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Abstract
1. Although parasites are ubiquitous in marine ecosystems, predicting the abun-

dance of parasites present within marine ecosystems has proven challenging 
due to the unknown effects of multiple interacting environmental gradients and 
stressors. Furthermore, parasites often are considered as a uniform group within 
ecosystems despite their significant diversity.

2. We aim to determine the potential importance of multiple predictors of para-
site abundance in coral reef ecosystems, including reef area, island area, human 
population density, chlorophyll- a, host diversity, coral cover, host abundance 
and island isolation.

3. Using a model selection approach within a database of more than 1,200 individ-
ual fish hosts and their parasites from 11 islands within the Pacific Line Islands 
archipelago, we reveal that geographic gradients, including island area and island 
isolation, emerged as the best predictors of parasite abundance.

4. Life history moderated the relationship; parasites with complex life cycles in-
creased in abundance with increasing island isolation, while parasites with di-
rect life cycles decreased with increasing isolation. Direct life cycle parasites 
increased in abundance with increasing island area, although complex life cycle 
parasite abundance was not associated with island area.

5. This novel analysis of a unique dataset indicates that parasite abundance in 
marine systems cannot be predicted precisely without accounting for the inde-
pendent and interactive effects of each parasite's life history and environmental 
conditions.
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1  |  INTRODUC TION

Free- living species respond to environmental variability and stress in 
a multitude of ways (Flöder & Hillebrand, 2012) and efforts to pre-
dict the impacts of environmental variation and stressors on ecosys-
tem functioning and stability frequently account for the diversity of 
these responses (Laughlin et al., 2012). For example, functional traits 
of free- living species, such as body size and diet breadth, are incor-
porated into models that predict how changes in climate may influ-
ence desert ecosystems (Grimm- Seyfarth et al., 2019) and similar 
traits predict how macrophytes respond to environmental gradients 
of light and phosphorus availability (Edwards et al., 2013). Free- living 
species are treated as varied and complex, allowing models to pre-
dict future ecosystem states with accuracy based on functional link-
ages between populations and changing environmental conditions 
(Soudzilovskaia et al., 2013; Woods et al., 2015). In contrast to our 
descriptions of free- living species, parasite assemblages are often 
considered a uniform group within a particular ecosystem (as de-
scribed in Llopis- Belenguer et al., 2019), and our understanding of 
how parasitic species respond to environmental conditions and what 
factors may moderate their abundance within hosts is extremely 
limited.

Within hosts, the total response of communities of para-
sites to the impact of environmental variation may differ from the 
summed response of individual parasites to these same conditions. 
Mathematically, simply summing individual species- level responses 
to environmental conditions systematically underestimates the 
impact of those conditions, particularly if those conditions change 
over time (Orr et al., 2021). As parasites are highly diverse (Dobson 
et al., 2008), both phylogenetically (Weinstein & Kuris, 2016) and in 
their functional traits (Llopis- Belenguer et al., 2019, 2020), we might 
expect parasites to respond to environmental variation and stress-
ors in diverse ways (Wood et al., 2018). Among the most ecologi-
cally consequential axes of parasite diversity is the type of life cycle 
the parasite employs. Parasites can have direct life cycles, where 
the parasite is transmitted among conspecifics, and parasites are 
able to complete their entire life cycle within a single host species 
(Choisy et al., 2003). Alternatively, parasites can have complex life 
cycles, in which the parasite uses two or more different host species 
in order to reproduce. Complex life cycle parasites initially develop 
asexually in one or more intermediate hosts before being passed to 
a definite host, where they reproduce sexually. While some studies 
have attempted to account for these differential life- history traits, 
for example, to assess parasite extinction risk (Cizauskas et al., 2017; 
Dallas et al., 2017) and examine potential impacts of ocean acidifica-
tion on parasite survival (MacLeod & Poulin, 2015), the life- history 
traits of parasites are often still ignored in predictive models used 
to determine everything from future disease burdens to ecosystem 
responses to climate change, or parasites are otherwise ignored all 
together (Magnusson et al., 2020).

The responses of complex and direct life cycle parasites to envi-
ronmental variation and stressors are likely to be distinct. Parasites 
with complex life cycles usually are passed from one host to another 

as a final host eats an intermediate host, making complex life cycle 
parasites dependent on the presence of predators in ecosystems. 
These trophic interactions among species are likely to explain some 
of the differential impacts of stressors, such as anthropogenic in-
fluence, on parasite abundance. For example, some parasite spe-
cies have been shown to have an increased abundance following 
predator removal and others declining in abundance with preda-
tor removal, likely linked to alterations of the parasites' life cycles 
(Weinstein et al., 2017). Particularly, within marine ecosystems, life 
history is known to mediate the response of parasite abundance to 
changes in fish community structure. For example, fish on inhabited 
islands where fishing takes place tend to harbour more individual 
parasites with direct life cycles and fewer parasites with complex life 
cycles, relative to fish on uninhabited islands where no fishing takes 
place (Wood et al., 2014, 2018).

