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Abstract The decay of coarse woody litter serves a
potentially important role in forest nitrogen cycling.
The carbon-rich, nitrogen-poor chemistry of wood
allows it to immobilize, store, and in later stages of
decomposition, supply nitrogen to forest ecosystems.
The decay of woody litter happens over decadal time
scales, making direct observations of its importance
to nitrogen cycling challenging. Modeling woody
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litter decay can provide insights into its role in nitro-
gen cycling but is complex because it is influenced by
microbial stoichiometric demands, wood chemistry,
time spent as standing versus downed wood, input
rates from mortality and disturbances, decay rates, and
whether these processes are dynamic over time. One
ecosystem where these uncertainties are particularly
relevant is the Hubbard Brook Experimental Forest
in New Hampshire, USA, where long-term monitor-
ing of a reference watershed has revealed a persistent
imbalance between nitrogen inputs and losses. Micro-
bial immobilization of nitrogen in decaying wood has
been proposed as an unaccounted-for nitrogen sink.
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To test whether coarse dead wood contributes to this
imbalance, we modeled nitrogen and carbon dynam-
ics during decay and the processes influencing their
cycling. We found that 1) Nitrogen dynamics in dead
wood likely do not account for a substantial frac-
tion of the nitrogen imbalance observed at Hubbard
Brook, and 2) Low microbial carbon-use efficiency
for wood decay (<0.10) was most consistent with
observed data and had a large influence on the capac-
ity of wood to immobilize nitrogen and the fate of
wood-derived carbon.

Keywords Woody decay - Model - Nitrogen -
Microbial carbon-use efficiency - Coarse woody
material - Hubbard Brook Experimental Forest

Introduction

Nitrogen (N) is a critical nutrient that limits forest
productivity and timber production and plays a
central role in governing ecosystem function.
Understanding the processes that immobilize N
(rendering it temporarily unavailable for plant
uptake) or release N (making it accessible again) is
essential for sustainable forest management, long-
term soil fertility, and predicting forest responses
to disturbance and succession (Harmon et al. 2004,
Laiho and Prescott 2004).

At the Hubbard Brook Experimental Forest
(HBEF), a mature temperate forest in the northeastern
United States, a long-standing N imbalance has been
observed, in which atmospheric N inputs exceed
known outputs. This discrepancy is well documented
in Watershed 6 (HBEF-W6), a reference watershed
for biogeochemical studies. As the forest matured
and net tree biomass reached near equilibrium in
the early 1980s, it was expected that a declining
net sink of N in biomass, combined with continued
atmospheric N deposition, would result in larger
dissolved N exports via streamflow. Instead, dissolved
N losses have steadily declined since the 1970s, with
stream nitrate now often below instrument detection
limits during the growing season (Lovett et al. 2018).
Gaseous losses of N appear to have decreased since
the late 1990’s (Groffman et al. 2018), resulting in
an apparent imbalance of roughly 5.5-11.5 kg N
ha=! yr~! after accounting for changes in biomass N
storage (Yanai et al. 2013; Lovett et al. 2018).
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Several hypotheses have been proposed to explain
this "missing" N sink, including an unaccounted-for
N sink in soils (Lovett et al. 2018) and microbial
immobilization of N in coarse dead wood (Lajtha
2020). To test the latter hypothesis, we developed
a process-based model to evaluate whether coarse
woody material (CWM) dynamics could account for
the observed N imbalance at HBEF-W6.

Coarse woody material plays a potentially
underappreciated role in cycling N through temperate
and boreal forests, particularly over the course of
forest succession (Harmon et al. 2004; Lajtha 2020).
Coarse woody material is carbon (C) rich and N
poor, with the carbon to nitrogen ratio (C:N) often an
order of magnitude higher than foliar, fine root, and
microbial biomass. With its low N concentrations,
CWM  supports microbial communities that
immobilize N during early stages of decay and release
N in later stages of decomposition (Harmon 2021).
However, a complete understanding of the impacts
of CWM on N cycling is still lacking, largely due to
the long timescales over which wood decay processes
occur. Various studies have reported that CWM plays
either an important (Wiebe et al. 2012) or minor
(Laiho and Prescott 2004) role in forest N cycles,
illustrating the need to advance our understanding of
nutrient cycling in CWM.

In temperate and boreal forests, the decay of CWM
is primarily carried out by fungi and bacteria, which
typically have a low C:N (5-20), compared to CWM
(250-500+) (Zechmeister-Boltenstern et al. 2015).
This creates a substantial stoichiometric imbalance
and high microbial demand for N. To meet this
demand, N is often immobilized during the initial
stages of wood decay until stoichiometric demands
are met (Mooshammer et al. 2014). The C:N at which
net N mineralization from decaying leaf, root, and
woody litter begins has been referred to as the critical
C:N (Berg and Staaf 1981) and depends on initial
litter C:N as well as microbial carbon-use efficiency
(CUE) based on synthesis studies that include, but
are not dominated by CWM (Manzoni et al. 2008).
Recent work has highlighted that this relationship is
less well constrained for CWM than for foliar litter,
with CWM often net releasing N earlier than expected
(Wijas et al. 2025).

Many ecosystem models employ a critical C:N
concept to simulate the decay of organic matter,
allowing organic matter to immobilize N when its
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C:N is above a critical C:N threshold, and to net
mineralize N below the critical C:N. However,
many of these models use a fixed critical C:N
parameterization across organic matter types,
essentially fixing the CUE of the microbial
community to values typically greater than 0.20
g C of new microbial biomass per g of organic C
consumed (Zhang et al. 2018). This parameterization
allows net N mineralization from organic matter only
when litter C:N has reached relatively low values
(e.g., net mineralization only when litter C:N is less
than 50 for microbial biomass with a C:N of 10 and
a CUE 0.20 or greater). Contrary to these constraints,
there are reports of net N mineralization occurring
in high C:N (250-500) CWM with very little to
no net immobilization of N (Krankina et al. 1999;
Ganjegunte et al. 2004; Brais et al. 2006; Palviainen
et al. 2008; Johnson et al. 2014). Further, although
N is often initially immobilized in CWM, net N
mineralization is typically observed at relatively high
C:N, often> 150 (Grier 1978; Edmonds 1987; Sollins
et al. 1987; Chen et al. 2001; Creed et al. 2004;
Palviainen et al. 2008; Preston et al. 2012; Johnson
et al. 2014; Smyth et al. 2016; Prescott et al. 2017;
Strukelj et al. 2018).

