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Introduction

Whilst the role of environmental stress in setting species 
range limits has been well documented, the contribution of 
species interactions, such as parasitism, is less frequently 
explored (Briers 2003; Sexton et al. 2009). Environmental 
stress can make hosts more susceptible to parasites (Esch 
et al. 1975; Lafferty and Kuris 1999), and it is plausible 
that range edge populations in naturally stressful environ-
ments might be particularly prone to parasite infection. In 
a mathematical study, Hochberg and Ives (1999) found that 
a specialised parasite can fragment its host population and 
enforce a range limit when the host density is low and the 
parasite disperses at higher rates than the host, highlight-
ing density dependence and dispersal as important drivers 
of these dynamics. In a rare empirical study, Briers (2003) 
found that trematode parasitism in a freshwater gastropod 
snail increased sharply at the species’ range limit.

Biogeographic transition zones are ideal study systems 
in which to investigate host–parasite dynamics along gra-
dients of environmental stress. In subtropical eastern Aus-
tralia, corals occur in marginal and extreme conditions 
(Schoepf et al. 2023) at their poleward range limits along 
a gradient of increasing abiotic stress towards higher lati-
tudes (Sommer et al. 2018). In this region, coral assem-
blages are characterised by widely distributed, stress-
tolerant species with massive and horizontally spreading 
morphologies and by diminishing poleward and nearshore 
prevalence of tropical species (Sommer et  al. 2014). 
Acropora species in particular tend to be narrowly dis-
tributed and rare (Sommer et al. 2014) and are frequently 
infested by obligate coral-inhabiting barnacles (Cirripe-
dia: Sessilia: Pyrgomatidae) that bore into the coral skel-
eton (Fig. 1). Barnacle settlement and metamorphosis are 
highly invasive and trigger a physical stress response as 
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the coral defends itself (Liu et al. 2016). In these challeng-
ing high-latitude settings (Sommer et al. 2018), direct-
ing energy towards chemical defence could reduce energy 
available for growth, reproduction and survival and ulti-
mately reduce coral fitness (Kaposi et al. 2022).

Here, we examine the potential role of parasitism in 
contributing to range limitation in Acropora corals as 
they approach their poleward range limit in subtropical 
eastern Australia (26.65°–30.20°S). This region is charac-
terised by cooler and more eutrophic conditions towards 
higher latitudes (Sommer et al. 2018), and we test whether 
parasite burden increases as Acropora corals approach 
their lower thermal limits, and environmental conditions 
become more stressful at higher latitudes. We also exam-
ine the predictions that the density of macrobioeroders 
increases in high nutrient settings (Le Grand and Fab-
ricius 2011; van der Schoot and Hoeksema 2022) and that 
parasite loads are higher, where host abundance is lower 
(Maher et al. 2018). We further test whether barnacle den-
sity scales with coral size, expecting that larger corals host 
more barnacles, due to larger surface area available for 
barnacle recruitment and longer time on the reef.

Methods

We conducted surveys at nine sites arrayed along a latitu-
dinal environmental gradient (26.65°–30.20°S, Fig. 2) in 
subtropical eastern Australia in the austral spring of 2011. 
At each of the sites, we conducted visual census of Acro-
pora corals and their macrobioeroders (family Pyrgomati-
dae, Fig. 1) along five 10 m long by 1 m wide belt transects 
that were haphazardly placed in the spatially restricted coral 
habitat (Sommer et al. 2014). We focused on Acropora cor-
als due to their high infestation with coral-barnacles (pers. 
obs., Fig. 1), their predominantly tropical distribution, rarity 
and latitudinal decline compared to other coral taxa in the 
region (Sommer et al. 2014). Visual differentiation amongst 
Acropora species was not practical in the field and results 
are presented at the genus level. For each Acropora coral, 
we recorded its maximum diameter as a proxy for coral size, 
whether it had barnacles (parasite incidence), the number of 
externally visible barnacles (parasite load), and the number 
of barnacles over the host’s maximum diameter (parasite 
crowding) to account for host size. To characterise envi-
ronmental conditions, we compiled monthly sea surface 

Fig. 1   Coral-associated barnacles (family Pyrgomatidae) on Acropora corals in subtropical eastern Australia. Circles indicate injuries and 
breakages likely in response to barnacles. Arrows indicate cirri of filter feeding barnacles. Photos by B Sommer
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temperate (SST) and chlorophyll a (Chl a) data from the 
MODIS Aqua Satellite (Parkinson 2003) and calculated the 
mean annual means for SST and Chl a at the study sites.

