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Abstract

Global change may affect the structure and functioning of decomposer food webs
through qualitative changes in freshly fallen litter. We analyzed the predicted effects of a
changing environment on a dynamic model of a donor-controlled natural decomposer
ecosystem near Wekerom, the Netherlands. This system consists of fungi, bacteria,
fungivores, bacterivores and omnivores feeding on microbiota and litter as well. The
model concentrates on carbon and nitrogen flows through the trophic niches that define
this decomposer system, and is designed to predict litter masses and abundances of soil
biota. For modeling purposes, the quality of freshly fallen leaf litter is defined in terms
of nitrogenous and non-nitrogenous components, of which refractory and labile forms
are present. The environmental impacts of elevated CO,, enhanced UV-B and
eutrophication, each with their own influence on leaf litter quality, are studied. The
model predicts steady-state dynamics exclusively, for all three scenarios. Environmental
changes impact most demonstratively on the highest trophic niches, and affect
microbiotic abundances and litter decomposition rates to a lesser extent. We conclude
that the absence of trophic cascade effects may be attributed to weak trophic links, and
that non-equilibrium dynamics occurring in the system are generally because of
encounter rates based on fractional substrate densities in the litter. We set out a number
of experimentally testable hypotheses that may improve understanding of ecosystem
dynamics.
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Introduction

Although the earth has continuously changed since its
origin, we have become aware that alterations in the
earth system are now occurring at an accelerated pace
(Stouffer et al., 1994; Cox et al., 2000; Gillet et al., 2003).
Ozone depletion leading to enhanced UV-B levels,
increases in atmospheric greenhouse gases, elevated
temperature, and changes in the use of natural
resources have been experimentally shown to affect
biological systems in many ways (Walther ef al., 2002).
However, from a theoretical point of view, their effect
on the structure of communities and long-term func-
tioning of ecosystems is only moderately understood.
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Element cycling, and the role of global change there-
in, is a central theme in ecology. Different aspects of
global change impact on the quality of litter, and litter
decomposition plays a key role in the cycling of resour-
ces in terrestrial donor-controlled ecosystems. The de-
composition rate of detritus depends on its nutritional
quality to decomposer organisms (Cotrufo & Ineson,
1993; Gallardo & Merino, 1993; Moore et al., 1999). In
turn, the dynamics of soil food webs depend on
interactions between decomposers and higher trophic
levels (Berg et al., 1993; Fox, 2003; Smith & Bradford,
2003; Bakker et al., 2004). Therefore, it is to be expected
that the functioning of such donor-controlled ecosys-
tems depends on the composition of the litter provided.

Temperature and soil humidity directly influence the
activity of soil decomposers and play a key role in litter
decomposition (Berg et al., 1993). Other environmental
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factors influence this process indirectly. Enhanced levels
of UV-B have been shown to alter the chemical
composition of fresh plant litter into more recalcitrant
forms (Rozema, 1999; Laakso et al., 2000; Rozema, 2000;
Kinnunen et al., 2001; Lavola et al., 2003). Furthermore,
increased levels of atmospheric CO, potentially increase
the carbon content of leaf litters, and their lignin:N
ratios (Cotrufo et al., 1994, 1998; Norby & Cotrufo, 1998;
King et al., 2001; Norby et al., 2001). In contrast, although
eutrophication with nitrogen has toxic effects on soil
microflora (Wollecke et al., 1999), it enhances the nitrogen
content of leaf litters (Heinsdorf, 1993; Prietzel et al,,
1997), and so potentially augments soil species with
nutrients that were originally limiting their activity and
this may increase decomposition rates (Hogervorst et al.,
2003). Antagonistic effects on the quality of litters make
it hard to predict the effects of global change on the
functioning of donor-controlled ecosystems.

In the past decades, our understanding of the
physiology and function of soil micro-organisms has
increased rapidly (Nannipieri et al., 2003). Moreover,
there has been an increased knowledge of trophic
channels along which energy and nutrients are trans-
ferred in natural ecosystems (Cox et al., 2000; Moore
et al., 2003). Therefore, currently, many natural ecosys-
tems have been successfully charted. At this stage, it
may have become possible to make the step from
empirically based descriptive models, which have
successfully outlined the basic structure and function-
ing of food webs, but are limited in their use for
understanding long-term ecosystem dynamics, to me-
chanistic models of natural food webs, which may be
used to discover general patterns in ecosystem dy-
namics and functioning. In this paper, we develop such
a mechanistically based food web model, and we will
use it to predict how different scenarios of global
change might affect soil ecosystems both quantitatively
(changes in net litter composition and masses of litter
and soil functional groups) and qualitatively (changes
in community structure, stability, top-down vs. bottom-
up regulation). Our goal is to put forward experimen-
tally testable predictions on long-term effects of global
change on soil communities, and to point out gaps in
knowledge required to advance in the understanding of
dynamics of soil ecosystems.

In this study we employ a dynamic model of a Scots
pine forest soil ecosystem in Wekerom, the Nether-
lands, which has been described in detail in Berg &
Verhoef (1997), Berg et al. (2001). Because of the large
number of functional groups, sensu (Moore ef al., 1988),
involved, this web is essentially beyond the complexity
at which a complete analysis is still feasible. Therefore,
we have reduced the total number of groups by
lumping species that belong to the same trophic group.
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Fig. 1 Conceptual model of trophic flows in the Wekerom Scots
pine forest ecosystem. Arrows refer to flows of resources,
rectangles are litter components, large circles are trophic guilds
and the small hexagon represents the function of exogenous
fungal enzymes that excavate labile components from stable
components, which may be used by fungi. Table 1 summarizes
the notation.

