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Abstract
Nested architecture is distinctive in plant–animal mutualistic networks. However, to date an integrative and

quantitative explanation has been lacking. It is evident that species often switch their interactive partners in real-

world mutualistic networks such as pollination and seed-dispersal networks. By incorporating an interaction

switch into a novel multi-population model, we show that the nested architecture rapidly emerges from an

initially random network. The model allowing interaction switches between partner species produced

predictions which fit remarkably well with observations from 81 empirical networks. Thus, the nested

architecture in mutualistic networks could be an intrinsic physical structure of dynamic networks and the

interaction switch is likely a key ecological process that results in nestedness of real-world networks. Identifying

the biological processes responsible for network structures is thus crucial for understanding the architecture of

ecological networks.
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INTRODUCTION

Mutualistic interactions are crucial processes to sustain ecosystem

function and services, foster biodiversity and affect community

stability (Bascompte & Jordano 2007; Okuyama & Holland 2008;

Bastolla et al. 2009; Thébault & Fontaine 2010). Specifically, bipartite

networks have been applied to depict mutualistic interactions such as

in pollination and seed-dispersal communities (Bascompte & Jordano

2007). A distinctive feature of mutualistic networks is their nested

architecture (but see Bascompte et al. 2003; Guimarães et al. 2006,

2007a; Chamberlain et al. 2010); that is, specialists only interact with a

proper subset of the species interacting with the more generalist

species (Bascompte et al. 2003; Ollerton et al. 2003; Nielsen &

Bascompte 2007). Although a neutral model only considering fixed

species abundance has been proposed for explaining such nested

network architecture (Krishna et al. 2008), the model considerably

overestimated the observed nestedness. As multiple biological

mechanisms could be responsible for the nested architecture (Vázquez

et al. 2009), an integrative and quantitative understanding of this

distinctive feature of mutualistic networks is still lacking.

Mounting evidence has suggested that species often switch their

interaction partners not only in antagonistic interactions (i.e. food

webs; Murdoch 1969; Staniczenko et al. 2010) but also in mutualistic

networks (Basilio et al. 2006; Fortuna & Bascompte 2006; Olesen et al.

2008; Petanidou et al. 2008). For instance, in a pollination network,

pollinators continually switch the plant species with which they

interact in response to environmental disturbances and the availability

of resources (Whittall & Hodges 2007), whereas plants can also adjust

phenology (e.g. flowering time) and morphology (e.g. flower

heterostyly) to affect their pollinators (Aizen & Vázquez 2006; Barrett

2010; Kaiser-Bunbury et al. 2010). This implies a dynamic nature to

ecological networks; i.e. both species abundance and species

interaction could affect each other and change over time. Such

interaction switches between species could not only have ecological

and environmental reasons (e.g. resource availability) but also reflect

an adaptive behaviour of species for enhancing the efficiency of

resource utilisation. Compared with fixed interactions between

species, an interaction switch (alternatively, the �rewiring� of interac-

tions between species) can lead to greater stability in food webs

(Staniczenko et al. 2010) and pollination networks (Kaiser-Bunbury

et al. 2010). As such, a dynamic network with switching interactions

can be considered as a specific form of an adaptive network. Foraging

adaptation (shifts in prey selection) in adaptive networks can

predict the emergence of food-web complexity (Kondoh 2003;

Beckerman et al. 2006; Garcia-Domingo & Saldana 2007; Petchey et al.

2008). Because the consumer-resource interactions of mutualisms

resemble a predator–prey interaction (Holland & DeAngelis 2010), it

is expected that such adaptive behaviour of an interaction switch

could play a crucial role in determining the architecture of mutualistic

networks.

Using a mathematical model for depicting population dynamics in

mutualistic networks, we first introduce this interaction switch into

the model and then investigate whether the distinctive nested

architecture of mutualistic networks can be robustly predicted.

