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ABSTRACT: In theory, animal diets may act as impor-
tant filters for different parasite species. However,
there is currently a lack of empirical research looking
at host diet as a potential predictor of parasite diversity
among different host species. The aim of this study was
to assess the influence of several host diet features
(including diet breadth, diet composition, and trophic
level) on tapeworm diversity in sharks, relative to other
key factors, including host size, habitat, phylogeny,
latitude, and depth. Data on these host features were
compiled from a comprehensive analysis of literature
records including 91 different shark species, and 3
measures of tapeworm diversity were examined: tape-
worm species richness, tapeworm taxonomic distinct-
ness (TD), and variance in tapeworm TD. The diet
breadth of a shark species was revealed to be a better
predictor of tapeworm species richness than other host
features examined to date. Host size, trophiclevel, diet
TD, latitudinal range, and the mid-point of a shark's
depth range also significantly influenced tapeworm
richness when analyses were adjusted to prevent
confounding by phylogenetic relationships between
hosts. The TD of tapeworm assemblages was influ-
enced by diet breadth, diet TD, host size, and depth
range when analysed independently of host phy-
logeny. Overall, our findings demonstrate that aspects
of host diet have important consequences for parasite
diversity in sharks. We emphasise that studies of para-
site diversity in other systems should more seriously
consider including aspects of host diet (particularly
diet breadth) as potential key predictors of parasite
diversity.
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The variety of prey in sharks' diets may have a large influ-
ence on how many parasite species infect them.
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INTRODUCTION

The diversity of parasite species in a host, like the
diversity of free-living species in an ecosystem, is
shaped by a range of different ecological and evolu-
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tionary features. Exploring how these features relate
to parasite diversity is fundamental to our under-
standing of why particular host species evolve with
richer or more diverse parasite faunas than others
(Poulin 2004). Research over the past several
decades has already identified several widely
important host features that can influence the diver-
sity of parasite assemblages, including body size,
lifespan, population density, geographical range,
and diet (e.g. Morand et al. 2000, Vitone et al. 2004,
see also Kamiya et al. 2014). A few of these features,
such as body size, population density, and geo-
graphical range, have been recognised as ‘univer-
sal' determinants of parasite species richness (Kami-
yva et al. 2014). Despite the general significance of
these few host attributes, however, their relative
importance varies considerably among different
host—parasite systems (e.g. Poulin et al. 2011), and
depending on which hosts and parasites are in-
volved, other less generalised factors may also have
a large influence on parasite diversity. For instance,
in anthropoid primates, parasite species richness is
influenced largely by social group size (Vitone et al.
2004). In addition, a number of host features, which
could potentially have a significant impact on para-
site diversity, are often left out of studies investigat-
ing determinants of parasite diversity. For example,
host diet and metabolic rate have seldom been
included in comparative analyses, making it difficult
to assess the predictive strength of these factors
(Kamiya et al. 2014). In light of these details, there
remains a need for research to assess the relative
importance of different host features in various
host—parasite systems, to better understand emerg-
ing diseases and their transmission dynamics.
Sharks and their tapeworm species assemblages
provide a useful system for looking at large-scale
patterns of parasite diversity for a number of reasons.
First, the tapeworm parasites of these elasmobranchs
show substantial diversity and exhibit high host
specificity. They are the most diverse group of para-
sites infecting elasmobranchs (Caira & Healy 2004),
with 1034 different species and 202 genera known
from 9 established orders (Caira et al. 2017). Based
on the number of host species sampled for parasites
to date, it is also estimated that ca. 3600 tapeworm
species in described elasmobranchs have yet to be
recorded (Randhawa & Poulin 2010). Almost all of
these tapeworm species exhibit a high degree of host
specificity in sharks, with most being restricted to a
single host species or a few closely related hosts
(Caira & Jensen 2014). However, it is also worth not-
ing that these tapeworms are generally less specific

in intermediate hosts (Palm & Caira 2008), and can
have consequences for thousands of marine species
other than elasmobranchs, including a broad range
of teleost fishes, molluscs, crustaceans, mammals,
reptiles, and other invertebrates (Jensen 2009). Sec-
ond, sharks are a group of animals that have features
with broad and easily measurable variation across
species. Shark species display a broad range of sizes,
are found in nearly all marine habitats, depths, and
latitudes, and show marked variation in the range of
their depth and latitude distributions (Froese & Pauly
2017). There is also considerable variation in diet and
trophic level among different species (Cortés 1999).
Third and finally, sharks are key apex predators of
marine ecosystems and, along with their many para-
sites, they exert considerable influences throughout
marine food-webs. Thus, sharks and their parasites
represent an important model for understanding
determinants of marine parasite diversity.

From previous research on tapeworm diversity in
sharks, several host features, including latitude,
depth, and habitat, appear to have little influence on
their parasite diversity (Randhawa & Poulin 2010).
Host size has been identified as a significant predic-
tor, but no other ecological or host biological charac-
teristics examined to date have demonstrated signifi-
cant effects on shark tapeworm diversity (Randhawa
& Poulin 2010). Additionally, shared host evolution-
ary history, i.e. shark phylogeny, outweighs ecologi-
cal variables as a predictor of tapeworm diversity in
sharks (Poulin et al. 2011). However, a number of
potentially important host features have yet to be
examined for their influence on tapeworm diversity.
Host population density is an attribute of likely
importance, but is not feasible for investigation in
sharks due to data deficiencies. Of the factors for
which data are available, aspects of host diet are
arguably the most prominent features warranting
investigation. Host diet has not previously been
assessed as a determinant of shark tapeworm diver-
sity, but it is likely to have a large impact considering
that all tapeworm species in elasmobranchs are
acquired via ingestion of infected prey (which are
intermediate or paratenic hosts) (Williams & Jones
1994). Essentially, the number of tapeworm species
that infect a shark species should directly depend on
which prey, and ultimately how many different prey,
a shark consumes as part of its regular diet.

