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Abstract
Aim: Temperate marine systems globally are warming at accelerating rates, facilitating the poleward movement of warm-water species, which are tropicalizing higher-
latitude reefs. While temperature plays a key role in structuring species distributions,
less is known about how species’ early life stages are responding to warming-induced
changes in preferred nursery habitat availability. We aim to identify key ecological
and environmental drivers of juvenile reef fishes’ distributions in the context of ocean
warming.
Location: South-eastern Australian coastline from 30 to 37°S.
Methods: We used a decade of underwater visual census data to uncover latitudinal
distribution patterns of juvenile reef fishes and habitats across 1000 km of coastline, from subtropical to temperate latitudes. We modelled how benthic habitat cover,
depth, wave exposure and sea surface temperature influence distributions of warm-
water and cool-water juvenile reef fishes on temperate rocky reefs.
Results: We found sea surface temperature was typically the most important factor influencing densities of juvenile fishes, regardless of species’ thermal affinity or
latitudinal range extent. Juveniles of tropical and subtropical range-expanding fishes
responded more strongly to warmer temperatures and lower wave exposure, while
juveniles of temperate species responded more strongly to benthic habitats. Species’
responses to greater availability of temperate reef habitat-formers such as kelp and
other macroalgae contrasted, being positive for temperate and negative for tropical
and subtropical juvenile fishes.
Main conclusions: The availability of both suitable habitat and sea temperatures for
species’ early life stages is important considerations when predicting changes in reef
fishes’ distributions in the context of ocean warming. Warming-induced isotherm
shifts and feedback loops constraining the persistence of key temperate reef habitat-
formers will favour range-expanding tropical reef fishes colonizing higher-latitude
reefs, while disadvantaging some macroalgal-associated resident temperate species.
Such varying responses to warming-induced environmental changes may strongly influence the structure of emerging tropicalized reef assemblages.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Diversity and Distributions published by John Wiley & Sons Ltd.
1154

|

	
wileyonlinelibrary.com/journal/ddi

Diversity and Distributions. 2022;28:1154–1170.

|

MCCOSKER et al.

1155

KEYWORDS

citizen science, climate change, recruitment, reef fish, species distributions, temperate reefs,
tropicalization

1

|

I NTRO D U C TI O N

increasingly evident as temperate reefscapes reconfigure into novel
assemblages composing habitat-forming species with functionally

The abundance and distribution of marine species globally are

different structures and traits to the natural state. Novel, tropical-

changing rapidly in response to rising ocean temperatures induced

ized temperate reefscapes are emerging where shifts occur in the

by anthropogenic climate change (Lenoir et al., 2020; Pinsky et al.,

dominant benthic habitat-formers, in particular from cool-water

2020; Poloczanska et al., 2013). As marine species’ distributions shift

habitat-forming species such as kelps and other canopy-forming

towards cooler latitudes, assemblages reorganize with cascading im-

macroalgae to warm-water habitat-formers such as coral (Nakamura

plications for ecosystem structure and functioning (Pecl et al., 2017).

et al., 2013; Yamano et al., 2011), tropical seaweeds (Tanaka et al.,

In warming temperate marine systems, range-expanding tropical

2013) and/or turf-forming algae (Filbee-Dexter & Wernberg, 2018).

species may be more opportunistic and can sometimes perform bet-

While tropicalization is broadly induced by ocean warming, the

ter in warming-impacted habitats than their temperate counterparts

specific mechanisms triggering the transition of temperate reefs

(Kumagai et al., 2018). Indeed, models predict the continued wide-

to tropicalized states vary in their nature and spatial and tempo-

spread contraction of cool-water habitat-formers such as kelps along

ral scales; for example, from short-term extreme marine warming

temperate coastlines in response to increasing temperatures in fu-

events to intensified herbivory by urchins and range-extending trop-

ture decades (Davis et al., 2021; Kumagai et al., 2018; Martínez et al.,

ical herbivorous fish facilitated by gradual ocean warming (Ling et al.,

2018). Climate-driven shifts in the distribution of habitat-forming

2018; Vergés et al., 2016; Wernberg et al., 2016). The rapid rate of

species that support diverse ecological assemblages and critical

environmental change is outpacing the ability of habitat-forming

ecological processes will have significant cascading consequences

species to adapt, leading to dramatic shifts in their abundance and

for entire coastal ecosystems (Vergés et al., 2019). However, these

distribution that may be representative of tipping points and likely

impacts are still emerging and yet to be fully understood.

irreversible in many cases (Wernberg et al., 2016).

Temperature plays a key role in structuring global marine bio-

The abundance and distribution of habitat-forming species such

diversity (Tittensor et al., 2010), particularly species distributions

as kelps, other canopy-forming macroalgae, seagrasses and corals

(Payne et al., 2021; Stuart-Smith et al., 2017), which will continue to

strongly influences fish assemblages (Gillanders & Kingsford, 1998;

change as isotherms continue to accelerate in the 21st century (Sen

Quaas et al., 2019) by creating complex three-dimensional biogenic

Gupta et al., 2015). Evidence indicates that within the marine realm,

structures and providing food and refuge from predators (Steneck

temperate and boreal reefs will be more acutely affected by anthro-

et al., 2002). The nursery function these habitats provide for juvenile

pogenic climate change because the magnitude of ocean warming

fishes supports reef fish population replenishment and maintains

is greater at higher latitudes (Burrows et al., 2011). Warming can

biodiversity (Fulton et al., 2016; Wernberg et al., 2019). Other than

directly or indirectly facilitate the reorganization of biodiversity on

the biogenic characteristics of habitats, physical attributes of hab-

higher-latitude reefs through assisting species dispersal and estab-

itats such as depth and wave disturbance can also determine their

lishment. Increasing ocean temperatures facilitate marine species’

suitability as nurseries for juvenile fishes (Beck et al., 2016; Fulton &

movements from lower to higher latitudes either by creating thermal

Bellwood, 2004). Juveniles tend to be more specialized in their hab-

conditions viable for warm-affinity species to survive or enabling

itat use than adults (Morton & Gladstone, 2011), so distributions of

habitat-forming species that range-extending tropical species de-

juvenile fishes may be more sensitive to changes in the availability of

pend upon to establish (Bates, Pecl, et al., 2014; Yamano et al., 2011).

preferred biogenic and physical habitats and resources within reefs-

While much evidence suggests warmer ocean temperatures drive

capes relative to adult conspecifics (Kingsford & Carlson, 2010),

the advancement of tropical marine species poleward to temperate

although plasticity in habitat use by juvenile coral reef fish arrivals

reefs (Feary et al., 2014; Pecl et al., 2017), not all species responses

to temperate reefs has been noted (Beck et al., 2017). Nonetheless,

have been uniform, and the relevance of other factors governing

in the context of tropicalization and associated threats for the per-

species’ distributions is an important consideration, including habi-

sistence of cool-water habitat-formers such as kelps, understanding

tat availability and behavioural adaptations by range-expanding spe-

the strength of functional links between habitats and species abun-

cies at recipient reefs (Bates, Pecl, et al., 2014).

dances and relationships with ocean temperatures is crucial for pre-

Substantial evidence has already shown warming-induced compositional shifts in marine assemblages at temperate latitudes, rang-

dicting outcomes for the recruitment of juvenile fishes on warming
temperate reefs.

ing from gains and losses of local populations, to changes in relative

Given the likely decline of kelp forests and potential expansion

abundances (Day et al., 2018; Smith et al., 2021; Vergés et al., 2016).

