et al. 2001), the steady-state DIN
losses were 0.6 g N m? yr™ to match the annual deposition rate. In the new model, the initial,
steady-state DON and DIN losses were 0.5 and 0.1 g N m™ yr™, for the high DON-loss
simulations, and 0.1 and 0.5 g N m? yr™, for the low DON-loss simulations (Table 2). With a
constant dissolved organic matter C:N ratio of 30 g C g™ N, the DOC losses were 15 and 3 g C
m2 yr in the high and low DON-loss simulations, respectively. To incorporate these additional
C and N losses and maintain the assumption of an initial steady state, we had to compensate by
adjusting parameters regulating the rates of other fluxes in the model (Table 2). To compensate
for the additional loss of C from the soil organic matter as DOC, we decreased microbial
respiration by decreasing v (Eq. 28), which also decreased gross N mineralization (Egs. 25 &
29), but not enough to fully compensate for the loss of N as DON. To fully compensate for the
DON losses, we increased N immobilization by increasing o (EQ. 24). Relative to the original
parameterization, the changes in y and o were about 3% for the high DON-loss simulations and
about 1% for the low DON-loss simulations. All other fluxes and all the initial C and N stocks
are as reported in Rastetter et al. (2001).

Simulations: We ran four simulations with each of the four DON-loss models. In these
simulations, we examined the responses with both high and low DON-losses to an instantaneous
doubling of CO, concentration or to an instantaneous doubling of CO, concentration and a 4°C
increase in temperature, which is the predicted temperature change for New England over the
next 100 years (IPCC 2001). All simulations began at a steady state and were allowed to run to a
new steady state following the change in CO, or CO; and temperature. By imposing an

instantaneous change in CO, or CO, and temperature, responses that act at different time scales

10



tend to be segregated as the simulation proceeds, with the responses associated with fast
mechanisms appearing first and those associated with slower mechanisms emerging later. To
assess the effects of a more realistic scenario, we ran 100-year simulations with CO, or CO, and
temperature increasing linearly over the 100 years. This gradual change tends to superimpose
the fast responses onto those acting on the decade to century time scale.

Partitioning the change in Ecosystem C: To help analyze the results of our
simulations, we partitioned the predicted change in total ecosystem C among four factors relating
to the interactions between C and N (Rastetter et al. 1992): 1) the change in the total amount of N

in the ecosystem (AC,,_ ), 2) the change in plant C:N ratio (AC ., ), 3) the change in soil C:N
ratio (AC ), and 4) the redistribution of N between plants and soil (AC _, ). Rastetter et

al. (1992) quantified these four factors plus their synergistic interaction (AC,,, ):

B.+D

AC =(AB, +AD, ) —<—&

ANp ( N N)BN +D,
ACAC:N =BNA B_C

P BN
D

ACAC:NS =DNA D_(N:
AC _ B_C_D_C (ABN)DN_(ADN)BN

P B, Dy B, +Dy

AC,. =AB NA(E—CJ + ADNA(B—CJ

N N
where B¢ and By are the C and N initially in plant biomass, D¢ and Dy are the C and N initially

in soil detritus (litter plus soil organic matter), AB, and AD,, are the changes in the plant and
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soil N, and A(E—C] and A(%J are the changes in the plant and soil C:N ratio. The changes in

N N
C associated with these factors are comprehensive and mutually exclusive; thus the total chance
in ecosystem C is the sum of the changes associated with each factors plus their interaction.
To implement these equations, we simply ran the MEL model to predict values for plant
and soil C and N stocks (i.e., Bc, Bn, D¢, and Dy), calculated the changes in the N stocks and
C:N ratios from their initial values, and plugged these values into the equations. In this way, the

cumulative effect of each factor can be assessed at any time during the simulations.

Results and Discussion

Terrestrial ecosystems display a wide range of DON versus DIN losses across ecological
and biophysical gradients, and in response to anthropogenic factors. Our simulations indicate
these N loss variations can have important consequences for ecosystem carbon accumulation
under changing CO, and temperature regimes. After 1000 years of simulated exposure to
doubled CO; alone and doubled CO, with 4°C warming, we found that ecosystems with high
DON losses accumulated 1.5 to 4 times less carbon than ecosystems with low DON losses (Table
3). Steady-state differences in carbon accumulation were even greater, with greatest effect
observed under elevated CO2 and temperature (Fig. 1).

The divergent patterns of C accumulation observed in our simulations arise from
differences in the accumulation and internal cycling of N, and involve several mechanisms acting
at different time scales. In our earlier analysis of responses to elevated CO,, but without DON
losses (Rastetter et al. 1997), we identified four distinct mechanisms acting on different time
scales: 1) the nearly instantaneous response of the photosynthetic enzyme system, 2) the 1-10

year, within-plant acclimation to reestablish a balance in the C versus N uptake rates, 3) the 50-
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80-year redistribution of N between soils and plants, and 4) the long-term accumulation of N.
For the analysis presented here, the first three of these mechanisms can be lumped into a single
category of within-ecosystem mechanisms. Our results indicate that these within-ecosystem
mechanisms dominate the dynamics during the first 60 years of the simulations and that the slow
accumulation of N by the ecosystem dominates the dynamics thereafter.

Responses during the first 60 years: During the first 60 years of the simulations with
doubled CO, concentration alone, the behaviors of the models are almost identical; there is very
little difference in the amount or rate of C sequestration between simulations with high versus
low DON losses or among the four DON-loss models (Fig. 1). During this period, differences in
N accumulation are too small to have a noticeable effect on C sequestration relative to the
within-ecosystem mechanisms for C sequestration. The major mechanism of C sequestration
during this early response is a redistribution of N from soils to vegetation (Fig. 2, Table 3).
When the CO, concentration is increased, plants compete more effectively against soil microbes
for available N so there is a net loss of N from soils and a concurrent net N gain by plants (Fig.
1). Because the C:N ratio of soils is about 25 and that of plants is about 143 (initial C:N values),
this redistribution of N results in a net increase in the amount of C stored per unit N in the
ecosystem. Although there is a net loss of N from the soil during these first 60 years, soil C
actually increases because of higher plant productivity and litterfall. The soil C:N ratio therefore
increases and also contributes to the amount of C stored per unit N in the ecosystem (Fig. 2).
Elevated CO, increased plant production and biomass, which in a mature, closed-canopy forest
results in a larger increase in woody tissues, with a high C:N ratio, than in leaves and fine roots
(i.e., active tissues), with a much lower C:N ratio. Thus, increases in the plant C:N ratio also

contributed slightly to an increase the C stored per unit N in the ecosystem.
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When the ecosystem is warmed in addition to increasing CO,, the results are again nearly
identical during the first 60 years between simulations with high versus low DON losses and
among the four DON-loss models (Fig. 1). However, N redistribution from soils to plants is
enhanced because of direct stimulation of N mineralization by warming (Fig.3). Thus the
amount of N redistributed and the resulting C accumulation are larger under both elevated CO;
and higher temperatures than elevated CO, alone. Warming also stimulated microbial
respiration, resulting in a short-lived (<10 years) decrease in soil C that was quickly
compensated for by higher litter inputs. Within about 30 years, these litter inputs increased the
soil C:N ratio above its initial value, which contributed to an increase in the C stored per unit N
in the ecosystem. The combined effects of elevated CO; and of warming-induced increases in N
availability stimulated plant production and biomass more than elevated CO; alone. Thus, with a
combination of elevated CO, and warming, increases in woody tissues and the consequent
increase in plant C:N ratio contributed significantly to an increase the C stored per unit N in the
ecosystem (Fig. 2). By year 60, the simulations with both elevated CO, and warming

sequestered about 2.5 times as much C as with only elevated CO..

