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Most soil organic matter models focus on carbon (C) dynamics rather than on element interactions. However,
in many regions of the world, particularly at high latitudes, soil organic matter decomposition is constrained
by low nitrogen (N) availability. This phenomenon is not well understood and usually not mechanistically
represented in decomposition models. Here we formulated a process-based model of litter decomposition to
investigate N limitation effects on fungus-driven decomposition. Unlike most other decomposition models,
our model describes fungal mycelial dynamics explicitly. Fungal biomass is divided into three fractions:
(1) cytoplasmic cells active in decomposition, (2) vacuolised cells with a lower N content and without
decomposition capacity, and (3) dead cells (necromass). The model can predict mass loss trajectories of
litter types with different N content based on site-specific parameters. The fungal mycelium responds to
N limitation by increasing the proportion of vacuolised, inactive cells with a low N content, reducing
decomposition rates. As a consequence of increased cell inactivation under N limitation, N accumulates in the
necromass pool. To predict observed patterns of N immobilisation and release, the rate of fungal necromass
decomposition has to be slow and close to that of lignin. Moreover, we found that slow mycelial growth
facilitates exploitation of low N resources, whereas fast growth intensifies N-limitation. Our model disentangles
the interplay between N availability, mycelial dynamics, and decomposition, pointing towards the potentials
of more explicit incorporation of fungal traits in models of N limited ecosystems.
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1. Introduction models need to explicitly represent decomposers and their responses to
N availability.

Variation in nitrogen (N) availability plays a central role in reg- Litter decomposition is influenced by combined effects of substrate

ulation of litter decomposition. Decomposer growth and activity are
often constrained by low N availability during early stages of decom-
position (Berg and McClaugherty, 2008; Melillo et al., 1982). Slow
decomposition, in turn, impedes N mineralisation and leads to N reten-
tion in organic matter pools with a potential for amplifying feedbacks
— as more N and carbon (C) accumulate in organic matter, even less N
becomes available for plants and decomposers. When these feedbacks
occur, ecosystems can enter a retrogressive phase, with gradually de-
clining productivity until a disturbance breaks the cycle (Clemmensen
et al., 2013; Kyaschenko et al., 2019; Wardle et al., 2003). However,
given the limited number of large scale and long term experiments or
monitoring sites, the potential for below-ground C storage in N limited
ecosystems, as a climate mitigation strategy, remains challenging to
predict. Ecosystem dynamics in such conditions can be examined with
coupled C-N cycling models, but to capture N limitation feedbacks, such
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composition and the associated microbial responses. Microorganisms
are affected by stoichiometric imbalances that may result from shortage
of N rich compounds, and their responses to this imbalance mediates
the interplay between C and N during decomposition (Mooshammer
et al., 2014). Therefore, to account for the influence of N availability
on decomposition in ecosystem models, decomposer response traits
have to be explicitly represented (Bradford et al., 2017). Microbial
communities may deal with the challenge of stoichiometric imbalances
by different strategies, such as: (1) adjustment of biomass composition
to their resource (within physiological boundaries) (Camenzind et al.,
2021), (2) selective resource use by altered production of different ex-
tracellular enzymes (Mooshammer et al., 2014; Moorhead et al., 2013),
(3) regulation of C vs. N losses; e.g., through respiration (flexible carbon
use efficiency, CUE, defined as the ratio between growth and C uptake)
and N mineralisation (Manzoni et al., 2017; Mooshammer et al., 2014),
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Fig. 1. When N limited, fungi use the mechanisms of vacuolisation (which is linked to N reallocation to growing hyphal tips), N recycling from dead hyphae and N uptake from
the environment (if available) to acquire additional N for growth (a), whereas under C-limitation, excess N is released (b).

(4) retention of N at senescence under N limitation (Camenzind et al.,
2023), or (5) import of N into N-poor litter during early stages of
decomposition (Spohn and Berg, 2023).

Decomposition models dealing with stoichiometric imbalances com-
monly feature one or more of these adaptive strategies to investigate
the effect of nutrient limitation (Fatichi et al., 2019; Manzoni et al.,
2017; Mooshammer et al., 2014; Parton et al., 1993; Sistla et al.,
2014b). In an attempt to compare the above mentioned microbial
response strategies to handle N limitation, Manzoni et al. (2021) im-
plemented them in a common model platform. However, all model
variants provided equally good fit to litter decomposition data, re-
gardless of the implemented microbial response, and much ambiguity
remains about the mechanisms at play.

Decomposition of litter and particulate organic matter is domi-
nated by fungi, which are also particularly prominent in ecosystems
characterised by strong N limitation (Baldrian, 2017). Fungal biomass
dynamics and the ability to redistribute resources in mycelial networks
accentuate their significance in linking the terrestrial C and N cy-
cles (Boberg et al., 2014; Guhr et al., 2015; Spohn and Berg, 2023).
While models of fungal growth behaviour are rare, there are some
good examples (Boswell et al., 2002; Falconer et al., 2005, 2007),
which include e.g growth, branching and anastomosis as well as mech-
anisms of hyphal resource translocation. These models focus on the
development of mycelial morphology without including any feedback
on decomposition. In contrast to models of fungal morphology, de-
composition models rarely feature explicit feedbacks via decomposers
traits. For example, in the model of Manzoni et al. (2021), mycelial
N content reflected the N content of utilised resources but without
any direct consequences for decomposition. Here we merge both ap-
proaches by linking fungal morphological features that allow coping
with N limitation to decomposition.