To reconcile observations that N-rich litter can
immobilize N at relatively low C:N, while N-poor
coarse woody litter can net mineralize N, even at
high C:N, (Manzoni 2017) proposed a conceptual
model of flexible microbial CUE. In this model,
microbial decomposers using N-poor litter have a
lower CUE to maximize their growth rate—in other
words, microbial communities on C-rich, N-poor
litter reduce the fraction of C that is assimilated into
biomass versus heterotrophically respired. This model
is consistent with measurements of microbial CUE
in both terrestrial and aquatic ecosystems (Manzoni
et al. 2017) and reconciles litter decay experiments
which suggest that the CUE of decomposition—
the fraction of assimilated C retained in microbial
biomass versus lost as respiration or other microbial
processes—ranges from less than 0.1 for wood
decomposers to as high as 0.5 for decomposition of
N-rich, high-quality litter (Manzoni et al. 2008, 2012,
2017). Together, both observations and modeling
imply that litter chemistry is a dominant control on
N mineralization from decaying litter (Manzoni
et al. 2017) and should be taken into account when
constructing or parameterizing models of wood

decay. Given the importance of initial litter chemistry
in controlling decay processes, Romashkin et al.
(2018, 2021) suggest it is also important to explicitly
separate wood and bark components, which differ in
chemistry and C:N, degree of N immobilization, and
timing of net N mineralization.

In addition to the chemistry of CWM, any process
that affects its supply and turnover will translate into
changes in N stocks and N fluxes from CWM. For
example, the supply of woody litter is controlled by
the size of the live woody biomass pool and rates of
tree mortality and branchfall. Decay (or mass loss)
of CWM is controlled by chemistry and climate, but
also by the position of dead wood, whether standing
or downed. Standing dead trees often decay 24
times more slowly than downed dead wood due
to due differences in the degree of ground contact
and microclimate, with the exception of very wet
ecosystems (Law et al. 2019; Harmon et al. 2020).
The fraction of woody necromass found in standing
versus downed pools is dependent on the fall rate of
standing dead trees, which varies with mode of death,
stand density, species, climate, and tree size (Garber
et al. 2005; Oberle et al. 2018). Recent work also
suggests that initial deadwood piece size can further
influence decay rates and residence times (Wijas et al.
2025). Large inputs of CWM through disturbance
events can also have lasting impacts on C and N
dynamics in forests.

The extent to which wood decay progresses to
completion over decades remains poorly quantified.
Observations from foliar litter decay experiments
suggest there is a limit to the degree of short-term
decay. Specifically, Berg et al. (1996) and others
have shown that some fraction of initial litter mass
decomposes at very slow rates and can persist for
centuries, resulting in an upper limit to how much
decay can occur over annual to decadal timescales.
These limit values tend to be on the order of 10-30%
for foliar litter, with N-rich litter producing a greater
fraction of persistent organic matter compared to
N-poor litter. Although the limit value concept has
important implications for C and N cycling, limit
values are largely unknown for CWM, due to the
long decomposition experiments required to estimate
values for wood.

Finally, adding to the uncertainty and difficulty
in predicting fluxes of C and N from dead wood is
that many of these processes are dynamic and can
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vary over time within a stand due to changes in
species composition and tree size. Decay rates and
snag fall rates can vary with the size of dead wood,
with larger diameter woody material often (but not
always) decaying and falling at slower rates than
smaller diameter pieces (Harmon et al. 2020), as well
as with the spatial position of dead wood within the
stand. Mortality rates can also vary over the course of
succession, even in the absence of large disturbances
(Lines et al. 2010). The microbial community
colonizing dead wood, their CUE and N requirements
also likely vary during wood decay. Existing models

We hypothesize that: 1) Nitrogen immobilization
in CWM is insufficient to account for the observed N
imbalance at HBEF-W6, based on prior wood-decay
studies at Hubbard Brook that observed relatively
rapid turnover of CWM and limited N retention
during decomposition, and 2) Microbial CUE
strongly controls N immobilization and C fluxes in
CWM, and simulations with low CUE values (<0.10)
are most consistent with observed N and C dynamics
during wood decay.

rarely incorporate the full complexity of dead wood Methods
C and N dynamics that include all the mechanisms
listed above. Model description

Motivated by uncertainty surrounding the role
of dead wood in forest N budgets, we developed a
process-based model to explore how key mechanisms
influence C and N fluxes from CWM at HBEF-W6
and to answer the following questions:

1) Can uncertainty in the magnitude of N cycling
through CWM explain the N imbalance observed
at HBEF-W6?

2) What microbial CUE best reproduces N
dynamics observed during wood decay, and how
does it affect N retention in CWM and the fate of
wood-derived C?

Wood
Production

!

The model presented here was developed to simu-
late cohort-level and ecosystem-scale N and C stocks
and fluxes during the decay of CWM (Fig. 1). Using
an annual timestep, the model first simulates live
wood biomass through a user-defined wood pro-
duction rate that can either remain constant or vary
over time. Dead wood inputs are then generated by
the turnover of live woody biomass. Wood and bark
components can be tracked separately, with their
initial proportions determined by a user-defined
bark fraction parameter. Live wood turnover, which
includes the sum of mortality and coarse branchfall,

Live biomass Mortality Standing Dead Snag fall Downed Dead
Wood (and branchfall) Wood (and branchfall) Wood
Bark Bark Bark
\ L )
~y I -

—
-_— oy s m -

Fig.1 Model structure developed to assess the C and N
dynamics in CWM. Pools are represented as boxes, fluxes of
C and N as arrows. Live woody biomass is subject to mortal-
ity that is tracked as annual cohorts and can either transition
directly to standing dead wood or partially into standing and
downed dead wood based on an initial fall fraction. N is immo-
bilized in CWM until a critical C:N is reached and is then net
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mineralized from CWM cohorts. C is lost via microbial respi-
ration during decay. Decay can be simulated as either a single
exponential, asymptotic, or double exponential type decay
by parameterizing the limit value and slow decay rate. In all
stages of the model wood and bark components can either be
tracked separately or as a single pool
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is parameterized by a mortality rate that can either
remain static or change over time.

Dead wood is partitioned into standing and
downed pools based on an initial “fall fraction”
parameter, requiring the model to track individual
annual dead wood cohorts. Standing dead wood
undergoes decay and continues to transfer to downed
woody material though a user defined snag fall rate.
The fall of standing dead wood over time can occur
as a constant fraction of initial mass or as a declining
exponential function, with a higher proportion of
a standing dead cohort’s mass falling in early years
and decreasing exponentially over time. Standing and
downed dead wood pools have distinct decay rate
constants, with standing dead decaying more slowly
in our simulations, although this is user configurable.