of coral and turf algal habitats associated with the tropicalization of

The process of tropicalization, whereby warm-affinity species be-

temperate reefs, what then are the likely consequences for tropi-

come increasingly dominant (Vergés, Steinberg, et al., 2014), is

cal and subtropical fishes which are migrating into these temperate
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habitats? Moreover, how will juveniles of temperate rocky reef spe-

logistical and financial challenges of monitoring such a geographi-

cies that are typically strongly habitat-related (Choat & Ayling, 1987;

cally vast coastline. Even at local resolutions, long-term studies of

Curley et al., 2002) respond to the climate-mediated retraction of

entire juvenile fish assemblages are relatively scarce, and few have

kelp habitats from temperate coastlines? The shallow rocky reefs

focused on future patterns of recruitment through the lens of trop-

of south-eastern Australia provide an ideal opportunity to explore

icalization. Determining the factors that will contribute to the per-

these questions. Habitat-forming kelp forests dominate much of the

sistence of reef fishes is critical information for managers devising

shallow coastal environment of south-eastern Australia. Forming

plans to future-proof ecosystems on warming temperate coastlines.

part of the Great Southern Reef (Bennett et al., 2015), the shallow

Citizen science programmes play a valuable role in rigorously col-

rocky reefs of south-eastern Australia harbour high levels of bio-

lecting ecological data over expansive spatial and temporal scales,

diversity, including many endemic species (Wernberg et al., 2019).

thereby overcoming some of the challenges and limitations faced

However, tropicalized reefs are already emerging in this ocean-

by marine management and researchers in situations (Edgar et al.,

warming hotspot (Hobday & Pecl, 2014), with reefscapes previ-

2020). Here, we take advantage of a long-term citizen science data-

ously dominated by kelp forests transitioning to low-biomass turf

set of reef fish abundance and benthic habitat data collected via un-

algal-dominated reefs in some regions (Vergés et al., 2016), and

derwater surveys carried out in subtropical to temperate rocky reefs

range-expanding subtropical corals colonizing higher-latitude rocky

along the south-eastern coast of Australia to: (1) describe latitudinal

reefs (Booth & Sear, 2018; Ling et al., 2018). If, as anticipated, these

patterns in the composition of juvenile fish assemblages, (2) identify

habitat shifts are an early indication of future reef states along this

the main ecological and environmental drivers of variation in the dis-

warming coastline, long-term ecosystem monitoring at both broad

tribution of species abundances of juvenile fishes at shallow rocky

and local resolutions will be key to detecting and understanding how

reefs and (3) use these relationships to infer the responses of range-

assemblages are responding to the direct and indirect effects of ris-

expanding vs resident temperate juvenile fishes to shifts in the dis-

ing ocean temperatures.

tribution of habitats on tropicalized temperate reefs in the future.

A key driving force underlying the species shifts occurring

We hypothesized that the predicted climate change-induced loss

along this coastline is the rapidly warming, poleward-flowing East

of dominant habitat-formers from temperate rocky reefs will have

Australian Current (EAC; Wu et al., 2012), which strongly influences

negative repercussions for recruitment of reef fishes that strongly

the distribution of marine biota in this region. The poleward flow of

associate with these habitat types. We also expected that the re-

the EAC facilitates the advection of warm tropical water and reef

sulting habitat shifts towards greater availability of non-macroalgal

fish larvae hundreds of kilometres south along the coast of south-

habitats that are more typical for warm-water reef fishes could facil-

eastern Australia from tropical to temperate latitudes (Booth et al.,

itate the recruitment of range-expanding reef fishes to tropicalized

2007). Each summer-autumn, the EAC delivers pulses of expatriated

temperate reefs.

juvenile tropical and subtropical reef fishes to temperate reefs, temporarily increasing the diversity of fishes in recipient assemblages
(Booth et al., 2007; Feary et al., 2014). Spatial and temporal variation
in recruitment pulses of warm-water juvenile fishes are suggested to
be related to EAC-driven impacts on larval supply, alongshore and

2
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2.1 | Fish and benthic habitat data

cross-shelf transport and retention (Booth et al., 2007). While thermal tolerances currently constrain the survival of range-expanding

The data for fish counts, length-class and benthic habitat composi-

reef fishes through the breeding cycle (Figueira & Booth, 2010), the

tion were obtained from underwater visual censuses conducted as

ecological success of these fishes at higher-latitude reefs in the fu-

part of the citizen science Reef Life Survey (RLS) programme. The

ture may be facilitated by sustained increases in water temperatures.

RLS dataset used for this study comprised 812 surveys at 163 sites

Apart from EAC dynamics and sea surface temperature, other

along almost 1000 km and six degrees of latitude from 30 to 37°S

factors identified as important influences of juvenile fish distribu-

along the south-eastern Australian coast (Figure 1a, Table S1). Study

tions in south-eastern Australia include availability of suitable ben-

sites were distributed across marine protected areas (MPAs) and

thic habitat (Beck et al., 2017; Curley et al., 2002), wave exposure

open areas outside MPAs. MPAs are established at five of the six

(Beck et al., 2016) and predator–prey interactions (Bates, Barrett,

study locations but are absent from the southern-most location at

et al., 2014; Edgar & Stuart-Smith, 2009). Previous research that

37°S. Study sites encompassed both no-t ake areas (NTAs) (48 sites)

has examined links between these factors and juvenile fish distribu-

and areas partially or completely open to fishing (FZs) (115 sites)

tions has primarily focused on range-expanding species (e.g., Booth

(Table S1.1). The dataset of surveyed sites encompassed subtropi-

et al., 2011; Figueira & Booth, 2010; Fowler et al., 2018), with less

cal to temperate coastal environments, with a difference in mean

attention given to temperate species, despite the rising threat of

summer sea surface temperatures (SST) across the latitudinal extent

warming-induced losses of cool-water habitats from rocky reefs in

of about 5°C (Figure 1b; SST analyses are described in Section 2.2).

this region (but see Fulton et al., 2016). Broad-scale investigations

Data were collected over 10 years (2008–2018) during the period of

relating a range of ecological and environmental factors and juvenile

peak fish recruitment in the study region, December to May (Booth

fish distributions are also relatively rare and are in part due to the

et al., 2007).

|
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F I G U R E 1 (a) Study region and location of Reef Life Survey programme sites used in analyses. (b) Mean daily sea surface temperatures
(SST) at the six latitudes in the study region for the period 2008–2018. Daily SST values were extracted for each site within a latitude from
gridded NOAA OISST data and averaged across the 10-year study period. Shading indicates the period of the year that was the focus of
the analyses. Photographs depict habitats typical of shallow rocky reefs along the south-eastern Australian coast: (c) mixed macroalgal
assemblage and (d) crustose coralline algae-dominated rock. Photo credits: The authors

A description of the standardized quantitative fish and benthic

taken by RLS divers with a digital camera pointed vertically downward

habitat census and data collection methods is provided in an online

at the substrate every 2.5 m along the same 50 m transect lines set for

methods manual (http://www.reeflifesur vey.com) and published

fish surveys. Photoquadrat images were taken at a height sufficient

literature (Edgar et al., 2020; Edgar & Stuart-Smith, 2014). Briefly,

above the seabed (generally about 0.5 m) to encompass an area of the

surveys involved underwater visual census conducted by trained

benthos of about 0.25 m2. Photoquadrat images were available for all

scientific and recreational SCUBA divers along a 50 m transect line,

surveys used in analyses in this study. Per cent cover of the dominant

which was laid along a depth contour, with all fishes observed within

habitat types was quantified from the habitat photoquadrat images

5 m of the transect line recorded and their size estimated, giving a

via scoring using a grid overlay of five points per image, giving 100

2

total transect area of 500 m . Fishes were identified to the lowest

points per transect, and aggregated into nine broad habitat groups

possible taxonomic level; analyses in this study included fishes iden-

designed to be suitable for the analyses. The habitat groups defined

tified to species level only. Data quality assessments of RLS have

for the study comprised the biotic categories of kelp (principally the

demonstrated that trained RLS citizen scientists generate fish and

Golden kelp Ecklonia radiata), macroalgae, turf algae, seagrass, crus-

invertebrate data of equivalent quality to those of professional sci-

tose coralline algae, coral (generally hard coral growth forms such as

entists (Edgar & Stuart-Smith, 2009).