This leaves groups of bacteria, fungi, bacterivores,
fungivores and omnivores feeding on both detritus
and microflora. Figure 1 shows the simplified trophic
structure of the forest soil. Fresh litter supplied to the
system is divided into nitrogenous and carbonous
components, which are, in turn, split up in refractory
and labile parts. The abundance of the four resulting
components in the regular litter fall is affected by
several aspects of global change. In this study, we will
analyze the effect of alterations in litter composition on
the dynamics of the Wekerom food web. We will
concentrate on eutrophication, UV-B enhancement and
elevated CO, levels in this study, as these aspects of
global change have been shown to affect the composition
of leaf material. Litter is generally biochemically de-
graded by fungi and bacteria, although enchytraeids are
also known to decompose litter (Didden & Rombke,
2001). Bacterivores and fungivores graze on the soil
microflora, in which they find competitors in the
enchytraeids, which can use both detritus and microbial
biomass for growth (Didden & Rombke, 2001). Litter
degradation comprises both chemical decomposition and
fragmentation. In this study, we will model the upper
litter layer, as this is the layer in which the majority of
decomposition takes place (Berg et al., 1997). We assume
that fragmented materials, as well as the biota that live
on them, are physically transported to the fragmentation
layer, which is out of the scope of this study.
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Litter quality is usually defined in terms of nitrogen
and energy availability, and litter C:N ratios have
traditionally been used as a measure for litter quality.
Here, lower C:N ratios usually refer to a higher
nutritional quality of litter. However, some nitrogenous
compounds are recalcitrant (e.g. nitrogenous materials
stored in a persistent lignin matrix) while soluble
nitrogen-deficient hydrocarbons can generally be easily
degraded, which obscures the concept of litter quality
(Bosatta & Agren, 1999; Berg, 2000). We pay due
attention to the characteristics of the particular chemical
substances in the litter, by using a compound-based,
rather than an element-based stoichiometric model. We
model the biota’s acquisition and utilization of poten-
tially limiting resources using a model module, called
the synthesizing unit (SU) (Kooijman, 1998). Mathema-
tically, this method connects closely to enzyme kinetics
where concentrations of substrates transform into
products. In this study, SUs model the flows of carbon
and nitrogen, in their different forms, through the food
web. This theoretical approach was earlier used in Kooi
et al. (2004), Kooijman (1998), Kuijper et al. (2004a,b),
Muller et al. (2001). Using this approach, we augment
classic food chain theory with aspects of nutritional
physiology of soil biota, based on field biology data
(Berg, 1997).

The paper’s organization is as follows. In the next
section, we set out the model philosophy and assump-
tions in some detail. In the results section, we show
model predictions as to how changes in litter quality,
caused by nutrient enrichment and enhanced UV-B and
CO,, affect the dynamics of the litter layer. Here, we
discuss these model predictions in detail. Our focus
will be on three aspects of food web functionality. These
are (1) competitive changes between bacteria and fungi,
(2) changes in food web productivity, and (3) cascading
effects of these changes within the web. Furthermore,
we put forward a number of experimentally testable
ecological hypotheses, instilled by the results of the
dynamic model. In doing so, we emphasize the need for
collaborations between experimentalists and theoreti-
cians. Furthermore, we concentrate on the dynamic
behavior of the model, and compare it with theoretical
predictions from theoretical ecology. We conclude by
pointing out implications of using a mechanistic
modeling approach in the analysis and understanding
of soil ecosystems.

Model setup and assumptions

The model is about energy and nutrient flows across
the soil ecosystem. This requires the characterization of
transformations of litter components into biota and
transformations of prey into predators. We assume

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 249-265

homeostasis for all components (i.e. the stoichiometry
of all biota and particular litter components is constant).
This approach is somewhat questionable from a
nutritional point of view, as the elemental composition
of organisms generally depends on their nutrition
(Kooijman, 2000; Boersma & Kreutzer, 2002; Cross
et al., 2003). However, it prevents the model from
becoming very complex. Using variable elemental
composition implies the use of several state variables
for the mathematical description of each trophic group
(Droop, 1983; Kooijman, 2000) and this is beyond the
scope of this study.

We use C-moles per square meter as unit of mass.
Table 1 contains the assumed biochemical composition
of the food web components in terms of their N:C
ratios. The N :C ratio of the labile nitrogenous litter is
based on average C:N of proteins ( = 3, Vollenweider,
1985), although it must be conceived of as a blend of all
available nitrogen for micro-organisms (amino acids,
minerals bound to organic matrices and other water
soluble nitrogen sources). Stable nitrogenous litter is
comprised of a non-nitrogenous lignin matrix (Adler,
1977), in which labile nitrogenous organics are stored.
For modeling purposes, it has been given an N :C ratio
of 0.05. Biota are given a biologically realistic N : C (0.1-
0.2, cf. Schroter et al., 2003), where fungi have a
somewhat lower C:N than other biota. Biochemical
transformations are listed in Table 2. The stoichiometry
of these transformations follows from literature assim-
ilation and production efficiencies (Berg et al., 2001) and
the N:C ratios of the forest ecosystem’s participants.
We assume that external nitrogen sources dominate, so
that nitrogenous minerals, formed in the production of
mesobiotic biomass are lost from the system. The model
parameters are listed in Table 3. Maximum production
rates, which can be regarded as the intrinsic growth
rates of the associated populations, have been given a
biologically plausible value. Degradation rates of stable
litter are conjectured from Minderman (1968). The litter

Table 1 Actors in the upper litter layer and their biochemical
representations as C: N ratios

Soil component Notation N:C
Stable nitrogen Sn 0.05
Stable carbon Sc 0
Labile nitrogen Ln 0.35
Labile carbon Lc 0
Fungi F 0.1
Bacteria B 0.2
Fungivores Cr 0.2
Bacterivores Cp 0.2
Omnivores (@] 0.2
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input rate and composition are based on local observa-
tions (Berg, 1997). For simplicity, the natural residence
time of litter components is taken 1 year, hence the
value of D =1/365 per day. Unfortunately, there is no
data available for estimating the parameters of interac-
tions between soil organisms and substrates. Therefore,
we used a standardized biologically plausible value for

