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Abstract Tetraphyllidean cestodes are cosmopolitan,
remarkably host specific, and form the most speciose and
diverse group of helminths infecting elasmobranchs
(sharks, skates and rays). They show substantial interspe-
cific variation in a variety of morphological traits, including
body size. Tetraphyllideans represent therefore, an ideal
group in which to examine the relationship between para-
site body size and abundance. The individual and combined
effects of host size, environmental temperature, host habi-
tat, host environment, host physiology, and host type (all
likely correlates of parasite body size) on parasite length
were assessed using general linear model analyses using
data from 515 tetraphyllidean cestode species (182 species
were included in analyses). The relationships between tetra-
phyllidean cestode length and intensity and abundance of
infection were assessed using simple linear regression anal-
yses. Due to the contrasting morphologies between shark
and batoid hosts, and contrasting physiologies between
sharks of the Lamnidae family and other sharks, analyses
were repeated in different subsets based on host morphol-
ogy and physiologies (“sharks” vs. batoids) to determine
the influence of these variables on adult tetraphyllidean
tapeworm body size. Results presented herein indicate that
host body size, environmental temperature and host habitat
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are relatively important variables in models explaining
interspecific variations in tetraphyllidean tapeworm length.
In addition, a negative relationship between tetraphyllidean
body size and intensity of infection was apparent. These
results suggest that space constraints and ambient tempera-
ture, via their effects on metabolism and growth, determine
adult tetraphyllidean cestode size. Consequently, a trade-off
between size and numbers is possibly imposed by external
forces influencing host size, hence limiting physical space
or other resources available to the parasites.
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Introduction

Body size is a fundamental property and characteristic of
all living organisms that affects their mean density or abun-
dance, in addition to all key life history parameters
(Damuth 1981; Peters 1983). One particularly notable rela-
tionship that has emerged from a variety of studies is the
relationship between body size and abundance: larger
organisms are generally less abundant than smaller ones
(Damuth 1981). This negative interspecific relationship
between body size and abundance (or density) reveals a
pattern that is remarkably consistent across a wide variety
of plant (Enquist et al. 1998) and animal taxa (Damuth
1981, 1987; Blackburn and Gaston 1997; Carbone et al.
2007; Hausdorf 2007). Conversely, within many taxa, body
size is positively associated with fecundity, i.e. larger
organisms are generally more fecund than smaller ones. For
example, fecundity is positively correlated with female
body size in intestinal nematodes of mammals (Skorping
etal. 1991). The pressures acting on the evolution of body
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size and the consequences of achieving a given size are
likely to be particularly severe for parasites. The nature and
size of the host not only determine the resources available
for parasite growth, but they also set the physical space
constraints that restrict the maximum size attained by para-
sites, and consequently the maximum numbers that can be
supported by one host.

Even though parasites outnumber free-living species
(May 1992; Windsor 1998), the body of literature investi-
gating the determinants and consequences of interspecific
body size variation in parasites pales in comparison with
that for free-living eukaryotes. In the few studies that have
investigated the relationship between host body size (or
mass) and size of parasites, the usual trend reported,
although not universal, is that larger hosts harbour larger
parasites (Morand et al. 1996; Poulin 1996a). From an evo-
lutionary perspective, larger hosts may not impose the same
selective constraints on parasite size as they provide larger
habitats and a greater supply of resources than smaller
hosts. Consequently, larger hosts can harbour a greater par-
asite biomass than smaller hosts (George-Nascimento et al.
2004). However, biomass depends on both parasite num-
bers and parasite size or mass; therefore, a plausible predic-
tion would be that parasite intensity (mean number of
worms per infected host) and abundance of infection (mean
number of worms per host; sensu Bush et al. 1997) will be
negatively correlated with parasite body size, i.e. large
hosts provide sufficient space and resources to support
many small parasites or a few large ones (see Poulin 2007).
Furthermore, consistent with Bergmann’s rule (as defined
in Blackburn et al. 1999), in aquatic ectoparasitic taxa, such
as copepods (Poulin 1995a), isopods (Poulin 1995b) and
monogeneans (Poulin 1996b), latitude has been positively
correlated with body size. Although not universal (see
Poulin 1997), this latitudinal gradient in size is assumed to
result from the effects of lower temperatures on metabo-
lism, growth and lifespan. Consequently, one would predict
that hosts at higher latitude should tend to be larger and har-
bour lower intensities of large-bodied parasites than hosts
found in the tropics; in ectothermic hosts, both host body
size and environmental temperature (roughly correlated
with depth and latitude) could have separate effects on para-
site body sizes.