encrusting or plate but also comprising soft corals) and sessile inver-

Assessment of benthic habitat composition for each survey was
carried out through analysis of 20 habitat photoquadrats, which were

tebrates, and abiotic categories of rock and unconsolidated sediment
(encompassing sand, pebbles and rubble) (e.g. Figure 1c,d).
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2.3 | Statistical analyses

species in the dataset, juvenile fishes were generally considered
as those binned in size classes that were ≤25% of the fish species’

Latitudinal trends in juvenile fish communities and habitats were

maximum adult length, as these data were available for all species.

explored with univariate and multivariate statistical analyses

For large-bodied species with maximum adult length >80 cm (e.g.

carried out using Primer v6 (Clarke & Warwick, 2001) with the

Chrysophrys auratus; Australasian Snapper), individuals with lengths

PERMANOVA+add-on (Anderson et al., 2008). For each latitudinal

≤20 cm were considered juveniles. Maximum adult length data

degree, the mean (per survey, 500 m2) juvenile fish density and spe-

were obtained from FishBase (www.fishbase.org, Froese & Pauly,

cies richness were calculated. Mean density was firstly calculated

2020). Species were classified into ecoregion groups of tropical,

at the site level, and then, the mean of site means calculated for

subtropical and temperate based on distributional data obtained

comparisons among latitudes. Species richness was firstly calculated

from a combination of sources including distribution maps avail-

at the survey level to minimize bias due to variation in the number

able through RLS (https://reeflifesur vey.com/species/search.php),

of transects surveyed at each site (Edgar & Stuart-Smith, 2014).

Fishes of Australia (https://fishesofaustralia.net.au/) and Atlas of

A measure of habitat diversity for surveys was determined using

Living Australia (https://fish.ala.org.au/) (a complete species list is

Shannon's diversity index, where a higher index value indicates that

provided in Table S1.5). Individual transects with fewer than five

a greater number of habitat types are present and the proportion of

juvenile fishes in total were excluded from analyses to minimize

different habitat types is more equal (Wedding et al., 2011).

spurious relationships with habitats.

Permutational analyses of variance (PERMANOVA) were used to
test for univariate differences in juvenile fish density and species

2.2 | Environmental variables

richness, and habitat diversity among latitudes. Similarity matrices
based on Euclidean distance were constructed from untransformed
density, species richness and habitat diversity data (Anderson et al.,

The environmental variables considered for each survey in the data-

2008). PERMANOVA was also used to examine variation in the mul-

set were depth, wave exposure and sea surface temperature (SST).

tivariate structure of juvenile fish assemblages. Prior to this anal-

Depth was recorded by RLS divers at the time of each survey and

ysis, fish density data for surveys were log(x + 1) transformed to

represents the mean depth of the transect; surveys included in anal-

down-weight the contribution of highly abundant species, and a

yses were conducted at shallow reefs with depths of 1–20 m (mean

Bray–Curtis similarity matrix was constructed. All PERMANOVAs

7.1 ± 0.1 m). Locations of sites varied from sheltered bays to open

included the factors latitude (fixed) and site (random, nested within

coastlines subjected to different degrees of exposure to the region's

latitude), and were run with a minimum of 9999 permutations, type

prevailing south-south-easterly (SSE) swell and wind (Shand et al.,

III sum of squares and permutation of residuals under a reduced

2011). Wave exposure was determined for each site by measuring

model (Anderson et al., 2008). Where a significant result for a factor

the direction faced by the coastline nearest to the site, and rescaling

was obtained, pairwise PERMANOVA was used to explore the re-

the values from 0 to 1 according to alignment with the prevailing

sults further. Because the study sites were subject to different levels

SSE swell, where 1 represents maximum exposure, as per Turnbull

of protection from fishing, additional PERMANOVA tests were per-

et al. (2018).

formed to assess the effect of protection level for the same juvenile

SST data were extracted from the NOAA 1/4° daily Optimum

fish metrics, as well as predator density (see Appendix S2).

Interpolation Sea Surface Temperature (OISST) product (https://

A principal coordinates analysis (PCO; Anderson et al., 2008)

www.ncdc.noaa.gov, accessed March 2020). For each survey,

was performed to visualize differences in juvenile fish assemblages

daily SST data from the cell grid matching the survey location

among latitudes. To assist in visualization, the PCO was conducted

were extracted. Three SST variables were calculated for each

for fish densities at the site level. The PCO was performed on a

survey to use in modelling: mean, maximum and minimum SST.

Bray–Curtis similarity matrix of square-root transformed mean fish

A mean SST was calculated for each survey as the average of

densities. Vectors showing the site level means of habitat cover and

SST values for the three months prior to the survey occurrence.

environmental variables that were correlated (Pearson's r > .4) with

The maximum and minimum SST value per quarter (December–

the ordination structure were included as overlays on the PCO.

February or March–M ay) that matched each survey date were

The species generalization index (SGI) for the fish species re-

also extracted and used in models. Time series of mean daily SST

corded was sourced from work previously carried out by Stuart-

over the 10-year study period (2008–2 018) were constructed for

Smith et al. (2021), with the exception of 28 species (out of a total

each of the six latitudes in the study region to examine latitudi-

of 207 species) for which this value was not available because of

nal patterns in SST. Daily SST values for the entire 10-year study

insufficient sample size (see Table S1.5). The SGI is an estimate of the

period were extracted for each site from the gridded NOAA 1/4°

habitat niche breadth of a species, with SGI values <15 indicating

daily OISST dataset. Time series were constructed for each lati-

that the species occurs in a relatively narrow range of reef habitat

tude by averaging SST values across all sites within a latitude over

types (specialists), while species with SGI values >25 are considered

the 10-year study period.

habitat generalists within their range. The community generalization

|
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index (CGI) was calculated for each survey as the mean of SGI values

variables were treated as fixed effects. Site and recruitment season

among all species recorded on the survey, weighted by the log(x + 1)

year were included as random effects to account for any spatial or

of their density. While juvenile fishes may be more specialized in

temporal autocorrelation. Prior to analysis, predictor variables were

their habitat use than adults of the species, SGI values are only avail-

transformed by either square-root or log(x + 1) where required to

able for adults and provided a general indication of potential habitat

improve distribution.

specialization for the purposes of this study.

