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a  b  s  t r  a  c  t

Understanding  the  mechanisms  determining  population  density  of  species  in  communities  and  ecological
networks  is an important  task  in  ecological  studies.  Interactions  and  carrying  capacity  largely  determine
population  density  of species  and  then  community  structure.  However,  their  impacts  on  population  den-
sity have  not  been  fully  investigated  in  ecological  networks.  In  this  study,  we  examined  the  associations
of  interspecific  interaction  strength  and  carrying  capacity  with  population  density  in  three  kinds  of  the-
oretical  and  empirical  ecological  networks  with  different  complexity.  We  firstly  demonstrated  both  the
net direct  and indirect  interaction  strength  of  a species  received  from  the other  species  showed  positive
associations  with  population  density  of  the species  in all ecological  networks  (except  for  in predation
networks),  particularly  in more  complex  ecological  networks.  Direct  interaction  was  more  important
than  indirect  interaction  in  determining  population  density.  Carrying  capacity  showed  a positive  asso-
ciation  with  population  density,  particularly  in  less  complex  ecological  networks.  Our  results  suggest
that  interspecific  interaction  strength  is  more  important  than carrying  capacity  in  determining  species
dominance  in more  complex  networks.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Understanding species composition and structure of com-
munities is a great challenge in ecology. Species dominance,
which is measured by population density of each species, is an
important indicator of community. It has been well known that
population density of a species is determined by biotic interactions
and environments (Krebs, 2008). Various theoretical models like
Lotka–Volterra models and their derivatives were developed
in two-species systems, and served well for ecologists in early
literature for assessing the impacts of species interaction and
carrying capacity on population density of interacting species
(Lotka, 1925; Volterra, 1926; Pimm,  1982). In literature on food
chains or webs, the bottom-up and top-down effects have been
realized and debated over their relative importance for a long time,
and a synthesis of both forces considering heterogeneity within
or across trophic levels and flexibility is believed to an answer
(Power, 1992). Three- or four-species models were developed to
account for both bottom-up and top-down effects (Hastings and
Powell, 1991; Abrams, 2005). In general, the effects on population
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densities within a community are mostly studied in the systems
of a few species, not in ecological networks.

In natural ecosystems, species interact directly with each
other in a variety of ways, which forms ecological networks. The
network thinking is a prevalent systematic way  of studying com-
munity and ecosystem (May, 1972; Patten, 1985). Network analysis
contributed to identifications of some primary properties of ecosys-
tems by examining the pathways, flows, storages, and net flows of
static ecosystem models (Fath and Patten, 1999). Recently, there
are increasing studies on food webs and mutualistic networks in
literature (May, 1972; Bascompte, 2010; Thébault and Fontaine,
2010; Bascompte and Jordano, 2013), addressing various questions
including properties of ecological networks, description of realistic
webs, and stability of ecological networks, etc. Ecological network
analysis, incorporating species composition and interaction, has
provided a novel method to analyze community composition and
dynamics (Proulx et al., 2005). However, previous studies mostly
focused on network-level consequence like robustness and stability
(May, 1972; Montoya et al., 2006; Bascompte, 2009; Thébault and
Fontaine, 2010), whereas relations of population density of species
with species interaction strength and carrying capacity within a
network have not been investigated. It is necessary to investigate
these relations so as to understand the role of abiotic and biotic
factors in determining community composition. We  hypothesized
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that in more complex networks, the role of interspecific interaction
strength would be more important than that of carrying capac-
ity in explaining population densities within a community because
species received more effects from other species.

Besides direct species interactions, impacts of indirect interac-
tion on community dynamics have also been noticed (Menge, 1995;
Křivan and Schmitz, 2004). Indirect effect requires the presence
of intermediary species. Effects of indirect interactions included
competition for common resource species (Levine, 1976), and pre-
dation cascade in food chains (Oksanen et al., 1981) on population
density have been explored in theoretical models of a few species.
Abrams et al. (1996) reviewed theoretical and empirical studies on
indirect effects in food webs, suggesting that magnitude of indi-
rect effects might be smaller than direct effects in most of cases
because of density dependence and stochastic disturbance, but
large enough in magnitude that they cannot be ignored. How-
ever, by applying economic input–output analysis in ecosystems
(Network Environ Analysis) (Patten, 1978), studies have demon-
strated that the effects of indirect interactions, usually quantified
by flows of currency (energy or matter), often exceed the effects of
direct connections on the overall throughflow in large ecosystems
(Patten and Higashi, 1984; Patten, 1985; Fath and Patten, 1999;
Borrett et al., 2010). The dominant indirect effect in ecosystem
models raised the question whether it applies to population den-
sities, making it crucial to test the performance of indirect effects
in explaining population densities within the complex ecological
networks, and more importantly, how the relative effects of indi-
rect and direct interactions change with complexity of ecological
networks.

