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An 18-year database of coral reef fish expatriation poleward in South East Australia was
used to estimate persistence of coal reef fish recruits on temperate reefs. Surveys have
identified over 150 coral reef fish species recruiting to temperate reefs at latitudes of
34°S (Sydney) and 60 species to 37°S (Merimbula) with 20 and 5 species respectively
overwintering in at least 1 year over the study duration. We developed indices of
vulnerability of key species to drops in water temperatures, by relating drops in
abundances of species to temperature drops. Twenty species were ranked according
to their temperature vulnerability. Overall, the families Chaetodontidae (butterflyfishes),
Acanthuridae (surgeonfishes), Labridae (wrasses) and Pomacetnridae (damselfishes) had
similar cold-water tolerance. However, there was considerable variability within families,
for instance in the Pomacentridae, species from the genus Abudefduf appeared to
have better cold-temperature tolerance than the other species. Predicted minimum
overwintering temperature varied from 15.6°C to 19.8°C, with some species showing
lower Tzero at Merimbula, the more poleward location. There was general concordance
between a species’ tolerance to cold-water and its tendency to occur as an overwinter
but also notable exceptions. So while this work demonstrates the potential utility of
tolerance to seasonal temperature drops as a means to predict range expansion
capacity of vagrant species, the exceptional cases serve to highlight alternative factors.
Specifically, tolerance to seasonal cooling of water is not the only important factor
when predicting the range expansion capacity of a species. Factors affecting the
general abundance of the vagrants, such as habitat suitability and competitor/predator
environments will also be critical where overwinter survival becomes a lottery.

Keywords: Acanthurid surgeonfishes, Chaetodontid butterflyfish, overwintering, Pomacentrid damselfish, water
temperature drop, vagrant coral reef fishes
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INTRODUCTION

The future of species globally, both in terrestrial and aquatic
environments, is under threat through human-caused climate
change (Chen et al., 2011; Poloczanska et al., 2013). Colonization
of new, more climatically-suitable, habitat is a key coping strategy
used by organisms, and understanding this process is critical
to guide conservation strategies (Gilman et al., 2010). Not
surprisingly, species’ range expansions are difficult to accurately
predict (HilleRisLambers et al., 2013; Bates et al., 2014), since
they require detailed knowledge of dispersal mechanisms and
physiological tolerance of species to the receiving environment.
Range expansion is also problematic to measure empirically since
it requires longer-term detailed fish observations.

As a result of strengthening western boundary currents
under climate change, many coral reef fishes are expected
to expand their ranges polewards (Figueira and Booth, 2010;
Wernberg et al., 2012; Feary et al., 2014; Vergés et al., 2016).
This influx into temperate ecosystems may lead to novel
interactions and affect the structure and function of temperate
marine communities (Vergés et al., 2014; Luiz et al, 2016).
To date, there is still relatively little understanding of factors
that constrain or facilitate species’ geographic responses to
climate change, including those of marine fishes (Li et al,
2011; Yang et al., 2011; Blois et al., 2013; Liancourt et al,
2013). Feary et al. (2014) and Booth et al. (2018a,b) showed
that species metrics such as large body size, high swimming
ability, large size at settlement and pelagic spawning behavior
are more likely to occur in species expatriating into temperate
habitats.

Low winter water temperatures are thought to act as a
bottleneck for tropical fish survival polewards, with a threshold
identified of approximately 18°C, below which few coral reef
fish survive (Figueira et al., 2009; Figueira and Booth, 2010).
Additionally, temperate waters exhibit short-term drops in
temperature (at the scale of days to weeks) which can stress the
tropical species. A species that copes better with drops in water
temperature may be more able to exploit range-edge habitats, and
such species may be more resilient to lower winter temperatures
and thus more able to expand their ranges poleward.

The southeast coast of Australia is a known ocean warming
hotspot (Ridgway, 2007) and is therefore likely to be particularly
susceptible to the process of tropicalization. Every year, tropical
fish larvae are expatriated south from the Great Barrier Reef
(GBR) via the East Australian Current (EAC), where they arrive
and settle in recruitment pulses from January to May (Booth
et al., 2007). Our 18-year dataset of coral reef fish abundances
across seasons in temperate locations can be used to identify key
abundance fluctuations.