Table 2 Biochemical transformations occurring in the top
litter layer

No. Transformation Biochemical reaction

1 Stable litter
breakdown
by fungi

SNy — %LN + gCOZ

Sc — %LN + %COZ
Fungal growth %LN + 3%LC — F+3CO,
Bacterial growth %LN —+ Z%LC — B+ 2CO;,
Fungivore growth F— %Cp + ﬁNHg + %COZ
Bacterivore growth B — 1Cp + 2NH; + 3CO,
Onivore assimilation Lc — %H + %LC + 5170C02
Ln — 5P + 3Ln + #5NH; + 5CO,
B — 2P + JH + ZNH; + $CO,
F— %P + ;H + %NHs + %COZ
P +1H — 0 +1CO,

N U W DN

7 Omnivore growth

all searching rates and substrate affinities. Appendix A
contains the mathematical expressions for the dynamic
interactions in the top litter layer. Note that plants are not
included in the model, as our focus is on the top litter
layer, in which plant roots are virtually absent in the
Wekerom system (Berg, 1997). However, different aspects
of global change affect plant production, which conse-
quently impacts on litterfall quantitatively. We did not
explicitly model such effects. However, we modeled all
interactions according to the law of mass action. This law
holds that reaction rates depend fully on density-based
encounter rates. These encounter rates are independent
on litterfall rates, as long as the composition of the freshly
fallen litters does not change. Therefore, the qualitative
model outcomes are independent on litter input rates,
and the quantitative model outcomes scale proportion-
ally with the litter input rate. This model property
corresponds well to the finding that in the Wekerom
system, densities of biota are not related significantly to
the mass of the top litter layer (Berg et al., 2001).

Fungi

In the Wekerom soil ecosystem, fungi dominate the
degradation of recalcitrant litter components. In this

Table 3 Environmental constants and parameters of interactions between soil biota and their recources

Parameter Interpretation Dimension Value
Jin,Dm Maximum degradation rate of Sy Clay7l 7.14 x 10-3
JLe.Dm Maximum degradation rate of Sc day™" 4.0x10-3
JE.Gm Maximum fungal specific growth rate day’l 5.0

JB.Gm Maximum bacterial specific growth rate day™" 10.0

JCr.Gm Maximum fungivore specific growth rate day™" 3.0 x10-1
JCu,Gm Maximum bacterivore specific growth rate day ! 5.0 x10-1
j?c,l Maximum omnivore ingestion rate of Lc day ™! 1.0

a’;N Fungal enzymatic affinity for Sy day™" 5.0

agc Fungal enzymatic affinity for Sc day’l 5.0

af, Fungal affinity for Ly day ™ 5.0

af. Fungal affinity for Lc day™ 5.0

afN Bacterial affinity for Ly day_l 5.0

ap. Bacterial affinity for Lc day ™! 5.0

asr Fungivorous searching rate coefficient day™ 5.0

asP Bacterivorous searching rate coefficient day ! 5.0

aLOC Omnivorous searching rate coefficient day ™! 5.0

Jcn Litter input rate Cmolday ™’ 5.0 x10-2
Jin.Dm Loss rate day_l 1/365
Varied parameter Interpretation Dimension Default value
Osy Fraction of Sy in supplied litter day ™ 0.20

O Fraction of Sc in supplied litter day ™! 0.45

Oy Fraction of Ly in supplied litter day ™! 0.05

Orc Fraction of L¢ in supplied litter day™ 0.30
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process, using exogenous enzymes, brown-rot fungi
release and utilize energy rich resources from the
matrix of stable components (Kirk & Farell, 1987).
White-rot fungi may metabolize refractory materials
directly (Kirk & Fenn, 1982). We use Michaelis-Menten
kinetics to model this process of excision. We assume
that the production of labile organic nitrogen is
efficient, so that no nitrogen is lost in mineral form.
The process rate of persistent litter degradation is slow,
as compared with other transformation processes.
Fungi have prior access to the labile components
released from the persistent matrix and they can use
them in addition to other labile components in the litter
to form biomass. This process of merging soil substrates
for growth is modeled with a complementary SU
(Kooijman, 1998), which describes the process rate of
a biochemical transformation in which two or more
resources are required (see Appendix A). A graphic
representation of how a complementary SU works is
given in Fig. 2. The availability of nitrogen and energy
determines the growth rate of fungi, which models the
influence of resource quality. We assume that the
maximum carbon growth efficiency of fungi is approxi-
mately 25% (using 45% production efficiency; Berg
et al., 2001) and a biologically plausible 75% uptake
efficiency, rounded off downward in contrast to
bacteria which need less complex structures and may
therefore be more efficient). Furthermore, as nitrogen is
generally considered to be the limiting nutrient in the
initial phase of litter degradation, we assume that
nitrogen can be used at a potential 100% efficiency.

Bacteria

Although many species of bacteria are capable of lignin
and holo-cellulose degradation under anaerobic cir-
cumstances, these species are deemed to comprise only

VQAV

4o Vp
VO

jl j2 jmax

Q Jproduct ( Q

Fig. 2 Graphic representation of the complementary Synthe-
sizing unit, using two substrates. The synthesizing unit accepts
fluxes of substrates 1 and 2 while the binding sites are vacant.
When both binding sites are filled, it enters the production
phase, after which products are formed.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 249-265

a small fraction of the total soil bacterial biomass,
especially in the rarely waterlogged top litter layer.
Therefore, in the model bacteria can only use labile
components in the litter, including labile organic matter
released from persistent litter, but left unused by fungi.
Bacteria effectively compete with fungi for labile
components of litter. As bacterial structural compo-
nents are less complex than eukaryote fungal struc-
tures, we assume 33% maximum carbon growth
efficiency for bacteria (approximately 45% production
efficiency; Berg et al., 2001 and 75% uptake efficiency),
which is slightly higher than the fungal efficiency with
respect to carbon, and gives bacteria a slight competi-
tive advantage. Hence, we model a slow degradation
route dominated by fungi and a fast route dominated
by bacteria, sensu (Moore et al., 2003). We assume that
bacteria can use nitrogen 100% efficiently. Analogous to
fungal production, a complementary SU conducts the
merging process of nitrogenous and carbonous sub-
strates for bacterial growth. For simplicity, we assume
that bacteria and fungi can access labile litters equally
efficient. This translates into identical values for uptake
affinities in Table 3.