Although it is well established that the size of tape-
worms is inversely proportional to intensity of infection,
i.e. “crowding effects” (Read 1951; Bush and Lotz 2000;
Roberts 2000; Heins et al. 2002), studies relating to the
effects of host size on the interspecific variation in parasite
body size are lacking. To our knowledge, the effects of host
size and environmental temperature on tapeworm body size
have not been investigated. Tetraphyllidean tapeworms, in
their definitive hosts, are an ideal group with which to
investigate the effects of host body size and environmental
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temperature on parasite body size. Tetraphyllidean lengths
vary by 3 orders of magnitude, from 1 mm to approxi-
mately 1 m (Caira and Reyda 2005). Moreover, nearly all
elasmobranch species (sharks, skates and rays) examined to
date for parasites harbour at least one species of these tape-
worms (Caira et al. 2001); therefore, among the large and
diverse set of hosts, size also varies significantly. Tetra-
phyllideans exhibit a high degree of host specificity (Caira
and Jensen 2001; Caira and Reyda 2005); therefore, the
size of a parasite species generally reflects its evolution in a
single host species. Also, tetraphyllidean tapeworms
include approximately 600 described species, parasitising
almost exclusively the spiral intestine of elasmobranch
fishes as adults (Caira and Reyda 2005); there is thus very
little interspecific differences in microhabitat preferences
within the host. Since the adults infect almost exclusively
poikilotherms, they are likely to be affected by ambient
temperature, which varies latitudinally and with depth. Lit-
tle is known about the biology of tetraphyllideans and no
complete tetraphyllidean life cycle has been described to
date, although it is believed to include typically three hosts
(Williams and Jones 1994), with elasmobranch hosts
acquiring the worms by ingestion of infected intermediate
hosts. Larval stages have been reported from both cetaceans
(whales, dolphins and porpoises) and pinnipeds (seals and
walruses) (Agusti etal. 2005a, b), teleost fishes (e.g.
Wojciechowska 1990, 1993a, b; Williams and Jones 1994;
Caira and Reyda 2005), chaetognaths (arrow worms)
(Williams and Jones 1994), molluscs (Williams and Jones
1994; Pascual et al. 1995; Brickle et al. 2001; Caira and
Reyda 2005), and a variety of arthropods, ctenophores,
echinoderms, echiurans, and nemerteans (Caira and Reyda
2005).

The objectives of this study were to examine: (1) the
influence of host body size (using length and weight as
surrogates), environmental temperature (using depth and
latitude as surrogates) and host habitat, environment and
physiology on tetraphyllidean body size using general lin-
ear models (GLM); and (2) the relationship between tetra-
phyllidean body size and intensity or abundance of
infection. The possible effect of number of proglottids (seg-
ment-like units making up the body of a tapeworm) per
worm, on tetraphyllidean body size was also assessed. Fur-
thermore, since sharks and batoids differ substantially in
body form (Compagno 1999), analyses included this dis-
tinction and were repeated at both these host taxonomic
levels in an attempt to control for host phylogenetic effects.
Additionally, lamnid sharks (mackerel sharks, e.g. mako,
porbeagle, salmon and great white sharks) differ physiolog-
ically from other elasmobranchs in that they are homeo-
therms (Carey and Teal 1969); therefore, analyses of the
“shark” subset included physiology as an additional
variable.
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Materials and methods
Comprehensive dataset

Tetraphyllidean measurement data were compiled from
original descriptions, or redescriptions, of adult worms
available from the senior author’s reprint collection (529
species) and completed using data available from the
Global Cestode Database (42 species; Caira and Healy
2008; http://www.cestodedatabase.org) (see Electronic
Supplementary Material S1). This extensive dataset there-
fore includes most tetraphyllidean species described up
until November 2008. Except in cases where synonymies
were well established or the validity of species was dealt
with adequately in a taxonomic paper, no effort was made
to deal with the issue of validity of species and therefore,
several species inquirenda were included in the database.
For each species, maximum length and surface area were
used as estimates of body size. The latter was estimated by
applying the formula for a rectangle (L x W); where L and
W represent maximum length and width of the parasite,
respectively. Although tetraphyllidean width increases pos-
teriorly (immature proglottids are narrower than mature or
gravid ones), maximum width of the strobila is the value
generally reported in species descriptions for width. Para-
site volume would have been a more representative mea-
sure of an individual’s biomass, but parasite thickness data
were rarely available (<5% of species included herein). In
addition to these parameters for body size, the maximum
number of proglottids per worm was also recorded when
available. The relationship between number of proglottids
and worm length has not been investigated previously for
this order of tapeworms. Since none of these measurement
data (maxima for length, width, surface area, and number of
proglottids) were normally distributed, they were log-trans-
formed for analyses.

