
http://www.elsevier.com/locate/ecocom

Ecological Complexity 2 (2005) 249–258
Rheagogies: Modelling non-trophic effects in food webs

Roger Arditi a,*, Jerzy Michalski b,1, Alexandre H. Hirzel c

a Ecologie des Populations et Communautés, Institut National Agronomique Paris-Grignon, 16 rue Claude Bernard,

75231 Paris Cedex 05, France
b Department of Mathematics, Swiss Federal Institute of Technology, 1015 Lausanne, Switzerland
c Institute of Zoology and Animal Ecology, University of Lausanne, 1015 Lausanne, Switzerland

Received 4 October 2004; received in revised form 5 April 2005; accepted 11 April 2005
Available on
line 4 June 2005
Abstract
In a food web, nutrients flow via trophic links. For this reason, trophic interactions have a fundamental character due to the

principle of mass conservation. To further comply with this principle, we consider a food web model that includes nutrient

cycling. Non-trophic effects amongst species of the food web are modelled as interaction modifications, i.e., a functional change

in the trophic interaction between two species caused by a third species (a three-party interaction that we call ‘‘rheagogy’’). We

also consider that the ecological communities modelled by the food webs result from an assembly process that involves

colonisations and extinctions. We find that two distinct classes of ecological communities must be distinguished: (a) ‘‘super-

efficient’’ communities, in which almost all available nutrients are incorporated into the biomass and (b) ‘‘sub-efficient’’ ones, in

which a large proportion of nutrients is not fixed by living organisms. We show that rheagogies (that model non-trophic

interactions) are crucial: the larger the effects of rheagogies, the easier the construction of super-efficient communities. These

communities are characterized by positive rheagogies, meaning that a certain proportion of mutualistic interactions is necessary.

Systems with few or weak rheagogies are less likely to use available abiotic resources efficiently. Although richness (i.e., number

of species) is also positively related to efficient nutrient use, its importance is much smaller than that of rheagogies.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Much theoretical and field effort has been devoted to

study food web structures and food web dynamics (see,

e.g., Drossel and McKane (2003), Berlow et al. (2004)
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for recent reviews; Pimm (1982, 1991) for reviews of

older work). In a food web, nutrients flow via trophic

links. For this reason, trophic interactions (e.g.,

herbivory, predation, exploitation competition) have a

basic, direct, character due to the fundamental principle

of mass conservation. This can explain why other types

of ecological interactions (particularly interference

competition and mutualism) have often been ignored in

food web studies (as emphasized by Berlow et al.,

2004). To further comply with the principle of mass
d.
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Fig. 1. A rheagogy is a formalisation of non-trophic influences in

food webs. Species B eats species A, i.e., nutrients flow from A to B.

Species C (that must belong to the food web) influences this flow

either (a) by reinforcing it or (b) by weakening it. Special cases are

those of species exerting rheagogies on their own trophic interac-

tions (e.g., (c and d)); this can model density-dependent predation.
conservation, many food web models include nutrient

cycling. Since the total quantity of nutrients is

necessarily limited in such closed systems, this prevents

populations from growing to infinity. This approach

also allows to study the links between structural

properties (e.g., diversity) and functional properties

(e.g., primary production) (e.g., DeAngelis, 1992;

Grover, 1994; Loreau, 1994; Neutel et al., 1994).

Organisms of particular interest that are actors of

non-trophic interactions are the ecosystem engineers.

Lawton and Jones (1995) introduced this term to

designate organisms that ‘‘directly or indirectly

modulate availability of resources (other than them-

selves) to other species, by causing physical state

changes in biotic or abiotic materials’’. Beavers are a

paradigmatic example of such engineers. They create

ponds, which have profound effects on resource

availability to many other species. Other examples

include earthworms, trees, coral reefs, planktonic

organisms or big mammals (see Jones et al., 1997 for

a review). One way to formalise the effect of ecosystem

engineers is to consider them as ‘‘interaction modi-

fiers’’. We define an interaction modification as a

change in the direct interaction between two species due

to the density of a third species (Wootton, 1993; see also

Billick and Case, 1994 for discussion). For example, the

mere presence of a carnivorous predator can modify the

foraging efficiency of one of its prey, a predator can

affect prey behaviour making it more vulnerable to

another predator, inedible phytoplankton can reduce the

grazing efficiency of zooplankton, a sessile species can

provide a refuge for prey and change in this way the

searching efficiency of its predator.