Fungi can adapt to N shortage in many different ways (Boberg
et al., 2014; Lindahl et al., 2002; Veses et al., 2008). In contrast
to other microorganisms, they are usually multicellular and have a
well developed capacity to redistribute resources in their mycelium,
from sites of abundance (sources) to sites of scarcity (sinks), thereby
optimising their overall performance (Boberg et al., 2014; Boddy, 1999;
Fricker et al., 2017; Lindahl and Olsson, 2004). The fungal cytoplasm
is relatively rich in N, but as hyphal cells age, they may gradually
be filled with large vacuoles with a more dilute N content. The pur-
pose of these vacuoles is to maintain cell turgor and viability with
a minimal expenditure of resources. Replacement of cytoplasm with
vacuoles results in cells with a lower N content, and displacement of
cytoplasm towards the N-rich growing hyphal tips (Fig. 1) is a way to
maintain growth in the face of nutrient shortage (Veses et al., 2008).

The different N content of cytoplasmic vs. vacuolised cells allows some
plasticity in the total fungal biomass C:N ratio, despite individual cell
types being homeostatic. There is indeed evidence of some increase
in microbial C:N in response to N limitation (Camenzind et al., 2021;
Manzoni et al., 2010; Hogberg et al., 2021), especially when fungi grow
on particulate organic matter (Tipping et al., 2016) and litter (Berg and
McClaugherty, 2008). Fungi may also recycle resources and minimise
accumulation of N in senescent mycelium by controlling their own cell
mortality, allowing older hyphae or entire sections of their mycelium
to die, while reallocating resources to mycelium in new and attractive
resources (Dowson et al., 1989; Fricker et al., 2017).

The efficient reallocation of N from senescing mycelium to growing
hyphal tips was illustrated by autoradiographic imaging of radiola-
belled amino acids (Tlalka et al., 2008); as a mycelial front advanced
across the substrate, few labelled nutrient-rich amino acids were left be-
hind, as nutrients were continuously redistributed to the mycelial front.
Such dynamic nutrient reallocation has to depend on highly efficient
mechanisms that shift cytoplasm towards the hyphal tips (i.e. vacuoli-
sation), recycle resources from senescing cells, and decompose and
recycle cell walls of dead mycelium (Fig. 1a).

In this contribution, we develop a process-based model of litter
or particulate organic matter decomposition that incorporates adap-
tive fungal mycelial dynamics. The model is used to examine if such
dynamics can capture the negative effect of N limitation on C losses
during early stages of decomposition. We focus on these mycelial
processes instead of regulation of C metabolism, such as a decrease
in CUE in response to N limitation. Lowering of CUE due to overflow
metabolism (Manzoni et al., 2017; Schimel and Weintraub, 2003) is a
wasteful strategy and less likely to provide an evolutionary advantage
compared to plastic N retention. Selective production of N liberating
enzymes relative to C targeting enzymes may seem more likely, but
fungal hyphae in litter have to decompose structural carbohydrates
to proliferate in the substrate, even when C is abundant in excess
of demand. Previous studies that explored how soil microorganisms
cope with an unfavourable stoichiometry of their substrate pointed
out that recycling of nutrients might play a major role for microbial
growth under low nutrient availability (Manzoni et al., 2021; Spohn
and Widdig, 2017). Here we explore these ideas further in a model
that describe internal transfer of N and C between different pools of
fungal mycelium. We assume that N limitation does not manifest as
lower CUE or selective mobilisation of N from decomposing litter,
but that N limitation induces alteration of the mycelium into a non
active (vacuolised) state with lower N content. Moreover, N can only
be immobilised in living microbial biomass, but long term N retention
depends on the decomposition rate of microbial necromass (Baldrian
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Fig. 2. Schematic of flows of carbon (C) and nitrogen (N) between different pools, each decomposing at different rates D,,i = 1,2,3. The fungal biomass F,. and F,, represent
represent C and N amounts in cytoplasmic cells with high decomposer activity; F,. and F,y represent C and N amounts in vacuolized cells with a lower N content and no
decomposer activity; F,. and F,y represent C and N amounts in dead fungal cells. Vacuolisation of fungal mycelium (V) implies retention of nitrogen in cytoplasmic mycelium,

since the vacuolised mycelium has a lower N content.

et al., 2013; Fernandez and Kennedy, 2018). Therefore, necromass is
considered as a separate pool in the model, allowing us to investigate
how modulation of necromass decomposition impacts N dynamics.

We hypothesise that explicit representation of hyphal vacuolisation,
adaptive N content of different cell types (allowing plastic C:N at the
whole mycelium scale), and increased mortality of senescent tissues
enables prediction of decomposition patterns of litters with contrasting
N content with a single parameter set (at a given site) and without
the need to vary CUE or allow for selective acquisition of C or N.
Fungal necromass often contains melanin or may be complexed with
tannins (Adamczyk et al., 2019), retarding its decomposition (Baskaran
et al., 2019). Thus, we also hypothesised that necromass decomposition
is slow with rates more similar to those of lignin than to those of the
more easily decomposable cellulose or proteins.

2. Methods

We begin by outlining the model structure including key assump-
tions, model schematic, parameters and C, N flow rates in Section 2.1
Model structure and assumptions. Following this, the Section 2.2 Model
analysis details the fungal dynamics in response to C and N limita-
tion. Finally, we describe model parametrisation based on data from
two common garden litter bag decomposition experiments (Berg and
McClaugherty, 1989; Osono and Takeda, 2004), using the generalised
likelihood uncertainty estimation (GLUE) method (Section 2.3 Model
parametrisation and goodness of fit). A detailed description of model
variables, fluxes, and parameters, is given in Table 1, Table 2, and Table
3.