Importantly, we are able to demonstrate that a mutualistic network

converges from an initial random network to a nested network with an

intrinsic stable level of nestedness. This model was well supported by

several tests of the model�s predictions with multiple observations

from empirical pollination and seed-dispersal networks (see supple-

mentary Section S1). We believe this model to be a significant

conceptual contribution as it facilitates further research on the role of

species abundance and ⁄ or morphology in forming the nested

architecture of mutualistic networks and provides an explanation for

how real-world networks self organize and develop.
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MODEL AND METHODS

Assume that a plant–animal mutualistic network consists of m plant

species and n animal species. The population dynamics of plant i and

animal j can thus be depicted by its own density-dependent process

plus the functional response to its mutualistic interactions:
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where the superscripts (P) and (A) denote plants and animals

respectively, Ni the population size of species i, parameters ri and ci
the intrinsic growth rate and density-dependent coefficient. The last

term describes the Holling�s (type II; 1959) functional response to the

mutualistic interaction (see supplementary Section S2), where the

interaction matrix {aij} denotes whether plant i and animal j interact

(aij = 1) or not (aij = 0); the preference matrix {vij} describe

the probability of an interaction once animal j encounters plant i; the

benefits matrix {bij} describes the benefit of species j to i; h is the

handling time (following Holland et al. (2006), we choose the same

value for both plants and animals; h = 0.1 as in Bastolla et al. (2009)).

We ignored competition between plants or between animals following

several previous studies (Bascompte et al. 2006; Holland et al. 2006;

Okuyama & Holland 2008; Thébault & Fontaine 2010).

The numerical solutions for the above model were obtained via the

Euler method with a time step of 0.01 starting from initial population

sizes randomly assigned between 0 and 1 (Ascher & Petzold 1998).

In the calculation, values of intrinsic growth rates (ri), density-dependent

coefficient (ci) and the benefits matrix {bij} were randomly assigned

numbers between 0 and 1, and the number of interactions and

network size (m · n) were assigned according to data from the real

mutualistic network (see supplementary Section S1). The interaction

matrix {aij} was initialised by a random binary (0 ⁄ 1) matrix but with a

fixed number of interactions (i.e. I ¼
P

i

P
j aij remains constant in

the calculation) and elements in the preference matrix {vij} were

randomly assigned numbers between 0 and 1. In each time step, one

randomly chosen species stops the interaction of the minimum gain in

per capita population growth rate [i.e. the interaction with the least

bijaijvijNj in the denominator of the last term in eqn (1)]. To keep the

number of interactions constant, a randomly chosen interaction with

aij = 0 is reassigned to 1 and then the preference value of this new

interaction (vij) is updated by a random number between 0 and 1. This

rule of an interaction switch, although simple, ensures a basic process

of behavioural adaptation: individuals of each species try to effectively

take their limited time to interact only with species that can provide a

greater benefit rather than potentially wasting time on many low-

benefit interactions (as a consequence of the functional response; see

supplementary Section S2; Holling 1959). Therefore, each species in

the network can enhance its benefit through readjusting mutualistic

interactions.

As switching interactive partners (i.e. the �rule� of the interaction

switch) depends on the partner�s abundance and the benefits provided

(bijaijvijNj), we further evaluated how species abundance and benefits

contribute to the nested architecture by examining two special cases of

this model: benefit-neutral and demography-neutral interactions. The

former refers to no variation in both the benefits (bij) and the

preference (vij) of interactions (fixed at 0.5 for all species so that

the interaction switch is entirely determined by the functional

response to species abundance) while the latter indicates no variation

in demographic parameters (i.e. the intrinsic growth rate (ri) and

density-dependent coefficient (ci) are the same for all species and set at

1 in simulations). Evidently, the interaction switch is only driven

by demographic variations in the former, while it is mainly caused by

the variation of benefits in the latter.

We compiled 48 pollination networks and 33 seed-dispersal

networks from published sources (see supplementary Section S1).

