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The strength of interactions among species in a network tends to be highly asymmetric. We evaluate the
hypothesis that this asymmetry results from the distribution of abundance among species, so that species
interactions occur randomly among individuals. We used a database on mutualistic and antagonistic bipartite
quantitative interaction networks. We show that across all types of networks asymmetry was correlated with
abundance, so that rare species were asymmetrically affected by their abundant partners, while pairs of
interacting abundant species tended to exhibit more symmetric, reciprocally strong effects. A null model shows
that abundance provides a sufficient explanation of the asymmetry structure in some networks, but suggests the
role of additional factors in others. Although not universal, our hypothesis holds for a substantial fraction of
networks analyzed here, and should be considered as a null model in all studies aimed at evaluating the

ecological and evolutionary consequences of species interactions.

Ecological interactions have the potential to influence
the ecological and evolutionary dynamics of species.
However, because usually few interactions within a
community are strong and most are weak (Wootton
1997, Bascompte et al. 2006), only a minority of
interactions will have the potential to exert such
influence. Furthermore, recent studies of interaction
networks suggest that interactions tend to be asym-
metric, both in terms of “degree” (i.e. number of links
per species) in mutualistic and antagonistic binary
networks (Bascompte et al. 2003; Vizquez and Aizen
2004, Vazquez et al. 2005b, Guimaries et al. 2006) and
in terms of strength in quantitative mutualistic net-
works (Bascompte et al. 2006). Thus, usually the effect
of one species i on another species j does not match the
reciprocal effect of j on i. These structural characteristics
of networks can have profound consequences for the
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ecological and evolutionary dynamics of interacting
species, and suggest that the conceptual models of
coevolution based on the assumption of tight reciprocal
specialization (Gomulkiewicz et al. 2000, Gandon et al.
2002, Brandt et al. 2005) may not be representative of
what happens with the majority of species interactions.

An open question about these apparently pervasive
patterns of asymmetry in species interactions concerns
the underlying mechanism responsible for them. Recent
studies have hypothesized that the asymmetry observed
in many interaction networks may result from the
distribution of abundance among species (Dupont
et al. 2003, Ollerton et al. 2003, Vazquez and Aizen
2004, Vazquez et al. 2005b), but until now there has
been no evaluation of this hypothesis in quantitative
networks. One possibility is that consumer—resource
mutualistic and antagonistic interactions are neutral at



the individual level, as posited by neutral community
theory for competitive interactions (Bell 2000, Hubbell
2001). We hypothesize that if individuals in a commu-
nity interact randomly, species abundance would deter-
mine interspecific interaction frequency and strength
and the resulting asymmetry structure; we call this the
“abundance—asymmetry hypothesis” (Fig. 1). Under
this scenario, abundant species have frequent encounters
with individuals of many other species, most of which are
relatively rare and specialized given the pervasive right-
skewed distribution of abundance (Preston 1962a,
1962b, May 1975). Furthermore, because frequency of
interaction can be a good surrogate of interaction
strength when there is high variation in interaction
frequency (Vizquez et al. 2005a), a species’ relative
abundance in a community would also determine its
ecological effect on another species. Thus, most pairwise
interactions in interaction networks are expected to be
asymmetric both in terms of degree (specialists interact
with generalists) and strength (rare specialists have weak
effects on abundant generalists but experience strong
effects from them). The hypothesis proposed here is
conceptually related to Vermeij’s (1999, 2004) ideas on
the organization of biological systems. Vermeij argues
that inequality is a ubiquitous characteristic of interac-
tions among “metabolic entities,” and that the prevalent
entity, dominant in terms of size, productivity or
metabolism, has a greater number of interactions and
performs more functions in the system. The crucial
consequence of inequality is that prevalent entities and
the conditions they create influence disproportionately
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the global economy of the system. In turn, this structure
leads to an increased energy flow among dominant
entities.

Here we evaluate the predictions of the abundance—
asymmetry hypothesis. We use a database including 43
bipartite networks of both mutualistic (plant—pollina-
tor and plant—ant) and antagonistic (fish—metazoan
parasite and mammal—flea) quantitative interaction
networks. We develop an original measure of asymme-
try, and use a null model representing the abundance—
asymmetry hypothesis against which patterns observed
in real networks are contrasted.