Responses after year 60 with low DON losses: With low DON losses, the amount of C
stored after year 60 does not differ much among the four DON-loss models in either the
simulations with elevated CO, alone or with elevated CO, and warming. This concordance
among models results from the low cumulative losses of DON relative to the other N fluxes in
the models. The differences among DON-loss models are therefore not strongly manifested in
the rates of N accumulation. Sequestration of C continues for the duration of all low-DON-loss

simulations, although at a rate that is only about 17% of that during the first 60 years (Fig. 1,
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Table 3). Most of the C accumulation after year 60 is associated with the net accumulation of N
by the ecosystem (Fig. 2, Table 3).

For the low-DON-loss simulations, the amount of C accumulated between years 60 and
1000 is about the same with elevated CO, alone as it is with elevated CO, and warming (~ 16 kg
C m% Fig. 1, Table 3). In both sets of simulations, increases in plant and microbial N demand
draw down DIN concentrations. However, there is a diminishing return of increases in N
demand on DIN concentration as the DIN concentrations decline. Thus, although N demand
differs between the two sets of simulations, DIN concentrations decrease to about the same level
and place similar limits on plant productivity. Loss rates of DIN are therefore about the same
and the net rates of N accumulation comparable. Because N accumulation in the ecosystem is
the major mechanism of C sequestration after year 60 (~ 70% of total, Fig. 2), the rates of C
accumulation are also about the same in the elevated CO, alone and elevated CO, and
temperature simulations. However, in response to elevated CO; alone, the low-DON-loss
ecosystems accumulate an additional ~5 kg C m™ after year 1000 before eventually approaching
a steady state (~2500 years); in response to both elevated CO, and temperature, the ecosystems
sequester less than 1 kg C m™ after year 1000.

Changes in plant and soil C:N ratios contribute substantially less to C sequestration than
does N accumulation after year 60 in the low-DON-loss simulations (Fig. 2, Table 3). Plant C:N
ratios increase because of an increase in wood relative to leaves and roots, but the associated
contribution to C sequestration is less than 5% of the total change between years 60 and 1000.
The C:N ratio of soils remains almost constant in the elevated CO, simulations and actually

declines back toward its initial value in the elevated CO, plus warming simulations. Thus
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changes in the soil C:N ratio contribute little or negatively (-1.1 to 1.5% of the total) to C
sequestration after year 60 (Fig. 2).

After year 60 in these low-DON-loss simulations, the rate of N accumulation in plants
per unit N already in plants is only slightly higher than the rate of N accumulation in soils per
unit N already in soil (Fig. 1). In our four-factor analysis, this slight difference in the relative
rates of N accumulation is reflected in the small increase in C accumulation attributable to N
redistribution after year 60 (15 to 20% of the total, Fig. 2). This nearly equal relative rate of N
accumulation in plants and soils indicates that the competitive balance between plants and
microbes has been almost reestablished after year 60.

The synergistic interaction among the four factors in our analysis also contributes to C
sequestration after year 60 of the low-DON-loss simulations (7 to 10% of the total, Fig. 2). This
interactive effect results mostly from the net accumulation of N in ecosystem components with
C:N ratios that had increased during the first 60 years of the simulation. Thus, new N
accumulating in the ecosystem has an enhanced effect on C sequestration because of the higher

C:N ratios.

Responses after year 60 with High DON losses: Averaged over all four DON-loss
models, the ecosystems with high DON losses sequestered about 1.9 kg C m™ between years 60
and 1000 under elevated CO, alone (Fig. 1). This C accumulation amounts to about 38% of the
C sequestered in the first 60 years and only about 12% of the C sequestered between years 60
and 1000 by the ecosystems with low DON losses. Before reaching a steady state, the high-
DON-loss ecosystems accumulate on average an additional ~6 kg C m™, but this average

increase is due almost entirely to C accumulation in the constant-loss model (Fig. 1, see
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discussion below). The major mechanism for C sequestration is again N accumulation in the
ecosystem (Table 3). However, because most of the N losses were as unavailable DON, N
accumulated at only 12% of the rate in the ecosystems with low DON losses. The within-
ecosystem mechanisms of C sequestration (changes in plant and soil C:N ratio and N
redistribution between plants and soils) cumulatively contributed only 30% of the C storage
between years 60 and 1000, compared to 96% of the C storage during the first 60 years. All the
mechanisms of C sequestration differed substantially among the DON-loss models (Fig. 2) and
are discussed further below.

Under elevated CO, and temperature and high DON losses, the four DON-loss models
diverged substantially (Figs. 1 & 2). On average, the ecosystems sequestered only about 1 kg C
m™ between years 60 and 1000 or about 7% of the C sequestered during the first 60 years and
6% of the C sequestered in the ecosystems with low DON losses (Fig. 1). After year 1000 the
models continued to diverge with changes in C storage ranging from an additional gain of ~ 18
kg C m™ to a loss of ~14 kg C m™ before reaching a steady state (Fig. 1, see discussion below).
These ecosystems only accumulated N at 1% the rate of the ecosystems with low DON losses
and at 10% the rate that they accumulated N under elevated CO, alone (Table 3). The major
mechanisms of C sequestration were an increase in soil C:N ratio (59% of the total) and a
redistribution of N from soils to plants (36% of the total). The mechanisms of C sequestration
again differed among DON-loss models (Fig. 2) and are discussed further below.

Because of the explicit linkages between DOC and DON in the various model structures,
simulations with higher DON loss also exhibit higher DOC loss. Thus, the ecosystems with high
DON losses lost between 12 to 15 kg m™ 1000 yr'* more C as DOC than did the ecosystems with

low DON losses. These differences are about the same magnitude as the differences in total C
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sequestration between the two sets of simulations. However, the differences in DOC loss do not
account for differences in C sequestration under elevated CO, or elevated CO, and temperature.
Indeed, these differences DOC loss were present at the initial steady state, prior to imposed
changes in CO; or temperature. In addition, higher DOC losses in the high DON loss
simulations were exactly compensated for by lower microbial respiration (see section on
"Modifications to the MEL model™” above). To test the importance of direct C losses as DOC,
we reran all the simulations with a DOC:DON ratio of 15 rather than 30. Thus, relative to the
original simulations there was the same DON loss but only half the DOC loss. After 1000 years,
there was less than a 1.2% difference in the resulting C and N stocks for the Rp,-based model,
and less than 0.3% difference for the other three models. In contrast, the differences in N
retention between the low and high DON-loss simulations resulted in differences in NPP of
between 87 and 159 kg C m™ 1000 yr™ or about ten times the net difference in C sequestration.
Clearly the direct C losses as DOC exert only a marginal influence on ecosystem C sequestration

relative to the effects of DON losses.