Using the numbers of plant species and animal species of these real

networks and their interaction numbers as model inputs (other

parameters are randomly assigned as above), we simulated the model

system and tracked interaction matrices over time [at least

500 · (m + n) steps]. To assess model predictions, we compared

the nestedness predicted by the model with observations of the 81

real networks. The nestedness of interaction matrices was measured

based on overlap and decreasing fill (NODF; Almeida-Neto et al.

2008) using the software package ANINHADO 3.0 (Guimarães &

Guimarães 2006). The NODF measure of nestedness has a stronger

discriminative power of random matrices than other measures and

was thus favoured (Ulrich et al. 2009). Moreover, we considered

relative nestedness, defined as NODFR = (NODF ) NODF*) ⁄
NODF* (Bascompte et al. 2003), where NODF* is the average

NODF of 1000 interaction matrices generated randomly by null

model Er or Ce provided by ANINHADO 3.0. Reduced major axis

regression was used to assess the model performance on predicting

the nestedness of real networks (RMA v. 1.17; Bohonak 2004).

RESULTS

In our theoretical model, the random networks rapidly converged to a

nested architecture via the interaction switch, with the nestedness of

the mutualistic network stabilised at a certain level (Fig. 1). Similar

results were observed when using NODFR (Fig. 1f; see supplementary

Section S3). Critically, the predicted nestedness concurred precisely

with values from real, observed networks (e.g. Fig. 1a–f) regardless of

the initial network structures (see supplementary Section S4), whereas

models with benefit-neutral interactions (Fig. 1g) and with demogra-

phy-neutral interactions (Fig. 1h) over- and under-estimated nested-

ness, respectively.

Overall, the predictions of NODF agreed well with observations

(reduced major axis regression: slope = 0.726 with nearly 80% variance

explained (R2 = 0.768); Fig. 2a). The same is true when using NODFR

(slope = 1.07, R2 = 0.46 for the null model Er; slope = 1.06,

R2 = 0.40 for the null model Ce; Fig. 2b), where the NODFR was

converted into 1 ⁄ (NODFR + 1) due to the negative correlation

between relative and absolute nestedness (r = )0.29, P < 0.01 for the

null model Er; r = )0.23, P = 0.04 for the null model Ce). Moreover,

the comparison of model predictions suggests that models with

benefit-neutral and demography-neutral interactions produced a higher

and lower value of NODF respectively than the general model

(Fig. 2c), indicating a negative effect of the variation in species benefits

on the nestedness of the mutualistic networks, in contrast to a positive

effect of demographic variation on the nestedness.

The number of interactive partners of a species (namely the species

degree) was strongly positively correlated with its abundance in our

modelled networks, consistent with real observations (Fig. 3a, b).
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Although the benefit matrix was initially randomly assigned, species

interact more (i.e. have a higher probability of building an interaction)

with the species that can provide a higher benefit in the simulation.

Most interactions bring greater mutual benefits to both sides (instead

of one species gaining more from its partner than its partner gaining

from itself), leading to a high probability of interactions with a trivial

difference in benefits for the pairwise interacting species (see

supplementary Section S5).

Moreover, once we aligned the simulated species [at time step

200 · (m + n)] according to their abundance ranks in the real network

(Fig. 4a, b; i.e. species identity was defined solely by abundance

rankings), the degrees of these identified species were found to be

consistent with the observed species degrees (Fig. 4a, b). This

indirectly suggests that our model could produce accurate species-

specific predictions. Furthermore, for one specific simulation, without

changing the species identity, species degree remained largely

unchanged after additional 100 · (m + n) time steps (Fig. 4c, d),

suggesting that these species-specific predictions are generally fixed

after an initial dynamic re-wiring period. Another indirect test that

identified species according to their strength (i.e. the total dependence

of other species on them; Bascompte et al. 2006; also see definition in

supplementary Section S6) yielded similar results (see supplementary

Section S7).

