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Abstract Although parasites represent an important com-
ponent of ecosystems, few field and theoretical studies have
addressed the structure of parasites in food webs. We
evaluate the structure of parasitic links in an extensive salt
marsh food web, with a new model distinguishing parasitic
links from non-parasitic links among free-living species.

Electronic supplementary material The online version of this article
(doi:10.1007/s12080-009-0069-x) contains supplementary material,
which is available to authorized users.

C. P. Warren (D<) - M. Pascual

2019 Kraus Natural Science Building,
Department of Ecology and Evolutionary Biology,
University of Michigan,

830 North University Avenue,

Ann Arbor, MI 48109-1048, USA

e-mail: warrencp@umich.edu

M. Pascual
e-mail: pascual@umich.edu

C. P. Warren

Department of Neurology, Mayo Clinic,
200 First St. SW,

Rochester, MN 5590, USA

M. Pascual
Howard Hughes Medical Institute,
Chevy Chase, MD, USA

K. D. Lafferty

Western Ecological Research Center, US Geological Survey.
c/o Marine Science Institute, University of California,

Santa Barbara, CA 93106, USA

e-mail: lafferty@lifesci.ucsb.edu

A. M. Kuris

Department of Ecology, Evolution and Marine Biology,
Marine Science Institute, University of California,
Santa Barbara, CA 93106, USA

e-mail: kuris@lifesci.ucsb.edu

The proposed model is an extension of the niche model for
food web structure, motivated by the potential role of size
(and related metabolic rates) in structuring food webs. The
proposed extension captures several properties observed in
the data, including patterns of clustering and nestedness,
better than does a random model. By relaxing specific
assumptions, we demonstrate that two essential elements of
the proposed model are the similarity of a parasite’s hosts and
the increasing degree of parasite specialization, along a one-
dimensional niche axis. Thus, inverting one of the basic rules
of the original model, the one determining consumers’
generality appears critical. Our results support the role of size
as one of the organizing principles underlying niche space and
food web topology. They also strengthen the evidence for the
non-random structure of parasitic links in food webs and open
the door to addressing questions concerning the consequences
and origins of this structure.
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Introduction

There is a large body of work describing the structure of food
webs that exclude parasites (Pimm et al. 1991; see Dunne
2006, for a recent review). Several simple models have
played an important role characterizing the non-random
structure of food webs, including the cascade model (Cohen
et al. 1990a), the niche model (Williams and Martinez 2000),
and the nested-hierarchy model (Cattin et al. 2004). These
are essentially static models based upon a one-dimensional
ordering or hierarchy for species. Despite their simple rules,
the niche and nested-hierarchy models have been able to
capture several structural properties of empirical food webs.
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Of all the food webs Williams and Martinez analyzed for
their assessment of the niche model, only the Ythan Estuary
food web included parasites (Huxham and Raffaelli 1995),
and that was the food web most poorly captured by the niche
model, though apparently, this was due to a preponderance
of top predators (birds) in this system (Williams and
Martinez 2000). Huxham et al. (1996) point out the two
aspects of parasitism that potentially result in poor fits to
existing models of structure: a reversed ordering on the niche
dimension due to their feeding on resources with larger body
sizes and complex life cycles, which reduces intervality.

Although parasites can have profound effects on the
structure and dynamics of ecological networks (Marcogliese
and Cone 1997; Lafferty et al. 2006a, b; Lafferty et al. 2008),
they have usually been excluded from food web research due
to the perception that they contribute little to energy flow, do
not kill their hosts; in addition, they are out of sight for
ecologists, can be laborious to detect and have complex
trophic life cycles, challenging placement in a web (Lafferty
et al. 2008). Increasingly, their impact on host populations
and communities has been recognized, and the recent
quantification of their biomass in estuarine ecosystems
shows that infectious agents may make a substantial
energetic contribution to ecosystems (Kuris et al. 2008).

Few field and theoretical studies have addressed the role
of parasitic links in food webs. The exceptions in field
studies include the Ythan Estuary food web (Huxham and
Raffaelli 1995), the Company Bay food web (Thompson et
al. 2005), and the Carpinteria Salt Marsh food web
(Lafferty et.al. 2006a). For the Ythan Estuary food web,
only helminths were systematically detected, and the food
web of the Company Bay intertidal mudflat includes only
nine parasites. The Carpinteria Salt Marsh web is the most
comprehensive web including parasites. It has the benefit of
extensive sampling of both hosts and parasites and
extensive information on the complex life cycles of the
parasites (Lafferty et al. 2006a; Kuris et al. 2008).