The full subsets GAM analyses fitted all possible combinations
of predictor variables, up to a maximum of three variables, while ex-

2.4 | Statistical modelling

cluding models with variable correlations >0.28, which could otherwise cause issues with collinearity among predictor variables and
result in model overfitting (Fisher et al., 2018). Predictor variables

Generalized additive modelling (GAM) with a full subsets ap-

were smoothed using cubic regression splines with a maximum of

proach (Fisher et al., 2018) was used to investigate which habitat

five knots. Models were fitted using a Tweedie error distribution

and environmental variables best explained the variance in juve-

which is more robust to overdispersed and zero-rich data than

nile fish densities. GAM analysis was selected due to its ability to

other members of the exponential distribution family (e.g. poisson,

model non-linear relationships between dependent and continu-

gamma; Shono, 2008). Residual plots were examined to check model

ous predictor variables that frequently occur in ecological data.

assumptions. Models were compared using the Akaike's Information

We present in this study the model results for seven selected spe-

Criterion (AIC) optimized for small samples sizes (AICc), with the

cies of interest: Parupeneus spilurus (Black-spotted goatfish; fam-

most parsimonious model selected based on the lowest AICc (Δ AICc

ily Mullidae), Chaetodon guentheri (Gunthers butterflyfish; family

≤2) and least number of predictor variables (Burnham & Anderson,

Chaetodontidae), Thalassoma lunare (Moon wrasse; family Labridae),

2002). R 2 values provided an indication of the predictive power of

Prionurus microlepidotus (Australian sawtail; family Acanthuridae),

the model. Response plots of the most parsimonious models were

Ophthalmolepis lineolatus (Southern maori wrasse; family Labridae),

used to visualize the strength and direction of relationships between

Pictilabrus laticlavius (Senator wrasse, family Labridae) and Enoplosus

the density of juvenile fishes and habitat and environmental vari-

armatus (Old wife; family Enoplosidae). These species were selected

ables (included in Figure S1).

based on several criteria which included firstly being among the

The relative importance of each predictor variable was deter-

most commonly recorded species in the surveys (typically with a fre-

mined by summing the AICc weights for all models containing each

quency of occurrence in surveys of ≥20% at one or more of the lati-

variable (Burnham & Anderson, 2002). The calculated variable im-

tudes surveyed) and therefore suitable for full subsets GAM analysis

portance scores were then plotted in a heatmap to identify the rel-

(Table S1.2). Secondly, these seven species were selected because

ative importance of predictor variables across all possible models in

they have been identified as changing significantly in abundance

influencing juvenile fish densities. Modelling and plotting were car-

over the last 17 years in warming tropicalized reefs in south-eastern

ried out with the R language for statistical computing (version 4.0.5;

Australia where kelp has declined (Smith et al., 2021). This includes

R Core Team, 2021) using functions from the “FSSgam” (Fisher et al.,

two temperate fish species identified as decreasing in occurrence

2018), “gamm4” (Wood & Scheipl, 2019), “mgcv” (Wood, 2017), “mg-

(O. lineolatus and P. laticlavius), and five species with varying ecore-

cViz” (Fasiolo et al., 2020) and “ggplot2” (Wickham, 2016) packages.

gional affinities identified as increasing in abundance (P. spilurus,
C. guentheri, T. lunare (all tropical), P. microlepidotus (subtropical) and
E. armatus (temperate)) (Smith et al., 2021). These species include

2.5 | Structural equation models

tropical and subtropical coral reef species known to be expanding
their range in south-eastern Australia and Australian endemic tem-

Structural equation models (SEM) were used to explore the indirect

perate species. The selected species also represent different trophic

and direct effects of habitat and environmental variables and esti-

groups and have varying degrees of habitat specialization. As a

mate their relative effects in explaining variation in densities of ju-

group, we consider that these species are broadly indicative of the

venile fishes. The piecewise SEM approach was selected due to its

juvenile fish assemblage that occurs on shallow rocky reefs in south-

advantages over traditional SEMs that are particularly relevant to

eastern Australia during the peak fish recruitment period.

ecological data, including the capability of piecewise SEMs to include

Due to variation in presence/absence of benthic habitat types

random effects and non-normal distributions, and the ability to han-

among latitudes, separate GAMs were fit for each species at each

dle smaller sample sizes (Lefcheck, 2016; Shipley, 2009). Piecewise

latitude. The global predictor variables considered for the models

SEMs were constructed separately for each species by latitude com-

were depth, wave exposure, maximum SST, minimum SST and mean

bination included in the full subsets GAM analyses. Individual piece-

SST. Benthic habitat variables (per cent cover of kelp, macroalgae,

wise SEMs were developed using the variables resulting from the

turf algae, seagrass, crustose coralline algae, coral, sessile inver-

full subsets GAM model selection process and incorporating paths

tebrates, bare rock and unconsolidated sediment) with sufficient

that represented plausible ecological processes. Individual piece-

coverage (≥5% relative cover) at a latitude were also included in the

wise SEMs considered all benthic habitat variables and wave expo-

models. Depth, wave exposure, SST variables and benthic habitat

sure where these appeared in GAMs that had AICc scores within
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two units of the lowest AICc GAM resulting from the full subsets
GAM analyses, because models within this threshold can have similar explanatory power (Burnham & Anderson, 2002). Mean SST and
depth were included as global variables in all piecewise SEMs due to
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R E S U LT S

3.1 | Latitudinal patterns in juvenile fishes and
benthic habitats

their known influence on benthic habitat distribution. Covariation
was fixed between benthic habitat variables to avoid spurious corre-

Juvenile fishes from 207 species comprising 55 families were re-

lation in the piecewise SEMs. Consistent with the full subsets GAM

corded from 812 surveys conducted during the 10-year period across

analyses, the random factors of site and recruitment season year

the 30–37°S latitudinal range. Overall juvenile fish density and spe-

were included in the paths in the piecewise SEMs. Coefficients and

cies richness varied across the latitudinal range (Figure 2a,b), with

their significance for each path in the piecewise SEMs, and condi-

juvenile fish density (PERMANOVA, pseudo-F = 6.36, p = .0026) and

tional R 2 values for response variables (i.e. an evaluation of model fit

species richness (pseudo-F = 22.99, p = .0001) generally decreas-

taking into account fixed plus random effects) were extracted and

ing from lower- to higher-latitude reefs (Table S1.3). Pairwise tests

path models built to illustrate relationships. The piecewise SEM and

showed that densities were significantly lower at latitude 36°S reefs

full subset GAM analyses result closely conferred, and for presenta-

compared all other latitudes (Figure 2a, Table S1.4). Species richness

tion purposes, we include four species-level path models that best

of juvenile fishes differed significantly among latitudes and sites

represent the varying suite of interdependent relationships among

(pseudo-F = 1.72, p = .0001; Table S1.3), with differences among

variables that influence juvenile fish densities in the study region.

latitudes significant for all but two pairwise tests (Figure 2b, Table

All paths in the piecewise SEMs were based on generalized lin-

S1.4). Juvenile fish density and species richness were generally com-

ear mixed-effect models with negative binomial distribution and

parable between no-t ake and fished areas at locations with MPAs

were fitted using the “lme4” package (Bates et al., 2015). Prior to

(Tables S2.1 and S2.2).

modelling, all variables were scaled (by two standard deviations) to

Habitat composition at the latitudinal level was a mosaic, with

allow comparison of the relative effect of predictor variables. The

no one habitat type clearly dominating the seafloor (Figure 2c).

piecewise SEMs were generated using the package “piecewiseSEM”

Reefs at 30°S comprised a particularly diverse mix of habitat

(Lefcheck, 2016).

types that included algae-d ominated rocky reefs typical of the

(a)

(b)

(c)

(d)

Kelp
Macroalgae
Turf

Seagrass
CCA
Rock

Coral
Sessile invertebrates
Unconsolidated sediment

F I G U R E 2 Latitudinal trends in juvenile
fish (a) density, (b) species richness, (c)
benthic habitat type cover and (d) habitat
diversity. Mean values ± SE per survey
(500 m−2) shown for a, b and d. CCA,
crustose coralline algae
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temperate zone, and sites with coral cover that were more typ-

relationship apparent between the diversity of habitats available

ical of tropical coral reefs, reflecting this location's position in a

and CGIs for juvenile fish assemblages. For reefs at 37°S, higher

tropical-temperate transition zone. The mid-latitude reefs (33–

habitat diversity tended to correspond to greater generalization in

36°S) were characterized by approximately equal proportions of

juvenile fish assemblages (Kendall's τ = 0.22), although this rela-

coverage of submerged macrophyte habitat types and crustose

tionship was marginally non-significant (p = .09).

coralline algae and bare rock. Reefs in cooler-temperate waters at
37°S contained significantly lower habitat diversity than all other
latitudes (PERMANOVA pseudo-F = 4.42, p = .005–.04 in pairwise