Actually, in the food web approach in which binary

interactions are trophic links only, all other types of

interactions (including mutualism, interference com-

petition, amensalism, commensalism and the effects

of engineers) must be considered as modifications of

the trophic interactions. As mentioned above, this is

necessary in order to conform to mass conservation.

For example, two predator species that interfere with

each other decrease each other’s efficiency to exploit

their respective prey. Mutualists increase each other’s

capacity to feed or to avoid their respective predators.

To formalise interaction modifications in food web

models, we define a rheagogy (from the Greek rheô,

flow and agôgeô, influence), as the situation in which a

change in the density of one species alters the trophic
interaction (i.e., the flow of matter) between two other

species (Fig. 1). In general, the modifiers do not have

to take part in the flows between the trophically

connected organisms they affect (Fig. 1a and b). Of

course, in order to subsist, modifiers must consume

some resource; thus, they must belong to the food web.

Special cases of rheagogies involving trophically

connected species can model density-dependent

predation (Fig. 1c and d).

A common theoretical approach to ecological

communities is to view them as resulting from

processes of assembly and succession. Colonisers

invade successfully or fail, resident species can go

extinct and the species composition of the system

changes before a final community settles down (e.g.,

Post and Pimm, 1983; Drake, 1990; Luh and Pimm,

1993; Morton et al., 1996; see Pimm, 1991 and Law,

1999 for reviews). A model situation is that of a newly

emerged island that is colonised from a nearby

continent, considered as a species pool. Assembly

and succession are clearly at work in any system

affected by a strong perturbation: a grassland after a

drought, a forest after a fire or an attack of bark beetles, a

lake after a strong pollution.

In this paper, we will consider communities that are

built by species assembly and that include nutrient
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cycling. Our purpose is to study the effect of rheagogies

(as defined above, as interaction modifications). More

precisely, we will examine the following questions:
� H
ow do rheagogies affect community construction?
� H
ow do rheagogies affect the structure of

assembled communities?
� H
ow does the complexity of the species pool affect

the stability and functioning of the assembled

community?
2. Food web structure

2.1. A trophic structure with nutrient cycling

Our food web model contains four trophic levels:

plants, herbivores, carnivores and super-carnivores.

Species from each trophic level can only feed on the

immediately inferior trophic level (no omnivory, no

intraguild predation, no cannibalism). Consumers do

not assimilate all nutrients extracted from resources.

Non-assimilated nutrients return to the soil as detritus

or excrements and become available to the plants. All

plants feed on the same, unique, nutrient compartment

(soil).

It would be possible to include one more compart-

ment, through which all detritus would pass before

being decomposed into mineral nutrients available to

plants. For the sake of simplicity, we assume that this

mineralisation is sufficiently fast that the detritus can

be assumed to be converted instantaneously into

nutrients.

We base our model on the well-known Generalised

Lotka–Volterra (GLV) equations:

dXi

dt
¼ Xi

�
ri þ

Xm

j¼1

g i jX j

�
; (1)

where Xi is the abundance of species i (in this paper

abundance is measured as the amount of nutrients in

the biomass of species (i), ri the intrinsic growth rate

and gij is the influence of species j on the growth rate of

species i and m is the number of species in the system.

