
Enhanced understanding of ectoparasite–host trophic linkages on
coral reefs through stable isotope analysis
Amanda W.J. Demopoulos a, Paul C. Sikkel b,*
a U.S. Geological Survey, Southeast Ecological Science Center, Gainesville, FL 32653, USA
b Department of Biological Sciences, Arkansas State University, PO Box 599, State University, AR 72467, USA

A R T I C L E I N F O

Article history:
Received 3 November 2014
Revised 7 January 2015
Accepted 8 January 2015

Keywords:
Ectoparasites
Reef fish
Fish parasitic isopods
Cleaning symbiosis
Food webs
Stable carbon isotopes
Stable nitrogen isotopes

A B S T R A C T

Parasitism, although the most common type of ecological interaction, is usually ignored in food web models
and studies of trophic connectivity. Stable isotope analysis is widely used in assessing the flow of energy
in ecological communities and thus is a potentially valuable tool in understanding the cryptic trophic
relationships mediated by parasites. In an effort to assess the utility of stable isotope analysis in under-
standing the role of parasites in complex coral-reef trophic systems, we performed stable isotope analysis
on three common Caribbean reef fish hosts and two kinds of ectoparasitic isopods: temporarily para-
sitic gnathiids (Gnathia marleyi) and permanently parasitic cymothoids (Anilocra). To further track the
transfer of fish-derived carbon (energy) from parasites to parasite consumers, gnathiids from host fish
were also fed to captive Pederson shrimp (Ancylomenes pedersoni) for at least 1 month. Parasitic isopods
had δ13C and δ15N values similar to their host, comparable with results from the small number of other
host–parasite studies that have employed stable isotopes. Adult gnathiids were enriched in 15N and de-
pleted in 13C relative to juvenile gnathiids, providing insights into the potential isotopic fractionation
associated with blood-meal assimilation and subsequent metamorphosis. Gnathiid-fed Pedersen shrimp
also had δ13C values consistent with their food source and enriched in 15N as predicted due to trophic
fractionation. These results further indicate that stable isotopes can be an effective tool in deciphering
cryptic feeding relationships involving parasites and their consumers, and the role of parasites and clean-
ers in carbon transfer in coral-reef ecosystems specifically.

© 2015 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parasitism, whereby smaller organisms derive energy from larger
ones (hosts), usually without killing them, is the most common
animal lifestyle and thus the most common consumer strategy
(Hudson et al., 2006). It is therefore surprising that, with few ex-
ceptions (Price et al., 1986), parasites have historically been ignored
in both theoretical and empirical analyses of ecological food webs
(Morand and Arias-Gonzalez, 1997; Arias-Gonzalez and Morand,
2006; Dunne et al., 2013). Ecologically-minded parasitologists have
called attention to this gap (Marcogliese and Cone, 1997; Wood et al.,
2007; Byers, 2009; Johnson et al., 2010), drawing comparisons
between parasites and “micropredators” (Raffel et al., 2008) and pro-
posing them as the “ultimate missing link” in our understanding
of trophic ecology (Lafferty et al., 2008), with the potential to dom-

inate food-web links. In spite of this, fewer than 10 food-web studies
within the past two decades have incorporated parasites (Morand
and Arias-Gonzalez, 1997; Arias-Gonzalez and Morand, 2006; Lafferty
et al., 2006, 2008; Kuris et al., 2008; Amundsen et al., 2009; Johnson
et al., 2010; Hatcher and Dunn, 2011; Sato et al., 2012; Dunne et al.,
2013).

Our understanding of food-web ecology, host–parasite interac-
tions, and especially the interface between the two in marine
ecosystems lags far behind terrestrial and freshwater systems (Hatcher
and Dunn, 2011). A major challenge is that current food-web models
are insufficient for inclusion of parasites (Petchey et al., 2008; Sukhdeo,
2010). This gap is particularly apparent for coral-reef systems, where
the majority of the biodiversity is comprised of parasites (Rohde,
2002). Parasites can have substantial biomass in marine ecosys-
tems (Kuris et al., 2008) and influence food-web linkages by increasing
trophic efficiency (Arias-Gonzalez and Morand, 2006), link density,
and connectance (Amundsen et al., 2009). By consuming host tissue,
they represent a direct means of host carbon transfer. Indirectly, para-
sites may influence food-web linkages by altering host movement
and other behavioural patterns (Huebner and Chadwick, 2012a,
2012b; Sato et al., 2012; Welicky and Sikkel, 2014).
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Two of the most common external parasites of coral-reef fishes
are gnathiid and cymothoid isopods. Gnathiids are small (1–
3 mm) protelean parasites that feed on fish blood during each of
three larval stages, each of which lives in the substratum between
feedings. Thus, they are ecologically similar to terrestrial
haematophagous arthropods such as ticks and fleas. After the third
feeding, they metamorphose into non-feeding adults, where females
produce a single brood and then die (Smit and Davies, 2004).
Gnathiid larvae represent a major component of the diet of cleaner
fishes, and they are also eaten by cleaner shrimps (Grutter, 1996;
Arnal et al., 2000), who remove the parasites from fish hosts. High
gnathiid activity even appears to influence the tendency of host fish
to visit cleaners (Grutter, 2001; Sikkel et al., 2004). During free-
living stages, gnathiids may also be consumed by other
microcarnivores (Alldredge and King, 1977; Holzman et al., 2005;
Motro et al., 2005), including corals (Artim and Sikkel, 2013). Thus,
their potential contribution to food webs is self-evident. Because
gnathiids feed during and grow between each of their three larval
stages, there is an ontogenetic shift in size with each stage and with
each fish host. Consequently, as they grow, their potential role in
carbon transport increases because bigger gnathiids can consume,
and require, more blood to grow and metamorphose than smaller
ones.

Cymothoid isopods of the genus Anilocra attach to hosts as ju-
veniles, feed on blood and possibly mucus, epithelium, and
subcutaneous tissue (Bunkley-Williams and Williams, 1998). In con-
trast to gnathiids, Anilocra reach large body sizes (up to 25% of host
body size – Smit et al., 2014) and remain attached to the host for
their entire life, unless they are dislodged or eaten (Ostlund-Nilsson
et al., 2005). Anilocra females feed on host blood, and likely produce
multiple broods during a life span of 12–14 months (Adlard and
Lester, 1995). Cleaner species are known to dislodge and consume
juvenile cymothoid isopods, which can also be consumed by
microcarnivores during free-living stages, but predation on adults
is unknown (Bunkley-Williams and Williams, 1998; Ostlund-Nilsson
et al., 2005).

Ectoparasites such as these offer a promising starting point for
the integration of parasites into food webs. Unlike internal para-
sites, ectoparasites can often be seen with the naked eye and
collected without sacrificing the host. Perhaps most importantly,
they can impact food webs through direct consumption by other
organisms (Johnson et al., 2010). Stable isotope analysis can provide
an indirect measure of parasite trophic ecology, providing an ad-
vanced tool in the analysis of host–parasite food-webs (Gómez-Díaz
and González-Solís, 2010). Stable carbon isotopes (δ13C) are used
to discern carbon or food sources and indicate relative contribu-
tions of primary sources to local food webs, with a typical trophic
shift of 0–1‰ (DeNiro and Epstein, 1981; McCutchan et al., 2003).
In contrast, stable nitrogen isotope (δ15N) values increase with trophic
level, typically 2–3‰ (Minagawa and Wada, 1984; Post, 2002;
McCutchan et al., 2003), and are useful when estimating trophic level
(Post, 2002; McCutchan et al., 2003). Smaller trophic shifts in δ15N
are associated with animals raised on invertebrate diets (1.4 ± 0.2‰,
McCutchan et al., 2003). Thus, stable isotope analysis could assist
with understanding the complexity of the cryptic trophic relation-
ships involving parasites and other symbionts in biologically complex
systems, such as coral reefs.

If parasites function as predators, we would predict a stepwise
enrichment in 15N of parasites relative to hosts, on the order of 2–3‰
(DeNiro and Epstein, 1981; Post, 2002). However, applications of
stable isotope analysis and published trophic fractionation values
to examine parasite–host isotopic relationships have yielded vari-
able results (Lafferty et al., 2008; Doi et al., 2010; Gómez-Díaz and
González-Solís, 2010). Isotope patterns are influenced by the feeding
strategy or life history stage of the parasite (Iken et al., 2001; Pinnegar
et al., 2001; O’Grady and Dearing, 2006), and the level of enrich-

ment can vary in a parasite species found among multiple hosts
(Deudero et al., 2002) or among different parasite taxa within hosts
(Boag et al., 1997; Neilson et al., 2005; Gómez-Díaz and
González-Solís, 2010). In addition, interpretation of results from par-
asite isotope studies is often limited by the selection of tissue
analysed for isotopic comparison with parasites (Power and Klein,
2004; Stapp and Salkeld, 2009). For haematophagous parasites (e.g.,
gnathiids and Anilocra), estimates of trophic shift should be based
on isotopic differences between fluids (blood) and consumers (ec-
toparasites) rather than differences between muscle or bulk tissue
and consumers (e.g., McCutchan et al., 2003; Doi et al., 2010), because
blood may differ isotopically from muscle tissue or whole organ-
isms (Pinnegar et al., 2001). To date, few studies have examined
multiple parasites and hosts simultaneously (Gómez-Díaz and
González-Solís, 2010), and no studies, to our knowledge, have in-
corporated parasite consumers in an isotopic study of food webs.

