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Summary
1. The concepts of top-down and bottom-up controls are central to our understanding of cascading trophic eﬀects on ecosystem functioning. Classical food web theory has focused either
on food webs based on primary production (green food webs) or on food webs based on detritus (brown food webs) and generally ignored nutrient cycling.
2. We argue that nutrient cycling connects the two food webs, which questions the traditional
concept of top-down and bottom-up controls.
3. By integrating these two food webs and nutrient cycling into simple models, we investigate
the cascading eﬀects from one food web to the other one. Both analytical calculations and simulations show that these two cascading eﬀects depend on simple but distinct mechanisms that
are derived from diﬀerent ecological processes.
4. Predators of decomposers can aﬀect primary production in the green food chain. The signs
of these eﬀects are determined by relative proportions of nutrient cycling within the brown
food chain.
5. Cascading eﬀects within the green food chain can aﬀect decomposer production in a bottom-up way. The carbon/nutrient limitation of decomposers determines the way the green food
chain aﬀects decomposer production.
6. These theoretical ﬁndings are applicable to explore real interactions and cascading eﬀects
between the green and the brown food webs, such as pelagic–benthic interactions or aboveground–below-ground interactions.
Key-words: above-ground–below-ground interactions, competition, detritus, ecosystem
functioning, food web, microbial loop, nutrient cycling, pelagic–benthic interactions, trophic
cascade

Introduction
Cascading eﬀects mediated by top consumers and resources
on primary production have received particular attention
in food web ecology (Hunter & Price 1992). However,
ecosystem processes are not only determined by a green
food web based on primary producers but also by a brown
one based on decomposers, and by complex interactions
between these two webs. Empirical studies reveal that
*Corresponding author. E-mail: kejun.zou@upmc.fr

predators in one food web have cascading eﬀects that
extend to the other one (Wardle et al. 2004). The concept
of ‘microbial loop’ highlights that predators of the brown
food web can increase nutrient mineralization in aquatic
(Azam et al. 1983; Fenchel 1988) and terrestrial (Clarholm
1985; Bonkowski 2004) ecosystems, which can indirectly
aﬀect primary production (Azam, Smith & Hollibaugh
1991; Stone & Weisburd 1992). Experiments have also
shown that brown food webs respond strongly to the quality and quantity of dead organic matter, which is controlled
by the structure of the green food web in both aquatic
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(Harrault et al. 2012; Danger et al. 2012) and terrestrial
ecosystems (Bardgett & Wardle 2003; Wardle et al. 2003,
2005). Cascading eﬀects from one web to another vary in
intensity (Wardle et al. 2004) and sometimes in sign [e.g.
contrasting eﬀects of herbivory on recycling processes
(Wardle et al. 2001)]. Understanding the mechanisms driving these cascading eﬀects is therefore a challenge.
Existing theories on trophic cascades (Oksanen et al.
1981; Carpenter, Kitchell & Hodgson 1985; Leroux & Loreau 2010) have focused on food webs based either on primary production (green food webs) (Wollrab, Diehl & De
Roos 2012; Heath, Speirs & Steele 2014) or on detritus
(brown food webs) (Post & Kwon 2000; Moore et al.
2004). The few models that studied both food webs
together highlighted important consequences of such coupling for ecosystem stability (Rooney et al. 2006; Boit
et al. 2012). However, they only modelled the brown food
web as an energy source for green food web consumers,
omitting nutrient dynamics that strongly connect the two
webs. Nutrient cycling is known to mediate important
indirect eﬀects in ecosystems. Ecologists have long recognized that recycling activities mediated by consumers in
green (De Mazancourt, Loreau & Abbadie 1998; Attayde
& Hansson 2001; Leroux & Loreau 2010) and brown
(Nagata & Kirchman 1992; Berdjeb et al. 2011) food webs
can positively aﬀect resource production. We argue that
nutrient cycling can question the traditional concept of
top-down (the diﬀerent trophic levels are determined by
the abundance of top predators) and bottom-up control
(the diﬀerent trophic levels are determined by the availability of resource) in food web theory (Oksanen et al. 1981)
because consumers of one food web can aﬀect the other
one in a bottom-up way (Moore et al. 2003; Leroux &
Loreau 2015). Studying the mechanisms driving cascading
eﬀects between green and brown food webs is crucial to
understand the functioning of ecosystems. We intend here
to start building a theoretical framework on this issue.
Nutrients that are unassimilated or lost from organisms
(excretions, faeces, dead individuals or materials, etc.)
return to the ecosystem via two main types of nutrient
cycling processes. Consumers release mineral nutrients via
excretory processes (i.e. urine production), which is the
most direct way by which animals can support primary producers (Vanni 2002) (hereafter direct recycling). Unassimilated organic matter (faeces), dead individuals and dead
parts of higher plants return to the environment as detritus
that are mineralized by microbes before being available to
primary producers (Vanni 2002; Moore et al. 2004) (hereafter indirect recycling). Mineral nutrients released by
direct and indirect cycling not only control primary production (Hecky & Kilham 1988) but also potentially support
production of decomposers. If decomposers are only limited by carbon, their mineralization of detritus beneﬁts primary producers and leads to a mutualistic interaction with
primary producers (Daufresne & Loreau 2001). If decomposers are limited by mineral nutrient or co-limited by carbon and nutrient, they compete for nutrient with primary

producers (Daufresne et al. 2008). The carbon/nutrient limitation of decomposers depends on the gap between C:N
demand of decomposers and C:N of supplied detritus
resources (Bosatta & Berendse 1984; Sterner & Elser 2002;
Daufresne et al. 2008). The relative importance of direct/
indirect recycling and carbon/nutrient limitation of decomposers interacts in real ecosystems and should thus aﬀect
the interaction between the green and brown food webs.
We develop a general model integrating both the green
and brown food webs through nutrient cycling to answer
the following questions: (i) Does nutrient cycling aﬀect the
signs of cascading eﬀects of one food web on the productivity of the other? (ii) In the aﬃrmative, what are the
inﬂuences of the proportion of direct/indirect recycling
and carbon/nutrient limitation of decomposers? (iii) Are
there general conditions determining the signs of these
eﬀects? (iv) Could other factors such as food chain length
and functional responses aﬀect these eﬀects? We explore
analytically the conditions that determine the signs of
cascading eﬀects from one food web to the other and reinterpret the experiments published on these eﬀects.

