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INTRODUCTION

Kevin D. Lafferty’

Abstract

We explored whether parasites are important in kelp forests by examining
their effects on a high-quality, high-resolution kelp-forest food web. After con-
trolling for generic effects of network size, parasites affected kelp-forest food
web structure in some ways consistent with other systems. Parasites increased
the trophic span of the web, increasing top predator vulnerability and the lon-
gest chain length. Unique links associated with parasites, such as concomitant
predation (consumption of parasites along with their hosts by predators)
increased the frequency of network motifs involving mutual consumption and
decreased niche contiguity of free-living species. However, parasites also
affected kelp-forest food web structure in ways not seen in other systems.
Kelp-forest parasites are richer and more specialized than other systems. As a
result, parasites reduced diet generality and decreased connectance in the kelp
forest. Although mutual consumption motifs increased in frequency, this motif
type was still a small fraction of all possible motifs, so their increase in fre-
quency was not enough to compensate for the decrease in connectance caused
by adding many specialist parasite species.
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top predators (Kuris et al., 2008; McLaughlin, 2018;
McLaughlin et al., 2020), and may participate in about

Because parasite diversity derives from host diversity
(Hechinger & Lafferty, 2005), it follows that, when meta-
zoan parasites have been incorporated systematically into
food webs, they alter network structure and function.
Parasites typically increase species richness by about one-
third (Amundsen et al., 2009; Dunne et al., 2013; Lafferty
et al., 2006; McLaughlin et al., 2020; Mouritsen & Poulin,
2002; Thompson et al., 2005), add biomass comparable to

75% of links in some way (Lafferty et al., 2006). In addi-
tion to adding species, links, and biomass, parasites alter
network structure in distinct ways (Lafferty et al., 2008).
First, they add consumer pressure on free-living species,
increasing trophic level, food-chain length and vulnera-
bility (Table 1), particularly for top predators (Amundsen
et al., 2009; Lafferty et al., 2006). Second, because para-
sites participate in most links, they can alter complexity

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Ecological Monographs published by Wiley Periodicals LLC on behalf of Ecological Society of America.

Ecological Monographs. 2022;92:€1506.
https://doi.org/10.1002/ecm.1506

https://onlinelibrary.wiley.com/r/ecm | 1 of 20


https://orcid.org/0000-0002-5936-666X
https://orcid.org/0000-0001-7583-4593
mailto:dana_n_morton@ucsb.edu
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/r/ecm
https://doi.org/10.1002/ecm.1506

2 0f 20

MORTON anp LAFFERTY

TABLE 1

Prediction
number

1

10

Definitions of metrics examined, summary of predictions, and observed outcomes

Metric or measure

Proportion parasite richness

Proportion parasite links

Chain length

Link density

Connectance

Vulnerability (free-living)

Vulnerability (all)

Generality

Most general species

Degree distribution

Niche contiguity

Definition

Parasitic species richness/
total species richness

Parasite-host links/all links,
indicates parasite
participation in the food
web

Nodes in the longest food
chain, indicates food-
web shape and
maximum trophic level

Links (L)/species (S),
indicates how connected
species are to the rest of
the network

L/S? observed links/possible
links, describes overall
network connectivity,
linked to stability

Predators per resource, the
diversity of predation
threats

Consumers per resource,
the diversity of threats
from natural enemies

Resources per consumer,
diet breadth

The species with the highest
generality, indicates
species that are hubs of
consumption

The distribution (e.g., mean
and SD) of link densities
among species; shows
the balance of highly
connected (hubs) to
weakly connected
species

The similarity in trophic
positions among diet
items

Predicted
direction

1

Prediction
consistent with

Dunne et al. (2013),
Lafferty et al. (2006),
Hechinger et al. (2011),
Amundsen et al. (2009),
Mouritsen and
Poulin (2002),
Thompson et al. (2005),
McLaughlin (2018)

Amundsen et al. (2009),
Hechinger et al. (2011),
McLaughlin (2018)

Amundsen et al. (2009),
Dunne et al. (2013),
Lafferty et al. (2006),
McLaughlin (2018),
Thompson et al. (2005)

Amundsen et al. (2009),
Dunne et al. (2013),
Lafferty et al. (2006),
McLaughlin (2018),

Amundsen et al. (2009),
Dunne et al. (2013),
Lafferty et al. (2006),
McLaughlin (2018)

Amundsen et al. (2009)

Amundsen et al. (2009),
Dunne et al. (2013),
Lafferty et al. (2006),
McLaughlin, (2018),
Thompson et al. (2005)

Marcogliese, (1996), Koie
(1993), Palm and Caira
(2008)

Marcogliese, (1996), Koie
(1993), Palm and Caira
(2008)

Lafferty et al. (2008),
Warren et al. (2010)

Dunne et al. (2013)

Observed
direction

(Continues)
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TABLE 1 (Continued)
Prediction Predicted Prediction Observed
number Metric or measure Definition direction consistent with direction

11 Frequency of intraguild
predation (mutual
consumption motifs)

three-species

competitor)

Proportions of various rare

interactions (e.g., a
predator that eats a

Dunne et al. (2013),
McLaughlin (2018)

1t 1t

Notes: Metrics were selected based on examination in previous studies as well as their utility in describing network structure. Predicted or observed direction
refers to the change in the metric in the food web with parasites added relative to the free-living food web: 1, increasing; |, decreasing, #, no change.

metrics such as connectance (Table 1; Dunne et al., 2013;
McLaughlin et al., 2020), degree distribution (Amundsen
et al., 2009), and nestedness (Lafferty et al., 2006). Third,
parasites that use a different host for each life stage (com-
plex life cycle parasites) typically feed on phylogenetically
distinct hosts throughout their lives (Parker et al., 2003),
so parasite species have discontinuous feeding niches
when life stages are aggregated into species nodes
(Dunne et al., 2013). Lastly, parasites can alter a food
web’s subgraph structure (motifs; Milo et al., 2002),
corresponding to ecologically relevant interactions
among three or more species (Figure 1). Parasites often
become prey when their host is killed by a predator
(Johnson et al., 2010), so motifs involving mutual
consumption become more common when parasites
are included (Dunne et al., 2013; McLaughlin, 2018;
McLaughlin et al., 2020). These changes to food-web
structure might also influence network stability.

Changes to food webs following parasite addition could
be either due to adding parasites, or just making food webs
bigger (Dunne et al., 2013). Studies of “scale dependence”
of food web properties have examined relatively small food
webs (Martinez & Lawton, 1995), so whether these proper-
ties translate to much larger food webs is unknown. Link
density (the number of links per species) tends to increase
with network size (BanaSek-Richter et al., 2006; Hall &
Raffaelli, 1993; Martinez, 1993, 1994; Schoener, 1989), pos-
sibly due to increased opportunities for interactions in
larger webs (Warren, 1990). In contrast, connectance may
decrease with network size in general, because the number
of possible links often increases more quickly than the
number of realized links (BanaSek-Richter et al., 2006;
Dunne, 2006; Reide et al., 2010). For such reasons, increas-
ing variability of degree distribution (the probability distri-
bution of the number of connections each node has
to other nodes) after adding parasites was explainable
by increasing species richness, suggesting that parasites
and predators affect degree distribution similarly (Dunne
et al.,, 2013). For this reason, when comparing network
metrics with and without parasites, it is helpful to distin-
guish between how food webs respond to adding parasite

species versus (Dunne
et al., 2013).