In its most general definition, the GLV model does

not impose any particular structure to the coefficients

gij: a priori, gij and gji are independent. The case in

which both are negative is usually interpreted as
competition, the case in which both are positive, as

mutualism. However, since we want to comply with

the principle of mass conservation and keep track of

nutrient cycling, we cannot use the GLV model in this

wide sense. We must restrict it to the case of trophic

links, i.e., the case in which gij and gji have opposite

signs. However, this Lotka–Volterra model for

predator–prey interactions is known to suffer serious

theoretical defects, particularly because it assumes a

linear functional response without saturation and

without predator dependence (Arditi and Ginzburg,

1989). Several theoretical studies of food web models

resting on more complex interaction terms have been

undertaken in the past decade (Berryman et al., 1995;

Michalski and Arditi, 1995a,b; Arditi and Michalski,

1996; McCann et al., 1998; Pelletier, 2000; Drossel

et al., 2001, 2004; Quince et al., 2002). Nevertheless, it

can be shown that the GLV model is a reasonable

approximation of almost any general food web model

provided that this model has a non-trivial equilibrium

(see Appendix B in Michalski and Arditi (1999) for a

mathematical derivation). This is necessarily the case

of the present model because it is a closed system with

a fixed total amount of nutrients.

Making explicit our special trophic structure gives

the following system:

Soil:

dX0

dt
¼

Xm

i¼1

Xi

�
bi þ ð1 � eÞ

X
j2 resðiÞ

a jiX j

�

� X0

X
i2 plants

a0iXi; (2a)

Plants:

dXi

dt
¼ Xi

�
� bi þ a0iX0 �

X
j2 consðiÞ

ai jX j

�
; (2b)

Animals (three levels):

dXi

dt
¼ Xi

�
� bi þ e

X
k2 resðiÞ

akiXk �
X

j2 consðiÞ
ai jX j

�
;

(2c)

where ‘‘res(i)’’ stands for the set of resources of sp-

ecies i, ‘‘cons(i)’’ stands for the set of consumers of

species i, and e is the conversion efficiency of cons-

umers, assumed the same for all species, e < 1. In (2),
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in order to make clear the meaning of each term, we

assumed that all parameters bi and aij have positive

values. Note that no species can increase without a

resource: in isolation, each species decreases at rate bi.

Note that plants only can use nutrients from the soil

X0: a0i = 0 if species i is not a plant. Animals can

consume plants or other animals from the inferior

trophic level. The sum of all right-hand sides of (2) is

zero, i.e., the total amount of nutrients in the system

does not vary, reflecting our assumption that the

system is closed.

The principle of mass conservation imposes a strict

structure on the parameters aij: the interactions

described by them must be of the predator–prey type.

Note that, if i is a prey and j its predator, only

parameter aij is used; the parameter aji is not used and

needs not be defined. Consumed prey biomass that is

not converted into predator biomass (with efficiency e)

returns to the soil (in proportion 1 � e). By restricting

the model to trophic interactions only, we make sure

that there are no nutrients that appear out of nothing or

that disappear.

2.2. Plant growth

Note that the plant equations (2b) has the same

form as that for animals (2c), while in the ecological

literature plant growth is frequently described by the

logistic equation. In fact, plant logistic growth is

included implicitly in (2). To see this more clearly,

consider a system composed of one plant only with

abundance X1 and described by (2):

Soil:

dX0

dt
¼ b1X1 � X0a01X1; (3a)

Plant:

dX1

dt
¼ X1ð�b1 þ a01X0Þ: (3b)

As the sum of the right hand sides of (3) is zero, the

total quantity of nutrients, is constant: X0 + X1 = Q =

constant. Substituting X0 = Q � X1 into (3b) gives

dX1

dt
¼ X1ða01Q � b1 � a01X1Þ (4)
which is the logistic equation dX1=dt ¼ rX1ð1 �
X1=KÞ with intrinsic growth rate

r ¼ a01Q � b1 (5a)

and carrying capacity

K ¼ Q � b1

a01

: (5b)

Therefore, logistic growth can be understood as a

consequence of nutrient cycling. In our model,

nutrients are explicitly recycled and Equations (2)

can be considered as an extension of logistic growth of

plants in a food web with many species and several

trophic levels.

2.3. Rheagogies

With the parameters aij constant, equations (2)

describe a system with purely trophic interactions.

Rheagogies can be included into (2) if we allow the

parameters aij to be functions of species abundances.