2.1. Model structure and assumptions

Our model is grounded on two key assumptions: instead of using
flexible CUE and/or selective resource acquisition via variable enzyme
production, we assume that CUE and relative decomposition of C and
N are fixed. Rather, our model focuses on mycelial dynamics and N
transfer within the mycelium, which are assumed to be the main avenue
of fungal response to N limitation. Plant litter tissues are divided
into two pools of different quality (Fig. 2): a hydrolysable pool (fast
decomposing litter components such as cellulose and proteins, L,), and
an oxidisable pool (recalcitrant litter compounds that cannot be hydrol-
ysed, such as lignin, L,). The hydrolysable pool contains both C and

N (L,¢, Lyn), Whereas the oxidisable pool contains only carbon L.
Fungal mycelial dynamics is incorporated by considering three different
fractions of fungal mycelium (Fig. 2): active, vacuolised, and dead,
describing the different states of fungal cells: N-rich cytoplasmic cells
that can decompose organic substrates (active cells, F,), vacuolised
cells with a lower N content and without decomposer activity (inactive
cells, F,), and dead cells (necromass subjected to decomposition, F,).
The dead organic matter pools (hydrolysable and oxidisable plant litter
as well as fungal necromass) are decomposed with the specific rates D;
(i =1, 2, 3) and contribute to the production of fungal biomass after
respiratory losses according to CUE. In case of C limitation, excess N
is released by mineralisation. When organic N is not sufficient to fulfil
fungal requirements, N can also be imported from the environment. If N
import is not enough, N limitation ensues, and a fraction of the fungal
biomass is vacuolised with the rate V, creating an inactive biomass
pool with lower N content. Both cytoplasmic and vacuolised mycelial
fractions are subject to mortality in proportion to standing biomass,
M; (j = ¢,v), but mortality of vacuolised mycelium can be increased
by senescence (M,). Dead mycelium does not return to a common litter
pool but forms a distinct necromass pool. The decomposition dynam-
ics is then defined by the following system of differential equations,
each representing the mass balance for C or N in one of the model
compartments.

dL

dfc =-D,, )
dLin _ _p Lan )

dt YL’
dL

< =-D,, 3
dF

d;C =e(D,+Dy+D3) =V - M,, 4
dF.y Lyn F.n

=D, +p —Vp,— M,p, — &, 5

T "Toe e 123 P1— & )
dF

djc =V-M,-M, (6)
dF
— =V =M, = M)p,. %)
dF

d’;C =M, +M,+ M, —D;, )
dF F
—N = M,p, + (M, + M,)p, — D; =X ©)

dt Foc
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Table 1

State variables (mg).
Symbol Description
Ly Hybridisable litter C
L,y Hydrolysible litter N
L,c Oxidisable litter C
F.c C amount of cytoplasmic mycelium
F.y N amount of cytoplasmic mycelium
Fe C amount of vacuolised mycelium
F,n N amount of vacuolised mycelium
Fc C amount in fungal necromass
F,n N amount in fungal necromass

where subscripts C and N denote carbon and nitrogen, D; (i =1, 2, 3)
represent decomposition rates of dead plant and fungal pools, M; (j =
¢, v, s) represent mortality rates, V' is the rate of conversion of mycelium
from cytoplasmic to vacuolised, and ¢ is the net N mineralisation rate.
To enable parametrisation using experimental litter bag data, the model
does not feature external litter inputs, but represent the dynamics
during decomposition of a single litter cohort (e.g. in a litter bag).

The decomposition rates (D,, D,, D3) of plant (L,, L,) and fun-
gal necromass (F,) pools are defined by kinetics similar to the equi-
librium chemistry approximation (Tang and Riley, 2013), in which
decomposition rates saturate at high mycelial biomass,

Dl — Dmaxl LhCFcC
K(Lyc+ Lyc+ F,0)+ Foo + Fye
D> = vy T+ L L;C;CC) YFc+F (10)
oC nC cC vC
D3 — Dmax3 FnCFcC
K(Lyc+ Lyc + Fyo)+ Foo + Fye
Maximum rates of decomposition of plant litter (D, Dyax,) and

fungal necromass (D,,q,,) occur only when these dead pools are sat-
urated by active mycelium. Thus, decomposition rates (D,, D,, Ds,)
depend only on cytoplasmic cells F,, whereas vacuolised cells, F,, do
not take part in the decomposition process but compete for space in
the decomposing substrate. Furthermore, N and C in the dead litter
pools decompose at the same relative rate (i.e. there is no preferential
decomposition of N under N limitation). Fungal growth depends on
resources made available by decomposition subjected to respiratory
losses defined through the fungal CUE, e. Cytoplasmic mycelium (F,)
is converted to vacuolised mycelium (F,) with the rate V' according
to first-order kinetics with respect to F, and a rate parameter «,
(Section 2.2). We consider a mortality pathway where both cytoplasmic
(F,) and vacuolised (F,) mycelium are subject to equal mortality
proportional to standing biomass (M., M,) regulated by a first-order
rate constant «,,, whereas F, is also subject to mortality (M) associated
with mycelial senescence regulated by the first-order rate constant f.
The N:C ratios of cytoplasmic mycelium p;, = %, and vacuolised
4

mycelium p, = 1;”” are fixed and p; > p,, since cytoplasmic cells have
has a higher N cbécntent than vacuolised cells; therefore, vacuolisation
decreases hyphal N content (Veses et al., 2008). The N pool of cytoplas-
mic mycelium F,y is determined by inputs from decomposition and
losses through vacuolisation and mortality. N losses through vacuoli-
sation decrease with declining N content of vacuolised mycelium p,.
Furthermore, the N pool in cytoplasmic mycelium F,, can increase by
immobilisation of N from the environment (negative values of the net
N mineralisation rate ¢) whereas surplus N can be mineralised (positive
¢; Section 2.2). In essence, vacuolisation leads to internal reallocation
of N to active mycelium F,, and senescence mortality M, increases
turn-over of the vacuolised mycelium F,, leading to recycling of N
through decomposition of necromass. Note that the N:C ratios of all
pools are constant, except for fungal necromass (F,), for which the
N:C ratio depends on the relative contribution of cytoplasmic mycelium
(through proportional mortality) and vacuolised mycelium (through
proportional and senescence mortality).