The main aim of this study was to examine whether
3 major aspects of host diet, namely (1) breadth of
diet, (2) trophic level, and (3) diet composition, influ-
ence the species diversity of tapeworm assemblages
in sharks. Although all 3 of these factors convey
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information on the diet of sharks, each is distinctly
different in what it tells us. Breadth of diet is a gen-
eral measure of how many different prey are con-
sumed by a shark species. We hypothesised that
shark species with broader diets (diets including a
greater diversity of prey taxa) would harbour a
greater diversity of tapeworm species than those
with restricted diets. This was based on the fact that
sharks with broad diets would encounter more tape-
worm intermediate hosts through their diet, and thus,
may come in contact with a greater diversity of larval
parasites. Trophic level is a measure of a species’
position in food webs, and indicates overall what
type of ecological group is most important in the diet
(see Cortés 1999). We hypothesised that shark spe-
cies occupying higher trophic levels would have
more diverse tapeworm assemblages than those
occupying lower trophic levels, since they have
access to more trophic links and additional interme-
diate hosts from higher trophic levels. Diet composi-
tion is a measure of which specific taxa are the most
dominant in the diet of a host species. In contrast to
trophic level, which reflects the position of a shark's
prey in the food web, diet composition tells us which
specific taxonomic groups of prey (e.g. teleosts,
cephalopods, crustaceans) comprise most of the diet.
We predicted that shark species feeding predomi-
nantly on teleost fishes would have more tapeworm
species than other groups because most currently
described intermediate hosts for marine tapeworms
are teleost fishes (Palm 2004, Jensen 2009). Overall,
we predicted that each of these measures of host diet
would have more significant, higher-magnitude im-
pacts on tapeworm diversity than host features
examined in previous studies.

MATERIALS AND METHODS
Tapeworm data collection

All tapeworm species diversity data used in this
study were compiled by revising and updating a com-
prehensive elasmobranch tapeworm dataset made
available by Randhawa & Poulin (2010). This original
data set obtained tapeworm richness estimates for a
large range of shark species by searching through the
‘Zoological Records' on ISI Web of Knowledge and
compiling available data from 1864 to 2008. To ensure
that our data set was accurate and up to date, we
revised the original data set by changing tape-
worm richness estimates to include all new shark-—
tapeworm records published in the ‘Zoological Re-

cords' from 2008 to 2017. Also, a number of shark
species were included in our data set for which tape-
worm species records had become available since
2008. Using the same method as Randhawa & Poulin
(2010), new tapeworm records for each host species
were found by searching the shark taxa (binomials
plus all known synonyms) combined with the key
words ‘parasit* OR disease OR pathog*'. Notably,
the presence of a tapeworm species in the spiral
valve of a shark host can sometimes involve imma-
ture worms or represent a temporary infection that
does not allow the parasite to complete its life cycle.
To ensure that our tapeworm species diversity data
were as reliable as possible, we only included infec-
tion records which specified that tapeworms were
present as adults in the spiral valve. Moreover, when
the development stage or site of infection was un-
available for a tapeworm species, we did not include
the record in our dataset.

Since measures of parasite diversity are often
greatly influenced by sampling/study effort (Walther
et al. 1995), correcting for sampling effort can give a
more accurate measure of diversity (Poulin 2004,
Luque & Poulin 2007). An ideal measure of parasite
diversity sampling effort would be the sum of host
individuals examined for parasites, but unfortu-
nately, these data are seldom available from studies
describing new parasite records. As such, we meas-
ured the sampling effort for parasite diversity of each
host species as the total number of references ob-
tained by searching the host's tapeworm records on
ISI Web of Knowledge (using the search parameters
defined above). Compared with other estimates of
sampling effort, this measure has been previously
demonstrated as a stronger correlate with tapeworm
richness (Randhawa & Poulin 2010).

To complement tapeworm species richness as a
measure of parasite diversity, we also calculated
the average taxonomic distinctness (TD) of tape-
worm assemblages for each shark species. This
index is used to measure the average taxonomic
distance between the parasite species of an assem-
blage, with greater TD values indicating greater
average taxonomic difference between species in
the assemblage (Luque et al. 2004). TD is a differ-
ent measure of diversity to richness in that it is
thought to be more sensitive to host ecology (Luque
et al. 2004, Luque & Poulin 2008). It is measured as
the average number of steps up the taxonomic hier-
archy (Phylum, Class, Order, Family, Genus, and
Species) in order to reach a taxonomic level com-
mon to 2 species, and is calculated for all pairs of
species in the assemblage being examined (Warwick
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& Clarke 2001). We computed variance in TD to
accompany the measure of TD for each shark spe-
cies wherever possible. Variance in TD is not as
useful as the TD index itself, but can be used to
provide information on the taxonomic heterogeneity
among host species, basically showing how even
the distribution of taxa across the taxonomic tree is
(Warwick & Clarke 2001). We calculated the tape-
worm TD and the associated variance for each host
species harbouring at least 3 tapeworm species,
using the program ‘Taxobiodiv 1.2' (available at
www.otago.ac.nz/parasitegroup/downloads.html).

Host features data collection

For all shark species with an available estimate of
tapeworm richness, we recorded a number of impor-
tant host features: (1) diet breadth, measured as the
total number of prey families in a shark's diet; (2) diet
TD, measured as the average taxonomic distance be-
tween all prey families in a shark's diet; (3) trophic
level, measured as the number of energy-transfer
steps to the shark's food chain position (estimated
from the relative contribution of different prey groups
to the diet) (Cortés 1999); (4) diet composition, given
as the taxonomic prey category composing most of the
diet (of 9 groups: teleost fishes, cephalopods, crus-
taceans, mammals, chondrichthyan fishes, reptiles,
birds, other molluscs, other invertebrates); (5) habitat,
given by the categorical summary of the species’ habi-
tat (of 7 groups: reef-associated, demersal, pelagic-
oceanic, pelagic-neritic, benthopelagic, bathypela-
gic, bathydemersal); (6) host total length, measured as
the maximum recorded length for a species; (7) lati-
tudinal range, measured by the number of degrees of
latitude spanning the shark's geographic distribu-
tion; (8) depth range, measured as the distance in
metres between the shallowest and deepest points at
which the shark occurs; (9) depth mid-point, meas-
ured as the mid-point of the shark's preferred depth
distribution; and (10) phylogeny, represented by the
Genus, Family, and Order of the host. It is worth not-
ing that many of these host characteristics (length,
latitudinal range, depth range, depth mid-point, and
habitat) have been previously assessed as predictors
of tapeworm diversity (Randhawa & Poulin 2010),
and were also included in the present data set to
determine their relative importance compared with
the dietary features of primary interest here.