Numerous potential predictors of parasite abundance have 
been identified thus far, including a wide array of biological, geo-
graphic and anthropogenic predictors, which can directly influence 
the abundance of parasites within a given host at a specific point in 
time (Leung & Koprivnikar, 2019; Wood et al., 2010). The relative 
importance of these predictors is not understood in many ecosys-
tems (Muñoz et al., 2007), particularly within the marine fishes (Timi 
& Poulin, 2020). These competing potential predictors of parasite 
abundance often exist in concert, presenting as a tangled web of fac-
tors that may contribute to the number of parasites present within 
individual hosts and, consequently, their ecosystems. To determine 
the relative importance of these potential predictors, we examine 
the predictive power of multiple simultaneous environmental vari-
ation and stressors within a large database of parasite abundance 
from a highly studied marine ecosystem. Ultimately, our goal is to 
identify both the most significant predictors of abundance and po-
tential explanatory traits of parasites that could moderate their re-
sponses to these predictors.

Geographic gradients are known to shape parasite abundance 
at the ecosystem level. In the context of coral reef ecosystems, it 
has been shown that larger ecosystems, both in island area and 
reef area, generally support higher levels of biodiversity and higher 
individual abundances of free- living species (Arrhenius, 1921; 
Fukami, 2004; Kobayashi, 1983; Williams et al., 2009). Interestingly, 
this relationship is only sometimes found in parasitic communities 
(Poulin et al., 2011; Strona & Fattorini, 2014), although why para-
sites diverge from free- living species in this respect has yet to be 
determined. Additionally, it is probably not just the size of these eco-
systems that structures communities— isolation is known to reduce 
both the abundance of parasites present and the number of para-
site species present, possibly due to limited dispersal of parasites to 
isolated areas or reduced diversity and abundance of host species 
(Font & Tate, 1994). Parasite abundance in marine hosts, then, may 
be impacted by the geographic predictors of reef size, island size and 
island isolation.

Parasite abundance within ecosystems is also dependent on 
the biological context of the system. The overall amount of en-
ergy available in an ecosystem dictates the number and diversity 



998  |   Journal of Animal Ecology WILLIAMS et al.

of individual species present in that ecosystem (Abrams, 1995; 
MacArthur, 1970). Energetic constraints may similarly struc-
ture parasitic communities (Wood et al., 2015), with increas-
ing primary production driving increasing parasite abundance 
(Marcogliese, 2016). In addition to energy, benthic habitat com-
position has been linked to the abundance of parasites present in 
marine ecosystems. On coral reefs, the framework- building stony 
corals have been shown to influence the abundance of parasites 
within fish hosts. The roles played by corals are at least twofold, 
including the trophic capacity of corals to consume parasite lar-
vae (Artim & Sikkel, 2013; Santos & Sikkel, 2019) and the coral's 
role in providing habitats for both hosts and parasites (Komyakova 
et al., 2013; Maire et al., 2018). Furthermore, the impact of corals 
might be dependent upon the functional group of the parasites in 
consideration, as corals are known to act as intermediate hosts for 
fluke in the family Polypipapiliotrematinae (Martin et al., 2018). 
Increasing coral cover may thus amplify the abundance of species 
that rely upon corals as intermediate hosts. Finally, the diversity 
and abundance of hosts within an ecosystem may influence the 
abundance of parasites present within hosts (Wood et al., 2014). 
The general biological context of the ecosystem impacts the num-
ber of parasites infecting hosts, with consequences for host health 
and function. However, the biological context of an ecosystem can 
itself be shaped by human influence.

Human presence is known to act as a significant predictor of par-
asite abundance (Altman & Byers, 2014; Budria & Candolin, 2014; 
Hofmann et al., 2016). Multiple potential stressors for ecosystems 
result from human presence and associated fishing activities and 
nutrient runoff, many of which have been associated with changes 
in parasite number and species composition (Marcogliese, 2016). 
Fishing activity has been linked to the presence and abundance of 
parasites within marine ecosystems (Wood et al., 2014, 2015, 2018), 
although the effects of fishing on parasite abundance are dependent 
upon the life history of the parasite species, with direct life cycle 
parasites increasing in abundance when fishing occurs and complex 
life cycle parasites decreasing in abundance when artisanal fishing is 
present (Wood et al., 2014). The effect of fishing on parasite abun-
dance is somewhat dependent upon on the exact type of fishing ac-
tivity present, as aquaculture and fishery discards can increase the 
abundance of complex life cycle parasites (Born- Torrijos et al., 2016; 
O'Connell- Milne et al., 2016). By altering host community struc-
ture, fishing can influence the abundance of parasites present in an 
ecosystem and can lead to negative consequences for host health 
(Tolonen & Kjellman, 2001). Human- related stressors such as in-
creases in pesticide runoff may increase parasite abundance, which 
then can act synergistically with the initial stressor to lead to neg-
ative outcomes for host health (Kelly et al., 2010). Nutrient runoff 
from sewage and fertilizer application has also been linked to altered 
abundance of parasites within aquatic systems, with increases in the 
abundance of parasites noted in areas of increasing eutrophication 
(Marcogliese & Cone, 2001; Okamura et al., 2011). Therefore, peo-
ple living within and altering a marine ecosystem may contribute di-
rectly to the number of parasites present and their species diversity.