Soil Biology and Biochemistry 209 (2025) 109899
2.2. Modelling fungal responses to N and C limitation

The net N mineralisation rate ¢ and the parameter a, are au-
tonomous (state dependent) quantities that have to be defined. ¢
enables release of excess N when fungi acquire a surplus of N (i.e. un-
der C limitation; Fig. 1b), while a, enables retention of N in active
mycelium through vacuolisation when fungi experience N deficiency
(Fig. 1a). This mechanism is based on the assumption that N:C of the cy-
toplasmic mycelium (active cells) is time invariant, and is implemented
using the following expression, which is derived from Egs. (4) and (5)

by imposin; N o,

y imposing —- g,
LhN FnN

$=V (p—py) + D,— + Ds —ep(D; + D, + D3). (11)
Lyc F.c

The Eq. (11) implies that N mineralisation depends on rates of de-
composition, but is also modulated by the availability of, and demand
for, N. Under conditions of high N availability (i.e. C limitation), we
assume that ¥ = 0 by setting «, to 0 in (11), because no hyphal
vacuolisation is needed. Under these conditions, ¢ attains positive
values, representing release of excess N to the environment (i.e. net
N mineralisation).

When the amount of N acquired from the litter (at a rate D, ?’T’;’ +

FnN

D,

low £0 fulfil the requirements of fungal mycelium, N becomes limiting
for fungal growth. To implement N-limitation, we set ¢ = ¢,,;,, in (11),
and from this condition we derive the value of the rate parameter «,,
which determines the internal reallocation of N to active mycelium
through vacuolisation,

) and from external N sources (at a maximum rate —¢,,;,) is too

€p1(Dy + Dy + D3) + ¢y — D ?’TQI - 3);"—2V
@, = < (12)
Fec (P = 02)

Here ¢,,, is negative (or zero) and represents the capacity of the
external environment to provide N for mycelial uptake (i.e. N import).
In summary, low litter N content (unless compensated by N import)
leads to positive values of «, (fungal vacuolisation) and negative values
of ¢. As decomposition progresses and the litter (including fungal
necromass) is progressively enriched in N to fulfill the fungal require-
ments, the system reaches a critical point at which «, is zero and ¢
becomes positive. This balance point is when the fungus reaches its
stoichiometric balance (C and N co-limitation).

2.3. Model parametrisation and goodness of fit

The model was tested using two different datasets from Berg and
McClaugherty (1989) and Osono and Takeda (2004) to evaluate the
model sensitivity to litter N content within a single plant species and
across species. We choose to use data from common garden experi-
ments to eliminate site-dependent factors, such as soil temperature and
moisture, which are not represented in our model.

The dataset from Berg and McClaugherty (1989) includes changes
in mass loss and N content of litter from a single species (Pinus silvestris
L.). Two types of litter were selected, either from fertilised trees (initial
N:C=0.016) or from non-fertilised trees (initial N:C=0.008), with simi-
lar initial lignin content (267, 268 mg/g). The litter was collected and
incubated in a boreal Scots pine forest near Jidrads, Sweden. Litters
were incubated in mesh bags and retrieved multiple times during a 48
weeks incubation period.

The second dataset from Osono and Takeda (2004) includes mass
loss and N content data of plant litters across different species with dif-
ferent initial N content, but similar lignin content (Osono and Takeda,
2004); the original data was kindly provided by T. Osono. The experi-
ment was conducted in the cool temperate deciduous Ashiu Experimen-
tal Forest, Japan on two nearby sites along a hillslope. The data used for
model calibration was from the upper site (decomposition at the lower
site was very similar) and we selected five litter species: Pterostyrax
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Table 2
Fluxes.
Fluxes (mg d~") Description Mathematical formulation
it "h(‘ FLC
D, Decomposition rate of hydrolysable C Dy, RO STt
. s L,F,c
D, Decomposition rate of oxidisable C Dy, RO L o TFiTe
ies FucFec
Dy Decomposition rate of fungal necromass D, RO ST i
M, Proportional mortality rate of cytoplasmic mycelium a,F.c,
M, Proportional mortality rate of vacuolised mycelium @, Fyc.
M, Senescence mortality rate of vacuolised mycelium pV.Vpe[0,1]
14 Vacuolisation rate a,F,¢
) Net N mineralisation rate Equation (11)

Table 3
Parameters.
Parameters Description Units
Dyax, Decomposition rate constant of hydrolysable C d!
Dyyar, Decomposition rate constant of non-hydrolysable C d!
D,,.. Decomposition rate constant of fungal Necromass d-!
K Half saturation constant -
a,, Proportional mortality rate constant d!
€ Carbon use efficiency -
il Senescence mortality rate constant d-!
a, Vacuolisation rate (dynamic under N limitation (12)) d!
P N:C ratio of cytoplasmic mycelium mgN mgC!
I’y N:C ratio of vacuolised mycelium mgN mgC™!
Prin Capacity of environment to deliver N for immobilisation mgN d7!

hispida (initial N:C=0.053), Castanea crenata (initial N:C=0.019), Mag-
nolia obovata (initial N:C=0.016), Acer mono var (initial N:C=0.015),
Cryptomeria japonica (initial N:C=0.009), out of 14 litters with an initial
lignin content within the narrow range of 300-400 mg/g, since our
model does not feature lignin-N interactions. The litters were incubated
in mesh bags, which were retrieved at different times during a 35
month incubation period.