Data on most host features (phylogeny, trophic
level, length, latitudinal range, depth range, depth
mid-point, and habitat) were obtained directly from

recent species records listed on FishBase in March
2017 (Froese & Pauly 2017). In cases where data on
one or more of these host features were not available
for a species, the shark species was excluded from
the data set. For all data on host diet, we compiled a
comprehensive dataset from ISI Web of Knowledge.
To do this, we searched the taxon of each shark
(binomial plus all known synonyms) combined with
the key words ‘diet* OR feed* OR prey*' on ISI Web
of Knowledge (all databases) and amassed all avail-
able references from 1864 to 2017 (searches were
conducted in April 2017). Every reference listed was
perused for information on the diet of sharks, and out
of 2081 references listed across all species, 361 had
relevant data on diet that could be included in this
study (see Table S1 in the Supplement at www.int-
res.com/articles/suppl/m605p001_supp.pdf).

Unsurprisingly, the level of taxonomic definition for
prey varied among studies, where some sharks had
prey recorded mostly to Family or Order level, others
had prey items known to the level of Species. Con-
sidering this potential bias in records, it was decided
that the best measure of diet breadth would be at the
taxonomic level of Family. At this level, there were
records for most species that had tapeworm diversity
estimates, and there was also a large range of taxo-
nomic groups (603 different families of prey) to give a
good measure of variability in diet breadth among
sharks. To ensure further accuracy in diet breadth
comparisons, we also restricted the final data set to
only include host species with at least 1 family of
prey recorded (n = 91). From each reference, we
recorded every family of prey identified for each
shark species. Notably, some diet records were old,
and taxonomic changes had been made to certain
prey taxa since their publication. To address this, we
checked all prey taxa in the World Register of Mar-
ine Species (WoRMS) database and updated prey
families to their current taxonomical nomenclature
(WoRMS Editorial Board 2017).

Similarly to measures of parasite diversity, meas-
ures of diet breadth may be substantially affected by
sampling effort (Randall & Myers 2001). Diet breadth
is likely to increase as more individual hosts are ex-
amined for diet contents. Correcting for this influence
of sampling effort should therefore provide a better
measure of host diet (Cortés 1999). In contrast to stud-
ies describing parasites from sharks, the standard
protocol for dietary studies is to include the number of
hosts examined. Thus, we were able to measure diet
sampling effort as the sum of stomachs containing
food (i.e. the number of non-empty stomachs) exam-
ined across all diet records for each shark species. For
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a few references, the number of non-empty stomachs
examined was not provided, and therefore had to be
excluded from further analyses. All references were
checked thoroughly in the methods and results sec-
tions to make sure that diet information was not du-
plicated among studies. In cases where studies gave
duplicate data, the data were cited from the original
reference only, and the number of hosts examined
was only included for the original reference to avoid
overestimation of sampling efforts.

TD of the diet was calculated to complement the
number of prey families as a measure of diet breadth.
Similarly to the TD calculations for tapeworm assem-
blages, TD of prey family assemblages and associ-
ated variance were computed for each shark species
with at least 3 families of prey in their diet, using
‘Taxobiodiv 1.2'.

For information on diet composition, we recorded
the percentage composition of 9 different prey
groups from each reference (teleost fishes, cephalo-
pods, crustaceans, mammals, chondrichthyan fishes,
reptiles, birds, other molluscs, other invertebrates).
The overall composition of these groups for each
shark species was then calculated by taking the aver-
age compositions across all studies, weighted by the
number of non-empty stomachs examined for diet.
Similar to the approach of Cortés (1999), we used
compound indices to estimate composition where
available (e.g. the index of relative importance,
%IRI), and otherwise, single indices, such as percent
frequency of occurrence (%0O), percent number (%N)
percent weight (% W), or percent volume (%V) were
used individually. Where 2 of these single indices
were available, an average was calculated (e.g. %O
+ %W/2). Plant materials, detritus, and non-organic
materials were not included in composition esti-
mates, as we were only interested in prey which are
potential intermediate hosts for shark tapeworms.

Data analysis

Statistical tests were carried out in the R environ-
ment (R Development Core Team 2012). Prior to
analysing relationships between measures of tape-
worm diversity and recorded host features, regres-
sions were run to determine the influence of sam-
pling effort on measures of tapeworm diversity and
diet breadth. As expected, for both tapeworm rich-
ness and diet breadth, the relationships between
diversity and sampling effort were best characterized
by positive curves where diversity increased with in-
creasing sampling effort, but with the increase slow-

ing towards an asymptote at higher effort values. To
determine the significance of the associations, we ran
simple quadratic regressions of each diversity meas-
ure on their associated measures of sampling effort.
Host—parasite sampling effort had a significant influ-
ence on tapeworm species richness (r? = 0.539, p <
0.001), but not on tapeworm TD (r> = 0.007, p =
0.825). To correct for this influence in further analy-
ses, tapeworm richness was from here on measured
by the residuals of its quadratic regression on host—
parasite sampling effort. Diet breadth was also influ-
enced by sampling effort; the number of stomachs
sampled for diet showed a strongly positive associa-
tion with number of recorded prey families (r? =
0.601, p < 0.001), although not with prey family TD
(r> = 0.047, p = 0.272). Thus, there was a need to cor-
rect diet breadth, but not diet TD, in further analyses.
From this point forward, diet breadth (prey family
richness) was measured by the residuals of its quad-
ratic regression on diet sampling effort.

We used linear mixed-effects models (LMMs) to
analyse relationships between measures of tapeworm
diversity and all recorded host features, each with
identity link functions and Gaussian error distribution.
Our first main LMM looked at the influence of host
features on tapeworm richness (response variable).
This model included 7 continuous (fixed) predictor
variables (diet breadth, diet TD, trophic level, host
length, depth mid-point, depth range, and latitudinal
range) and 3 categorical (random) predictor variables
(habitat type, dominant diet group, and host phy-
logeny [measured as host genus nested within host
family, nested within host order]). Our second main
LMM looked at tapeworm TD as a response with the
same predictors as the above model. To supplement
the analysis of tapeworm TD, we also ran a model
where tapeworm TD and prey TD variables were re-
placed with associated variances in TD. This was
done to gauge the taxonomic ‘evenness’ among host
species. In addition to these LMMs, we conducted a
'tips" analysis, which involved re-running each model
with the random effects removed. This analysis serves
as an approach to examining differences to the impor-
tance of predictor variables when the phylogenetic
relationships among hosts are not considered.