Parasites have been systematically added to eight food
webs using similar methodology (reviewed in McLaughlin
et al., 2020). These webs were constructed for estuarine
and soft-sediment intertidal systems, as well as an Arctic
lake, all characterized by relatively low diversity and low
structural complexity, so it is unclear whether observed
roles of parasites are specific to these types of systems.
Giant kelp (Macrocystis pyrifera) forests differ from these
habitats in some key ways, presenting an ideal system to
examine whether the role of parasites varies among
ecosystems. Specifically, kelp forests receive inputs from
surrounding ecosystems (Zuercher & Galloway, 2019),
create a dynamic three-dimensional habitat (Dayton &
Tegner, 1984; Ebeling et al., 1985; Edwards, 2004; Rogers-
Bennett & Catton, 2019), and support high species diver-
sity and biomass (Balch & Scheibling, 2000; Carr &
Reed, 2016; Schiel & Foster, 2015). Arctic lake and soft-
sediment intertidal habitats are relatively discrete, struc-
turally simple, and species poor. Kelp forests contain
more top predators and certain taxa (e.g., marine mam-
mals, sharks) that are uncommon in salt marshes, lakes,
or mudflats. Moreover, the kelp-forest food web (Morton
et al., 2021b) is more species rich than other currently
published food webs that include parasites (Dunne
et al., 2013; McLaughlin et al., 2020) and therefore pre-
sents new opportunities to understand the role parasites
play in food webs.

Kelp forests along the coast of southern California
(Point Conception to San Diego) have been studied more
than anywhere else in the world (Carr & Reed, 2016;
Dayton, 1985; Kushner et al.,, 2013). In this research
effort, three food webs and a links database have been
published for California kelp forests, but they are aggre-
gated for certain taxonomic groups, have uneven levels of
resolution, and do not include parasites (Beas-Luna
et al., 2014; Byrnes et al., 2011; Graham, 2004; Graham
et al., 2008). The recently published kelp-forest food web
by Morton et al. (2021b) systematically resolves the free-
living and parasitic species that dominate biodiversity in

adding species in general
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FIGURE 1

Parasite 1

Food web motifs (McLaughlin, 2018; Milo et al., 2002). (a) The 13 types of three-node motifs possible (McLaughlin, 2018;

Milo et al., 2002). S1-S5 lack mutual consumption, D1-D8 have mutual consumption (double motifs). (b) Example of a double motif

(D1) involving a parasitic interaction and intraguild predation. Parasite 1 is a parasite of Host 1 and Host 2. Host 2 is also a predator of Host
1, and Parasite 1 is killed via concomitant predation when Host 1 is consumed

this system, and therefore presents new opportunities to
understand the kelp-forest ecosystem and the role para-
sites play within it. To better assess whether parasites
affect food webs due to increases in network size, or due
to differences between parasites and hosts, we compared
several network properties, before and after adding para-
sites (Morton et al., 2021b). Doing so expands several
generalities about parasites and food webs, and points to
exceptions and new perspectives.

Hypotheses and predictions

We predicted that adding parasites might have similar
effects on the kelp-forest food web as on other food webs
(Dunne et al., 2013; Lafferty et al.,, 2006; McLaughlin
et al., 2020), except that (1) effects might be greater due to
there being a higher proportion of parasite species in the
kelp-forest food web (Morton et al., 2021b) than other food
webs with parasites, and (2) scale-dependent effects might
differ because the kelp-forest food web is over 200% larger
(in terms of total species) than past food webs with para-
sites. We also noted that some differences might be
expected based on the different types of parasite life cycles
seen in kelp forests. We did not test predictions about par-
asite biomass density because we did not have body sizes
and densities for many taxa in this large network, nor did
we assess robustness, as this requires separate methods for
simulating disassembly (Chen et al., 2011; Lafferty, 2012;
Lafferty & Kuris, 2009; Rudolf & Lafferty, 2011) and is
therefore treated as a separate study. Specifically, based on
past studies, we predicted that adding parasites to the
kelp-forest food web would (see Table 1 for summary):

1.

Increase species and phyla richness at least as much
(proportionally) as in other food webs with parasites
(Amundsen et al., 2009; Dunne et al, 2013;
Hechinger et al, 2011; Lafferty et al, 2006;
McLaughlin, 2018; Mouritsen & Poulin, 2002;
Thompson et al., 2005).

Increase consumer-resource links at least as much
(proportionally) as in other food webs with parasites
due to the addition of many host-parasite and
predator-parasite links (Amundsen et al., 2009;
Hechinger et al., 2011; McLaughlin, 2018).

. Increase chain length, because even top predators are

susceptible to parasites (Amundsen et al., 2009; Dunne
et al, 2013; Lafferty et al, 2006; McLaughlin, 2018;
Thompson et al., 2005).

Increase link density and connectance, especially when
concomitant predation is considered, because parasites
can be generalist and concomitant predation adds many
links to food webs (Amundsen et al., 2009; Dunne
et al., 2013; Lafferty et al., 2006; McLaughlin, 2018).
Increase free-living vulnerability, especially for higher
trophic levels, because top predators would have con-
sumers (Amundsen et al., 2009; Lafferty et al., 2006).
Increase overall vulnerability, because concomitant
predation can create many links to parasites
(Amundsen et al., 2009; Dunne et al., 2013; Lafferty
et al., 2006; McLaughlin, 2018; Thompson et al., 2005).
Assuming complex life cycles are common, increase
generality even after accounting for network size,
because host use by parasites with complex life cycles
can be broader than predator diets, particularly for gen-
eralist parasites using paratenic hosts (an intermediate
host in which no parasite development occurs, that
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may or may not be necessary in the parasite’s life cycle;
Koie, 1993; Marcogliese, 1996; Palm & Caira, 2008).

8. Change the ranking of the most general species in
the food web due to adding generalist parasites, such
as those using paratenic hosts (Kaie, 1993; Marcogliese,
1996; Palm & Caira, 2008).

9. Alter degree distributions (more than expected by
increasing network size alone) due to their expected
effects on generality and vulnerability and because
some parasites are highly specialized, and others
infect hosts with few predators (Lafferty et al., 2008;
Warren et al., 2010).

10. Make trophic niches less contiguous (when life
stages are aggregated to species nodes) due to para-
sites feeding on diverse host taxa throughout their
life cycles and inclusion of concomitant links
(Dunne et al., 2013).

11. Increase the frequency of intraguild predation when
concomitant links are included, and alter the fre-
quency of other types of three-species interactions
that include mutual consumption (motifs) (Dunne
et al., 2013; McLaughlin, 2018).