The mycelial N:C ratios p; = 0.100 and p, = 0.033 were estimated
based on Fig3.b in Hogberg et al. (2021), who observed C:N ratios of
mycelium (of ectomycorrhizal fungi) ranging between 10 and 30 over
a gradient in N availability.

CUE (¢) was estimated separately for each dataset. The total amount
of N in the litter bags peaks when the litter N:C is equal to the threshold
element ratio at which net N mineralisation is zero. Therefore, at the
peak, litter N:C = p,¢, so that CUE can be estimated as e =litter
N:C pl". Based on this calculation and p,, the CUE (¢) was estimated
to 0.16 from Berg and McClaugherty (1989) and 0.39 from Osono
and Takeda (2004). The estimated value from Berg and McClaugherty
(1989) dataset is in line with estimates for fungus Mycena epipterygia
decomposing pine litter (Boberg et al., 2014) and the latter aligns
with estimates provided for more N-rich litter using both empirical and
theoretical approaches (Manzoni, 2017).

¢nin Was estimated separately for each dataset based on the linear
rate of N import into the most N poor litter (until peak N).

Furthermore, proportional mortality («,,) is a highly uncertain pa-
rameter and there is little available data. Thus, for each dataset we
adjusted («,,) such that the microbial biomass was roughly 1% of the
organic matter as commonly observed e.g. in Clemmensen et al. (2013);
0.1 d~! for Osono and Takeda (2004) and 0.015 d~! for Berg and
McClaugherty (1989). Rates of mortality of 0.02 d~! or lower were
observed for mycorrhizal mycelium in boreal forest (Hagenbo et al.,
2017) and higher rates in temperate ecosystems seem reasonable. The
half saturation constant K was chosen to be approximately equal to the
fungal biomass content of litter (i.e. 1%), to attain a reasonable satura-
tion effect. We solved the model numerically using initial conditions for
the litter pools estimated from each dataset separately. We used initial
lignin content only to initialise the model, because the measured data
from later decomposition stages also includes the recalcitrant fraction
of fungal necromass, but in our model necromass is not divided into fast

and slow decomposing pools. Simulations were initialised with a small
fungal biomass pool. Both datasets were normalised to 1 g of initial
C. Parameters were calibrated by fitting the model to data on total C
and N at different times of incubation, using the Generalised Likelihood
Uncertainty Estimation (GLUE) approach (Beven and Binley, 1992,
2014; Beven, 2006), which assigns likelihoods to different parameter
sets to produce best predictions. To cover the maximum range of pa-
rameters, a sampling space of 100000 samples was generated by Latin
hypercube sampling using the lhsdesign function in MATLAB (R2023a).
A numerical solution of our model system (1)-(9) was obtained using
the solver ode45 in MATLAB for each parameter set. To identify the
best parameter set, we employed the Nash-Sutcliffe Efficiency (NSE)
criterion.

2 - )
X - X
where X; represents the observed data, Y; represents the corresponding
model predicted values, X; represents the mean of observed data and
NSE € [0,1]. A NSE value closer to 1 indicates a better model fit.

The best simulation of our model system was selected based on the
maximum NSE obtained after averaging NSE for C and N data.

NSE=1- 13)

3. Results
3.1. Necessary conditions for fungal growth

Our model describes mycelial dynamics that allow fungi to decom-
pose N poor litter, but even with such adaptations there is a lower limit
of litter N content below which decomposition cannot occur. This limit,
in turn, depends on specific fungal traits and inorganic N availability.
We derived an expression for the lowest possible initial litter N:C ratio
at which decomposition can start for a given rate of vacuolisation («,)
at + = 0, by substituting decomposition rates (Eq. (10)) into Eq. (12)
and solving it for litter N:C (L"—N).

Lpc+Loc
. LhN epl(Dmax]LhC + DmaszoC)
min =
Lyc + Lyc Dyax, (Lpc + Loc)

F,
K+ —<<
Lpc+Loc Drin

D F.c

max

—(p1 — P, | - (14)
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Table 4
Parameter values.
Parameter Value Value Source
Berg and McClaugherty (1989) Osono and Takeda (2004)
a, 0.015 4! 0.1 d7! chosen value
p1 0.1 mgN mgC™! 0.1 mgN mgC™! based on Hogberg et al. (2021)
P> 0.033 mgN mgC! 0.033 mgN mgC! based on Hogberg et al. (2021)
€ 0.16 0.39 calculated from Berg and McClaugherty (1989) and Osono and Takeda (2004)
K 0.01 0.01 chosen value
Drin —0.0009 mgN d-! —0.008 mgN d-! calculated from Berg and McClaugherty (1989) and Osono and Takeda (2004)
D, 0.0043 d~! 0.011 d-! calibrated
D, 0.00044 4! 0.0033 d~! calibrated
Dy, 0.0011 4! 0.0041 d! calibrated
B 0.31 47! 0.25 d~! calibrated
(a) (b)

@ 0.05 ‘ : ‘ .