Material and methods
Datasets

We compiled a database on bipartite quantitative
interaction networks, including 11 mutualistic (plant—
pollinator and plant—ant) and 32 antagonistic (fish—
metazoan parasite and mammal—flea) quantitative
networks (Appendix 1). Data consist of (1) interaction
frequency matrices representing quantitative bipartite
networks, in which columns correspond to species in
one group (e.g. plants or hosts) and rows correspond to
species in the other group (e.g. consumers like animal
mutualists or parasites) with positive integers in matrix
cells representing frequencies of interaction between
pairs of species (Appendix 1); and (2) estimates of
abundance for each species in the network.

Fig. 1. Graphical representation of quantitative interaction networks to illustrate the abundance—asymmetry hypothesis. Under
this hypothesis, abundant species (large circles) are dominant in terms of number of interactions (arrows) and the strength of
those interactions for other species (arrow width). Conversely, rare species (small circles) have few interactions and have a
minimal effect on abundant species (thin arrows). This model predicts asymmetric effects between rare and abundant species,
and symmetric, reciprocally strong effects between abundant species, (a) Simple simulated network; (b) mutualistic network of
plants (black circles) and insect pollinators (grey circles) from Llao Llao Municipal Reserve, Bariloche, Argentina (dataset 1,
Appendix 1); (c) antagonistic network of mammals (black circles) and fleas (grey circles) from Volovské Vrchy mountains,
Slovakia (dataset 39, Appendix 1). For clarity, in (b) and (c) only interactions involving the most abundant species are shown in

black; other interactions are shown in light gray.
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Estimation of frequency of interaction and
abundance

Frequency of interaction is defined here as the total
number of interactions between hosts and consu-
mers reported in an individual study. In pollination
datasets 1-8, it was estimated as the total number of
flowers visited by a pollinator species to each plant
species, and in datasets 9—10 as the number of
individuals of a pollinator species collected in sweep-
net samples at each plant species. In ant—plant net-
works, frequency of interaction was estimated as the
number of ant individuals of a particular species
collected on a plant species. In mammal—flea networks,
it was estimated as the mean number of fleas of a given
species per individual of a given host species, and in
fish—worm networks as the proportion of infected hosts
times the abundance of the host (i.e. the number of
infrapopulations of the parasite on a particular host
species; Vazquez et al. 2005b).

Plant abundance was measured as density of flower-
ing individuals per quadrat sample along transects in
pollination studies, and as the number of plant
individuals on which any insect activity on nectaries
was recorded in plant—ant studies. Except for one
dataset (Cold Lake, Appendix 1), host abundance in
fish—metazoan networks was estimated as the number of
fish collected in the original studies; because in those
studies fish were collected for a parasite survey and not
specifically to estimate their relative abundance, this
figure provides only a rough approximation of species
abundance and is likely to underestimate the abundance
of abundant species (Vézquez et al. 2005b); the Cold
Lake dataset included independent estimates of host
abundance, which we used for the analyses. In
mammal—flea network datasets, small mammals (orders
Insectivora, Rodentia and Lagomorpha) were obtained
mainly by trapping, and thus the numbers of each
species caught and examined for fleas provide rough
estimates of the relative abundance of most host species
(Vézquez et al. 2005b).

Except for ant—plant interactions, frequency of
interaction with hosts was used as a measure of
abundance for consumers. This practice is particularly
justified for parasites (fleas and parasitic worms of fish),
which spend most of their lives on their hosts. For ant—
plant interactions we had independent abundance
estimates for ants, coming from sugar bait censuses

(N. Bliithgen, unpubl.).

Quantification of asymmetry
We define interaction asymmetry as the average mis-

match between a focal species’ effect on its interaction
partners and the reciprocal effect of the interaction

1122

partners on the focal species. We assume that the
strength of the interaction between two species in two
groups of a bipartite network can be defined by two
coefficients: s;;, representing the strength of the effect of
species i on species j, and s;;, representing the strength of
the reciprocal effect of j on i; these coefficients define
two matrices, S = ls;;| and S= |s;il, respectively. Based
on previous work suggesting that frequency of interac-
tion is a good surrogate of interaction strength (Vazquez
et al. 2005a, Sahli and Conner 2006), we assume that
the S and S matrices can be derived from a matrix
F =[fj;] describing the frequency of interaction between
pairs of species, as also done by others before (Gold-
wasser and Roughgarden 1993, Bascompte et al. 2006).
Particularly, we assume that the effect of a species i on
another species j is proportional to the frequency of
interaction between the two species relative to all other
interactions of j. That is, the strength of the effect of a
species i in one group of the bipartite network on a