METHODS

The kelp-forest food web we used for these analyses is
resolved for free-living and parasitic species (Morton
et al, 2021b) and is available on Dryad (Morton
et al., 2021a). Morton et al. (2021b) describe the food-web
construction in detail, but we describe it briefly here. This
food web was constrained to rocky-reef habitat (both the
benthos and water column) within the depth range of
giant kelp (M. pyrifera) in the Santa Barbara Channel,
California, USA, including the four northern Channel
Islands. The food web is thus a large “metaweb,” charac-
terizing kelp-forest meta-communities in this region,
rather than a site-specific web. Lists of free-living and
parasitic species were compiled through systematic litera-
ture review, long-term monitoring group data sets, and
extensive field sampling. The parasite species list includes
metazoan species that use kelp-forest species as hosts for
at least one stage in their life cycle, with the acknowl-
edgement that bacterial, viral, fungal, and protozoan
pathogens are potentially important. Similarly, host
microbiomes were not included. The fully resolved food
web was constructed with life stages (e.g., larva, adult) as
nodes rather than species because trophic interactions
change as species grow (excepting benthic diatoms,
planktonic diatoms, dinoflagellates, foraminifera, free-
living nematodes, bacteria, free-living ciliates, copepod
nauplii, filamentous algae, and invertebrate eggs, which
are aggregate nodes). Detritus was included in the food-

web as four nodes: carrion, drift macroalgae, small mixed
origin (such as would be consumed by a deposit or sus-
pension feeder, with the recognition that this alone is a
complex system deserving further resolution) and dis-
solved organic material. To allow comparison with other
published food webs, we aggregated life-stage nodes to
the taxonomic species level before calculating metrics. In
the aggregation process, resulting duplicate links were
removed. If a species possessed both free-living and para-
sitic life stages, the species was categorized as a parasite,
but any free-living links were retained (so a species might
have both predatory links and parasitic links).

Adding parasites to a web of predator-prey interac-
tions creates two additional sub-webs: parasite-host and
predator-parasite (concomitant predation). The classifi-
cation of nodes and links as parasitic followed the
methods of other food webs (Amundsen et al., 2009;
Dunne et al.,, 2013; Lafferty et al., 2006; McLaughlin,
2018) and the framework presented by Lafferty and
Kuris (2002). Some parasitic stages have a minimal ener-
getic impact on their host (e.g., paratenic cyst stages,
adult tapeworms), but these stages were considered to be
parasitic as long as the impact was negative and the para-
site obtained energy from the host. Mutualists and com-
mensals were not categorized as parasitic. Predator-prey,
parasite-host, and predator-parasite links between nodes
were assigned based on published records, direct observa-
tion by the authors, expert opinion, and logical inference
(based on encounter likelihood and compatibility of the
interaction; Combes, 2001). A fourth sub-web, parasite—
parasite (some parasites will attack and consume other
parasites within the host), is possible but was not
observed. Both the nodes and the links list include
metadata on the justification for inclusion, confidence,
locality, and references, as well as taxonomic relation-
ships, habitat niche, and consumer strategies (Morton
et al., 2021b).

Due to uneven sampling effort, it is easy to miss some
parasite-host links, particularly those with low preva-
lence or in understudied hosts. For this reason, the food
web also estimates the number of “false negative” links
between parasites and hosts, allowing us to provide an
upper bound for certain food-web metrics. Morton
et al., 2021b describes the method for estimating false
negative links in detail. Briefly, they used generalized lin-
ear models to estimate link probabilities based on taxo-
nomic information, habitat associations, host trophic
level, potential for infective stages in the host diet, and
sampling effort. Then, they projected link probability
assuming high sampling effort across all hosts. Parasite-
host links that were not observed with existing sampling
effort, yet predicted to be likely under high sampling
effort, were flagged as possible false negatives.
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We filtered the nodes list to exclude any species that
were flagged as “extinct” (the full nodes list includes spe-
cies that are rare or locally extinct, but of special conser-
vation interest). We compared three web versions:
predator-prey only, predator-prey + parasite-host, and
predator—prey + parasite-host +
predator—parasite. For each food-web version, we com-
pared the contributions of parasite and free-living species
to network size and linkages.

To control for increased network size when assessing
parasite addition, we measured the deviation in metrics
between each web version and simulated food webs of
the same size and connectance (Williams & Martinez,
2000). To create hypothetical food webs, we used the
niche model (a one-dimensional model of food web struc-
ture) in the trophic package (https://rdrr.io/github/
jjborrelli/trophic/) to simulate 1000 networks with size
(S) and connectance (C) matching the empirical food
web (Williams & Martinez, 2000). The niche model
allowed comparison with previous analyses (Dunne
et al., 2013). For the webs including parasites, we used
adjusted connectance (Lafferty et al., 2006) for niche
model simulations. For each version, we calculated the
model error (ME) for the metric in question, (the

normalized difference between the simulated model’s
median value and the empirical value; Williams &
Martinez, 2008). Empirical metrics with |[ME| > 1 fall
outside the most likely 95% of model values and indicate
a statistically significant difference from model values.
ME allows comparison between webs of different sizes
because ME is a measure of how much a given metric
varies in simulated networks of the same size and con-
nectance. The ME’s sign (negative or positive) indicates
whether the metric is under- or overrepresented in the
empirical web relative to 1000 simulated niche models. If
two networks have a similar magnitude and sign of ME,
this indicates they vary from niche model expectation in
a similar way. If the webs with and without parasites
deviated from the niche model in the same way, it
suggested they were structurally similar in that trait,
whereas if they differed from the niche model in different
ways, they likely differed in that trait independent of
their size. Because this approach has typically been used
with webs <100 nodes and niche-model fits decline with
network size (Dunne et al., 2013; Vinagre et al., 2019;
Williams & Martinez, 2008; Williams & Purves, 2011;
Wood et al., 2015), the MEs were interpreted with this
potential confounding factor in mind. All metrics (Table 2)

TABLE 2 Summary of web metrics for each web assembly
Predator-prey +
Predator-prey + Predator-prey +  parasite-host |
Predator- parasite-host parasite-host + predator-parasite
Predator- prey + (with false predator- (with false
Assembly prey parasite-host negatives) parasite negatives)
Nodes 485 918 918 918 918
Links 8477 11,213 11,863 20,031 20,681
Link density 17.48 12.21 12.92 21.82 22.53
Connectance 0.036 0.013 0.014 0.024 0.025
Adjusted - 0.025 0.027 0.030 0.032
connectance®
Longest chain 9 10 - 7 -
Mean degree 36.59 25.64 - 46.56 -
SD degree 31.59 35.64 - 61.61 -
Mean generality 18.29 12.82 - 23.28 -
SD generality 26.02 23.06 - 51.59 -
Mean vulnerability 18.29 12.82 - 23.28 -
SD vulnerability 20.02 21.21 = 25.24 =
Minimum sum diet 32,463 57,534 - 91,323 -

8aps

#Adjusted connectance calculated using the method of Lafferty et al. (2006). Denominator for predator-prey + parasite-host web was: number of free-living
species x (number of free-living species + number of parasite species). Denominator for predator-prey + parasite-host + predator—parasite web was (number
of all species)® — (number of parasite species)®. False negative estimation described in Morton et al. (2021b).
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and niche-model simulations were calculated in R Version
3.6.2 (R Core Team, 2019) with packages igraph (Csardi &
Nepusz, 2006), NetIndices (Kones et al., 2009), Cheddar
(Hudson et al., 2013), and trophic (https://rdrr.io/github/
jjborrelli/trophic/).