Here, we explore the idea that an indicator of a species
resilience under climate change scenarios is how they cope
with drops in water temperature. Oliver et al. (2015) note the
importance of resilience metrics to help assess possible range
shifts and future biodiversity loss. Our aim was to see if we
can identify species which are more or less sensitive to water
temperature changes at extreme temperate latitudes, and use this
to predict which species may do better or worse in the future,

both in these extreme poleward habitats, and also in their coral
reef natal habitats.

Specifically, we aimed to evaluate the utility of short-term
abundance change with temperature as a metric for cold-
temperature tolerance. We explore how this metric links to
overwintering and whether it depends on location, which might
indicate local adaptation or selection during transport. We
then rank existing vagrant coral reef fish species as to their
cold-temperature tolerance, and identify patterns by taxonomic
groups (family).

METHODS
Vagrant Fish Surveys

Since 2002, seasonal surveys of tropical fish expatriates have
been conducted at sites in South East Australia (e.g., Booth
et al., 2007). Surveys involve a snorkeler navigating a known area
systematically and identifying, counting and sizing all tropical
fish observed. Surveys were conducted at four sites around
Sydney (34°S) and one in Merimbula (37°S) approximately every
1-3 weeks during the peak recruitment period (December-May)
dropping off to approximately every 4-6 weeks for the rest of
the year (Table 1). Shelly Beach East and West sites in Sydney as
well as the Bar Beach Site in Merimbula have been surveyed since
2002. Two Sydney Harbour sites, Little Manly and Collins Beach,
have been surveyed since 2009.

Water Temperature

The water temperature at all sites was logged at 30 min intervals
with duplicate loggers (HOBO Pendant UA-001-08) placed
within each site at 2-3 m depth. Logger data for Shelly Beach
was not available for the entire data series so instead we used
logger data from nearby Long Reef which is highly correlated
(r* =0.97). Daily averages for all sites were extracted from the full
time series. From this we computed the average temperature over
the interval between individual surveys (typically 7-14 days).

TABLE 1 | Number of surveys conducted at each site between January and June
of each summer recruitment season.

Season  Sydney-shelly Sydney-collins Sydney-little Merimbula-bar
beach beach manly beach

2002-2003 4 18
2003-2004 17 17
2004-2005 19 29
2005-2006 21 19
2006-2007 12 15
2007-2008 10 13
2008-2009 5 10
2009-2010 18 3 13 16
2010-2011 15 1 ih 10
2011-2012 13 12 12 4
20122013 13 14 14 11
2013-2014 14 14 14 11
2014-2015 17 17 17 5
2015-2016 11 11 11 6
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There are occasional gaps in the temperature series at both sites
due to logger failures. With exception of a period of 1 year from
July 2012 to July 2013 in Merimbula, most periods are only a
few weeks in duration and not during the key period of January-
June considered here (see below). Analysis of abundance series
(as described below) was not conducted where no temperature
data was available.

Identifying Resilient Species

We based our assessment of the resilience of vagrant coral
reef fish species on three general characteristics; (1) has the
species been observed to overwinter at either location, (2)
how common are overwinterers for the species and (3) how
sensitive to temperature is the abundance of each species? The
status as an overwintering species was based on the observation
of at least one overwinter survivor (adult present in surveys
after August) in the data series for each location. To evaluate
how common overwintering was, we established the relative
occurrence of overwinterers for each species as the ratio of
the average abundance (per survey for the whole dataset) of
overwinter sized individuals (as defined by Figueira and Booth,
2010) at any time of year to the average abundance (per survey
for the whole dataset) of recruits (any non-overwinter sized fish)
during the main recruitment season (January-May).

Our general approach to characterizing thermal sensitivity
for each species was to evaluate the absolute and relative rates
of decline in abundance of different species with temperature
across all the sites and seasons available within this dataset.
Here we define the term “abundance series” as the data series of
abundance values for a given species at a given site in a given
season. In order to achieve our objective, we first narrowed our
list of species to only the top 20 most commonly occurring
ones (high density per survey but also represented by at least
five abundance series across the whole data set) at these sites
based on long-term averages (Table S1). We next normalized
each abundance series by the maximum value in the series such
that all values varied between zero and one (Figure 1A). When
doing this, we excluded, based on size, any fish which would not
have recruited during the season in question (and would thus be
overwinter survivors). We then identified the “decline period”
of each abundance series from its peak (1.0) to its lowest value,
typically zero (as numbers reduced through the season). Since
these are surveys of rare species in large areas, it is not uncommon
for decline periods to show some fluctuations. Where multiple
peak values were observed, the start of the decline period was
taken to be the latest peak value. We also included up to two zero
abundance values in a row (surveys which found no individuals
of that species) at the end of the decline period (as opposed to
stopping at the first zero) to ensure a true zero had been reached
(see Figure 1A).