3.2 | Drivers of juvenile fish distribution

tests; Figure 2d, Table S1.4) and had relatively high coverage of
crustose coralline algae and bare rock, and low coverage of sub-

The full subset model analyses indicated that among the biological

merged macrophyte habitat types, indicative of sea urchin barrens

and physical habitat and SST variables examined, SST most strongly

common on rocky reefs at this location (Andrew & O’Neill, 2000).

influenced the distributions of juveniles of two tropical and one sub-

There was no relationship between habitat diversity and juvenile

tropical range-extending species that were frequently recorded in

fish densities (Kendall correlation test, p > .05). However, there

surveys conducted outside of the species’ usual range: P. spilurus,

was a significant weak to moderately strong positive relationship

C. guentheri and P. microlepidotus. SST mean, SST maximum or SST

between habitat diversity and species richness at higher-latitude

minimum was included in the most parsimonious models and had the

reefs (36°S: Kendall's τ = 0.18, p = .002; 37°S: Kendall's τ = 0.29,

highest variable importance scores for each of these three species

p = .03).

at the latitudes examined, with juvenile fish densities positively cor-

Juvenile fish assemblage structures varied strongly among lat-

related with warmer SST (Table 1, Figure 5).

itudes (pseudo-F = 10.41, p = .0001–.003 in pairwise tests; Table

The density responses of these juvenile tropical and subtropi-

S1.4). Fish assemblages varied between no-t ake and fished areas at

cal fishes to benthic habitat variables differed among species, but

two of five locations with MPAs, 30°S and 34°S, although these dif-

the strength of effect was consistently weaker than the effect of

ferences were only weakly significant (Table S2.2). Fish assemblages

SST. This was most pronounced for C. guentheri which exhibited no

in the PCO were separated into three relatively distinct groupings

clear association with a particular habitat at reefs at 33°S where this

(Figure 3). Assemblage groupings appeared correlated with gra-

species was most frequently observed (Figure 5). Among the other

dients of coverage of particular habitat types, indicating that as-

range-expanding species, benthic habitat variables that significantly

semblages at lower-latitude reefs were associated with coverage

predicted juvenile fish densities in models included a positive rela-

of coral, mid-latitude reefs with turf algae and higher-latitude reefs

tionship with unconsolidated sediment for P. microlepidotus (both

with macroalgae as well as greater wave exposure. The influence of

latitudinal models, 33°S and 34°S) and with turf algae for P. spilurus

SST on assemblage structure was also apparent from the spatial ar-

(two of four latitudinal models, 30°S and 35°S) (Table 1, Figure S1).

rangement of fish assemblages in the PCO.

Juveniles of P. microlepidotus and P. spirulus tended to avoid reefs

The CGI values for juvenile fish assemblages tended to in-

with kelp cover (Table 1, Figure 5). Juveniles of these three species

crease with latitude, indicating a trend towards greater dominance

showed consistent responses to wave exposure, with sheltered sites

by habitat generalist species at higher-latitude temperate reefs

supporting greater densities of these fishes. This correlation was

(Figure 4). Driving this pattern were tropical species considered

particularly strong for C. guentheri juveniles.

more habitat specialist contributing relatively high densities to

Unlike the other range-expanding tropical and subtropical reef

the fish assemblages at reefs at 30°S. This included Dascyllus tri-

fishes, the influence of SST relative to habitat cover was weak for

maculatus (three-spot damsel, family Pomacentridae, SGI = 20.5)

T. lunare (Moon wrasse; family Labridae). The species model indi-

and Thalassoma amblycephalum (two-tone wrasse, family Labridae;

cated that bare rock cover and depth were the best predictors of

SGI = 22.9), which as juveniles are generally associated with anem-

densities of juvenile T. lunare at reefs at 33°S (Table 1). Juveniles of

ones and coral habitats, respectively (Stuart-S mith et al., 2015),

T. lunare were associated with shallow reefs dominated by bare rock

and were rarely recorded south of this latitude. Elsewhere, fish

(Figure 5).

assemblages tended to be dominated by juveniles of schooling

For the temperate species, greater juvenile fish densities were

planktivorous species that occupy the water column and utilize

frequently positively related to cover of submerged macrophyte

a variety of habitats across their range, corresponding to higher

habitat types, with the influence of SST typically being less import-

CGI values for assemblages at these latitudes. Habitat generalist

ant in comparison to habitat availability. The full subset GAM analy-

species that strongly contributed to the juvenile fish assemblages

sis revealed that higher numbers of juveniles of E. armatus at reefs at

in terms of densities and frequency of occurrence included the

35°S, and O. lineolatus at reefs at three of the six latitudes examined,

planktivorous species Trachurus novaezelandiae (Yellowtail scad,

were positively related to increasing cover of kelp (Table 1, Figure

family Carangidae; SGI = 26), Trachinops taeniatus (Eastern hulaf-

S1). The strongest driver of densities of juveniles of P. laticlavius at

ish, family Plesiopidae; SGI = 37.3) and the kyphosids Atypichthys

reefs at 35°S was cover of macroalgae (Table 1, Figure 5). Though

strigatus (Australian mado; SGI = 32.4) and Scorpis lineolata (Silver

the effect was weaker, macroalgae cover was also important in

sweep, SGI = 45). Apart from reefs located at 37°S, there was no

driving the distribution of juveniles of E. armatus and O. lineolatus
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40

3.3 | Structural equation models
The piecewise structural equation models (SEMs) further confirmed the importance of SST relative to biological (benthic cover)
and physical (depth, wave exposure) habitat variables in driving
juvenile densities of the focal species. Strong direct positive links

20

between SST and juvenile densities were observed for three of

0

P. microlepidotus (at 34°S), with this effect being significant for the

-20

(Figure 6a–c). Densities of the latter species had a strong nega-

-40

significant positive indirect effect of SST on densities of juveniles

the range-expanding species, P. spilurus (at 35°S), C. guentheri and
two tropical species P. spilurus (p = .03) and C. guentheri (p = .003)
tive relationship with wave exposure (p = .03). There was also a
-40

-20
0
20
40
PCO1 (16% of total variation)

F I G U R E 3 Principal coordinates (PCO) ordination of juvenile
fish assemblages on south-eastern Australian reefs. The PCO was
conducted at the site level for ease of presentation. Shown are the
benthic habitat and environmental variables that are correlated
(Pearson's r > 0.4) with the ordination structure. SST, sea surface
temperature

of subtropical P. microlepidotus (mediated by kelp cover, p = .03) as
well as P. spilurus (mediated by turf algae cover, p = .0008). Kelp
cover was significantly (p = .008) and negatively related to densities of juvenile P. microlepidotus. For the temperate wrasse species
O. lineolatus, SST displayed a stronger influence than habitat cover
or depth on densities of juvenile fishes (at 36°S); however, this
effect was negative and highly significant (p = .0004) (Figure 6d).
Juvenile densities of this species had positive relationships with
cover of kelp and macroalgae, although the effect of macroalgae
cover was stronger and also significant (p = .003). Depth had an
indirect negative effect on densities of juvenile O. lineolatus, with

s

this effect mediated via cover of macroalgae.

