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The Role of Litter Quality Feedbacks in Terrestrial Nitrogen and

Phosphorus Cycling

Johannes M.H. Knops ™, David A. Wedin? and Shahid Naeem?®

!School of Biological Sciences, University of Nebraska, 348 Manter Hall, Lincoln, NE 68502, USA

2School of Natural Resource Sciences, University of Nebraska, Lincoln, NE 68503, USA

*Department of Ecology, Evolution and Environmental Biology, Columbia University, 1200 Amsterdam Avenue, New
York, NY 10027, USA

Abstract: Many studies in ecosystem ecology argue for strong control of litter quality over nitrogen (N) cycling. We
developed a model for temperate grasslands to test the importance of litter quality in decomposition for N and phosphorus
(P) cycling based on the following premises. First, terrestrial N and P cycling differ fundamentally because N is a
structural component of the soil organic matter (SOM), whereas P is not. Secondly, SOM has a much lower C:N ratio than
litter inputs. Thirdly, litter decomposition follows an exponential decay with 20% of the original litter mass turning into
SOM. Fourth, litter N concentration shows an exponential increase during decomposition, whereas P does not change and
is released proportionally to the litter mass. Based on these premises we constructed a model which shows that 0.75% N is
a critical initial litter concentration at which concentration all N is immobilized and no N is released from the litter. Thus
at 0.75% N of the litter all net N mineralization is through SOM decomposition and not through litter decomposition.
Phosphorus, in contrast, is primarily released in the early stages of litter decomposition. Empirical tests of these model
predictions support the applicability of the model to temperate grassland ecosystems. This model predicts that N
mineralization from SOM is much more important than mineralization from litter and that plant litter quality differences
alone cannot explain ecosystem N cycling patterns. Phosphorus, in contrast, does cycle largely through litter
decomposition, and plant litter quality differences are the dominant factor in determining ecosystem P cycling feedbacks.

Keywords: Decomposition, immobilization, mineralization, nitrogen cycling, phosphorus cycling, soil organic matter.

INTRODUCTION

Several key papers in the early 1990°s emphasized the
role of plant litter quality in determining the rate of nutrient
cycling in terrestrial ecosystems (Wedin and Tilman, 1990,
Hobbie, 1992). These “litter quality feedback” papers dealt
primarily with N, as has much of the subsequent literature.
Considering that the importance of P limitation had been
demonstrated in many tropical ecosystems (Vitousek, 1984,
Vitousek and Howarth, 1991) and that evidence for a strong
role of P limitation in N-saturated temperate ecosystems is
increasing (Aerts et al., 1992), it is surprising that litter
quality feedback papers often did not include P cycling in
their analyses.

To answer the question ‘What role do litter quality
feedbacks play in nutrient cycling?’ therefore requires
considering both N and P cycling, not just one or the other.
We employ this pluralistic approach here by developing a
model that explicitly includes N and P. Our study addresses
this question by separating it into two parts: 1) What
proportion of the N and P found in fresh plant litter is
released during the litter phase of decomposition?; and 2)
How sensitive is the N and P release rate of litter to plant
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litter chemistry (i.e. %N and %P) versus SOM charac-
teristics? In particular, we will examine the impact of
varying the proportion of plant litter stabilized as SOM and
varying the C:N:P ratios of SOM. We stress that our focus is
on N and P dynamics during plant litter decomposition.
Thus, our model is not a complete ecosystem nutrient cyc-
ling model and does not estimate net N mineralization,
which would include N mineralization from SOM, or total P
availability, which would include the release of mineral-
associated P.