Fungivores

In the model, fungivores comprise the group of animals
that feed on fungi. These are collemboles, oribatids,
prostigmatids and fungivorous nematodes. Although
many species are known to consume detritus as well
(Filser, 2002), they are generally selective grazers for
fungi. Therefore, in the model they feed on fungi
exclusively. We assume that the grazing rate on fungi
depend on the density of fungi in the litter, and use a
Holling type-II functional response to model the
interaction between fungi and fungivores. The net
production efficiency of fungivores is approximately
15% (calculated from Berg et al, 2001, based on
assimilation and gross production efficiencies). To keep
the number of model parameters low, a constant loss
term models predation, physical transport and natural
death of all mesofauna. This holds a simplification of the
biological decay processes, but an unpublished pre-
analysis in which we used an additional death loss rate
for each trophic group resulted in qualitatively similar
results compared with the model presented here.

Bacterivores

Flagellates, ciliates, amoeba and bacterivorous nema-
todes comprise the bacterivorous trophic group in the
Wekerom soil ecosystem. We use a type-II response
for bacterivorous consumption also. Moreover, we
employ the same grazing rate and digestion time for
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bacterivores and fungivores for convenience. However,
we assume that chitin sheaths of fungi are harder to
metabolize than bacterial structures, and therefore,
bacterivores have a higher assimilation efficiency
(25%, calculated from Berg et al., 2001) than fungivores
in the model.

Ommnivores

The soil omnivores comprise omnivorous nematodes
and enchytraeids, of which the latter are dominant in
the Wekerom system. Therefore, we base the omnivores
dynamics on the food acquisition method of enchy-
traeids, as described by Didden (1993), Didden &
Rombke (2001). Enchytraeids feed by grazing the
organic constituents of litter, and with the ingestion of
litter, they automatically take up fungi and bacteria.
Labile organic matter, as well as the bacteria and fungi,
contain amino acids and hydrocarbons, which can be
used in combination for growth. In this case, again a
complementary SU rules the merging process, where
carbon is used at a potential 75% gross growth
efficiency, which is the predicted theoretical maximum
efficiency for heterotrophs (Calow, 1977), and nitrogen
can be used at a maximum 100% gross growth
efficiency. The labile carbon part is an important source
for hydrocarbon assimilates; labile nitrogenous litter
components contribute to the amino-acid pool. Fungi
and bacteria donate both hydrocarbons and amino
acids. Therefore, litter composition, as well as the
abundance of soil microbiota, is important for the
dynamics of the enchytraeid population.

Results

Modeling global change scenarios

We simulate three scenarios where aspects of global
change affect litter quality, namely elevated CO; levels,
enhanced UV-B irradiation and eutrophication with
nitrogen. This section deals with the quantitative effects
of these changes on litter quality, and the indirect effects
on the accumulation of litter and the persistence of
functional groups. We focus on changes in competition
between bacteria and fungi, changes in effective
productivity because of alterations in the relative
amount of stable and refractory litter parts, and
cascading effects of changes in the external forces on
the higher trophic groups.

Environmental changes are modeled by imposing
changes in the composition of incoming litter. We aim
to observe trends in the dynamic properties of the
system, following upon changes in environmental
conditions. Therefore, we employ modest perturbations

from the default situation. Here, the relative difference
in the composition of freshly fallen litter from the
ambient conditions is called ‘impact factor’, and will
never exceed 20%.

Elevated CO,

Elevated levels of CO, increase the carbon and lignin
content in plant materials (Cotrufo et al., 1994, 1998;
Norby & Cotrufo, 1998; King et al., 2001; Norby et al.,
2001). This implies that the stable nitrogen content
(0sy ), and the stable and labile carbon content (6s, 6r.)
increase with increasing CO, levels, and consequently,
the labile nitrogen content (0r,) decreases simulta-
neously. We model the effect of elevated CO, by
lowering 0 and increasing fractions 0s,, Os.and 0;,
while preserving the default relative proportions (Berg,
1997) of these three litter components for simplicity.

The CO, impact factor, which is on the horizontal axis
of the diagrams (Figs 3 and 4), increases with increasing
atmospheric CO, concentrations. The factor refers to
the percentual reduction of labile nitrogenous organic
matter in the litter. The ambient percentage of this litter
component is 5%, which corresponds to an impact
factor of 1. An increment to 1.2 corresponds with a
reduction of this percentage from 5% to 5/12 ~ 4.17%.

None of the litter components are affected by CO,
enhancement, although the quality of the litterfall is
lower because of an inherent smaller fraction of labile
nitrogenous compounds (Fig. 3, upper panel).
Although fungal and bacterial densities in the litter
seem unaffected, enhanced CO, impacts on the
omnivore and fungivore populations (Fig. 3, lower
panel). Omnivores suffer from reduced quality of the
litter input, while the fungivore population becomes
larger. The net effect is a slightly reduced food web
productivity (total biomass decreases, Fig. 4). Although
their resource densities remain more or less constant,
the model predicts pronounced effects of elevated CO,
on the higher trophic groups. As there is no direct effect
of litter quality on soil fauna, these changes in
population size must be attributed to bottom-up effects.
The model predicts that the change in fresh litter
composition imposes an indirect shift in the competi-
tion ability of the omnivore enchytraeids. They suffer
from a lower access to labile nitrogenous organics in the
litter provided, which results in a lower population size
and lower grazing pressure on fungi. Specialist fungi-
vores benefit from this reduced competition with
omnivores. Whether this model prediction holds when
applied to natural systems, remains to be tested.

The C:N ratio increases as a consequence of CO,
enhancement (Fig. 4), which is an indirect effect of the
reduced population density of omnivores, which

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 249-265
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generally have a high nitrogen content. As can be
observed from Fig. 3 (upper panel) the mass and C:N
of the abiotic litter pack itself are hardly affected by CO,
elevation. In conclusion, the effects of CO, elevation-
induced changes in fresh litter composition only
become apparent in the highest trophic levels.