We next regressed the proportional abundance for a survey
against the average temperature over the interval between
that survey and the previous one for all decline periods (see
Figure 1B). We only included decline periods where the peak
abundance had at least 3 individuals observed and consisted of
at least 4 survey data points. As indicated above, periods where
no temperature data was available were not considered in this
analysis. We then excluded relationships where large fluctuations
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FIGURE 1 | lllustration on methodology for extracting abundance-temperature
relationships. From normalized abundance series over time (A, illustrated for
two random species here) data are extracted for the region of decline, starting
with normalized relative abundance value of one (the point in the gray shaded
area of A). For each survey in this period the relative abundance on that survey
is plotted against the temperature between that survey and the previous (B).
The best fit line to this data (dashed line in B) is used to estimate the slope and
temperature at which relative abundance was 1.0 (Tpeak, identified on the

X-axis for each species).

in numbers from one survey to the next led to slopes that
deviated wildly from the positive relationship we observed for
most of the decline periods. The abundance series which had
these issues were typically those which only barely met the criteria
for inclusion. In total this lead to exclusion of 19 of the 380 initial
abundance series (5%, see Table S1 for summary of number of
series by species).

From the best-fit line to each of these 361 decline periods, we
extracted two metrics which describe the sensitivity of abundance
to temperature for given species at each site and season:

(a) Tpeak: The temperature at which the species had its peak
abundance for the series (proportional abundance of 1.0).
This is the temperature after which it started to decline in
abundance. Lower values would suggest a more cold-tolerant
species.

(b) Slope: This is the slope of the relationship between
temperature and proportional abundance. This relationship
is positive and thus a lower value suggests a more
cold-tolerant species whose abundance drops off more
slowly with reductions in temperature.

RESULTS

Over the whole period of this dataset there was a relatively
consistent pattern of incursion of tropical fish recruits in
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January/February, stable populations through March/April and
then a drop off in May or June which occurred more rapidly in
Merimbula than in Sydney (Figure 2). Tropical fish were very

200 14

[y
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# per.100m2
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FIGURE 2 | Mean (+SE) density of tropical vagrant fishes overall in Sydney
(solid line, solid symbol curve, left Y axis) and Merimbula (dashed line, open
symbol, right Y axis) over 12 months, n = 14 years.

rarely observed after June in Merimbula but were found more
commonly through August in Sydney.

Overwinter survival was generally much more common
in Sydney than in Merimbula (Figure 3A) with the highest
ratio observed for the territorial damselfish Stegastes gascoynei,
although overwintering was much more limited for the other
Pomacentridae aside from Chromis nitida. Naso unicornis was
relatively abundant as an overwinterer amongst the Acanthuridae
and overwintering was very uncommon for the Chaetodontiade.
Both labrid species had high overwintering ratios in Sydney, but
not in Merimbula.

Temperatures at the peak of abundance (Tpex) differed
between 18 and 24°C across the dataset and were generally lower
at Merimbula than Sydney for the same species (Figure 3B)
although there was a large overlap in error bars suggesting
that this is not a significant effect. There was considerable
variation across the Pomacentridae with members of the genus
Abudefduf showing relatively high cold-water tolerance (low
Tpeak)- S- gascoynei and C. nitida had moderate Tpeqi values
within this family while Pomacentrus bankanensis had the
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FIGURE 3 | Performance of 20 species of expatiating coral reef fish in SE Australia, (mean £ SD of values derived from all abundance series in the 2002-2017
dataset), at Sydney (empty bars) and Merimbula (filled bars), for (A) the ratio of average over winterers to recruits, (B) temperature after which abundance started to fall
(Tpeak), and (C) slope of relationship between temperature and proportional abundance.
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highest value of in the whole dataset. The chaetodontids
had generally lower Tpe values than the than any of the
other families as a whole, but only by a half a degree or
so. Acanthurids tended to have Tye values which were
intermediate to those of Pomacentrids and Chaetodontids,
while the Labrids, represented by only two species had quite
variable values (Figure3B). Cold water tolerance expressed
by the slope of the temperature-abundance relationships
generally matched that suggested by Tpeqi values (Figures 3C,
4).