Materials and methods
MODEL FORMULATION

We model simple food webs consisting of one green food chain
and one brown food chain. These two chains are linked in an open
ecosystem in which a limiting nutrient (in most ecosystems either
nitrogen or phosphorus) is recycled between biotic and abiotic
compartments (Fig. 1). The food web includes seven compartments: inorganic nutrients (N), detritus (D), primary producers
(P), primary consumers (H), predators of primary consumers (C)
(the green food chain), decomposers (B) and predators of decomposers (F) (the brown food chain). P, H, C, B and F could be,
respectively, phytoplankton, zooplankton, ﬁsh, heterotrophic bacteria and ﬂagellates/ciliates in aquatic ecosystems, and plants,
caterpillars/aphids, wasps/birds, soil bacteria and ﬂagellates/mites/
nematodes in terrestrial ecosystems.
Pools of N and D are supplied by constant inputs of mineral
nutrients (IN) and detritus (ID), and they lose mineral nutrients and

Fig. 1. Schematic diagram of the food web model. Circles represent compartments of mineral nutrients (N), primary producers
(P), herbivores (H), carnivores (C), detritus (D), decomposers (B)
and predators of decomposers (F). Solid arrows indicate ﬂuxes of
nutrients between compartments related to consumption. Dashed
and dash-dotted arrows represent direct and indirect nutrient
cycling respectively. Parameters are explained in Table 1.
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detritus at constant rates (lN and lD, respectively). All trophic interactions between consumer i and resource j follow Lotka–Volterra
functional responses with consumption rate aij, except for the
decomposers. Previous studies modelled decomposition processes
either as donor-controlled (Pimm 1982; Daufresne & Loreau 2001)
or Lotka–Volterra functional responses (Zheng, Bengtsson &
Agren 1997). Therefore, we considered both cases to model the
consumption of mineral nutrients and detritus by decomposers.
The green and the brown food chains are linked by nutrient
cycling. Nutrients are released by all living compartments (P, H,
C, B and F) to feedback to the bottom of the ecosystem (N and
D). Released nutrients originate from two pathways. One corresponds to excretion (both mineral nutrient and dead organic materials) and death of individuals and occurs at a density-independent
rate di. The other is linked to trophic interactions. The uptake of
resource by each consumer is converted into its own biomass with
eﬃciency eij and the remaining fraction of nutrients (1eij) is
released. We do not include eﬃciency terms for the nutrient
uptake of primary producers and decomposers because corresponding eﬃciencies are likely to be close to one. We assume that
only a fraction (di) of the released nutrients from all compartments
(except primary producers) goes to the organic material pool as
detritus (hereafter indirect recycling). Meanwhile the other fraction (1di) goes to the N pool, allowing instantaneous recycling
(hereafter direct recycling). The primary producers are generally
considered unable to excrete mineral nutrients directly, all the
nutrients they released thus go to the D compartment.
We assume decomposer growth is either limited by carbon/
energy (hereafter C-limited) or by a single mineral nutrient
(hereafter N-limited) (Daufresne et al. 2008). The type of limitation of decomposer growth at equilibrium is determined by the relative abundances of D and N and by the carbon-to-nutrient

stoichiometry of detritus and decomposers. If detritus have low
abundance and low carbon-to-nutrient ratio in comparison with
that of decomposers, decomposer growth is C-limited. On the contrary, if detritus are abundant and relatively rich in carbon, then
decomposers are N-limited. When decomposition follows a
Lotka–Volterra function, decomposer growth is expressed as:


qB
min eBD aBD DB ; ðeBD aBD DB þ aBN NBÞ
eqn 1
qD

where qB and qD are the nutrient-to-carbon ratios of decomposers
and detritus, respectively. The left term corresponds to the C-limited case where all assimilated detrital nutrients is converted into
decomposer biomass. The right term corresponds to the N-limited
case where all assimilated detrital and mineral nutrients are converted into decomposer biomass.
Note that typically qB > qD (at least in systems where plant litter is the dominant detrital component). This means that even
when they are C-limited, the decomposers may take up some mineral nutrients. Thus, the term describing nutrient uptake by
decomposers also depends on the type of limitation of decomposer
growth. It is expressed as:




qB
min eBD aBD DB
 1 ;aBN NB
eqn 2
qD
The left term corresponds to C-limitation and the right one to
N-limitation. In case of C-limitation, decomposers can either
excrete or take up nutrients depending on the nutrient-to-carbon
ratios of decomposers and detritus.
The general model (with Lotka–Volterra function for decomposers) is described as follows (see Table 1 for deﬁnitions and
units of parameters):

Table 1. Parameter deﬁnitions and proposed values in simulations of models 3-2
Symbol