Initial analyses have shown that consideration of para-
sites in food webs significantly modifies general topolog-
ical properties of the network. Not surprisingly, the addition
of parasites increases species richness, the number of links,
trophic level, and chain length (Huxham and Raffaelli
1995; Thompson et al. 2005). More interestingly, parasites
increase connectance, an important metric measuring the
density of links in the network (Lafferty et al. 2006a, b;
Lafferty et al. 2008). Recognizing and including predator—
parasite and parasite—parasite links further increases this
metric and dramatically increases relative nestedness
(Lafferty et al. 2006a, b), a global measure that character-
izes how interactions between species in two different
levels (e.g., plants and pollinators or hosts and parasites)
are distributed among species with different degrees of
specialization. A nested network possesses a cohesive core
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of interacting species, composed largely of generalists, and
a high asymmetry in that specialists interact primarily with
generalists (Bascompte et al. 2003). Parasitic links, like
predator—prey links, are non-randomly distributed, with an
overdispersed number of parasites per host and with hosts
tending to occupy higher trophic levels (Chen et al. 2008).
The detailed analyses of a series of new empirical networks
by Dunne et al. (personal communication) show that the
inclusion of parasites pushes the overall food web structure
away from the niche model’s expectation.

Though the niche model suggests that much of the
structure of food webs can be explained by a one-
dimensional ordering, what that ordering factor is remains
an open question. Potential candidates include body mass
(Warren and Lawton 1987; Cohen et al. 1993; Petchey et al.
2008) and related quantities such as metabolic rates and
trophic level (Stouffer et al. 2007). Predators are generally
larger than their prey, and parasites are nearly always
smaller than their hosts (Lafferty and Kuris 2002). Leaper
and Huxham (2002) argue that this size relationship for
parasites and hosts eliminates the prospects of body size as
the hierarchy factor in a model with a strict ordering, such
as the cascade model, but, as we will describe here, the
same factor and ordering can be used when considering
parasites if one distinguishes parasitic and predatory links
by ordering them by different (but related) rules.

To further address the non-random structure of parasitic
links, we consider a series of network properties related to
the links themselves, in particular, those describing the
degree of clustering, nestedness, and generality. To explain
the non-random structure of host—parasite links revealed by
these analyses, we propose an extension of the niche model.
This model captures the observed clustering, nestedness,
and several food web indices of the parasitic links,
significantly better than a series of null models, including
a random assignment of parasites to hosts. The proposed
model essentially reverses the hierarchy of the niche model
(Williams and Martinez 2000), but only for parasite—host
links; this is the constraint by which the range of prey for a
given consumer must be centered below its own position in
the one-dimensional niche axis. It also reverses the axis of
generality for parasites. Comparisons to a series of models
that relax these assumptions show that only the reversal of
the generality rule appears essential. We discuss interpreta-
tions of these results in relation to body size and future
directions for models of food web structure.

Data

The Carpinteria Salt Marsh food web (Lafferty et al. 2006a, b)
comprises free-living species chosen from quantitative
surveys and generally included those metazoan species
common enough to comprise 99.58% of the individuals
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from a particular taxonomic group (birds, fishes, large
invertebrates, small invertebrates). Published, observed, and
inferred diet relationships were used to recognize predator—
prey links. Infectious agents were included based on
extensive parasitological investigations of hosts in this marsh
(thousands of hosts of almost all the predator and prey
species in the web were dissected for infectious agents).
Parasites included macroparasites mostly parasitic helminths,
parasitic castrators, parasitoids, pathogens, and trophically
transmitted parasites (sensu Lafferty and Kuris 2002). Some
natural enemies were underestimated. For instance, microbial
pathogens were not typically detected; plant pathogens were
excluded, and avian parasites, pathogens, and ectoparasites
were under-sampled. Parasites of plants were not included in
the analysis. Very small invertebrates (<~1 mm), free-living
protozoans, bacteria, and fungi were not included, nor were
their infectious agents. These detailed data on web structure
are available at the National Center for Ecological Analysis
and Synthesis Interaction Web Database, which is free and
accessible to the public.