Comparison of Individual DON loss-models: Patterns of ecosystem N and C
accumulation were virtually identical for the four DON loss models in the initial 60 years, the
period when internal N redistribution dominated ecosystem dynamics. However, DON-loss
model behaviors diverged sharply between years 60 and 1000, particularly with high DON losses
and the combination of elevated CO, plus warming.

By year 1000, the constant-loss model accumulated substantially less C in response to
elevated CO; alone in the high-DON-loss simulations than in the low-DON-loss simulations

(about 5 vs. 17 kg C m®). However, at steady state, C sequestration was similar in high- versus
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low DON-loss simulations because of similar N accumulation. Similar steady-state N pools
develop because both simulations have the same constant rate of DON loss, and total N losses
(DON plus DIN) must equal the total (constant) N inputs to the ecosystem. As a result, N
eventually accumulates in both simulations until the DIN losses equal the initial DIN losses.
This condition is met when soil DIN concentrations build up to their initial values, which were
identical for the two simulations. Thus, both the low- and high-DON-loss simulations converge
on the same soil fertility at steady state, which in turn results in virtually identical steady state
values for vegetation biomass and soil organic matter (Fig 2). However, it takes about five times
as long to accumulate enough N and approach that steady state with high DON losses than with
low DON losses.

In response to elevated CO; alone, the other three models accumulate less than a tenth the
C between years 60 and 1000 with high DON losses as with low DON losses (<1.7 vs. >15 kg C
m?; Fig. 1). The steady state C and N stocks in these other three models are also much lower
with high DON losses than with low DON losses, and are only slightly higher than the stocks
after 1000 years. As with the constant-loss model, these models also have to accumulate enough
N for the DON plus DIN losses to equal N inputs at steady state. However, unlike the constant-
loss model, DON losses in these other models increase as soil C increases (proportional-loss
model), as the soil C:N ratio increases (C:N-based model), or as soil respiration increases (Rm-
based model). Because all three of these ecosystem characteristics increase in the simulations,
the models accumulate N 2.5 to 6 times slower than the constant-loss model (Table 3). The
higher rates of DON loss, and consequent slower rates of N accumulation in the other three
models, are indirectly associated with the increase in productivity during the first 60 years.

Higher productivity increases litterfall and soil C, which increases DON losses in the

19



proportional-loss model. The higher soil C stocks and a net decline in soil N (Fig. 2) increase
soil C:N ratios, which increases DON losses in the C:N-based model. The higher soil C stocks
and lower C assimilation efficiency associated with higher soil C:N ratios increase the absolute
rate of microbial respiration, which increases DON losses in the Rp-based model.

The accumulation of N can also have secondary effects on the within-ecosystem
mechanisms for C sequestration. Because the competition between plants and microbes for N
shifts toward plants when CO; increases, the relative rate of N accumulation increases more in
plants than in soils, especially before year 60. In the constant-loss model with high DON losses,
this redistribution of N persists after year 60, but at a much slower rate. Because there was no
appreciable net accumulation of ecosystem N in any of the other models between years 60 and
1000, and because the competitive balance between plants and microbes had become
reestablished, the redistribution of N did not contribute to C sequestration after year 60 in these
simulations. The C:N ratios of both plants and soils remained almost constant after year 60 in all
four models and therefore also did not contribute to C sequestration.

With both elevated CO, and warming, the four models diverged substantially after year
60 in the high-DON-loss simulations (Figs. 1 & 2, Table 3). The constant-loss and proportional-
loss models sequestered C in the ecosystem and gained N in both plants and soils, but at about a
quarter of the rate in the low-DON-loss simulations (Fig. 1). The C:N-based and Rn,-based
models lost C from the ecosystem and N from the plants and soils. The primary mechanism for
these patterns is a net accumulation of ecosystem N after year 60 in the constant-loss and
proportional-loss models and a net N loss after year 60 in the C:N-based and Ry-based models
(Fig. 2). Secondarily, in the simulations that gained N (constant-loss and proportional-loss

models), the persistent competitive advantage of plants favored N redistribution from soils to
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plants, which increased C sequestration (Fig. 2). In the simulations that lost N (C:N-based and
Rm-based models), the relative redistribution of N was from plants to soils because the net loss of
N limits production and the decline in plant biomass precedes the decline in soil organic matter.
Thus, although the redistribution of N during the first 60 years resulted in a net accumulation of
C, the loss of N eventually overwhelms the dynamics, causing the ecosystem to rebound and lose
C. The C:N ratios of both plants and soils again remained almost constant after year 60 in all
four models.

These differences among models in the high DON-loss simulations arise because of
differences in the sensitivities of the DON-loss mechanisms to warming. In the constant-loss
model, DON losses are constant and therefore not sensitive to warming. Thus, after year 60, N
continues to accumulate in the constant-loss model with both elevated CO, and warming for the
same reasons and at about the same rate as with elevated CO; alone (Table 3). In the
proportional-loss model, DON losses are proportional to soil C stocks, which initially decline
because of higher respiration when the ecosystem is first warmed but then recover as litter inputs
increase. The DON losses eventually increase as soil C stocks build, but by only about 2/3s as
much as in the simulation with elevated CO, alone. Therefore, N accumulation is higher in the
proportional-loss model with elevated CO, and warming than with elevated COalone. In the
C:N-based model, DON loss is proportional to the soil C:N ratio, which increases during the first
60 years of the simulation because of increased litter inputs and a net loss of N to the plants. The
higher net N mineralization and higher litter inputs with warming result in even higher soil C:N
ratios with elevated CO, and warming than with elevated CO; alone. Therefore, the C:N-based
model loses N faster with elevated CO, and warming than with elevated CO;alone and there is a

net loss of N from the ecosystem. In the Ry-based model, DON losses are proportional to
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microbial respiration, which increases with warming and with higher soil C stocks. Therefore,
the Ryy-based model loses N faster with elevated CO, and warming than with elevated CO, alone
and there is a net loss of N form the ecosystem.

Responses to gradual increases in CO, or CO, and warming: In the simulations with
a gradual doubling of CO, or gradual doubling of CO, and a 4°C warming over 100 years, the
relatively fast responses associated with within-ecosystem mechanisms (primarily N
redistribution) were superimposed on the slower responses associated with N accumulation by
the ecosystem. Thus the responses that dominated during the first 60 years under an
instantaneous increase in CO, or CO, and temperature were spread out over the 100-year
simulations and had not fully developed by the end of the simulations (Fig. 3, Table 4).
However, the instantaneous and gradual-change simulations eventually reach identical steady
states.

As in the first 60 years of the instantaneous-change simulations, the redistribution of N
from soils to vegetation dominated the response during the 100 years of the gradual-change
simulations and the effect of this mechanism on C sequestration was higher with both elevated
CO;, and warming than with elevated CO; alone (Fig. 3, Table 4). Increases in plant and soil
C:N ratios contributed less to C sequestration, but in amounts proportionately equivalent to their
contributions in the instantaneous-change simulations. With low DON losses, ecosystem N
accumulated during the first 100 years in the gradual-change simulations at about 68 to 75% the
rate observed in the instantaneous-change simulations, primarily because N demands track the
gradual increase in CO,, . With high DON losses, N gains and losses were small during the first
100 years of all the simulations, and the dynamics in the gradual-change simulations generally

lagged behind those in the instantaneous-change simulations by about two decades.
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Conclusions

The major conclusion from our analysis is that DON losses can have significant effects
on the long-term sequestration of C in terrestrial ecosystems in response to elevated CO, and
warming. Because our simulations consider forms of DON that are not available to plants or
microbes (e.g., Neff et al. 2003), DON losses cannot be attenuated when elevated CO,
concentrations increase ecosystem N demand, whereas DIN losses can. Thus, high rates of DON
relative to DIN loss result in lower rates of ecosystem net N accumulation, and hence lower C
sequestration, in response to elevated CO,. This mechanism for constraining C sequestration is
similar to the mechanism proposed by Hedin et al. (1995) and Vitousek et al. (1998) for the
persistence of N limitation late into succession.