Deﬁnition

Dimension

Value

IN
ID
lN
lD
aPN
aHP
aCH
aBN
aBD
aFB
eHP
eCH
eBD
eFB
dP
dH
dC
dB
dF
dH
dC
dB
dF

Constant input of mineral nutrients
Constant input of organic materials
Loss rate of mineral nutrients
Loss rate of organic materials
Intrinsic growth rate of primary producers
Attack rate of herbivores on primary producers
Attack rate of carnivores on herbivores
Intrinsic growth rate of decomposers
Attack rate of decomposers on organic materials
Attack rate of predators of decomposer on decomposers
Nutrients conversion eﬃciency of herbivores
Nutrients conversion eﬃciency of carnivores
Nutrients conversion eﬃciency of decomposer
Nutrients conversion eﬃciency of predators of decomposer
Loss rate of primary producers
Loss rate of herbivores
Loss rate of carnivores
Loss rate of decomposers
Loss rate of predators of decomposers
Proportion of indirect nutrient cycling by herbivores
Proportion of indirect nutrient cycling by carnivores
Proportion of indirect nutrient cycling by decomposers
Proportion of indirect nutrient cycling by predators of decomposers

lgN L1 day1
lgN L1 day1
day1
day1
L (lg N1) day1
L (lg N1) day1
L (lg N1) day1
day1 or L (lg N1) day1
day1 or L (lg N1) day1
L (lg N1) day1
Dimensionless
Dimensionless
Dimensionless
Dimensionless
day1
day1
day1
day1
day1
Dimensionless
Dimensionless
Dimensionless
Dimensionless

0125*
0625†
01‡
001†
03–06*
08–16*
03–06*
01, 05, 10*
083§ or 0083* in LV
01–02*
08*
08*
08*
08*
0145¶
017¶
0125¶
10*
09*
05*
05*
varied
varied

*Assumed values.
†
This value is taken from Miki et al. (2008) (unit changed and converted to nitrogen content).
‡
This value is from Miki et al. (2011) (unit changed and converted to nitrogen content).
§
The value is taken from Boit et al. (2012) (unit changed and converted to nitrogen content).
¶
The value is taken from Vos et al. (2004).
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N_ ¼ IN  lN N  aPN NP þ ð1 dH ÞðdH H þð1  eHP ÞaHP PHÞþ
ð1 dC ÞðdC C þ ð1  eCH ÞaCH HCÞ þ ð1 dB ÞðdB Bþ
ð1 eBD ÞaBD DBÞ þð1  dF ÞðdF F þð1  eFB ÞaFB BFÞ




qB
 min eBD aBD DB
 1 ;aBN NB
qD

eqn3

on primary production and decomposer production. Then, to
analyse the eﬀect of direct/indirect nutrient cycling on cascading
eﬀects between the two webs, we examine their impacts on the
signs of the partial derivatives (Appendix 1, Table S2, Supporting
information). The eﬀects of growth limitation of decomposers are
examined by using either the left (C-limited) or the right term (Nlimited) in the minimum function.

P_ ¼ aPN NP  dP P  aHP PH

eqn 4

H_ ¼ eHP aHP PH  dH H  aCH HC

eqn 5

MODEL PARAMETERIZATION

C_ ¼ eCH aCH HC  dC C

eqn 6

Our simple models allow exploring the signs of cascading eﬀects
between green and brown food webs. In order to investigate the
potential magnitude of these eﬀects in real ecosystems, we further
parameterize the model 3-2 for a nitrogen-limited aquatic ecosystem, using a set of parameters derived from literature (Table 1,
Figs 2 and 3). To test whether our predictions are qualitatively
robust to the type of functional response, we also conducted
numerical simulations with type II functional responses instead of
linear trophic interactions (Appendix 3).

D_ ¼ ID  lD D  aBD DB þ dP P þ dH ðdH H þ ð1  eHP ÞaHP PHÞ
þ dC ðdC C þ ð1  eCH ÞaCH HCÞ þ dB ðdB B þ ð1  eBD ÞaBD DBÞ
þ dF ðdF F þ ð1  eFB ÞaFB BFÞ
eqn 7


qB
B_ ¼ min eBD aBD DB ; ðeBD aBD DB þ aBN NBÞ
qD

eqn 8

 dB B  aFB BF
F_ ¼ eFB aFB BF  dF F

eqn 9

The case with donor-controlled function for decomposers is
obtained by removing B from terms describing decomposer consumption.
We consider here a model with a 3-level green food chain and a
2-level brown food chain (model 3-2 hereafter, detailed results in
Appendix 1). However, food web structure varies between ecosystems. In some systems, carnivores are absent or too rare to be
functionally important (2-level green food chain, Pace et al. 1999);
while secondary carnivores have been documented at the top of
other ecosystems (4-level green food chain, Casini et al. 2008).
The length of the brown food chain can vary too: existence of
consumers of bacterivorous is ubiquitous (3-level brown food
chain). Thus, apart from the model 3-2, we consider three other
examples of food web structure in the last section of the results
and in Appendix 2, with either 2 or 4 trophic levels in the green
food chain (i.e. models 2-2 and 4-2) and with 3 trophic levels in
brown food chain (model 3-3). This allows to start testing the
robustness of our results for other food web structures.