UV-B enhancement

Higher plants grown under elevated UV-B generally
have higher phenolic content (Rozema, 1999, 2000;

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 249-265

Lavola et al., 2003) and thicker cuticles (Manetas et al.,
1977; Solovchenko & Merzlyak, 2003). In modeling
terms, this implies that UV-B enhancement results in
higher fractions of recalcitrant litters (s, 0s.) and
lower fractions of labile litters (0, 0r.). We imple-
mented UV-B enhancement by taking a proportional
increase in the fractions 0s and 0s.and a simultaneous
proportional decrease in fractions 0 and 0r.

On the horizontal axis of the diagrams (Figs 5 and 6)
is the UV-B impact factor. Here, a value of 1
corresponds to the ambient fresh litter composition as
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given in Table 3. An increment in this factor corre-
sponds to a proportional increment in the stable litter
fractions (0s,, 0s.) as compared with ambient condi-
tions, so that an UV-B impact factor of 1.2 corresponds
to a 120% increase in stable components in the fresh
litter.

Contrary to the consequences of elevated CO,, UV-B
enhancement has pronounced effects on the composi-
tion of the top litter layer (Fig. 5, upper panel). The
model predicts that UV-B enhancement results in a
thicker resident litter pack. This is mainly caused by the

accumulation of refractory litter components, although
labile nitrogenous litter also accumulates. The model
predicts a decline in labile carbonous substances with
increasing levels of UV-B.

The size of the microbial populations increases with
increasing UV-B, however, their density in the litter
remains approximately constant, as the litter mass
increases in a proportional manner (Fig. 5). The graph
to the right demonstrates that the mass and density of
all soil mesofauna is suppressed under enhanced UV-B.
Hence, the productivity of the decomposer food web is
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lower under elevated UV-B. As both fungi and bacteria
utilize labile organic substances, this substrate type
may be regarded as the system’s primary resource. UV-
B enhancement causes a decrease in labile carbonous
substrates, which corresponds to an effective decline in
energy availability to both bacteria and fungi. This
limits their growth capacity, and reduces the potential
for transforming organic nitrogen, which therefore
accumulates. This result demonstrates that UV-B
enhancement may shift the decomposition activity
from nitrogen to energy limitation. The exploitation
ecosystem hypothesis (Oksanen et al., 1981; Oksanen &
Oksanen, 2000) predicts a correlation between resource
availability and herbivore density, and this might also
be what happens in the model: a reduction in energy
availability reduces the abundance of higher trophic
niches in the litter, while leaving densities of the
microflora intact.

Although UV-B imposes an evident shift in litter
composition (cf. Fig. 5), the C: N ratio remains virtually
constant over the range of UV-B impacts analyzed (Fig.
6). Here, the model shows that a summary statistic such
as the litter C:N ratio may not always be sufficient for
the assessment of its nutritional quality to microbiota.
This reasoning is in agreement with the results of Berg
et al. (2001), who calculated net N immobilization by
enchytraeids, which is impossible for heterotrophs,
when food quality was expressed in terms of C:N.
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Eutrophication with nitrogen

Enhanced nitrogen deposition elevates the nitrogen
content of plants. Concentrations of both labile (Baron
et al., 2000) and stable nitrogen-rich leaf components
(Penuelas & Filella, 2001) become higher with increased
nitrogen provisions. We model the effect of eutrophica-
tion on litterfall composition by assuming a propor-
tional increase of nitrogenous litter fractions (0s, 0Or ).
Simultaneously, the fractions of nitrogen-deficient litter
fractions (0s., 0r.)are lowered.

The eutrophication factor is on the horizontal axis of
the associated diagrams (Figs 7 and 8), and a value of 1
corresponds to ambient conditions. A factor of 1.2 raises
the litterfall content of labile and refractory nitrogenous
material to 120% of the ambient content (i.e. s, = 0.24,
O, = 0.06). Increasing the provision of nitrogen strong-
ly affects litter quality for decomposers and it has been
studied extensively in models by Agren et al. (2001),
Franklin et al. (2003).

The model predicts that eutrophication reduces the
carbonous content of the litter, while both stable and
labile forms of organic nitrogen increase. The model
furthermore predicts that eutrophication has no pro-
nounced effects on total litter accumulation. This results
contrasts with the findings of Berg & Meentemeyer
(2002). However, our model does not take into account
potential toxicity (Hogervorst ef al., 2003) and retardation
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Fig. 7 Masses of organic materials and biota in the top litter layer. The eutrophication impact factor is on the horizontal axis. Here, a
factor 1 refers to ambient conditions, while a factor 1.2 corresponds to a 1.2-fold contribution of nitrogenous constituents in the fresh

litter, caused by eutrophication.
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Fig. 8 Characteristics of the top litter layer as a function of nitrogen enrichment. The determination of the molar C:N ratio considers
both abiotic litter constituents and soil biota. The density of biota in the litter is defined as the lumped biotic biomasses in C-moles,

divided by the lumped litter masses.

of ligninolytic enzymes under high nitrogen levels
(Leatham & Kirk, 1983; Reid, 1991; Lodge, 2001), both of
which have been demonstrated in natural systems.
Furthermore, we have not assumed net increased rates
of litterfall, as is known to happen in natural systems
(Franklin et al., 2003).

The microbial activity is not affected by the nitrogen
enrichment (Fig. 7). Effects are most demonstrative at
the highest trophic groups, which again suggest strong
bottom-up relationships in the ecosystem. In the model,
the fungivore population does not survive high nitro-
gen levels (factor > 1.17). This finding contrasts with
field observations. However, explanations may be
found in that the model takes into account neither
changes in species composition within the functional
group, nor changes in trophic structure because of
changes in environmental conditions (for instance,
collemboles may change their behavior and become
omnivorous when fungal nutrition does not suffice).
Still, the model predicts that among mesofauna,
fungivores should be especially sensitive to nitrogen
enrichment, a modeling result that may be tested
empirically. Bacterivores are slightly hampered under
nitrogen enrichment, but the omnivore population will
grow larger. Effectively, the biological productivity of
the web increases as the omnivore’s density increase
exceeds the decrease in the other mesofaunal densities,
and microbiota are hardly affected. The omnivore’s
success may be caused by an improved quality of
ingested litter by the omnivores. As the omnivore
population grows larger with the improving nutritional
quality of litterfall, it exerts a higher competitive
pressure on the bacterivore and fungivore populations.
This may cause the extinction of fungivores at high
levels of nitrogen enrichment. Furthermore, this may
explain why the incline in population size (Fig. 7,
bottom right graph) halts at the point where fungivores
are ousted.