As a first step in assessing the utility of stable isotope analysis
in elucidating the cryptic trophic relationships and carbon trans-
fer mediated by parasites in marine reef systems, we conducted
stable carbon and nitrogen isotope analysis of ectoparasitic gnathiid
and cymothoid isopods, three fish host species, and one cleaner
shrimp species. We hypothesized that host fish, parasite, and par-
asite consumer will have similar δ13C values, with little change (0–
1‰) in δ13C with each trophic level. We predicted that parasites
would be enriched in 15N by approximately 2–3‰ relative to host
heart and blood tissues, due to trophic fractionation of δ15N (Post,
2002; Stapp and Salkeld, 2009; Schmidt et al., 2011). We calcu-
lated the magnitude and direction of fractionation between parasites
(gnathiid and Anilocra) and host tissues, and between juvenile and
adult gnathiid life stages. Lastly, we expected that parasite con-
sumers (cleaner shrimp) will be enriched in 15N relative to gnathiids,
consistent with the trophic shift of ~ 1.4‰ reported for inverte-
brate consumers (McCutchan et al., 2003).

2. Materials and methods

2.1. Study site and organisms

The field portion of the study was conducted during May–
August of 2009 and 2010. The primary base of operation was the
Virgin Islands Environmental Resource Station in Lameshur Bay, St.
John, U.S. Virgin Islands (18°19 N, 65°44 W) and all specimens were
collected within Lameshur Bay. Fish species used in the study in-
cluded longfin damselfish (Stegastes diencaeus, Pomacentridae),
French grunt (Haemulon flavolineatum, Haemulidae), and squirrelfish
(Holocentrus adscenscionis, Holocentridae). These fish species were
chosen based on their distinct differences in habitat use and
behaviour, as well as their abundance at our study site. Longfin dam-
selfish are diurnal herbivores that defend year-round territories in
shallow reef habitat (Robertson, 1984). French grunts live in shoals
or individually in reef habitat during the day and typically migrate
to seagrass beds at night where they feed on benthic and demer-
sal invertebrates (Nagelkerken et al., 2008; Appeldoorn et al., 2009).
Like French grunt, squirrelfish also refuge in reef structure during
the day and are active at night, feeding on demersal and benthic
invertebrates and even small fishes. However, in contrast to French
grunt, they remain on the reef at night (Randall, 1967; Gladfelter
and Johnson, 1983; Menard et al., 2008). Thus, all three fish species
demonstrate high site fidelity to resting sites (Nagelkerken et al.,
2008) and French grunt in particular may play a significant role in
the transfer of parasites among habitats. All three species are in-
fected by the gnathiid isopod Gnathia marleyi (Farquharson et al.,
2012) at our study sites, although their susceptibility varies (Coile
and Sikkel, 2013). In addition, French grunt are infected by the
cymothoid isopod, Anilocra haemuli, and squirrelfish by A. holocentric
(Bunkley-Williams and Williams, 1981; Bunkley-Williams, 1984;
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Welicky and Sikkel, 2014). At least two of the species, French grunt
and longfin damselfish, visit Pederson shrimp (Ancylomenes
pedersoni) cleaning stations (Sikkel et al., 2004; Huebner and
Chadwick, 2012a).

2.2. Sample collection and preparation

The protocol for collection of host fishes and gnathiids was similar
to previous studies on gnathiids at this site (Sikkel et al., 2006, 2009;
Coile and Sikkel, 2013). Fishes (French grunts and longfin damself-
ish) were caught from Lameshur Bay on the south side of St. John
at night by scuba divers using aquarium nets or in the day by
snorkelers using modified cast nets. All divers had extensive expe-
rience with collection of live fishes and all fish were handled carefully
to minimize abrasion and avoid injury to the fish. After collection,
fish were held in a plastic mesh holding cage, and later trans-
ferred to plastic containers filled with seawater on a boat or dock
for transport to the laboratory. Squirrelfish were not used to collect
gnathiids due to their low susceptibility to them. Fish were tem-
porarily (6–30 h) held in a shaded, 1500 L tank with running seawater
before being deployed on the reef. Plastic tubes were added to the
tank to provide shelter and reduce stress.

Fish were deployed on the reef at dusk by snorkelers. Prior to
deployment, each fish was carefully transferred to an individual
plastic mesh cage that was placed in a bucket of seawater for trans-
port. On site, cages were placed inside larger cages made of plastic
lattice to prevent predation by sharks, and anchored to the sub-
stratum with dive weights. The cages were retrieved by snorkelers
at times of peak gnathiid activity: dawn and midnight (Sikkel et al.,
2006). During retrieval, the cage containing the fish was carefully
removed from the protective lattice and swam slowly to the surface
to minimize loss of gnathiids. Fish were then placed into a tub of
seawater (supplied with an aerating device to ensure adequate
oxygen) for 3–4 h to allow attached gnathiids to feed and dislodge
from hosts. Prior to removal from the tub, fish were thoroughly rinsed
with seawater to dislodge any remaining gnathiids. The water was
then strained through a 100 μm plankton mesh. Gnathiids were
sorted into three juvenile development stages: P1, P2, and P3, using
a dissecting scope, and either frozen for the shrimp feeding exper-
iment described below (P3s), or preserved in 70% ethanol for stable
isotope analysis. Gnathiids are extremely fragile, often losing ap-
pendages if not preserved immediately. Therefore, to help ensure
the integrity of the specimens, gnathiids were preserved for sub-
sequent isotope analysis.

To obtain Anilocra, infected fishes (French grunts and squirrelfish)
were collected as above then transferred to tanks with running sea-
water in the laboratory until being processed. Anilocra were removed
from 10 squirrelfish and six French grunt using forceps. In addi-
tion, brooding manca (larvae) were removed from two of the Anilocra
females collected from H. adscensionis (n = 2) and H. flavolineatum
(n = 2).

Fish with high gnathiid loads (at least 20) and/or Anilocra were
sacrificed with an overdose of clove oil (Anderson et al., 1997;
Munday and Wilson, 1997; Nickum et al., 2004). Blood was removed
from the severed caudal artery of French Grunts (n = 17) by capil-
lary tube. The heart and a section of muscle from the rear dorsum
were also removed from all fish collected. Heart was used as a proxy
for fish blood when it was not possible to remove enough blood from
fish for isotope analysis (see below). Abdominal tissue from Anilocra,
whole gnathiids, and all fish tissues were either placed in 70% ethanol
(gnathiids) or frozen (heart, muscle, blood, Anilocra) in Whirl Paks
at −20 °C.

Gnathiids retrieved from individual hosts were used either for
host–gnathiid comparisons or for the shrimp feeding experiment
(see below), and less than 1/3 of the total gnathiids were P3 (which,
if allowed to metamorphose, turn into adult males or females). This

limited the number of adult male and female gnathiids available
for stable isotope analysis.

2.3. Gnathiid–shrimp feeding experiment

In order to evaluate the trophic transfer of carbon from fish host
to gnathiid parasite to cleaner shrimp, Pedersen cleaner shrimp were
collected from their anemone hosts by divers using hand nets, and
placed in individual containers within seawater tables. The shrimp
were fed ad libitum gnathiids (P3) that were collected from either
longfin damselfish or from French grunts. Each shrimp consumed
only gnathiids from one species of fish. Throughout the experi-
ment, shrimp were active feeders and consumption of the gnathiid
meal was easily confirmed because the blood-engorged gnathiid
could be observed in the transparent abdomen of the shrimp. The
feeding trial duration was 1.5 months, although some shrimp died
before that date. Only shrimp that had fed for 1 month or longer
(n = 8 for French grunts and n = 9 for longfin damselfish) were in-
cluded in the analysis. The shrimp were preserved in 70% ethanol
for stable isotope analysis. Additional Pederson shrimp (n = 14) were
collected from the same sites within Lameshur Bay and frozen for
stable isotope analysis of wild-caught individuals.

2.4. Processing of samples and stable isotope analysis

Fish, shrimp, and Anilocra tissues were rinsed with deionized
water, dried for 1–2 days at 60 °C, ground, and weighed in tin boats.
Gnathiids were rinsed in deionized water, placed directly into pre-
weighed tin boats, and left to dry in the oven over night (60 °C).
Because of their small size, multiple individuals of the P1 and P2
gnathiids (3–13 individuals) all from the same host individual were
pooled to obtain sufficient sample size for analysis. After drying and
cooling, tin boats containing gnathiids and shrimp tissues were acidi-
fied with 1% PtCl2 to remove inorganic carbon (Levin and Mendoza,
2007; Demopoulos et al., 2010). Samples were analysed for C and
N compositions referenced to Vienna PeeDee Belemnite (VPDB) and
nitrogen gas (atmospheric) (Peterson and Fry, 1987). Analyses were
performed using a Costech (Valencia, CA, USA) elemental analyzer
interfaced to a GV instruments (Manchester, UK) Isoprime isotope
ratio mass spectrometer. Reproducibility was monitored using
organic reference standards (Fry, 2007) and was 0.05‰ for δ13C and
δ15N. Isotope ratios are expressed as δ values, in units of per mil (‰),
where δ13C or δ15N = [(Rsample/Rstandard)-1] × 103 and R is the corre-
sponding ratio, 13C/12C or 15N/14N.