Several factors are likely to influence tetraphyllidean
body size in elasmobranchs. A priori, we identified seven
predictors: (1) host length, (2) host depth, (3) latitude, (4)
host weight, (5) host habitat, (6) host environment, and (7)
type of elasmobranchs (“shark” or batoid). In our analyses,
depth and latitude are used as surrogates for environmental
temperature, and host length and weight are used as surro-
gates for host size. Although host identity is generally
reported in species descriptions, host size rarely is. Host
identifications were compiled from the same sources as
described above for tetraphyllideans. One of the aims of
this paper is to determine whether tetraphyllidean size is
positively correlated with habitat size, in this case, with size
of the spiral intestine. There are no studies on the relation-
ship between elasmobranch length or weight and size of the
spiral intestine, though it is very likely to be strongly posi-
tive. For this reason, both length and weight data for each

host species were obtained from FishBase (Froese and
Pauly 2008; www.fishbase.org). The size of the spiral valve
may be more accurately estimated using the size of the
body cavity. This estimate was obtained by measuring the
length of the host from the tip of its snout to the mid-point
of the pelvic fins, from pictures available in FishBase or in
Compagno et al. (2005); hereafter, “host length” refers to
this measure. The rostrum was excluded from these mea-
surements for representatives of the saw sharks (Pristio-
phoriformes) and sawfishes (Pristiformes). To be consistent
with parasite data, only maxima for host lengths and
weights were used. Both variables were log transformed in
order to meet assumptions of normality. Secondly, latitude
data corresponded to that of the type locality for each para-
site, as compiled from sources described above. If coordi-
nates did not accompany the type locality in the original
description, they were obtained from Google Earth. Lati-
tude data were transformed into decimal format and
rounded to the nearest tenth of a degree. Since depth data
are rarely reported in species descriptions, the typical depth
ranges at which hosts live were obtained for each host spe-
cies from FishBase and expressed as the mid-point of the
depth range. The habitat and environment exploited by each
host species, both categorical variables, were obtained from
FishBase. Five types of habitats are exploited by elasmo-
branchs: bathydemersal, benthopelagic, demersal, pelagic,
and reef associated. Elasmobranchs are adapted to: (1)
freshwater, (2) brackish water, (3) marine; or a combination
of the three types of environments.

Average intensity and abundance of infection for each
parasite species were recorded, if available, to determine
how they covary with parasite body size. Intensity and
abundance data were taken from original descriptions, as
mentioned above, or from published data on surveys avail-
able in the senior author’s reprint collection (see Electronic
Supplementary Material S1, S2). The precision of estimates
of intensity and abundance of infection increases asymptot-
ically with the number of hosts examined, generally reach-
ing acceptable levels for sample sizes of 20 hosts or more
(see Fig. 6.3 in Poulin 2007). Here, although surveys exam-
ining at least 20 host individuals would have been pre-
ferred, it is extremely unusual for several specimens of
large species of sharks or rays to be captured and examined
for cestodes. Thus, only those collated data obtained from
fewer than six host individuals were excluded from this
study. This provided an acceptable trade-off between repre-
sentative samples of the host populations examined and
the inclusion of sufficient observations for comparative
purposes, at least for a preliminary analysis.

Relationships between parasite body size and predictor
variables were assessed using GLM (normal distribution;
identity link function). Of the six predictor variables
included in analyses, four consisted of continuous (body
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length, host depth, type latitude of parasite, and host
weight) and three of categorical (host habitat, environment
and type of elasmobranch) variables for a total of 11
parameters. All possible main effects linear regression
models were computed. Models were ranked according to
their corrected Akaike information criterion (AIC,) values.
This value was obtained from the residual sum of squares
for each model using the method outlined in Anderson
(2008). The AIC, differences (AAIC,) and model weights
(w;) were computed to determine the relative importance
and rank of each variable (see Anderson 2008). The latter
approach provides insights into the importance of each
variable, taking into account the possible multicollinearity
between predictor variables and requires running all possi-
ble models so that each variable is of equal footing
(Anderson 2008). When more than one model was sup-
ported, the multi-model inference approach was used
(Burnham and Anderson 2002). Model-averaged parame-
ter estimates were obtained by weighting parameters esti-
mates according to model probabilities (see Anderson
2008). By averaging all models from our a priori set, “bad”
models received a weight that tends towards zero, thus
keeping model inclusion objective. The unconditional
variances were obtained in order to calculate a 95% confi-
dence interval for each variable, taking into account the
sampling variance and the variance component for model
selection uncertainty (Burnham and Anderson 2002;
Anderson 2008). This approach provides an estimate of the
“slope” for each parameter, independent from others pres-
ent in the model (Anderson 2008). A priori, sets of poten-
tially biologically significant second-degree interactions
between predictor variables were selected and compared to
models incorporating main effects included in the interac-
tion. For instance, the relative importance of the interac-
tion between predictor variables A and B was compared to
the following models: (1) A, (2) B, (3) A+ B, and (4)
A+ B+ (A x B). The evidence ratios between the model
including the interaction term and the “best” model from
each set (based on AIC,) was used to determine whether
the inclusion of the interaction term improved the model
significantly. Relationships between parasite body size and
intensity and abundance were assessed using linear regres-
sion analyses.