£
species j in the second group is 8 = ——~—, where I

2m:lfmj

is the total number of species in the first group. Thus,
values in the interaction strength matrices S and S vary
between zero (minimal strength) and one (maximal
strength). The difference between the elements of the
two matrices, djj =s;; —sj;, is a measure of the symmetry
of the strength of each pairwise interaction: a value of
zero indicates highly symmetric interaction strength,
whereas a value close to 1 or —1 indicates high
asymmetry. The sign of the subtraction d;; indicates
the direction of the asymmetry: positive values indicate
that the focal species i exerts a stronger effect on its
partner j than the reciprocal effect of j on i, whereas a
negative value indicates a stronger effect of the partner
on the focal species. We define the asymmetry of the
interactions of a species i, A;, as the average d;; values
corresponding to realized interactions (f;; >0) of i; i.e.
A T\ d;

1 k

1

, where k; is the number of links or

“degree” of species i. Thus, a species with an A; value
close to 1 would be one that affects strongly its
interaction partners but does not experience strong
reciprocal effects. Conversely, a species with an A; value
close o —1 would be one that experiences strong
effects from its interaction partners but that does not
exert a strong reciprocal effect. Under the abundance—
asymmetry hypothesis we expect a positive correlation
between species abundance, N;, and A;.

Null model analysis
Our null model was based on null models of binary

networks developed in previous publications (Vazquez
and Aizen 2004, Vizquez et al. 2005b). The algorithm



randomized the total number of individual interactions
observed in the original interaction matrix, F. To this
end, the algorithm first created a binary matrix, assigning
interspecific interactions according to species-specific
probabilities, requiring that each species had at least one
interaction. As in Véazquez et al. (2005b), the species-
specific probabilities were proportional to species’
relative abundances (probabilities are in fact approxi-
mately proportional and not equal to relative abundances
because of the requirement that each species receives at
least one interaction; this requirement causes probabil-
ities to deviate from relative abundances, especially for
rare species). Once the number of filled cells in the
original matrix was reached, the remaining interactions
were distributed among the filled cells, so that con-
nectance in the original and randomized matrices was the
same. The algorithm is written in the Octave/Matlab
language, and is available from the first author upon
request. Analyses were run under the open source Octave
software (http://www.octave.org).

We used meta-analytical techniques to evaluate
whether observed correlations between N; and A;
matched those predicted by the null model. If the
null model explained the observed relationship between
abundance and asymmetry, the difference between
observed and expected correlations should not differ
significantly from zero. To this end we normalized
Spearman’s correlation coefficient, r, by applying Fish-
er’s z-transform (inverse hyperbolic tangent), z=0.5In
[(14+1)/( —r1)] (Zar 1999). We then calculated null
model deviates from observed normalized correlations,
74 =1, —Z, where z, and z, are the expected null
model and observed normalized correlation coefficients,
respectively. To estimate the average deviation between
observed and expected correlations across studies, we
calculated the weighted mean of zg, defined as z4 =
Xwi(zq)i/Zw;, where the weights are w=1/var (z,)
(Rosenthal 1991, Gurevitch et al. 2001). The null
hypothesis that observed correlations matched those
expected under the null model was rejected if the
confidence interval of zy4 did not overlap zero. The
confidence interval of Zy was estimated with the
percentile method by bootstrap resampling, defined as
the two values that encompass the 100 (1 —a) % of the
distribution of bootstrapped zy values (Manly 1997),
with a bootstrap sample size of 10 000.

Results and discussion

A previous study (Bascompte et al. 20006) of patterns of
asymmetry in quantitative plant—pollinator and plant—
seed disperser networks has shown that most interac-
tions are highly asymmetric. Our results on both
mutualistic and antagonistic interactions support this
conclusion: there is a high prevalence of asymmetry in

networks of all interaction types, suggesting that
asymmetric interactions are not just a characteristic of
mutualistic interactions, but a more general feature of
species interaction networks (Fig. 2). However, our
analysis also suggests that asymmetry is not equally
prevalent among “hosts” (hosts proper in host—parasite
networks and plants in plant—animal mutualistic net-
works) and “consumers” (parasites or animal mutual-
ists): in most datasets, the latter tend to have more
extremely negative asymmetries than the former. That
is, hosts tend to have stronger effects on consumers than
consumers on hosts. This pattern suggests that bottom-
up processes have a greater influence than top-down
processes in these networks, thus illuminating a
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Fig. 2. Box plots showing distribution of asymmetry index,
A, calculated for each species in each network. A species with
an A, value close to 1 affects strongly its interaction partners
but does not experience strong reciprocal effects; a species
with an A; value close to —1 experiences strong effects from
its interaction partners but that does not exert a strong
reciprocal effect. Datasets are ordered from left to right
following dataset numbers in Appendix 1. The horizontal line
dividing boxes in two indicates the median; box limits are the
first and third quartiles of the distribution; whiskers extend to
the most extreme data point which is no more than 1.5 times
the interquartile range from the box; circles indicate outlying
data points falling beyond whisker limits.
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long-standing debate in ecology (Strong 1992, Shurin
et al. 2002).