The LMMs were analysed in detail using the
‘MuMIn' package in R (Barton 2013). Akaike's infor-
mation criterion corrected for small sample size
(AICc) and Akaike model-averaged weights (w + (1))
were calculated for all possible linear regression
models (models with all possible combinations of the
predictors), and used to determine the best models as
well as the rank and relative importance of each indi-
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vidual predictor in each model. Model-averaged
parameter estimates and 95% confidence intervals
were also calculated for each variable using methods
summarised by Anderson (2008), and partial r? val-
ues for each averaged parameter were assessed
using the 'r2glmm’ package in R (Jaeger 2016). To
determine the interaction terms to be included in
each model, we selected a priori sets of second-order
interactions between predictor variables that were
thought to be relevant based on biological and eco-
logical principles. For instance, there is a known
association between host size and trophic level that
should be accounted for (Poulin & Leung 2011). We
compared AICc values between models including
these sets and the models with only combinations of
individual predictors to determine whether inclusion
of the interaction terms significantly improved the
models. All other potential interactions between pre-
dictors were assessed in the same way to make sure
that no important interactions were missed. From
these analyses, it was decided that 4 interaction
terms were to be included in the model predicting
tapeworm richness (habitat and depth mid-point,
diet breadth and diet TD, diet breadth and trophic
level, trophic level and host size), and 3 were to be
included in the model predicting tapeworm TD (diet
breadth and diet TD, host size and trophic level, lati-
tudinal range and depth range).

Due to the large number of parameters in each
LMM compared with the shark sample size (n = 91),
it was necessary to check models for over-fitting.
Over-fitting was tested by re-running the analyses
including (1) only the top 4 predictor variables iden-
tified by the highest AIC relative model weights (diet
breadth, diet TD, trophic level, latitudinal range, plus
their interactions and all random effects), and (2) only
the top 4 predictor variables identified by highest
partial r? values (diet breadth, diet TD, latitudinal
range, depth range, plus their interactions and all
random effects). These 2 tests showed identical out-
comes to the main LMMs (and their associated tips
analyses), with the relative importance and signifi-
cance of predictors remaining the same in both.
Based on these outcomes, we decided that LMM ana-
lyses would continue with all predictors of interest
included.

Phylogenetically independent contrast
analysis methods

Analyses of tapeworm richness and TD were re-
peated using the phylogenetically independent con-

trast (PIC) method (Felsenstein 1985) to control for
confounding effects of shared evolutionary ancestry
on shark features used in these analyses. Contrasts
were computed using the PDAP: PDTREE program
(Midford et al. 2011) implemented in Mesquite ver-
sion 3.31 for Mac OSX (Maddison & Maddison
2017). We derived contrasts from a tree generated
using an alignment consisting of previously pub-
lished molecular data for the NADH dehydrogenase
subunit 2 (NADH?2) (Fig. 1) for 85 shark species, and
3 outgroups consisting of 1034 sites. Sequences
were aligned using MacClade 4.07 (Maddison &
Maddison 2005). The automatic model selection
(Beta version) — Smart Model Selection (Lefort et al.
2017) — function in PhyML 3.0 (Guindon et al. 2010)
determined the best nucleotide-substitution model
for the data. A general time reversible (GTR) model
with proportion of invariant sites (I) and gamma-
distributed rate heterogeneity (G) provided the best
fit to the data based on the AICc. The dataset was
analysed by maximum likelihood (ML) and Bayesian
inference (BI), which were performed using PhyML
3.0 and MrBayes v3.2 (Ronquist et al. 2011), respec-
tively. ML analyses were performed using 6 substi-
tution rate categories, with G and I set at 0.689 and
0.319, respectively (estimated from Smart Model
Selection; very similar to those reported by Rand-
hawa et al. 2015 using jModelTest 0.1.1; Guindon &
Gascuel 2003, Posada 2008), tree improvement set
at subtree pruning and regrafting (SPR), and 1000
bootstrap replicates. BI was performed using the
covarion option according to a GTR + I + G nucleo-
tide substitution model with no initial values as-
signed and with empirical nucleotide frequencies.
Four separate Markov chains were used to estimate
posterior probabilities over 25 x 10° generations,
sampling the Markov chains at intervals of 100 gen-
erations. The first 50000 trees were discarded as
‘burn-in’, and then a 50% majority-rule tree was
constructed from the subsequent trees. Nodal sup-
port was estimated as the mean posterior probabili-
ties (Huelsenbeck et al. 2001) using the ‘sumt’ com-
mand. The trees were rooted on 3 outgroup taxa,
Chimaera monstrosa, C. phantasma, and Hydro-
lagus collei (see Naylor et al. 2012).

Prior to performing PIC analysis, we calculated
phylogenetic inertia (Pagel's lambda) using the
package Geiger (Harmon et al. 2008) in the program
R (R Development Core Team 2012) and determined
that there was a strong phylogenetic signal. We pro-
ceeded to compute contrasts following guidelines
suggested by Garland et al. (1992). PICs were not
run for variance in tapeworm TD, since the dataset
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for this response variable was consid- 25 4
erably more restricted (n = 57 species),
and the LMM results for variance in
tapeworm TD did not warrant further 20 4=y
investigation.
5 15 4
RESULTS &
g
Across the 91 shark species analysed L 10 1
in the present data set, we identified a
total of 570 tapeworm-host associa-
tions. Based on the raw data, shark spe- 5 1
cies harboured 6.26 tapeworm species
on average (+6.00 SD, range = 1 to 24;

Fig. 2), and the average TD and vari- (]
ance in TD of tapeworm assemblages
was 3.39 + 0.39 (range = 1.90 to 4.17)
and 0.74 = 0.51 (range = 0.00 to 2.53)
hierarchical steps, respectively. Host
species were commonly infected by a
single tapeworm species, and there was
a positive skew in the number of tape-
worm species infecting sharks (fre-
quency of shark species decreased with

-

12+

10

T T T 1
3456

T T T T T 1T T T°T 1T T T T T T T 1
789 1 13 15 17
Number of tapeworm species

Fig. 2. Frequency distribution of the number of shark species (n = 91) infected

with different numbers of tapeworm species

increasing tapeworm richness; Fig. 2).
In total, the host—parasite study effort
across the 91 shark species included
2068 records, which equated to 22.73 =
35.67 records host™!.