Subsets

The comprehensive dataset was divided along host taxo-
nomic boundaries (“sharks” vs. batoids) (Table 1) follow-
ing the elasmobranch taxonomy proposed by Compagno
(1999). Analyses of the ‘“sharks” subset also included a
“physiology” parameter to take into account the physiolog-
ical differences between sharks of the family Lamnidae and
other sharks. The analyses excluded one tetraphyllidean
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Table 1 Summary of the top ten models for tetraphyllidean tapeworm
body size based on corrected Akaike information criterion (AIC,)
values. Models are shown including the number of parameters (K),
AIC, differences (AAIC,), and Akaike weights (w,) of each model
given the data

Comprehensive dataset

Model* K AIC, AAIC, w;
{2456} 6 —207.2905 0.0000 0.1079
{345} 5 —207.2445 0.0461 0.1055
{456} 5 —207.2235 0.0670 0.1044
{3456} 6 —206.8079 0.4826 0.0848
{245} 5 —206.2238 1.0667 0.0633
{2345} 6 —205.6154 1.6751 0.0467
{23456} 7 —205.3275 1.9630 0.0405
{1456} 6 —205.1501 2.1404 0.0370
{1345} 6 —205.0327 2.2578 0.0349
{12456} 7 —205.0226 2.2649 0.0348
“Sharks”
{3} 3 —107.8760 0.0000 0.1489
{34} 4 —106.2387 1.6374 0.0657
{37} 4 —106.1875 1.6886 0.0640
{13} 4 —105.9796 1.8964 0.0577
{23} 4 —105.9512 1.9284 0.0569
{36} 4 —105.8451 2.0309 0.0539
{234} 5 —104.4581 3.4179 0.0270
{237} 5 —104.4509 3.4251 0.0269
{347} 5 —104.2349 3.6411 0.0241
{123} 5 —104.1597 3.7163 0.0232
Batoids
{2456} 6 —104.1724 0.0000 0.0902
{345} 5 —103.2000 0.9724 0.0554
{456} 5 —103.0671 1.1054 0.0519
{3456} 6 —102.8903 1.2821 0.0475
{245} 5 —102.8009 1.3715 0.0454
{2345} 6 —102.5480 1.6244 0.0400
{23456} 7 —102.4860 1.6864 0.0388
{1456} 6 —102.0831 2.0893 0.0317
{1345} 6 —101.9884 2.1840 0.0303
{12456} 7 —101.9635 2.2089 0.0299

# Predictor variables: host length (1), host depth (2), latitude (type) (3),
host weight (4), host habitat (5), host environment (6), host physiology
)

species infecting a member of the non-elasmobranch sub-
class Holocephalii (chimaeras). Unpaired #-tests were per-
formed on tetraphyllidean length, and on each continuous
predictor variable, to determine whether their means
differed between “sharks” and batoids. Analyses were
repeated for “sharks” and batoid subsets as described
above.
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Results
Complete dataset
Determinants of parasite body size

Data were obtained for 515 of 571 described tetraphylli-
dean species included in this study (see Electronic Supple-
mentary Material S1). Data were unavailable from the other
56 species because either the descriptions did not include
measurement information or the original sources could not
be translated into English. Total body length varied from
1.4 mm to 1 m (mean = 57.6 mm), with the majority of spe-
cies being smaller than 25 mm (Fig. 1). Tetraphyllidean
length was strongly correlated with both width and surface
area of parasites (r=0.837; P<0.0001; n=428 and
r=0.973; P<0.0001; n=427, respectively); therefore,
from this point onward, only relationships involving para-
site length will be considered.

The maximum number of proglottids per worm ranged
from three to 1,586 (mean = 143) with the majority pos-
sessing fewer than 60. Length of the parasite was strongly
correlated with number of proglottids (r=0.881;
P <0.0001; n=357; Fig. 2); therefore, from this point
onward, parasite length will be the only descriptor of para-
site body size considered in analyses.