This can be done by replacing the interaction terms of

model (2) by:

ai j max

�
0; ai j

�
1 þ

Xm

k¼1

ci jkXk

��
(6)

where cijk describes the influence of species k on the

trophic interaction between the resource i and the

consumer j, (i, j, k = 1, 2, . . ., m). Species k needs

not be involved in a direct trophic interaction with

species i and j, but it may be so. It may even be

identical to i or j. Parameters cijk can be positive or

negative but the expression (6) is bounded from below

by 0. This is necessary in order to forbid the reversal of

the nutrient flow between species i and j: whatever the

influence of other species, a hare will never eat a lynx.

In this model, different rheagogies on a given

trophic link are considered as additive. This is a crude

approximation of what takes place in reality, where

interaction modifications can interfere with each other.

However, this approximation is in line with the general

simplification of the functioning of the ecological

community. Putting more realism into the model for

rheagogies would require putting more realism into

the model for trophic interactions and would lead us

far beyond the simple Generalised Lotka–Volterra

equations (1). In this study, we have chosen to work
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with a simple exploratory model that can give results

that are easy to understand and to interpret. The

rheagogy model (6) is on the same level of

approximation as the trophic model (1).

The equations (2) together with the modification

(6) fully describe the food web model with its trophic

structure (four trophic levels, no omnivory, no

intraguild predation, no cannibalism), the nutrient

compartment (soil), nutrient recycling and rheagogies.
3. Food web assembly

We examine here an assembly and succession

process, in which a new community is constructed via

invasions from a species pool. In such a situation, the

invading populations arrive at very low densities,

much lower than those of the resident populations. A

new invader must find resources in order to grow; for

example, the first species to succeed an invasion must

be a plant; thereafter, a herbivore eating this plant may

succeed, and so on. When a new coloniser arrives, one

of the following events can happen:
� i
t fails (no resources, competition too hard) and is

rejected;
� i
t is simply added to the system, modifying the

equilibrium densities of other species;
� i
t replaces another, less competitive species;
� i
ts arrival disturbs the system in such way that

multiple extinctions follow; this avalanche of

extinctions may include the new coloniser.

We assume that species from the species pool arrive

rather frequently to the new community. This

assumption is in contrast with many simulation

studies of assembly dynamics found in the literature.

Usually, after each invasion, authors leave sufficient

time for the system to reach a new equilibrium before a

new invasion is allowed (Robinson and Valentine,

1979; Post and Pimm, 1983; Taylor, 1988; Drake,

1990; Case, 1991; Grover, 1994). This was done

mainly for historical reasons: some 25 years ago, when

food web assembly started to be explored by means of

numerical simulation, computers were not fast enough

to calculate, in reasonable time, the whole temporal

dynamics. Instead, equilibria were calculated directly

(which is an easy computational task with the
Generalised Lotka–Volterra Equations (1)) and sets

of ‘‘assembly rules’’ (not always biologically or

mathematically justified; see Morton et al., 1996) were

applied. As we now have fast computers, we will no

longer follow the unrealistic assumption that invaders

wait until the system reaches an equilibrium.

Another argument against ‘‘waiting till equili-

brium’’ is that it only allows the construction of very

small communities when nutrients are recycled. In

systems with nutrient cycling, like those described

by (2), the whole community stands on one nutrient

reservoir only. [Systems with many coupled nutrient

reservoirs can also be considered (see, e.g., Huston

and DeAngelis, 1994 and Loreau, 1996) but the

discussion of this subject goes beyond the scope of

our simple exploratory model.] Grover (1994)

analysed assembly sequences of systems of food

chains, each chain composed of one plant and its

herbivore, all chains being based on the same

nutrient reservoir. He found that, in order to construct

a large system, invading species must arrive in a

strictly determined sequence if one waits till

equilibrium before allowing a next invasion. In

particular, if one wants to construct a stable system

composed of two plants and their respective

herbivores (each herbivore eating only one plant)

then, out of 24 possible invasion sequences (a species

being given only one possibility to invade) only one

leads to the complete system with four species; half

of them end up with only one plant present and only

three of them give systems with two plants and one

herbivore (Grover, 1994).