Studies designed to assess whether potential predictors (e.g. reef 
area, island area, human population, chlorophyll- a, fish diversity, 
coral cover, fish abundance and island isolation) influence parasite 
abundance have typically isolated the predictor of interest and par-
asite of interest. Here, we instead sought to assess how a suite of 
predictors combine and interact to shape parasite abundance in na-
ture, comparing the magnitude of the effect of various geographic, 
biological and anthropogenic predictors on parasite abundance for 
a variety of parasite taxa. We assessed how the confluence of an-
thropogenic and natural factors influenced parasite communities 
for seven species of coral reef fish hosts across 11 islands of the 
Pacific Line Islands archipelago. These islands are an ideal location to 
study the potential influence of climate, habitat and anthropogenic 
influence, as they are spread across 2,350 km, encompass variability 
in island size, island isolation, host biodiversity and abundance, and 
contain both inhabited and uninhabited islands (and therefore differ 
in the levels of fishing, pollution and other human impacts that they 
experience).

In this study, we (a) compared the magnitude of the effect of the 
various predictors on parasite abundance for all metazoan parasite 
taxa within the seven species of fish host. We then examined, in 
detail, (b) which species of parasite are most influenced by potential 
predictors of abundance and (c) whether response to predictors is 
mediated by traits of the individual parasite species. By analysing a 
geographically and phylogenetically extensive dataset, we are able 
to provide support for some hypothesized predictors of parasite 
abundance and shed light on the factors that influence how para-
sites respond to their environments.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

We characterized the parasite communities of seven fish host spe-
cies at 11 islands within the Line Islands archipelago in the central 
equatorial Pacific (Figure 1; Table 1). At each of the islands, we col-
lected fish and performed fish biodiversity surveys at between two 
and 10 sites (Table S1). Due to logistical necessity, host sample col-
lection and host biodiversity surveys were conducted separately. At 
Kingman Reef, Palmyra Atoll, Teraina [Washington] Island, Tabuaeran 
[Fanning] Island, Kiritimati [Christmas] Island and Jarvis Island, fish 
were collected between July 2009 and July 2011 and host biodiver-
sity surveys were conducted between January 2001 and November 
2010. Due to the logistical constraints of working in remote loca-
tions, these biodiversity surveys were conducted in 2001, 2002, 
2004, 2006 and 2008 in Jarvis (Williams et al., 2011), in 2005 in 
Kingman, Palmyra, Tabuaeran and Teraina (Sandin et al., 2008) and 
in 2005 and 2010 in Teriana. Flint Island, Malden [Independence] 
Island, Starbuck [Volunteer] Island, Vostok Island and Millennium 
[Caroline] Island, host samples were collected in October and 
November 2013 while host biodiversity surveys were conducted 
between March and April 2009. Fieldwork was conducted under 
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permits from the US Fish and Wildlife Service in the Kingman Atoll 
National Wildlife Refuge and the Environment and Conservation 
Division of the Republic of Kiribati.

2.2  |  Fish collection

We sampled seven species of coral reef fishes (Acanthurus nigricans, 
Cephalopholis urodeta, Chromis margaritifer, Ctenochaetus margi-
natus, Paracirrhites arcatus, Pseudanthias bartlettorum and Stegastes 
aureus) at 11 islands (Table 1). These broadly distributed host spe-
cies represent a large spectrum of body sizes, including multiple 
taxonomic and trophic groups (Wood et al., 2014, 2015; Zgliczynski 
et al., 2019). In general, fish greater than 10 cm in total length were 
collected using three- pronged spears, while hand nets were used to 
capture fish smaller than 10 cm in length. Most fish were sampled 
from depths of 8 to 18 m from the leeward forereef of each island. 

After collection, fish were humanely euthanized using protocols in 
UC San Diego IACUC protocol #S09392, which provided ethical 
approval for this study. We then recorded morphometric data, in-
cluding the total length of each fish (mm), before freezing fish im-
mediately after collection. Fish were transported frozen back to the 
laboratory and were kept frozen until they were thawed for parasi-
tological examination.