4
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DISCUSSION

Warming of temperate reefs is prompting a range of direct and indirect effects on species’ distributions. How species respond to shifts
in isotherms and habitat composition, and interactions between
these factors, will greatly influence the composition of emergent assemblages on warming temperate reefs. The importance of these
factors is amplified during species’ early life stages due to both direct effects of temperature and limitations in suitable habitat for
settlement, feeding or refuge.
The present study builds on previous findings by using a long-
term citizen science dataset to elucidate the key ecological and
F I G U R E 4 The community generalization index (CGI) values for
juvenile fish assemblages on south-eastern Australian reefs. CGI
values were calculated for each survey in the dataset. Boxplots
show the median and interquartile range, with means indicated by
black circles

environmental drivers of juvenile fish distributions at regional and
local, species-specific scales, along one of the most rapidly warming
coastlines globally (Hobday & Pecl, 2014). We identify that habitat
shifts on tropicalized reefs are likely to facilitate range expansion by
warm-water fishes, as also shown in some previous studies (Beck
et al., 2017; Nakamura et al., 2013), but also highlight potential vul-

(Figure 5). Together with these benthic habitat variables, mean SST

nerabilities of cool-water reef fishes to these changes.

was the second most important predictor of densities of juvenile

We show that despite clear evidence of functional links be-

E. armatus and P. laticlavius, with warmer temperatures correspond-

tween habitat types and juvenile densities for some species,

ing to greater densities of these fishes (Figure 5). It should be noted

among the ecological and environmental variables examined, the

however that the inferential power of the models for these species

strongest and most consistent predictor of juvenile fish densities

was low (Table 1). For O. lineolatus, the influence of SST on the distri-

on shallow rocky reefs in south-e astern Australian coastal waters

bution of juvenile fishes was less clear, with the strongest influence

was sea surface temperature (SST). Overall, SST featured as a vari-

of SST being negative for this species (Table 1, Figure 5).

able predicting juvenile fish densities in the most parsimonious
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TA B L E 1 Best generalized additive models for predicting juvenile fish density for selected species of interest
Model

Δ AICc

ω AICc

R2

edf

30°S

Coral cover + Turf cover

0.00

0.15

.35

5.00

33°S

Kelp cover + SSTmean

0.91

0.18

.26

17.2

34°S

Wave exposure + SSTmax

0.00

0.15

.38

34.1

35°S

Turf cover + SSTmax + SSTmin

0.00

0.84

.25

30.9

Wave exposure + SSTmean

0.94

0.26

.22

15.0

Rock cover + Depth

0.00

0.19

.18

12.2

33°S

Unconsolidated sediment cover + SSTmean

0.00

0.33

.09

9.28

34°S

Kelp cover + Unconsolidated sediment cover + SSTmean

0.00

0.98

.12

9.26

30°S

Depth + SSTmean

0.00

0.31

.21

6.54

33°S

Kelp cover + Sessile invertebrates cover

0.00

0.40

.26

15.5

Latitude
Parupeneus spilurus

Chaetodon guentheri
33°S
Thalassoma lunare
33°S
Prionurus microlepidotus

Ophthalmolepis lineolatus

34°S

Unconsolidated sediment cover + SSTmean

1.87

0.08

.21

30.3

35°S

Turf cover + Depth

0.00

0.24

.21

22.7

36°S

Kelp cover + SSTmean

0.00

0.31

.15

11.7

37°S

Kelp cover

0.00

0.74

.60

7.77

Kelp cover + SSTmean

0.00

0.26

.03

6.86

Macroalgae cover + SSTmean + SSTmin

0.00

0.52

.06

25.2

Enoplosus armatus
35°S
Pictilabrus laticlavius
35°S

Note: The models listed are those with the lowest AICc (ΔAICc ≤2) value and fewest variables.
Abbreviations: edf, estimated degrees of freedom; SST, sea surface temperature.

model for six of the seven species examined, reaffirming the sig-

observed across a broad latitudinal range provides support for the

nificant influence of temperature on marine species’ distributions

important role of SST in determining juvenile reef fish distribu-

(Edgar, Alexander, et al., 2017; Stuart-S mith et al., 2017; Tittensor

tions in south-e astern Australian waters.

et al., 2010). Densities of juvenile fishes typically responded

Juveniles of tropical and subtropical range-expanding fishes

positively to warmer SST, with this response being stronger for

tended to avoid kelp and macroalgae, two of the key habitat-formers

range-expanding species observed outside of their historical

that dominate temperate shallow rocky reefs. Instead, densities of

range. Considering that one of the key regulating factors cur-

range-expanding juvenile fishes were positively influenced by the

rently constraining the successful recruitment of warm-water reef

availability of abiotic or turf algal habitats. The presence of kelp and

fishes to higher-latitude reefs in south-e astern Australia is win-

macroalgae on temperate reefs in south-eastern Australia is sug-

ter SST (Figueira & Booth, 2010), and that long-term monitoring

gested to inhibit the recruitment of tropical fishes (Beck et al., 2017).

indicates that winter SSTs are increasing, barriers inhibiting the

Our findings are also consistent with recent research that identifies

persistence of tropical and subtropical reef fishes on temperate

warm-water range-expanding fishes including P. spilurus (Black-

reefs may be relaxed in coming decades. Other mechanisms that

spotted goatfish), C. guentheri (Gunther's butterflyfish), T. lunare

influence dispersal and transport of fish early life stages not cap-

(Moon wrasse) and P. microlepidotus (Australian sawtail) as potential

tured in this study, such as current strength and proximity to the

“winners” of tropicalization. Long-term monitoring indicates increas-

coast, also likely contribute to the patterns observed (Booth et al.,

ing abundances of tropical and subtropical species such as these

2007; Suthers et al., 2011). Investigating these processes is in-

on reefs where kelp forests have disappeared in a south-eastern

herently difficult via observational studies (Cowen et al., 2007),

Australian tropicalized system at 30°S (Smith et al., 2021). Should

and although disentangling the individual effects of multiple en-

the habitat shifts that have already occurred at the northern extent

vironmental drivers in species models is challenging, it warrants

of our study region be indicative of future conditions, recruitment

further research. Nonetheless, the strong correlations between

hotspots for range-expanding juvenile fishes could emerge along the

SST and density responses of cool and warm-water juvenile fishes

entire south-eastern Australian coastline.
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Importance

P. spilurus (30°S)

*

*

P. spilurus (33°S)
P. spilurus (34°S)

*

*

P. spilurus (35°S)
C. guentheri (33°S)
T. lunare (33°S)
P. microlepidotus (33°S)
P. microlepidotus (34°S)
O. lineolatus (30°S)

*

O. lineolatus (33°S)
O. lineolatus (34°S)
O. lineolatus (35°S)

*
*
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O. lineolatus (36°S)
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E. armatus (35°S)
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F I G U R E 5 Heatmap showing the
relative importance of predictor habitat
and environmental variables in explaining
the densities of juveniles of selected
species, based on the full subset of
fitted models. Positive relationships are
indicated by red shading and negative
relationships by blue shading, with the
strength of the shading relative to the
importance of the predictor. Variables
in the most parsimonious models are
indicated by an asterisk (*). Tropical,
subtropical and temperate reef fish
species are indicated by orange, green
and blue icons respectively. CCA,
crustose coralline algae; SST, sea surface
temperature

The observed pattern of association of juvenile fishes with rela-

dislodging of kelp; Wernberg et al., 2019) influences of wave action

tively unstructured habitats may seem non-intuitive, as fishes’ early

on juvenile fish distributions could potentially become stronger.

life stages are particularly vulnerable to mortality due to processes

Resource use can also drive juvenile fish-habitat associations, for ex-

such as predation from larger fishes (Dahlgren & Eggleston, 2001),

ample herbivorous fishes with turf algae, which they consume.

and the structural complexity provided by kelp and other canopy-

The establishment of range-expanding tropical and subtropical

forming macroalgae should offer greater refuge spaces relative to

fish populations in temperate environments is therefore likely to be

simplified habitats (Holbrook et al., 2002; Steneck et al., 2002).

partially dependent on their ability to successfully take advantage of

However, kelp and macroalgae also provide refuge for ambush

a preferred habitat among those available in the reefscape, where the

predators, and juvenile fishes may be less susceptible overall to

choices available may be foreign to their species (Cure et al., 2018).