2.5. Assessment of potential preservation artefact
(ethanol vs. freezing)

Studies have reported potential fractionation of 13C and 15N as-
sociated with ethanol preservation but indicate that the difference
may be species specific (Sweeting et al., 2004; Kelly et al., 2006;
Fleming et al., 2011). In particular, for arthropods, including crus-
taceans, preserved in 70% or 95% ethanol, the resulting fractionation
compared with freezing samples has been variable, with either no
differences, increases, or decreases in δ13C and/or δ15N (Ponsard and
Amlou, 1999; Sarakinos et al., 2002; Feuchtmayr and Grey, 2003;
Fleming et al., 2011; Krab et al., 2012; Chouvelon et al., 2014). In
certain cases, fractionation may have been a consequence of not
rinsing off the ethanol prior to drying the tissue and subsequent
isotope analysis (Fleming et al., 2011; Krab et al., 2012). In order
to estimate whether ethanol preservation potentially influenced the
isotopic composition of the gnathiid and shrimp tissue measure-
ments, we compared isotope values from Pederson shrimp and
gnathiids frozen and preserved in 70% ethanol. Because of their small
size, it was not possible to split these animals in half, preserve half
and freeze the other half. This process would have not yielded
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sufficient mass for the isotope analysis. However, all the gnathiids
were collected from the same fish host individual and all Peder-
sen shrimp were collected from the same area within Lamershur
Bay, USVI. All specimens, whether frozen or preserved in ethanol
were first rinsed in DI water, then dried. The dried shrimp were then
ground and subsampled into tin boats. Whole gnathiids (P3) were
rinsed in DI then dried in tin boats. All samples were acidified using
1% PtCl2 to remove inorganic carbon (Levin and Mendoza, 2007;
Demopoulos et al., 2010). Tissue preservation in ethanol had no sig-
nificant alteration of stable δ13C (Mann–Whitney U: U = 28, p = 0.274)
or δ15N (MW: U = 23, p = 0.130) values for shrimp or gnathiids, MW:
δ13C: U = 2.0, p = 0.275, δ15N = U = 1.0, p = 0.127, therefore no correc-
tion factor was applied to the stable isotope data.

The carbon and nitrogen isotope discrimination (Δ13C and Δ15N)
between host fish tissues and parasites (P1, P2, P3, adult gnathiids,
Anilocra) and between adult gnathiids (male and female) and P3
gnathiids were calculated as follows:

Δ Δ13 15 13 15 13 15C and N C or N of parasite C or N of host
tissue

= ( ) − (δ δ δ δ
)) = (

) −
. Δ Δ13 15 13 15

1

C and N C or N of adult gnathiid-male
or female

δ δ
δ 33 15 3C or N of P gnathiidδ( ).

2.6. Statistical analysis

All data were tested for normality and heteroscedasticity using
Shapiro–Wilk and Levene’s test for homogeneity of variances (Sokal
and Rohlf, 1995). One-way ANOVA was used to test for isotopic dif-
ferences among French grunt blood, heart, and muscle tissues, using
Bonferroni post hoc comparisons. Results from the ANOVA test
further allowed us to determine whether heart could be used as a
proxy for blood when blood collections were not feasible. Non-
parametric Kruskal–Wallis (KW) test was used to test for isotopic
differences among longfin damselfish and French grunt tissues and
associated gnathiids, and Anilocra vs. French grunt and squirrelfish
tissues. Significant KW results were followed by post-hoc Mann–
Whitney paired comparisons using Bonferroni adjustment for
multiple comparisons. Mann–Whitney U tests were used for paired
comparisons between longfin damselfish heart and muscle isotope

data and between Pederson shrimp and gnathiid isotope data. A sig-
nificance level of p < 0.05 was used for all statistical analyses.

3. Results

3.1. Isotopic composition of tissues

Gnathiids collected from French grunt had the highest δ13C values
(Fig. 1A) and Anilocra isopods had the highest δ15N values (Table 1).
In contrast, longfin damselfish hearts had the lowest δ13C (−13.5 ± 0.4)
and δ15N (6.0 ± 0.3) values (Table 1, Fig. 1B).

3.1.1. French grunts
There were no significant differences between French grunt blood,

heart, and muscle δ13C values (ANOVA, F2,37 = 0.820, p = 0.449). In
contrast, blood and heart were significantly depleted in 15N rela-
tive to muscle (ANOVA, F2,37 = 25.095, p < 0.001, Fig. 1), but there were
no differences in δ15N values between blood and heart tissues
(p = 0.706, Fig. 1). Stable carbon and nitrogen isotope values of French
grunt tissues and gnathiids also were not different (KW, χ2 = 3.603,
p = 0.058 for δ13C, χ2 = 2.006, p = 0.157 for δ15N). While δ13C values
of French grunt blood were similar to the P3 gnathiids (Fig. 2), P3
were generally enriched in 15N relative to blood. There were no sig-
nificant differences in δ13C or δ15N values among different gnathiid
larval stages (P1, P2, P3) from French grunt (KW, χ2 = 1.439, p = 0.487
for δ13C and χ2 = 4.475, p = 0.107 for δ15N).

Similar patterns in the isotope discrimination factors were ob-
served between gnathiids and French grunt blood across juvenile
life stages (Table 2), corresponding to negative Δ13C values and pos-
itive Δ15N values. However, in general, the opposite pattern was
observed for discrimination factors calculated for gnathiids and heart
tissue and muscle tissue, with slight enrichment in Δ13C and de-
pletion in Δ15N (Table 2). Stable nitrogen isotope values were enriched
for both females and males relative to P3 gnathiids (Fig. 2), yield-
ing positive discrimination values (Table 2). However, while females
were slightly enriched in 13C relative to P3 (Δ13C = 0.1 ± 0.2), males
were depleted in 13C relative to P3 gnathiids, yielding negative dis-
crimination values (Δ13C = −2.1 ± 0.3).

Table 1
Stable isotopic values and carbon to nitrogen ratios of fish, ectoparasites, and Pederson shrimp from St. John, USVI. Average values (±1 S.E.) and ranges are given.

N δ13C range δ13C δ15N range δ15N average C/N

Stegastes diencaeus
Fish muscle 9 −12.4 ± 0.2 (−13.1 to −10.8) 7.4 ± 0.1 (6.8 to 8.3) 3.7
Fish heart 9 −13.3 ± 0.3 (−14.8 to −11.8) 6.0 ± 0.3 (4.8 to 7.7) 4.4
Parasites – Gnathia marleyi – P3 8 −13.2 ± 0.2 (−14.1 to −12.1) 6.2 ± 0.4 (4.8 to 7.4) 4.7
Parasites – Gnathia marleyi – P2 5 −12.8 ± 0.4 (−13.7 to −11.3) 6.7 ± 0.4 (5.1 to 7.6) 4.9
Parasites – Gnathia marleyi – P1 4 −12.7 ± 0.2 (−13.3 to −12.3) 6.9 ± 0.9 (5.0 to 8.5) 4.9
Ancylomenes pedersoni (Fed gnathiids from Damselfish) 9 −11.7 ± 0.2 (−12.4 to −10.8) 7.6 ± 0.3 (6.7 to 9.4) 4.5

Haemulon flavolineatum
Fish muscle 33 −11.0 ± 0.2 (−14.0 to −9.4) 7.9 ± 0.2 (6.3 to 10.1) 3.5
Fish heart 30 −11.1 ± 0.2 (−13.2 to −9.4) 7.1 ± 0.1 (6.1 to 8.4) 3.8
Fish blood 17 −10.8 ± 0.2 (−11.9 to −8.9) 6.6 ± 0.1 (5.7 to 8.0) 3.9
Parasites – Gnathia marleyi – P3 24 −11.2 ± 0.3 (−15.3 to −9.4) 6.7 ± 0.1 (5.7 to 9.3) 4.4
Parasites – Gnathia marleyi – P2 12 −10.6 ± 0.2 (−11.9 to −9.4) 7.2 ± 0.2 (5.4 to 8.4) 4.3
Parasites – Gnathia marleyi – P1 7 −10.6 ± 0.3 (−11.3 to −9.3) 6.8 ± 0.4 (5.5 to 8.7) 4.4
Parasites – Gnathia marleyi – adult-female 4 −12.1 ± 0.8 (−14.3 to −11.1) 7.9 ± 0.4 (6.8 to 8.8) 5.3
Parasites – Gnathia marleyi – adult-male 4 −14.0 ± 0.8 (−16.4 to −12.7) 7.2 ± 0.3 (6.8 to 8.2) 5.2
Parasites – Anilocra haemuli adult female 6 −11.1 ± 0.4 (−12.2 to −9.5) 8.8 ± 0.6 (8.3 to 10.7) 5.6
Parasites – Anilocra brood 2 −11.7 ± 1.0 (−12.8 to −10.7) 8.7 ± 1.1 (7.6 to 9.8) 7.0
Ancylomenes pedersoni (Fed gnathiids from Grunts) 8 −11.2 ± 0.1 (−11.8 to −11.0) 7.6 ± 0.3 (6.6 to 9.0) 4.2