A total of 603 families of prey (with-
in 163 orders, 39 classes, 16 phyla)
were recorded in the data set. Shark
species had records, on average, of 24
39.49 + 34.16 families of prey (range =

Frequency

>
L

|

1 to 145; Fig. 3), and the average TD 04
and variance in TD of prey family 0
assemblages was 2.81 + 0.56 (range =
0 to 4.00) and 1.12 + 0.42 (range = 0 to
2.05) hierarchical steps, respectively.
As illustrated in Fig. 3, diet breadth
(prey family richness), similarly to
tapeworm richness, was distributed with a positive
skew across the shark species examined. In total,
the number of stomachs examined across all shark
species exceeded 170000, with 110005 stomachs
containing food. Notably, the number of stomachs
with food examined was highly variable among
species (mean = 1208.85 + 4502.72), and the spiny
dogfish Squalus acanthias alone had data from
40698 stomachs containing food. The average
trophic level of sharks in this dataset was 4.14 +
0.34 (3.20 to 4.94).

10

Fig. 3. Frequency distribution of the number of shark species (n

T
60

1
70

T T
90

T T T 1T 17T T 17T 1T T1T71

20 30 40 50 80

Diet breadth (number of prey families)

91)
consuming various quantities of prey families

Determinants of tapeworm richness

Our LMM analysis of tapeworm richness revealed
that random effects explained a total of 19.1% of
observed variation in tapeworm richness, with the
interaction of habitat and depth mid-point explaining
13.26 % and host phylogeny explaining 5.84 %, but
habitat and diet composition each explaining a negli-
gible proportion of the overall variation (Table 1).
The top AIC model explaining variation in shark
tapeworm richness (AICc = 508.59) included a com-

100 110 120 130 140 150
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bination of only 3 fixed predictors: diet breadth, diet
TD, and trophic level. The top 5 best AICc models
were very close (AAICc < 1), and included various
combinations of diet breadth, diet TD, trophic level,
and the interaction effect of diet breadth and diet TD.
The multi-model average approach produced an

positive correlations were also found when analysing
this relationship without the dataset's 2 most domi-
nant (speciose) shark genera (excluding Carcharhi-
nus spp., r? = 0.201, p < 0.001; excluding Mustelus
spp., 12 =0.199, p < 0.001; excluding both, r? = 0.181,
p = 0.001; Fig. 4).

averaged model that explains 62 %
of the total variance in tapeworm
richness. The model-averaged Akai-
ke weights analysis also showed that
diet-related variables were the best
predictors of tapeworm richness.
The factor with the highest relative
variable weight was diet breadth
(w+ (i) = 0.99), followed by diet TD
(0.71), trophic level (0.59), and the
interaction between diet breadth
and diet TD (0.37) (Table 1). It was
interesting to note that although the
association between diet breadth
and tapeworm richness was positive
(tapeworm richness increased with
increasing diet breadth), the associa-
tion between diet TD and tapeworm
richness was negative (diet TD de-
creased with increasing tapeworm
richness; Table 1). Most other vari-
ables, including latitudinal range,
depth mid-point, depth range, and
host size, were generally poor pre-
dictors of tapeworm richness in com-
parison (all w + (i)<0.01). As Table 1
shows, 3 predictors had significant
effects on tapeworm richness,
namely the interaction between diet
breadth and diet TD, the interaction
between diet breadth and trophic
level, and depth range (their 95%
confidence intervals excluded ‘0').
However, it should be noted that the
effect size for depth range was small
and only marginally significant
95% CI = [-0.002, -0.000], p =
0.044; Table 1). The relationship
between diet breadth and tapeworm
richness was further analysed to
determine the strength of the associ-
ation. A plotted linear regression
(Fig. 4) shows a significant positive
correlation between the variables
with a moderate amount of variabil-
ity surrounding the linear trend line
(r> = 0.220, p < 0.001). Significant

Table 1. Summary of host features as predictors for tapeworm species richness
in sharks. Relative importance of predictors is compared by model-averaged
weight (w + (i)), rank, parameter estimates, 95 % confidence interval (CI), and
partial r? values. Bold: statistically significant (p < 0.05) effects. TD: taxonomic

distinctness
Random effects Number of Variance
levels explained (%)
Host phylogeny (Genus/Family/Order) 40 5.84
Habitat 7 <0.01
Diet composition 6 <0.01
Habitat x Depth mid-point 81 13.26
Fixed effects w+ (i) Rank Estimate 95% CI r?
Diet breadth 0.99 1 0.288 -0.332,0.909 0.136
Diet TD 0.71 2 -2.047 -4.705,0.611 0.096
Trophic level 0.59 3 0.806  -1.758,3.369 0.001
Diet breadth x Diet TD 0.37 4 -0.124 -0.213,-0.037 0.075
Diet breadth x Trophic level 0.14 5 -0.115 -0.211,-0.019 0.068
Latitudinal range 0.01 6 0.005 -0.020, 0.031 0.009
Depth range <0.01 7 -0.001 -0.002,-0.000 0.038
Host size <0.01 8 -0.003 -0.007,0.002 0.000
Depth mid-point <0.01 9 -0.001 -0.004,0.001 0.004
Host size x Trophic level <0.01 10 0.000  -0.000, 0.000 0.000
Shark genus a
4 Carcharhinus °

o 107« Mustelus "

1] o Other o

2

c 5

0
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Diet breadth (number of prey families)

Fig. 4. Association between tapeworm richness (measured as the residuals for
the quadratic regression of the number of tapeworm species on parasite sam-
pling effort) and shark diet breadth (measured as the residuals for the quad-
ratic regression of number of prey families on prey sampling effort). Legend
indicates which points belong to the 2 most dominant shark genera in the data-
set (Carcharhinus spp. and Mustelus spp.). Solid line represents overall linear
regression line between the variables (r? = 0.220, p < 0.001)
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Table 2. Summary of phylogenetically independent con-

trasts (PIC) analysing the significance of various shark host

features (based on 12, t, F and p-values) for 2 measures of

their tapeworm diversity: species richness and taxonomic

distinctness (TD). Bold: statistically significant (*p < 0.05,
**p<0.01, ***p < 0.001)

r? t F df P

Tapeworm species richness

Tapeworm TD 0.389 7.27 52.82 83 <0.0001**
Diet breadth 0.529 9.66 93.34 83 <0.0001***
Diet TD 0.366 6.93 48.00 83 <0.0001**
Variance in diet TD 0.289 5.77 33.32 83 <0.0001***
Trophic level 0.055 2.19 479 83  0.031*
Latitudinal range  0.102 3.07 9.45 83  0.003*
Depth range 0.010 091 0.83 83 0.365
Depth mid-point 0.047 2.02 4.06 83  0.047*
Host size 0.092 290 842 83 0.005*
Tapeworm TD