mortality from predation in more open areas that are out of reach

The persistence of tropical range-expanding species such as P. spi-

by these predators (Hoey & Bellwood, 2011). Alternatively, these

lurus, C. guentheri and T. lunare on higher-latitude reefs is less likely

tropical and subtropical fishes may be displaying a natal behavioural

to be constrained by habitat, since there is ample availability of the

response, whereby their avoidance of structurally flexible, moving

habitat types (e.g. bare rock, unconsolidated sediment, turf algae)

habitat-formers occurs due to associations with structurally stable

typically preferred by these species on temperate reefs. Moreover,

habitat-formers such as coral within their native range (Wilson et al.,

tropical species with traits that favour range expansion, such as broad

2010). As in previous studies (e.g. Beck et al., 2016), the tendency

habitat niches, low dietary specialization and few larval settlement

of the range-expanding species examined here to avoid more ex-

requirements in their contemporary range, should be more able ex-

posed reefs where wave action on temperate habitat-formers would

ploiters of local resources and thus better colonizers of temperate

be higher suggests species’ behavioural as well as physical attri-

habitats (Monaco et al., 2020; Stuart-Smith et al., 2021), once they are

butes (e.g. swimming ability; Fulton & Bellwood, 2004) should not

unconstrained by thermal conditions. Our findings suggest that for

be overlooked when predicting fish recruitment outcomes. Given

tropical vagrant species with attributes such as these, the successful

that storms are expected to increase in frequency and severity due

colonization of warming temperate reefs is likely to be determined

to climate change (Babcock et al., 2019), direct and indirect (e.g. via

more by physiological (thermal) than ecological (habitat) limitations.

MCCOSKER et al.
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F I G U R E 6 Path diagrams of structural
equation models for the relationships
between juvenile fish densities and
habitat and environmental variables for (a)
Chaetodon guentheri at 33°S, (b) Prionurus
microlepidotus at 34°S, (c) Parupeneus
spilurus at 35°S and (d) Ophthalmolepis
lineolatus at 36°S. Arrow widths are
proportional to effect sizes (coefficients)
for each path. Paths are labelled with
coefficient values. Significant paths are
indicated by dark lines and non-significant
paths with semi-transparent lines. The
significance level of effect is denoted by
asterisk (*p < .05, **p < .01, ***p < .001).
Black and red arrows indicate positive and
negative relationship between variables,
respectively. R 2 values shown for
response variables are the conditional R 2,
which take into account fixed and random
effects. SST, sea surface temperature;
Sessile inverts., Sessile invertebrates;
Unconsolidated sed., Unconsolidated
sediment

Increasing abundances of tropical and subtropical herbivorous

fishes likely benefit from the mosaic-like arrangement of habitats

fishes have been implicated in declines in the distribution of kelp for-

typical of shallow rocky reefs, settling in preferred habitat patches

ests and other canopy-forming macroalgae from temperate coast-

within the reef that are free of submerged macrophytes and con-

lines globally, including both the east and west coasts of Australia,

suming the abundantly available algal resources. Future increases in

Japan and the Mediterranean (Vergés et al., 2016; Vergés, Tomas,

SST that enable overwintering by range-expanding warm-water her-

et al., 2014; Wernberg et al., 2016). Tropical herbivorous fishes’

bivorous fishes are expected to lead to increased levels of herbivory

permanent presence on tropicalized reefs indicates that thermal

(Basford et al., 2015). Although many of these fishes are not able to

and habitat conditions are suitable for recruitment and reproduc-

directly overgraze large macroalgae, they are very effective at main-

tion of these fishes well outside of their nominal distributional range

taining reefs free of canopy-forming macroalgae by consuming early

(Nakamura et al., 2013; Zarco-Perello et al., 2021). Our investiga-

life history stages of species like kelp (Zarco-Perello et al., 2021).

tions highlight the importance of warmer SST as the key mechanism

It appears that a complex interplay of environmental (warming

facilitating range-expanding tropical and subtropical herbivores such

sea temperatures) and physiological (habitat plasticity) factors is

as P. microlepidotus recruiting to temperate reefs. These herbivorous

contributing to the recruitment and persistence of range-expanding
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the tropicalization-induced overgrazing of kelp forests (Vergés et al.,

realized, what may ultimately result is a positive feedback loop

2016) leading to the loss of suitable nursery habitat for the recruit-

whereby intensified herbivory of temperate habitat-forming species

ment of this species. Similar impacts are likely to apply to other tem-

by expanding populations of tropical and subtropical herbivorous

perate wrasses on tropicalizing reefs, as these fishes often associate

fishes further facilitates tropicalization. The presence and cover of

with kelp and canopy-forming macroalgal habitats on rocky reefs as

turf algae and hard corals in temperate Australian reefs respond pos-

juveniles (Fulton et al., 2016). Ongoing declines in the distribution of

itively to reductions in the extent of kelp habitats (Ling et al., 2018),

kelp forests on shallow rocky reefs could have substantial implica-

suggesting that in the absence of kelp forests, through a release of

tions for the recruitment of temperate fishes that depend on these

competitive interactions, the tropicalization feedback loop will favour

habitats as nurseries. Moreover, should the negative effect of peak

a compositional shift towards simplified low-biomass turf algae and/

seasonal SST on juveniles of temperate wrasses we observed be

or coral-dominated reefscapes (e.g. Vergés et al., 2019; Wernberg

indicative of a broader species pool, constraints on thermal niches

et al., 2016; Yamano et al., 2011). The cascading impacts for associ-

must also be considered alongside nursery habitat availability for

ated fish assemblage structures will lead to shifts in trophic compo-

these fishes, particularly at higher-latitude reefs.

sition and associated energy flows on temperate reefs (Holland et al.,

The endemic temperate wrasse P. laticlavius appears to closely

2020; Smith et al., 2021; Vergés et al., 2019) that are yet to be fully

associate with macroalgal habitats in its juvenile stage, consistent

resolved, but also involve interactions with management practices.

with its macroalgal-specialism as an adult (Curley et al., 2002). We

Managing tropicalized systems will require a combination of

expect that changes in habitat composition as reefs are tropicalized

traditional and out-of-the-box conservation approaches. It will also

will more deeply impact the recruitment of juvenile reef fishes with

involve decision-makers selecting among strategies that focus on

stronger functional links to habitats, such as P. laticlavius, if there is

preserving current ecosystem states or adapting to almost inevi-

a decline in the availability of preferred habitats. Habitat specialist

table ecosystem change. Among the more traditional approaches,

fishes may be constrained in their capacity to adapt to new or rapidly

effective no-fishing marine protected areas (MPAs) where popula-

changing environments by narrow thermal tolerances, distributional

tions of predatory fishes and lobsters have strongly recovered may

ranges, or resource obligation. Indeed, P. laticlavius is particularly

be able to resist establishment of range-expanding species, as has

vulnerable to changes associated with tropicalization in subtropical

been observed on higher-latitude Australian reefs (Bates, Barrett,

south-eastern Australian reefs (Smith et al., 2021). Reef fish species

et al., 2014). No-t ake MPAs could therefore potentially facilitate nat-

endemic to temperate regions could be more sensitive to tropical-

ural biological top-down control of early life stage and small range-

ization due to limited geographical ranges and ecological specializa-

expanding fishes by enhancing predation rates, conferring some

tions (McKinney, 1997). This poses major challenges for managers

resistance to climate-driven change. However, the no-t ake areas in

responsible for safeguarding endemic temperate species. Ensuring

the MPAs investigated in this study appear only weakly effective

the persistence of species with functional traits that confer vulner-

at improving large predatory fish densities (see Appendix S2), limit-

ability to ocean warming and limited scope for latitudinal expansion

ing the scope of top-down control compared to other MPAs in this

could entail devising management solutions to identify, protect and

region (Edgar & Stuart-Smith, 2009; Edgar et al., 2017). An appro-

restore habitat refuges within species’ ranges to assist their capacity

priately designed and well-enforced system of no-t ake MPAs could

to adapt to climate change stressors. The conservation challenge will

be a useful tool to slow the pace of tropicalization while enabling

be particularly great for marine systems such as Australia's Great

scientists and managers to collaboratively develop novel strategies

Southern Reef that have high levels of endemism (Bennett et al.,

to future-proof marine ecosystems (Bruno et al., 2018). More novel

2015), as endemic species hotspots are likely to be especially vul-

management approaches include building resilience by restoring

nerable to climate change (Dirnböck et al., 2011).