The GLM analyses included 182 species for which data
were available for all predictor variables: (1) body length,
(2) host depth, (3) type latitude of parasite, (4) host weight,
(5) host habitat, (6) host environment, and (7) type of elas-
mobranch. The “best” model (AIC, = —207.29) explaining
interspecific variations in tetraphyllidean body size
included host depth, host weight, host habitat, and host
environment (Table 1). The ten “best” models all included
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Fig. 1 Frequency distribution of maximum lengths for all species of
tetraphyllidean cestodes included in this study (n = 515)
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Fig. 2 Relationship between the maximum parasite length and the
maximum number of proglottids per worm for species of tetraphylli-
dean cestodes included in this study for which these data were
available (n = 357). The line represents the best-fit line from a simple
linear regression. Log (max length) =[0.8899358 x log (max no.
prog)] — 0.34245;r =0.88; P < 0.0001. Note the logarithmic scale for
both axes

host weight and habitat (Table 1). The relative importance
of each variable identified both these factors as the most
important (Table 2). Only model-averaged parameters of
host weight and the pelagic and benthopelagic components
of habitat had confidence intervals bounded away from zero
(Table 2) indicating that host depth and host environment
are pretending variables (noninformative variables that do
not decrease the deviance when included in a model—see
Anderson 2008). The only interaction to improve its sister
model significantly was that between type latitude and type
of elasmobranch (Table 3), indicating that type latitude is
an important predictor variable of tetraphyllidean tape-
worm body size in one group of elasmobranchs and not in
the other.

Parasite size versus abundance/intensity

As expected, parasite intensity and abundance tended to
decrease with increasing parasite length (r=—0.276;
P=0.0433; n=54 and r=-0.135; P=0.3067; n=159,
respectively) (Fig. 3), although only the former did so sig-
nificantly.

Subset based on host taxonomy

Determinants of parasite body size

The dataset included species infecting chimaeras, unknown
hosts, sharks, and batoids (1, 18, 182, and 371, respectively).
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Table 2 Predictor variable rela-

. . . Comprehensive dataset
tive importance weights [w,(i)],

ranks, weighted model average Predictor variable w, (i) Rank Parameter Confidence interval

parameter estimates, and 95% estimate

confidence intervals. Parameter

estimates in bold indicate those Host length 0.4153 6 0.1178 —0.1532 t0 0.5091

bounded away from zero. BD Host depth 0.5011 4 0.0802 ~0.0363 t0 0.1968

Bathydemersal; BP benthopela- )

gic; D demersal; P pelagic; B, M Latitude (type) 0.4971 5 0.0019 —0.0009 to 0.0065

brackish and marine; F, B, M Host weight 0.8391 2 0.1716 0.0408 to 0.3024

freshwater + B + M Habitat (BD) 1.0000 1 0.3256 —0.0681 t0 0.7193
Habitat (BP) 1.0000 1 0.3097 0.0716 to 0.5477
Habitat (D) 1.0000 1 —0.1467 —0.3245 t0 0.0312
Habitat (P) 1.0000 1 —0.3531 —0.6192 to —0.0870
Environment (B, M) 0.5952 3 —0.0094 —0.1069 to 0.0881
Environment (F, B, M) 0.5952 3 —0.1003 —0.2652 to 0.0645
“Shark” or Batoid 0.2925 7 —0.0025 —0.0311 to 0.0262
“Sharks”
Host length 0.3145 4 0.0540 —0.2498 to0 0.3579
Host depth 0.2842 6 0.0282 —0.0771 to 0.1294
Latitude (type) 1.0000 1 0.0194 0.0094 to 0.0295
Host weight 0.3308 2 0.0055 —0.0836 to 0.0945
Habitat (BD) 0.2568 7 0.0394 —0.0702 to 0.1492
Habitat (BP) 0.2568 7 0.0631 —0.0250 to 0.1512
Habitat (D) 0.2568 7 0.0214 —0.0616 to 0.1043
Habitat (P) 0.2568 7 —0.0988 —0.2196 to 0.0220
Environment (B, M) 0.3275 3 —0.0290 —0.0881 to 0.0302
Environment (F, B, M) 0.3275 3 —0.0282 —0.1289 t0 0.0726
Physiology 0.3008 5 0.0243 —0.0436 to 0.0921
Batoids
Host length 0.6509 4 0.1427 —0.2051 to 0.4906
Host depth 1.0000 1 0.1966 —0.0226 t0 0.4158
Latitude (type) 0.4538 5 —0.0008 —0.0041 to 0.0026
Host weight 0.8100 3 0.0847 —0.0288 to0 0.1983
Habitat (BP) 0.8566 2 0.1790 0.0799 to 0.2780
Habitat (D) 0.8566 2 —0.1186 —0.1790 to —0.0583
Environment (B, M) 0.4068 6 —0.0678 —0.1718 to 0.0362
Environment (F, B, M) 0.4068 6 0.1121 —0.0999 to 0.3242

Only those infecting the latter two groups were included in
analyses. Tetraphyllideans infecting sharks were signifi-
cantly longer than those infecting batoids (70.3 and
51.4 mm, respectively; t5,5 =2.0013; P =0.0459). How-
ever, this difference disappears after correcting for the
effects of host size, by incorporating the type of elasmo-
branch host as a predictor variable in our GLM analyses.
As expected, shark hosts were significantly longer than
batoid hosts (282.0 vs. 148.6cm; respectively;
377 =8.0117; P <0.0001). Even though longer and infect-
ing larger hosts, tetraphyllideans infecting sharks possessed
fewer proglottids than those infecting batoids (121 vs. 152,
respectively), albeit not significantly fewer (755, = 1.2930;
P =0.1968). Shark hosts were found at significantly greater
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depths than batoid hosts (219.2 vs. 145.3 m; respectively;
type =2.9403; P =0.0035). Type latitudes of tetraphylli-
dean tapeworms infecting shark hosts were not statistically
different from those infecting batoid hosts (27.6 vs. 27.0,
respectively; ts,4 = 0.4727; P = 0.6366).