TERRESTRIAL NUTRIENT CYCLING

Nitrogen limitation in net primary productivity is
widespread in terrestrial ecosystems (Vitousek and Howarth,
1991), therefore N cycling is a fundamentally important
process in ecosystems. Proximate reasons for this N
limitation is the loss of N because of the high mobility of
nitrate, which is the most abundant mineral form of N in
many well drained terrestrial ecosystems (Schlesinger,
1997). In addition, only a few, often rare, organisms can fix
N (Vitousek et al., 2000) and these organisms are often
constrained by factors such as P limitation (Smith, 1992,
Crews, 1993), and selective herbivory (Ritchie and Tilman,
1995, Knops et al., 2000). Nitrogen is also thought to be the
primary element limiting terrestrial ecosystem processes
because the largest N pool is the atmospheric N, pool, the
least reactive form of N. Furthermore, SOM is the dominant
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N pool in terrestrial ecosystems (Schlesinger, 1997). Forest
ecosystems, for instance have 46% of their organic matter in
roots and aboveground live biomass, whereas 54% of the
organic matter is present in the litter and the SOM. In
contrast, 91% of the entire ecosystem N pool is present in
SOM and litter (Fig. 1), and for grasslands up to 98% of the
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Fig. (1). Forest ecosystem organic matter, nitrogen and phosphorus
pool components. Data are from (Cole and Rapp, 1981) and are the
average of 16 sites, mostly boreal and northern temperate forests.
The average amount of organic matter is 48.6 kg/m? (range 13.0 to
218.6), with 54% in the litter and soil (range 39% to 81%), nitrogen
is 618 g/m? (range 131 to 1096), with 91% in the litter and soil
(range 87-96%) and phosphorus is 124 g/m? (range 12 to 328) with
80% in the litter and soil organic matter (range 44-99%).

N is present in SOM (Knops and Bradley, 2009). This
terrestrial N is largely in relatively stable organic
components with turnover times of thousands of years
(Jenkinson and Rayner, 1977, Post et al., 1985). Phosphorus,
in contrast, has a large fraction in the soil is in inorganic
forms, especially occluded forms of P (Cross and
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Schlesinger, 1995). This occluded P is extremely insoluble,
stable over long periods and not available for plant uptake
(Walker and Syers, 1976).

Terrestrial nutrient cycling is structured by autotrophic
plants, which incorporate minerals into organic compounds.
After senescence or death, litter enters the decomposition
process in which organic matter is broken down and
nutrients are released in an inorganic form, i.e. mineralized
(Fig. 2). This plant-litter-soil cycle is considered the core of
ecosystem cycling which dominates the dynamics of
ecosystem N cycling (Likens et al., 1977, Pastor and
Bockheim, 1984, Stinner et al., 1984, Waring and
Schlesinger, 1985, Vitousek and Walker, 1989, Attiwill and
Adams, 1993, Knops et al., 1996, Schlesinger, 1997). In
most unpolluted, natural terrestrial ecosystems, this internal
ecosystem nutrient recycling exceeds the inputs-outputs
fluxes by a large amount, especially for N and P
(Schlesinger, 1997). Decomposers and plants compete for
the released N minerals as both are frequently limited by N
(Zak et al., 1990, Harte and Kinzig, 1993) and as such the
release of N in the decomposition process can both control
decomposition, plant productivity and litter production.
Thus, nutrient cycling has the potential to lead to positive
and negative feedbacks. However, nutrients can be
mineralized and released from the organic matter at two
points, directly from the litter (A in Fig. 2), or after the litter
has been transformed into SOM (B in Fig. 2). If nutrients are
mineralized during litter decomposition, the timescale of the
release is relatively rapid and the potential for positive or
negative feedbacks large. However, if nutrients are primarily
mineralized during SOM decomposition, the timescale of
any potential feedback is much longer because of the long
time lag between the production of litter and the actual
release of nutrients. Herbivory can be locally important by
affecting the openness of the N cycling through selective
consumption of N fixers (Ritchie and Tilman, 1995) and by
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Fig. (2). Nitrogen and phosphorus cycling. Nutrients cycle through decomposition either through pathway A or B. If A, then nutrients are
mineralized during litter decomposition at biological meaningful time scales. If B, then nutrient are incorporated into soil organic matter and
released at low rates, as soil organic matter is mineralized. This paper addresses this issue.
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speeding up the return of nutrients to the soil pool
(Hollinger, 1986, Frank et al., 1994). However in most
terrestrial ecosystems herbivory does not fundamentally
change the cycle between plants and decomposers (de
Mazancourt and Loreau, 2000).