To examine parasite impacts on network structure
and address predictions 1-4 and 9, we calculated 14 met-
rics that describe food-web structure (Table 2). We did
not make specific predictions about each metric but
report them here as they are commonly reported metrics
for describing food webs and should be informative to
readers who wish to make comparisons with other food
webs. We also report metrics for food-web assemblies
corrected for false negative links where appropriate. We
calculated two measures for connectance (prediction 4).
Connectance was calculated using default methods (links
per area; L/S?) and as adjusted connectance, where the
denominator depends on the sub-webs included
(Lafferty et al., 2006). For the predator-prey + parasite-
host web, the denominator was calculated as the total
possible considering the only two sub-webs allowed:
number of free-living species x (number of free-living
species + number of parasite species). The denominator
for predator-prey + parasite-host 4+ predator-parasite
web was the total possible, minus missing parasite—
parasite interactions: (number of all species)’* — (num-
ber of parasite species)’. Link density, connectance,
mean degree, mean generality, and mean vulnerability
do not vary within the niche model, but we compared
model predictions of longest chain length (prediction 3),
with empirical values. Trophic level was calculated as
prey-averaged trophic level, excluding predator—parasite
links.

Predictions 5-9 pertained to elements of degree (gen-
erality and vulnerability). To address predictions 5 and
6, we compared species vulnerability to both free-living
and parasitic enemies in the food web with and without
parasites. Free-living species are vulnerable to free-living
enemies (predators) and parasites, whereas parasites in
this food web are only vulnerable to predation in the
form of concomitant mortality (when their host is con-
sumed by a predator). We tabulated the number of free-
living and parasitic enemies for free-living species, and
the number of enemies for parasites (concomitant links).
We used a Wilcoxon rank sum test to determine whether
these vulnerability distributions differed between free-
living consumers and parasites (JMP Pro V14, SAS Insti-
tute, Cary, North Carolina, USA). To address predictions
7 and 8, we compared consumer generality of free-living
versus parasitic species (diet breadth, excluding concomi-
tant mortality). We tabulated the number of prey items
(for predators) and hosts (for parasites), and we used a
Wilcoxon Rank Sum test to determine whether the

generality distributions differed between free-living con-
sumers and parasites (JMP Pro V14). To better under-
stand how adding parasites affected qualitative
differences in consumers, we compared the identities of
the top 10 most general consumers with and without par-
asites. We then compared niche model predictions of
measures of degree distribution (SD degree, SD general-
ity, SD vulnerability) with empirical metrics to address
prediction 9.

To assess contiguity of feeding niches (prediction 10),
we determined the minimum number of diet gaps in the
food webs using a simulated annealing method (Stouffer
et al., 2006) employed in the Cheddar package (Hudson
et al., 2013) R version 3.6.2 (R Core Team, 2019). We cal-
culated the minimum sum of diet gaps for each empirical
web using 10 optimizations each and took the mean. The
lower the number of diet gaps, the more contiguous the
feeding niches are. The variance was low for the optimi-
zations and the overall trends for empirical webs using
up to 100 optimizations did not change from results with
10. Because these optimizations were repeated on thou-
sands of large-simulated networks (1000 niche model
simulations per version), we opted to use the minimum
number of optimizations to balance computing time.
Using the simulated annealing method (Stouffer
et al., 2006), we reordered the empirical network matrices
and simulated networks to minimize diet gaps, providing
a visual representation of “trophic niche structure.” We
tabulated the minimum sum of diet gaps for each net-
work and compared the model predictions for niche con-
tinuity with empirical networks.

In previous studies, adding parasites to food webs chan-
ged the proportions of motifs that represent mutual con-
sumption (“double motifs,” Figure 1), such as intraguild
predation (Dunne et al., 2013; McLaughlin, 2018). To
address prediction 11, we assessed the frequency of each
type of double motif in each web version and simulated
networks using the triad_census function in igraph
(Csardi & Nepusz, 2006), R version 3.6.2 (R Core
Team, 2019), and compared model predictions of double
motif proportions with empirical proportions.

RESULTS

Prediction 1: Proportion of parasite
richness

Parasites contributed more species richness to the kelp
forest (absolutely and proportionally) than to any other
food web, in line with our first prediction (Figure 2a,
Appendix S1: Figure S1). The predator-prey web had
485 free-living species (compared with 22-140 species in
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Appendix S1: Figure S1). Parasites added three additional Habitat
phyla to the web. Several phyla containing parasites were
FIGURE 3 (a) Number of links in each sub-web of the kelp-

already represented by the free-living invertebrates
(e.g., Nematoda, Arthropoda), but there were two phyla
that did not have any free-living representatives
(Acanthocephala, Dicyemida).

Prediction 2: Proportion of parasite links

Contributions of parasites to the total link count
(Figure 3a) in the food web were similar to contributions
in other published webs (prediction 2; Figure 3b). Each
predator-prey link creates an opportunity for either tro-
phic transmission or concomitant mortality of parasites
inhabiting the prey species, depending on the types of par-
asites and whether the predator is a compatible host. In

forest food web (aggregated to species) and (b) proportions of links
in each sub-web web relative to other published food webs with
parasites that used similar methodologies (Amundsen et al., 2009;
Dunne et al., 2013; Lafferty et al., 2006; McLaughlin, 2018)

this study, predator-parasite links represent only concomi-
tant mortality of parasites. Any predator-prey links that
lead to trophic transmission were not included in the
predator-prey sub-web (e.g., not double counted). The
predator-prey sub-web contained 42.3% of links, 13.6% of
links were parasite-host links, and 44.2% of links were
between predators and parasites (Figure 3a). Trophically
transmitted parasite-host links made up 10.3% of all links
in the food web and 75.7% of all host—parasite links. These
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TABLE 3

Assembly Predator-prey
Longest chain —1.50
SD degree —3.33
SD generality 0.75
SD vulnerability —7.65
Minimum sum diet gap —16.26

Predator-prey +
parasite-host

—2.65

—4.25
—8.78

Model errors (ME) for the metrics that vary within the niche model (Williams & Martinez, 2008)

Predator-prey -+ parasite-host 4
predator-parasite

-3.00 0.00
—8.86

2.75 3.50
—14.69

—16.67

Notes: [ME| > 1 indicates that empirical metrics were significantly different from model predictions after standardizing for web size. Positive MEs indicate a
metric was greater than predicted in the empirical food web. If empirical webs have MEs that differ by >1, this indicates that the metric varies between

the webs.

proportions were within the ranges of proportions
observed in other published webs (Figure 3b).