We consider two types of links in this network:
predator—prey links and parasite—host links. Predator—prey
links (and predation) refer throughout the paper to non-
parasitic interactions between free-living species, including
herbivory. Many of the parasites possess complex life
cycles. To simplify the analysis, two versions of the
Carpinteria food web were analyzed. In the species version,
life stages of a particular species were grouped into one
entity or “species.” In the life stage version, each life stage
of a species is treated as a separate “trophic unit.” The
trophic “species” convention was used, where all species
that share identical predators, prey, parasites, and hosts
were grouped. This convention has been used in food web
studies to reduce methodological and statistical variation
due to uneven resolution (Briand and Cohen 1984) and
insufficient sampling (Martinez et al. 1999) of taxa and to
focus on functionally distinct components of food webs
(Williams and Martinez 2000). Micropredators feed on
multiple preys as do predators, but take a small meal as do
parasites. These functional affinities to both parasites and
predators pose a classification dilemma. For example,
mosquitoes are micropredators interacting with many
“prey”, totaling 79 links. They were classified as predators
in our analyses.

The Carpinteria data include two other types of links that
are not explicitly considered in our analyses: predators
feeding on parasites and parasites feeding on parasites.
Consumption of parasites in the Carpinteria’s web occurs
primarily as the result of predators eating infected prey.
This is the main form of transmission for parasites with
complex life cycles whose different stages parasitize
different host species. The reason not to include such links
in the model explicitly is that links that result from

predators feeding on infected hosts can be easily generated
from the two types of links we do generate, for example, by
estimating the probability of “incidental” or “concomitant”
predation of parasites based on the existence of a prey with
links to both a predator and a parasite. This would take into
account the great majority of the links for the consumption
of parasites, the exception being the links to free-living
stages of parasites, exclusively cercariae in our system. We
also do not consider parasite—parasite links since these
represent primarily competitive interactions within the host
and do not affect the network of species interactions
between hosts and parasites or between consumers and
their resources.

Finally, hyperparasitism is absent from our analyses as it
is also very rare in the data. However, this is not a
limitation of the proposed model itself which could
generate such links by establishing a parasite—parasite link
when a parasite falls into the host range of another parasite.

Statistical measures

To evaluate clustering properties of the network when two
different types of links (predation and parasitism) are
present, we introduce the following two statistics:

The feed-forward loop motif is a particular directed triad
form of clustering. We specifically compute the probability,
given that a parasite parasitizes a particular trophic species
and a predator preys upon that species, that the parasite
parasitizes that predator as well (see Fig. 1a). This motif
was studied earlier by (Shen-Orr et al. 2002) in their
analysis of the regulatory network of Escherichia coli. Our
version of the motif is a bit different in that there are two
types of nodes—parasite and nonparasite.

Predator

Fig. 1 Food web motif statistics analyzed: a The feed-forward loop
statistic looks for two chains of a prey/host being both parasitized and
preyed upon. The statistic is the probability that the respective
predator is also parasitized by the respective parasite. b The bi-fan
statistic looks for parasites that share a host. The statistic is the
probability, if one of the parasites has another host, that the other
parasite also shares that host
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The bi-fan motif characterizes another higher form of
clustering. Given that two parasites parasitize the same host
and one of the parasites parasitizes another host, we
evaluate the probability that the second parasite parasitizes
the second host as well (Fig. 1b). This is a measure of the
contiguity of the niche space, related to the notion of
intervality in food webs (Cohen 1977; Cattin et al. 2004;
Stouffer et al. 2007). For interval networks, there exists a
suitable ordering of the species for which all the prey of
each predator are contiguous.

A macroscopic characterization of structure, in terms of the
distribution of parasitic links on their hosts, is evaluated with
the statistic nestedness for bipartite networks. Nestedness
measures how well the groups of hosts of specialist parasites
can be successively nested, like matryoshka dolls or Chinese
boxes, into the host groups of increasingly more generalist
parasites (see Atmar and Patterson (1993) or Bascompte et
al. (2003) for details). Nestedness was originally developed
to analyze how species are distributed on a set of small
islands (Atmar and Patterson 1993). Applying this species—
island analogy, Bascompte et al. (2003) used nestedness to
characterize how animals were distributed in plant-animal
mutualistic networks. We used the Nestedness Calculator
software created by W. Atmar and B. D. Patterson and
converted the “temperature” 7T obtained with it into a
nestedness measure using the convention of Bascompte et
al. (2003), N = (100 — T)/100. The nestedness of the
sample food web is compared with that of a network
produced by a null model in which the links are randomized
in such a way as to preserve the degree distribution of the
entire web (Fischer and Lindenmayer 2002). We also
considered a null model in which the same number of
parasite-host links was randomly assigned to parasites and
hosts. Nestedness has the unique feature of being not merely
a local measure (e.g., feed-forward loop) or a global measure
(e.g., connectivity) of the food web, but rather a measure
across many scales.