The qualitative prediction of the abundance—asym-
metry hypothesis — that there should be a positive
correlation between species abundance and their asym-
metry index — was supported by the data: with only one
exception, there was a generally positive relationship
between abundance and asymmetry (Fig. 3, white
circles); the exception were the plants in one site in
the Nahuel Huapi plant—pollinator dataset (Appendix
1), for which the correlation was negative. Thus,
abundant species tend to influence their interaction
partners more strongly than their partners influence
them; conversely, rare species tend to influence their
interaction partners less strongly than the reciprocal
effect of their partners on them. These results are
consistent with the hypothesis that abundance con-
tributes to generating the asymmetry observed in the
mutualistic and antagonistic networks considered here.
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Fig. 3. Correlation between species abundance and the
asymmetry index for each interaction type and dataset. White
circles are Spearman correlation coefficients calculated for
the original data; black circles are Spearman correlation
coefficients expected under the null model (mean calculated
from 1000 simulated networks); error bars are 95% percentile
confidence intervals (Manly 1997) of null model expectations.
Datasets are ordered as in Fig. 2.
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Even though abundance contributed substantially to
the asymmetric structure observed in these networks, it
is important to ask whether abundance alone is a
sufficient explanation for such structure, as posited by
the abundance—asymmetry hypothesis. We conducted a
null model analysis to evaluate this question. Our null
model assumed that network structure and the asym-
metry resulting from it was entirely the result of a
probabilistic process, under which species-specific inter-
action probabilities were proportional to species relative
abundances (Methods). Thus, if the distribution of
abundance among species was a sufficient explanation
of the asymmetry structure in networks we expected the
observed correlation between abundance and the
asymmetry index to fall within the range of correlations
expected under the null model. This was the case for
some datasets, but not for all of them (Fig. 3): for
“consumers,” observed correlations for 24 of 43 net-
works fell within the null model expectation, with all
but two of the remaining networks falling below the
lower confidence limit of the null model; for “hosts,”
only in 16 of 43 networks did the observed correlation
between abundance and the asymmetry index fall
within the null model expectation, with most of the
remaining networks falling below the lower confidence
limit of the null model. Although the mean deviation
between null model and observerd normalized correla-
tions was small, it differed significantly from zero
(bootstrap  confidence limits of z4: consumers,
[0.0006, 0.0069]; resources, [0.0265, 0.0560]), reject-
ing the null hypothesis that observed correlations
matched those expected under the null model. Thus,
for a substantial number of datasets, the magnitude of
the observed correlation between abundance and
asymmetry is lower than that predicted by the null
model. The poorer match between observed and
expected correlations for “hosts” results mostly from
the differential fit of the null model between the two
groups in plant—pollinator interactions: for plants, only
for one dataset did the observed correlation fall within
the null model expectation, with the remaining datasets
exhibiting a substandally lower correlation than ex-
pected under the null model; conversely, for pollinators
the observed correlation matched the null model
expectation for eight datasets, with the remaining two
datasets exhibiting a greater correlation than expected.
The better fit observed for consumers is likely a result of
the closer link between abundance and frequency of
interaction for this group compared to hosts: whereas
abundance was measured independently from fre-
quency of interaction for hosts, both population
attributes were by definition the same for consumers
(Methods). However, rather than being a methodolo-
gical artifact, this result reflects a real biological
difference between consumers and hosts.



The results of the null model analysis reported above
suggest that in spite of a general effect of species
abundance on the asymmetry of interaction strength
between interaction partners, abundance alone is not a
universal explanation of the distribution of asymmetry.
Thus, even though abundance contributes to the
asymmetry structure in most datasets, and is a sufficient
explanation in a substantial fraction of them, other
factors must be invoked as partial explanations of
observed patterns in some networks. Phylogenetic
constraints and morphological or phenological match-
ing of interacting species have been suggested by others
before as potential determinants of the structure of
interaction networks (Jordano et al. 2003, Cattin et al.
2004, Stang et al. 2006, Floeter et al. 2007, Santamaria
and Rodriguez-Gironés, 2007, Stang et al. 2007), and
are certainly a plausible explanation of the above result.
Alternatively, however, the mismatch between the
observed correlation between abundance and asymme-
try and the null model expectation could have resulted
from observation uncertainty (Hilborn and Mangel
1997) in the measurement of abundance and interac-
tion frequency. If either or both variables were
measured imperfectly (as we know is the case; Meth-
ods), this observation uncertainty would lead to a
systematic deviation of observed correlations from true
correlations, causing the former to be lower than the
latter. Only improved measures of abundance and
interaction frequency will allow a better understanding
of the relative contribution of abundance vs biological
traits of species as determinants of the structure of
interaction networks.