- CUE=0.1 2 0.05

P =CUE=0.2 =

8 0.04 —cue=03 5 0.04

= =CUE=04 (_)

< 0.03 =CUE=05 Z 003

g =CUE=06 =

i =

€ 0.02 Z 002

= £

=) L

2 0.01 5 0,01

= E

c =

s 0 , i s : ‘ ‘

0.04 0.05 0.06 0.07 008 0.09 01 = 0.02 0.04 0.06

N:C of vacuolised mycelium P

Fig. 3. A low initial N content of the litter can be tolerated by reducing CUE (a), by reducing the decomposition rate of the hydrolysable pool D,

of the vacuolised mycelium (a), (b). The vacuolisation rate a, is set to 0.8.

This equation shows that decomposition of litter with low initial N:C
ratio is possible only with low CUE (e; Fig. 3a), low ¢,,;,, and/or p,.
Note that ¢,,;, is negative, and lower values (more negative) indicate
more higher N import from external sources. Fungi can adapt to a low
initial litter N content by reducing p, (Fig. 3a-b), by slowing down
decomposition (Fig. 3b), by speeding up vacuolisation, or by importing
more N if it is available.

3.2. Model predictions

In our model describing three different fractions of fungal mycelium
(active, vacuolised, and dead), fungi adapt to N scarcity by increasing
the proportion of vacuolised cells, which are inactive and N poor,
consequently reducing decomposition rates. While the mechanism of
response to N limitation is described in the model, the rate constants
in the decomposition kinetics still need to be calibrated. These rate con-
stants and senescence mortality were estimated using the GLUE method
and data on litter C and N dynamics from Berg and McClaugherty
(1989) (litters from a single plant species from different fertilisation
treatments) and Osono and Takeda (2004) (multiple species). After
calibration, Nash-Sutcliffe model efficiencies were as high as 0.94 and
0.87, respectively. Thus, our model can effectively predict mass loss
of litters of different quality within a species as well as cross-species
litter variation. The parameter sets obtained from two calibrations
are given in Table 4. The estimated maximum decomposition rates
(Dax, > Dmaxy» Dmax,) differ between datasets, with lower values under
boreal conditions in Berg and McClaugherty (1989) compared with
the temperate conditions of Osono and Takeda (2004). The senescence
mortality rate f was quite similar between the two datasets.

The results of a single parameter set (Table 4) for each dataset are
presented in Fig. 4, where the colour gradient indicates different litter
types based on their initial N content, from N-rich (red) to N-poor
(blue). The temporal decline in litter total C is illustrated in Fig. 4a, 4f,
indicated by mass loss trajectories predicted based on model simula-
tions with observed data included for comparison. The model predicts

o

0.08 0.1
N:C of vacuolised mycelium Py

(b), or by lowering the N:C

max,

slower decomposition of N-poor litters. Litter N increases linearly for
litters with lower initial N content at the initial stage of decomposition
due to N import, i.e as ¢ = ¢,,;, (Which is negative indicating N import)
and attains maxima at later time points. Only for the N-rich litters (in
red), a lack of vacuolisation leads to fast decomposition and N release
already from the start (positive ¢). After switching from N-limitation (N
import) to C-limitation (N losses), all trajectories exhibit a convergence
towards a similar N pool (Fig. 4b, 4g).

Lower N availability leads to a higher proportion of inactive, vac-
uolised mycelium linked to a lower total mycelial N content (Fig.
4c, d, h, i). Fig. 4e, 4j illustrates the temporal dynamics of fungal
biomass. C acquisition and fungal biomass accumulation are delayed by
a lower N content of mycelium due to a higher proportion of inactive
cells. Biomass dynamics also depends on proportional mortality «,,,
which was chosen such that the fungal biomass varies around 10 mg
fungal C per gram litter C. The calibrated necromass decomposition
rate (D,,,,) for both datasets is slower than the decomposition rate
of the hydrolysable pool (cellulose and proteins) and more similar to
the decomposition rate of the oxidisable pool (Table 4).

3.3. Sensitivity analysis

We carried out a sensitivity analysis on most of the parameters in
the model by changing the original values by +40% to determine the
effect of parameter modulation on the temporal dynamics of litter C, N
pools and the proportion of inactive mycelium (Fig. 5, supplementary
Fig. S1). For B, we instead tested values of 0 and 1. The sensitivity
analysis was performed for two litter types, the most N-rich litter (green
lines in Fig. 5) and the most N-poor litter (blue lines) from Osono and
Takeda (2004). One parameter at a time was varied while keeping the
other parameters fixed.

C dynamics of the N-poor litter is highly sensitive to CUE (e).
High CUE induces stronger N limitation, which in turns reduces fun-
gal biomass accumulation, and leads to a higher fraction of inactive
mycelium (Fig. 5¢) and slower C loss (Fig. 5a). In contrast, the effect
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(a) Berg and McClaugherty (1989)

(f) Osono and Takeda (2004)
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Fig. 4. Model predictions using a single parameter set for each dataset with different
initial N content. N-poor litters exhibit slower mass loss (a, f), a longer period of N
import, and delayed N mineralisation (b, g). Lower N availability leads to a higher
proportion of inactive mycelium (¢, h), which lowers the total N content of the
mycelium (d, i), resulting in delayed and lower proliferation of fungal biomass (e,

-

of CUE on C dynamics was small in N-rich litter (Fig. 5a), whereas N
release from N-rich litter was slower at high CUE.

As expected, the C and N dynamics are affected by the decompo-
sition rate constant of the hydrolysable pool (D but the trends
caused by varying this parameter remained consistent between N rich
and N poor litters (Fig. 5d, e, f). The parameter D

max ),

max, does not affect
the N dynamics of N-poor litter, which depends only on N import
(¢in)- In N poor litter, higher D,

mycelium at early stages of decomposition (Fig. 5f).