Following Berg et al. (1996), we allow for the
use of a limit value to decomposition. We do this
using a double exponential decay function that
tracks both labile and more recalcitrant fractions
of woody litter, representing relatively fast- and
slow-decomposing components rather than explicit
chemical constituents. The proportion of an initial
dead wood cohort that begins in the recalcitrant
fraction is parameterized using the limit value. With
user parameterization of the limit value and the
decay rate constant of this recalcitrant fraction (“slow
decay rate”), wood decomposition can be simulated
as single exponential decay (limit value=0), an
asymptotic decay model (limit value>0; slow
decay rate=0), or a double exponential decay (limit
value > 0; slow decay rate >0). Labile and recalcitrant
pools decay simultaneously (in parallel).

We allow CWM to immobilize N and delay net
N mineralization by implicitly including microbial
dynamics and stoichiometric demands. Specifically, to
satisfy decomposer stoichiometric C and N demands,
N is net immobilized when the C:N of decaying wood
is above a critical C:N, and net mineralization occurs
once dead wood cohorts are at or below the critical
C:N according to Eq. (1) (Manzoni et al. 2008).

Net N Exchange = —Wood Decay C Flux X (WooéC N~ Cr }11 C N)
B ritice .

(immobilization > 0, mineralization < 0)
ey
Wood and bark components have distinct critical
C:N values and thus different trajectories of N
immobilization and mineralization over time. The

critical C:N of wood and bark components are
determined using an empirical relationship with
initial litter C:N as reported in (Manzoni et al.
2008) from a meta-analysis of foliar and woody
litter decay studies (Eq. 2). This critical C:N is
directly linked to microbial CUE (Eq. 3) (Manzoni
et al. 2008). For our simulations we assume
microbial biomass C:N is 10, consistent with values
commonly assumed in decomposition models and
empirical syntheses of microbial stoichiometry
(Manzoni et al. 2008; Mooshammer et al. 2014).

1

| 0.76
045 % <1nitial Dead Wood C:N )

@)

Critical C : N =

Microbial Carbon Use Efficiency

_ Microbial biomass C:N 3)
B Critical C:N

In this study, we refer to microbial CUE as a
parameter that governs both C partitioning and N
immobilization during decomposition. While CUE
is classically defined as a microbial physiological
trait, our implementation reflects an effective
decomposition-level CUE—similar to the CUE of
decomposition described by Zhang et al. (2018).
Although we do not explicitly simulate microbial
turnover or active biomass, the model tracks C
lost through microbial respiration and estimates
the fraction of wood C that would enter microbial
biomass.

Lastly, we optionally allow for the mortality rate
and snag fall rate to vary stochastically across years.
To facilitate sensitivity analyses and parameter
optimization the model was designed to allow for
Monte Carlo type simulations. Model structure as
well as parameter values can be varied randomly
between model runs within user-defined ranges. We
also allow for user-defined disturbance events that
specify both the amount of mortality and proportion
of CWM from mortality events that remain on site.
Disturbance parameters can also vary randomly
within a user-defined range between runs.

We do not include physical processes such
as fragmentation (e.g., loss of wood by physical
breakage), and we do not attempt to simulate the
transition of CWM to soil organic matter. These
processes occur over a 2-3 decade timeframe in
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northern hardwood forests of the White Mountains
(Fast et al. 2008), the dominant forest type at Hubbard
Brook. Instead, C and N pools continue to be tracked
as downed CWM until lost through respiration or
mineralization and therefore may overestimate C and
N in field-sampled recognizable CWM.

Site description

We simulated C and N dynamics in CWM at the
Hubbard Brook Experimental Forest. Hubbard Brook
Experimental Forest is a 3,150-ha northern hardwood
forest situated within the White Mountain National
Forest in New Hampshire, USA and was established
in 1955 by the USDA Forest Service. Since 1963 it
has been home to the Hubbard Brook Ecosystem
Study (https://hubbardbrook.org/), and since 1988,
the Hubbard Brook Long Term Ecological Research
Program (LTER). We took advantage of long-term
records of C and N fluxes and stocks from Watershed
6, a 13.2 ha watershed used as a biogeochemical
reference, referred to here as HBEF-W6.

Long-term records of C and N fluxes through
streamflow and from atmospheric deposition, as
well as stocks in vegetation and soils have been syn-
thesized by numerous authors to provide estimates
of the long-term N budget within HBEF-W6 (Bor-
mann et al. 1977; Whittaker et al. 1979; Yanai et al.
2013; Lovett et al. 2018). These analyses have identi-
fied several periods of N imbalance at HBEF-W6. In
the 1960s-1970s, there was a roughly 14 kg N ha™!
yr_1 unaccounted for N source (Yanai et al. 2013).
This was during a stage when the forest was actively
regrowing and net accumulating more N in biomass
than was being deposited through atmospheric depo-
sition. More recently, since the early 1990s, there has
been a “missing” N sink of roughly 5.5-11.5 kg N
ha™! yr™! (Yanai et al. 2013). This apparent annual

Table 1 Summary of Model Simulations

N sink can be approximated by subtracting N export
via streamflow from N inputs via atmospheric deposi-
tion, consistent with long-standing N budget analyses
at Hubbard Brook. We compare this approximation to
model predictions of N fluxes into and out of CWM.
Previous work at Hubbard Experimental Forest
has also included a 24-year wood decomposition
study of the three dominant species in HBEF-W6
— Acer saccharum, Betula alleghaniensis, and Fagus
grandifolia—see Johnson et al. (2014) for the first 16
years. This study provided estimates of mass loss rates
from decaying CWM and initial N and C contents
for model parameterization, as well as patterns of N
retention and release for model testing. In addition,
Arthur et al. (1993) measured N concentration and
N retention in downed logs 23 years after a harvest
experiment, offering an independent benchmark
of long-term N retention dynamics from Hubbard
Brook. Measurements of the mass of the standing
dead tree pool have occurred periodically since the
1970s, while the mass of the downed CWM pool was
measured in 1978, 1995, and 2016. These periodic
inventories of CWM stocks over roughly 40 years
provided observations for model comparison.