Families were overall similar in their cold water tolerance
ranking. Acanthuridae (surgeonfishes), Labridae (wrasses) and
Pomacentridae (damselfishes) were similarly represented across
the rankings, each having around 50% of member species
considered here in the top 50% of rankings. There is some
evidence that the Chaetodontidae (butterflyfishes) may be less
cold-tolerant since all three species were in the bottom 50% of
rankings, although two of them were at positions 11 and 12, so
the generalization is weak.

However, there was again considerable variability within the
Pomacentrids with the Abudefdufs appearing to have better cold-
temperature tolerance than the other species. Of note here is the
very low slope value for P. bankanensis which is not consistent
with its very high Tpe.x value, though this was not a very common
species, with only 5 abundance series upon which to base the
analyses.

Based on the average of ranked values for each of the metrics,
Naso unicornis is indicated as the most cold-tolerant while
Pomacentrus bankensis the least (Table 2). While there is a very
general concordance with these rankings and the categorization
of a species as an overwinterer based on observations, there
are certainly notable exceptions. We expected to see the species
which have been observed to overwinter at both sites ranked
consistent near the top. While this pattern holds for A. vaigiensis,
which is the most commonly observed tropical vagrant fish
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FIGURE 4 | Relationship between predicted Tpeak and slope of
temperature-drop, fish abundance drop curves, for the 20 species. Each point
is average of all values available for each species. Not all species occurred in
Merimbula.

in the dataset, the other two species in this category, C.
nitida and Thalasomma lunare are ranked 11 and 16 out of
20, respectively. However, the species that are not known to
overwinter at either location are ranked near the bottom of
the list, as expected, including P. bankanensis, which is ranked
lowest.

DISCUSSION

How coral reef fishes respond to key stressors such as water
temperature will determine their ability to cope with the
projected effects of human-caused climate change. For the
tropical vagrant species considered here there were strong and
consistent drops in abundance as water temperature changed
through the season. The nature of these changes, as characterized
by the Tpeac and slope values, allows us to characterize
the relative cold-temperature tolerance of the more common
tropical vagrant species. Importantly, the tolerance suggested
by these metrics is broadly supported by the characterization
of a species as an “overwinterer” but provide a much greater
resolution amongst species. The species that occur as vagrants
quite commonly and in high abundance, such as A. vaigiensis
and P. coelestis did appear near the top of the list of cold-
tolerance. And of course many of the rare species, such as P.
bankanensis and T. lunare appeared near the bottom of the
list.

This work also highlights the interplay between two important
factors which help to determine the probability of overwinter
survival, thermal tolerance and abundance. There are species
such as Chaetodon auriga, A. sexfasciatus, A. whitleyi, and
A. dussumieri which are all relatively common vagrants at
these sites (occurring most years and in moderate numbers)
but who would appear to have relatively low capacity to
deal with seasonal temperature drops. For these species,
in absence of adaptation/acclimation, range expansion may
depend strongly on high recruitment numbers. Conversely
species such as L. dimidiatus and Naso sp. may do well into
the future not because of their high numbers (they tend
to be rare) but because of their high tolerance to cold-
temperatures.

While there was not strong evidence of a of a location
effect (Sydney 34°S vs. Merimbula 37°S) which would support
local adaptation or selection during transport, it appears that
Tpeak was lower overall in Merimbula (e.g., Figure4). This
may indicate either local adaptation to colder waters, or
selection of more cold-resistant individuals (this may occur
during advection from tropical waters) at this higher latitude
location.

How might these metrics indicate the resilience of these
species and their ability to range shift poleward? That is, can a
short term performance metric predict long term changes? While
this is unclear at present, such metrics have been established in
other systems (e.g., McLeod, 2009; Fogarty et al., 2017). There
seems to be more variability in the Tpea than Slope value.
However, a suite of factors including likelihood of advection of
larvae to a location (e.g., Booth and Parkinson, 2011; Feary et al,,
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TABLE 2 | Key temperature resilience metrics for 20 species of expatriating coral reef fish in SE Australia.