In the model, eutrophication reduces the C: N ratio of
the top litter layer, which is known to happen in natural
systems (Parker et al., 2001), and the biomass density
becomes larger (Fig. 8). The latter can be attributed to
the increased growth of the omnivore population.
However, the fungivore population may vanish under
severe eutrophication, so that eutrophication may cause
the system to become structurally unstable, an effect
that is not observed when effects of CO, enhancement
and elevated UV-B irradiation are implemented.

Discussion and conclusions

Qualitative effects on food web characteristics

The model presented in this paper bases on field
observations of litter mass and composition, biomass of
functional groups, and food web architecture. It
predicts biologically feasible steady-state quantities of
litter and biomasses for the particular food web
components. In all simulations, stable fractions dom-
inate the mass of the top litter layer, while the
availability of labile compounds is much lower. The
masses of microbiota and mesobiota are of the same
order of magnitude, but enchytraeids generally con-
stitute the larger part of biomass in the litter, which
largely corresponds to field situations (Persson &
Lohm, 1977; Petersen & Luxton, 1982). However, a
word of caution is required here. Model predictions of
biomasses and densities are sensitive to changes in
interaction parameters associated to the different
trophic guilds. To our knowledge, there is no available
data on these interactions parameters, so we conjec-
tured them from existing ideas of soil dynamics (cf.
model setup and assumptions).

The ecosystem modeled in this study is large as
compared with most mechanistically oriented models
(Vollenweider, 1985; McCann & Hastings, 1997; Kooi
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et al., 2004). The studies of May (1972) and Pimm &
Lawton (1978) showed that when food webs are
modeled with Lotka—Volterra-type trophic interac-
tions, they tend to become more unstable as they
become larger. On the other hand, models of simple
food chains where the trophic interaction is modeled by
the Holling type-II functional response (for instance the
Rosenzweig-MacArthur model; Rosenzweig, 1971;
Kuznetsov & Rinaldi, 1996) for bi- or tritrophic food
chains, also predict complex behavior, but only when
nutrient input is large. Therefore, complex dynamic
behavior predicted by our model cannot be excluded
a priori.

Recent investigations have shown that large systems
may be stable, provided that the food web contains a
number of weak interactions among trophic niches
(McCann et al., 1998; Polis, 1998; McCann, 2000). Our
system qualifies as such a food web. Firstly, besides the
competitive interactions between fungi and bacteria,
there exists a weak link as fungi release labile
compounds from refractory litters and this also
indirectly supplies bacteria with resources. A second
weak interaction involves the enchytraeids, which are
omnivores spreading their control over other trophic
niches. Omnivory has been theoretically shown to be a
stabilizing factor in food webs (Mylius et al., 2001; Kooi
et al., 2002; Kuijper ef al., 2003).

The model yields equilibrium dynamics in all of the
scenarios; there are no oscillatory or chaotic dynamics,
nor does the model exert multiple stable states in any
part of the tested parameter space. This result suggests
that the model’s weak trophic interactions may have
contributed to the stability of the food web. However,
complex dynamics may be expected in situations where
limiting resources are abundant, exclusively (Rosenz-
weig, 1971). The status of nutritional value in our model
cannot easily be compared with that in more traditional
models (e.g. chemostat models). In our model, the
organisms themselves determine the absolute volume
of the medium. Hence, the uptake of nutrients depends
on the relative contribution of utilizable resources in the
litter matrix (i.e. mx instead of X), whereas the size of
the litter pack, or the absolute availability of resources,
does not affect the system’s dynamics. Changes in the
composition of incoming litter may not be as drastic as
changes in nutritional concentrations in, for instance,
chemostat systems, and this may limit the potential for
the ‘paradox of enrichment’ in the system under
examination. An unpublished analysis suggests that
this model property may contribute to the exclusive
occurrence of steady states. We conclude that both the
omnipresence of weak interactions and the modeling of
nutrient supply, pertinent to the current model, may
contribute to the model’s stability.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 249-265

The model consists of a large number of parameters,
of which the interaction parameters have not been
measured in the field. It is impractical, and beyond the
scope of the study, to perform a full bifurcation analysis
of the system, including the effects of changes in all
parameter values on the dynamics of the system.
Therefore, it is at this stage unknown whether complex
dynamics can occur when interaction parameters, such
as searching or maximum degradation rates, are varied
simultaneously. Unpublished analyses, however, sug-
gested that the trends, as shown in this work are robust
with respect to changes in single interaction para-
meters.

We divided the food web into a limited number of
functional groups. In the model, this number can easily
be expanded by, for instance, making a distinction
between fungivorous prostigmata, which feed exclu-
sively on fungi, and fungivorous collembola, which
may consume quantities of litter in addition to fungi.
This expansion comes at the cost of extra model
variables and parameters, and requires the mathema-
tical implementation of differences in physiology
between the splitted populations. The expansion also
comes with the establishment of additional trophic
links. If among them weak links are common, and if
weak links are at least partially responsible for the
stability as found in our model, the resulting extended
model should, in theory, also behave stable. We
hypothesize that if weak interactions indeed stabilize
ecosystem dynamics, increasingly realistic models of
natural ecosystems should tend to become more stable.