Diet breadth 0.515 9.40 88.28 83 <0.0001***
Diet TD 0.295 590 34.81 83 <0.0001**

Variance in diet TD 0.200 4.52 20.47 83 <0.0001***
Trophic level 0.004 -0.54 0.29 83  0.590
Latitudinal range  0.000 -0.10 0.01 83  0.924

Depth range 0.116 -3.30 10.92 83  0.0014**
Depth mid-point 0.037 -1.78 3.18 83  0.078
Host size 0.238 5.09 25.89 83 <0.0001**

When the analysis was repeated with phylogeny
and the other random effects removed, diet breadth,
diet TD, the interaction between diet breadth and
diet TD, and the interaction between diet breadth
and trophic level all became highly significant pre-
dictors of tapeworm richness (p < 0.001, Table S2). In
contrast, depth range became non-significant (p =
0.276, Table S2). These predictors similarly became
significant when using the PIC method to adjust for
the effects of host phylogeny, and in fact, when
adjusted for phylogeny using PICs, all predictor vari-
ables had statistically significant effects on tapeworm
richness except for depth range (Table 2). The effects
of diet breadth and diet TD when adjusting for phy-
logeny were particularly significant, both explaining
large amounts of variation in tapeworm species rich-
ness (diet breadth: t = 9.66, r*= 0.529, p < 0.0001,
Fig. 5a); diet TD: t = 6.93, r? = 0.366, p < 0.0001,
Fig. 5b). Interestingly, unlike in the other analyses of
tapeworm richness, diet TD showed a positive associ-
ation with tapeworm richness in the PIC analysis.

Determinants of tapeworm TD
Our LMM analysis of predictors of tapeworm TD

showed that random effects overall accounted for
26.91 % of the variation in tapeworm TD, and host phy-

logeny explained a much larger proportion of variation
in tapeworm TD (20.15 %) than it did of tapeworm rich-
ness (Table 3). The top AIC model explaining variation
in tapeworm TD (AICc = 71.75) was the null model
(model including none of the fixed predictors in the
data set). Notably, the null model was considerably
better than all other AIC models (for all others, AAICc
> 2). Diet TD and trophic level were the best predictors
of tapeworm TD included in the model, with the high-
est relative variable weights across all models (diet TD
[w+ (i) = 0.23] and trophic level [0.10]). However,
these model weights were still notably low, and ulti-
mately, all of the variables included in the analysis
were poor predictors of tapeworm TD. In addition, no
variables demonstrated statistical significance for tape-
worm TD (Table 3). When the analysis was repeated
with phylogeny and the other random effects removed,
latitudinal range (w + (i) = 0.45) and depth range (0.41)
became the best predictors of tapeworm TD (Table S2).
However, all variables remained poor predictors of
tapeworm TD overall, and none of the host features in-
cluded demonstrated significance in this analysis
(Table S2). Conversely, most of the predictors demon-
strated significant effects on tapeworm TD when using
the PIC method to account for phylogenetic relation-
ships (Table 2). Similarly with the PIC analysis for tape-
worm richness, when PICs were used to adjust for the
effects of host phylogenetic relationships on tapeworm
TD, diet breadth (t = 9.40, r* = 0.515, p < 0.0001,
Fig. 5e), diet TD (t=5.90, r>= 0.295, p < 0.0001, Fig. 5f),
and host size (t=5.09, r2=0.238, p <0.0001, Fig. 5h) all
showed significantly positive associations with tape-
worm TD (Table 2). In contrast, trophic level, depth
mid-point, and latitude were non-significant for tape-
worm TD, while depth range showed a significant ef-
fect on tapeworm TD (Table 2).

Our model looking at determinants of variance in
tapeworm TD (results available in Table S3) was sim-
ilar to the LMM for TD, with the null model being
favoured. A large portion of the variance (58.64 %)
was explained by host phylogeny (no other random
effects explained variance), but all fixed variables
were non-significant and poor predictors of variance
in TD. When the analysis was repeated with random
effects removed, all factors remained poor predictors
of variance in tapeworm TD (see Table S2).

DISCUSSION

The main objective of this study was to determine
which host features influence the diversity of tape-
worm assemblages in sharks, with particular focus on
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Fig. 5. Relationships between tapeworm species richness (corrected for study effort) and the (a) diet breadth (b) diet taxonomic

distinctness (TD), (c) trophic level, and (d) host size of shark species. Relationships between TD of tapeworm assemblages (cor-

rected for study effort) and the (e) diet breadth, (f) diet TD, (g) trophic level, and (h) host size of shark species. Each plot is

based on 84 phylogenetically independent contrasts. Solid lines are shown for significant trends and indicate best fit lines for
simple linear regressions

the influence of certain aspects of host diet, such as
diet breadth, composition, and trophic level. In accor-
dance with this objective, we found that the breadth
of a shark's diet, measured by the diversity of prey
families, was a better predictor of tapeworm rich-
ness than any other host feature examined to date
(Table 1). This outcome was robust, with both para-

site richness and diet breadth corrected to prevent
confounding by their associated sampling efforts,
and remained significant even with the exclusion of
dominant taxa (Carcharhinus spp. and Mustelus spp.)
from the dataset. Moreover, diet breadth showed a
highly significant positive association with tapeworm
richness after adjusting data to account for phyloge-
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Table 3. Summary of various host features as predictors for tapeworm species

taxonomic distinctness (TD) in sharks. Relative importance of these predictors

is compared by model-averaged weight (w + (1)), rank, parameter estimate,
95 % confidence interval (CI) and partial r? values

turtles (Stringell et al. 2016). In the
present study, we found that diet TD
(represented by the TD among prey
families in the diet) was the second-