Holocentrus adscensionis
Fish muscle 10 −11.6 ± 0.1 (−12.2 to −11.1) 7.9 ± 0.1 (7.4 to 8.4) 3.7
Fish heart 10 −11.3 ± 0.2 (−12.2 to −10.3) 8.1 ± 0.2 (6.1 to 8.7) 3.6
Parasites – Anilocra holocentri adult female 10 −10.9 ± 0.3 (−12.5 to −9.4) 7.7 ± 0.5 (5.2 to 10.2) 5.3
Parasites – Anilocra brood 2 −13.1 ± 0.3 (−13.5 to −12.8) 7.8 ± 0.1 (7.8 to 7.9) 7.9
Ancylomenes pedersoni – Wild caught 14 −11.2 ± 0.2 (−12.9 to −10.7) 7.8 ± 0.3 (4.6 to 8.6) 3.4
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Anilocra attached to French grunt had similar δ13C values as their
host fish heart and muscle tissues (KW, χ2 = 4.738, p = 0.094). Fish
tissue δ15N values were significantly different from Anilocra (KW,
χ2 = 8.229, p = 0.016). Post hoc comparisons indicated that while there
was no significant difference between Anilocra and French grunt
muscle δ15N isotopes (MW: U = 7.000, p = 0.094), Anilocra were sig-
nificantly enriched in 15N relative to the heart (MW: U = 5.000,
p = 0.041) (Fig. 1A). Anilocra broods had similar stable isotope values
as their maternal host (Table 1); however, the small sample size
(n = 2) precluded statistical comparisons. Anilocra were signifi-
cantly enriched in 15N relative to the gnathiids (MW: U = 12,
p = 0.008), but not significantly different in δ13C (MW: U = 36,
p = 0.519). These two parasite species did not co-occur on the fish
analysed in this study. However, the fish were collected in the same
location, and there was no significant difference in heart values from
the French grunts infested with gnathiids compared with those in-
fested with Anilocra (MW: U = 21.0, p = 0.529 for δ13C, U = 23.0,
p = 0.689 for δ15N).

3.1.2. Longfin damselfish
There were no significant differences in δ13C or δ15N values among

different gnathiid sizes (P1, P2, P3) collected from longfin damself-
ish (KW, χ2 = 1.380, p = 0.501 for δ13C, χ2 = 1.349, p = 0.509, for δ15N)
Thus, isotope values from gnathiids of different juvenile stages were
pooled for statistical comparisons with fish tissues (heart and
muscle), and cleaner shrimp.

While overall δ13C values of heart were lower than muscle
(Fig. 1B), they were not significantly different (MW: U = 22.5,
p = 0.113). Stable carbon isotope values of longfin damselfish heart,
muscle and gnathiids were not significantly different (KW, χ2 = 4.911,
p = 0.086), but tissue δ15N values were significantly different (KW,
χ2 = 7.521, p = 0.008). Specifically, longfin damselfish muscle was en-
riched in 15N relative to heart (MW: U = 9.000, p = 0.004, Fig. 1B).
Stable carbon isotope discrimination factors calculated for gnathiids
and heart were variable and slightly depleted for P2 and P3 juve-
niles, and enriched for Δ15N. Discrimination factors calculated for
muscle and gnathiids were similar to heart values for Δ13C, but all
Δ15N values were negative (Table 2).

3.1.3. Squirrelfish
In contrast to the French grunt, δ13C and δ15N values for

squirrelfish heart, muscle, and associated Anilocra tissues were not
significantly different (Fig. 1C, KW, χ2 = 3.962, p = 0.138 for δ13C,
χ2 = 2.429, p = 0.297, for δ15N respectively). The two Anilocra broods
analysed were depleted in 13C relative to the adult female, but δ15N
values were similar to their maternal host (Table 1). Anilocra dis-
crimination factors were positive for Δ13C and negative for Δ15N
relative to heart and muscle. Discrimination factors calculated for
brood vs. female Anilocra were negative for both Δ15N and Δ13C
(Table 2).

3.1.4. Shrimp and parasite (gnathiid) feeding experiment
Shrimp had significantly higher δ13C and δ15N values relative to

longfin damselfish-fed gnathiids (Fig. 1B, MW: U = 3.0, p = 0.001 for
δ13C, U = 10.5, p = 0.011 for δ15N). On average, shrimps were 1.3 ± 0.2‰
(range: 0.49–2.15‰) enriched in 13C (similar for predicted trophic
fractionation from prey to predator, 0–1‰, DeNiro and Epstein, 1978)
and ~1.4 ± 0.3‰ (0.46–3.15‰) enriched in 15N relative to the
gnathiids, consistent with trophic shift predicted for consumers of
invertebrates (1.4 ± 0.21‰, McCutchan et al., 2003).

There were no significant differences between δ13C of French
grunt-fed gnathiids and shrimp (Fig. 1A, MW: U = 102, p = 0.08).
However, shrimps had significantly higher δ15N values (7.6 ± 0.7‰)
than gnathiids (6.7 ± 0.7‰, MW: U = 71, p = 0.009), consistent with
results from longfin damselfish-fed gnathiids and shrimp consum-
ers. Results indicate that stable carbon isotopes were similar and
conserved from host fish, regardless of tissue type (heart, muscle),
to parasite, and to parasite consumer. Wild-caught Pederson shrimp
δ13C and δ15N values were within the range reported for the exper-
iment (Table 1, δ13C = −11.2 ± 0.2, δ15N = 7.8 ± 0.3).

4. Discussion

4.1. Isotopic relationships between parasitic isopods and their
fish hosts

The present study represents the first isotopic analysis of coral-
reef parasitic gnathiids and Anilocra isopods associated with multiple
fish hosts, providing insight into trophic transfer of carbon from host
fish to parasite. This is surprising given that Anilocra are the most
conspicuous ectoparasites of reef fishes and that gnathiids repre-
sent the most common reef-based ectoparasites. To date, there have
been only two published studies that have applied the stable isotope
method to parasitic isopods: Anilocra physodes, N = 6, associated with
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Fig. 1. Mean δ13C and δ15N (±1 Standard Error) values of gnathiids (open squares),
(A) Haemulon flavolineatum heart (grey diamond), blood (white diamond), and muscle
(black diamond), Pederson shrimp (Ancylomenes pedersoni, open triangle), and Anilocra
isopods (cross), (B) Stegastes diencaeus heart (grey diamond), and muscle (black
diamond), and Pederson shrimp (open triangle), and (c) Holocentrus adscenscionis
heart (grey diamond), and muscle (black diamond), and Anilocra isopods (cross).
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seabream (Boops boops) (Pinnegar et al., 2001) and deep-sea gnathiids
(N = 16, no fish host identified or analysed) (Fanelli et al., 2009), but
because no fish hosts were identified in the latter study, trophic link-
ages between parasite and host were not estimated.

Host fish and parasites had similar δ13C values, consistent with
our hypothesis predicting little carbon isotopic change from host-
heart and blood to ectoparasite. Neither did we observe an increase
in δ15N from host tissue to juvenile gnathiids, as predicted based
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Fig. 2. Stable carbon and nitrogen isotope data for Haemulon flavolineatum blood vs. P3 (A and B), blood vs. adult gnathiids (C and D), and P3 vs. adult gnathiids (E and F).
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on trophic fractionation. Stable nitrogen isotopes of juvenile gnathiid
parasites were depleted relative to muscle, but similar to heart and
blood tissue. Given that the heart and blood had very similar isotope
values, heart may provide a reliable isotopic proxy for the blood meal
consumed by the gnathiids. When gnathiids (P3) were allowed to
digest their blood meal, assimilate this source, and metamor-
phose into adults, there were shifts in both δ13C and δ15N, for males
and females. While there was little change in δ13C from P3 to females
(0.1 ± 0.2), the fractionation from P3 to males was much greater
(−2.1 ± 0.3) indicating there might be some differences in how the
blood-meal resources are allocated. For females, the blood meal is
used for egg development. Lipids are known to be depleted in 13C
relative to protein, so it is possible that the decrease in δ13C from
P3 to male may represent preferential incorporation of lipid-rich
material. There are major morphological changes that occur when
the P3 metamorphoses into a male (e.g., Smit and Davies, 2004, see
Graphical Abstract), including the growth of a large head with man-
dibles. In addition, both % carbon and % nitrogen decreased in P3
(%C = 51, %N = 14) to adult males (%C = 19, %N = 4); thus the isoto-
pic changes may reflect net changes in carbon and nitrogen content
in the adult males. Stable isotopic analysis of the molts would assist
our understanding of potential carbon and nitrogen losses associ-
ated with metamorphosis. There was a slight increase in δ15N from
P3 to males and a greater increase for females (Table 2), which may
represent the enrichment in 15N that occurs with trophic fraction-
ation (McCutchan et al., 2003; Stapp and Salkeld, 2009). Additionally,
once P3s metamorphose to adults, they no longer feed and the re-
sulting increased δ15N values may be associated with starvation (e.g.,
Olive et al., 2003). Increased δ15N observed here in metamor-
phosed gnathiids is consistent with what has been observed for
terrestrial parasites that have assimilated their blood meal (Rasgon,
2008; Stapp and Salkeld, 2009; Schmidt et al., 2011). However, this
is a limited data set (N = 8 total for males and females) and pro-
vides preliminary insight into isotopic changes associated with
assimilation of the blood meal and potential fractionation associ-
ated with metamorphosis. Given the small sample size for adult
gnathiids reported here, additional work is needed to clarify the
isotope fractionation associated with metamorphosis for each life
stage. Also, additional fractionation may occur as the metamor-
phosed parasites age (e.g., Schmidt et al., 2011). Thus, future work
should include tracking possible isotopic composition changes as
the adults age and prepare to reproduce.