What general characteristics of the C and N cycles promote C sequestration in our
simulations? Potential C sequestration is greatest when the ratio of DON:DIN is small, when
there is a high N throughput by the ecosystem, when there is a large and prolonged depletion of
DIN in response to elevated N demand, and when there is a large amount of C stored per unit N
in the ecosystem (i.e., a high ecosystem C:N ratio). The first three characteristics determine the
rate of N accumulation in response to elevated CO, and the last determines the C return
associated with that N accumulation. Each of these characteristics varies widely among
ecosystems (e.g., DIN versus DON, Perakis and Hedin 2002, Goodale et al. 2000; rates of N
throughput, Aber et al. 1998, Likens et al 1977; DIN depletion in response to elevated N
demand, Finzi and Schlesinger 2003, Hungate et al. 1997; and variable ecosystem C:N ratios,
Vitousek et al. 1988) and has potential to affect C sequestration. Although our simulations

primarily highlight the important yet overlooked role of variations in DON versus DIN losses on
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C sequestration, we expect that many other factors, including disturbance regimes and nutrient
limitation patterns, are also likely to be important. For example, in simulations of clear cutting,
high DIN losses promoted even greater N losses during the first 10-15 years of recovery as plant
N uptake reestablishes (data not shown). However, after about 60 years of recovery under
elevated CO2, N demand lowers DIN concentration and the high-DIN-loss ecosystems retain
more N than the high-DON-loss ecosystems, thus increasing C sequestration (see Hungate et al.
2003 for a more thorough assessment of N losses and disturbance). Our analysis can also be
extended to consider losses of dissolved organic forms of phosphorus, which may be particularly
important in P-limited tropical ecosystems (Hedin et al. 2003), or in temperate regions where
accelerated N deposition has relaxed N limitation.

Despite the potentially large consequences of DON losses on N accumulation and C
sequestration, our analysis indicates that these effects are slow to emerge and may take millennia
to fully develop. Within ecosystem mechanisms, such as N redistribution and changes in plant
and soil C:N ratios (e.g., Hooker and Compton 2003), dominated short-term C sequestration in
response to elevated CO2 and temperature. The long-term impact of ecosystem N accumulation
on C sequestration will remain difficult to evaluate empirically, independent of effects from
shorter-term mechanisms, yet such dynamics can be captured through ecosystem simulation
models. Moreover, because these mechanisms operate at different time scales, short-term
observations cannot be used to assess long-term responses (Rastetter 1996).

The degree to which the long-term effects of DON losses are masked by faster within-
ecosystem responses depends on their relative strength at any particular time. From our analysis,
within-ecosystem responses are rapid, and are dominated by the redistribution of N from soils to

vegetation The magnitude of this effect is proportional to the difference between the C:N ratios
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of vegetation and soil. This difference is large if the vegetation is woody, suggesting that the
effects of DON losses will be more strongly masked, and for a longer duration, in woody
ecosystems. In addition, increases in plant and soil C:N ratios can contribute to the within-
ecosystem responses and help mask the effects of DON losses. The effects of DON losses would
therefore be more effectively masked by within-ecosystem N cycling processes in ecosystems
that become more woody in response to elevated CO, and warming (e.g., Sturm et al. 2001).
Our analysis also indicates that the way that DON losses are regulated can affect long-
term C sequestration, provided that DON losses are large relative to DIN losses. Although
ecological factors such as N inputs, disturbance, climate, and succession are thought to influence
broad patterns of N loss (Sollins and McCorison 1980, Hedin et al. 1995, Goodale et al. 2000,
Perakis and Hedin 2002), we lack information on the mechanisms that regulate relative DIN
versus DON losses from ecosystems. Variation in the availability and remineralization of
different DON forms to DIN (Qualls and Haines 1992) as well as direct incorporation of DIN
into DON (Perakis and Hedin 2001, Dail et al. 2001), provide further complexity that was not
captured by our simulations. Our simulations indicate that different mechanisms of DON
regulation can yield similar responses to some perturbations but not others (e.g., the similarity
among models in the responses to elevated CO, versus their divergence in response to elevated
CO; and temperature). Yet despite such uncertainty, results from our four DON-loss models
consistently indicate that as DON losses increase in response to the changing environment (e.g.,
warming), the effects of high DON losses will be exacerbated (i.e., C sequestration decreased).
Losses of DON are accompanied by a direct loss of C as DOC. We assumed a constant
C:N ratio for these two losses, but compensated for the difference in C loss between low- versus

high-DON-loss simulations by adjusting microbial respiration. Our analysis indicates that the
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direct losses of C as DOC do not play a major role in terrestrial C sequestration. Thus,
differences in the C:N ratio of dissolved organic matter leaching out of the ecosystems should
have only a minor influence on C sequestration. Far more important is the direct loss of N as
DON and its consequent effects on fertility and plant production. The differences in productivity
between our low- and high-DON-loss simulations were an order of magnitude greater than the
differences in the cumulative losses of C as DOC. Nevertheless, even small changes in DOC
leaching may signal large changes in terrestrial C storage (e.g., Freeman et al. 2001).

On a regional or global scale, the fate DON lost from the ecosystem also has
ramifications for C sequestration. The initial C:N ratio of our simulated ecosystem (plants plus
soils) is 52. Therefore if the DON is later transformed and entrained into the N cycle of an
ecosystem with a higher C:N ratio (e.g., a system with a larger woody component), then it would
contribute to C sequestration. On the other hand, if it is buried as is (C:N ~ 30) or gets entrained
into an ecosystem with a lower C:N ratio (e.g., a planktonic ecosystem), then the loss of that
DON would decrease C sequestration.

Because of the very long time constants associated with the effects of DON losses on the
responses of terrestrial ecosystems to elevated CO, and warming, the results of our analysis will
be very difficult to test (Rastetter 1996). Furthermore, it will be difficult to find pairs of
ecosystems that differ in their relative rates of DON versus DIN loss, but do not differ in some
other fundamental way that affects responses to elevated CO, and warming. The best potential
for testing our ideas in a timely manner would be to experimentally manipulate ecosystems
where the masking effects of within-ecosystem responses are likely to be small relative to the
effects of DON losses to determine if there is a trend toward high C sequestration with low DON

losses relative to DIN losses. Thus the manipulations should be on ecosystems where the C:N
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ratio of vegetation is low (i.e., close to the C:N ratio of soils so that the redistribution of N has a
smaller effect), where the vegetation is unlikely to increase in woodiness (i.e., to avoid the
masking effects of increasing C:N ratios), and where the total throughput of DON plus DIN is
high (i.e., a high potential to sequester N). Marshes might be ideal candidates if they are
demonstrably N limited.