Soil organic N occurs for a large part in closed ring
heterocyclic compounds (Schulten and Schnitzer, 1998).
Thus, a large part of soil organic N is a structural component
of SOM (McGill and Cole, 1981). This is in contrast with P,
which is not a structural component of SOM. Rather P is
present in the form of ester linkages that can be split by
extracellular enzymes (McGill and Cole, 1981). Old SOM
(i.e. decomposed over a long time period without the
continuous input of new litter), regardless of the climate in
which it is formed (Sowden et al., 1977), generally has a
C:N ratio of 12 or lower (Waksman, 1924), which is much
lower than ratios of 50-200 for litter (Fog, 1988, Brady and
Weil, 1999, Coyne, 1999). The low C:N ratio of SOM may
be a result of a similar ratio within soil microbes (Waksman,
1924), or alternatively, N may contribute to the structural
integrity of the SOM. It is clear, regardless of the
mechanisms, that a low C:N ratio is a fundamental character
of SOM (we exclude organic soils such as peats formed
under anaerobic conditions from our discussion). Jobbagy &
Jackson (2001) found an average C:N ratio within the top
meter of soils of 8.3 for aridisols, 10.2 for mollisols and 12.9
for ultisols and a decrease in C:N ratio with soil depth.
However, note that this includes the entire SOM, e.g. old and
new, and there might be differences among soil types or
climatic regions. We analyzed a 1 meter deep paleosol
formed under a C, grasslands vegetation from the Sandhills
of Nebraska to verify the C:N ratio of old SOM. This
paleosoil has a C'* age of 1800 years and was buried 830
years ago (Goble et al., 2004). The C:N of this paleosoil was
8.2 (SE 0.1, n=5), whereas the current surface soil had a C:N
ratio of 12.2 (SE 0.1, n=5). In our decomposition model, we
initially assume that old SOM has a C:N ratio of 12,
although we test the behavior of the model across a broad
range of C:N ratios (6 — 24).

Soil organic matter is formed from plant litter, and the
transformation of litter into SOM can be viewed as a
continuum following an exponential decay curve (Melillo et
al., 1989). A single exponential decay function (i.e. treating
litter as one homogeneous pool) has been used for a large
variety of litter types (Agren and Bosatta, 1996, Berendse et
al., 1987, Hobbie, 1996, Wadman and de Haan, 1996). More
complex exponential decay models explicitly consider the
dynamics of a highly labile, initially leached organic pool
and a recalcitrant, relatively stable pool. Various long-term
decomposition studies find that about 20% of decomposing
plant litter is resistant to decomposition and is stabilized as
SOM (Melillo et al., 1989, Berg et al., 1982, Berg and
Agren, 1984). The majority of decomposition studies,
however, use litterbags in which long-term measurements
are problematic because of litter fragmentation, loss and
microbial transformations (Wedin et al., 1995). For our litter
decomposition model, we assume that mass loss follows a
single exponential decay curve up to the point of 80% mass
loss, and that the remaining 20% is transformed either
directly or indirectly through microbes into SOM.