MODEL ANALYSIS

We analytically derive the steady-state expressions of each compartment. To investigate the cascading eﬀects of one web on the
functioning of the other, we calculate primary production (uPP )
and decomposer production (uPB ) at steady states (eqns 10–11),
and study the signs of partial derivatives of both productions with
respect to model parameters.

uPP ¼ aPN N P

eqn 10

uPB ¼ eBD aBD D B þ aBN N B
ouPP =oaFB

ouPP =odF

eqn 11

and
describe the signs and strengths of
the eﬀects of predators of decomposers on primary production of
the green food web, while ouPB =oaPN (ouPB =odP ), ouPB =oaHP
(ouPB =odH ) and ouPB =oaCH (ouPB =odC ) measure, respectively, the
eﬀects of primary producers, herbivores and carnivores on decomposer production in the brown food web.
To evaluate how interactions between green and brown food
chains through nutrient cycling could determine the signs of
cascading eﬀects, we consider two key factors: (i) the relative proportion of direct/indirect recycling and (ii) whether decomposer
growth is C-limited or N-limited. The eﬀects of the relative proportion of direct/indirect recycling are analysed in two ways. We
ﬁrst calculate ouPP =odi and ouPB =odi to study the eﬀects of the
proportion of direct/indirect nutrient cycling at all trophic levels

Results
GENERAL RESULTS

Limitation type is determined by the same condition in
both donor-controlled
and Lotka–Volterra cases. If


eBD aBD D qqDB 1 \aBN N , the decomposers in the food web
are C-limited. Otherwise, they are N-limited. Decomposer
limitation thus strongly depends on the relative nutrient-tocarbon ratios of decomposers and detritus, and on the relative equilibrium stocks of detritus and mineral nutrients.
Overall coexistence for all scenarios requires suﬃciently
high inputs and low outputs of mineral nutrients and organic
materials (Table S1). Equilibrium stocks of mineral nutrients
(N*), herbivores (H*), detritus (D*) and decomposers (B*)
depend only on either the green or the brown food web, and
they are independent of decomposer limitation and functional response (Table S1). The stock of mineral nutrient
(N*) is controlled by the green food chain. The equilibrium
stock of detritus (D*) depends on inputs and outputs of both
mineral nutrients and detritus, as well as on N*; it does not
depend on parameters of the brown food chain. Herbivores
(H*) and decomposers (B*) are strictly controlled by their
respective predators. To the contrary, primary producers
(P*), carnivores (C*) and predators of decomposers (F*)
depend on parameters from both the green and brown food
webs, on whether the consumption of decomposers is donorcontrolled or recipient-controlled (Lotka–Volterra function)
and on whether decomposers are C-limited or N-limited.
Consequently, the total amounts of nutrients stored in the
green and the brown chains also depend on parameters from
both the green and brown food webs and on decomposer
limitation and functional response (Table S1).

EFFECTS OF THE BROWN FOOD CHAIN ON PRIMARY
PRODUCTION

Primary production is directly proportional to the stock of
mineral nutrients and primary producers (uPP ¼ aPN N P ).
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Fig. 2. Eﬀects of predators of decomposers (attack rate aFB and nutrient loss rate dF) on primary production (lgN L1 day1) predicted
by the parameterized model. The 1st and 2nd columns represent, respectively, the cases dB > dF (dB = 05, dF = 03) and dB < dF (dB = 05,
dF = 07). Simulation results include both donor-controlled and Lotka–Volterra functional responses, for both carbon and nutrient limitation of decomposers. The 3rd column represents only the results with Lotka–Volterra functional responses in which dB = dF = 1 (no direct
recycling).

Since N* is independent of parameters from the brown
food chain when the green food chain length is 3-level,
the stock of primary producers (P*) is essential to understand the eﬀects of the brown food chain on primary
production.
First, direct nutrient cycling (1di) by all compartments
always increases primary production. Indeed, all di terms
contribute negatively to C*, which is positively correlated
with P* (Table S1). Therefore, primary production always
decreases when di increases (i.e. when a higher proportion
of nutrient is recycled in organic form). The signs of partial derivatives (Appendix 1, Table S2) conﬁrm this result,
ouPP =odi is always negative.
Secondly, primary production is aﬀected by both
decomposers and their predators in the brown food chain.
The signs of the eﬀects of decomposer and predator
parameters are condition-dependent except for the eﬀects
of decomposer nutrient uptake rate (Table S2).
When decomposers are N-limited, primary production
always decreases with the rate of mineral nutrient consumption by decomposers (aBN). As mentioned above
(Table S1), N* does not change with aBN. Instead, increasing aBN leads to a larger amount of nutrients being stored
in the brown food chain (F* increases with aBN) and a
smaller amount of nutrient being stored in the green
chain including the primary producer compartment (C*
and, thus, P* decrease when F* increases). Since primary

production is directly proportional to producer biomass
P*, primary production decreases as aBN increases.
In most cases for other parameters of the brown food
chains, the diﬀerence between dB and dF (relative proportion of direct/indirect nutrient cycling by decomposers and
their predators) is the key factor determining the eﬀect of
the brown food web on the production of the green food
web. When dBdF > 0, that is when decomposers recycle a
higher proportion of nutrients in organic form than their
predator, the eﬀects of nutrient release rate (dB) by decomposers on primary production are negative, otherwise the
eﬀects are positive. The eﬀects of detritus consumption
rates by decomposers (aBD) on primary production are
also partly determined by the sign
 of dBdF. They depend
on the sign of ð1  dB Þ þ eBD dB  dF qqDB when decomposers are C-limited and the sign of (1dB) + eBD(dBdF)
when decomposers are N-limited. Thus, if decomposers
recycle a larger proportion of nutrients in organic form
than their predators, larger decomposer consumption rate
of detritus will generally result in larger primary production. Otherwise, the eﬀects of this parameter might be negative on primary production.
Further, when decomposers are donor-controlled, the
same condition dBdF determines the eﬀects of predators
of decomposers on primary production. When dB > dF,
decomposers recycle a higher proportion of nutrients in
organic form than their predators, and consumption of
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Fig. 3. Cascading eﬀects of carnivores (C), herbivores (H) and primary producers (P) (attack rates aCH, aHP and aPN, respectively) on the
production of decomposers (lgN L1 day1) predicted by the parameterized model for both donor-controlled and Lotka–Volterra functional responses, and both carbon and nutrient limitation of decomposers. The two columns represent, respectively, the cases eBD aBD/
lD > eBN aBN/lN and eBD aBD/lD < eBN aBN/lN.