Heart and blood proved to be better isotopic matches to para-
sites than muscle for δ15N. Results were consistent with published
δ15N data from endoparasites of brook char (Salvelinus fontinalis),

and threespine stickleback (Gasterosteus aculeatus) fishes, and gas-
tropods (Lymnaea spp.), which were depleted in 15N relative to host
tissues (Power and Klein, 2004; Doi et al., 2010). Differences between
gnathiids and fish muscle δ15N may be due to selective feeding by
the gnathiids, including differential selection of isotopically de-
pleted amino acids (Hare et al., 1991). Increases in δ15N due to trophic
fractionation are attributed to a branch point in amino acid me-
tabolism where 15N-depleted ammonia from deamination is lost as
urea and 15N-enriched amino acids are incorporated into animal pro-
teins (Gannes et al., 1998). Parasites evolved flexibility in operation
of their metabolic pathways, possibly incorporating amino acids di-
rectly (O’Grady and Dearing, 2006), rather than synthesizing amino
acids de novo (transamination) (Howell, 1976). Also, parasites may
minimize transamination and deamination pathways when excess
amino acids are present (Kohler and Voight, 1988), resulting in little
to no change in δ15N from host to parasite (Macko et al., 1986). Given
that analysed gnathiid juveniles were engorged with blood, it is pos-
sible that the blood meal experienced minimal digestion, resulting
in negligible fractionation in 15N of the fresh meal relative to host
blood.

Isotopic differences between Anilocra attached to French grunt
vs. squirrelfish may have been a function of the life history of the
parasite. Anilocra stable isotope values were not significantly dif-
ferent from their squirrelfish host tissues. Results were consistent
with published results from Anilocra and copepod ectoparasites,
where these ectoparasites were not significantly different from their
fish host in δ15N (Pinnegar et al., 2001). In addition, minimal frac-
tionation in 15N was reported between parasitic nematodes living
on lizards (O’Grady and Dearing, 2006), rabbits (Boag et al., 1997),
and fish (Iken et al., 2001; Pinnegar et al., 2001; Deudero et al., 2002).
In contrast, Anilocra attached to H. flavolineatum were enriched in
15N relative to muscle (0.9‰) and heart (1.7‰, Table 1), although
this was lower than previously documented trophic-level fraction-
ation (e.g., 2–3‰, Minagawa and Wada, 1984). Isotopic enrichment
in 15N observed in Anilocra may be a consequence of multiple factors.
Anilocra do not feed while brooding, which may result in corre-
sponding isotope differences between brooding and non-brooding
isopods. Anilocra are known to feed on blood, but they may also feed
on other resources, including fish mucus, which may be isotopi-
cally distinct from blood and the isotopic composition of the host.
In addition, based on published studies of Anilocra from the Great
Barrier Reef, Australia, females feed on host blood at intermittent
times (Adlard and Lester, 1995) and can remain attached to the fish
for up to 14 months. Given the periodicity in their feeding on host
blood and long periods of attachment, Anilocra tissue may not reflect

Table 2
Estimates of Δ13C and Δ15N discrimination factors (Mean difference ± 1 SE) between host resource and ectoparasites, P3 and adult gnathiids, and anilocra brood and female
anilocra.

Haemulon flavolineatum Stegastes diencaeus Holocentrus adscensionis

N Δ13C (‰) Δ15N (‰) N Δ13C (‰) Δ15N (‰) N Δ13C (‰) Δ15N (‰)

Gnathia marleyi
P3-blood 9 −0.3 ± 0.4 0.2 ± 0.1
P2-blood 7 −0.2 ± 0.2 0.6 ± 0.2
P1-blood 4 −0.1 ± 0.4 0.2 ± 0.2
Adult female-P3 4 0.1 ± 0.2 1.0 ± 0.5
Adult male-P3 4 −2.1 ± 0.3 0.3 ± 0.3
P3-heart 19 0.1 ± 0.2 −0.4 ± 0.2 9 −0.1 ± 0.4 0.1 ± 0.3
P2-heart 10 0.1 ± 0.3 −0.2 ± 0.4 6 −0.3 ± 0.4 0.7 ± 0.6
P1-heart 8 0.4 ± 0.2 −0.3 ± 0.3 4 0.5 ± 0.6 1.4 ± 0.9
P3-muscle 22 0.1 ± 0.2 −0.7 ± 0.3 12 −0.6 ± 0.2 −1.4 ± 0.3
P2-muscle 12 0.1 ± 0.4 −0.9 ± 0.4 6 −0.5 ± 0.2 −0.4 ± 0.3
P1-muscle 8 −0.4 ± 0.2 −1.3 ± 0.4 5 −0.8 ± 0.7 −1.0 ± 0.8

Anilocra spp.
Female-heart 6 −0.3 ± 0.4 1.6 ± 0.6 10 0.4 ± 0.3 −0.4 ± 0.5
Female-muscle 6 −1.0 ± 0.5 0.1 ± 0.7 10 0.7 ± 0.3 −0.2 ± 0.6
Anilocra brood-female 2 −0.4 ± 0.4 −0.1 ± 0.5 2 −1.3 ± 0.5 −1.1 ± 0.4
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the same isotope signal as fish heart or blood at the time of col-
lection. Assimilated diet approximated from stable isotope analysis
of Anilocra could reflect a different time scale than the period re-
corded in the fish heart tissue. Anilocra may have been between
feeding periods, resulting in starvation and increased 15N relative
to host tissues (Olive et al., 2003). Isotopic enrichment of 15N in para-
sites relative to hosts from terrestrial and aquatic environments has
been reported in multiple studies (Boag et al., 1997; Stapp and
Salkeld, 2009; Gómez-Díaz and González-Solís, 2010), indicating that
different trophic relationships may exist depending on host and par-
asite and assimilated food resource.

Significant differences between Anilocra and gnathiid δ15N values
attached to French grunt could be due to several factors. One ex-
planation is that the two different parasites are feeding on sources
that differ isotopically (e.g., fish blood versus mucus). While Anilocra
and gnathiids were harvested from different individual fish, there
were no isotopic differences among the individual fish that might
explain the differences observed in the ectoparasites. Both Anilocra-
infected fish and fish used to obtain gnathiids were of the same size
class and were collected from the same sites and daytime resting
shoals and thus likely consumed similar food sources and were
exposed to the same environmental conditions. Due to the small
organism size, whole gnathiids were required for stable isotope anal-
ysis, while dissected abdominal tissue was used for Anilocra. Taxon-
specific fractionation factors or tissue-specific isotopic differences
may have yielded δ15N differences between these two parasite
species. However, results are consistent with studies of both ter-
restrial and marine parasites that have documented isotopic
differences among different parasite taxa within hosts (Boag et al.,
1997; Pinnegar and Polunin, 1999; Polunin et al., 2001; Neilson et al.,
2005; Gómez-Díaz and González-Solís, 2010).

4.2. Isotopic relationships between host, parasite, and cleaner

To our knowledge, the shrimp feeding experiment presented here
also represents the first of its kind, providing insight into trophic
transfer of parasite carbon to parasite consumers. Only gnathiids
were used for this study and the experiment yielded slightly dif-
ferent results for damselfish than for grunt-fed gnathiids. For
damselfish, shrimp were enriched in 13C relative to gnathiids on
average 1.3 ± 0.2‰ (range: 0.49–2.15‰). These results may be a func-
tion of different lipid content between gnathiids and shrimp. Lipids
are more depleted in 13C than proteins or carbohydrates and blood
has a high lipid content (Focken and Becker, 1998; Pinnegar and
Polunin, 1999). Presence of lipids can affect fractionation because
the synthesis of lipid discriminates against the heavier isotope (13C)
in favor of the lighter isotope (12C) (DeNiro and Epstein, 1981).
Gnathiids may contain high concentrations of lipids due to their
blood meal, resulting in depleted 13C values complicating compari-
sons with whole shrimp isotopic composition. However, the C/N
values for shrimp and gnathiids do not indicate that lipids were a
significant factor influencing δ13C values (Table 1, e.g., Post et al.,
2007). Another possibility is that the experiment did not extend long
enough and the shrimp were unable to equilibrate with the gnathiid
food meal. However, it is unlikely that this was the cause of the
carbon isotopic differences observed because shrimp were fed over
the same time period for both the damselfish and grunt experi-
ments and there were no significant differences in isotopes between
grunt-fed gnathiids and shrimp. If the standard 0–1‰ shift asso-
ciated with trophic fractionation of carbon (DeNiro and Epstein,
1981) is applied to the gnathiid isotope data ranges (−14.1 to −11.3‰,
Table 1), the result (−13.1 to −10.3‰) overlaps with the range in δ13C
values of shrimp (−12.4 to −10.8‰). It is probable that the changes
in δ13C values from parasite to consumer reflect typical trophic frac-
tionation of carbon.