Model parameterization

Default parameter values and the range of parameter
values used in sensitivity analyses are listed in Sup-
plemental Table 1. Many of the default parameter
estimates were drawn from previous work at Hub-
bard Brook Experimental Forest (see Supplementary
Information (SI) for more detail). For the default
parameterization most parameters were held constant
over the 500-year simulation period with the excep-
tion of wood production. To constrain modeled dead
wood inputs and ensure realistic trajectories of CWM
accumulation, we estimated aboveground woody net

Simulation Purpose

Parameters Varied

1. Cohort-Level Validation

Evaluate model accuracy in simulating N

Critical C:N, %N, decay rate constant

retention and release during decay

2. HBEF-W6 Monte Carlo Scenario

3. C:N; Microbial CUE
stocks and fluxes

1) Validate biomass and dead wood dynamics
2) Assess CWM contribution to N imbalance
3) Quantify parameter sensitivity

Isolate the effect of microbial CUE on C and N Critical C:N varied 25-325

+25% variation in all model
parameters; +50% mortality, +25%
removal during 4 disturbances

(microbial CUE of 0.40-0.03)
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primary production (NPP) based on long-term wood
production and biomass patterns at Hubbard Brook
(Whittaker et al. 1974; Fahey et al. 2005; Siccama
et al. 2007; Campbell et al. 2013). Specifically, fol-
lowing stand-replacing disturbances or harvests, we
simulated an initial low-NPP phase associated with
stand reestablishment, a subsequent rise to peak NPP
early in stand development, and a decline to a stable,
mature-forest NPP rate (see SI, Section S1).

To parameterize wood turnover including mor-
tality, we assumed that the relatively stable live
woody biomass observed at HBEF-W6 since the
late 1980s (170-190 Mg ha™'; Hubbard Brook data
archive) reflects a near steady-state condition. With
this assumption, an annual wood turnover rate of
1.7-1.9% is required to balance an assumed mature-
forest aboveground woody NPP rate of 320 g C m™
yr™!. We applied a constant annual mortality rate of
1.8% for the default parameterization. Although field-
based estimates of dead wood inputs are somewhat
lower (Gosz et al. 1972; Siccama et al. 2007; van
Doorn et al. 2011), they likely underestimate true
turnover due to unmeasured decay losses from stand-
ing dead material and attached dead branches on live
trees (see SI, Section S1).

Site-specific wood decay parameters were
informed by values reported for the HBEF in Johnson
et al. (2014) and Arthur et al. (1993). To improve
model fit, we used inverse parameter optimization
to estimate the decay rate constant by fitting a single
exponential decay model to observed trajectories of C
and N over time. During this optimization, both the
decay constant and the critical C:N thresholds for
wood and bark were allowed to vary to best replicate
the observed N retention patterns from Johnson et al.
(2014). The resulting best-fit parameter set was then
validated against independent field data on mass
loss from decomposing logs in HBEF-Watershed 2,
as reported by Arthur et al. (1993) (see SI, Section
S1). Site-specific initial dead wood and bark N
concentrations were taken from Johnson et al. (2014).
Parameterization of the critical C:N can be user-
defined but by default is estimated based on initial
wood and bark C:N using the relationship found in
Manzoni et al. (2008) (Eq. 2).

We used a default limit value of 0 but investigated
the influence of this parameter by allowing the
limit value for wood decay to vary between 0-10%
based on the assumption that litter with lower N

concentrations tend towards low limit values to
decay (see SI, Section S1). Parameterization of the
bark fraction of wood biomass was estimated from
species-specific data (Clausen and Godman 1969;
Smith 1969; Whittaker et al. 1974; Evans et al. 2004).
In these studies, bark fraction varied minimally
above tree diameters of 10 cm for the three dominant
species found within HBEF-W6. Estimates of snag
fall rates were taken from (Vanderwel et al. 20006;
Hilger et al. 2012; Russell and Weiskittel 2012;
Battles (unpublished)). The timing and amount of
biomass lost during harvest, hurricane, and ice storm
disturbances followed those outlined by Bernal et al.
(2012).

Model simulations

We used a series of model simulations to evaluate
whether CWM contributes to the long-standing N
imbalance observed in HBEF-W6. We also sought to
determine the range of microbial CUE (represented
as critical C:N) values most consistent with observed
N dynamics in CWM, and to assess how CUE
influences the capacity of dead wood to immobilize
N and the fate of wood-derived C. Each simulation
ran for 500 years, beginning with a 300-year spin-up
period (1600-1900) during which time live and dead
wood pools approached steady-state conditions,
followed by a 200-year period (1900-2100) that
included multiple disturbance events.

First, to evaluate whether the model realistically
simulates N retention and release during wood
decay, we ran a simulation using default HBEF-W6
parameters and examined outputs at the individual
cohort level. Most parameters were held constant,
while decay rate constants, initial wood and bark %N,
and critical C:N thresholds were allowed to vary. We
compared modeled N dynamics to observations from
two empirical studies: (1) a 24-year decomposition
experiment tracking net N retention and loss in logs
of the three dominant tree species at HBEF-W6
(Johnson et al. 2014), and (2) measurements of %N
and N retention in downed logs 23 years after harvest
(Arthur et al. 1993). Empirical critical C:N values
were by default calculated using Eq. 2 and initial
substrate chemistry, but also calculated using an
inverse parameter optimization to identify best-fit
thresholds for wood and bark (see SI, Section S1).
Comparisons between empirically derived and best-fit
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critical C:N provided a basis for evaluating whether
empirically derived critical C:N were sufficient
to reproduce observed microbial N dynamics and
supported their application in subsequent simulations.
Second, we conducted a simulation consisting
of 5,000 Monte Carlo iterations to evaluate the
potential contribution of CWM to the N imbalance
observed at HBEF-W6 since the 1990s. This
simulation incorporated four major disturbance
events adapted from Bernal et al. (2012): historical
harvests in 1906 and 1917, the 1938 hurricane,
and the 1998 ice storm. For each event, tree
mortality was allowed to vary by+50% from
default estimates, and the fraction of harvested
biomass removed by +25% (see SI, Section S1).
All other model input parameters were randomly
varied +25% around HBEF-W6 default values,
and the model structure included a standing dead
phase and explicit separation of bark and wood.
This simulation addressed three objectives: (1) to
test model parameterization and structure through
comparison with long-term observations of
aboveground productivity, biomass, and standing
and downed dead wood within HBEF-W6; (2)
to evaluate the contribution of CWM to the
watershed-scale N imbalance by comparing
modeled N fluxes to observed atmospheric inputs
and stream N outputs; and (3) to quantify the
relative influence of each input parameter on
modeled N fluxes and CWM dynamics through
permutation-based  sensitivity analysis using
Random Forest regression. Details on the Random
Forest model fitting, data structure, and the
sensitivity analysis are provided in SI, Section S2.
In a third simulation experiment, we isolated the
influence of microbial CUE by holding all param-
eters constant at HBEF-W6 default values except
for the critical C:N of wood and bark. While many
ecosystem models assume decomposer CUE val-
ues > 0.20 (Zhang et al. 2018), empirical studies sug-
gest that CUE is lower for wood-decomposing fungi
due to the high C:N of woody substrates. To reflect
this difference, we varied critical C:N from 25 (rep-
resentative of N-rich litter) to 325 (representative of
N-poor, woody tissues). These values correspond to
microbial CUEs ranging from 0.40 to 0.031. We eval-
uated how variation in critical C:N (and associated
CUE) affected N stocks in standing and downed dead
wood, N fluxes in relation to the long-term watershed
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imbalance, and the partitioning of C between micro-
bial growth and respiration.