predators of decomposers increases primary production
(ouPP =oaFB [ 0 and Fig. 2a; see also Fig. S2 in Appendix 3
for type II functional responses). The primary production
increases by 369% (29% when N-limited) when the consumption rate of predators of decomposers (aFB) increases
from 01 to 02 L (lg N)1 day1. Meanwhile, the rate of
nutrient release from predators of decomposers aﬀects negatively primary production (ouPP =odF \0, Fig. 2b). The
primary production decreases by 228% (256% when Nlimited) when the rate of nutrient release of predators (dF)
increases from 05 to 10 day1. The condition dB < dF
leads to the opposite results (Fig. 2c,d; see also Fig. S2 in
Appendix 3 for type II functional responses). The primary
production decreases by 597% (298% when N-limited)
with increase in aFB (i.e. negative eﬀects of aFB on
primary production) and increases by 587% (449% when
N-limited) with increase in dF (i.e. positive eﬀects of dF on
primary production).

However, when decomposers are recipient-controlled
(Lotka–Volterra function), although the eﬀects of predators of decomposers on primary production still depend on
dB and dF, they are not determined by the diﬀerence
between these two parameters. The direction of predator
eﬀects then depends on the sign of aBDD* +
aFBdFF* + dB(dB + (1eBD)aBDD*). If dB and dF are large,
the eﬀects of the consumption rate of the predators of
decomposers tend to be positive on primary production
while their mortality has a negative eﬀect. Otherwise,
predators of decomposers have a negative eﬀect on primary production. This case is exempliﬁed through numeric
simulations (Fig. 2e,f). Diﬀerences in the eﬀects of predators of decomposers between the donor-controlled and the
Lotka–Volterra cases can be explained by negative eﬀects
of decomposer predators on decomposer production in the
Lotka–Volterra case, whereas they have no eﬀect otherwise. The positive eﬀect of predators in the Lotka–Volterra
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case then does not arise from positive eﬀects on direct
recycling (as in the donor-controlled case) but from a
decrease in the total amount of nutrients immobilized in
the brown food chain.

condition is independent of decomposer functional
response. Thus, the cascading eﬀects of the green food web
on the production of decomposers strongly depend on the
limitation of decomposers.

EFFECTS OF THE GREEN FOOD CHAIN ON

EFFECTS OF THE GREEN AND BROWN FOOD CHAIN

DECOMPOSER PRODUCTION

LENGTHS

Traditional top-down regulations in the green food web
follow a cascade – the non-adjacent levels have the same
eﬀects on primary production while the adjacent trophic
levels have opposite eﬀects (Leroux & Loreau 2008). We
show that these cascading top-down eﬀects of the green
food web climb up the brown one and aﬀect decomposer
production. In all cases, the eﬀects of carnivores and primary producers on decomposer production are always of
the same sign, while the eﬀects of herbivores are opposite.
Interestingly, when decomposers are N-limited, eﬀects of
the green food chain on decomposer production are condition-dependent (Table S2, conditions detailed below).
In any case, decomposer production does not depend on
the relative proportion of direct/indirect nutrient cycling
(ouPB =odi ¼ 0 in all scenarios) because stocks of mineral
nutrients and detritus at steady states are independent of
di. Eﬀects of the green food chain on decomposer production are thus independent of the proportion of direct/indirect nutrient cycling too.
In case of C-limitation, the consumption rate of carnivores (aCH) and the nutrient uptake rate of primary producers (aPN) have positive eﬀects on decomposer
production, while the consumption rate of herbivores
(aHP) has a negative eﬀect (Table S2 and Fig. 3). Decomposer production increases by 308% (for both donor-controlled and Lotka–Volterra functions) when aCH increases
from 03 to 06 L (lg N)1 day1. It increases by 331%
(for both donor-controlled and Lotka–Volterra functions)
when aPN increases from 03 to 06 L (lg N)1 day1. To
the contrary, decomposer production decreases by 615%
(616% for Lotka–Volterra function) when aHP increases
from 08 to 16 L (lg N)1 day1.
In case of N-limited, the signs of these cascading eﬀects
are governed by the sign of eBDaBD/lDaBN/lN. The ratios
aBN/lN and eBDaBD/lD represent the consumption rates of
mineral nutrients and detritus by decomposers divided by
the rate of nutrient loss from these compartments. A
higher ratio implies that a higher proportion of nutrients
and detritus is assimilated by decomposers rather than
being lost from the ecosystem. The signs and magnitude of
cascading eﬀects of carnivores, herbivores and primary
producers remain the same as in the C-limited case if
eBDaBD/lD > aBN/lN (Fig. 3a–c). If eBDaBD/lD < aBN/lN, the
directions of the cascading eﬀects are opposite (Fig. 3d–f).
The production of decomposers decreases by 79% (77%
for Lotka–Volterra function) and by 84% (84% for
Lotka–Volterra function), respectively, with an increase in
aCH and aPN, while it increases by 155% (157% for
Lotka–Volterra function) with an increase in aHP. The