J.H.M Knops

N AND P DYNAMICS DURING LITTER
DECOMPOSITION: EMPIRICAL PATTERNS FROM
TWO STUDIES

Combining the exponential decay and the 20% litter
incorporation into SOM with the observed C:N ratio of SOM
allows us to plot mass loss in relation to the N concentration
of litter. For instance, using data from a study by Knops et al
(1996), epiphytic lichens and deciduous oak leaves show an
exponential mass loss over a four-year period of
decomposition. We can also plot mass loss in relation to
tissue N and P concentration (Fig. 3) and include the
endpoint of decomposition (e.g. the SOM as 20% mass
remaining with 3.75 % N, 45 % C, C:N ratio of 12,
represented by the star in Fig. 3 and 4). Litter shows an
exponential decline of mass loss with an increase in N
concentration (Fig. 3), whereas P concentration converges to
0.11% (Fig. 3). Thus, the basic pattern is that as litter
decomposes, C is lost faster than N. This leads to an increase
in the N concentration present in the litter, and the basic
retention of the N within the litter leads to a C:N ratio of 12
in SOM (or 3.75% N). Phosphorus, in contrast, behaves
differently and does not show a consistent increase during
decomposition (Fig. 3). This is supported by studies
examining SOM that show that soil organic P is not a
structural component of SOM (Schulten and Schnitzer,
1998) and can be rapidly released from decomposing litter
(Eason and Newman, 1990). Note that using the C to P ratio
of soil is problematic, because in addition to organic P, soil
includes various inorganic and occluded P fractions which
make up the majority of soil P (Cross and Schlesinger,
1995).

Wedin et al. (1995) examined above- and belowground
decomposition of four common prairie grasses that strongly
differ in N use efficiency and impact ecosystem N cycling
(Tilman and Wedin, 1991, Wedin and Pastor, 1993, Knops et
al., 2002). They found that over a 3.7 year period 50 to 77 %
of the litter mass was lost during decomposition. Initial N
concentrations varied from 0.37 to 1.66%. Litter of both
above- and belowground tissues declined exponentially with
increasing N content as decomposition progressed (Fig. 4).
Our hypothesized endpoint of litter decomposition is
consistent with a trajectory of increasing N content.
However, note that these data do not cover the entire course
of litter decomposition and estimates become increasingly
imprecise with time. Both above- and belowground litter of
Schizachyrium scoparium are associated with strong
immobilization of N, which is consistent with the initial N
content of 0.37 and 0.50% (Fig. 5). Belowground litter of
Agrostis scabra shows the largest mineralization, consistent
with the highest initial N percentage of 1.66%. Other species
and tissues are intermediate and show small rates of
mineralization, consistent with their initial N concentration.
The phosphorus concentration varied from 0.067 to 0.32%
over a 3.7 year period (Fig. 4). Seven of the eight litter types
showed a decrease over time if the initial litter P was above
0.1% and an increase if the initial concentration was below
0.1%. However, the trajectory of P change in the litter does
vary among the species, with a rapid change of litter P
content for Poa, Agrostis aboveground and Schizachyrium
belowground. Agropyron shows a more gradual change over
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much earlier during decomposition (the points represented
by the star in the figures).
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Fig. (3). Litter mass loss versus litter percent nitrogen, respectively
litter percent phosphorus during decomposition. Data consists of
measurements of oak leaves (solid circles, n=20, Quercus
douglasii, a deciduous oak) and an epiphytic lichen (gray circles,
n=10, Ramalina menziesii) during four years of decomposition.
Data points are the means and 1 SE by year. The number indicates
the number of years since the start of decomposition. * denotes the
% nitrogen and % phosphorus in soil organic matter. All data
methods can be found in Knops et al. (1994, 1996). The curves are
fitted through all datapoints and show an exponential decay
following y= 17.6 + 301.4*e™*% F4=72.2, P<0.0001, R?>=0.94 for
the relationship between mass loss and nitrogen.

time. Agrostis belowground shows no real change, and
Schizachyrium aboveground shows a rapid decrease
followed by an increase in litter P concentration (Fig. 4). The
amount of N remaining after one year in the decomposing
litter was on average 70% (range 45 — 100) and 88% (range
38 — 172) of the initial value for the oldest litter, whereas P
remaining was on average 40% (range 13 — 100) after 1 year
and 29% (range 10 — 92) for the oldest litter (Fig. 5). Thus,
initial P release varies more among the litter types than N,
and is on average higher than N release. P release is conti-
nuous over time whereas N shows either immobilization or
mineralization depending on the initial litter quality.