A number of global measures or indices have been used to
characterize the fit of food web models (Williams and
Martinez 2000). For the same purpose, we also re-define
several of these previously used measures to characterize the
structure of the parasitic links in the network (details are
given in Appendix S1). For instance, the fraction of basal,
intermediate, and top species can be defined exclusively for
parasites, to mean the fraction of parasites of basal,
intermediate, and top free-living (host) species. Similarly,
the standard deviation of generality provides a measure
of the variability in the number of hosts per parasite species.
The complete list of measures and their definitions can be
found in Appendix S1. Note that we consider vulnerability
statistics both (a) with respect to predator—prey links and
parasite—host links and (b) with respect to parasite—host links
only, in order to more specifically evaluate our model.

@ Springer

Proposed models

We consider that the niche model as originally proposed by
Williams and Martinez (2000) applies to the food web part of
the network composed only of non-parasitic interactions
between consumers and resources. This model first establishes
a hierarchy by ordering species along a one-dimensional axis,
which determines potential prey species. Actual predation
links are then assigned through contiguous ranges along this
same axis selected to preserve the chosen connectance
(Fig. 2). Importantly, the size of these ranges is an increasing
function of the position of the predator in the niche axis,
which makes them increasingly less specialized (Fig. 2).
The niche model, without any extension to distinguish
parasitic from non-parasitic links, could be applied to the

Parasites k

Nonparasites

Fig. 2 The niche model (Williams and Martinez 2000) is used to
model the underlying predator—prey food web, and, as described
below, parasites were added to the web. The niche model uses two
fundamental parameters, connectance and species richness, and relies
on a one-dimensional niche space or hierarchy. Species are given a
random niche value n;~Uniform (0.1) in the hierarchy. Diets are
assigned to each species independently by generating a center and a
range as follows. Firstly, the feeding range is given by r,=nx; where x
is a random number drawn from a Beta distribution, with
x; ~ Beta(a = 1, ). The distribution is chosen to obtain, on average,
the desired connectance. Secondly, the centers of the feeding ranges
are chosen randomly from species further down in the hierarchy, with
¢; ~ Uniform(r;/2,n;). Once a feeding range is established for a
given species, all species in that range become its prey. We add
parasites to this model, by reversing the above rules as follows. First, a
niche value 7z~ Uniform (0.1) is assigned to each parasite trophic
species k. Parasites are also assigned feeding range sizes, but now
these decrease as we move up the hierarchy, with r, = (1 —n)y,
where yy is chosen from a Beta distribution properly chosen to obtain
on average the observed connectance of the parasitic links. Parasites
infect any nonparasite in their feeding range. However, now, the center
of the parasites feeding range is drawn randomly from a position
higher on the hierarchy, with ¢, ~ Uniform(niy, 1 — 7, /2). The larger
feeding range is motivated by the concept that, if the hierarchy is
related to size, parasites lower in the hierarchy, smaller in size, will
typically have a larger potential feeding range, a larger set of hosts that
can energetically support them. The parameters of the inverse niche
model are: the number of parasites, the number of non-parasitic
species, and the respective connectances of the parasite-nonparasite
and nonparasite—nonparasite subwebs. Although for graphical conve-
nience the niche axis is represented separately here for parasites and
free-living species, this is in fact the same axis. Additional parameters
could be introduced to restrict the parasitic niche space to map only
onto a part of this segment
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full Carpinteria webs with all types of interactions included.
We note, however, that the niche model considers only two
parameters, corresponding respectively to connectance and
species richness for the whole network. Because of this, the
resulting subwebs generated by this model lack the proper
connectance for the four corresponding submatrices defined
by the different types of interactions (parasite—nonparasite,
nonparasite—nonparasite, nonparasite—parasite, and para-
site—parasite; see Table S3, Supplement). This is not
surprising since the model lacks enough information to
generate an expected number of links in each submatrix that
matches their observed values. Because the empirical web
is composed of these subwebs and their connectance
differs, we can expect the simulated networks to deviate
for a number of properties from the data. We can also
expect that assigning parasites at random to these simulated
networks would fail to capture basic properties of the
network, such as the fraction of intermediate and top
consumers, as well as parasites (see Results).

