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Abstract We examined reef fish assemblages in and adja-
cent to a newly established coral bed (subtropical Pocillo-
pora aliciae) in temperate south-eastern Australia, to under-
stand whether novel coral habitat is facilitating assemblages
of range-expanding tropical and local temperate fishes.
This is the first comprehensive assessment of fish species
associating with this novel coral habitat within a temperate
environment. Twenty fish species were observed associating
with the coral (8 tropical and 12 temperate). Both temper-
ate and tropical species were observed at greater (up to 48
times higher) densities on the coral than on nearby temperate
rocky reef in the area, suggesting that the corals generally
concentrate fish and may aid in tropicalisation for species
that use subtropical coral as habitat. Future research should
investigate the ongoing expansion of this coral, the relative
quality of coral habitat for fish in temperate regions and the
potential implications for functioning of temperate rocky
reef ecosystems.
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Introduction

The world’s oceans have warmed significantly over the past
several decades as a result of anthropogenic climate change
(IPCC 2014). However, rates of warming vary among
regions, with a number of coastal seas with poleward-flow-
ing western boundary currents (WBCs) exhibiting warming
two to three times faster than the global average (Wu et al.
2012)—termed ‘global hot spots’. These hot spots warrant
concerted research effort, because they will be the first
affected by climate change, and they provide a model system
for future scenarios in regions that are warming more slowly.

Tropicalisation has been a well-studied phenomenon over
the last several years and refers to poleward migration and
establishment of tropical marine species in subtropical and
temperate environments (Pecl et al. 2017). Most marine
fish, for example, have pelagic larvae that are dispersed
over large distances (Leis 1991), and the expatriation and
settlement of tropical larvae into temperate ecosystems are
well documented (Booth et al. 2007; Nakamura et al. 2013;
Fowler et al. 2018). Once settled, overwintering of tropi-
cal juveniles has been identified as a key bottleneck for the
establishment of populations in temperate areas (Figueira
and Booth 2010). However, as ocean temperatures continue
to rise, greater overwinter survival of a broader range of spe-
cies is expected, and habitat suitability may become a more
important limiter of population establishment.

The poleward expansion of tropical habitat-forming
species, such as scleractinian corals, may facilitate range
extension of tropical fauna with complex and specific habi-
tat requirements (Yamano et al. 2011; Vergés et al. 2014).
The establishment of tropical coral in temperate areas is
typically preceded by a reduction of macroalgae, often
caused by the expansion of tropical grazers (Vergés et al.
2014; Kumagai et al. 2018) or disturbances (Wernberg
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et al. 2016). In some cases, lost macroalgae is not replaced
by structurally complex coral habitat, resulting in open
‘barrens’ of rocky reef habitat dominated by simple turfing
algae (Agostini et al. 2021). The latter scenario is referred
to as ‘simplification’, where the complexity of temperate
reef habitat is essentially lost and not replaced (e.g. Tosa
Bay, southern Japan; Pessarodona et al. (2021).

South-eastern Australia is a global hot spot for ocean
warming, with the intensification of the East Australian
Current (EAC) transporting warm tropical water from the
Coral Sea further south (poleward) along the temperate
coast (Ridgway 2007). While tropical reef fish species are
shifting poleward in this region (Booth et al. 2018; Fowler
et al. 2018), their key habitats such as corals have not
kept pace (Baird et al. 2012), potentially limiting the range
expansion of fishes that rely on specific habitat types. In
SE Australia, colonies of subtropical Pocillopora aliciae
(Pocilloporidae) (Schmidt-Roach et al. 2013) have recently
been discovered in Cabbage Tree Bay Aquatic Reserve,
Sydney, New South Wales (NSW) (Sydney Coral Gardens,
hereafter ‘SYCOGA’, Fig. 1) (Booth and Sear 2018). P.
aliciae is particularly abundant in the Solitary Islands
(~450 km north-north-east of SYCOGA) (Smith and
Simpson 2010), but has rarely been observed in Sydney
until the last few years. The species is Sydney’s only scle-
ractinian branching coral species and has been observed
proliferating and infilling urchin barrens and nearby kelp
(Ecklonia spp.) habitat. Due to the recency of its estab-
lishment, the fish assemblages associated with this novel
habitat have not been comprehensively investigated.

The aim of this study was to investigate the SYCOGA
fish assemblage, specifically to: 1) identify fish species
(both tropical and temperate) utilising novel P. aliciae
habitat and 2) assess the potential importance of coral
habitat for temperate and tropical species by comparing
fish densities on coral to the surrounding kelp and urchin
barren habitats. Findings will provide insights into the role
of novel corals as habitat for both local temperate and
range-expanding tropical fish species within a temperate
rocky reef environment.