DISCUSSION

It is clear that species interactions in nature are highly dynamic in both

space and time (Whittall & Hodges 2007; Thompson et al. 2010). Our

model considered not only the dynamics of populations but also the

active changing of interactions between species over time and

demonstrated that a mutualistic network can, from an initially random

network, dynamically converge upon the nested architecture with a

stable level of nestedness (Fig. 1). Besides predicting the observed

nestedness of real networks well, the model can also support other

commonly observed patterns in mutualistic networks (see supple-

mentary Section S6): (1) the asymmetry (dissimilarity) between the

mutual dependence of plant–animal pairwise interactions (Bascompte

et al. 2006; Vázquez et al. 2007), (2) the truncated power-law

distribution of species degree (Jordano et al. 2003) and (3) the positive

relationship between species degree and species strength (Bascompte

et al. 2006). Therefore, these results show that this model has a

fundamental robustness and broad applicability in representing

mutualistic networks.

One potential reason for this dynamism of species interactions is

that species switch their interaction partners to enhance the benefit

obtained from another species. The interaction switch in turn may

be determined by the new partner�s abundance and whether the benefit

is mutual or perhaps biased towards one of the interaction partners

(Bascompte et al. 2006). An interaction partner is more likely to switch

to a more abundant or potentially more beneficial partner species.

Because the benefit of an interaction often depends on morphological

traits of interacting species (Thompson 2005; Pauw et al. 2009), our

results support the hypothesis that species abundance and adaptive

morphological traits are important factors in the architecture of

mutualistic networks (Ollerton et al. 2003; Rezende et al. 2007;

Vázquez et al. 2009). For instance, abundant pollinators have a higher
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Figure 1 The dynamics of mutualistic interaction networks. Simulations started from a random interaction matrix, which has the same numbers of plant and animal species, as

well as the same number of interactions, as the real network of Elberling & Olesen (P11 in Mutualistic Network Database, see supplementary Section S1). Panel (a), (b) and (c)

are the snapshots of interaction matrices at the beginning and time 15 and 70 (note that each time is m + n time steps) respectively. Panel (d) illustrates the interaction matrix of

Elberling & Olesen�s real network. Panel (e) and (f) gives the dynamical behaviour of nestedness (NODF) and relative nestedness (NODFR with the null model Ce provided by

ANINHADO 3.0) over time for the general model. Panel (g) and (h) gives the dynamics of nestedness for models with only benefit-neutral and demography-neutral interactions

respectively. Dashed lines indicate NODF or NODFR of the real network. See additional dynamics of absolute and relative nestedness using other null models in ANINHADO

3.0 in Section S3 of the supporting online materials.
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probability of interacting with a wide range of plant species than rare

pollinators; similarly, abundant plants are more likely to be visited by a

wide range of pollinator species than rare plants (Ollerton et al. 2003;

Olesen et al. 2008). Furthermore, morphological traits in mutualistic

networks often show evidence of phenotypic complementarity and

convergence (Rezende et al. 2007) and constraint interaction (Jordano

et al. 2003). Both species abundances and morphological traits

produce asymmetric specialisation (Vázquez & Aizen 2004; Stang

et al. 2006, 2007; Anderson et al. 2010) and is a key character of nested

architecture (Nielsen & Bascompte 2007; Krishna et al. 2008).

Moreover, our results clarified the role of species abundance and

beneficial interactions in the formation of nested architecture in

mutualistic networks (and also in antagonistic networks; see

supplementary Section S8). Benefit-neutral interactions often lead to

higher predictions of nestedness than predicted from the general

model in contrast to the negative effect of demography-neutral

interactions on nestedness (Fig. 1e–h and 2c). Krishna et al. (2008)

examined a neutral-niche model where species from two neutral

communities interact in the network according to the probability of

individuals from pairwise species encountering one another. The
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Error bar indicates the standard deviation. The solid lines represent regression
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The predictions are snapshots at time step 200 · (m + n) for 100 repeats, with the

initial population size, interaction and benefits matrices randomly assigned.