In our case, the system is more complex than that

studied by Grover (1994): we have four trophic levels,

we have generalists, and species can try to invade

several times. When we checked our simulation

program with the rule of ‘‘waiting till equilibrium’’,

we obtained qualitatively the same results as those of

Grover (1994): the probability to obtain a large

system via community assembly with infrequent

invasions is very low in the presence of nutrient

recycling and with only one nutrient reservoir. Our

simulations typically presented the following

scheme: a plant colonised the new system and

reached its equilibrium abundance; then a herbivore

arrived and the system of two species reached a new

equilibrium; after a possible arrival of a carnivore and,

possibly, a super-carnivore, a second plant arrived
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Fig. 2. Distribution of the richness of assembled communities,

obtained in simulations where a new colonisation is allowed only

after the system has reached an equilibrium. S = 100, Ct = 0.19,

c = 1 and Cr = 0.3. Sample size: 25 simulations.
sooner or later. If it was more competitive than the first

one (weakened by its herbivore), it eliminated the first

one and the whole food chain with it. This process

continued until the end of the simulation, giving a

final system with, on average, three species (Fig. 2;

see below for simulation details). For the reasons

explained earlier, our subsequent simulations will use

frequent invasions instead.

In some early theoretical studies of food web

assembly, systems with many species could be

obtained despite infrequent invasions (Robinson and

Valentine, 1979; Post and Pimm, 1983; Taylor, 1988;

Drake, 1990; Case, 1991). However, this was possible

only because, in these studies, each plant species had

its own separate resource (i.e., separate carrying

capacities).
4. Simulation details

4.1. The algorithm

(1) The species pool is created. It consists of a
‘‘potential’’ food web of four trophic levels with

equal numbers of species on each level, without

omnivory, and characterised by the parameters bi,

aij and cijk, sampled randomly in a uniform

distribution over appropriate intervals (see next

section). The components of complexity in the

species pool, i.e., the species richness, the number

of trophic links and the number of rheagogies can

all be modified.
(2) A
 species, chosen randomly from the species

pool, invades. The choice of this species must

fulfil two conditions in the assembled commu-

nity:

(a) it is not already present;

(b) it has a resource (prey).

In order to preserve the total quantity

of nutrients in the system, the initial biomass

of the invader (0.01) is subtracted from the

soil.
(3) T
he temporal evolution of the assembled system

is calculated by integrating the equations (2) and

(6).
(4) E
very species whose abundance drops below the

threshold (0.005) is eliminated. Its biomass is

returned to the soil. A new, smaller system is thus

created.
(5) D
uring the first 200 time units, there is a

probability P = 0.1 that a new species from the

species pool colonises the system after each time

unit (i.e., there is one colonisation every 10 time

units, on average).
(6) A
fter 200 time units, invasions are interrupted and

the system is left to evolve until it reaches an

equilibrium, or the limit of 5000 time units is

reached.
(7) R
epeat steps (2)–(6) for different random colo-

nisation sequences.
4.2. Parameter choice

We first run simulations for assembly dynamics

with equations (2) alone (i.e., without the rheagogies

(6)) in order to choose parameter values in such way

that
� s
table systems with four trophic levels could be

obtained;
� r
oughly half of the total nutrient content would be in

the biomass.

The first requirement is obvious: we want to study

food webs of non-trivial complexity. The reason for

the second requirement is that one of our aims is to

study the influence of rheagogies on community

functioning: Will their presence increase or decrease

the efficiency with which the ecological community

uses available nutrients?
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Fig. 3. Distribution of biomasses of assembled communities. The

histogram represents 250 simulation runs covering all values of

trophic connectances Ct. S = 100, c = 1 and Cr = 0.5.
We found that these two requirements were

fulfilled with the following parameter choice. The

parameter values are taken from uniform distributions

over the following intervals:

bi 2 [4, 5] for plants, then divided by 11 at each upper

trophic level (simple allometric rule);

aii = 0 (no cannibalism);

aij = 0 if i and j do not belong to consecutive trophic

levels (no omnivory, no intra-guild predation);

otherwise

aij = 0 with probability 1 � Ct;

aij 2 [0.001, 0.01] with probability Ct;

e = 0.3 is the conversion efficiency of consumers;

Q = 1000 is the total quantity of nutrients in the

system;

Xinit = 0.01 is the initial abundance of colonisers.