Fig. 1 Images of Pocillopora
aliciae at the Sydney Coral Gar-
dens (SYCOGA) showing coral
coverage increase. Left image
taken on 14 January 2019 and
right image taken on 14 August
2021 (photograph cred. John
Sear). Coloured circles indicate
the same locations across both
images
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Materials and methods

The study was carried out at Sydney Coral Gardens
(SYCOGA), Manly, NSW, Australia (33.800 S, 151.300 E),
and nearby rocky reefs (Northern Sydney rocky reefs: see
Supp. Fig. 1). The location is influenced by the seasonal
western boundary current (EAC) and the associated eddies
that form off of the EAC extension (Cetina-Heredia et al.
2014). SYCOGA is at 10-15 m depth on bare rock substrate,
and the proliferation via local propagule release of P. aliciae
has resulted in approximately 540 m? of novel coral habitat
to date (pers. obs.). This habitat is expanding and infilling
as shown in Fig. 1. Surrounding habitat westward (towards
shore) is dominated by kelp Eklonia radiata, whereas the
eastern, northern and southern habitat is predominantly
urchin barren and encrusting algae.

Coral habitat surveys were conducted opportunistically
between November 2019—May 2021 due to the exposed
nature of the location and impact on suitable diving condi-
tions. Each season (summer (December—February), autumn
(March—-May), winter (June—August) and spring (Septem-
ber—November)) comprised 2-3 sampling expeditions except
for summer 2019-2020 (n=1) and winter 2020 (n=1) due
to COVID-19 restrictions. A belt transect 6 m wide and 60 m
long was laid which was subdivided into 6, sections that
were surveyed on each expedition. A diver would slowly
traverse the transect recording all fish found within each
10X 6 m section.

Rocky reefs were also surveyed adjacent to the coral habi-
tat at the SYCOGA, within typical temperate rocky reef hab-
itat which included kelp (predominantly Ecklonia radiata),
rock, turfing algae and sponges. In each of 4 months (Febru-
ary to May 2021), five 10X 6 m transects were haphazardly
placed in habitat adjacent to the coral gardens and surveyed
as for the coral beds.

To further compare tropical assemblages on SYCOGA
coral habitat to those on temperate rocky reefs, data on
species density and species richness of tropical species
from four additional rocky reef long-term monitoring
sites (‘Northern Sydney rocky reefs’) nearby in Sydney
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were included (Booth et al. 2018). To compare with
assemblages from transects surveyed in the current study,
the area of each roaming transect was calculated through
known seabed features in Google Maps and measured as
length surveyed (m) X 6 m transect width. Fish were sur-
veyed in the same seasons at both SYCOGA and Northern
Sydney rocky reefs.

Fish densities within SYCOGA coral habitat were
compared to adjacent rocky reef habitat (2 levels: coral
habitat vs rocky reef; Fixed) across the four monthly sam-
pling expeditions during summer/autumn, 2021 (4 lev-
els: February—May; random), through a two-way ANOVA
utilising IBM SPSS software (IBM Corp 2019). Density
of tropical and temperate species within this test were
pooled since no tropical species were observed in the
adjacent temperate habitat. Tropical species were defined
as those with poleward distribution edges in central SE
Australia and occur on the Great Barrier Reef while tem-
perate species are long-term year-round adult residents
[e.g. (Fishes of Australia: https://fishesofaustralia.net.au/)
and pers. obs.].

To further compare the density of tropical species
between SYCOGA coral and directly adjacent temperate
rocky reef habitat, densities of the most abundant species
were pooled and compared across years (2019-2021) and
habitats (Northern Sydney rocky reefs vs SYCOGA coral)
using a two-factor ANOVA. The most abundant tropi-
cal species were: Dascyllus trimaculatus, D. reticulatus,
Chaetodon auriga, C. flavirostris, C. kleinii, C. guen-
theri, Acanthurus nigrofuscus and Thalassoma lunare.
Since new fish would be observed each year, due to mor-
tality in winter, years were considered to be independ-
ent. However, some individuals of 7. [unare may have
persisted through winter into the following years.

Fig. 2 Fish density (per 30
60 m? + SE) of both tropical and
adjacent temperate individuals
combined on coral habitat vs
temperate reef over four sam-
pling months within SYCOGA.
*Indicates significance at
p<0.05 (n’s: coral n=6, tem-
perate reef n=5)
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Results and discussion

Range-expanding coral P. aliciae habitat that has recently
established in Sydney supported higher densities of both
temperate and expatriating tropical reef fishes than nearby
rocky reef habitat, indicating its potential importance as
novel fish habitat in temperate south-eastern Australia.