. best predictor of tapeworm species

Random effects Number of Variance ich . harks followi diet

levels explained (%) richness in shar s q owing die

breadth (prey family richness), and

Host phylogeny (Genus/Family/Order) 29 20.15 similar to general diet breadth, diet

Habitat 6 2.25 TD showed a highly significant posi-

Diet composition 5 4.51 . .

tive effect on tapeworm richness

Fixed effects w+ (i) Rank Estimate  95% CI 12 when PICs were used to control for

confounding of phylogenetic relation-

Diet TD 0.23 1 -0.210 -0.447,0.027 0.037 ships among sharks. Interesting]Y’ in
Trophic level 0.10 2 0.012 -0.331,0.356 0.011 : :

Diet breadth <001 3 0001 -0004 0005 0001 | ¢ LMMoftapeworm richness, diet

Latitudinal range <001 4 0001 -0.004,0002 0045 | 1D displayed a negative estimate,

Host size <0.01 5 0.000 -0.001, -0.001 0.033 entailing a net decrease in tapeworm

Depth mid-point <0.01 6 0.000  -0.000, 0.001 0.040 richness with increasing diet TD.

Depth range <001 7 -0.000 -0.000,0.000 0.080 | [owever when PICs were used to

Diet breadth x Diet TD 0.00 8 0.000 -0.000, 0.000 0.001 trol f' th £ di f host

Host size x Trophic level 0.00 8  0.000 -0.000,0.000 0.036 control ot the conlounding ot nos

Latitudinal range x 0.00 8  0.000 -0.000,0.000 0.052 phylogeny, diet TD showed a highly

Depth range significant positive association with

netic relationships between shark species (Table 2,
Fig. 5a). Thus, the findings here support the hypoth-
esis that shark species with broader diets encounter
and subsequently acquire more tapeworm species
than those with restricted diets. So far only a few
empirical studies in other host—parasite systems have
shown diet breadth to be important for the diversity
of trophically transmitted parasites (e.g. Chen et al.
2008, Locke et al. 2014). However, it is also worth
noting that other studies looking at determinants of
parasite diversity have rarely included diet breadth,
and in fact, too few comparative studies have in-
volved diet for meta-analysis to sufficiently assess its
strength as a predictor of parasite richness (Kamiya
et al. 2014). In such cases, there is an eminent need
for more research into the diet of hosts. Where diet
records are available, on the other hand, we suggest
that future studies involving trophically transmitted
parasites should consider finding ways to analyse
diet breadth as a potential predictor of parasite rich-
ness among host species.

Using the average TD of species assemblages to
complement simpler measures of species diversity
(i.e. species richness) has been a common practice in
ecological studies for the past couple of decades (Von
Euler & Svensson 2001, Heino et al. 2005, Winter et
al. 2013). But despite its potential application as a
measure of diversity in species diets, to our knowl-
edge TD has only been implemented as a measure of
diet breadth in 1 recent study involving the diet of

tapeworm richness (Table 2, Fig. 5b).
This discrepancy suggests that the
relationship between tapeworm richness and diet TD
may be confounded by host relationships, and
emphasises the importance of controlling compara-
tive analyses of host traits for phylogenetic influ-
ences. This point is even further reinforced by the
fact that most of the host features included as predic-
tors of tapeworm richness showed major differences
in significance when the analysis was adjusted for
the host's phylogenetic relationships.

The discrepancies described above between our
LMM and PIC analyses might relate to the strong
bias in species included in our analyses towards the
shark order Carcharhiniformes. Although Carcha-
rhiniformes is indeed the most speciose shark order
(see Naylor et al. 2012, Randhawa et al. 2015), the
diet composition and parasite communities in sharks
of this order seem to be positively disproportionally
sampled, described, and defined than those of other
orders such as the Orectolobiformes or Squaliformes
(Table S1). This bias is reflected in the species in-
cluded in our phylogeny (Fig. 1) and has left many
gaps in different families such as the Orectolobidae
(Order Orectolobiformes), Scyliorhinidae (Order
Carcharhiniformes), and Squalidae (Order Squali-
formes). PIC analyses are more sensitive to phy-
logeny due to the assumptions of accurate branch
lengths and correct topology (Felsenstein 1985, Ack-
erly 2000), hence any taxon bias or phylogenetic
uncertainty, e.g. polytomies, might lead to question-
able results that must be interpreted carefully (Ack-
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erly & Reich 1999). Our phylogenetic analyses clearly
yielded a flawed topology (see Naylor et al. 2012).
For instance, they failed to resolve the Scyliorhinidae
(Scyliorhinus canicula, S. stellaris, and Cephaloscyl-
lium umbratile) within the Carcharhiniformes and
placed Squatina californica within the Squaliformes.
These flaws can most likely be explained by biased
and inadequate taxon sampling in different shark
orders and families. The differing results between
LMM and PIC analyses might be explained by failure
to meet the PIC assumption of correct topology. Fur-
thermore, continued stabilising selection (Hansen
1997) might lead to a lack of trait variability within
specific lineages; therefore, any bias towards line-
ages where this phenomenon (or localised phyloge-
netic inertia) is observed will greatly bias the PIC
outputs. With nearly 30 and 60 % of species included
in our analyses, due to limitations of availability of
data, comprising a single genus (Carcharhinus) and a
single order (Carcharhiniformes), respectively, there
are potentially some influences of continued stabilis-
ing selection or localised phylogenetic inertia on PIC
analyses of our data. These issues will not be resolv-
able without simultaneous increased sampling of
shark diet and parasite assemblages across all shark
orders.