To test whether our results can be generalized to other
food web structures, we consider three additional examples
of food webs with varying green and brown chain lengths
(Appendix 2, models 2-2, 4-2 and 3-3).
When the green food chain has 3 levels, N* and H* are
controlled by the green chain while P* and C* are determined by parameters from both the green and the brown
food chains. The eﬀects of the brown food chain on primary production are then determined mainly through its
eﬀects on P*. When the green food chain is one link
shorter or longer (i.e. 2 or 4 levels), N* and H* (and eventually the 4th level top predator Y*) depend on both food
chains’ parameters while P* and C* become independent
of parameters of the brown food chain (Appendix 2). Consequently, the stocks of nutrients N* determine the eﬀects
of the brown food chain on primary production. Despite
these changes, the conditions determining the eﬀects of the
brown food chain on primary production and of the green
food chain on decomposer production stay the same as in
model 3-2 (Appendix 2, Tables S3, S5, S6, S8 and S9). The
only important change is that decomposer production is
aﬀected by all di (positive or condition-dependent eﬀects)
since N* becomes dependent on di (Appendix 2, Tables S4
and S7).
To the contrary, results partly depend on the length of
the brown food chain. In model 3-3 (A as the 3rd trophic
level in the brown food chain), the food web cannot maintain when decomposition follows a Lotka–Volterra function because the green and brown chains are very unlikely
to control N* at exactly the same level. In that case, the
top consumer of the chain with the higher nutrient requirement N* goes extinct (Wollrab, Diehl & De Roos 2012). If
decomposers are donor-controlled, as long as the green
chain goes up to carnivores (3 levels), the length of the
brown chain is irrelevant to the eﬀects of the green food
chain on decomposer production. The reason is that the
green chain still exclusively controls the nutrient level N*
(i.e. the brown chain has no inﬂuence on N*) and therefore
aﬀects the brown chain as in the model 3-2. Thus if we
extend the brown food chain by one link (model 3-3, or
any other brown food chain lengths, that is 3-1, 3-4), the
eﬀects of the green food chain on decomposer production
does not change from the model 3-2 (Tables S3 and S12).
However, the eﬀects of the brown food chain on primary
production change (Tables S3 and S11). The sign of
ouPP =oaFB is determined by (dBdF) + eFB(dFdA). If the
eﬃciency rate for decomposer consumption by their predators is low (eFB close to 0), the eﬀects of predators of
decomposers on primary production are determined by the

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology

8 K. Zou et al.
diﬀerence between the proportion of indirect nutrient
cycling by decomposers and their predators (dBdF) as in
model 3-2. If the consumption eﬃciency of predators of
decomposers is high (eFB close to 1), these eﬀects depend
mainly on the diﬀerence between the proportion of indirect
nutrient cycling by decomposers and top predators of the
brown food chain (dBdA). Further, the sign of ouPP =odF
is determined by dFdA, which is the diﬀerence between
the proportion of indirect nutrient cycling by predator of
decomposers and their predators. Despite varying conditions for the eﬀects of the brown food chain on primary
production, the relative proportions of indirect nutrient
cycling in the brown food web are still key factors for
these eﬀects in the donor-controlled case.
In conclusion, apart from inﬂuences of functional
responses, (i) the conditions determining the eﬀects of
predator of decomposers are only aﬀected by the length of
the brown food chain, and (ii) the condition determining
the eﬀects of carnivores on decomposer production is independent from the lengths of both food chains (Table S3).

Discussion
We link the green and the brown food webs by nutrient
cycling and reveal key mechanisms that contribute to
trophic cascades between the two webs. We show that the
cascading eﬀects of the brown food web on primary production and of the green food web on decomposer production are driven by distinct mechanisms: (i) the signs and
strength of cascading eﬀects of the green food web on
decomposer production are determined by the carbon/nutrient limitation of decomposers; (ii) the eﬀects of the
brown food web on primary production are mainly driven
by the relative proportion of direct/indirect nutrient
cycling in the brown web. These ﬁndings are applicable to
explore interactions and cascading eﬀects between the
green and the brown food webs, such as pelagic–benthic
interactions or above-ground–below-ground interactions.
The parameterization of the model for an aquatic system
allows comparing our predictions to existing empirical
results. Moreover, the comparison of the results obtained
with diﬀerent food chain lengths (Table S3) and with
diﬀerent functional responses (donor-controlled, Lotka–
Volterra and type II functional responses in Appendix 3)
shows that our predictions are mostly robust to a large
range of scenarios.
CASCADING EFFECTS OF THE BROWN FOOD CHAIN ON
PRIMARY PRODUCTION

The predation on decomposers in the brown food web is
thought to have a major inﬂuence on primary production
in all ecosystems. Most empirical studies predict that
predators of decomposers increase primary production by
raising nutrient availability. In terrestrial ecosystems, the
‘microbial loop’ hypothesis suggests that bacterial grazers,
for example protozoa or nematodes, liberate nutrients