Results

The results are organized into three sections:
1) comparison of model output with empirical
observations to assess model performance; 2)
evaluation of the potential for CWM to account for
the watershed-scale N imbalance at HBEF-W6 and
identification of key parameters influencing model
outcomes; and 3) exploration of how variation in
microbial CUE affects simulated dead wood C and N
stocks and fluxes.

Model comparison with observations

We assessed model performance by comparing
simulated outputs to empirical observations at
both the cohort and ecosystem scale. Cohort-level
simulations were used to evaluate N retention
and release during wood decay, while full-site
simulations were used to assess long-term patterns in
aboveground biomass, productivity, and dead wood
pools under historical disturbance regimes.

For clarity, we briefly restate key model
assumptions relevant to N immobilization and
mineralization before presenting the results.
Our model, similar to others that track nutrient
dynamics during decomposition, uses a critical C:N
threshold to determine the transition between net N
immobilization and mineralization. When substrate
C:N exceeds the critical threshold, the model
simulates net N immobilization; below this threshold,
net mineralization occurs. We evaluated the model’s
ability to simulate net N dynamics in decaying wood
by comparing output from individual model cohorts
to observed trajectories of net N retention and release
from a 24-year wood decay experiment of the three
dominant tree species at HBEF-W6 (Johnson et al.
2014). These comparisons allowed us to assess
whether empirically derived critical C:N values,
calculated using initial wood and bark chemistry
and Eq. 2, were sufficient to reproduce observed N
dynamics. In addition, we applied inverse parameter
optimization to evaluate how closely the empirically
derived critical C:N values aligned with best-fit
thresholds under our model structure.
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For bark, the empirically derived critical C:N was
58, based on an initial bark C:N of 72. This led the
model to simulate a brief phase of early N immobili-
zation (a 3% increase from initial N content) (Fig. 2).
While Johnson et al. (2014) observed no net N accu-
mulation in bark, the differences between simulations
and observations were minor given the sensitivity of
the model to stoichiometric thresholds and the pre-
cision of the immobilization measurements. Inverse
parameter optimization yielded a higher best-fit
critical C:N of 126—consistent with observations of
immediate net mineralization.

The empirical and optimized critical C:N values
for wood were more closely aligned (234 and 271,
respectively) than for bark, and the model reproduced
wood-N retention with high accuracy using the
empirical parameterization (R*=0.88). The empirical
parameterization predicted a peak retention of 22%
above the initial N content after 6 years—reasonably
close to the 16% peak observed after 3 years and the
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Fig.2 Modeled N retention trajectories for wood (top) and
bark (bottom) from a representative simulated cohort, show-
ing variation across a range of critical C:N. Simulations used
a fixed decay rate (k=0.09 yr™}), with color gradients indicat-
ing the critical C:N value applied. Dashed lines show observed
values; dotted and solid black lines represent simulations using
empirically derived (model default) and optimized parameters,
respectively

15% peak obtained with the optimized C:N (Fig. 2).
We explored a wide but realistic parameter space by
constraining critical C:N to values > 150 (microbial
CUE < 0.07)—appropriate for woody substrates. Even
within this restricted range, peak immobilization
could still exceed observations by ~50% in some runs
(e.g., critical C:N =150, CUE=0.067), underscoring
the model’s sensitivity to this threshold (Fig. 2).
Simulations using low critical C:N=50 (CUE=0.20)
produced peak immobilization more than 400%
above the original N content (not shown). The
empirical critical C:N for wood (234), derived using
Eq. 2, corresponds to a microbial CUE of 0.043 and
produced dynamics that closely matched observations
(Fig. 2).

We also evaluated model performance against
independent observations from Arthur et al. (1993),
who measured N retention and wood %N in downed
logs 23 years after clearcutting at HBEF Watershed
2. Because their data did not distinguish wood and
bark, we simulated combined dead wood and bark
chemistry using appropriate weighted parameters
and model structure. The observed fraction of ini-
tial N remaining after 23 years was 0.69, while the
median modeled value was 0.67. Observed wood N%
was 0.70% +0.20%, compared to a simulated value of
0.71% (Fig. 3).

Together, these comparisons of model predictions
with measurements from Johnson et al (2014)
and Arthur et al. (1993) suggest that the empirical
approach to estimating critical C:N provides a
reasonable approximation of microbial N dynamics
within HBEF-W6 and is appropriate for simulations
that span a range of substrate chemistries. To assess
the potential for woody material to reconcile the N
imbalance at HBEF-W6, we therefore adopted the
empirically derived critical C:N calculation for all
5,000 Monte Carlo simulations, which allowed wood
and bark chemistry to vary by run.

We next assessed model performance for live bio-
mass and productivity, comparing simulated trajectories
against long-term measurements at HBEF-W6. Above-
ground woody biomass and wood production were
parameterized to follow long-term trends observed at the
Hubbard Brook Experimental Forest. The model repro-
duced the rise and stabilization of live woody biomass
following disturbance, with a mean bias of+1.7 Mg
ha™! and a mean absolute error of 6.4 Mg ha™ relative to
repeated measurements from HBEF-W6 (1965-2022).
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Fig. 3 Modeled N dynamics in downed CWM cohorts com-
pared to observations from Arthur et al. (1993). Each line rep-
resents a simulation from a representative cohort, with color
indicating the decay rate constant (k). Simulations allowed the
decay rate, initial wood %N and critical C:N to vary randomly
by +25% around default values for HBEF-W6. (Top) Fraction
of initial N remaining over time. (Bottom) Wood N concentra-
tion (%N). Observed values at year 23 are shown as black cir-
cles (with error bars for %N). The dashed black line shows the
default model simulation using empirically derived parameters

These results confirm that the model accurately tracked
live biomass (SI Fig. S1), and that simulated wood pro-
duction followed expected successional patterns, with
productivity rising post-disturbance and declining to
a mature forest rate of 3.20 Mg ha™ yr'!, consistent
with recent inventory-based estimates (SI Fig. S2). The
model also reproduced historical reconstructions of pro-
ductivity based on tree ring data from (Whittaker et al.
1974), with a modest positive bias (0.23 Mg ha™! yr™!)
consistent with known underestimates in tree-ring data
due to survivor bias (Brienen et al. 2012). While these
comparisons reflect parameterized behavior rather than
independent validation, they provide confidence that
modeled turnover and dead wood inputs are grounded in
observed productivity and biomass trajectories.