We extend the niche model to introduce parasitic links
by considering the same single dimension and the same two
general concepts of a hierarchy and interaction ranges.
However, the model effectively reverses the hierarchy for
the parasite species that determine potential and realized
hosts as illustrated in Fig. 2. The center of host ranges are
now placed above the parasite in the niche axis, and the size
of the host range decreases instead of increasing with the
position of the parasite in this axis. Effectively, parasites
become increasingly specialized the higher their ranking.
We refer to this extension of the niche model as the inverse
niche model.

Besides the null model that assigns parasites randomly to
the nonparasites in the web, we simulated a series of
alternative models described below that generate non-
random structures of the parasitic links. To see which
elements of the inverse niche model were essential, three
simpler variants were considered: First, all parasites were
given a constant range, but the ordering of hosts relative to
their parasites was preserved. A constant range eliminates from
the model the relationship between generality and position in
the niche axis. Second, this relationship was preserved, but the
hierarchy itself was not. In this case, hosts can be above or
below the parasite’s placement in the niche axis, with range
centers chosen randomly. Third, both the hierarchy and the
decreasing host range were eliminated. All parasites were
given a constant range and the range centers were chosen
randomly. Random centers break down the assignment of
parasites to hosts that are higher up in the niche axis.

Simulation

Monte Carlo simulations generated 1,000 webs with the
same number of nonparasites Syp and parasites Sp. To

obtain the 1,000 webs, we followed the rejection criteria
introduced by Williams and Martinez for the niche model.
Thus, we rejected those webs whose connectance was not
within 3% of the observed value for the nonparasite—
nonparasite links and parasite—nonparasite links. Species
that were isolated from the rest of the web, having no prey,
predators, parasites, or hosts, were discarded and replaced.
Extra species that had identical interactions were also
discarded and replaced.

Results

Statistics of the two food web versions, life stage and
species, were compared with those of a null model where
the same number of parasite—host links were randomly
assigned to parasites and nonparasites or hosts. As shown
in Tables 1 and 2, and consistent with Chen et al. (2008),
both versions of the Carpinteria food web differed greatly
from their random counterparts. Both the bi-fan and the
average maximum similarity (MaxSim) statistics show a
food web with parasites having much more similar diets
than would be predicted from random, suggesting a low-
dimensional or otherwise clumpy, compartmentalized niche
space.

The number of feed-forward loops for the species
version of the web was also significantly high, reflecting
the common pathway of parasites from prey to predator.
With the host species embedded in a trophic hierarchy, this
high value indicates that a sizable number of parasites
should be sufficiently generalist to parasitize both predator
and prey. The significantly lower value of the number of
feed-forward loops for the life stage web should not be
surprising since the life stage separation segregates many of
these triangle-completing links.

Both versions of the food web are much more nested
than the degree distribution-preserving null model. The less
strict null model originally used by Atmar and Patterson
(1993) yielded even more statistically significant values of
nestedness. Other indices further reflect significant depar-
tures from a random assignment of parasitic links to the
predator—prey food web. In both web versions, the
empirical values of vulnerability of hosts to parasites are
significantly higher than those obtained in the model that
randomly assigns parasites to hosts. Significantly higher
values are also seen for the generality of parasites and for
their maximum similarity. The above comparisons for
clustering, nestedness, and other general statistics describe
in detail how the structure of the parasitic links in the food
web differs from random.

A similarly poor fit to the data is obtained if we use the
original niche model to generate the whole food web (with
the connectance and species richness determined by all four
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types of interactions) and assign parasites at random
(Table S3, Supplement). This result is to be expected since
the number of links in each of the four possible submatrices
(defined by the four types of links) is significantly different
from its expected value (Table S3, Supplement).

We evaluate next whether the proposed inverse niche
model captures this structure.