The richness of the species pool, S, could be 40, 60,

80, 100, 120 or 140. The proportion of trophic

interactions, Ct, is the standard definition of con-

nectance (thereafter called the ‘‘trophic connectance’’

to be distinguished from the rheagogic connectance

defined later). In our simulations, Ct could take the

values 0.04, 0.08, 0.11, 0.15, 0.19, 0.23, 0.27, 0.30,

0.34 and 0.38 or, respectively, 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90% and 100% of all possible

interactions of a food web with four trophic levels,

with equal numbers of species on each level and

without omnivory.

Note that, with the most favourable choice for a

plant species, i.e., bi = 4 and a0i = 0.01, the carrying

capacity of the plant species (if alone in the system) is,

according to (5b), equal to 600. This value lies roughly

in the middle between 0 and 1000, the total quantity of

nutrients in the system.

The parameters dealing with rheagogies are chosen

in the following way:

If aij = 0 then cijk = 0 (i, j, k = 1, 2, . . ., m)

otherwise
cijk 2 [�c, c] with probability Cr and

cijk = 0 with probability 1 � Cr.

The maximal rheagogic intensity, c, could vary

between 0 and 1.4. The probability Cr is called the

‘‘rheagogic connectance’’ in analogy with Ct. The
rheagogic connectance could take all values between 0

and 1, with a step of 0.1.
5. Results

The model developed in the previous sections was

used by varying systematically the three community

parameters of the species pool (richness S, trophic

connectance Ct, rheagogic connectance Cr). In the

assembled community, these descriptors were left free

to evolve as a consequence of colonisations and

extinctions.

A clear segregation process appears: the total

quantity of available nutrients being set to 1000, the

biomass of assembled systems is either less than 600

or higher than 900 (Fig. 3). This allows to distinguish

two classes of communities:

sub-efficient systems (average biomass 32.4%), in

which a large part of the nutrients remains in the soil;

super-efficient systems, in which 90% or more of the

nutrients are concentrated in the biomass (average

99.7%), with almost no nutrients remaining in the soil.

The rheagogic parameters cijk were chosen in the

interval [�c, c]. Fig. 4 shows that, the higher the

maximal rheagogic intensity c, the higher the

proportion of super-efficient systems. In other words,

a stronger influence of modifiers on the trophic

interactions increases the probability that the assem-

bly process will produce a super-efficient system.
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Fig. 4. Proportion of super-efficient systems as a function of the

maximal rheagogic intensity c. S = 100, Ct = 0.19 and Cr = 0.5.

Each point is the mean of 25 simulations.

Fig. 5. Proportion of super-efficient systems as a function of the

three parameters of the species pool: (a) richness S, (b) trophic

connectance Ct, (c) rheagogic connectance Cr. In each graph, S

varies between 40 and 140, Ct varies between 0.04 and 0.38, Cr

varies between 0 and 1, c = 0.4. Each point is the mean of 25

simulations with the same parameter values.
Setting c = 0.4, super-efficiency was studied in

response to combined variations of all three para-

meters of the species pool: S, Ct and Cr. Since there are

no correlations among these three parameters, their

effect on super-efficiency can be detected by simple

independent correlations. Fig. 5c shows that super-

efficiency is strongly favoured by the rheagogic

connectance Cr (r = 0.785, P < 0.001). The trophic

connectance acts in the opposite direction: Fig. 5b

shows that the probability to obtain a super-efficient

community is negatively correlated with Ct; this

correlation is weak but significant (r = �0.151,

P < 0.001). The richness S has no significant influence

(Fig. 5a, r = 0.045, NS).