locked up in bacterial biomass, thus increasing nutrient
availability to primary producers (Krome et al. 2009;
Irshad et al. 2011). In aquatic ecosystems, bacterivorous
protozoa mostly act as remineralizers of the limiting nutrient (Caron, Goldman & Dennett 1988) and induce growth
of autotrophic plankton (Ferrier & Rassoulzadegan 1991).
Models have rarely addressed direct positive eﬀects of
predators of decomposers on primary production but have
focused on their beneﬁcial eﬀects on primary production
in the context of algal–bacterial competition (Bratbak &
Thingstad 1985; Thingstad & Lignell 1997; Thingstad
1998). Nevertheless, these models suggest that predators of
decomposers allow coexistence of phytoplankton and bacteria on the same limiting mineral nutrient when bacteria
are the superior competitors, and thus indirectly demonstrate that predators of decomposers can beneﬁt primary
production. Our model is the ﬁrst to explain observed
cases of positive eﬀects of predators of decomposers on
primary production through nutrient cycling. It also suggests that the eﬀect of predators of decomposers on primary production can be negative depending on the relative
ability of decomposers and their predators to recycle nutrients. To our knowledge, such issue has never been tested
experimentally.
Previous food web studies that included recycling processes modelled either direct (Leroux & Loreau 2010) or
indirect (De Mazancourt, Loreau & Abbadie 1998) nutrient cycling in ecosystems. In real ecosystems (Vanni 2002),
both direct and indirect nutrient cycling contribute to
aﬀect ecosystem functioning. For example, direct nutrient
excretion by ﬁsh and zooplankton could meet, respectively,
5% and 26% of phosphorus demand of phytoplankton
(Schindler et al. 1993). Indirect nutrient cycling through
the remineralization of detritus aﬀects the productivity of
lakes (Jansson et al. 2000). The integration of both direct
and indirect nutrient cycling is one of the major novelties
in our model. We show that the eﬀects of predators of
decomposers on primary production depend strongly on
their relative proportion of direct/indirect nutrient cycling
compared to those of decomposers. When predators of
decomposers recycle directly a larger (smaller) proportion
of their nutrient than decomposers, their consumption of
decomposers increases (decreases) primary production. We
propose a possible mechanism behind the positive eﬀects
of ‘microbial loop’ on primary production by linking the
proportion of direct nutrient cycling to stoichiometric mismatches between decomposers and their predators and
between detritus and decomposers. Due to stoichiometric
constraints (Vanni 2002), a species with a relatively low
mineral nutrient content should excrete more nutrients
than a species with a higher nutrient content. Therefore, if
predators of decomposers have a higher carbon-to-nutrient
ratio than their prey, they might recycle a higher proportion of inorganic nutrients than their prey, leading to positive eﬀects on primary production (i.e. predators have a
relatively low value of dF thus dB > dF). This condition is
likely to be met since predators of decomposers such as
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ﬂagellates prefer prey rich in nutrients (i.e. lower C:N)
(Grover & Chrzanowski 2009). Besides, decomposers
might recycle directly less mineral nutrients than predators
of decomposers because of the higher C:N ratio in detritus
than in decomposers (Caron, Goldman & Dennett 1988;
Thingstad & Lignell 1997). This should lead to a relatively
high value of dB, and again to positive eﬀects of predators
of decomposers on primary production.
By measuring the C:N ratios and/or the proportion of
direct/indirect recycling of decomposers and their predators, we may predict the impact of predators in the brown
food web on primary production. An empirical study in an
aquatic ecosystem reported that the presence of bacterivorous protozoa increased diatom density by 130% when
bacteria used glucose as substrate (Caron, Goldman &
Dennett 1988). These results are in agreement with our predictions because a high C:N ratio in bacterial substrate
should lead to a relatively high value of dB. We can hardly
compare our predictions with other empirical results in
aquatic ecosystems where, in most cases, only the eﬀects on
the production of decomposers (but not eﬀects on primary
production) are analysed (Jacquet et al. 2005; Berdjeb et al.
2011; Bouvy et al. 2011) or predators are generalists and
consume both primary producers and decomposers (Sherr
& Sherr 2002). Our predictions can be also compared with
the empirical results in terrestrial ecosystems. Irshad et al.
(2011) found that addition of predator of decomposers
increased plant biomass by 30% and increased plant N and
P content by 75% and 50%, while Krome et al. (2009)
found an increase of 66% in biomass.
Additionally, our results show that the eﬀects of predators of decomposers on primary production might depend
on the length of the brown food chain as well as on the
functional response of decomposers for detritus and mineral nutrient consumptions. In particular, the conditions
determining eﬀects of predators of decomposers change
when decomposition follows a Lotka–Volterra function.
These results demonstrate that the structure, the functional
response and, most importantly, nutrient cycling within
the brown food chain modulate the eﬀects of predators of
decomposers on primary production. To our knowledge,
these diﬀerent points have not been studied empirically.
Speciﬁcally, designed empirical studies are thus required to
test these predictions.
CASCADING EFFECTS OF THE GREEN FOOD WEB ON
THE PRODUCTION OF DECOMPOSERS

The green food web is known to have cascading eﬀects on
the production of decomposers. In aquatic ecosystems, the
green food web can control the quantity, quality and
biodegradability of sediment dead organic matter (Danger
et al. 2012; Harrault et al. 2012) therefore aﬀecting the
productivity in the brown food web. In terrestrial ecosystems, productive plants have strong eﬀects on microﬂora
through their control on litter quality (Wardle et al. 2003).
Herbivores and carnivores are also likely to control the