Prediction 3: Chain length

Longest chain length was also sensitive to link type. The
longest chain was one link longer in the web with para-
sites without concomitant links and this difference was
greater than expected based on network size (Tables 2
and 3). Both of these web versions had somewhat longer
chains than predicted by network size, but the web with
parasites deviated from the niche model by twice as
much (Table 3). Surprisingly, longest chain length was
significantly lower in the web with parasites and concom-
itant links than in the predator-prey web, and was simi-
lar to expectations based on network size (Tables 2 and
3). Aggregating life stages to species meant that predators
of individual life stages became predators of the entire
species, which shortened some food chains. This rein-
forces the idea that the effects of parasites on network-
level structures depend on the types of parasite links
considered.

Prediction 4: Link density and connectance

Link density (L/S) slightly increased when parasites were
included with concomitant links, in line with prediction
4 (Table 2). Even though adding parasites increased net-
work size by 88.5%, link density decreased from 17.5 links
per species to 12.2 links per species when only the host-
parasite sub-web was added. When concomitant links
were included, link density increased by 25.3% relative to
the free-living web. However, adding parasites to the food
web did not increase connectance as seen in other food
webs (Figure 4). At 3.6%, connectance in the free-living
kelp-forest food web was lower than in most food webs

Arctic lake
0.154 a
o Estuary mean
o
c
8
O 0.10 1
2 b
5 c Palmyra sand flat
(@)
0.05 1
d
\Kelp forest

Predator-Prey +
Parasite-Host +
Predator-Parasite

Assembly

Predaté)r—Prey

FIGURE 4 Trends in connectance with inclusion of parasites
the food webs (a) Arctic lake, (Amundsen et al., 2009), (b) estuary
mean (Dunne et al., 2013; Lafferty et al., 2006), (c) Palmyra atoll
sand flat (McLaughlin, 2018), and (d) kelp forest (present study).
Unadjusted connectance (defined in Table 1) is shown

(Figure 4, Dunne et al., 2004, 2013; McLaughlin, 2018;
Reide et al., 2010), possibly due to its large size and high
resolution (Dunne et al., 2004). When parasites were
added with concomitant links, connectance decreased
to 2.4% (unadjusted), or 3% (adjusted; Table 2). When
parasites were added without concomitant links, con-
nectance decreased to 1.3% (unadjusted), or 2.5%
(adjusted; Table 2).

Prediction 5: Free-living vulnerability

Adding parasites increased free-living vulnerability
(Figure 5ab, Z = 5.329, p<0.0001) in line with
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FIGURE 5 Vulnerability of free-living species and parasites to
enemies. Panels (a—c) are histograms: (a) free-living vulnerability to
predators, (b) free-living vulnerability to both predators and
parasites, (c) parasite vulnerability to concomitant predation.

(d) The same information as density plots, overlayed for easier
comparison. Terms are defined in Table 1

prediction 5, whereas parasites were less vulnerable
overall than free-living species (Figure 5c, Z = —2.499,
p < 0.0125), possibly because, when a parasite’s host is
eaten, this sometimes transmits the parasite to another
host (and such predator-parasite links are not consid-
ered as losses). Consistent with other food webs,
adding parasites increased vulnerability of mid to
upper trophic levels (Figure 6). Most species tended to
have more predators than parasites, and most species

(a) Free-living vulnerability to enemies
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2
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o
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Vulnerability to predators

Enemy [l Parasites [ll Predators
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Trophic level

Mean number of enemies
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FIGURE 6 Vulnerability by enemy type. (a) Vulnerability to
parasites versus vulnerability to predators, color-coded by
trophic level (TL). The dashed 1:1 line represents equal
vulnerability to parasites and predators; the ellipse represents
95% of the observations assuming a multivariate normal
distribution. Most species had either relatively few natural
enemies, many predators, or many parasites, and only mid-level
predators had many predator and parasite species. (b) Mean
enemies per free-living species (same data as panel a but binned
by trophic level). Middle trophic levels (2-4) were most
vulnerable overall. The average plant and grazer had very few
parasites, whereas and the average top predator had many
parasites and few predators

with many enemies had either many predators or many
parasites. Two species had >100 predator species, only
two hosts had >50 parasite species. Only species of
intermediate trophic levels had many predator and par-
asite species. The average plant and grazer had very
few parasites as defined in this study (metazoans),
approximately half of free-living species (mostly pri-
mary producers) had no parasites recorded from them,
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FIGURE 7 Diet breadth (generality, defined in Table 1) of
free-living versus parasitic species in food web containing predator—
prey and parasite-host links. (a) Diet breadth of free-living species
as counts of prey species, (b) diet breadth of parasites, as counts of
host species, (c) density plots of diet breadth (generality), overlayed
for easier comparison. Concomitant links are not included in
counts of prey species

whereas the average top predator had many parasites
and few predators.

Prediction 6: Parasite vulnerability

Even though parasites were less vulnerable to ene-
mies than free-living consumers, adding parasites
increased network mean vulnerability (all consump-
tive links, including concomitant) relative to the
free-living web (Table 2). Concomitant links
were more common than predator-prey links
(Figure 3) and are a unique type of trophic interac-
tion. The inclusion of these links increased overall
food-web vulnerability.

Prediction 7: Generality

In contrast to prediction 7, mean generality was lower in
the predator-prey + parasite-host web (Table 2). Para-
sites had lower diet breadth overall than free-living spe-
cies (Figure 7, Z = —9.724, p < 0.0001). The median diet
breadth was 7 for free-living predators (IQR 4-29) and
2 for parasites (IQR 1-4). Many parasites did have com-
plex life cycles and broad host ranges at the species level,
but a large proportion of parasite species did not
(e.g., parasitic copepods), or not all life stages were pre-
sent in the food web. Most parasites were more special-
ized than free-living taxa, which also reduced overall
generality (Figure 7).

Prediction 8: Most general species

Although predators had broader diets than parasites
overall, the generality distributions overlapped: the most
generalist parasite had 114 hosts, and the most generalist
predator had 133 prey. Of free-living species, anemones
(Hexacorallia), fishes, elasmobranchs, and birds had the
broadest diets (Figure 8). Sponges, bivalves, and other fil-
ter feeders had the lowest diet breadth, but this was, in
part, due to aggregating many phytoplankton species.
The most general parasitic groups (at the species level)
were acanthocephalans, nematodes, and cestodes, which
are all trophically transmitted parasites that use paratenic
hosts in their life cycles. As a result, the 10 most general-
ist taxa changed when parasites were included (Table 4).
In the free-living web, the most general consumers were
fishes and anemones. Three fish parasites joined the gen-
eralist ranking. The fourth and seventh most general spe-
cies were seal parasites (Pseudoterranova decipiens and
Corynosoma strumosum) that use fishes as intermediate
hosts, and the 10th most general was Hysterothylacium
aduncum, a nematode that uses fishes as its final host.
Therefore, the parasite community had many specialists
and a few extreme generalists.
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Hexacorallia
Fish

Hydrozoa
Echinoidea
Acanthocephala
Elasmobranch
Mammal
Cephalopoda
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Bird
Nematoda
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Cestoda
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Ophiuroidea
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Gastropoda