Comparing the two classes of assembled commu-

nities, we notice that, besides their differences of

biomass (Fig. 3), they also exhibit very distinct

differences in their mean rheagogic intensity and in

their richness. With S = 100, Ct varying between 0.04

and 0.38, c = 1, Cr varying between 0 and 1, the mean

realised rheagogic intensity is positive in super-efficient

systems (hcijki = 0.034, S.D. = 0.145, n = 1013, P <
0.001) and negative in sub-efficient systems (hcijki =

�0.189, S.D. = 0.328, n = 362, P < 0.001), each with

wide variability. The realised richness of super-efficient

systems (12.89 
 6.82) is, on average, five times higher

than that of sub-efficient ones (2.30 
 1.57). This

suggests that more diverse assembled communities are

also more likely to be super-efficient. To verify this, we

kept track of the biomasses and the number of species of

all systems constructed from a given species pool with

S = 100. Ct = 0.19, c = 1, Cr = 0.5. Each of 100

simulation runs differed from others only by the
sequence in which colonisers arrived. The richness of

the resulting communities varied from 0 (no species at

all) to 28. As expected, Fig. 6 shows that all assembled

communities richer than 10 were super-efficient. Note
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Fig. 6. The biomass of the assembled communities as a function of

the number of species in the same communities. Results from 100

simulation runs with one species pool with parameters S = 100,

Ct = 0.19, c = 1 and Cr = 0.5.
that poorer communities could be either sub-efficient or

super-efficient.
6. Discussion

In summary, we have built a dynamic model with

nutrient cycling that is meant to study the importance of

non-trophic effects in food webs. Non-trophic interac-

tions are represented as modifiers of the trophic

interactions—more precisely as rheagogies, a class of

interaction modifications in which a third species

modifies the trophic interaction between two species.

We have considered ecological communities formed in

a process of assembly and succession, i.e., communities

constructed by colonisations from a species pool. We

have found that two very distinct classes of ecological

communities can be distinguished: (a) ‘‘super-effi-

cient’’ ones, which incorporate almost all available

nutrients and (b) ‘‘sub-efficient’’ ones, in which a large

part of nutrients is left in the ‘‘soil’’.

The probability that the final community be super-

efficient is positively correlated with the two para-

meters that characterise rheagogies: the rheagogic

connectance Cr and the maximal rheagogic intensity c.

In other words, these two factors promote the pro-

ductivity of ecosystems. Moreover, super-efficient

communities are characterized by positive rheagogies,

meaning that a certain proportion of mutualistic

interactions is necessary.
Without rheagogies (i.e., when c = 0 or Cr = 0),

super-efficient systems cannot be constructed (Figs. 4

and 5c). With our choice of parameter values, no

‘‘super-plant’’ was able to use all available nutrients

without help (via rheagogies) of other species. This

means that, if trophic interactions are the only

interactions among the species forming the commu-

nity, then the available nutrients cannot be used

efficiently, i.e., nutrients cannot be the limiting factor.

The richness of the species pool has almost no

influence: a three-fold increase of the species pool

(from 40 to 120) makes the fraction of super-efficient

systems increase by only about 7% (see Fig. 5a).

However, super-efficient assembled communities are

much more species-rich than sub-efficient ones (Fig. 6).

Thus, the more species there are in a realised

community, the more chance there is that it is super-

efficient. This also means that the efficiency of nutrient

use is positively correlated with the realised richness.

Field experiments that study the relations between

species richness and ecosystem functioning suggest

that ecosystem productivity is positively correlated

with biodiversity (Naeem et al., 1996; Tilman et al.,

1996) and that limiting resources are more completely

utilised in places with greater diversity of species

(Tilman et al., 1996; Hooper and Vitousek, 1997).

Although these experiments provided convincing

demonstrations of the effects of biodiversity on

productivity and soil nutrient concentration, the

underlying mechanisms for these effects are not clear.

Our simulation studies are not directly comparable

with these experiments: we considered assembled

communities in equilibrium while the experiments

considered ecosystem productivities during one

season. Nevertheless, our results provide one possible

explanation for the observed correlation between

richness and efficient nutrient use. We have demon-

strated that more rheagogies and more species are, by

themselves, sufficient to explain qualitatively the

observed correlation (Figs. 4, 5c and 6).

In real ecological communities, all species must

have trophic interactions but non-trophic interactions

are also numerous. In such complex natural systems, it

is not clear, a priori, what is the net effect of non-

trophic interactions. Modelling these as rheagogies,

our simulation results suggest that non-trophic

interactions (particularly facilitations) are crucial:

the process of assembly and succession tends to select
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highly effective communities; the larger the effects of

rheagogies, the easier this selection.
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