Results in Tables 1 and 2 show that the inverse niche
model is significantly better than the random null model. Bi-
fan and feed-forward loop clustering were captured better in
both versions of the food web and so were nestedness and
the standard deviation of generality. The MaxSim generated
by the inverse niche model was closer to that of the empirical
web than that generated by the random model, although the
difference between simulations and data remains significant.
Fig. 3 shows the normalized error between observed and
predicted values of the different measures. These errors for
the inverse niche model exhibit for the most part a large
decrease relative to their values for the random model
(compare 1 and 4 in Fig. 3). The fact that a number of errors
are still larger than 1 (or 2) in absolute magnitude shows,
however, that there are still significant differences between
the data and the model-generated webs. The models with
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Fig. 3 Normalized errors of various models with respect to the a
species and b life stage versions of the Carpinteria food web with the
following models: (1) Carpinteria food web with random parasitic
links, (2) constant host range with parasite hierarchy, (3) constant host
range with random centers (detailed statistics shown in S1 and S2), (4)
inverse niche model, and (5) decreasing host range model
(r; = (1 — ny)y;) with random centers (no parasite hierarchy). Nor-
malized errors are obtained by dividing the raw errors by the SD of the
properties’ distributions in the model simulations. Their values are
listed in Tables 1, 2, S1, and S2 for the different models
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constant ranges, including the model with no hierarchy
(Tables S1 and S2, Supplement), exhibit the worse perfor-
mance. Interestingly, the hierarchy itself can be relaxed, and
the performance of the model with random centers and
decreasing ranges is comparable to that of the inverse niche
model. Thus, the degree of specialization of the parasites as a
function of their position in the niche axis appears to be the
key property in the performance of the inverse model.

Discussion

Our results demonstrate that parasites are far from random-
ly distributed to the underlying predator—prey food web,
extending the findings by Chen et al. (2008). As empha-
sized by Bascompte et al. (2003), higher nestedness implies
a more cohesive network consisting primarily of interac-
tions among generalists and a degree of asymmetry in the
interaction between specialists and generalists. At a more
local level, we have found that clustering measures, based
on the feed-forward loop motifs and bi-fan motifs, were
also high. The decrease of the proportion of feed-forward
loops when the life cycles are disaggregated reflects that
this quantity in the species version of the web capture
trophic transmission of parasites from prey to predators.
The high fraction of completed bi-fans provides further
evidence for a non-random structure and justifies the notion
of a contiguous “niche” as considered in the proposed
inverse niche model. Contiguous host ranges make it more
likely that if two parasites parasitize the same host and one
of them parasitizes another host, the second parasite
parasitizes the second host as well.

A significant part of this non-random structure can be
captured by extending the niche model to include parasites
in a way that reverses the rules of the original formulation.
In the original niche model, placing the center of feeding
ranges at or below the consumer’s niche value ensures that
species feed primarily on resources that are lower in the
hierarchy. In addition, having the size of feeding ranges
grow in proportion to consumers’ positions in the hierarchy
ensures that species with higher niche values are increas-
ingly general in their feeding habits. Size or the related
metabolic rate must be an important component of the
single dimension underlying both the ordering of species
and the concept of contiguous ranges for predation and
parasitism. Parasitism constitutes a diverse set of strategies
which may feed on distinctly different relative sizes of
resources (Lafferty and Kuris 2002). One could expand our
approach to consider, for example, that parasitoids and
parasitic castrators have different relative and absolute body
size associations with their hosts compared with typical
parasites (macroparasites). In particular, their feeding niche
would be narrower and closer to their own niche.
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Comparisons of the inverse niche model with the alternative
formulations that relax specific assumptions indicate that the
key feature of the model for the parasitic links is the increasing
specialization of the parasites with their position in the niche
axis. However, the tendency of parasites to interact with hosts
that occupy a higher position (Chen et al. 2008) does not
appear essential. Body mass may thus influence the specificity
of parasites and the vulnerability of hosts, but not the range of
potential hosts. The inverse niche model further captures the
average maximum similarity of parasites, particularly for
the species web and less well for the life stage web.