Group

Crustacea
Holothuroidea
Bryozoa
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Other
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FIGURE 8 Diet breadth of free-living and parasitic species by organismal group in the food web containing predator-prey and
parasite-host links

TABLE 4 Top 10 most general species by web assembly

OOO\IO’\UI-PUJNHE

fu
o

Predator-prey

Taxon Diet breadth
Semicossyphus pulcher (F) 133
Embiotoca jacksoni (F) 128
Anisotremus davidsonii (F) 116
Halichoeres semicinctus (F) 114
Paralabrax clathratus (F) 109
Urticina lofotensis (A) 102
Phanerodon furcatus (F) 101
Hypsypops rubicundus (F) 99
Anthopleura sola (A) 98
Caulolatilus princeps (F) 92

Predator-prey + parasite-host

Taxon

Semicossyphus pulcher (F)
Embiotoca jacksoni (F)
Anisotremus davidsonii (F)
Pseudoterranova decipiens (P)
Halichoeres semicinctus (F)
Paralabrax clathratus (F)
Corynosoma strumosum (P)
Urticina lofotensis (A)
Phanerodon furcatus (F)

Hysterothylacium aduncum (P)

Diet breadth
133
128
116
114
114
109
107
102
101
101

Notes: Parasitic species are shown in boldface type. A, anemone; F, fish; P, parasite. Diet breadth does not include concomitant links.



ECOLOGICAL MONOGRAPHS

13 of 20

(a) Predator-Prey

(b) Predator-Prey + Parasite - Host

(c) Predator-Prey + Parasite-Host + Predator-Parasite
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FIGURE 9 Graphical representation of each version of the food web as a matrix, with species ordered to minimize the number of gaps

in the diet (simulated annealing method; Stouffer et al., 2006). Consumers are along the x-axis, resources along the y-axis. Matrices are

identical in scale, but the order of species may vary among plots. Points indicate trophic links: blue are predator-prey (free-living)

interactions, red are parasite-host interactions, and black are predator-parasite interactions (cases where a predator consumed a parasite,

leading to the death of the parasite). The vertical spread of points over a consumer indicates its feeding niche. (a) Predator-prey web, (b)

predator-prey and parasite-host web, and (c) predator-prey, parasite-host, and predator-parasite web

Prediction 9: Degree distribution

Changes to the vulnerability distribution in the food
web with parasites led to greater degree SD than
predicted by network size (Table 3). The network-level
SD generality was nominally larger in this web than
the predator-prey web, but significantly less than
expected based on network size alone (Table 3). When
parasites were included with predator-parasite links,
generality SD was even lower than expected based on
network size (Table 3).

Prediction 10: Niche contiguity

In contrast to prediction 10, the predator-prey +
parasite-host web had the most contiguous feeding
niches (fewest diet gaps for the network size), whereas
the other two web assemblies had fewer contiguous niches
than predicted for their size and were similar (Table 3).
When predator-parasite (concomitant) links were
included, the trophic niches of free-living consumers were
less contiguous (Figure 9). Simply put, consumers ate
more species when parasites were included, because they
ingest parasites along with free-living prey (as shown by
comparing the spread of prey in Figures 9b vs. 9c). Con-
comitant links appeared at the edges of the niche range of
consumers, increasing the total range and decreasing con-
tiguity. However, given that parasites are rarely counted as
food items in diet studies (due to a negligible energetic
contribution), panel 9c should not be considered a diet
niche, as much as a new network property.

A Predator-Prey M Predator-Prey+Parasite-Host M Predator-Prey + Parasite-Host
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FIGURE 10 Standardized representation of double motif

frequency in empirical food webs. Overrepresentation (y-axis, log-
scale) calculated by comparing empirical frequencies to niche
model predictions to control for the effect network size on motif
frequencies and allow comparisons among empirical webs

Prediction 11: Motif frequencies

Adding parasites greatly increased the frequency of
three-species interactions (motifs) that include mutual
consumption (Figure 10, Appendix S1: Table S1). For all
of these interactions except D1 (exploitative competition +
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intraguild consumption), the food web with concomitant
(predator-parasite) links had a greater proportion of
three-species interactions involving mutual consumption
than the predator-prey web or the web including para-
sites but not concomitant links. D4 (exploitative +
mutual consumption), D5 (trophic loop + mutual con-
sumption), and D8 (apparent competition + exploitative
competition) were especially enhanced by the addition of
concomitant links. Trophic loops (S3) were also much
more frequent in the webs including parasites and con-
comitant links, and intraguild consumption (S2) was
most frequent in the web including concomitant links.
Adding parasites therefore changed the organization of
the base structural units of the food web.

DISCUSSION
Species richness and food-web size

The high parasite richness observed derives from the
kelp-forest data being a time-integrated metaweb for the
entire Santa Barbara Channel Region, rather than a sin-
gle lake or estuary. Furthermore, the kelp-forest web
included more parasite-host and predator-prey records
from the literature than did other food webs with para-
sites, which were constructed mostly from field sampling
and inference (Amundsen et al., 2009; Dunne et al., 2013;
Lafferty et al., 2006; McLaughlin, 2018). However, nei-
ther of these characteristics should have biased our sam-
pling to overrepresent parasites. Instead, the sampling
used to construct the food web was more likely to fail to
detect parasite species than free-living species, an effect
that may become more pronounced as food webs grow.
Heavily parasitized top predators are often challenging to
collect (such as birds, mammals, and sharks, that are
common in kelp forests), and cryptic parasite species are
discovered regularly (Leung et al., 2009; Miura et al.,
2005; Poulin, 2011; Soldanova et al., 2017), so the true
parasite richness is likely higher than what was observed
in sampling and reported in the literature. This may be
why many unobserved parasite-host links had high prob-
abilities of false negatives in the kelp-forest food web
(Morton et al., 2021b). Even though we report many par-
asites from the kelp-forest food web, further parasitologi-
cal studies will surely reveal more parasite species and
even more links among hosts and parasites.

Another difference among published food webs is the
extent that nodes are aggregated. For example, the estu-
ary webs analyzed within Dunne et al. (2013) contain an
aggregate node for “macroalgae” of which there are a few
rare species, whereas the kelp-forest food web has over
50 species of macroalgae, many of which are quite

common. The estuarine webs have two categories for
detritus (“carrion” and “detritus”), but the kelp-forest
web has four. These differences in web construction
likely reflect system differences more than methodologi-
cal ones.

Rather than methodological differences or bias, the
high proportion of parasite richness observed in the kelp-
forest food web is likely due to the high host richness in
this system, which derives from the more structurally
complex, productive, and open nature of kelp forests.
Kelp forests support many wide-ranging sharks, marine
mammals, and birds, which were host to groups of para-
sites that were less common and less diverse in other
food webs, particularly acanthocephalans and shark
tapeworms.