Effects of global change on trophic groups

The model predicts that elevated CO, and eutrophica-
tion do not result in thicker litter packs, although
eutrophication alters the chemical quality of litter. In
the model, UV-B enhancement causes litter to become
more persistent, resulting in an increased accumulation
of litter. None of the scenarios, however, affect the
density of microbiota in the soil. In contrast, the model
predicts pronounced effects on the higher trophic
niches. Trophic cascade theory predicts reciprocal
effects on the abundance of adjacent trophic niches
(Pace et al., 1999). This suggests that decreasing grazer
population densities should coincide with increasing
microbial population sizes and lower litter masses. In
correspondence to soil food web experiments of
(Mikola & Setdld, 1998), our model does not predict
such trophic cascade effects to occur. The absence of
trophic cascades can be explained by the general
structure of the model, where all trophic levels are
occupied by more than one species (Abrams, 1993). Both
the competitive interactions between the enchytraeids
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on the one hand, and bacterivores and fungivores on
the other, may reduce the potential for trophic cascades.
Moreover, omnivorous activity has been empirically
shown to reduce the potential for trophic cascades in
soil food webs (Mikola & Setild, 1999), which is in line
with the results presented.

In the model omnivores and fungivores are most
demonstratively affected by global change. Although
the bacterivore population is predicted to decline with
increasing UV-B irradiation, this trophic guild is hardly
affected by other aspects of global change. Elevated
CO, and UV-B enhancement affect omnivores and
fungivores in an adverse manner. This suggests that the
competition ability of higher trophic guilds is affected
by the quality of litter. Omnivores tend to benefit when
litters of higher nutritional quality (i.e. higher doses of
labile litters), are provided to the system, while
fungivores profit from larger contributions of refractory
material. Whether this theoretical finding is valid in
natural systems could serve as a hypothesis for an
experimental test.

Formulating testable hypotheses using mechanistic
models

Many traditional dynamic food web models focus on
effects of trophic structures on stability properties of
food webs. Although these models have been subject to
debate because of their, sometimes extreme, simplifica-
tions of biological interactions, they have revealed some
valuable patterns in ecosystem dynamics. Among these
patterns are the ‘paradox of enrichment’, where it can
be shown that food chains may become unstable
because of nutrient enrichment (Rosenzweig, 1971;
Fussman et al., 2000), and the potential for multiple
stable states, where small perturbations in environ-
mental circumstances can have dramatic irreversible
effects on the structure and functioning of an ecosystem
(Kuznetsov, 1998; Scheffer et al., 2001; Scheffer &
Carpenter, 2003). Unfortunately, traditional models
usually lack the required detail to answer situation
specific questions that experimental ecologists are faced
with. Historically, this has made cooperations between
empiricists and theoreticians rare. However, improved
insight in the nature of ecological interactions, in
combination with faster methods of solving the
mathematical problems involved opens new ground
for such collaborations.

The model presented in this study bases mainly on
qualitative knowledge of decomposition in litter strata.
It has to be noted that the model is simplistic in many
respects. For instance, we used a number of parameters
of which realistic values have, to our knowledge,
hardly been established in laboratory experiments

(e.g. searching rates and substrate affinities). In addi-
tion, we simplified aspects of biotic physiology. Meta-
bolic maintenance or death were merely modeled
implicitly in the litter loss rate D. Moreover, we have
assumed structural homeostasis for all trophic levels,
allowing us to use a model with a limited number of
differential equations. We used a simple model as a
starting point, while physiologically based models
allowing for more biological detail and consistency
are available (i.e. DEB theory; Kooijman, 2000, 2001).
We need to make long-term predictions based on short-
term experiments. Descriptive models cannot be used
for that purpose, and we need to ultimately involve
more physiology in the models used. Our goal is to
bring forward a modeling methodology that may be
used for such long-term predictions step by step.

The model yields a series of experimentally testable
hypotheses. Examples are: fungivores are more sensi-
tive to changes in environmental conditions than
bacterivores, omnivores limit the potential for trophic
cascades, and, natural ecosystems tend to equilibria
because of the presence of weak trophic links. Further-
more, the model effectively uncloaks a number of
largely unknown parameters in the study of decom-
poser food webs. We conclude that mechanistic models
are helpful in directing experimental research, and this
emphasizes that collaborations between empiricists and
theoreticians are essential for understanding the struc-
ture and long-term functioning of ecosystems.
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Appendix A

The complementary SU

We model production fluxes involved in biochemical
transformations using a complementary SU, as de-
scribed by Kooijman (1998). An SU is a mathematical
model which translates substrate fluxes into to produc-
tion rates. The method is very similar to enzyme
kinetics. The complementary SU has binding sites for
all required substrates. Once the SU is saturated with
the right portion of all substrates, it enters the
production phase. Figure 2 gives a graphic representa-
tion of this process. For a transformation involving two
essential substrates, the general mathematical formula-
tion is

1 Yij1,prod Yo, prod
. J1,product J2,product
Jproduct = (f— + : + ;

max ] 1 ] 2

(A1)

1 ) !
yjl,product/jl + ]/jz,product/jZ '

Here, jproduct is @ biomass specific product flux, j; and j»
are the substrate arrival fluxes and ¥j, productand
Yjp productare the relative amount of substrate units
required for the synthesis of one unit of product (i.e.
the stoichiometric couplers). Parameter jma.x is the
maximum attainable production flux (i.e. the produc-
tion rate when the substrate fluxes are infinitely large).
In the model fluxes may be metabolites used for
growth, or substrates which can be taken up from the
litter pack. Biomass specific fluxes, as used in the
model, are fluxes, consistently scaled to units of
biomass carbon of the species involved.
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Degradation of refractory litter

Fungal exogenic enzymes excavate labile materials
from persistent litters. Their activity is described with
the Michaelis—-Menten equation (type-Il functional
response, which works similar to an SU requiring only
one substrate), so that biomass specific production of
labile materials from recalcitrant litters amounts to

-1
S T
]LN‘D ]bLNij ﬂI;NmsN ;