Finally, we evaluated model estimates of standing
dead and downed CWM against field observations of
coarse woody pools through time. Standing dead and
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downed CWM were emergent properties of the model
and compared well with independent field data. Given
the limited temporal resolution of observations and the
stochastic nature of tree mortality events, we focused
on comparing mean values and ranges across a 40-year
period when observations were available (Fig. 4). For
standing dead trees, the mean of observed values from
1977-2017 was 15.6 Mg ha™ (range: 8.6-25.4), while
the median model simulation was 15.0 Mg ha™! over the
same period, with an interquartile range (25th-75th per-
centile) across 5000 simulations of 13.2-17.4 Mg ha™..
Downed CWM estimates from field surveys ranged
from 16-32 Mg ha™', accounting for buried and partially
decomposed material (see SI, Section S1). Simulated
downed CWM (1975-2020) averaged 25.6 Mg ha™,
with an interquartile range of 21.8-30.4 Mg ha'—
within the observational envelope (Fig. 4). These results
support the model’s ability to represent mortality, decay,
and long-term dead wood dynamics.

The potential of dead wood to resolve the N
imbalance within HBEF-W6

Using our full wood decay model, we assessed the
potential for CWM to account for the long-standing
N imbalance observed at HBEF-W6 (Fig. 5). Mod-
eled net N increases in the dead wood pool averaged
0.68 kg N ha™! yr! between 1992 and 2007 (exclud-
ing 1998, a known disturbance year), representing
less than 10% of the~8.4 kg N ha™' yr™! “missing” N
sink reported by Yanai et al. (2013). Over the broader
1975-2025 window, mean modeled fluxes were lower
still, averaging 0.51 kg N ha™' yr'!, indicating that
while CWM may contribute to ecosystem N reten-
tion, it by itself likely does not account for a large
proportion of the observed imbalance.

The model’s estimates of the N flux to dead wood
during 1992-2007 (mean of 0.68 kg N ha™! yr™!)
are between those assumed by (Yanai et al. 2013)
for recognizable downed coarse dead wood (0.10 kg
N ha~! yr™!) and increases in forest floor N (1.7 kg
N ha™! yr!) over the 1992-2007 period. Modeled
estimates of net N flux to dead wood decline over
time and converge to near zero by the end of the
simulation period.

The contribution of grouped model parameters to
explained variance varied over time and by output met-
ric (Fig. 6). For net N flux to and from CWM, param-
eter importance shifted dynamically, from early-century
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5,000 Monte Carlo simulations in which input parameters were
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dominance by disturbance-related mortality towards
an increasing influence of wood %N and wood produc-
tion after 2000. For C transferred to microbial biomass,
microbial CUE emerged as the most influential param-
eter, highlighting the role of microbial stoichiometric
thresholds on the fate of wood-derived C. Dead wood
N stocks were most strongly influenced by decay rate,
though microbial CUE, wood %N, and wood production
also contributed substantially. Dead wood C stocks were
consistently shaped by decay rate, wood production, and
disturbance-related mortality throughout the simulation.
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randomly by +25% around default values. The solid black line
represents the median of simulated runs, and the dashed blue
lines indicate the observed range of field measurements

Together, these results indicate that different components
of dead wood C and N cycling respond to distinct param-
eters, with stoichiometric traits—particularly microbial
CUE and wood chemistry—playing an increasingly
important role in regulating C and N fluxes under near
steady-state conditions.

Influence of microbial carbon-use efficiency

Because many current forest ecosystem models
parameterize wood decay similar to the decay of other
organic matter types, with microbial CUE higher than
0.20 (Zhang et al. 2018), for this set of simulations
we allowed the critical C:N of wood and bark (micro-
bial CUE) to vary from values more typical of N-rich
litter to those suggested for wood and bark compo-
nents (Eq. 2; Manzoni et al. 2008). Near-steady state
N stocks in dead wood varied from~ 125 kg N ha~! at
a critical C:N more typical of wood decomposers (or
microbial CUE~0.04), to > 800 kg N ha~! at a critical
C:N more typical of N-rich litter (or microbial CUE
of ~0.40) (Fig. 7). Varying the critical C:N also had
a dramatic effect on net N fluxes to the CWM pool
during the post-harvest simulation period (Fig. 7).
Parameterizing the model with low microbial CUE
more typical of wood decomposers resulted in rela-
tively small annual net N fluxes to CWM during this
period (<1 kg N ha™! yr!). Model simulations with
higher microbial CUE resulted in large net fluxes to
CWM (>5 kg N ha! yr™1), at times exceeding the N
imbalance observed in HBEF-W6 (Fig. 7).
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Fig. 6 Absolute importance of grouped model input param-
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tance. Panels show the proportion of variance explained by
parameter groups for (top left) net nitrogen flux to/from dead
wood, (top right) total C transferred to microbial biomass,
(bottom left) total N in CWM, and (bottom right) total C in

Changes in the critical C:N also had a large impact
on the amount of C entering the microbial pool, a likely
source of stabile soil organic matter in these ecosystems
(Prescott and Vesterdal 2021). At near-steady-state con-
ditions, C entering the microbial pool after 300 years
ranged from<0.06 Mg C ha™' yr~! at low microbial
CUE (0.04) to>0.60 Mg C ha~! yr~! with a CUE of
0.40. This led to large differences in the cumulative
amount of C respired from decaying wood versus the
cumulative amount of C entering the microbial pool
over time (Fig. 8).
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CWM. Importance scores were derived from 5,000 Monte
Carlo-type simulations at HBEF-W6, aggregated to decadal
means. Values represent absolute importance (relative contri-
bution scaled by model R?), illustrating which processes most
strongly influenced model behavior across successional stages
and disturbance regimes

Discussion

Can dead wood explain the N imbalance at
HBEF-W6?