The dataset included eight homeotherm (lamnid sharks)
and 184 poikilotherm shark species, although only five and
75, respectively, were included in GLM analyses. Tetra-
phyllideans infecting lamnid sharks were not significantly
smaller than those infecting other sharks (64.5 and
70.5 mm, respectively; #,c3 = 0.1150; P = 0.9085). Lamnid
shark hosts were significantly longer and heavier than other
shark hosts (571.6 vs. 268.7 cm; respectively; t,q, = 4.2097;
P<0.0001 and 1842.6 vs. 3393 kg; respectively,
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Table 3 Summary of the interactions between predictor variables that
significantly improved the main effects models. Models are shown
including their AIC_, w; and evidence ratio (ER). Lat Latitude (type),
S/B “shark” or batoid; for other abbreviations, see Table 1

Interaction Model AIC, w; ER

c i

—194.0067 0.0147 66.3037
—189.5570 0.0016 613.4360

Complete Lat
dataset Lat x S/B g/

Lat + S/B —193.2143 0.0099 98.5379
Lat + S/B + —202.3952 0.9738 1.0000
(Lat x S/B)
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Fig. 3 Relationship between maximum parasite length and a intensity
of infection (n = 54), and b parasite abundance (n = 59), for all tetra-
phyllidean species with a minimum of six hosts examined. The line
represents the best-fit line for a simple linear regression. Note the log-
arithmic scale for both axes

ty; =4.7950; P <0.0001). Also, lamnid shark hosts were
found at significantly greater depths and latitudes than other
shark hosts (496.3 vs. 204.8 m; respectively; ;4 = 2.9062;
P=0.0042 for depth and 42.1 vs. 27.1, respectively;
t130 = 2.8629; P = 0.0047 for latitude).

The GLM analyses included 80 “shark™ and 102 batoid
species for which data were available for all predictor vari-
ables. The “best” “sharks” model (AIC,= —107.88)
included the single variable: latitude (Table 1). The same
parameter was also included in all ten “best” models
(Table 1). The relative importance of each variable identi-
fied latitude as the most important and the only one with a
confidence interval bounded away from zero (Table 2). All
other variables seem to act as pretending variables. The
“best” batoid model (AIC, = —104.17) included host depth,
host weight, host habitat, and host environment (Table 1).
No single variable was included in all ten “best” models,
although host depth and habitat were considered the most
important in relation to other variables. Only the benthopel-
agic and demersal parameters of the host habitat variable
had a confidence interval bound away from zero (Table 2).
Even though the isolated influence of this predictor variable
on tetraphyllidean tapeworm body size is relatively small
(2 mm or nearly 4%), it is nonetheless significant. Further-
more, consistent with results including models with interac-
tions from the comprehensive dataset, latitude was
identified as an important determinant for only one group of
elasmobranchs, “sharks”.

Parasite size versus abundance/intensity

Neither of the relationships between parasite abundance or
intensity and parasite length for shark or batoid hosts
(n=17 and 15; n=41 and 38, respectively) was statisti-
cally significant, most likely because of the few species that
could be included in these analyses.

Discussion

Overall, our results highlight some of the forces that may
have shaped the evolution of body sizes in tetraphyllidean
cestodes. First, we found that host weight (proxy for size),
and habitat are the key variables identified by our models;
the former generally correlates positively with parasite
body size, suggesting that space constraints and factors
associated with host habitat have both acted to determine
cestode adult sizes. Second, we found evidence that larger
tetraphyllidean species tend to occur at lower intensities of
infection, possibly because of the trade-off between size
and numbers imposed by limited space or other resources.
Ultimately, an endoparasite’s maximum size is limited
by the physical size of the organ it exploits within a host
individual. Therefore, larger elasmobranchs should provide
larger habitats and greater availability of resources to tetra-
phyllidean cestodes than smaller ones. Results reported
here indicate that parasite length is positively correlated
with elasmobranch host weight. However, upon dividing
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the dataset along phylogenetic boundaries, host weight is a
relatively important variable in batoid models, but not in
“sharks”.