In this study, we examined the impacts of both direct and
indirect interaction strength and carrying capacity on popula-
tion density of species in three kinds of theoretical and empirical
ecological networks through numerically solved multiple-species
Lotka–Volterra equations that are widely used in the studies of pop-
ulation and community ecology. There are two kinds of indirect
interactions in natural communities. The first one is that one species
affects population density of another species through affecting pop-
ulation density of an intermediate species, i.e., density-mediated
indirect interaction such as food chains; the second one is that one
species affects another species’ abundance through affecting the
interaction between the second and third species (Abrams et al.,
1996). In this study, we mainly focused on the density-mediated
indirect interaction. We  have the following three predictions. First,
in more complex networks, the role of interaction strength in deter-
mining population density will be more important than that of
carrying capacity. Second, population density of a species is pos-
itively related to sum of all direct interaction strengths (net direct
interaction strength, NDIS) which come from its directly connected
partners, and also positively related to the net indirect interaction
strength it received (net indirect interaction strength, NIIS). Third,
NDIS would have a better performance in explaining population
densities in networks than NIIS. It is notable that the “interaction
strength” may  be referred to different metrics in previous studies
(Berlow et al., 2004) and here we defined it to the per capita effect of
one species on another species in classic Lotka–Volterra equations,
and it had “+” or “−” signs corresponding to any positive or negative
effect caused by competition, amensalism, antagonism, neutralism,
commensalism and mutualism.

2. Material and methods

2.1. Ecological networks

We  used two sets of systems: three types of simulated
networks (random network, cascade prey–predator network and

mutualistic network), and empirical mutualistic networks by
Vázquez and Simberloff (2002) and food webs by Thompson
and Townsend (2003), downloaded from an online Interaction
Web  DataBase (www.nceas.ucsb.edu/interactionweb/). The ran-
dom networks, mutualistic networks and cascade prey–predator
networks were constructed by following May  (1972) and Allesina
and Tang (2012), with randomly distributed coefficients carry-
ing capacity (K) sampled from uniform distributions (100–200
limited) and interaction strength (IS) sampled from normal dis-
tributions (mean = 0, standard deviation (SD) = 0.01, 0.03 or 0.05).
The normal distribution of interaction coefficients (with mean = 0)
corresponds to right-skewed distributions of interaction magni-
tudes that are commonly discovered in empirical works (Wootton,
1997; McCann et al., 1998). The interaction coefficients in networks
have signs corresponding to its positive or negative effects. For
simulated networks, we set different species number (S = 30,
80 or 130), connectance (C = 0.05, 0.1, 0.3 or 0.5) and inter-
action strength level (for random and prey–predator networks,
SD = 0.01, 0.03 or 0.05; for mutualistic networks SD = 0.01, 0.02
or 0.03). 50 networks were simulated for each combination of
S, C, and SD. For more details, see Yan and Zhang (2014). For
realistic networks, we  only used their structures, and the interac-
tion coefficients were similarly drawn from random distributions
(see above). We used average links per species (ALPS = (S − 1) × C)
and SD to indicate complexity of simulated networks. The larger
the SD value, the larger the interaction coefficients (absolute
value).

2.2. Metrics of interaction

The definition of interaction effects varies according to the pur-
poses of different studies. Our current study focus on population
densities in ecological networks, so we  used classic Lotka–Volterra
population dynamic models to quantify the interaction effects.
Based on analytical results (Lawlor, 1979, and also see Appendix
S1 and S2), the population density of a species at equilibrium was
determined by the direct and indirect interact strength it receives
and carrying capacity. We calculated two species-level metrics
of interaction strength in networks. The net direct interaction
strength was  calculated by summing all the interaction strengths of

species i received
(

NDISi =∑J
j=1,j /=  iaij

)
, where J is the number

of species interacting with species i. The net indirect interaction
strength (NIIS) was  calculated by summing all the indirect inter-
action strengths species i received. The indirect strength of one
species on another species involves all potential indirect paths
through the rest of community, and includes various interactions
like mutualism, predation, competition, etc. The sign of indirect
effect might be the same or opposite to that of direct effect. We
derived the indirect strength by following Lawlor (1979), details
in Appendix S1. Besides, we also calculated a first-order indirect
interaction strength (see Appendix S2), which is the sum of inter-
action strengths multiplied by its directly connected species’ net

interaction strength respectively
(

FIISi =
∑J

j=1,j /=  iaijNDISj

)
.

2.3. Population dynamics models

The population density change of one species can be represented
by a combination of contributions from logistic growth and posi-
tive and negative contributions from other species (Eqs. (1)–(4)).
In these equations, xi is the population density of species i, ri is
the intrinsic increase rate, Ki is the carrying capacity, and aij is the
per capita interspecific (i /= j) interaction strength. P is the number
of species showing positive effects on xi, and N is the number of
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