2.3  |  Parasite abundance assessment

Parasites were identified and counted using standard dissection 
methods optimized to detect the majority of metazoan parasites, 
with the exception of mobile skin parasites and micropredators 
(which often drop off the host after capture), as well as myxozoans 
(see appendix E in Wood et al., 2014). The protocol was optimized 
to the morphology of each fish species and standardized within 

F I G U R E  1  Map of sampling locations 
within the Line Islands. Northern Line 
Islands locations are indicated in red, 
while Southern Line Islands locations are 
shown in blue
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species. We assessed fish using a stereomicroscope, individually ex-
amining the fins, gills, eyes, heart, liver, spleen, gonad, muscle, skin 
and intestines. Images of each parasite species, as well as detailed 
information about their individual morphological features, were 
recorded and are available for examination by request to the cor-
responding author. Voucher specimens will be accessioned into the 
Harold W. Manter Laboratory of Parasitology. Parasites were iden-
tified using taxonomic keys to the lowest possible taxonomic level 
(see appendix F in Wood et al., 2014) and were classified as either 
direct or complex life cycle parasites using those keys.

2.4  |  Potential predictors of parasite abundance

2.4.1  |  Fish biodiversity and abundance surveys

Underwater visual censuses in the form of the standardized belt tran-
sect surveys (Friedlander et al., 2010; Wood et al., 2018; Zgliczynski 
& Sandin, 2017) were used to estimate the biodiversity and abun-
dance of diurnally active, shallow- water coral reef fishes. Sampling 
stations were spaced at least 1 km apart and were selected randomly 
along forereef habitats at each island. In general, belt transects were 
completed parallel to shore along the 10– 15 m isobath. Surveys were 
completed by a pair of SCUBA divers, with rotating teams to homog-
enize variability among observers and reduce potential impacts of 
observer bias. For each belt transect survey, the team of divers made 
two passes along the transect, tallying all species within the survey 
area to the lowest taxonomic level (i.e. species) whenever possible 
and assigning each observation to a 5- cm size bin. On the outbound 
pass along the transect, both divers quantified large- bodied fishes 
(≥20 cm total length) observed within a 4- m wide strip for a total sur-
vey area between the two divers of 8 m × 25 m. On the return swim, 
each diver enumerated all small- bodied fishes (<20 cm total length), 
in a 2- m wide strip on either side of the transect line for a total sur-
vey area of 4 m × 25 m between the two divers along the transect 
line. These summed data were then divided by area (specific to each 
size range), thus collapsing to an average of data from the two divers. 
A more thorough description of the fish biodiversity and abundance 
survey methods can be found elsewhere (Friedlander et al., 2010; 
Zgliczynski & Sandin, 2017).

Since sampling effort can confound estimates of diversity among 
replicates, we estimated fish species richness at the saturation point 
of the species accumulation curve for each sampling station using a 
jackknife estimator (Zelmer & Esch, 1999) in the species package in r 
(Wang, 2011). Separate estimates of species richness were calcu-
lated for small-  and large- bodied fishes at each transect and added 
together for a transect- level estimate of richness. We then averaged 
the transect estimates within each island to generate an overall 
island- level jackknife estimate of fish species richness. Island- level 
estimates of fish abundance were calculated as the average of the 
count of fish abundances across transects within an island, irrespec-
tive of species identity, as preferred definitive hosts for each para-
site taxon we detected have not yet been identified.TA
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2.4.2  |  Energy

To generate a proxy for available energy within each island ecosys-
tem, surface water chlorophyll a concentration was obtained from 
remote sensing data. We extracted data from MODIS maps of mean 
surface chlorophyll a concentrations (mg/m3) over an 8- year period 
prior to fish collection (2002– 2010 for Kingman Reef, Palmyra Atoll, 
Teraina Island, Tabuaeran Island, Kiritimati Island and Jarvis Island; 
2005– 2013 for Flint Island, Malden Island, Starbuck Island, Vostok 
Island and Millennium Island) at an approximately 4- km2 spatial reso-
lution (NASA, 2014). The nearest chlorophyll a estimate to each fish 
sampling station was determined and an island- level estimate was 
generated by averaging estimates across stations within an island.

2.4.3  |  Island isolation

Estimates of island isolation were obtained from the United Nations 
Environment Programme (UNEP) Islands database (Dahl, 2004). 
For each sampled island, the distance to the nearest island was ex-
tracted from this database. As the UNEP did not contain data for 
Kingman Reef, we assumed that its score was equivalent to that of 
nearby Palmyra Atoll.