Large-scale food web analyses have previously
highlighted trophic level as an important aspect of
host diet that can drive patterns of parasite richness
(Lafferty et al. 2006, Chen et al. 2008). Similarly to
diet breadth, we found an effect of trophic level on
parasite richness, but only when data were adjusted
to account for phylogenetic relationships between
hosts (Fig. 5c). Trophic level was overall the third best
predictor of shark tapeworm richness in this study,
but there was also a notably large margin in relative
importance between trophic level and the top predic-
tor, diet breadth. It is worth noting, however, that
trophic level and diet breadth had a significant inter-
action in the model, signifying that although these
variables measure different diet aspects (trophic level
reflects the position of a shark's prey in the food web,
where general diet breadth does not), they are
related on some level, and may both gauge how
broad a shark's diet is. When considering this, one
could posit that tapeworm richness in sharks is deter-
mined more by the breadth of different prey in a host
species’ diet, rather than by the position of these prey
in food webs. A study of other marine fishes has also
observed trophic level to have less impact on parasite
richness compared with breadth of diet (Locke et al.
2014). Even so, there is a question of why trophic
level was a key driver of parasite richness in network

studies, while appearing to be of less importance
here. Locke et al. (2014) offered a few plausible ex-
planations: (1) trophic level is less relevant in the con-
text of a fish community because it varies much less
than in larger networks of species, and (2) links found
between parasite richness and trophic level in other
studies may reflect their association with diet breadth,
meaning that diet breadth may actually be the under-
lying predictor of significance for parasite richness. It
is also worth considering that trophic level may not
appear as important in vertebrates where species at
higher trophic levels have their parasite faunas re-
stricted by more complex and effective immune re-
sponses (Benesh et al. 2014). There may be some
truth to each of these explanations. In any case, fur-
ther research will be necessary to fully understand
the relative influences of diet breadth and trophic
level on parasite richness, and considering our re-
sults, we recommend that such studies look simulta-
neously at both factors as predictors of parasite rich-
ness (and account for their interaction).

Prior to this study, we proposed that shark species
feeding predominantly on teleost fishes would have
more tapeworm species than sharks feeding mainly
on other prey groups, because most currently de-
scribed intermediate hosts for tapeworms are teleost
fishes (Palm 2004, Jensen 2009). With our results run-
ning counter to this proposal, there is a question of
why the dominant prey group of sharks does not
appear to be a major determinant of tapeworm rich-
ness. One point worth noting is that crustaceans and
cephalopods (the 2 other most commonly dominant
prey groups of sharks) have also been described as
intermediate hosts for many tapeworms, but are gen-
erally less studied for parasites than teleost fishes,
meaning that they likely harbour larval stages of sub-
stantially more species of tapeworms than have been
currently described (Jensen 2009). Another possibil-
ity is that the lack of importance for diet composition
reflects the limitations of simplifying composition
into such large taxonomic groups. Perhaps more spe-
cific diet composition involving comparisons at the
species level could more accurately reflect differ-
ences in tapeworm richness. Analysing diet composi-
tion at this level would prove extremely challenging,
however, since a large portion of studies on shark
diets do not provide composition for individual spe-
cies, genera, families, or even orders, and instead
only estimate the full composition of major taxonomic
groups.

Our LMM looking at predictors of the average TD
of tapeworm assemblages found that no factors
included in this study were good predictors of tape-
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worm TD (Table 3). This was somewhat surprising
given that a few of the same variables (especially diet
breadth) were considerably more important predic-
tors of tapeworm species richness (Table 1), but as
previous research has illustrated, parasite richness
and average TD of parasite assemblages are sensi-
tive to different host features (Luque et al. 2004,
Heino et al. 2005, Luque & Poulin 2008, Randhawa &
Poulin 2010). This is not to say these measures of
diversity are completely different. As with the analy-
sis of tapeworm richness, the predictors of tapeworm
TD showed substantial differences when phylo-
genetic relationships between hosts were adjusted
for using PICs, and it was similarly revealed that diet
breadth, diet TD, and host size were all significant
predictors of tapeworm TD after adjusting for host
phylogeny (Fig. 5). It is worth noting that host phy-
logeny accounted for a significantly larger proportion
of variation in tapeworm TD (20.15 %) compared with
richness (5.84 %), and consequently, phylogeny may
have had stronger confounding effects on the predic-
tors of tapeworm TD. It is unclear why trophic level,
latitudinal range, and depth mid-point were signifi-
cant predictors of tapeworm richness but not tape-
worm TD, and conversely, why depth range was a
significant predictor of tapeworm TD but not rich-
ness. For the effect of depth range on tapeworm TD
but not richness, one possible explanation is that
sharks with broader depth ranges may encounter
more diverse tapeworms due to crossing a wider
range of habitats associated with a wider range of
depths. Thus, sharks with wider depth distributions
may not encounter more compatible tapeworm spe-
cies than sharks with limited depth ranges, but the
tapeworms they encounter could be more taxonomi-
cally diverse.

In line with our results for average tapeworm TD,
we found no good predictors of variance in tapeworm
TD (results in Table S3). This result indicates that the
taxonomic evenness of tapeworm assemblages in
sharks is unlikely to be influenced by the factors we
examined. However, our dataset including variance
in tapeworm TD was considerably more restricted
(n = 57 species), and this variable may be worth
revisiting in the future when more shark tapeworm
records are described. Variance in TD for diet proved
to be more interesting given that it showed a positive
association with both tapeworm richness and tape-
worm TD in our PIC analyses. These results suggest
that both the richness and TD of tapeworm assem-
blages may be generally greater for sharks with more
taxonomically variable assemblages of prey in their
diets. As noted above, measures of TD have rarely

been used to measure diversity in the diets of differ-
ent species. The results for TD herein highlight the
potential insights researchers may gain by looking at
measures of TD in conjunction with simpler meas-
ures of species diversity like species richness.

CONCLUSIONS

We examined a total of 91 shark species in this
study, which is less than one-fifth of all described
shark species known to date (Randhawa et al. 2015).
However, a more complete analysis of the influence of
diet on tapeworm richness would require host diet
and tapeworm records to become available for many
more shark species which are currently data deficient.
Our study is the first to examine the influence of host
diet and trophic level on parasite diversity in elasmo-
branchs, and to our knowledge, it is also the most
comprehensive analysis of parasite diversity in sharks
thus far. This gives credence to our key finding that
the diet of shark species, and particularly the breadth
of diet of a shark species, has important consequences
for the diversity of its trophically transmitted parasites.
The intricacies of this link between host diet breadth
and tapeworm diversity in sharks warrant deeper ex-
ploration. Despite having records of prey for the shark
species examined here, the parasites of these prey
items are generally unknown, and it remains uncer-
tain whether these prey are actually intermediate
hosts contributing to shark tapeworm richness. In-
deed, a number of studies have pointed out that there
are major gaps in our knowledge of the life cycles of
elasmobranch tapeworms (Palm 2004, Jensen &
Bullard 2010, Randhawa & Brickle 2011, Caira &
Jensen 2014). These life cycles will need to be eluci-
dated for a more in-depth understanding of the influ-
ence of diet breadth on tapeworm diversity.
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