Our aim in this paper has been to examine how considering the relative magnitudes of
DON versus DIN losses might influence assessments of potential C sequestration in terrestrial
ecosystems. Our conclusions are that it is vital to quantify these fluxes at least in regards to
evaluations of the long-term potential for C sequestration. Because the mechanism underlying
the DON-DIN effect is the attenuation of DIN losses by plants and microbes, it is important to
quantify these fluxes as they leave the rooting zone before transformation along hydrologic
flowpaths through deep soils, groundwaters, and riparian zones to surface waters. Furthermore,
it is important to distinguish between DON that is available to plants and microbes and that that
is not. Clearly DON in soils is comprised of a wide range of compounds with a continuum of
availabilities to both plants and microbes, and our analysis examines responses at the extremes of
this continuum. Although our basic conclusions would not be altered with a more realistic
representation of DON availability, we recognize that predictive assessments of the long-term
potential for C sequestration in response to elevated CO, and climate change requires improved

understanding and quantification of losses of DIN and all forms of DON.

Acknowledgements: This work was funded in part by the National Science Foundation (DEB

0108960 & DEB 0089585) and in part by the USGS Global Change Research Program. We also

acknowledge helpful comments from Dr. Zoe Cardon.

27



Citations:

Aber, J., W. McDowell, K. Nadelhoffer, A. Magill, G. Berntsen, M. Kamakea, S. McNulty, W.
Currie, L. Rustad, and I. Fernandez. 1998. Nitrogen saturation in temperate forest
ecosystems: hypotheses revisited. BioScience 48:921-934.

Aber, JD, SV Ollinger, CT Driscoll, GE Likens, RT Holmes, RJ Freuder, and CL Goodale. 2002.
Inorganic nitrogen losses from a forested ecosystem in response to physical, chemical,
biotic, and climatic perturbations. Ecosystems 5:648-658.

Aitkenhead, J. A., and W. H. McDowell. 2000. Soil C:N ratio as a predictor of annual riverine
DOC flux at local and global scales. Global Biogeochemical Cycles 14:127-138.

Bloom, A. J., F. S. Chapin Ill, and H.A. Mooney. 1985. Resource limitation in plants - an
economic analogy. Annual Review of Systematics and Ecology. 16: 363 - 392.

Bosatta, E, and GI Agren. 1995. Theoretical analysis of interactions between inorganic nitrogen
and soil organic matter. European Journal of Soil Science 46:109-114.

Brooks, P. D., D. M. McKnight, and K. E. Bencala. 1999. The relationship between soil
heterotrophic activity, soil dissolved organic carbon (DOC) leachate, and catchment-scale
DOC export in headwater catchments. Water Resources Research 35:1895-1902.

Buffam, I.D., J.N. Galloway, K.J. McGlathery, and L.K. Blum. 2001. Dissolved organic matter
concentrations and bioavailability in an Appalachian stream during storms.
Biogeochemistry, 53: 269-306

Campobell, J.L., J.W. Hornbeck, W.H. McDowell, D.C. Buso, J.B. Shanley, and G.E. Likens.
2000. Dissolved organic nitrogen budgets for upland, forested ecosystems in New

England. Biogeochemistry 49:123-142.

28



Chapin, F.S., 111, A. J. Bloom, C. B. Field, and R. H. Waring. 1987. Plant responses to multiple
environmental factors. BioScience 37: 49 - 57.

Chapin, F.S., I11, L. Moillanen, and K. Kielland. 1993. Preferential use of organic nitrogen for
growth by a non-micorrhizal arctic sedge. Nature 361:150-153.

Cleveland, C.C., A.R. Townsend, D.S. Schimel, H. Fisher, R.W. Howarth, L.O.Hedin, S.S.
Perakis, E.F. Latty, J.C. von Fischer, A. Elseroad, and M.F. Wasson. 1999. Global
patterns of terrestrial biological nitrogen (N) fixation in natural ecosystems. Global
Biogeochemical Cycles 13:623-645.

Currie, W.S., J.D. Aber, W.H. McDowell, R.D. Boone, and A.H. Magill. 1996. Vertical transport
of dissolved organic C and N under long-term N amendments in pine and hardwood
forests. Biogeochemistry 35:471-505.

Curtis, PS, and X Wang. 1998. A meta-analysis of elevated CO2 effects on woody plant mass,
form, and physiology. Oecologia 113:299-313.

Dail, D. B., E. A. Davidson, and J. D. Chorover. 2001. Rapid abiotic immobilization of nitrate in
an acid forest soil. Biogeochemistry 54:131-146.

Farrar, JF, and DL Jones. 2000. The control of carbon acquisition by roots. New Phytologist
147:43-53.

Finzi, A.C., and W.H. Schlesinger. 2003. Soil-nitrogen cycling in a pine forest exposed to 5
years of elevated carbon dioxide. Ecosystems6:444-456.

Freeman, C., C. D. Evans, D. T. Monteith, B. Reynolds, and N. Fenner. 2001. Export of organic
carbon from peat soils. Nature 412:785.

Galloway, J.N., J.D. Aber, J.W. Erisman, S.P. Seitzinger, R.W. Howarth, E.B. Cowling, and B.J.

Cosby. 2003. The nitrogen cascade. BioScience 53:341-356.

29



Galloway, J.N., W.H. Schlesinger, H.Levy Il, A. Michaels, and J.L. Schnoor. 1995. Nitorgen
fixation: Anthropogenic enhancement-environmental response. Global Biogeochemical
Cylces 9:235-252.

Goodale, C.L., J.D. Aber, and W.H. McDowell. 2000. The Long-term Effects of Disturbance on
Organic and Inorganic Nitrogen Export in the White Mountains, New Hampshire.
Ecosystems 3:433-450.

Hart, SC, GE Nason, DD Myrold, and DA Perry. 1994. Dynamics of gross nitrogen
transformations in an old-growth forest: The carbon connection. Ecology 75:880-891.

Havelka, U.D., M.G. Boyle, and R.W.F. Hardy. 1982. Biological nitrogen fixation. Pp. 365-422
in F.J. Stevenson, J.M. Bremner, R.D. Hauck, and D.R. Keeney (eds.) Nitorgen in
Agricultural Soils, Agronomy Monographs 22

Hedin, L.O., J.J. Armesto, and A.H. Johnson. 1995. Patterns of nutrient loss from unpolluted,
old-growth temperate forests: Evaluation of biogeochemical theory. Ecology 76:493-509.

Hedin, L.O., J.C. von Fischer, N.E. Ostrom, B.P. Kennedy, M.G. Brown, and G.P. Robertson.
1998. Thermodynamic constraints on nitrogen transformations and other biogeochemical
processes at soil-stream interfaces. Ecology 79:684-703.

Hedin, L. O., P. M. Vitousek, and P. A. Matson. 2003. Nutrient losses over four million years of
tropical forest development. Ecology 84:2231-2255.

Hooker, T. D., and J. E. Compton. 2003. Forest ecosystem C and N accumulation during the first
century after agricultural abandonment. Ecological Applications 13:299-313.