brown food web production by returning dung and urine
to the ecosystem or altering plant composition (Bardgett &
Wardle 2003; Wardle et al. 2005). However, the sign of
above cascading eﬀects is hard to predict empirically. For
instance, scientists have found positive, negative or no
eﬀects of herbivores on decomposers even among relatively
similar locations (Wardle et al. 2001).
Our results show that the carbon/nutrient dependence of
decomposers is not only crucial to the coexistence of primary producers and decomposers (Daufresne et al. 2008),
but also to the cascading eﬀects of the green food web on
decomposer production. When decomposers are C-limited,
the relation between primary producers and decomposers is
strictly mutualistic, and carnivores, herbivores and primary
producers have, respectively, positive, negative and positive
eﬀects on decomposer production. However, the signs of
above cascading eﬀects become condition-dependent when
decomposers are N-limited, that is when producers and
decomposers are competing for the same mineral resource.
This provides a mechanism explaining why the eﬀects of
the green food web on the production of the brown one
may be negative or positive. The cascading eﬀect of the
green food web on decomposers depends not only on the
top-down eﬀect of the green web on detritus (as previously
emphasized, e.g. Bardgett & Wardle 2003) but also on the
top-down eﬀect of the green web on mineral nutrients when
there is competition (Fig. 4). These top-down eﬀects on the
availability of detritus and mineral nutrients have opposite
signs and propagate to the brown food web through the
dependence of decomposers on detritus and mineral nutrients (Fig. 4). The diﬀerence between eBD aBD =lD and aBN/lN
regulates the demands of decomposers on detritus and mineral nutrients. When the production of decomposers
depends more on detritus (eBD aBD =lD > aBN/lN), the directions of the eﬀects of carnivores, herbivores and primary
producers on decomposer production correspond to the
signs of the cascading eﬀects of these trophic groups on
detritus (Fig. 4a). When the production of decomposers
depends more on mineral nutrients than on detritus
(eBD aBD =lD < aBN/lN), the signs of top-down eﬀects of carnivores, herbivores and primary producers on decomposer
production correspond to the signs of the cascading eﬀects
on mineral nutrients (Fig. 4b). In this case, increasing consumption of primary producers and predators decreases the
production of decomposers, whereas increasing consumption of herbivores increases decomposer production. Interestingly, the condition determining the direction of
cascading eﬀects of the green food web on decomposers
remains the same whether we consider a green food chain
with 2, 3 or 4 trophic levels, as long as the brown food
chain is of length 2 or decomposers have a donor-controlled functional response.
Our results are consistent with a recent model showing
that the balance between mineralization and immobilization by decomposers aﬀects the impacts of herbivores on
decomposition (Cherif & Loreau 2013). We further
develop this idea by demonstrating that carbon/nutrient
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Fig. 4. Schematic diagram depicting the direct and indirect eﬀects of primary producers (P), herbivores (H) and carnivores (C) on the
availability of (a) detritus (D) and (b) mineral nutrients (N) through the balance between the eﬀects of direct nutrients/organic materials
release and the eﬀects of trophic controls on lower trophic levels. The relative strength of these diﬀerent direct and indirect eﬀects
determine the cascading eﬀects of the green food web on the brown food web in our model. All “+” represent positive eﬀects and “”
represent negative eﬀects. Straight arrows represent direct and indirect eﬀects mediated through trophic and recycling links, and dotted
arrows represent net eﬀects. (a) Plants have positive eﬀects on detritus via recycling. Herbivores provide detritus through recycling but this
positive eﬀect is exceeded by their negative eﬀects on plants by grazing, leading to net negative eﬀects on detritus. Carnivores directly
provide detritus through recycling and enhance indirectly plants’ supply of detritus by controlling herbivores. (b) Primary producers,
herbivores and carnivores aﬀect the availability of mineral nutrients as traditionally predicted by trophic cascade theory (carnivores and
primary producers increase the availability of mineral nutrients and herbivores decrease its availability).

limitation of decomposers regulates the signs of cascading
eﬀects of the green food web on the brown one.

Conclusion and perspectives
Despite its simplicity, our model sheds new lights on how
interactions between the green and the brown food webs
aﬀect ecosystem functioning. Previous theoretical studies
have paid little attention on interactions between green and
brown webs mediated by nutrient cycling. However, they
have highlighted the eﬀects of food web structure (i.e.
length of food chains and presence/absence of generalist
predators) on trophic cascades (Attayde & Ripa 2008;
Wollrab, Diehl & De Roos 2012) and ecosystem stability
(Rooney et al. 2006; Wolkovich et al. 2014) in food webs
with multiple food channels, including green and brown
ones. Future studies will thus need to tackle a larger set of
food web structures (Wollrab, Diehl & De Roos 2012). In
particular, generalist predators, such as ﬁlter feeders (Sherr
& Sherr 2002), will need to be included because they are
ubiquitous, at least in aquatic ecosystems. Mesocosm
experiments manipulating mesozooplankton (Z€
ollner et al.
2003) or ﬁsh (Nishimura et al. 2011) suggest that generalist
predators have complex cascading eﬀects on the components of both green and brown food webs. In terrestrial
ecosystems, generalist predators linking green and brown

food webs might not be as common because organisms tend
to live and feed either below-ground (where most decomposition occurs) or above-ground. These diﬀerences might
explain why predators of decomposers have been shown to
increase primary production more clearly in terrestrial
ecosystems (Bonkowski 2004) than in aquatic ecosystems
(Caron, Goldman & Dennett 1988; Sherr & Sherr 2002).
We focused on mechanisms solely based on nutrient
ﬂuxes and basic stoichiometric hypotheses. The literature
often assumes that other mechanisms are involved in interactions between green and brown food webs: for example,
communities may produce litters of diﬀerent qualities
depending on food web structure (Wardle et al. 2004;
Canuel et al. 2007; Allard et al. 2010; Danger et al. 2012),
or diﬀerent pools of dead organic matter with contrasting
mineralization rates co-occur due to the characteristics of
soil/sediment and of brown food web (Wolters 2000; Fontaine & Barot 2005; Harrault et al. 2014). In this way, our
model can be viewed as a null model that should be compared to experimental results and to future models including other inﬂuential mechanisms.
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