Because under the abundance—asymmetry hypoth-
esis individuals of abundant species would tend to
encounter individuals of other abundant species more
often than individuals of rare species, a corollary of the
hypothesis is that pairwise interactions among abundant
species should exhibit strong reciprocal (symmetric)
effects, whereas other pairwise interactions should be
more asymmetric. Thus, we expect that the mismatch in
strength of pairwise interactions is minimal when the
two interacting species are abundant, and that it is
greater otherwise. To evaluate this corollary we used the
absolute value of the difference of interaction strengths
for each pairwise interaction (i.e. the absolute value of
the dj; subtraction described in Methods for all realized
interactions), and calculated its correlation with the
product of the relative abundances of interacting
species. If the corollary holds, then there should be a
negative correlation between absolute differences in
strength and the product of abundances, so that
reciprocal effects are maximal (i.e. differences in
strengths are minimal) when both interacting species
are highly abundant. Although generally weak, this
correlation was negative for a majority of datasets
(Fig. 4; 95% backtransformed bootstrap confidence of
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dance product. Spearman correlation coefficients between the
absolute difference of the strengths of each pairwise interac-
tion and the product of the abundance of species involved in
the interaction. Circle colors and errorbars as in Fig. 3.
Datasets are ordered as in Fig. 2.

the correlation coefficient: [ —0.23, —0.40]). Further-
more, the observed correlation overlaps with the
expected correlation under the null model in a
substantial number of datasets: the observed correlation
fell within null model confidence limits for 21 of 43
datasets, was more strongly negative for nine datasets,
and was more positive for the remaining 13 datasets.
The mean deviation between null model and observerd
normalized correlations was small and did not differ
significantly from zero (bootstrap confidence limits of
zg: [—0.0007, 0.0053]), thus supporting the null
hypothesis that observed correlations matched those
expected under the null model. However, the fact that
the expected correlation under the null model was not
always strongly negative suggests the existence of
structural network contraints. In particular, connec-
tance (the proportion of non-zero entries in the
interaction frequency matrix F described in Methods)
seems to impose an important constraint on the
possible values of the correlation between the abun-
dance product and the difference in strength: the
expected value of this correlation tends to increase
with increasing connectance (Spearman’s r between the
expected correlation [black circles in Fig. 4] and
connectance is 0.53). We conclude that the generally
negative correlation between the abundance product
and the differences in strength, and the relatively good
match between the observed correlation and that
expected under the null model, support the prediction
that the strongest reciprocal effects tend to occur among
abundant species.

So far we have discussed our results in merely
ecological terms. Are they also relevant for coevolution
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among interacting species? We argue they may be under
some circumstances. If the abundance—asymmetry
hypothesis holds, and provided that there are differ-
ential effects of an interaction on the fitnesses of the
genotypes of a focal species, then we expect that such
differential effects become stronger with increasing
abundance of the species exerting selection (Siepielski
and Benkman 2005). Under these circumstances, in
which asymmetries in interaction strength would also
result in asymmetries in selection among interacting
species, our results may have important implications for
the coevolutionary dynamics of interacting species.
First, unlike most theories of coevolution, the
abundance—asymmetry hypothesis implies that specia-
lists will have limited opportunity for coevolution
because they are asymmetrically influenced by their
abundant, generalized interaction partners. Second, it is
the interactions among abundant generalists that have
the greatest potential for strong reciprocal effects and,
hence, coevolution. Third, geographic variations in the
relative abundance of species can lead to a geographic
mosaic of coevolution — with pairs of species coevolving
in sites where they are both abundant and not
coevolving in sites where one or both of them are
rare — in line with the Geographic mosaic theory
proposed by Thompson (Thompson 1994, 2005,
Gomulkiewicz et al. 2000). Although not universal,
the abundance—asymmetry hypothesis seems to hold
for a substantial fraction of networks analyzed here,
with species abundance explaining a large fraction of
variation of the observed asymmetry structure. We
suggest this hypothesis should be considered as a null
model in all studies aimed at evaluating the ecological
and evolutionary consequences of species interactions.
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