Hungate, B.A., C.P. Lund, H.L. Pearson, and F.S. Chapin I1l. 1997. Elevated CO, and nutrient
addition alter soil N cycling and N trace gas fluxes with early season wet-up in a

California annual grassland. Biogeochemistry 37:89-109.

30



Hungate, B.A., R.J. Naiman, M. Apps, J.J. Cole, B. Moldan, K. Satake, J.W.B. Stewart, R.
Victoria, and P.M. Vitousek. 2003. Disturbance and Element Interactions. Pp. 47-62 in
J.M. Melillo, C.B. Field, and B. Moldan (eds.) SCOPE 61: Interactions of the major
biogeochemical cycle: Global change and human impacts. Island Press, Washington. DC
USA.

IPCC 2001. Climate Change 2001: Synthesis Report. A contribution of working groups I, Il, and
I11 to the Third assessment Report of the Intergorvermental Panel on Climate Change.
Watson, RT, and the core writing team (eds.) Cambridge University Press, Cambridge
UK 398 pp.

Janssens, IA, M Crookshanks, G Taylor, And R Ceulemans. 1998. Elevated atmospheric CO,
increases fine root production, respiration, rhizosphere respiration and soil CO, efflux in
Scots pine seedlings. Global Change Biology 4:871-878.

Johnson, DW, RJ Norby, and BA Hungate. 2001. Effects of elevated CO; on nutrient cycling in
forests. pp 237-252 in DF Karnosky, R Ceulemans, GE Scarascia-Mugnozza, and JL
Innes (eds.) The Impact of Carbon Dioxide and Other Greenhouse Gasses on Forest
Ecosystems. CABI Publishing, Wallingford England.

Kielland, K. 1994. Amino acid absorption by arctic plants: Implications for plant nutrition and
nitrogen cycling. Ecology 75:2373-2383.

Kroeger, K.D. 2003. Controls on magnitude and species composition of groundwater-transported
nitrogen exports from glacial outwash plain watersheds. PhD Dissertation, Graduate
School of Arts and Sciences, Boston University, Boston.

Likens, G.E., F.H. Bormann, R.S. Pierce, J.S. Eaton, and N.M. Johnson. 1977. Biogeochemistry

of a Forested Ecosystem. Springer-Verlag, New York.146 pp.

31



Lipson, D. A, and R. K. Monson. 1998. Plant-microbe competition for soil amino acids in the
alpine tundra: effects of freeze-thaw and dry-rewet events. Oecologica 113:406-414.

Matamala, R, and WH Schlesinger. 2000 Effects of elevated atmospheric CO; on fine root
production and activity in an intact temperate forest ecosystem Global Change Biology
6:967-979.

McDowell, WH. 2003. Dissolved organic matter in soils -future directions and unanswered
questions. Geoderma 113:179-186.

McHale, M.R., M.J. Mitchell, J.J. McDonnell, and C.P. Cirmo. 2000. Nitrogen solutes in an
Adirondack forested watershed: Importance of dissolved organic nitrogen.
Biogeochemistry 48:165-184.

McKane, R.B., L.C. Johnson, G.R. Shaver, K.J. Nadelhoffer, E.B. Rastetter, B. Fry, A.E. Giblin,
K. Kieland, B. L. Kwiatkowski, J.A. Laundre, and G. Murray. 2002. Resource-based
miches provide a basis for plant species diversity and dominance in arctic tundra. Nature
415: 68-71.

Mikan, CJ, DR Zak, ME Kubiske, and KS Pregitzer. 2000. Combined effects of atmospheric
CO; and N availability on the belowground carbon and nitrogen dynamics of aspen
mesocosms. Oecologia 124:432-445.

Nadelhoffer, KJ, JD Aber, and JM Melillo. 1985. Fine roots, net primary production, and soil
nitrogen availability: A new hypothesis. Ecology 66: 1377-1390.

Nadelhoffer, KJ, BA Emmett, P Gundersen, OJ Kjgnaas, CJ Koopmans, P Schleppi, A Tietema,
and RF Wright. 1999. Nitrogen deposition makes a minor contribution to carbon

sequestration in temperate forests. Nature 398:145-148.

32



Neff, J.C., F.S. Chapin I1l, and P.M. Vitousek. 2003. Breaks in the cycle: Dissolved organic
nitrogen in terrestrial ecosystems. Front. Ecol. Environ 1:205-211.

Neff, J. C., S. E. Hobbie, and P. M. Vitousek. 2000. Nutrient and mineralogical control on
dissolved organic C, N and P fluxes and stoichiometry in Hawaiian soils.
Biogeochemistry 51:283-302.

Newbold JD, Elwood JW, O'Neill RV, and Van Winkle W (1981) Measuring nutrient spiraling
in streams. Canadian Journal Fisheries. Aquatic Science, 38: 860-863.

Newbold JD, O'Neill RV, Elwood JW, and Van Winkle W (1982) Nutrient spiraling in streams:
Implications for nutrient limitation and invertebrate activity. Am. Nat. 120: 628-652.

Ollinger, S.V., J.D. Aber, G.M. Lovett, S.E. Millham, R.G. Lathrop, and J.M. Ellis. 1993. A
spatial model of atmospheric deposition for the northeastern U.S. Ecological Applications
3:459-472.

Pellerin, B.A., W.M. Wollheim, C.S. Hopkinson, W.H. McDowell, M.R. Williams, C.J.
Vorosmarty, and M.L. Daley. In press. Role of wetlands and developed land use on
dissolved organic nitrogen concentrations and DON/TDN in northeastern U.S. rivers and
streams. Limnology and Oceanography

Perakis, S. S., and L. O. Hedin. 2001. Fluxes and fates of nitrogen in soil of an unpolluted old-
growth temperate forest, southern Chile. Ecology 82:2245-2260.

Perakis, S.S., and L.O. Hedin. 2002. Nitrogen loss from unpolluted South American forests
mainly via dissolved organic compounds. Nature 415:416-419.

Prior, SA, GB Runion, RJ Mitchell, HH Rogers, and JS Amthor. 1997. Effects of atmospheric
CO2 on longleaf pine:Productivity and allocation as influenced by nitrogen and water.

Tree Physiology 17:397-405.

33



Pritchard, SG, HH Rogers, MA Davis, E van Santen, SA Prior, and WH Schlesinger. 2001. The
influence of elevated atmospheric CO2 on fine root dynamics in an intact temperate
forest. Global Change Biology 7:829-837.

Qualls, R. G., and B. L. Haines. 1992. Biodegradability of dissolved organic matter in forest
throughfall, soil solution, and stream water. Soil Science Society of America Journal
56:578-586.

Qualls, R.G., B.L. Haines, W.T. Swank, and S.W. Tyler. 2002. Retention of soluble organic
nutrients by a forested ecosystem. Biogeochemistry 61: 135-171.

Rastetter EB (1996) Validating models of ecosystem response to global change. BioScience
46(3):190-198.

Rastetter, E. B., R. B. McKane, G. R. Shaver and J. M. Melillo. 1992. Changes in C storage by
terrestrial ecosystems: How C-N interactions restrict responses to CO, and temperature.
Water, Air and Soil Pollution 64:327-344.

Rastetter, E. B., and G. R. Shaver. 1992. A model of multiple element limitation for acclimating
vegetation. Ecology 73:1157-1174.