Statistical analysis

We used Bayesian generalised linear models (BGLMs) 
to assess the effect of coral size on whether a coral had 
barnacles (family = bernoulli), whether larger corals had 
more barnacles (poisson) and to examine whether parasite 
incidence (bernoulli), parasite load (poisson) and parasite 
crowding (gaussian) varied systematically with latitude, dis-
tance from the mainland (log transformed), SST and Chl a. 
Due to multi-collinearity (r > 0.7), separate BGLMs were 
built for the predictors. To determine which parameters best 
explained parasite patterns, we calculated Bayes R2 values 
and used approximate leave-one-out cross-validation with 
LOO information criterion (LOOIC) to assess model fit. 
All models were created using the probabilistic frame-
work offered by Bayesian statistics and executed in Stan, 
accessed with the R package ‘brms’ (Bürkner 2017). We 
chose the Bayesian approach as it quantifies uncertainty by 
sampling from the posterior distributions and can account 
for asymmetrically distributed uncertainty distributions 
(Bürkner 2017). We summarised model fits using the 95% 
highest posterior density interval as the credible interval and 

computed median point estimates for all chains. To improve 
convergence and guard against overfitting, we specified 
weakly informative conservative priors and ran each model 
with four chains of 5,000 iterations (warmup = 1000) and a 
thinning rate of 5. We examined chain mixing, performed 
posterior predictive checks to assess model fit, and used the 
Gelman–Rubin convergence diagnostic (R-hat) to assess 
model convergence.

Results and discussion

We recorded high parasite burden in Acropora corals at their 
poleward range limit in eastern Australia, supporting the 
notion that parasite load increases in areas of elevated abi-
otic stress. 79% of surveyed Acropora corals had endolithic 
barnacles, with up to 141 barnacles recorded per coral. Para-
site load (i.e. the number of barnacles per coral) and parasite 
crowding (i.e. parasite load relative to coral size) varied sys-
tematically and increased poleward and closer to the main-
land (Fig. 3, Table 1). Distance from the mainland better 
explained spatial patterns than latitude (Table 1), likely due 
to greater offshore influence of the East Australia Current 
shaping environmental conditions and larval connectivity in 
this biogeographic transition zone (Harriott and Banks 2002; 
Malcolm et al. 2011).

Larger corals had higher probability of barnacle infes-
tation (95% CI, 0.34, 1.24) than smaller corals and had 
elevated parasite loads (95% CI, 0.91, 1.01; Fig. 4a). As 
age positively scales with coral size, these patterns are con-
sistent with increased chance of barnacle colonisation over 
time, more available space for barnacle larvae to settle on, 
and preferential settlement of barnacle larvae near conspe-
cifics, likely in response to chemical or behavioural cues 
during host and site selection (Liu et al. 2016; Yap et al. 
2023). Species-specific life spans of coral-barnacles (e.g. 
2–6 years) could also mediate these dynamics (Brickner 
et al. 2010). Notably, parasite load was higher at sites with 
fewer Acropora corals (95% CI, − 0.04, − 0.03; Fig. 4b) sug-
gesting that gradients in host abundance might also be influ-
encing the observed patterns. Indeed, in addition to other 
factors, the range borders of parasites are further constrained 
by the geographic ranges and ecology of their host species 
(Bozick et al. 2015). Pyrgomatids are the most host-specific 
amongst coral associated fauna, with a high proportion of 
unique symbiont-host relationships in the Acroporidae fam-
ily (van der Schoot and Hoeksema 2023). It is thus pos-
sible that low density of Acropora corals at their poleward 
range limits could lead to specialised barnacles crowding 
onto few available hosts, consistent with the hypothesis that 
host-barnacle associations are phylogenetically conserved 
(Tsang et al. 2014). Although information on parasite burden 
in other potential host genera (e.g. Turbinaria, Pocillopora, 

Fig. 2   The nine study sites in subtropical eastern Australia. SI = Soli-
tary Island
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Fig. 3   Parasite load (i.e. the number of coral-inhabiting barnacles per coral) on Acropora corals in subtropical eastern Australia in relation to a) 
latitude, b) distance from the mainland, and c) chlorophyll a 

Table 1   Environmental correlates predicting parasite load and parasite crowding of endolithic pyrgomatid barnacles on Acropora corals in sub-
tropical eastern Australia, showing R2 and LOOIC values, and upper and lower 95% credible intervals

Models with lowest and second lowest LOOIC values highlighted in bold and italics, respectively