, increases the proportion of inactive

The decomposition rate of necromass (D,,,,) had a larger impact
on model predictions at late decomposition stages (Fig. 5g, h, i).
For low D,,,,, indicating lower fungal N recycling from necromass,
larger amounts of fungal necromass accumulate at the late stage of
decomposition. Modulating senescence mortality had marginal effect
on model predictions (Fig. 5j, 5k).
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4. Discussion
4.1. Mycelial dynamics explain nitrogen limitation

We designed a litter decomposition model to investigate effects of
N limitation with the focus on fungal mycelial dynamics, while keep-
ing CUE fixed and enzyme production implicit in the decomposition
kinetics. We found that mycelial dynamics — specifically N reallocation
within the mycelium through the formation of N-poor, vacuolised cells
— was sufficient for explaining variation in mass loss as well as N accu-
mulation and release during decomposition of a variety of plant litters
with contrasting N content, either due to fertilisation or intraspecific
variation. Our model provides quantitative evidence that formation of
inactive, vacuolised cells allows fungi to cope with low N availability
during the initial stages of plant litter decomposition. The formation of
vacuolised mycelium might, thus, be an important adjustment of fungi
to live in N-poor ecosystems, such as boreal forests. An advantage of
our model lies in its ability to accurately predict litter decomposition
patterns using a small set of general parameters, instead of estimating
different parameter sets for different litters. Furthermore, the fitted
parameters were not directly related to the mechanisms of N limitation,
but, rather, general descriptors of decomposition rates. The effect of N
constraints on decomposition depended primarily on parameter values
obtained from the literature (e.g. p; and p,) or estimated for each
location of incubation (¢, a,, and ¢,,;,)-

In Manzoni et al. (2021), calibrating parameters at the site level
allowed capturing of overall decomposition patterns across litter types,
but often N accumulation was underestimated and N mineralisation
overestimated regardless of which microbial strategy to deal with N
limitation was tested. This might be due to the wider range of litter
types considered in that study, which inevitably introduces sources of
variability compared to the smaller dataset used here (e.g., a wider
range of lignin contents). Alternatively, it is possible that the N lim-
itation coping strategies implemented in the models by Manzoni et al.
(2021) did not capture well the mechanisms related to mycelial mor-
phology, which are the focus of the model presented here. In our model,
two of the strategies considered in that work emerge from mycelial
dynamics, instead of being imposed a priori. The microbial C:N is
dynamic at the whole mycelium level according to the varying propor-
tions of cytoplasmic and vacuolised cells (corresponding to the “plastic
microbial C:N” strategy in Manzoni et al. (2021)). The fraction of fungal
N that is retained in the active cells is also dynamic (corresponding to
the “nutrient retention” strategy in Manzoni et al. (2021)). We would
argue that letting these strategies emerge in our model provides a more
realistic description of fungal responses to N limitation compared to
models where individual strategies are switched on or off.

4.2. Fungal responses to nitrogen limitation

The degree of N limitation depends on the proportions of plant litter
and fungal necromass utilised for fungal growth. A high proportion of
N poor plant litter increases N limitation, whereas a high relative use
of N rich necromass decreases N limitation and eventually leads to C
limitation. In our model, N limitation manifests as hyphal vacuolisation
and inactivation. Therefore, the vacuolisation rate (a,) depends on
the relative decomposition of plant cellulose (primarily a source of C)
and fungal necromass (primarily a source of N). Increasing D,,,,, and
decreasing D,,,,, increases the proportion of inactive mycelium during
early stages of decomposition (Fig. 5f), because more rapid exploitation
of N poor plant litter and thus higher N demand triggers vacuolisation.
In most decomposition models, adaption to a low initial N content of
plant litter depends on altered microbial CUE (Schimel and Weintraub,
2003) and biomass N:C ratios (Sistla et al., 2012; Fatichi et al., 2019).
In our model, the capacity to decompose N poor litter (14) also depends
on p, — p,, which represents how much N is retained in the active
cells compared to the vacuolised ones (and also on ¢,,,, representing
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Fig. 5. Sensitivity of model predictions to carbon use efficiency (e) (a)-(c), decomposition rate of the hydrolysable litter pool (D, ) (d)-(f), decomposition rate of the fungal
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‘max;

the availability of external N). The effect of low p, (relative to p;)

is stronger when growth is slow, which is evident from (14), where
¢mm

the second term ( o~ (p) — pz)au) -

indicating that slow degradation of the hydrolysable litter pool enables

decreases by the factor

more efficient N recycling. This implies that one strategy of coping
with N limitation is to reduce D,,,, in combination with reducing p,
(Fig. 3b). According to this mechanism, fungi that have to tolerate
low N availability may benefit from slow growth, reflecting typical
oligotrophic strategies of microorganisms (slow growth on scarce re-
sources; (Fierer et al., 2007)). Slow growth and fast vacuolisation of
mycelium enables exploration of low N resources, whereas fast growth
and slow vacuolisation intensifies N-limitation, reflecting a trade-off
between stress tolerance vs. resource acquisition (Malik et al., 2020).

The positive effect of CUE on N accumulation (Fig. 5b) is not surpris-
ing. Higher CUE implies faster growth, which forces microorganisms to
acquire more N, leading to N limitation (Manzoni et al., 2017), which
in our model triggers vacuolisation. Most important, vacuolisation is
an effective way to cope with stoichiometric imbalances even if CUE is
fixed (Fig. 5a). Previous work has shown that N release patterns could
be explained by decreasing CUE (Manzoni et al., 2017), or increasing
threshold element ratios with increasing litter C:N, which is equivalent
to the CUE trend if microbial C:N is fixed (Agren et al., 2013). However,
these previous works neglected reallocation and retention of N within
the mycelium, which offers an alternative and under-studied avenue
for coping with N limitation. Empirical studies have indicated that
processes that retain nutrients in the soil microbial biomass allow
bacteria and fungi to cope with unfavourable organic matter stoichiom-
etry during decomposition (Spohn and Widdig, 2017; Boberg et al.,
2014). Nutrient retention was first explored in a mathematical model
by Manzoni et al. (2021), but it was parametrised through a single
recycling parameter instead of adopting a process-based approach as
done here. Here we go one step further by modelling the reallocation of
N within the fungal mycelium as a fungal adjustment to live on N-poor
substrate.