Given the importance of cleaning symbioses on coral reefs, it is
surprising that stable isotopes have not been applied to decipher
these trophic relationships before this study. Most work on clean-
ing symbioses has focused on cleaner fishes; however, relatively little
has been done on cleaner shrimps. In reef environments, 40 species
of shrimp and other decapods are considered cleaners of reef-
associated fish (Côté, 2000); of these only five species have been
shown to remove ectoparasites. Becker and Grutter (2004) found
gnathiid isopods and copepods in the gut contents of wild cleaner
shrimp, Urocaridella sp. and Periclimenes holthuisi from the Great
Barrier Reef, Australia and captive shrimp ate monogenean flat-
worms. In the temperate Atlantic, Ostlund-Nilsson et al. (2005)
similarly found that two species of shrimps fed on both crusta-
cean and monogenean parasites. Only A. pedersoni has been shown
to effectively remove parasites in the Caribbean, and is known to
eat juvenile Anilocra (Bunkley-Williams and Williams, 1998), mono-
geneans (McCammon et al., 2010), and gnathiids (this study). While
ours is the first study of its kind, it examined only one cleaner
species, two kinds of parasite (two genera of isopods), from three
hosts. Future studies that incorporate additional fish species, para-
sites (e.g., monogeneans), and cleaners (gobies and wrasses), as well
as other consumers of parasites such a microcarnivorous fishes and
even corals will enable the development of food-web models that
include host–parasite and parasite–consumer trophic dynamics in
reef environments.

5. Conclusions

In conclusion, this is the first study to document trophic inter-
actions via stable isotope analysis using multiple hosts, parasites
and parasite consumers. In addition, this represents the first study
to estimate isotopic fractionation between parasites and host tissues
that includes analysis of pre and post-metamorphosis parasite life
stages (P3 and adult gnathiids). Blood, heart, and muscle δ13C values
were consistent with parasite values, thus trophic transfer of carbon
could be elucidated from analysis of the muscle and the parasite.
However, heart and blood δ15N values were closer to parasites rel-
ative to muscle, indicating that heart was a better proxy than muscle
for the parasite blood meal. Isotopic similarity in heart, blood, and
gnathiid δ13C and δ15N values suggests dependency and selectivity
of that tissue (i.e., blood). Thus, in order to enhance the success of
stable isotope analysis in parasite-food web applications, results in-
dicate a clear need to identify possible food resources to parasites
and select that tissue for isotope analysis, whenever possible. Given
that gnathiids and Anilocra had similar δ13C values to their fish hosts,
δ13C analysis of ectoparasites may represent a non-lethal method
to estimate host carbon source and elucidate trophic dynamics. This
information can lead to understanding of habitat use/resource use,
and be adopted for ecosystem scale studies by incorporating a
broader range of parasite hosts and parasite consumers.

Acknowledgements

We thank the staff at the Virgin Islands Environmental Re-
source Station (VIERS) and the Center for Marine and Environmental
Studies (CMES) for logistic support and use of their facilities. We
thank J. Artim, E. Brill, A. Coile, D. Nemeth, A. McCammon, W. Sears,
W. Jenkins, A. Strong, K. Kovacs, J. Hart, L. Jarecki, and the 2009 Virgin
Islands Earthwatch teams for assisting with the collection and pro-
cessing of parasite samples. We thank R. Lee (Washington State
University) for conducting stable isotope analyses. We are also grate-
ful to R. Boulon for permission to work within the Virgin Islands
National Park. Funding was provided by the Environmental Sci-
ences Program at Arkansas State University, Earthwatch Institute,
Centre College, the Falconwood Corporation and U.S. Geological
Survey Environments Program. Funding sources played no role in

132 A. W.J. et al./International Journal for Parasitology: Parasites and Wildlife 4 (2015) 125–134



the collection, analysis, interpretation, or dissemination of results.
Any use of trade, product, or firm names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Government.
This is contribution number 125 from the University of the Virgin
Islands Center for Marine and Environmental Studies.

Conflict of interest

The authors declared that there is no conflict of interest.

References

Adlard, R.D., Lester, R.J.G., 1995. The life-cycle and biology of Anilocra pomacentri
(Isopoda, Cymothoidae), an ectoparasitic isopod of the coral-reef Fish, Chromis
nitida (Perciformes, Pomacentridae). Aust. J. Zool. 43, 271–281.

Alldredge, A., King, J., 1977. Distribution, abundance, and substrate preferences of
demersal reef zooplankton at Lizard Island Lagoon, Great Barrier Reef. Mar. Biol.
41, 317–333.

Amundsen, P.A., Lafferty, K.D., Knudsen, R., Primicerio, R., Klemetsen, A., Kuris, A.M.,
2009. Food web topology and parasites in the pelagic zone of a subarctic lake.
J. Anim. Ecol. 78, 563–572.

Anderson, G., McKinley, R., Colevecchia, M., 1997. The use of clove oil as an anesthetic
for rainbow trout and its effects on swimming performance. N. Am. J. Fish.
Manage. 17, 301–307.

Appeldoorn, R.S., Aguilar-Perera, A., Bouwmeester, B.L., Dennis, G.D., Hill, R.L., Merten,
W., et al., 2009. Movement of fishes (Grunts: Haemulidae) across the coral
reef seascape: a review of scales, patterns and processes. Caribb. J. Sci. 45,
304–316.

Arias-Gonzalez, J.E., Morand, S., 2006. Trophic functioning with parasites: a new
insight for ecosystem analysis. Mar. Ecol. Prog. Ser. 320, 43–53.

Arnal, C., Côté, I.M., Sasal, P., Morand, S., 2000. Cleaner–client interactions on a
Caribbean reef: influence of correlates of parasitism. Behav. Ecol. Sociobiol. 47,
353–358.

Artim, J.M., Sikkel, P.C., 2013. Live coral repels a common reef fish ectoparasite. Coral
Reefs 32, 487–494.

Becker, J.H., Grutter, A.S., 2004. Cleaner shrimp do clean. Coral Reefs 23, 515–520.
Boag, B., Neilson, R., Robinson, D., Scrimgeour, C.M., Handley, L.L., 1997. Wild rabbit

host and some parasites show trophic-level relationships for δ13C and δ15N: a
first report. Isotopes Environ. Health Stud. 33, 81–85.

Bunkley-Williams, L., 1984. Geographic distribution and early life history of Anilocra
(Isopoda: Cymothoidae) parasites of Caribbean coral reef fishes (Ph.D. thesis).
Auburn University.

Bunkley-Williams, L., Williams, E.H., 1998. Ability of Pederson cleaner shrimp to
remove juveniles of the parasitic cymothoid isopod, Anilocra haemuli, from the
host. Crustaceana 71, 862–869.

Bunkley-Williams, L., Williams, E.H., Jr., 1981. Nine new species of Anilocra (Crustacea:
Isopoda: Cymothoidae) external parasites of West Indian coral reef fishes. Proc.
Biol. Soc. Wash. 94.

Byers, J.E., 2009. Including parasites in food webs. Trends Parasitol. 25, 55–57.
Chouvelon, T., Chappuis, A., Bustamante, P., Lefebvre, S., Mornet, F., Guillou, G., et al.,

2014. Trophic ecology of European sardine Sardina pilchardus and European
anchovy Engraulis encrasicolus in the Bay of Biscay (north-east Atlantic) inferred
from δ13C and delta δ15N values of fish and identified mesozooplanktonic
organisms. J. Sea Res. 85, 277–291.

Coile, A.M., Sikkel, P.C., 2013. An experimental field test of susceptibility to
ectoparasitic gnathiid isopods among Caribbean reef fishes. Parasitology 140,
888–896.

Côté, I.M., 2000. Evolution and ecology of cleaning symbioses in the sea. Oceanogr.
Mar. Biol. Annu. Rev. 38, 311–355.

Demopoulos, A.W.J., Gualtieri, D., Kovacs, K., 2010. Food-web structure of seep
sediment macrobenthos from the Gulf of Mexico. Deep Sea Res. Part II Top. Stud.
Oceanogr. 57, 1972–1981.

DeNiro, M.J., Epstein, S., 1978. Influence of diet on the distribution of carbon isotopes
in animals. Geochim. Cosmochim. Acta 42, 495–506.

DeNiro, M.J., Epstein, S., 1981. Influence of diet on the distribution of nitrogen isotopes
in animals. Geochim. Cosmochim. Acta 45, 341–351.

Deudero, S., Pinnegar, J.K., Polunin, N.V.C., 2002. Insights into fish host-parasite
trophic relationships revealed by stable isotope analysis. Dis. Aquat. Organ. 52,
77–86.

Doi, H., Yurlova, N.I., Vodyanitskaya, S.N., Kanaya, G., Shikano, S., Kikuchi, E., 2010.
Estimating isotope fractionation between cercariae and host snail with the use
of isotope measurement designed for very small organisms. J. Parasitol. 96,
314–317.