Our analysis has not addressed the performance of the
original niche model for food webs that incorporate parasites.
In this case, no distinction would be made between parasitic
and feeding links. We would then consider a single type of link
and a single type of node. This was not the scope of our
analysis because we specifically chose to focus on the
structure of the parasitic links and on a model of structure
that could generate the two distinct types of links. This
distinction is essential for a number of future applications of
the model, including questions on secondary extinctions and
dynamical stability that incorporate different properties of
parasitic and free-living species. We have also noted, however,
that the original niche model cannot be expected to reproduce
the connectance of each of the four subwebs that become
possible when parasites are introduced. This limitation should
lead to a number of other discrepancies in the fit of the model
to data, as confirmed by the detailed analyses of Dunne et al.
(personal communication) who show that a number of
properties of new webs that include parasites, including the
Carpinteria one, appear to deviate from the niche model’s
expectations and to do so more strongly for the whole web
than for the standard subweb composed of free-living
species.

The exclusion of parasites of the basal species in the
original data will lead to some biases in measured statistics.
For instance, the proportional rate of parasites parasitizing
basal species has been underestimated as zero while rates of
parasitizing intermediate and top species have been over-
estimated. The average path length for parasites will be
increased, and the number of paths will be decreased.
However, these biases are mitigated by the fact that these
measures are weighted by the number of paths from
parasite to basal species. There are typically multiple paths
to the basal species for parasites of non-basal species but
only one path for parasites of basal species. The other
statistical implications of this exclusion are not clear.

A more conclusive assessment of simple models of food
web structure that do not include parasites to empirical food
web data is now possible based on likelihoods instead of a
collection of indices (Allesina et al. 2008). The likelihood that
a specific model has generated the observed network has
been derived for the cascade, niche, and nested-hierarchy

models. Future work should derive a likelihood for the
inverse niche model and extend the genetic algorithm of
Allesina et al. (2008) to find a one-dimensional order of both
the parasitic and non-parasitic species. Because of the
computational complexity of the problem, this will be better
achieved by reformulating the models to consider a discrete
niche axis (Allesina, personal communication). Such an
analysis would also allow the further exploration of the
biological properties that underlie the niche axis and the
hierarchy of predators and parasites. It would provide an
ordering of the species which can then be compared with
specific biological properties of interest. Alternatively, differ-
ent biological properties could be used to order the species, to
then compare the resulting likelihoods of the models. Besides
size and metabolic rate, the role of phylogenetic relationships
should be examined. Likelihood-based approaches would
also allow us to consider future extensions of the model(s) we
have proposed, as well as alternative formulations. Clearly,
there is room for improvement in the fits we have reported.
More importantly, future studies should consider all types of
links defined by the three (or four) different subwebs that
become possible once parasites are introduced, including
predation of parasites, parasitism, predation (and parasite—
parasite interactions, if present in the data).

Predation on parasites by predators that feed on their hosts
is an emergent property of the predator—prey and parasite—
host webs and, therefore, can be computed exactly without
need for a model. Approximately 30% of the parasites have
complex life cycles. Some of these are vector borne; but, in
Carpinteria Salt Marsh, most are predator—prey-transmitted.
For just those parasites with complex life cycles, 50% of the
links involve transmission to a host. To more accurately
account for complex life cycles, one would first add parasites
to a niche web according to the inverted model (but first
negating links to final hosts for parasites with complex life
cycles). One would then construct a predator—parasite link for
each predator—host link. One could then randomly identify an
appropriate fraction (e.g., 30% for Carpinteria Salt Marsh) of
the parasites as complex life cycle parasites. One could then
assume that the predator served as a final host for another
appropriate fraction of the preyed-on parasites (e.g., 50% for
Carpinteria Salt Marsh), implying a complex life cycle. Once
this is done, assessment of the models to data by use of a long
list of indices for the different types of links will be
problematic and will benefit from parallel statistical
approaches that consider network structure as a whole.

As with its predecessors, the model presented here is static.
This type of model can suggest main factors behind the non-
random structure of ecological networks and be used to
investigate the robustness of the network to species extinc-
tions (Dunne et al. 2002; Dunne et al. 2004; Srinivasan et al.
2007). Beyond static considerations, the cascade and the
niche models have been used to formulate large dynamical
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models of food webs by mapping a set of nonlinear
differential equations upon the generated non-random struc-
ture of links (Cohen et al. 1990b; Chen and Cohen 2001;
Williams and Martinez 2004; Martinez et al. 1999). The
model proposed here opens the possibility to pursue similar
connections between structure and dynamics in large eco-
logical networks encompassing both predators and parasites.
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