800 F. Zhang, C. Hui and J. S. Terblanche Letter

� 2011 Blackwell Publishing Ltd/CNRS



neutral-niche model yielded a nearly perfectly nested network and thus

overestimates actual nestedness in real networks. Comparing Krishna

et al.�s (2008) model prediction with our results from benefit-neutral

interactions, we suggest that (1) realistic species-abundance distribu-

tion is a key promoter of network architecture and (2) the strength of

species interaction is compromised by functional responses in real

networks (Holland et al. 2006), rather than a direct result of interactive

partner species encountering each other.

A species� ability to switch interaction partners to enhance the

relative benefit can give rise to the nested architecture of mutualistic

networks. Importantly, the interaction switch, as an adaptive

behaviour, allows the nestedness of mutualistic networks to converge

towards an intrinsic stable level that mainly depends on network size

and the number of interactions in the model. It is important to note,

however, that the interaction switch (or other potential adaptive

behaviours) only provides the means for an initially random network

to approach the stable level of the nested architecture. Regardless, it is

striking that such a simple �rule� allows the model to closely mimic

natural, observed networks so well. Indeed, the 81 real networks we

tested also stabilised around their known level of nestedness (Fig. 2a,

b). Furthermore, interaction switches are also common in food webs

(Murdoch 1969; Staniczenko et al. 2010). An antagonistic model

incorporating an interaction switch can also lead to nestedness of

bipartite food webs (Thébault & Fontaine 2010), consistent with real

networks (see supplementary Section S8). This suggests that the

interaction switch could be a prevalent process for the formation of

nested architecture in other types of bipartite ecological networks.

Interaction switching can have a profound influence on the

complexity-stability relationship in ecological networks (Montoya

et al. 2006). By incorporating the interaction switch (i.e. with foraging

adaptation), Kondoh (2003) showed that the classic negative

complexity-stability relationship in static food webs (May 1972) does

not necessarily hold. Beckerman et al. (2006) and Petchey et al. (2008)

were able to further predict food-web complexity (connectivity) using

interaction switches. In mutualistic networks, allowing interaction

switches can enhance the robustedness of interaction strength against

species loss over static networks (Kaiser-Bunbury et al. 2010).

Thébault & Fontaine (2010) further demonstrated that a highly

connected and nested architecture promotes stability in mutualistic

networks. Moreover, Okuyama & Holland (2008) found that the

resilience of mutualistic networks can be enhanced by increasing

network size and the number of interactions and, thus, support a

positive complexity-stability relationship. Specifically, they reported

a weak effect of enhancing resilience by the nested architecture (based

on the index matrix temperature; Atmar & Paterson 1993). Our results

suggest that the interaction switch can increase the nestedness of a

random network and thus could potentially enhance the stability of

mutualistic networks (Okuyama & Holland 2008; Thébault &

Fontaine 2010). Therefore, interaction switches could be an important

process allowing a static community to become a dynamic (or

adaptive) one and further foster ecological complexity and diversity.

In conclusion, the nested architecture in mutualistic networks is

simply a necessary outcome of adaptive networks (in this case the

result of the adaptive behaviour of an interactive switch). We suggest

this could be true for any networks with the ability to readjust the links

between nodes (species). The results of this study are of fundamental

importance to studies of species interactions and ecological networks

(Guimarães et al. 2007b; Burgos et al. 2008) and have direct
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Figure 4 Rank-curves of species degrees. The identities of plant and animal species are assigned according to their observed abundance rankings at time step 200 · (m + n)
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implications for understanding network robustness under environ-

mental or anthropogenic perturbations (Kaiser-Bunbury et al. 2009,

2010; Staniczenko et al. 2010).
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