4.3. Role of fungal necromass in carbon and nitrogen cycling

In most decomposition models (with some exceptions, e.g., Sulman
et al. (2017)), microbial biomass formed during decomposition is being
added to the organic matter compartment when it dies. However,
decomposition rates at late stages have been proposed to depend largely
on microbial necromass dynamics (Sun et al., 2024), and necromass has
its own distinct characteristics. Therefore, in our model, we consider
plant litter and fungal necromass as separate pools. How fast fungal
necromass decomposes in comparison to plant litter is still an open
question (Adamczyk et al., 2019; Fernandez and Kennedy, 2018). The
low estimated necromass decomposition rate (D,,y,) in our model indi-
cates that fungal necromass decomposes slowly relative to hydrolysable
plant litter components. One possible explanation lies in the chemical
composition of fungal necromass, which often contains recalcitrant
compounds, such as melanin, or may be complexed with tannins, which
have a tendency to bind to proteins and chitin. These necromass-
tannins complexes are not easily hydrolysable and require oxidative
enzymes for their degradation (Adamczyk et al., 2019). This can lead to
retention of N in necromass, partially in the oxidisable pool (Baskaran
et al.,, 2019), and the persistence of necromass in soil will delay N
release. This pattern emerges in our sensitivity analysis, where higher
accumulation of necromass slows down the N release from N rich
litter (Fig. 5h). Furthermore, due to slow turnover of the necromass
pool, there is no significant effect of senescence mortality on C and N
dynamics (Fig. 5j, Fig. 5k). The predicted slow decomposition of fungal
necromass is consistent with the observation that a large fraction of C
in boreal forest soils is derived from fungal necromass (Clemmensen
et al., 2013) and that N retention patterns depend on the dynamics of
this pool (Kyaschenko et al., 2019).

4.4. Model limitations

Our model can capture decomposition patterns despite its minimal
degrees of freedom, but it has some limitations. Firstly, it does not
include lignin-N interactions explicitly. For this reason, we only in-
cluded data from litters with a similar lignin content (but different N
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contents) for model parametrisation. Yet, the content of recalcitrant
compounds in litter, like lignin, is variable and has a major influence
on decomposition rates (Melillo et al., 1982) and microbial biochemical
activity (Chakrawal et al., 2024). Furthermore, interactions between
N-limitation and different chemical litter pools are complex, with high
N availability stimulating decomposition of easily degraded pools, but
often retarding decomposition of recalcitrant necromass pools (Craine
et al., 2007; Sun et al., 2024). The latter phenomenon is not captured by
our model, so merging the interactive effects of N and non-hydrolysable
compounds, particularly in necromass, would be a natural development
of our model.

Secondly, we consider N import in the model by assigning a fixed
value to the parameter ¢,,;,, since the model only considers a single
litter cohort with ¢,,;,, representing the N supply from the surrounding
organic matrix (Boberg et al., 2014; Frey et al., 2000; Spohn and Berg,
2023). To explore patterns of resource reallocation between different
substrates undergoing decomposition at the ecosystem level (Boddy,
1999), the model needs to be further developed to accommodate con-
tinuous litter inputs. This will enable modelling of resource reallocation
between lower, older soil layers and fresh litter explicitly rather than
via a constant rate of N import, as the capacity of more degraded
material to deliver N will be incorporated in the model system. It
is important to point out that some estimated parameters are site
dependent, as the model does not include environmental drivers, such
as temperature and moisture. CUE, mortality and external N availability
are also likely to be site dependent, so the model is not directly
transferable across sites without recalibration, and the purpose of this
work is to illustrate a principle rather than providing predictions across
sites.

5. Conclusions

We hypothesised that resource reallocation within fungal mycelium
can explain the effects of low N availability on decomposition. A
mathematical model developed to test this hypothesis captured de-
composition patterns across litter types with different initial N content
without invoking variation in CUE (between litters within sites) or
selective acquisition of N, but rather predicting that N is reallocated
to the growing parts of the mycelium under N limitation. This N real-
location lowers the overall fungal biomass N:C ratio, thus also reducing
the fungal N demand on the expense of reduced decomposition — a
mechanism not included in other biogeochemical models. Considering
the benefit of explicit representation of fungal processes, we propose
this framework could be effective in improving predictions of C and N
cycling in N limited systems.

Mathematical analyses of the model and numerical simulations also
provided insights on how fungal traits affect decomposition:

1. High CUE promotes fungal growth only under high N availabil-
ity, whereas in N poor conditions the higher N demand associ-
ated with high CUE triggers faster vacuolisation of mycelium,
thereby slowing down decomposition.

2. A trade-off emerges between fungi adapted to low N resources
(slow resource acquisition and growth, but fast vacuolisation of
mycelium), and fungi adapted to high N resources (fast resource
acquisition and growth, but slow vacuolisation).

3. Fungal necromass is chemically recalcitrant and can store large
amounts of both C and N; the accumulation of N in dead
mycelium can delay N release in N poor litter and slow down
the N release from N rich litter.
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