A central goal of this study was to evaluate whether
CWM could account for the long-standing N imbal-
ance observed at HBEF-W6. Consistent with our first
hypothesis, our model simulations suggest that CWM
is unlikely to explain the majority of this imbalance.
This is largely due to the relatively rapid decay rate
of CWM at HBEF-W6 and the empirically derived
critical C:N (and low microbial CUE), which limit N
immobilization within individual cohorts to less than
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Fig. 8 Simulated partitioning of cumulative wood-derived C
between microbial biomass and respiratory loss under default
HBEF-W6 parameterization while varying microbial CUE

a decade—consistent with observations from Johnson
et al. (2014).

At the ecosystem scale, the net N flux to and
from CWM reflects the balance between 1) net N
additions associated with increases in the size of
the CWM pool due to mortality and turnover 2) N
immobilization by newly added woody material, and
3) N mineralization from older, decaying material.
Although individual cohorts of dead wood tend to
immobilize N for several years following input (< 10

black line is a proxy for the N imbalance observed at HBEF-
W6 (N deposition minus stream N export), and the dashed blue
line is the N imbalance estimated by Yanai et al. (2013) for
1992-2007

B) Microbial CUE = 0.40

800

D

S

S
1

Cumulative C Flux (Mg C ha™')
) I
S (e
o (e

O .
1600

1700

1800 1900 2000 2100
Year

between 0.04 (left) and 0.40 (right). Colored wedges represent
modeled cumulative C fluxes: black=C entering microbial
biomass; orange =C lost via respiration

years), the ecosystem-scale signal is shaped by the
composite effect of all existing cohorts, many of
which are already undergoing net N mineralization.
For example, the disturbance pulses associated
with the 1917 harvest introduced large quantities of
CWM that immobilized N initially. However, the
ecosystem-level N flux rapidly shifted back to net
mineralization, not because those new inputs failed
to immobilize N, but because they were outweighed
by ongoing mineralization from older CWM already
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well into decay. This dynamic is clearly illustrated in
Fig. 9, where the sharp peaks in N input are quickly
followed by a return to negative net flux. These results
indicate that even large disturbances do not produce a
sustained N sink when the background pool is already
dominated by decomposing wood.

In contrast, during the mid- to late twentieth
century, forest recovery and increasing live biomass
led to a steady rise in inputs from background
mortality and turnover. This gradual buildup of
the CWM pool led to a period where N inputs to
CWM temporarily exceeded mineralization losses,
resulting in ecosystem-level net N accumulation
(e.g., 1970s-2000s). Yet this simulated period of
net N accumulation in CWM was transient. Once
the CWM pool reached dynamic equilibrium in the
early 2000s, the net N flux again stabilized near zero,
with inputs and mineralization roughly in balance
(Fig. 9). These results suggest that while CWM can
temporarily act as a N sink under specific forest
developmental conditions, they support our initial
hypothesis that its contribution to the long-term N
imbalance at HBEF-W6 is limited. The combination
of rapid turnover and dominant mineralization from
aging wood cohorts constrains its role as a persistent
ecosystem-scale N sink.

While CWM is unlikely to account for the long-
term N imbalance at HBEF-W6, previous syntheses
have suggested that long-term N retention in soil
organic matter may represent a more plausible
missing sink at this site (Lovett et al. 2018).

N Flux (kg N ha? yr!)
(=)
4

-1
15900 1925 1950 1975 2000 2025 2050
Year

Fig. 9 Simulated N fluxes associated with CWM at HBEF-W6
from 1900 to 2050. The solid line represents the net ecosys-
tem-scale N flux to/from the CWM pool, the dashed line indi-
cates net N immobilization (positive values) or mineralization
(negative values), and the dot-dashed line shows N inputs from
tree mortality and turnover
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Future work that integrates microbial processing,
mineral-organic interactions, and long-term soil N
stabilization may be critical for resolving remaining
uncertainties in ecosystem-scale N budgets.

Modeling approach and microbial CUE

Although our primary objective was to evaluate
whether CWM could help reconcile the N imbalance
observed in HBEF-W6, model development
also highlighted the importance of appropriately
parameterizing microbial CUE and stoichiometric
thresholds. We used an empirical approach based on
initial substrate chemistry to estimate CUE via critical
C:N, allowing it to vary with initial wood and bark
stoichiometry. When applied to CWM, this empirical
relationship tended to predict a longer period of
N immobilization than was observed empirically,
consistent with a recent synthesis indicating that N
release from wood often occurs earlier than expected
based on relationships derived using primarily
foliar litter (Wijas et al. 2025). While CUE is often
defined as a microbial physiological trait, our
implementation reflects an effective decomposition-
level CUE -governing both C partitioning and N
immobilization—consistent with the concept of CUE
of decomposition described by Zhang et al. (2018).
This flexible, stoichiometry-based representation
enabled the model to reproduce observed N retention
and release patterns in decaying wood, despite its
relative simplicity.

In contrast, many existing litter decay models
assume microbial CUE is fixed above 0.20 and do
not allow CUE to vary with substrate stoichiometry
(Zhang et al. 2018). When we parameterized
our model with a fixed CUE of 0.20 or higher
(equivalent to a critical C:N of 50 or lower), it
predicted substantially more N immobilization in
CWM—enough to fully account for the N imbalance
at HBEF-W6. However, under these high-CUE
assumptions, the model simulated N retention
and release dynamics that were inconsistent with
empirical observations, including results from a
long-term wood decay experiment (Johnson et al.
2014) and N contents measured in situ 23 years after
clearcutting (Arthur et al. 1993). These findings
support previous work showing that microbial CUE
varies with litter stoichiometry and is often below
0.10 for microbes decomposing high C:N woody
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substrates (Manzoni et al. 2008, 2012). Our results
indicate that incorporating a flexible, substrate-
sensitive CUE improves model realism and avoids
overestimating the role of CWM as a persistent N
sink, consistent with our second hypothesis that low
microbial CUE (<0.10) best reproduces observed N
and C dynamics during wood decay.

Beyond its implications on N dynamics, in our
simulations microbial CUE was the dominant control
on the modeled partitioning of wood-derived C
between microbial biomass and respiratory loss,
even when microbial CUE was constrained to values
more appropriate for wood decomposers (Fig. 8).
Under low microbial CUE values (<0.10), the model
predicted that only a small fraction of wood-derived
C would be routed to microbial biomass, with the
majority lost via respiration. If microbial processing
represents a primary pathway for the formation of
stable soil organic matter, as widely hypothesized
(Prescott and Vesterdal 2021), these results imply that
CWM may contribute less to long-term soil C storage
through microbial assimilation than N-rich litter.