Members of the shark family Lamnidae (mackerel
sharks, e.g. mako, porbeagle, great white sharks) are capa-
ble of increasing body core temperatures by up to 20°C
(Bernal et al. 2005), thus also increasing peristaltic move-
ment and reducing digestion times (see Holmgren and
Nilsson 1999). This leads to increases in food intake.
Although larger than other sharks (571.6 cm and 1,842.6 kg
vs. 268.7 cm and vs. 339.3 kg, respectively), they harbour
smaller adult tetraphyllideans (64.5 vs. 70.5 mm, respec-
tively). Increases in peristaltic movement and food intake
may favour the establishment of smaller parasites, as larger
ones are more likely to become detached as a result of the
increased rate of passage of food through the digestive
tract. Moreover, increases in food intake by members of
this shark order could result in an increased acquisition of
tetraphyllideans by their final hosts, hence resulting in the
regulation of parasite biomass by density-dependent fac-
tors, thus enhancing intra- and inter-specific competition
for resources and space, i.e. “crowding” (Read 1951;
Roberts 2000).

Body size can follow a latitudinal gradient in both free-
living and parasitic organisms, regardless of physiology,
i.e. poikilotherm or homeotherm (Blackburn etal. 1999,
and references therein). Studies investigating the effects of
latitude on parasite body size have found a positive correla-
tion in ectoparasites (Poulin 1995a, b, 1996b) and no effects
of latitude on parasite body size in endoparasites (Poulin
1997). Our data show a strong correlation between tetra-
phyllidean cestode length and factors associated with envi-
ronmental temperature in both shark and batoid hosts.
Overall, tetraphyllidean body size is correlated with latitude
in sharks and with depth in batoids, although their effect
sizes vary. For instance, when the effects of latitude and
depth are isolated for “sharks” and batoids, respectively, a
shark at the equator will harbour tetraphyllidean tapeworms
that are 6.5 mm (nearly 10%) shorter than those infecting
sharks at a latitude of 45 degree, whereas tetraphyllideans
infecting batoids at depths of 40 m (average depth of batoid
hosts associated with reef habitats) will be 1.6 mm (approx-
imately 3%) shorter than those infecting batoid hosts at a
depth of 750 m (average depth of batoid hosts associated
with bathydemersal habitats). It is possible that both these
variables influence tetraphyllidean body size in both types
of hosts. Unfortunately, the median latitude of individual
tetraphyllidean species is not known. Furthermore, in the
absence of specific information on tetraphyllidean trans-
mission and preferred position in the water column, host
depth is used herein as a proxy for environmental tempera-
ture to which the parasite is likely to be exposed. Shark
body size is correlated with depth whereas body size of
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tetraphyllidean tapeworms infecting these sharks is correlated
with latitude. Although certain groups of sharks occupy
benthic habitats (e.g. angel sharks, carpet sharks and horn
sharks), the majority of sharks feed in the water column.
Assuming that intermediate host size varies along a temper-
ature gradient and that size is a limiting factor to larval
tapeworm growth, it may be that intermediate hosts preyed
upon by sharks are found closer to the surface and there-
fore, vary in size according to a latitudinal gradient, not a
depth gradient. Batoid body size is correlated with both
depth and latitude, whereas body size of tetraphyllidean
tapeworms infecting these batoids is influenced by depth
only (relative importance of depth and latitude =1 and
0.45, respectively; see Table 2). Batoids have evolved a
dorso-ventrally flattened morphology adapted for living on,
or near, the substrate and they specialise in feeding on prey
biota associated with benthic habitats (Wilga et al. 2007).
Most batoids have a relatively varied diet, feeding on a rel-
atively greater diversity of prey associated with this habitat
than others, whereas benthopelagic batoids seem to special-
ise on molluscs, especially cephalopods, and teleost fishes
(FishBase). Unfortunately, the lack of data on feeding habit
of specific elasmobranch species prevented us from adding
a diet parameter to our GLM analyses. Although diet is
likely to be correlated with habitat, it may be an influential
variable on tetraphyllidean body size.

Except those infecting lamnid sharks, tetraphyllideans
infect poikilotherms, thus are exposed to ambient tempera-
tures. The number of homeotherm shark species (n=135)
was low and contributed to increasing the variance in our
GLM analyses, which revealed no important influence of
shark physiology on tetraphyllidean body size, However,
the relationship between parasite length and depth in the
shark family Lamnidae is opposite to that observed for
other sharks (r=—0.712; P =0.0729; n=7 and r = 0.351;
P <0.0001; n =136, respectively), whereas parasite length
and latitude are positively correlated for both these groups,
although only significantly so in non-lamnid sharks. Lam-
nid sharks have the capability to increase their body tem-
perature in the gut region by as much as 20°C above
ambient water temperature (Bernal et al. 2005). Therefore,
they provide conditions for parasites more akin to those
found in shallower waters or at lower latitudes, which may
explain why these large sharks harbour relatively small tet-
raphyllidean tapeworms. Thus, even if lamnid sharks are
found generally at greater depths and latitudes than other
sharks, they are not infected with larger tetraphyllidean
tapeworms.