Effects of adding parasites on connectance

Past work implied that parasites increased food web con-
nectance (Dunne et al., 2002). The unexpected reduction
in connectance in the kelp-forest food web after adding
parasites therefore challenges this generality. One reason
for this difference might be how connectance scales with
network size. As networks grow, the proportion of spe-
cialists tends to increase (Dunne et al.,, 2002). For
instance, if we assume that new species added to the net-
work had the same average link density as the free-living
species in the food web (17.48), a network of the same
size as the food web with parasites (918 species) would
have an even lower connectance than we observed
(suggesting that, rather than decreasing connectance,
parasites slowed the decline in connectance due to
scaling).

Additionally, it is possible that decreasing con-
nectance after adding parasites was due to false nega-
tive host-parasite links. Others have noted that, as
networks grow, it becomes harder to sample all inter-
actions (Goldwasser & Roughgarden, 1997; Hall &
Raffaelli, 1993; Paine, 1988; Polis, 1991; Winemiller &
Polis, 1996), and our large host-parasite network might
have missed many rare host-parasite links. Indeed,
correcting for statistically estimated false-negative
links would have increased the number of host-
parasite links by 650, however link density would
increase by only 0.7, and connectance would increase
by only 0.1% (Table 1). For these reasons, we consider
that the low connectance seen in this study is robust to
sampling error and cryptic species.

Moreover, the unexpected reduction in connectance
after adding parasites could be due to differences between
kelp-forest parasites and parasites from other systems.
Parasite-parasite interactions in the kelp forest, or
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predation on parasite free-living stages, increase con-
nectance and are common in other food webs with para-
sites (Lafferty et al., 2006), yet none were observed in the
kelp forest. Regardless, excluding parasite-parasite inter-
actions from consideration as possible links would still
mean that adding parasites reduced network connectance
from 3.6% to 3% (as opposed to 2.4%). Similarly, the
predator-prey + parasite-host web connectance were
adjusted to account for the false negative potential
predator-parasite and parasite-parasites links, so adding
only host-parasite interactions reduced connectance
from 3.6% to 2.5% (as opposed to 1.3% unadjusted;
Lafferty et al., 2006). Regardless of how we calculated it,
adding parasites decreased connectance to the kelp-forest
food web.

A final reason connectance declined in the kelp forest
but not in other food webs was because kelp-forest para-
sites overall were more specialized than in other systems.
In estuaries, trematodes contribute to high connectance
for four reasons: many trematode species infect a single
host snail, these trematodes interact within the snail,
many predators eat free-swimming larval trematodes,
and trematodes are often highly generalist in their
second-intermediate and final hosts (Lafferty et al., 2006).
In the kelp forest, trematodes (Digenea, Aspidogastrea)
tend to be more specialized. Instead, the kelp-forest food
web had many parasitic copepods, which are relatively
more specialized and not trophically transmitted, so they
are more weakly connected within the food web. Many
parasitic copepods have a planktonic larval stage (or a
larval stage that is parasitic on a planktonic organism), so
the diversity of this group may be a unique feature of
more open marine ecosystems. Comparisons with other
subtidal food webs could assess the generality of these
patterns.

Given that high host specificity among kelp-forest
parasites seems to reduce connectance, how might this
affect kelp-forest food-web dynamics? A common expec-
tation is that connectance increases the extent that per-
turbations flow through food webs (Romanuk et al.,
2017); thus, the reduced connectance associated with par-
asitism might be assumed to buffer kelp forests from per-
turbations. However, given that parasites are rarely key
resources for other consumers (even if they are eaten
accidentally), specialist parasites are a dead end for per-
turbations. On the other hand, if specialization makes
parasites even more sensitive to secondary extinctions
than reported for other systems, this could make para-
sites particularly good indicators of host diversity in
this system. Specialization could make host exploitation
more effective, thereby increasing interaction strengths
between parasites and the hosts they specialize
on. Therefore, host specialization may create a network

with efficient parasites that interact intensely with their
hosts, but less intensely with other parasites. They seem
unlikely to reduce perturbances. Rather they should
reduce overall network robustness because specialists are
particularly sensitive to reductions in host diversity
(Lafferty, 2012).

Predation on hosts affects network
structure

Predators eat hosts and the parasites within them. Con-
comitant predation (when the predator digests the par-
asite) is not generally recorded in food web studies, yet
it was the most common link type in this and other
food webs with parasites (Lafferty et al., 2006). Because
parasite consumption does not usually benefit a preda-
tor energetically, we often excluded concomitant links
from topological measures (such as trophic level), or
calculated measures with and without such links. How-
ever, concomitant links do affect parasites, as indicated
through vulnerability. Counter to predictions, when
concomitant links were included, the longest chain
shortened. The chain in question shortened due to con-
comitant predation on parasite life stages that were
aggregated to species, but when life stages were consid-
ered separately, parasites did increase chain lengths
(Morton, 2020). The proportion of predators in the sys-
tem that can serve as hosts versus those that will lead
to the death of the parasite will determine parasite
dynamics in the system. For example, larval acantho-
cephalans, tapeworms, and trematodes can modify host
behavior to increase predation risk, and thus parasite
transmission to the next host (Bethel & Holmes, 1977;
Lafferty & Morris, 1996; Ness & Foster, 1999), but this
may also enhance concomitant predation risk to non-
host species. We did not include enteric bacteria or
protozoa in the food web but ingesting a prey’s micro-
biome would also likely count as concomitant preda-
tion and such interactions could be included in future
studies. Trophically transmitted parasitism was the
most common type of parasite-host link (recall
that trophically transmitted parasite links to hosts were
only included in the parasite-host sub-web and were
not included in the predator-prey sub-web, so no links
were double counted). Parasite-induced behavior can
increase transfer of energy to upper trophic levels
(Lafferty & Morris, 1996), thus the contribution of par-
asites to energy flow in kelp forests is an area for future
work. Although concomitant links do not measure
energy flow, they are key to understanding the interac-
tions between predator and parasite populations in
food webs (Johnson et al., 2010).
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Parasites alter vulnerability

As in other studies, adding parasites to the kelp-forest
food web increased vulnerability and variation in vulner-
ability. Unfortunately, vulnerability and degree variabil-
ity may have been affected by decreasing niche model fit
with web size (Dunne et al., 2013; Vinagre et al., 2019;
Williams & Martinez, 2008; Williams & Purves, 2011;
Wood et al., 2015), so it is difficult to distinguish whether
these effects were parasite-specific or due to network size.
Unrelated to network size, chain length increased and
vulnerability changed across trophic levels. Vulnerability
of top predators increased more than that of primary con-
sumers, and species at intermediate trophic levels became
the most vulnerable to enemies overall. Top predators are
subject to less predation, so their parasites were less vul-
nerable to concomitant predation. Adding parasites to
the kelp-forest food web increased vulnerability SD more
than predicted by network size (Dunne, 2006). However,
vulnerability SD tends to be underestimated by the niche
model (Vinagre et al., 2019), so this could explain the rel-
atively high |ME]|s for this metric.