Nitrogen and P behaved strikingly differently. However
across systems N showed the same pattern, as does P (Figs. 3
and 4). Nitrogen in both systems increased during
decomposition towards a C:N of 12 or 3.75% N when 20%
of the litter remains. Phosphorus converged towards 0.12% P
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Fig. (4). Litter mass loss versus litter percent nitrogen, respectively
litter percent phosphorus during decomposition in four grass
species (e.g. Agrostis scabra, Agropyron repens, Poa pratensis and
Schizachyrium scoparium). Data are from both above- and
belowground tissues for each species. Litter was decomposed over
a 3.5 year period and the data are the average of four litterbags per
sampling period. * denotes the % nitrogen and % phosphorus in soil
organic matter. All data and methods can be found in Wedin et al.
(1995).

ANULL MODEL FOR DECOMPOSITION

Based on these premises (Table 1), we can develop a
basic model of litter decomposition (Fig. 6). In temperate
terrestrial ecosystems, plants take up inorganic N and P and
produce an annual flush of litter. These annual litter cohorts
initiate a continuum by which SOM is formed. Litter cohorts
and the final SOM can both immobilize or mineralize N and
P (Fig. 6).

The mass loss of the litter can be fitted to a single
exponential decay function with time as independent
variable similarly to Olson (1963):

X(t) =100 ‘a - ™!

where x(t) is the remaining mass at time t, a is a constant, k
the relative rate of mass loss and t is time (middle line in Fig.
7A). If we assume that 20% of the organic mass is turned
into SOM at time step 10, we can estimate (a) as 14.67.
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Fig. (6). The flows of nitrogen and phosphorus from the plant
through annual litter cohorts into the soil organic matter. Note that
litter and soil organic matter can both immobilize nitrogen and
phosphorus.

Similarly, organic mass remaining as a function of litter
N can be fitted with a single exponential decay function with
time as the independent variable:

O(t)=0(0) "a e™

Where O(t) is the remaining mass at time t, a is a constant, n
the relative rate of N loss and t is time (middle line in Fig.
7B). If we assume that 20% of the organic mass is turned
into SOM at time step 10, that SOM contains 3.75% N, and
that initial litter percent N is 0.75 (middle line in Fig. 7B),
we can estimate O(0) as 15.80, a as 178.29 and n as 1.000.
Using these assumptions, we find that there is no net release
of N from the litter during decomposition (middle line in
Fig. 7C).

If we assume that SOM contains 0.1% P, the same as the
P concentration in the litter, P concentration of the remaining
litter does not change over time (middle line in Fig. 7D) and
the P remaining in the litter follows the same function as
mass loss (middle line in Fig. 7E). We find that P is
mineralized and released from the litter during
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Fig. (7). The dynamics of mass loss, nitrogen and phosphorus during decomposition. The middle lines show the exponential decay of organic
matter on a continuum from litter to soil organic matter with as assumptions 14.67% mass loss per time step, 20% mass remaining at time
step 10 with 3.75% nitrogen and 0.1% phosphorus. A) mass loss, B) mass loss versus remaining nitrogen concentration, C) mass loss versus
remaining phosphorus concentration, D) nitrogen retention during decomposition and E) phosphorus retention during decomposition. The
upper and lower lines simulate different litter qualities (see Table 1 for parameters). Note that the percent phosphorus is offset by 0.01 for

clarification.

decomposition in direct proportion to mass loss of the
decomposing litter (middle line in Fig. 7E). Thus, no net N is
released from the litter during decomposition, which implies
that either no N is released during decomposition or that
immobilization equals mineralization. In contrast, for P the
rate of decomposition directly controls the release of P (Fig.
7E), because no immobilization occurs and all P is
mineralization in direct proportion to mass loss of the litter.