Rastetter, E.B., P.M. Vitousek, C. Field, G.R. Shaver, D. Herbert, G.l. Agren.2001. Resource
Optimization and Symbiotic N Fixation. Ecosystems 4:369-388.

Rastetter, E. B., G. |. Agren and G. R. Shaver. 1997. Responses of N-limited ecosystems to
increased CO,: A balanced-nutrition, coupled-element-cycles model. Ecological
Applications 7:444-460.

Schimel, J.P. and F.S. Chapin, Ill. 1996. Tundra plant uptake of amino acid nitrogen in situ:

plants compete well for amino acid N relative to NH,+. Ecology. 77: 2142-2147.

34



Schimel, J.P. and J. Bennett. 2003. Nitrogen mineralization: Challenges of a changing paradigm.
Ecology 85:591-602.

Sollins, P., and K. M. McCorison. 1981. Nitrogen and carbon solution chemistry of an old
growth coniferous forest watershed before and after cutting. Water Resources Research
17:1409-1418.

Sturm M, Racine C, and Tape K (2001) Increasing shrub abundance in the Arctic. Nature
411:546-547.

Tingey, DT, DL Phillips, and MG Johnson. 2000. Elevated CO2 and conifer roots: effects on
growth, lifespan, and turnover. New Phytologist 147:87-103.

Vance, C.P., and G.H. Heichel. 1991. Carbon in N, fixation: Limitation or exquisite adaptation.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 42:373-92.

Vitousek, P.M., L.O. Hedin, P.A. Matson, J.H. Fownes, and J. Neff. 1998. Within-system
element cycles, input-output budgets, and Nutrient limitation. Pages 432-451 in M.L.
Pace and P.M. Groffman (eds.) Successes, Limitations, and Frontiers in Ecosystem
Science. Springer, New York.

Vitousek, P.M., K. Cassman, C. Cleveland, T. Crews, C.B. Field, N. Grimm, R.W. Howarth, R.
Marino, L. Martinelli, E.B. Rastetter, and J. Sprent. 2002. Towards an eoclogical
understanding of biological nitrogen fixation. Biogeochemistry 57/58:1-45.

Vitousek, P. M., T. Fahey, D. W. Johnson, and M. J. Swift. 1988. Element interactions in forest
ecosystems: Succession, allometry and input-output budgets. Biogeochemistry 5:7-34.

Whittaker, R.H., G.E. Likens, F.H. Bormann, J.S. Eaton, and T.G. Siccama. 1979. The Hubbard
Brook ecosystem study: Forest nutrient cycling and element behavior. Ecology 60:203-

220.

35



Table 1: Model equations, variables, and parameters.
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Omax
Omin
Qw
ra
RCm
RCv
RNe
RNm
I'Nfix
rNup

acclimation potential

acclimation rate (yr™)

active-tissue C in plants (g C m?)
maximum Ba (g C m™?)

C in plant biomass (g C m™)

leaf area per unit C (m? g™ C)

N in plant biomass (g N m)

root length per unit C (m g™* C)
allometric parameter

CO, concentration (ml m™)

C in soil detritus (g C m™)

N in soil detritus (g N m™)
canopy-level quantum yield (g C MJ™)
substrate-corrected gc (g C m? yr?)
maximum plant N uptake (g N m?yr?)
substrate-corrected gy (g N m™? yr™)
N fixation constant (g N g C m?yr?)
acclimation damping (yr)
above-canopy irradiance (MJ m? yr™)
1/2-saturation for CO, (ml m™)

light extinction (m* m™)

plant 1/2-saturation for N (g N m™)
1/2-saturation fixation cost (g C g™ N)
soil-resource extinction (m? m™)
organic-C leaching (g C m?yr™)

litter C loss (g C m™ yr)

DOC loss (g C m2yr?)

DON loss (g N m?yr™)

organic-N leaching (g N m? yr?)
inorganic-N leaching (g N m?yr™)
litter N loss (g N m™ yr?)
active-tissue-litter loss rate (yr?)
woody-tissue-litter loss rate (yr+)
inorganic N (g N m?)

plant optimal C:N (g C g* N)
active-tissues-litter C:N (g C g™* N)
maximum plant C:N (g C g™ N)
minimum plant C:N (g C g™ N)
woody-tissue-litter C:N (g C g™* N)
active-tissue respiration rate gyr'l)
microbial respiration (g C m* yr™)
plant respiration (g C m?yr™)
external N supply (g N m?yr™)
N mineralization (g N m? yr)
cost of N fixation (g C g™ N)

cost of N uptake (g C g™ N)
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Gbom
KNm
Ac

ssgs>

woody-tissue respiration rate (yr™)

leaf area (m? m™)

root length (m m)

time (yr)

gross photosynthesis (g C m? yr™)
microbial N uptake (g N m?yr?)

plant N uptake (g N m?yr™)

plant C-uptake effort

plant N-uptake effort

microbial N-uptake (g N g™* C)
organic-C loss (yr™)

inorganic-N loss rate (yr?)

DOC loss rate (varies, see text)
maximum microbial C efficiency
maximum microbial N efficiency
leached organic matter C:N (g C g™ N)
C:N microbial consumption (g C g™ N)
C:N dissolved organic matter (g C g™* N)
microbial N 1/2-saturation (g N m™)
microbial C efficiency

microbial N efficiency

microbial N consumption (g N m?yr?)
C:N microbial byproducts (g C g™ N)
decomposition rate (yr?)
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Table 2: Initial steady state fluxes and associated parameter values for processes altered in this

application of the MEL model. Original Value is the value reported in Rastetter et al. (2001). A

separate value is given for Bpoc for each of the four equations used to simulate DOC loss (M1-

constant-loss model, M2-proportional-loss model, M3-C:N-based model, and M4-R,-based

model).

Flux Associated | Original | High DON- | Low-DON- Units
Parameter | Value | loss Value | loss value
DOC loss (Lpoc) 0 15 3 gCm?Zyrt
Booc (M1) - 15 3 gCm?yrt
Booc (M2) - 0.00115 0.000231 yrt
Booc (M3) - 0.601 0.120 gNm?Zyr?
Booc (M4) - 0.0277 0.00542 gCg'C
DON loss (Lpon) 0 0.5 0.1 gNm?Zyr?
Opon - 30 30 gNg'C
DIN loss (Lye) 0.6 0.1 0.5 gNm?Zyr?
Bne 0.231 0.0385 0.192 yrt
Microbial respiration (Rcm) 556 541 553 gCm?yrt
v 0.0508 0.0495 0.0505 yrt
Gross N mineralization (Rnm) 60.75 60.42 60.70 gNm?Zyr?
N immobilization (Unm) 47.25 47.42 47.30 gNm?yr?
an 0.0126 0.0130 0.0127 gNg'cC
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Table 3: Simulated changes in ecosystem C 60 and 1000 years after an instantaneous doubling of

CO, concentration or an instantaneous doubling of CO, concentration and a 4°C increase in

temperature. The simulations are for 4 DON-loss models that differ in the way DON losses are

controlled and for both low and high initial DON loss rates. The total chance in ecosystem C

(AC,,, ) has been partitioned among factors associated with: 1) changes in total ecosystem N