2.4.4  |  Human population

Human population at each island was determined using the Gridded 
Population of the World (GPW), v4 from NASA's Earth Observing 
System Data and Information System (EOSDIS; CIESIN, 2016). 
Values were calculated for individual islands, with the assumption 
that the population of uninhabited islands and Palmyra is 0.

2.4.5  |  Coral cover

Benthic censuses employed in situ photography of 20 replicate 
0.6 m × 0.9 m quadrats per site (Preskitt et al., 2004). Photoquadrats 
were analysed in the laboratory by trained observers, defining the 
biological coverage of each of 100 points per image, thus providing 
an estimate of percentage cover of each benthic type.

2.4.6  |  Island and reef size

For each island, island area and reef area were measured in Google 
Earth Pro. Using the Polygon Ruler tool, the island perimeter was 
outlined, providing an estimate of island area in km2. The Polygon 
Ruler tool was also used to determine the size of the fringing coral 
reef ecosystem. Similarly, the perimeter of the reef crest (i.e. where 
the waves break) was outlined, which provided an estimated area 
(km2). Given the nature of the Polygon Ruler, island area was in-
cluded in this initial estimate and was, therefore, subtracted to 

determine reef area. Reef area, estimated in km2, was defined as the 
area between the shoreline and the reef crest.

2.5  |  Data analyses

All analyses were conducted using R version 4.0.3 (R Core Team, 
2021) and plots were constructed using ggplot2 (Wickham, 2016) 
with GGolly (Schloerke et al., 2021) and sjPlot (Lüdecke, 2021). All 
code is available on GitHub (link) and the data for the analyses are 
deposited in Dryad alongside relevant metadata.

2.5.1  |  Relative importance of multiple predictors

In order to determine whether analyses that included all potential 
predictors of parasite abundance (reef area, island area, human 
population, chlorophyll a, fish diversity, coral cover, fish abundance 
and island isolation) would be collinear, we determined correla-
tion among predictors using GGally::ggcorr (Schloerke et al., 2021). 
Correlations between predictors above 0.7 were assumed to be too 
high for inclusion in the same model (Dormann et al., 2013). Three 
potential predictors were not correlated with the others: island iso-
lation, reef area and fish abundance. The remaining potential pre-
dictors clustered into two groups of correlated variables: Group 1: 
human population and island area; Group 2: chlorophyll a, fish diver-
sity, coral cover.

We next generated a set of generalized linear mixed effects 
models with negative binomial error, using lme4::glmer.nb (Bates 
et al., 2015; Equation 1). Within these models, all numeric vari-
ables were scaled across the dataset by taking the difference 
from the mean and dividing it by the standard deviation. For these 
models, the response variable was the count of individual para-
site species (i) within each individual host ( j). A total of four mod-
els were run to test every combination of the highest number of 
possible predictors that were not highly correlated (Table 2). Host 
length was standardized using the method described above ex-
cept the mean length used for the calculation was the mean length 
within each host species and not the mean length across all hosts. 
This standardized length for each individual host was included 
as a predictor variable due to the positive relationship between 
host length and parasite abundance within host species (Poulin 
& Leung, 2011). To test whether parasite life history (i.e. complex 
or direct life cycle) mediated the response of abundance to the 
potential predictors, life cycle type was added as an interactive 
term with each of the potential predictor variables except for host 
length. All models included the non- correlated variables of fish 
abundance, reef area and island isolation. Parasite species nested 
within host species was included as a random effect in the model 
to account for the fact that parasite abundance is likely to be cor-
related within parasite taxa across host individuals. Individual host 
identity nested within island was also included as a random ef-
fect, to account for the fact that parasite abundance is likely to 
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be correlated within host individuals and because each individual 
host was only sampled from one island.

In general, the best fit model was determined to be the model 
with the fewest parameters within a ∆BIC of 2 from the lowest BIC 
value among models (Bielawski, 2016). The model that best fit the 
data was therefore selected by examining the Bayesian information 
criteria (BIC) values for each of the four models, with the lowest BIC 
value indicating the model of best fit (Akaike, 1973). The incidence 
rate ratios and marginal effects of the model of best fit were ex-
tracted and plotted using sjPlot (Lüdecke, 2021).

2.5.2  |  Response of individual parasite taxa to 
island area and isolation

We next conducted a more targeted analysis to determine which in-
dividual parasite taxa and broader parasite taxonomic groups were 
responsible for the life cycle mediated correlations between para-
site abundance and island area and island isolation. For each parasite 
taxon present at a 5% prevalence or greater within our entire data-
set, we determined whether and how each species responded to the 
potential predictors of island area and island isolation by running 
individual generalized linear models with negative binomial distribu-
tions using MASS::glm.nb (Venables & Ripley, 2002). A prevalence 
of 5% was selected to ensure that models contained enough data to 
draw robust conclusions and for models to successfully converge. 
For each of the individual species models, the count of the specific 
parasite within an individual host was the response variable. Host 
body length, island area and island isolation were included as addi-
tive predictors for each of the 48 individual parasite species models. 
To account for the multiple models run simultaneously, p values were 
corrected with a false discovery rate (FDR) correction (Benjamini & 
Hochberg, 1995) in base R.