Although depth and/or latitude does have an effect on
parasite size, differences in vagility between different spe-
cies of elasmobranch fishes (see Kohler et al. 1998) could
mean that the type latitudes or depths used in this study do
not adequately reflect the median range for the hosts. Shark
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vagility is positively correlated with body size and is
affected by habitat (Musick et al. 2004). Type of habitat,
particularly benthopelagic and pelagic, did influence para-
site body size parameters overall and in batoids. To our
knowledge, there are no large-scale data available on batoid
vagility in the literature for comparison with that of sharks.

A given resource supply can only support a certain
biomass, which is partitioned among many small or a few
large individuals; this should result in a negative interspe-
cific relationship between body size and abundance
(Damuth 1981; Brown 1995). In parasite communities, pat-
terns of abundance do not necessarily mirror those of
free-living taxa. In nematodes parasitising mammals, the
relationship between intensity of infection, a measure of
parasite density within each infected host, and parasite
body size is consistent with that observed in free-living taxa
(Arneberg et al. 1998). However, those reported for other
groups of parasites sometimes reveal a positive relationship
between body size and abundance (Poulin 1999; Poulin and
Justine 2008). The results of this study suggest that among
tetraphyllidean cestodes parasitising elasmobranch fishes,
parasite length is negatively correlated with intensity of
infection (Fig. 3). These results are consistent with trends
for other endoparasite groups (acanthocephalans and digen-
eans) of fish (Poulin 1999). Increases in fecundity are
widely associated with larger body size in parasitic animals
(Skorping et al. 1991; Poulin 1997, 2007). From an evolu-
tionary perspective, if there are advantages to growing
larger, i.e. increased fecundity, why is there a 3 orders of
magnitude difference between the smallest and largest tetra-
phyllidean cestodes? Smaller parasites may be less affected
by density-dependent factors; therefore, they may accumu-
late over time in their host and reach greater intensities of
infection (Poulin 1999). As mentioned above, the maxi-
mum size attained by adult tetraphyllidean tapeworms may
be evolutionarily constrained by the size of its intermediate
host. The “crowding effect” in the intermediate host could
limit larval growth (Heins et al. 2002), proportionally to the
size of that host. It must also be pointed out that within
elasmobranch species, larger host individuals generally har-
bour more individual cestodes than small ones (Friggens
and Brown 2005), consistent with the “crowding effect”
(Read 1951; Bush and Lotz 2000; Roberts 2000). If this
pattern extends among host species, then larger host species
harbouring larger worms could also accommodate more
individual worms of any given size, another factor that
could weaken the link between body size and abundance or
intensity in tetraphyllidean cestodes.

Parasite abundance is generally obtained for a single par-
asite species. However, host individuals are often infected
with more than one parasite species; therefore, the parasite
biomass per host individual can be affected by both parasite
abundance and richness (or diversity). Although larger

hosts can support a greater biomass of parasites, biomass is
not necessarily correlated with species richness (see Poulin
2007). However, for many groups of marine parasites, spe-
cies richness is negatively correlated with latitude, i.e. spe-
cies richness is greater in the tropics (Poulin and Rohde
1997; Rohde and Heap 1998; Rohde 2005). This trend is
observed in both ectoparasites and endoparasites of fishes
(Rohde 2002), although the relative species richness, defi-
ned as the number of parasite species per host species, is
correlated with latitude only in ectoparasites (see Rohde
2005). The relative species richness of tetraphyllidean ces-
todes was not considered in this study, but based on the
assumption that the relative species richness of parasites is
unaffected by latitude (Rohde 2005), we would not expect
to uncover a trend. However, since batoid hosts generally
harbour more diverse tetraphyllidean assemblages than
shark hosts (Caira and Reyda 2005), the effects of latitude
on relative species richness for this cestode order need to be
investigated further. Additionally, the effects of host depth
range had no effect on parasite species richness in marine
fish (Luque and Poulin 2004) and marine chondrichthyans
(Luque and Poulin 2008). The effects of depth on relative
species richness of this cestode order need to be investi-
gated further.

In summary, host body weight, host depth, latitude, and
host habitat are variables influencing the parasite body size
in tetraphyllidean cestodes infecting elasmobranchs with
latitude being the only important factor in sharks and host
depth and habitat the most important in batoids. Consistent
with trends observed in various plant and animal taxa, tetra-
phyllidean parasite body size is negatively correlated with
intensity of infection, the equivalent of density for para-
sites. These results indicate that body size in these cestodes
may be largely determined by ambient temperature, and
that in turn body size constrains to some extent the number
of conspecific parasites that can coexist within the same
host individual. Ambient temperature shaping parasite body
size may thus indirectly impact the population biology of
parasites.
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