Sci Name Com. Name Family n Recruit Overwinter Overwinter Tpeak Slope AVG

density ————— ratio (°C) rank

SYD MER

Naso unicornis Bluespine unicornfish Acanthuridae 6 0.2 Y N 1.34 21.86 0.16 5.00
Labroides dimidiatus Cleaner wrasse Labridae 7 0.1 Y N 0.81 21.89 0.16 6.33
Abudefduf vaigiensis Sergeant major Pomacentridae 43 55 [N o0 21.76 0.15 7.67
Stegastes gascoynei Coral sea gregory Pomacentridae 6 0.2 Y N _- 7.67
Naso sp. Unicornfish Acanthuridae 7 0.1 Y N 0.20 21.66 0.20 8.67
Pomacentrus coelestis Neon damsel Pomacentridae 30 2.7 Y N 0.19 22.23 0.17 10.00
Abudefduf bengalensis Bengal's sergeant Pomacentridae 33 1.6 Y N 0.11 22.44 - 10.00
Acanthurus triostegus Convict surgeon Acanthuridae 21 1.1 Y N 0.10 21.98 0.17 10.33
Acanthurus nigrofuscus Dusky surgeon Acanthuridae 18 1.0 Y N 0.18 22.40 0.17 10.33
Chromis nitida Yellow-back puller Pomacentridae 7 os N o 22.42 019 1067
Chaetodon flavirostris Dusky butterflyfish Chaetodontidae 15 0.7 Y N 21.63 0.18 11.00
Chaetodon auriga Threadfin butterflyfish Chaetodontidae 29 0.3 Y - 21.58 0.17 11.00
Abudefduf sexfasciatus Scissor-tail sergeant  Pomacentridae 35 3.0 Y N 0.08 2247 [JJOHEN 1133
Acanthurus olivaceus Yellow surgeon Acanthuridae 14 0.2 22.26 0.15 11.33
Thalassoma lunare Moon wrasse Labridae 6 0.1 0.71 22.08 - 11.67
Chaetodon citrinellus Speckled butterfiyfish ~ Chastodontidae 5 0.1 Z088 o2t 12.50
Abudefduf whitleyi Whitley's sergeant Pomacentridae 34 4.1 Y N 0.10 22.50 0.16 13.33
Ctenochaetus striatus Lined bristletooth Acanthuridae 9 0.3 Y N 0.09 21.92 0.21 13.67
Acanthurus dussumieri Pencil surgeon Acanthuridae 16 2.3 Y N 0.1 22.43 0.20 13.67
Pomacentrus bankanensis Speckled damsel Pomacentridae 5 0.1 _-- 13.83

Each value is derived from all available abundance series (n) for each species. Recruit density (1,000 m~2) is per survey during the peak settlement period (January-May). “Overwinter”
refers to that species being recorded to survive at least one winter in Sydney (SYD) or Merimbula (MER). The overwinter ratio is the average density of overwintering adults divided by
average recruit density at all sites. Tpeax is the temperature after which abundance started to decline. Slope describes the rate at which abundance dropped with falling temperature.
Species are sorted according to the average of the ranked value for each of the three metrics (AVG rank) with a lower value indicating higher overall resilience to dropping temperatures.
Color coding indicates High resilience (darker blue) to low resilience (deeper red) for each metric.

2014; Fogarty et al., 2017) and local habitat effects (e.g., Beck
et al., 2017) must also be considered in prediction a species’
persistence.

Annual settlement of surgeonfishes is rapidly increasing, and
has been suggested to indicate a “tropicalization” phenomenon
similar to that occurring in the Mediterranean (Vergés
et al, 2014). Our results suggest that several of these
may be among the most cold-tolerant species (lower Tpea,
lower Slope) which has implications for their invasiveness in
future.

A recent review of range shifts of young-of-the-year of many
of the species considered here (Fowler et al., 2017) shows that
even less resilient species had shifted. Of our “High Ranked”
species, 2 of 5 species showed recruitment further poleward
(recruitment, not overwintering) while 3 of 5 species of “Low
Ranked” species had shifted. However, this does not indicate
establishment or even temperature tolerance, rather offshore
advection of larvae and early survival. How species respond
to temperature drops at the temperate habitat (as reported
here) would be more indicative of range shift potential (i.e.
establishment). For instance, in Austral summer 2016, EAC
activity and warmer waters lead to unprecedented arrivals of
acanthurids and Abudefduf whitleyi at the southern location
(Merimbula), however these species quickly disappeared once
temperatures dropped (Booth unpub. data).

Future extensions of this study would investigate responses of
key tropical species in their natal habitats to ambient temperature
drops, and linking more- and less-resilient species to overwinter
success. As noted by Shoo et al. (2006), investigation of fine
grained responses to climate, such as how expatriating reef fishes
respond to short-term temperate changes, may increase our
ability to predict range shifts.
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