Overall, 8 tropical and 12 temperate fish species were
recorded from 11 families within SYCOGA over the study
(Supplementary Table 1). Fifteen of the species were
observed associating with coral habitat, while 18 were
observed associating with rocky reef. Two species were
exclusively observed on coral habitat, while five temper-
ate species were exclusively observed on rocky reef habitat.
Tropical species were sub-adult except for 7. lunare, which
was present in both sub-adult and adult life stages, and was
seen to overwinter on the coral beds. Total fish density was
significantly greater (3—10 times) on the coral habitat com-
pared to adjacent temperate rocky reef habitat at SYCOGA
(ANOVA, F, 44,=75.94, p=0.003, Fig. 2) and this pattern
was consistent across the four sampling months (ANOVA,
habitat X month, F; 44=0.695, p=0.559).

The density of tropical species associated with SYCOGA
coral increased each year, but remained stable at Northern
Sydney rocky reef habitat, possibly due to the large increase
(over double) in coral cover over that time (Fig. 1) as indi-
cated by a significant interaction between year and location
(ANOVA, interaction term, F2,36=7.67, p=0.002, Fig. 3).
In 2021, SYCOGA coral habitat supported 2.8 times greater
key tropical vagrant densities than 2020 (Tukey’s test,
p=0.007) and 5.4 times greater than 2019 (Tukey’s test,
p=0.0001) (Fig. 3).

SYCOGA contained 48 times higher tropical vagrant
densities than the Northern Sydney rocky reef during 2021
(g=9.187, p=0.0001) and 7 times greater in 2020 (Tukey’s
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Fig. 3 Tropical vagrant fish 25
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test, g=5.014, p=0.001); however, no significant differ-
ences were observed within 2019 (p =0.064) (Fig. 3). Fig-
ure 4 shows much higher densities of several key temperate
rocky reef and vagrant coral reef fishes on SYCOGA com-
pared to other rocky reef habitats in the area.

This study is the first to comprehensively describe tropi-
cal and temperate species associating with this novel coral
habitat at its southern range edge. Our findings support a
model of tropicalisation, not simplification (sensu Agostini
et al. 2021), within SYCOGA. There has been an infilling
of barren areas that may have been stable for a long period
(e.g. Kingsford and Byrne 2023), with habitat-forming
corals on which both tropical and temperate fish species
were in much higher density than surrounding barren rock
and crustose algae. Therefore, the newly established coral

Fig. 4 Comparisons of fish
density between SYCOGA
coral, SYCOGA rocky reef

P. microlepis juveniles

gardens in Sydney provide relatively complex habitat that
concentrates (higher densities, more vagrant species) of fish
and may facilitate tropicalisation while still providing suit-
able habitat for temperate fish assemblages. A similar phase
shift has been reported from Japan’s Tosa Bay, where graz-
ing has removed kelp forests, but infilling of tropical corals
has maintained some habitat complexity and resulted in the
dominance of tropical fish within temperate communities
(Nakamura et al. 2013).

Thalassoma lunare was consistently the most abundant
tropical species observed in the current study and similarly
abundant throughout the tropical Indo-Pacific region (Parenti
and Randall 2011). It was the only tropical species observed
in both sub-adult and adult phases at SYCOGA and therefore
the only species likely to have survived the winter during the

P. microlepis adults
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study period. This species is also potentially the first expatri-
ated tropical species to form reproducing populations within
SYCOGA, as mating behaviours have been observed there
(W. Gladstone pers. obs.). Despite some persistence through
winter at SYCOGA, densities of 7. lunare were still reduced
during the cooler months of April and June 2020.

In 2022-2023, we have observed further expansion of
P. aliciae beds at SYCOGA but also at a number of nearby
sites, including outer Sydney Harbour, suggesting that its
significance as a refuge for tropical and temperate fish spe-
cies may expand rapidly. Other tropical species, such as
Chaetodon speculum and Paracanthurus hepatus, have
bene photographed by amateur divers on the coral, but we
only included species we observed during the study period.
Therefore, we predict the coral will act as a major vector for
tropicalisation and a reef fish hot spot, so whether it should
be managed to ensure its protection from human disturbance,
or not, given its expansion as a result of human-caused
climate change, is unclear. Future investigations should
examine the quality of habitat provided by tropical corals
in temperate environments, such as those in SYCOGA, and
why some but not all local temperate fish species occupy
the coral beds, to understand the mechanisms driving higher
fish densities on coral relative to natal temperate reef and the
potential implications for temperate fish populations as the
coral habitat expands.
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