We can use this model of decomposition to test how
differences in initial litter quality and the amount of litter
transformed into SOM affect the mineralization and
immobilization of N and P.

MODEL SENSITIVITY SIMULATIONS
The Impact of Litter Quality; Model Predictions

Our initial model assumes that fresh litter contains 0.75%
N and 0.1% P. We tested the sensitivity of N and P dynamics
by examining two changes; % the amount of initial N or P
present in the litter and twice the amount present (Table 1,
Fig. 7B and D). This leads to a fourfold difference in long-
term N and P release (Fig. 7C and E). However, note that in
all three scenarios, the majority of P present in the initial
litter is released. In contrast, any decrease in initial litter N
results in N immobilization, whereas any increase in litter N
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results in net N release. Secondly, there is a large difference
in P release over the initial time step (110 %), whereas there
is only a 50% difference in N release. These results show
that initial differences in litter quality are reflected in much
larger shifts between mineralization and immobilization for
P cycling as compared to N cycling. This difference in
response time also has the potential for much faster
feedbacks for P as compared to N, if primary productivity is
constrained by nutrient availability. Differences between P
and N are also likely to be enhanced by any litter quality
impacts on the rate of decomposition, which impact P release
more because of rapid divergence (Fig. 7E). Thus, litter
quality differences are much more likely to lead to positive
or negative feedbacks for P cycling than for N cycling. Some
empirical studies support these model predictions (Silver,
1994, Knops et al., 1997, Knops and Koenig, 1997).

Decreases in litter quality result in much larger N
immobilization as compared to the increased mineralization
with increasing litter quality (e.g. decreasing litter N by 50%
doubles the amount of N immobilized, whereas a doubling of
initial N only releases 50% of the N present). Thus, any
decrease in litter quality in plant communities will have
much larger negative feedback than the positive feedback
resulting from an increase in litter quality. Based on this,
negative feedbacks are likely to be more important in
structuring differences among and within ecosystem N
cycling than positive feedbacks.

Differences in the Efficiency by which Litter is
Transformed into Soil Organic Matter

Ecosystems may also differ in the fraction of the litter
that becomes SOM (decomposition efficiency) because of
differences in the physical environment (e.g. the percent clay
present or climate). We simulated this by changing the
proportion of litter stabilized as SOM to half or twice the
amount of the null model (Table 1, Fig. 8A). Nitrogen
release follows essentially the same long-term changes as
shown for changes in litter quality (Figs. 7C, 8C). However,

Table 1.

J.H.M Knops

short-term N release changes are much smaller, i.e. 12%
versus 50% as compared to the null model at timestep 1.
Thus, in the short-term, plant quality is more important than
decomposition efficiency. However, long-term N release
patterns, and thereby any positive or negative feedbacks on
N cycling, are as much dependent on decomposition
efficiency as they are on plant quality. In contrast, P release
shows a markedly different release pathway (Fig. 8E).
Differences in plant quality demonstrate that all three
decomposition efficiency scenarios show an exponential
release with the same long-term retention. In the short-term,
however, plant quality matters much more, e.g. 110% versus
8% in P release as compared to the null model at timestep 1.
Thus, again, long-term P cycling is determined as much by
litter quality as decomposition efficiency. However, over the
short term, any P cycling feedbacks depend much more on
the litter quality than N cycling feedbacks.

Across broad climatic gradients from hot and dry to cool
and moist there is a large increase in SOM and presumably
the fraction of plant litter stabilized as SOM. The scenario in
Fig. (8) represents such a gradient. Across this gradient the
net release of N during litter decomposition (i.e. up to 20%
initial mass remaining) decreases from 50% to zero release
to high rates of immobilization. In contrast, more than 50%
of plant litter P is mineralized during litter decomposition
regardless of position along the gradient. Thus, ecosystem
functioning differences across climatic gradients are
predominantly determined by N cycling differences.