This interpretation is consistent with results from
isotopically labeled litter decomposition experiments
in a central New York forest (Fahey et al. 2021,
2024), which found that, in contrast to foliar and
root litter, little woody litter C was recovered in soil
organic matter pools after a decade of decomposition
and nearly complete decay of the woody litter.
Although C losses were not directly measured in
those studies, the limited recovery of woody C in soil
pools suggests substantial respiratory loss, consistent
with the low effective microbial CUE values (high
critical C:N) used in our modelling. Taken together,
these observations support our second hypothesis that
low microbial CUE (<0.10) best reproduces observed
N and C dynamics during wood decay.

Although this study focused on a northern
hardwood forest, the mechanism linking high
substrate C:N to low microbial CUE is not unique
to HBEF-W6. Additional simulations parameterized
for a conifer-dominated forest system (see
Supplementary Information, Section S3) showed
longer N immobilization at the cohort scale but
similarly limited ecosystem-scale N sinks due to
the transition to net mineralization over decadal
timescales.

While our empirical approach captured key features
of C and N dynamics during wood decay, there are

additional microbial mechanisms that warrant further
investigation, particularly for applications beyond the
HBEF-W6 context. One such area is the potential
role of mineral N availability in shaping microbial
CUE and decay rates. In this study, CUE (and the
associated critical C:N) was parameterized as a
function of initial litter chemistry, and decay rates
were constrained by observations. However, evidence
suggests that mineral N availability can influence
microbial CUE (Manzoni et al. 2017; Zhang et al.
2018), and that N limitation can suppress both N
immobilization and decay rates (Averill and Waring
2018). Incorporating dynamic links between mineral
N and microbial physiology could improve future
predictions, especially in ecosystems undergoing N
oligotrophication (Groffman et al. 2018) or recovering
from high historical N deposition.

An additional limitation of our modeling approach
is that, although microbial CUE was allowed
to vary with initial litter chemistry, wood was
parameterized using site-level, species-aggregated
chemistry. In reality, tree species can differ in initial
N content and N immobilization dynamics during
decay (Johnson et al. 2014). Although our model
allowed for a flexible microbial CUE based on initial
litter chemistry, microbial CUE was held constant
throughout the decay of each wood cohort. In reality,
microbial CUE may evolve as microbial communities
shift and substrate stoichiometry changes. Factors
such as priority effects, microbial competition, and
interactions with soil resources are known to shape
decomposer community dynamics (van der Wal et al.
2013, 2016; Hiscox et al. 2015, 2018). As wood loses
C and narrows in C:N, stoichiometric demands ease,
potentially allowing for increased CUE. However,
CUE of decomposition is influenced by more than
stoichiometry: microbial competition can reduce CUE
through the production of C-rich defense compounds
(Maynard et al. 2017), and recent work suggests
microbes may also rely on other strategies, such as
flexible biomass C:N, nutrient recycling, or enzyme
specialization (Mooshammer et al. 2014; Manzoni
et al. 2021). More data on microbial traits during
wood decay are needed to assess the importance of
these potential adaptations. Nonetheless, our current
representation of CUE, based on initial substrate
chemistry, proved sufficient to capture key observed
patterns in N dynamics at HBEF-W6.
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Sensitivity of dead wood C and N dynamics to model
parameters and structure

Our ability to parameterize and evaluate the model at
HBEF-W6 benefited from extensive long-term data
on wood chemistry, decay rates, biomass pools, and N
fluxes. This empirical foundation enabled both model
testing and meaningful comparison to observations.
Our sensitivity analysis of grouped input parameters
revealed that different mechanisms likely drive C
and N dynamics in CWM at different stages of forest
development (Fig. 6).

Disturbance-driven  mortality —and  biomass
recovery exerted dominant influence on all outputs
early in succession, particularly during periods
of major biomass loss (e.g., harvests in the early
twentieth century). However, as the forest matured
and stand structure stabilized, microbial and chemical
constraints (wood %N and microbial CUE, which
in our model is estimated from %N) emerged as
primary controls for N flux to/from CWM and the
fate of CWM carbon. Microbial CUE can also have
a large influence on CWM N stocks (Figs. 6 and 7).
In contrast, CWM decay rates and inputs from live
wood turnover dominated uncertainty in total CWM
C stocks. Model structural assumptions can also play
an important role in shaping long-term dynamics.
Simulations that included a recalcitrant decay pool or
explicitly represented standing dead wood produced
longer residence times and higher cumulative C
and N stocks in CWM pools, with relatively modest
effects on annual N fluxes (see SI, Sect. 3).

These shifting sensitivities highlight that the domi-
nant drivers of model outputs are not static but evolve
with forest developmental stage and process of inter-
est. For model application beyond HBEF-W6, these
results provide guidance on which parameters are
most critical to constrain under different ecological
contexts and suggest that parameter prioritization
should be output-specific and time-dependent.

Conclusions
Nitrogen is a critical nutrient for forest productivity

and timber production. Processes that immobilize
or release N, such as microbial activity during wood
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decay, can influence long-term soil fertility, nutrient
retention, and sustainable yield. In this study, we
evaluated whether CWM could account for the long-
standing N imbalance observed at HBEF-W6, where
N inputs consistently exceed known outputs.

Our results demonstrate that while CWM can
temporarily act as a N sink under specific forest
conditions, it is unlikely to account for the long-
standing N imbalance observed at HBEF-W6. The
rapid decay and limited N immobilization capacity
of CWM, particularly under low microbial CUE,
suggest that other ecosystem compartments (e.g.,
soils) or processes likely contribute to the majority of
the missing N sink (Lovett et al. 2018).

Within our model framework, a low microbial CUE
of decomposition was most consistent with empirical
observations and imposed a strong constraint on N
retention. This stoichiometry-based representation
of microbial CUE also led to the majority of wood-
derived C being lost as CO,, reinforcing the idea that
microbial traits substantially influence both C and N
cycling in decomposing wood.

These findings emphasize the importance
of integrating microbial physiology, substrate
chemistry, and ecosystem disturbance history into
future efforts to resolve watershed-scale nutrient
imbalances. Accounting for these interacting factors
is essential for improving biogeochemical models
and understanding the long-term fate of nutrients in
forested ecosystems.
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