(AC,y, ), 2) changes in plant C:N ratios (AC .. ), 3) changes in soil C:N ratios (AC ¢, ), 4) @

redistribution of N between plants and soils (ACg _p, ), and 5) the interactions of the changes in

total N, C:N ratios, and N redistribution (AC,,., )-

2 X CO; only

DON-loss | Average of all | Constant-loss | Proportional- C:N-based Rm-based

Model models at model at loss model at model at model at

year 60 year 1000 year 1000 year 1000 year 1000
DONloss | Low | High | Low | High | Low | High | Low | High | Low | High
AC,. | 097 | 021 | 1285 | 343 | 11.95| 133 | 1244 0.62 | 11.88 | 0.72
AC,., | 052 | 045 | 124 | 071 | 121 | 054 | 123 | 047 | 121 | 048
AC,cn, | 142 | 142 | 165 | 165 | 168 | 156 | 1.66 | 1.52 | 1.69 | 1.53
ACq .p, | 340 | 305 | 615 | 389 | 6.06 | 329 | 610 | 3.07 | 6.05 | 310
AC. | 007 | 002 | 132 | 028 | 123 | 0.09 | 128 | 0.04 | 122 | 0.05
AC,. | 639 | 515 | 2321 | 996 | 2213 | 6.81 | 2271 | 572 | 22.05 | 5.88

2 X COzand +4°C

DON-loss | Average of all | Constant-loss | Proportional- C:N-based Rm-based

Model models at model at loss model at model at model at

year 60 year 1000 year 1000 year 1000 year 1000
DONloss | Low | High | Low | High | Low | High | Low | High | Low | High
AC,, | 045 | 0.08 | 12.06 | 370 | 11.69 | 265 | 11.73 | -1.71 | 10.89 | -3.81
ACy, | 116 | 115 | 159 | 1.34 | 159 | 129 | 159 | 1.03 | 157 | 0.86
ACycn, | 222 | 231 | 195 | 292 | 202 | 296 | 201 | 293 | 216 | 281
ACy .p, | 10.86 | 10.71 | 13.98 | 12.55 | 14.03 | 12.20 | 14.01 | 10.30 | 14.09 | 9.22
AC,. | 034 | 028 | 200 | 0.78 | 197 | 0.60 | 1.97 | -0.10 | 1.89 | -0.39
AC,, | 15.02 | 1453 | 31.58 | 21.29 | 31.30 | 19.70 | 31.31 | 12.45 | 30.60 | 8.69
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Table 4: Simulated changes in ecosystem C after 100 years with CO, concentration doubling
linearly over the 100 years or with CO, concentration doubling and temperature increasing by
4°C over the 100 years. The simulations are for 4 DON-loss models that differ in the way DON
losses are controlled and for both low and high initial DON loss rates. The total chance in

ecosystem C (AC,,, ) has been partitioned among factors associated with: 1) changes in total
ecosystem N (AC,y ), 2) changes in plant C:N ratios (AC .., ), 3) changes in soil C:N ratios
(AC ey, ) 4) aredistribution of N between plants and soils (AC; ., ), and 5) the interactions

of the changes in total N, C:N ratios, and N redistribution (AC,., )-

2 X COzonly

Model Constant-loss Proportional-loss C:N-based Rm-based
DON loss | Low High Low High Low High Low High
AC . 1.24 0.34 1.23 0.27 1.22 0.20 1.22 0.22
AC ey, 0.55 0.45 0.55 0.45 0.55 0.44 0.55 0.44
AC ey, 1.38 1.38 1.38 1.38 1.38 1.38 1.38 1.38
ACqy p, 3.33 2.93 3.33 2.93 3.33 2.92 3.33 2.92
AC, .o 0.09 0.02 0.09 0.02 0.09 0.02 0.09 0.02
AC, 6.59 5.12 6.58 5.05 6.57 4.97 6.57 4.98

2 X CO,and +4 °C

Model Constant-loss Proportional-loss C:N-based Rm-based
DON loss | Low High Low High Low High Low High
AC . 0.83 0.26 0.84 0.31 0.81 0.15 0.76 -0.10
AC o, 1.04 1.01 1.04 1.01 1.03 1.01 1.03 1.00
AC ey, 1.67 1.80 1.67 1.79 1.68 1.81 1.69 1.85
ACg o, 9.38 9.23 9.38 9.23 9.39 9.24 9.40 9.26
AC, o 0.34 0.26 0.34 0.27 0.34 0.25 0.34 0.22
AC 13.27 12.56 13.28 12.61 13.25 12.46 13.21 12.23
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Figure 1: Responses of the MEL model to an instantaneous doubling in CO, concentration (left
column) or an instantaneous doubling in CO, concentration plus 4°C warming (right column).
Results are for simulations with low or high DON losses (as indicated in upper two panels). Line
types indicate the results from 4 DON-loss models (as indicated in upper right panel) that differ
in how DOC and DON losses are controlled: 1) Constant-loss model, 2) proportional-loss model,
3) C:N-based model, and 4) Rp,-based model. The results at year 1000 for vegetation and soil N
follow the same sequence from top to bottom as the results for total C in the upper panels. The

final steady state is indicated on the right of each panel following the break in the x-axis.

Figure 2: Partitioning of the cumulative change in ecosystem C following a doubling of CO;
concentration (left column) or following a doubling of CO, concentration and 4°C warming
(right column) among four factors. Shown are the cumulative changes in C associated with total
changes in ecosystem N (A total N), with changes in plant C:N ratios (A plant C:N), with
changes in soil C:N ratios (A plant C:N), with the redistribution of N between plants and soils (N
redistribution), or with the interaction among these four factors (interaction) for the proportional-
loss model with low and high DON losses and for the Ry,-based model with high DON losses.
The changes in ecosystem C associated with these factors and their interaction sum to the total
change in ecosystem C shown in Figure 1 for the respective models. The final steady state is

indicated on the right of each panel following the break in the x-axis.

Figure 3: Partitioning of the cumulative change in ecosystem C during a gradual doubling of CO,

concentration over 100 years (left column) or during a gradual doubling of CO, concentration

and 4°C warming over 100 years (right column) among four factors. Shown are the cumulative
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changes in C associated with total changes in ecosystem N (A total N), with changes in plant C:N
ratios (A plant C:N), with changes in soil C:N ratios (A plant C:N), with the redistribution of N
between plants and soils (N redistribution), or with the interaction among these four factors

(interaction) for the proportional-loss model with low and high DON losses and for the Rp,-based

model with high DON losses.
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Figure 2

Cumulative Change in Ecosystem C (kg m™)
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Figure 3

Cumulative Change in Ecosystem C (kg m™)

10

-
(=]

L2

(=]

=y
=]

Proportional-Loss Model with Low DON Losses

Years since beginning of CO,
increase

. - '
L -
Proportional-Loss Model with High DON Losses
P
./.
./.
./.
e
1/‘
- —
P e T T e
- s gl =
R, -Based Model with High DON Losses
Atotal N 1
........... A p|am C:N . -~
— — - Aso0ilCN -
—— N redistribution N
| ————interaction R
e
“/'
~
- i e e o e ——
0 50 100 50 100

Years since beginning of CO,
and temperature increase

46



	Perakis, S. S., and L. O. Hedin. 2001. Fluxes and fates of nitrogen in soil of an unpolluted old-growth temperate forest, southern Chile. Ecology 82:2245-2260.