Differences in Nitrogen and Phosphorus Concentration
in Soil Organic Matter

The C:N ratio of the SOM might also vary because of
differences in SOM formed by different decomposer groups
such as fungi or bacteria or because of soil texture and other
site conditions. We simulated a change in the % N and P
retained in the SOM by again using % or twice the amount in
the model (Table 1, Figs. 9B and D), and by keeping the
proportion of litter stabilized as SOM constant (Fig. 9A).

Model Assumptions and Sensitivity Analysis (See the section “Nitrogen and Phosphorus Mineralization” for the

Justification of the Model Assumptions. The Basic Model is Presented in Fig. (7). (N = Nitrogen, P = Phosphorus, SOM =

Soil Organic Matter)

Decomposition Dynamics Sensitivity Analysis Figure
The transformation of litter into SOM is best viewed as a continuum
Litter decomposition follows an exponential decay function
20% of the litter is transformed into SOM 10 and 40% 8
Nitrogen dynamics

% N increases exponentially from the initial litter % to the final SOM
% N of initial litter is 0.75 0.375and 1.5 % 7
% N of the SOM is 3.75 (C:N 12) 1.875and 7.5% 9

Phosphorus dynamics
% P increases in the first time step from the initial litter % to the final SOM %

% P of initial litter is 0.1 0.05 and 0.2% 7
% P of the SOM is 0.1% (C:N 1000) 0.05 and 0.2% 9
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Fig. (8). Simulation of differences in the efficiency by which litter is transformed in soil organic matter (see Table 1 for parameters). A) mass
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during decomposition and E) phosphorus retention during decomposition. Note that the percent phosphorus is offset by 0.01 for clarification.

Nitrogen showed the same long-term release pattern as
shown for a change in litter quality and the decomposition
efficiency (Figs. 7C, 8C, 9C). Note that the specific pattern
of N immobilization at the doubling of the % N is driven by
the assumptions of our model, e.g. a fixed percent of C loss
for each time step. However, it is clear that the temporal
dynamics of N release are distinctly different, with most of
the immobilization occurring in the late decomposition stage.
Phosphorus release showed the same pattern as it showed for
changes in decomposer efficiency.

DISCUSSION

There are many other modeling approaches used to
examine litter decomposition (Olson, 1963, Parnas, 1975,

Agren and Bosatta, 1996, Bloemhof and Berendse, 1995).
Our model closely parallels these models and, like other
models, we used a first order decay function as originally
developed by Olson (1963). Our study suggests that our
relatively simple model is consistent with our understanding
of ecosystem processes yet provides novel insights into the
general properties of N and P cycling. Model predictions
agree with data from grassland ecosystems that meet most of
the assumptions of our model. This model, however, is not
likely to hold for systems where inputs/outputs dominate
nutrient cycling, such as streams and wetlands, and systems
where decomposition is strongly limited, such as peat bogs.
Ecosystems where the dominant pool of nutrients is within
the vegetation and not in the litter and soil compartment,
such as tropical forests, and ecosystems where fire (Ojima et
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Fig. (9). Simulation of differences in nitrogen and phosphorus concentration of the soil organic matter (see Table 1 for parameters). A) mass
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al., 1994, Reich et al., 2001) or UV light (Parton et al.,
2007) are important also will not have the bottleneck of
nutrient accumulation within the soil compartment, which is
the most important feature of this model. Nevertheless, this
model might also be useful in ecosystems where it does not
capture the essence of nutrient cycling, because it allows us
to examine which of the premises underlying the model
(Table 1) is invalid. By using this model as a null model, we
might gain insights in the factors that are causing differences
in nutrient cycling among ecosystems.