In addition to understanding how specific parasite species abun-
dance correlated with island area and isolation, we also tested how 
groups of parasites responded to these predictors. To do so, we em-
ployed a meta- regression approach. For effect size and error estimates, 

Abundancei,j
∼Host Lengthj+Reef Areaj×Life Cyclei+Host Abundancej

×Life Cyclei+ Island Isolationj×Life Cyclei+Parasite Taxai+ Islandj

+Host Speciesj+Host Individualj+
[

Human Population OR Island Areaj×Life Cyclei
]

+
[(

Chlorophyll aj×Life Cyclei+Coral Coverj×Life Cyclei
)

OR
(

Fish Diversityj×Life Cyclei
)]

,

ParasiteTaxai%N(0,�2
ParasiteTaxa

),

HostSpeciesj%N(0,�2
HostSpecies

),

HostIndividualj%N(0,�2
HostIndividual

),

(1)Islandj
∼N

(

0, �2
Island

)
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we used regression coefficients and standardized errors for the effect 
of island area and island isolation on the abundance of each para-
site at >5% prevalence within each host from the individual parasite 
species GLMMs described above. We calculated a cumulative effect 
size across all host– parasite combinations using a fixed- effects model 
weighted by the inverse of the variance for each effect size in metafor 
(Fiorenza et al., 2020; Viechtbauer, 2010; Wood et al., 2018). Then, for 
each predictor, we ran meta- analytic fixed- effects general linear mod-
els using the moderator parasite taxonomic group (acanthocephalans, 
cestodes, copepods, monogeneans, nematodes and trematodes).

3  |  RESULTS

3.1  |  Correlation of potential predictors

Island isolation, reef area and fish abundance were not highly cor-
related with any other potential predictor of parasite abundance 
(Figure 2). Human population and island area were strongly and posi-
tively correlated (0.9). Fish diversity and chlorophyll a were strongly 
positively correlated (1), and coral cover was negatively correlated 
with fish diversity (−0.7).

3.2  |  Relative importance of multiple predictors

Of the four models, the best fit model included island area, reef area, 
island isolation, fish diversity and fish abundance as predictors of 
parasite abundance in addition to individual host size (Tables 2 and 3).  
In this best fit model, longer fish hosted more individual parasites 
(Table 3; Figure 3). Fish captured at reefs with larger reef areas were 
associated with higher parasite abundances (Table 3; Figure 3). For 

the other predictors, parasite life history played a crucial role in the 
response of parasite abundance (Tables 2 and 3; Figure 4). The abun-
dance of direct life cycle parasites was correlated positively with 
increasing island size (Table 3; Figures 3 and 4b), although the abun-
dance of complex life cycle parasites is less strongly correlated with 
island size (Table 3; Figures 3 and 4b). For parasites with direct life 
cycles, island isolation negatively was associated with reduced para-
site abundance (Table 2; Figures 3 and 4d); however, parasites with 
complex life cycles showed the opposite trend, with higher abun-
dance associated with islands which were more isolated (Table 2; 
Figures 3 and 4d).

3.3  |  Response of individual taxa to predictors

A total of 48 parasite species were present at 5% prevalence or 
greater (Table S3), of which the abundance of 14 parasite species 
were significantly associated with island area, four negatively and 
10 positively. The abundance of 11 parasite species was significantly 
associated with island isolation, six negatively and five positively.

Increasing island area was associated with increasing abundance 
of complex life cycle nematodes, trematodes, acanthocephalans, as 
well as direct life cycle monogeneans (Figure 5; Table S3). Increasing 
island isolation was associated with increasing abundance of trema-
todes but decreasing abundances of nematodes and monogeneans 
(Figure 5; Table S3).

4  |  DISCUSSION

Of the potential predictors of parasite abundance tested in this 
study, geographic context (island isolation, and reef and island 

F I G U R E  2  Correlation of potential 
predictors of parasite abundance. Positive 
correlations are indicated in blue, while 
negative correlations are given in red. 
The intensity of the colour is indicative 
of the strength of the correlation, with 
correlations about the 0.7 cut- off in the 
darkest shades of blue and red
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area) proved to be the most important predictors of the number 
of individual parasites within fish hosts. The importance of these 
predictors within this dataset may be due to the fact that these 
fishes were sampled from a large phylogenetic and geographic 
range, perhaps elevating the importance of geographic predictors 
(Pérez- del- Olmo et al., 2009). Parasite life cycle played a key role 
in mediating the response of parasite abundance to potential pre-
dictors in our study system, with direct life cycle and complex life 
cycle parasites responding in opposing directions to island isolation 
and with only direct life cycle parasites responding to island and 
reef area. As parasitologists work towards developing functional 

trait frameworks (Llopis- Belenguer et al., 2019) and applying func-
tional trait networks to understand and predict the future burden 
of disease (Cizauskas et al., 2017; Llopis- Belenguer et al., 2020), 
the inclusion of transmission strategy and taxonomic identity will 
help ensure accurate predictions of parasite abundance in future 
ecosystems.