Dunne, J.A., Lafferty, K.D., Dobson, A.P., Hechinger, R.F., Kuris, A.M., Martinez, N.D.,
et al., 2013. Parasites affect food web structure primarily through increased
diversity and complexity. PLoS Biol. 11, e1001579.

Fanelli, E., Cartes, J.E., Rumolo, P., Sprovieri, M., 2009. Food web structure and
trophodynamics of mesopelagic-suprabenthic bathyal macrofauna of the Algerian
basin on stable isotopes of carbon and nitrogen. Deep Sea Res. Part I Oceanogr.
Res. Pap.

Farquharson, C., Smit, N.J., Sikkel, P.C., 2012. Gnathia marleyi sp. nov. (Crustacea,
Isopoda, Gnathiidae) from the Eastern Caribbean. Zootaxa 3381, 47–61.

Feuchtmayr, H., Grey, J., 2003. Effect of preparation and preservation procedures on
carbon and nitrogen stable isotope determinations from zooplankton. Rapid
Commun. Mass Spectrom. 17, 2605–2610.

Fleming, N.E.C., Houghton, J.D.R., Magill, C.L., Harrod, C., 2011. Preservation methods
alter stable isotope values in gelatinous zooplankton: implications for interpreting
trophic ecology. Mar. Biol. 158, 2141–2146.

Focken, U., Becker, B.J., 1998. Metabolic fractionation of stable carbon isotopes:
implications of different proximate compositions for studies of aquatic food webs
using δ13C data. Oecologia 115, 337–343.

Fry, B., 2007. Coupled N, C and S stable isotope measurements using a dual-
column gas chromatography system. Rapid Commun. Mass Spectrom. 21,
750–756.

Gannes, L.Z., del Rio, C.M., Koch, P., 1998. Natural abundance variations in stable
isotopes and their potential uses in animal physiological ecology. Comp. Biochem.
Physiol. A. Mol Integr. Physiol. 119, 725–737.

Gladfelter, W.B., Johnson, W.S., 1983. Feeding niche separation in a guild of tropical
reef fishes (Holocentridae). Ecology 64, 552–563.

Gómez-Díaz, E., González-Solís, J., 2010. Trophic structure in a seabird host-parasite
food web: insights from stable isotope analyses. PLoS ONE 5, 533–546.

Grutter, A.S., 1996. Parasite removal rates by the cleaner wrasse Labroides dimidiatus.
Mar. Ecol. Prog. Ser. 130, 61–70.

Grutter, A.S., 2001. Parasite infection rather than tactile stimulation is the proximate
cause of cleaning behaviour in reef fish. Proc. R. Soc. Lond. B. Biol Sci 268,
1361–1365.

Hare, P.E., Fogel, M.L., Stafford, S., Mitchell, A.D., Hoering, T.C., 1991. The isotopic
composition of carbon and nitrogen in individual amino acids isolated from
modern and fossil proteins. J. Archaeol. Sci. 18, 277–292.

Hatcher, M.J., Dunn, A.M., 2011. Parasites in Ecological Communities: From
Interactions to Ecosystems. Cambridge University Press, Cambridge, UK.

Holzman, R., Reidenbach, M.A., Monismith, S.G., Koseff, J.R., Genin, A., 2005. Near-
bottom depletion of zooplankton over a coral reef II: relationships with
zooplankton swimming ability. Coral Reefs 24, 87–94.

Howell, M.J., 1976. The peritoneal cavity of vertebrates. In: Kennedy, C.R. (Ed.),
Ecological Aspects of Parasitology. North-Holland, Amsterdam.

Hudson, P.J., Dobson, A.P., Lafferty, K.D., 2006. Is a healthy ecosystem one that is rich
in parasites? Trends Ecol. Evol. 21, 381–385.

Huebner, L.K., Chadwick, N.E., 2012a. Patterns of cleaning behaviour on coral reef
fish by the anemoneshrimp Ancylomenes pedersoni. J. Mar. Biol. Assoc. U.K. 92,
1557–1562.

Huebner, L.K., Chadwick, N.E., 2012b. Reef fishes use sea anemones as visual
cues for cleaning interactions with shrimp. J. Exp. Mar. Biol. Ecol. 416, 237–
242.

Iken, K., Brey, T., Wand, U., Voigt, J., Junghans, P., 2001. Food web structure of the
benthic community at the Porcupine Abyssal Plain (NE Atlantic): a stable isotope
analysis. Prog. Oceanogr. 50, 383–405.

Johnson, P.T.J., Dobson, A., Lafferty, K.D., Marcogliese, D.J., Memmott, J., Orlofske, S.A.,
et al., 2010. When parasites become prey: ecological and epidemiological
significance of eating parasites. Trends Ecol. Evol. 25, 362–371.

Kelly, B., Dempson, J.B., Power, M., 2006. The effects of preservation on fish tissue
stable isotope signatures. J. Fish Biol. 69, 1595–1611.

Kohler, P., Voight, W.P., 1988. Nutrition and metabolism. Springer, Berlin.
Krab, E.J., Van Logtestijn, R.S.P., Cornelissen, J.H.C., Berg, M.P., 2012. Reservations about

preservations: storage methods affect δ13C signatures differently even in closely
related soil fauna. Methods Ecol. Evol. 3, 138–144.

Kuris, A.M., Hechinger, R.F., Shaw, J.C., Whitney, K.L., Aguirre-Macedo, L., Boch, C.A.,
et al., 2008. Ecosystem energetic implications of parasite and free-living biomass
in three estuaries. Nature 454, 515–518.

Lafferty, K.D., Hechinger, R.F., Shaw, J.C., Whitney, K., 2006. Food webs and parasites
in a salt marsh ecosystem. In: Collinge, S., Ray, C. (Eds.), Disease Ecology:
Community Structure and Pathogen Dynamics. Oxford University Press, Oxford,
pp. 119–134.

Lafferty, K.D., Allesina, S., Arim, M., Briggs, C.J., De Leo, G., Dobson, A.P., et al., 2008.
Parasites in food webs: the ultimate missing links. Ecol. Lett. 11, 533–546.

Levin, L.A., Mendoza, G.F., 2007. Community structure and nutrition of deep
methane-seep macrobenthos from the North Pacific (Aleutian) margin and the
Gulf of Mexico (Florida Escarpment). Mar. Ecol. 28, 131–151.

Macko, S.A., Estep, M.L.F., Engel, M.H., Hare, P.E., 1986. Kinetic fractionation of stable
nitrogen isotopes during amino-acid transamination. Geochim. Cosmochim. Acta
50, 2143–2146.

Marcogliese, D.J., Cone, D.K., 1997. Food webs: a plea for parasites. Trends Ecol. Evol.
12, 320–325.

McCammon, A., Sikkel, P.C., Nemeth, D., 2010. Effects of three Caribbean cleaner
shrimps on ectoparasitic monogeneans in a semi-natural environment. Coral Reefs
29, 419–426.

McCutchan, J.H., Jr., Lewis, W.M., Jr., Kendall, C., McGrath, C.C., 2003. Variation in
trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos 102,
378–390.

Menard, A., Turgeon, K., Kramer, D.L., 2008. Selection of diurnal refuges by the
nocturnal squirrelfish, Holocentrus rufus. Environ. Biol. Fishes 82, 59–70.

Minagawa, M., Wada, E., 1984. Stepwise enrichment of 15N along food chains: further
evidence and the relation between δ15N and animal age. Geochim. Cosmochim.
Acta 48, 1135–1140.

Morand, S., Arias-Gonzalez, E.A., 1997. Is parasitism a missing ingredient in model
ecosystems? Ecol. Modell. 95, 61–74.

Motro, R., Ayalon, I., Genin, A., 2005. Near-bottom depletion of zooplankton over coral
reefs: III: vertical gradient of predation pressure. Coral Reefs 24, 95–98.

133A. W.J. et al./International Journal for Parasitology: Parasites and Wildlife 4 (2015) 125–134

http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0010
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0010
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0010
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0015
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0015
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0015
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0020
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0020
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0020
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0025
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0025
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0025
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0030
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0030
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0030
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0030
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0035
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0035
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0040
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0040
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0040
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0045
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0045
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0050
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0055
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0055
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0055
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0060
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0060
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0060
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0065
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0065
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0065
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0070
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0075
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0075
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0075
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0075
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0075
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0080
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0080
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0080
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0085
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0085
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0090
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0090
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0090
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0095
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0095
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0100
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0100
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0105
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0105
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0105
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0110
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0110
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0110
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0110
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0115
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0115
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0115
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0120
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0120
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0120
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0120
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0125
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0125
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0130
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0130
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0130
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0135
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0135
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0135
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0140
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0140
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0140
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0145
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0145
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0145
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0150
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0150
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0150
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0155
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0155
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0160
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0160
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0165
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0165
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0170
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0170
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0170
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0175
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0175
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0175
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0180
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0180
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0185
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0185
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0185
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0190
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0190
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0195
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0195
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0200
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0200
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0200
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0205
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0205
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0205
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0210
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0210
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0210
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0215
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0215
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0215
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0220
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0220
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr9010
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0230
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0230
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0230
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0235
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0235
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0235
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0240
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0240
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0240
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0240
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0245
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0245
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0250
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0250
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0250
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0255
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0255
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0255
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0260
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0260
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0265
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0265
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0265
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0270
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0270
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0270
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0275
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0275
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0280
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0280
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0280
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0285
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0285
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0290
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0290


Munday, P.L., Wilson, S.K., 1997. Comparative efficacy of clove oil and other chemicals
in anaesthetization of Pomacentrus amboinensis, a coral reef fish. J. Fish Biol.
51, 931–938.