Primary producers had the fewest parasites, but this
is partly a matter of defining a “plant parasite.” Most ani-
mal grazers do not eat the whole “plant” and feed on
many different plants in their lives, so we considered
these to be micropredators. We classified species that do
not eat the whole plant but that live and feed on only one
host individual to be true parasites, such as the kelp-
gribble isopod. Two species of amphipod (including kelp-
curling amphipods) and one snail appeared similar to
parasites in that the plant provides habitat and is not
completely eaten (Cerda et al., 2010; Coyer, 1984;
Hobson & Chess, 1976) but these species move between
hosts regularly so we considered these to be micro-
predators. If they were classed as parasites instead, they
would have little effect on overall vulnerability and
would not substantially change the average number of
parasites feeding on the lowest trophic levels. Moreover,
the food web does not include symbiotic microbial organ-
isms, such as protozoans, viruses, bacteria, or fungi, but
inclusion of these groups would almost certainly add par-
asites across all trophic levels.

Parasites alter generality

Excluding parasites as diet items, parasites did not
increase predator generality. Rather parasites affected
network generality through their host ranges. Parasitic
taxa in the kelp-forest food web were more specialized
than free-living species (whether calculated at the stage
or species level). This was driven by the most species-rich

groups: trematodes (Digenea) and copepods. Most para-
sitic copepods did not exhibit a broad host range through-
out their life cycle. The high species richness of parasitic
copepods was unique to the kelp-forest food web and it
reduced connectance and diet breadth. Kelp-forest trema-
todes are relatively host-specific at each stage and most
do not use paratenic hosts, so their total host range is
somewhat constrained. Furthermore, not all parasite spe-
cies had all life stages in the kelp-forest food web
(e.g., adult trematodes found in transient hosts), so their
host breadth within the kelp forest was narrower than in
food webs that contain all trematode life stages. In estu-
ary food webs, trematodes tend to complete most or all of
their life cycle in the estuary and make up a substantial
proportion of the links and biomass in these systems, so
the role of trematodes differs between these ecosystems,
but further elucidation of trematode life cycles may
reveal additional participation in kelp forests.

Although there were many common specialist parasite
species, the most generalist parasites were common in fish
dissections, had low host-specificity as larvae, and used
paratenic hosts (Morton et al., 2021a). An acanthocephalan
of pinnipeds and two nematodes (one of fish, one of pinni-
peds) were among the most general consumers, along with
iconic kelp-forest fishes such as the California sheephead
and kelp bass (and, in fact, parasitizing them as well). Lar-
vae of shark tapeworms and seabird acanthocephalans were
also abundant but were not quite as general. Although an
individual cyst may not have a strong effect on a host, these
stages accumulated in predators (Morton et al., 2021a) and
may have impacts at high intensities. Additionally, these
parasites have life cycles that are robust to reduced host
diversity and paratenic hosts are important for transmission
to final hosts. Trophically transmitted worms with more
successive hosts tend to infect a greater diversity of host spe-
cies and taxa, particularly in middle life stages, and the
number of potential host species available constrains para-
site generalism (Benesh et al., 2020). To our knowledge, this
is the first food web with parasites that features paratenic
host use as a prominent food-web feature. In food-web con-
struction, likely paratenic hosts were counted as food-web
links, as determined through likelihood of encounter
with the infective stage and host compatibility. Paratenic
host—parasite links made up 4.3% of total links, 42.3% of
trophically transmitted parasite links, and 25.5% of all
host—parasite links. Exclusion of this link type would make
parasites appear extremely specialized, further reducing
food web connectance. Parasites using paratenic hosts had
ample opportunities for hosts in the kelp forest and were
among the most abundant parasites in dissections (Morton
et al, 2021a). However, these extreme generalists were
outnumbered by non-trophically transmitted specialists in
terms of species richness. Generality SD was less than
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predicted based on network size for the webs including par-
asites. This may be attributed to the wide distribution of
parasite host breadth, which almost entirely overlapped
with free-living consumer diet breadth distribution.

Parasite species have unique trophic
niches and alter network motifs

Parasites affected the feeding niches for predators differ-
ently than found in past studies. Species-rich groups such
as parasitic copepods had a relatively narrow host range
so they had the effect of increasing overall niche contigu-
ity and decreasing niche range. Trematodes and other
parasites with complex life cycles did not have the same
effects on niche contiguity as in other food webs. The
methods of assessing niche contiguity in our study dif-
fered from other food webs, which were assessed using
body size to order feeding niches (Dunne et al., 2013). We
did not have body size data for all species in the food
web, so we used a simulated annealing method that per-
forms ordinations of the food web matrix to determine
arrangements with the fewest diet gaps (Stouffer
et al., 2006). To compare the kelp-forest food web to the
estuary webs, we used the simulated annealing method
to characterize niche contiguity of the estuary food webs
(Appendix S1: Figures S2-S7) and results were similar to
previous studies: parasites in estuary food webs made
feeding niches less contiguous when parasites stages were
aggregated to the species level because parasites with
complex life cycles use a wide range of host types.

Inclusion of concomitant links led to an increase in
frequency of apparent competition motifs that were
rare in the free-living food web, a structural change
that is consistent with patterns in other food webs and
not linked to increasing network size (Dunne
et al.,, 2013). However, we downplay this difference
because the accidental ingestion of a parasite does not
contribute to a predator’s energetic gain and is
unlikely to have a strong effect on energy flow or
stability. This is because accidental consumption of
a parasite within a host, although (usually) bad for
the parasite, usually has inconsequential benefits for
the consumer. Not only do parasites alter motifs,
but the meaning of a motif differs between parasites
and free-living consumers.

Implications for stability
We did not examine kelp-forest stability or robustness,

but parasites reduced connectance in ways that likely
do not increase stability, and parasites reduce overall

food web robustness in other studies (Lafferty, 2012;
Lafferty & Kuris, 2009; Rudolf & Lafferty, 2011), so we
hypothesize that parasites would reduce kelp-forest
food web robustness as well. Adding parasites also
increased vulnerability, especially for higher trophic
levels, which could add stabilizing density-dependence
for consumers that otherwise lack top-down regula-
tion. These changes in trophic structure may also cor-
respond to a change in trophic coherence, a network
feature linked to stability (Johnson et al., 2014). We
aim to explore how parasites affect kelp-forest stability
in future work.

CONCLUSION

Adding parasites to a large kelp-forest food web made it
grow into the largest published food web. This increase
in network size had clear effects on scale-dependent net-
work metrics, most notably connectance, in contrast to
predictions based on other systems. However, parasites
also altered network structure in ways that were not due
solely to the increase in network size. Parasites’ unique
life histories and trophic interaction types altered the dis-
tributions of vulnerability, generality, trophic niches, and
subgraph structure of the food web, in essence changing
the structure of the building blocks of the food web.
Weakly connected parasites exploiting specific food
chains may be an indicator of important energy flows in
the ecosystem, as intermediate and upper trophic levels
are most vulnerable to parasites. Parasites that can navi-
gate the complex kelp-forest trophic network via their life
cycles are able to exploit the diverse host species that con-
gregate in kelp forests, with many others along for the
ride in transient hosts. Parasites impart unique structure
on this iconic system above and beyond adding to its
richness.
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