The large geographic scope from which the fish were sampled 
allowed us to assess parasitic burden among host populations across 
a spectrum of ecosystem sizes, estimated in our modelling frame-
work with the metric of island size (Bolnick et al., 2020). The random 
placement hypothesis states that larger ecosystems have higher 
numbers of individuals present based on increasing space availability 
(Connor & McCoy, 1979). However, the prior literature on the influ-
ence of ecosystem size on parasite abundance has been conflicting, 
with some studies finding higher abundances and others finding 
lower abundances in larger ecosystems (Strona & Fattorini, 2014). 
In our study, the abundance of directly transmitted parasites was as-
sociated positively with island area, while the abundance of complex 
life cycle parasites was not associated with island area. As the exact 
species that act as hosts in many of the life cycles of the parasites 
within this study are not yet known, it is likely that some of the par-
asites within this study rely on seabirds as definitive hosts, the final 
hosts in which the parasites are able to reproduce. These bird hosts 
are likely highly mobile and may move parasites among islands (Khan 
et al., 2019), negating the effects of specific island size on parasite 
abundance for complex life cycle parasites. Parasite life history may 
thus explain some of the differential impacts of ecosystem size on 
parasite abundance. Indeed, parasite life history has been shown 
to mediate the impact of habitat size and fragmentation on para-
site abundance in terrestrial mammals, with internal and external 
parasites responding differently to habitat patchiness (Froeschke 
et al., 2013), a finding in concordance with our results. While the 
exact underpinning predictor of the pattern cannot be determined 
in this study, it is possible that larger areas are more likely to be in-
habited and fished, altering the species networks complex life cycle 
parasites need in order to successfully reproduce and preventing 

Predictor Estimate SE z p

Intercept −3.338 0.580 −5.752 <0.001

Host Length 0.0081 0.00154 5.272 <0.001

Life Cycle [Complex] −0.254 0.531 −0.479 0.632

Island Area 0.790 0.157 5.040 <0.001

Island Area × Life Cycle [Complex] −0.414 0.0828 −5.000 <0.001

Reef Area 0.473 0.209 2.261 0.0237

Reef Area × Life Cycle [Complex] 0.0316 0.102 0.311 0.756

Island Isolation −0.185 0.216 −0.856 0.392

Island Isolation × Life Cycle [Complex] 0.687 0.111 6.193 <0.001

Fish Diversity −0.292 0.154 −1.901 0.0573

Fish Diversity × Life Cycle [Complex] −0.154 0.123 −1.253 0.210

Fish Abundance −0.0547 0.187 −0.292 0.770

Fish Abundance × Life Cycle [Complex] 0.189 0.105 1.801 0.0717

TA B L E  3  Best fit model predicting 
abundance of parasites. Host length, 
island area, reef area, island isolation, 
fish diversity and fish abundance were 
the potential predictors included in this 
best fit model. Predictors associated with 
parasite abundance at p < 0.05 are shown 
in bold

F I G U R E  3  Incidence rate ratios of the best fit model predictors 
of parasite abundance. Purple dots represent the response of direct 
life cycle parasites, while green dots represent complex life cycle 
parasites. Significant predictors of parasite abundance (at p < 0.05) 
have whiskers that do not cross the line at 1
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these species from responding in the predicted way by increasing 
in abundance.

Island isolation significantly influenced the abundance of para-
sites present in fish hosts, although the direction of the effect dif-
fered depending on whether parasites had direct or complex life 
cycles. Complex life cycle parasites increased in abundance with 
increasing isolation, while parasites with direct life cycles decreased 
in abundance with increasing isolation. The inability of directly 
transmitted parasites to maintain high abundance and prevalence in 
more isolated areas is somewhat well established at smaller scales, 
as directly transmitted pathogens are known to decrease when hab-
itats become more fragmented (Roznik et al., 2015). It is thus quite 
interesting that a similar pattern is found here at a larger scale and 
over a longer time of separation. Complex life cycle parasites, on 
the other hand, respond positively to isolation, potentially due to 
their reliance on high trophic level predators acting as definitive 
hosts (Poulin & Leung, 2011). These higher trophic level hosts har-
bour a higher parasite burden (Amundsen et al., 2009) and are more 
likely to move among multiple islands (Kramer & Chapman, 1999), 
negating the impact of isolation. Furthermore, the reduced abun-
dance of directly transmitted parasites at more isolated islands may 
allow complex life cycle parasites to use more energetic resources 

with less competition within hosts, although this could also be due 
to their use of prey species as intermediate hosts. The overall impact 
of isolation is thus dependent on the relative proportion of complex 
and direct life cycle parasites.