Predictor Parasite load Parasite crowding

R2 looIC Lower 95% CI Upper 95% CI R2 looIC Lower 95% CI Upper 95% CI

Latitude 0.037 5721.6 0.27 0.33 0.040 287.2 0.02 0.11
Distance from 

mainland (log)
0.168 4857.6  − 0.68  − 0.61 0.223 241.4  − 0.29  − 0.17

Chl a 0.091 5285.3 1.03 1.18 0.063 281.8 0.430 0.51
SST 0.055 5551.4  − 1.09 -0.91 0.041 287.7 0.43 0.52
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Fig. 4   Patterns in parasite load on Acropora corals in subtropical eastern Australia in relation to a coral size (maximum diameter), and b the 
number of Acropora host corals at the study sites
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Paragoniastrea; Harriott and Banks 2002; Sommer et al. 
2024) would be needed to test this, the prevalence of pyr-
gomatid barnacles in other coral genera appeared compara-
tively low (Sommer pers. obs.). Host traits likely also medi-
ate these dynamics (van der Schoot and Hoeksema 2023), 
especially as Acroporidae and Pocilloporidae are the only 
branching taxa in this region (Sommer et al. 2017), with 
Pocillopora preferentially occupied by endolithic bivalves 
(Smith 2011). In combination, our results suggest that 
increased host susceptibility under abiotic stress, and higher 
availability of infective stages of barnacles per coral surface 
area might mediate the observed dynamics, although more 
data are needed to formally test this hypothesis.

Parasite load and parasite crowding were higher in cooler 
areas and where Chlorophyll a concentrations were higher 
(Fig. 3c), with the latter better predicting the observed pat-
terns (Table 1). This corroborates the role of nutrients in 
driving macroboring detected in other systems, including the 
Great Barrier Reef (Le Grand and Fabricius 2011), French 
Polynesia (Rice et al. 2020), and the Caribbean (van der 
Schoot and Hoeksema 2022). Elevated nutrients, organic 
matter and plankton biomass tend to favour filter feeding 
bioeroder populations (Fig. 1) over autotrophic calcifiers, 
such as corals (Glynn and Manzello 2015).

The high explanatory power of distance from the main-
land (Table 1, Fig. 3b) suggests that other factors likely also 
influence parasite dynamics in the region, possibly in rela-
tion to dispersal of barnacles and hosts (Hochberg and Ives 
1999; Smith 2011). Smith (2011) hypothesised that differ-
ential supply of Lithophagia lessepsiana larvae might con-
tribute to higher offshore densities of endolithic bivalves 
on Pocillopora corals in this region (Smith 2011). Many 
barnacles reproduce continuously (Brickner et al. 2010), 
whilst Acropora corals have a restricted reproductive sea-
son, with less synchronous spawning patterns at high-lati-
tude compared to the tropics (Baird et al. 2009). Moreover, 
typically lower growth rates of Acropora corals in the sub-
tropics compared to the tropics (Harriott 1999) could give 
barnacles a growth advantage over their hosts and prevent 
shell-openings from being overgrown by the coral (Brickner 
et al. 2010).

Although our study only covers one genus, Acropora cor-
als are key framework building taxa on tropical coral reefs 
(van Woesik and Done 1997), whose absence or rarity has 
been linked to lack of reef development in high-latitude set-
tings (Harriott and Banks 2002). Moreover, a recent study 
found limited tropicalisation of coral assemblages in this 
region despite warming (Mizerek et al. 2021). Our study 
suggests that in addition to cooler and light-limited con-
ditions (Sommer et al. 2018), high parasite burden could 
further challenge Acropora populations in this region. As 
such it is possible that, at the higher densities recorded here, 
coral parasites could depress coral population growth rates 

and expansion into adjacent habitats, further supported by 
high parasite loads where Acropora corals were rare. At high 
parasite loads, endolithic barnacles can negatively impact 
host fitness, causing stress or damage (Fig. 1) to nearby coral 
polyps (Benzoni et al. 2010) and inhibiting coral growth 
(Barton et al. 2020), fecundity (Thamrin and Nojima 2001) 
and heterotrophic feeding (Barton et al. 2020), in this region 
where Acropora corals are often seen tentacle feeding during 
the day. Endolithic organisms also weaken coral skeletons 
and make them more susceptible to breakage (Fig. 1) and 
bioerosion (Rice et al. 2020; Li et al. 2022), which has been 
linked to lack of reef development at high latitudes (Harriott 
and Banks 2002). In the eastern tropical Pacific, a region 
marginal for coral growth, for instance, macroboring con-
tributed 85–95% to total bioerosion pressure (Rodriguez-
Ruano et al. 2023). Whilst the mechanisms are unclear, 
our results are broadly consistent with the hypothesis that 
parasitism by pyrgomatid barnacles could affect Acropora 
range dynamics in this region, where corals already exist in 
environmentally stressful conditions at their poleward range 
limits.
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