-1
. 1 " 5

Lc.D = ) )
Jie, JLc,Dm aﬁcmsc

in which ji pand jr. pare the biomass specific fluxes of
released labile nitrogen and carbon, respectively,
jin.pmand ji. pnare the associated maximum production
rates and parameters ag and agc map the fractional
density of the respective refractory litters in the soil to a
biomass specific flux that can essentially be used by the
fungal enzymes. The numbers 7 and 5 are the
stoichiometric coupling coefficients, corresponding to
transformation 1 in Table 2. The variables mgs and
ms.are the fractional contributions of refractory nitro-
gen and carbon to the bulk litter mass. Densities mx are
defined as

(A2)

B X
TSN +Sc+In+Lc]

so that mg,, ms., mr,,my have a value between 0 and 1.
Densities of biota, mp, mpf referring to fractional
densities of bacteria and fungi, are also scaled to the
mass of the litter pack. Expressing substrates and
biomasses in terms of fractional contributions to the
mass of a habitat is unconventional. However, this step
is required to formulate a model according to the law of
mass action, as organisms experience densities of
substrates and other organisms in the litter matrix,
and in the dynamic model the size of this matrix is
variable. The parameters a comprise aspects of orga-
nismal affinities for particular resources present in the
top litter layer, and map the dimensionless fractions
between 0 and 1 to biomass specific fluxes, as
experienced by the soil organisms. In turn, biomass
specific fluxes can be multiplied by the biomass of the
species involved to obtain net mass fluxes, occurring in
the top litter layer.

mx (A3)

Fungal growth

In addition to direct uptake of available labile compo-
nents, fungi may utilize labile material released from
the persistent matrix. We employ the complementary
SU from Eqn (A1), and rewrite them to describe the
fungal uptake process. The biomass specific fungal
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production is

; 1,2 2 1 -

F.G — . ; ; - . 5 3

' jeem 7., Tier (7/26)jie, + (7/2)fi1
(A4)

in which the arrival fluxes j{c_l and ij_’Iare the combined
direct and indirect uptake fluxes

Jieq = L Mic + jLeD, (Aba)

iy = 1, MLy + jLy.D, (A5b)

where the first term of the right-hand side is the part of
labile components originally present in the top litter
layer, whereas the second term is the part excavated
from the refractory litter material, as calculated in Eqn
(A2). The numbers 2, 7 and 26 in Eqn (A4) are the
stoichiometric couplers for the conversion of labile
material into fungal biomass according to transforma-
tion 2 in Table 2.

Bacterial growth

Bacteria can only use the labile litter constituents
Ly and Lc. These are merged by the bacterial com-
plementary SU. The biomass specific growth rate of
bacteria is

(1, 17 4

JBG jB.Gm 7aECmLC 7aENmLN

(A6)
1

-1
(7/17)ag m. + (7/4)aENmLN> .

The stoichiometric coefficients are according to trans-
formations 3 in Table 2.

Fungivores and bacterivores

Type-II functional responses model the specific growth
rates of the fungivore and bacterivore populations. The
specific growth rates are

-1
. 1 20
JerG = ( + ) , (A7a)

]Cr.Gm 3a,9'mp

-1
. 1 20
Jcs.G = ( + > , (A7b)

JCg.Gm Sug’* mp

in which the stoichiometric numbers correct for the
yield of the grazers on their particular resources. We
recall that mp and mp are defined in Eqn (A3). The
fungivores and bacterivores have to search for food
and, therefore, the parameters a can be intuitively
linked to searching rates as occurring in the classical
functional response. However, their physical interpre-

tation is different as they are multiplied by fractional
densities, rather than absolute densities of microbiota
living in the litter.

Omnivores

Omnivores graze on litter and we use a type-II res-
ponse for the modeling of litter ingestion, based on the
fractional density of labile carbon in the litter. Uptake
of bacteria and fungi is taken proportional to
their densities in the litter. Ingestion of material quanti-
fies as

Joer = (ﬁ t ;Lc) 71, (A8a)
s = 0 (A8b)
9= (AS0)
8= i (A8d)

Ingested materials are processed and partly trans-
formed in nitrogenous (P) and non-nitrogenous (H)
precursor materials that can be used for growth (Table 2
transformations 6). Unassimilable materials are re-
turned to their original litter pools. The quantities of
H and P available for omnivore growth are

jga= 5%7&,1 + %]?,I + 325]'1?17 (A9a)
o4 = S + S + B (A9)

Another complementary SU transforms the available
precursors into omnivore biomass according to scheme
7 in Table 2. The biomass specific growth of omnivores
amount to

PR R LR ! )

(A10)

Here, production is not a saturating function of
precursor arrival (i.e. there is no maximum production
flux jocmin this equation). However, ingestion is a
saturating function of labile litter density and this
effectively bounds the omnivore population growth.
Thus, assimilation is modeled using a SU complex
consisting of two coupled simple SUs, the first of which
selects assimilable precursors from resources and the
second of which transforms the precursors into
biomass.
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Model summary

The complete model can be constructed from the
synthesis above. It resumes to

d .
ESN = 05N]Cin — 7]LN,DF — DSN, (Alla)
d .
$SC = 95c]Cin — 5]LC,DF — DSC7 (Allb)
d . 2, 4.
ELN =0 Jc, + <]LN,D - ?]EG)F - ;]B,GB
1,
- E]?N,IO — DLy, (Alle)
d . 5. 3.
aLC =0 Jc, + (]LC,D - 37]P,G>F - 2§]B,GB
1
~ 2Jies0 = DLc, (A11d)
d . 20, .
aF =jrcF — 3 jcr.6Cr — j£,0 — DF, (Alle)
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d . . )
aB =jB.GB — 4jc,; cCp — ]BOJO — DB, (A11f)
d .
@CF = jc.cCr — DCF, (Allg)
d .
ECB = jc;,cCp — DCs, (Al1h)
d . ]
&O =jocO — DO, (A11§)

in which ], is the absolute daily litter input per square
meter in C-moles, and 0s, 0s., Or, Or.are the respec-
tive fractions of stable, and labile nitrogenous and
carbonous components in the litter. Parameter D
models the simplified physical transport and abiotic
decay of litters and death and predation by higher
trophic levels of biota.