Within our study, the abundances of some parasite taxa were 
more strongly associated with these geographic predictors than 
other taxa. The abundance of monogeneans, in particular, was as-
sociated positively with island area and negatively with isolation. 
Monogeneans are directly transmitted between hosts and are 
comparably host species specific (Poulin, 1992). Prior research has 
shown that monogeneans tend to have low dispersal distances 
(Morand et al., 2002), in one case not moving a few hundred metres 
between reef flats and reef slopes within the same island (Grutter, 
1998). The inability of monogeneans to disperse across long dis-
tances likely underpins the decreasing abundance of monogeneans 
in more isolated islands. While this study cannot ascertain the direct 
cause of the increased abundance with increasing island area, in-
creasing island area was strongly associated with increasing human 
population. Prior work has shown that fishing pressure is associ-
ated with increasing monogenean abundance (Wood et al., 2014), 
and monogeneans are known to increase in abundance within more 
disturbed habitats, possibly due to reduced host immune response 

F I G U R E  4  Predicted marginal effects 
of interactions in the model of best 
fit. The interaction between life cycle 
type and predictor variables: (a) fish 
abundance, (b) island area, (c) reef area, 
(d) island isolation and (e) fish diversity 
on parasite abundance for complex life 
cycle parasites (green) and direct life cycle 
parasites (purple) is shown. Raw data 
points are overlaid on each panel. In these 
plots, the x axis is the scaled value for the 
predictor and the y value is the abundance 
of each parasite within each fish. The 
predicted marginal effects shown here are 
determined by varying only the predictor 
of interest (holding all others constant) 
and accounting for the random effects of 
parasite taxa, host taxa, island and host 
individual, although the raw data points 
are presented without reference to either 
these random or fixed effects
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(Koskivaara, 1992). As global marine habitats become increasingly 
disturbed from human influence, increasing monogenean abun-
dance may consequently follow, particularly in ecosystems which 
are not isolated from others.

The abundance of trematodes was related positively with each 
island area and island isolation, relationships that were particularly 
clear with larval trematodes. Within this study, the vast majority 
of larval trematodes are residing in their second intermediate host 
(Wood et al., 2014), with gastropods, bivalves and polychaete 
worms serving as the first intermediate host and various defini-
tive hosts allowing the parasite to reach maturity and reproduce. 
Within more isolated islands, the absence of directly transmitted 
parasites may leave empty niche space for trematodes to use and 
reduce competition for resources within fish at isolated islands. 
As trematodes depend on longer lived, larger bodied fish or sea-
birds as definitive hosts, they are more likely to be able to colonize 
these isolated systems, leading to increased abundance in isolated 
locations.

While a number of the potential predictors of parasite abun-
dance were not included in the final best fit model, it is still some-
what possible that correlated predictors may be the ultimate cause 
of the patterns in parasite abundance seen in this study. As our 
data are fundamentally observational, we are unable to explicitly 
determine the impact of each predictor independently. However, 
the use of a robust linear regression framework has allowed us 
to identify the most likely contributors to parasite abundance 
without including collinear predictors in the models. Prior work 
within the Line Islands showed a significant impact of humans, 

particularly via fishing, on parasite abundance and diversity (Wood 
et al., 2014, 2015, 2018). The increased spatial scale of the analy-
sis presented here, which includes the new Southern Line Islands 
dataset, may account for the fact that human influence was not 
included in the final models, as spatial scale can alter the dominant 
predictor of parasite abundance within specific species (Thieltges 
& Reise, 2007).

Our study provides new empirical evidence for the importance 
of parasite life cycle in mediating the response of parasite abun-
dance to critically important geographic environmental gradients. 
These results are largely in concurrence with prior work examining 
the role of parasite transmission strategies in fish communities (Buck 
& Lutterschmidt, 2017; Wood et al., 2010, 2014, 2018). The elucida-
tion of parasite life cycles is arduous and highly technical, although 
our results suggest that an understanding of parasite life history is 
paramount in predicting future communities and should be a focal 
point in future studies (Blasco- Costa & Poulin, 2017). In order to 
better understand and manage coral reef ecosystems and their fish-
eries, parasitic burden and the life history of the parasites present, 
should be considered (Timi & Poulin, 2020).
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