Many studies have shown that there is a dynamic
turnover of N within decomposing litter caused by microbial
uptake of N from litter followed by the incorporation of this

N into microbial tissues which are then incorporated as dead
microbial biomass into litter (Berg, 1988, Blair et al., 1992).
In addition, there is increasing evidence that plants can
assimilate organic N and that net N mineralization does not
always reflect plant available N (Schimel and Bennett,
2004). However, neither the dynamic nature of N within the
litter nor the uptake of organic N diminishes the importance
of net N mineralization and immobilization, because these
net fluxes determine any potential feedbacks through
nutrient cycling.

We predict that N release during litter decomposition
becomes more important with higher litter quality,
decreasing soil C:N ratios and decreased SOM stabilization
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(i.e. warm temperatures, low clay content, increased soil
disturbance). The relative importance of these factors
appears to be similar. Studies have shown that the long-term
N release patterns are dependent on litter quality (Parton et
al., 2007) and decomposer efficiency (Manzoni et al., 2008).
However, this study shows that N release patterns are as
much dependent on litter quality as on decomposition
efficiency and the N concentration present in SOM, whereas
short-term release patterns show a greater sensitivity to litter
quality. In all these scenarios, at least 50% of the N present
in the litter is retained within the SOM, and the magnitude of
difference in release patterns is in the order of 150% of the
initial N present in the litter. Thus, N cycling is structured
much more by immobilization than mineralization. In
contrast, P release patterns are dominated by P mineraliza-
tion in proportion to litter mass loss, and the majority is
mineralized in all three scenarios showing no more than 30%
difference. Short-term P release patterns depend primarily on
changes in litter quality, whereas N release patterns do not.
Long-term N cycling can vary widely based on difference in
litter quality, decomposition efficiency and the SOM C:N
ratio, whereas P cycling varies much less.

The direct impacts of litter quality on nutrient cycling are
expected to be larger and faster for P than for N. Our simple
model suggests that the dynamics of P release during the
early stages of decomposition appear to be much more
dependent on litter quality than the short-term dynamics
observed for N. Thus, P has a much larger potential for
short-term positive and negative litter quality feedbacks than
N cycling. This difference between N and P might explain
why Scott and Binkley (1997) and Knops et al. (1997) did
not find any relationship between litterfall N concentration
and N mineralization, whereas Silver (1994) did find a
significant relationship for P. As our study indicates, rates of
long-term N cycling will diverge much more than short term
cycling among ecosystems that differ in litter quality,
decomposition efficiency and the nature of the SOM. Thus it
is not surprising that results from different sites may disagree
with one another when such properties vary among sites.

A key factor in determining feedbacks in ecosystem N
cycling is the degree to which ecosystem N cycling is closed
(Tateno and Chapin, 1997, Knops et al., 2002). Species
changes in plant community composition that alter N inputs
or losses have the potential to drastically alter feedbacks (de
Mazancourt et al., 1998, 1999, de Mazancourt and Loreau,
2000). Closed ecosystems have a negative feedback by
which increased productivity leads to high C:N ratios, low
decomposition, reduced N mineralization and subsequently
decreases in productivity (Tateno and Chapin, 1997). This
feedback is reflected in our basic model, where N content of
the litter increases during decomposition and differences in
initial plant material have a positive or negative feedback
through N release. Our study suggests that decomposer
efficiency and N concentration in SOM have as much impact
on these feedbacks as initial plant quality. Furthermore our
study suggests that negative feedbacks are likely to be more
important than positive feedbacks.

In total, P release during litter decomposition plays a
dominant role in P cycling and P cycling feedbacks are for a
large part controlled by litter quality differences. The same
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cannot be said for N. The majority of N in all our modeling
scenarios, as well as the empirical data we present becomes
stabilized as SOM. This leads to a time lag in any potential
litter quality impact on N cycling and the potential for N
cycling feedbacks is much lower than for P. We suggest that
the emphasis in terrestrial grassland ecosystem literature on
the role of litter quality feedbacks to explain N cycling
reflects an incomplete picture of the process. The mineraliza-
tion of SOM is the key area that we need to focus on to
develop a better understand of N cycling.
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