Nagelkerken, I., Bothwell, J., Nemeth, R.S., Pitt, J.M., Van der Velde, G., 2008.
Interlinkage between Caribbean coral reefs and seagrass beds through feeding
migrations by grunts (Haemulidae) depends on habitat accessibility. Mar. Ecol.
Prog. Ser. 368, 155–164.

Neilson, R., Boag, B., Hartley, G., 2005. Temporal host-parasite relationships of the
wild rabbit, Oryctolagus cuniculus (L.) as revealed by stable isotope analyses.
Parasitology 131, 279–285.

Nickum, J., Bart, H., Jr., Bowser, P., Greer, I., Hubbs, C., Jenkins, J., et al., 2004. Guidelines
for the Use of Fishes in Research. American Fisheries Society, Bethesda, MD.

O’Grady, S.P., Dearing, M.D., 2006. Isotopic insight into host–endosymbiont
relationships in Liolaemid lizards. Oecologia 150, 355–361.

Olive, P.J.W., Pinnegar, J.K., Polunin, N.V.C., Richards, G., Welch, R., 2003. Isotope
trophic-step fractionation: a dynamic equilibrium model. J. Anim. Ecol. 72,
608–617.

Ostlund-Nilsson, S., Curtis, L., Nilsson, G.E., Grutter, A.S., 2005. Parasitic isopod Anilocra
apogonae, a drag for the cardinal fish Cheilodipterus quinquelineatus. Mar. Ecol.
Prog. Ser. 287, 209–216.

Petchey, O.L., Beckerman, A.P., Riede, J.O., Warren, P.H., 2008. Size, foraging, and food
web structure. Proc. Natl. Acad. Sci. U.S.A. 105, 4191–4196.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst.
18, 293–320.

Pinnegar, J.K., Polunin, N.V.C., 1999. Differential fractionation of δ13C and δ15N among
fish tissues: implications for the study of trophic interactions. Funct. Ecol. 13,
225–231.

Pinnegar, J.K., Campbell, N., Polunin, N.V.C., 2001. Unusual stable isotope fractionation
patterns observed for fish host-parasite trophic relationships. J. Fish Biol. 59,
494–503.

Polunin, N.V.C., Morales-Nin, B., Pawsey, W.E., Cartes, J.E., Pinnegar, J.K., Moranta,
J., 2001. Feeding relationships in Mediterranean bathyal assemblages
elucidated by stable nitrogen and carbon isotope data. Mar. Ecol. Prog. Ser. 220,
13–23.

Ponsard, S., Amlou, M., 1999. Effects of several preservation methods on the isotopic
content of Drosophila samples. C. R. Acad. Sci. III 322, 35–41.

Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods,
and assumptions. Ecology 83, 703–718.

Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montana, C.G.,
2007. Getting to the fat of the matter: models, methods and assumptions for
dealing with lipids in stable isotope analyses. Oecologia 152, 179–189.

Power, M., Klein, G.M., 2004. Fish host-cestode parasite stable isotope enrichment
patterns in marine, estuarine and freshwater fishes from Northern Canada.
Isotopes Environ. Health Stud. 40, 257–266.

Price, P.W., Westoby, M., Rice, B., Atsatt, P.R., Fritz, R.S., Thompson, J.N., et al., 1986.
Parasite mediation in ecological interactions. Annu. Rev. Ecol. Syst. 17, 487–505.

Raffel, T.R., Martin, L.B., Rohr, J.R., 2008. Parasites as predators: unifying natural enemy
ecology. Trends Ecol. Evol. 23, 610–618.

Randall, J.E., 1967. Food habits of reef fishes in the West Indies. Stud. Trop. Ocean.
5, 655–847.

Rasgon, J.L., 2008. Stable isotope analysis can potentially identify completely-digested
bloodmeals in mosquitoes. PLoS ONE 3, e2198.

Robertson, D.R., 1984. Cohabitation of competing territorial damselfishes on a
Caribbean coral reef. Ecology 1121–1135.

Rohde, K., 2002. Ecology and biogeography of marine parasites. Adv. Mar. Biol. 43,
1–86.

Sarakinos, H.C., Johnson, M.L., Vander Zanden, M.J., 2002. A synthesis of tissue-
preservation effects on carbon and nitrogen stable isotope signatures. Can. J. Zool.
80, 381–387.

Sato, T., Egusa, T., Fukushima, K., Oda, T., Ohte, N., Tokuchi, N., et al., 2012.
Nematomorph parasites indirectly alter the food web and ecosystem function
of streams through behavioural manipulation of their cricket hosts. Ecol. Lett.
15, 786–793.

Schmidt, O., Dautel, H., Newton, J., Gray, J.S., 2011. Natural isotope signatures of host
blood are replicated in moulted ticks. Ticks Tick Borne Dis. 2, 225–227.

Sikkel, P.C., Cheney, K.L., Côté, I.M., 2004. In situ evidence for ectoparasites as a
proximate cause of cleaning interactions in marine reef fish. Anim. Behav. 68,
241–247.

Sikkel, P.C., Schaumburg, C.S., Mathenia, J.K., 2006. Diel infestation dynamics of
gnathiid isopod larvae parasitic on Caribbean reef fish. Coral Reefs 25, 683–689.

Sikkel, P.C., Ziemba, R.E., Sears, W., Wheeler, J., 2009. Ontogenetic shifts in timing
of host infestation by parasitic gnathiid isopod larvae on Caribbean coral reefs.
Coral Reefs 28, 489–495.

Smit, N.J., Davies, A.J., 2004. The curious life-style of the parasitic stages of gnathiid
isopods. Adv. Parasit. 58, 289–391.

Smit, N.J., Hadfield, K.A., Bruce, N.L., 2014. Global diversity of fish parasitic isopod
crustaceans of the family Cymothoidae. Int. J. Parasitol. Parasites Wildl. 3,
188–197.

Sokal, R.R., Rohlf, F.J., 1995. Biometry. W. H. Freeman and Company, San Francisco.
Stapp, P., Salkeld, D.J., 2009. Inferring host-parasite relationships using stable isotopes:

implications for disease transmission and host specificity. Ecology 90, 3268–
3273.

Sukhdeo, M.V., 2010. Food webs for parasitologists: a review. J. Parasitol. 96, 273–284.
Sweeting, C.J., Polunin, N.V.C., Jennings, S., 2004. Tissue and fixative dependent shifts

of δ13C and δ15N in preserved ecological material. Rapid Commun. Mass Spectrom.
18, 2587–2592.

Welicky, R.L., Sikkel, P.C., 2014. Variation in occurrence of the fish-parasitic cymothoid
isopod, Anilocra haemuli, infecting French grunt (Haemulon flavolineatum) in the
north-eastern Caribbean. Mar. Freshw. Res. 65, 1018–1026.

Wood, C.L., Byers, J.E., Cottingham, K.L., Altman, I., Donahue, M.J., Blakeslee, A.M.H.,
2007. Parasites alter community structure. Proc. Natl. Acad. Sci. U.S.A. 104,
9335–9339.

134 A. W.J. et al./International Journal for Parasitology: Parasites and Wildlife 4 (2015) 125–134

http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0295
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0295
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0295
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0300
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0300
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0300
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0300
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0305
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0305
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0305
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0310
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0310
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0315
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0315
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0320
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0320
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0320
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0325
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0325
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0325
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0330
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0330
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0335
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0335
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0340
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0340
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0340
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0345
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0345
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0345
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0350
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0350
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0350
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0350
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0355
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0355
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0360
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0360
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0365
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0365
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0365
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0370
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0370
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0370
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0375
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0375
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0380
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0380
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0385
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0385
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0390
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0390
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0395
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0395
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0400
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0400
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0405
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0405
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0405
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0410
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0410
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0410
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0410
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0415
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0415
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0420
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0420
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0420
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0425
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0425
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0430
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0430
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0430
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0435
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0435
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0440
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0440
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0440
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0445
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0450
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0450
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0450
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0455
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0460
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0460
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0460
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0465
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0465
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0465
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0470
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0470
http://refhub.elsevier.com/S2213-2244(15)00004-8/sr0470

	 Enhanced understanding of ectoparasite–host trophic linkages on coral reefs through stable isotope analysis
	 Introduction
	 Materials and methods
	 Study site and organisms
	 Sample collection and preparation
	 Gnathiid–shrimp feeding experiment
	 Processing of samples and stable isotope analysis
	 Assessment of potential preservation artefact (ethanol vs. freezing)
	 Statistical analysis
	 Results
	 Isotopic composition of tissues
	 French grunts
	 Longfin damselfish
	 Squirrelfish
	 Shrimp and parasite (gnathiid) feeding experiment
	 Discussion
	 Isotopic relationships between parasitic isopods and their fish hosts
	 Isotopic relationships between host, parasite, and cleaner
	 Conclusions
	 Acknowledgements
	 Conflict of interest
	 References