habitat-formers (Layton et al., 2020), assisting colonization by range-

The community generalization index, an indication of the compo-

expanding habitat-formers with similar functional traits to existing

sition of habitat niche breadths of species within assemblages, gen-

species or developing new fisheries that target range-expanding

erally increased from lower to higher-latitude reefs within the study

species (Vergés et al., 2019). These measures have flow-on implica-

region. Conversely, species richness was reduced at higher-latitude

tions that require careful consideration before being implemented.

reefs relative to lower-latitude reefs. Together, this suggests that

Kelp forests are used as nursery habitats by juveniles of some

greater availability of urchin barrens habitats typical of many cool-

reef fishes in Australian temperate waters (Fulton et al., 2016;

temperate reefs along this coastline favours generalist species, but

Wernberg et al., 2019), and other temperate marine regions glob-

at the expense of species richness. This is consistent with a recent

ally (Bertocci et al., 2015). Kelp habitats emerge as an important

assessment of the response of fish communities to macroalgal vs.

nursery habitat for a few temperate reef fish species in this study.

barrens habitats in temperate south-eastern Australia reefs (Stuart-

This includes the endemic southern maori wrasse, O. lineolatus.

Smith et al., 2021). Transitions from kelp forests and canopy-forming

Concerningly, the declining occurrence of O. lineolatus on tropical-

macroalgal habitats to unvegetated rocky habitats could therefore

ized reefs in south-eastern Australia points to this species as an

contribute to a broader biotic homogenization of warming temper-

important potential “victim” of tropicalization (Smith et al., 2021).

ate reefs (Olden, 2006; Stuart-Smith et al., 2021). Habitat substitu-

This decline may be an early indication of the detrimental effect of

tions inhibiting the recruitment of ecological specialists could lead
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to losses of functional characteristics from warming temperate ma-
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In warming temperate reefs, the availability of suitable habitat and sea temperatures are key factors that will influence the
abundance and distribution of the early life stages of temperate
reef fishes within their contemporary range, and tropical and subtropical reef fishes making poleward incursions. In the absence of
suitable ecological conditions, disruptions to fish recruitment are
likely, with implications for population replenishment of resident
temperate reef fishes and colonization of higher-latitude reefs by
range-expanding tropical and subtropical reef fishes. Factors such
as larval supply, predator-p rey interactions, and competition for
resources will also play a role in determining reef fish recruitment
success. However, we emphasize that understanding the relative
importance of direct and indirect influences of temperature and
habitat-m ediated effects on juvenile fish distributions is critical
for predicting how assemblages will evolve on tropicalized reefs
in the future.
AC K N OW L E D G E M E N T S
We thank the many volunteer Reef Life Survey divers and scientific
collaborators who assisted with field surveys, and Antonia Cooper,
Elizabeth Oh and Ella Clausius. Reef Life Survey data management
is supported by Australia’s Integrated Marine Observing System
(IMOS). The Integrated Marine Observing System is enabled by the
National Collaborative Research Infrastructure Strategy (NCRIS).

1168

|

expansion. Coral Reefs, 36, 639–651. https://doi.org/10.1007/
s00338-017-1553-1
Bennett, S., Wernberg, T., Connell, S. D., Hobday, A. J., Johnson, C. R., &
Poloczanska, E. S. (2015). The “Great Southern Reef”: Social, ecological and economic value of Australia’s neglected kelp forests.
Marine and Freshwater Research, 67, 47–56. https://doi.org/10.1071/
MF15232
Bertocci, I., Araújo, R., Oliveira, P., & Sousa-Pinto, I. (2015). Potential effects of kelp species on local fisheries. Journal of Applied Ecology,
52(5), 1216–1226. https://doi.org/10.1111/1365-2664.12483
Booth, D. J., Bond, N., & Macreadie, P. (2011). Detecting range shifts
among Australian fishes in response to climate change. Marine
and Freshwater Research, 62, 1027–1042. https://doi.org/10.1071/
MF10270
Booth, D. J., Figueira, W. F., Gregson, M. A., Brown, L., & Beretta, G.
(2007). Occurrence of tropical fishes in temperate southeastern
Australia: Role of the East Australian Current. Estuarine, Coastal
and Shelf Science, 72(1–2), 102–114. https://doi.org/10.1016/j.
ecss.2006.10.003
Booth, D. J., & Sear, J. (2018). Coral expansion in Sydney and associated
coral-reef fishes. Coral Reefs, 37(4), 995. https://doi.org/10.1007/
s00338-018-1727-5
Bruno, J. F., Bates, A. E., Cacciapaglia, C., Pike, E. P., Amstrup, S. C.,
van Hooidonk, R., Henson, S. A., & Aronson, R. B. (2018). Climate
change threatens the world’s marine protected areas. Nature
Climate Change, 8(6), 499–503. https://doi.org/10.1038/s4155
8- 018- 0149-2
Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference a practical information-
theoretical approach (2nd ed.).
Springer-Verlag. https://doi.org/10.1007/978-0 -387-22456-5_7
Burrows, M. T., Schoeman, D. S., Buckley, L. B., Moore, P., Poloczanska, E.
S., Brander, K. M., Brown, C., Bruno, J. F., Duarte, C. M., Halpern, B.
S., Holding, J., Kappel, C. V., Kiessling, W., O’Connor, M. I., Pandolfi,
J. M., Parmesan, C., Schwing, F. B., Sydeman, W. J., & Richardson,
A. J. (2011). The pace of shifting climate in marine and terrestrial
ecosystems. Science, 334, 652–656. https://doi.org/10.1126/scien
ce.1210288
Choat, J. H., & Ayling, A. M. (1987). The relationship between habitat structure and fish faunas on New Zealand reefs. Journal of
Experimental Marine Biology and Ecology, 110, 257–284. https://doi.
org/10.1016/0022-0981(87)90005- 0
Clarke, K. R., & Warwick, R. M. (2001). Change in marine communities:
An approach to statistical analysis and interpretation (2nd ed.).
PRIMER-E.
Coni, E. O. C., Nagelkerken, I., Ferreira, C. M., Connell, S. D., & Booth, D.
J. (2021). Ocean acidification may slow the pace of tropicalization
of temperate fish communities. Nature Climate Change, 11(3), 249–
256. https://doi.org/10.1038/s41558-020-0 0980-w
Cowen, R. K., Gawarkiewicz, G., Pineda, J., Thorrold, S. R., & Werner,
F. E. (2007). Population connectivity in marine systems: An overview. Oceanography, 20(3), 14–21. https://doi.org/10.5670/ocean
og.2007.26
Cure, K., Hobbs, J. P. A., Langlois, T. J., Fairclough, D. V., Thillainath, E.
C., & Harvey, E. S. (2018). Spatiotemporal patterns of abundance
and ecological requirements of a labrid’s juveniles reveal conditions for establishment success and range shift capacity. Journal of
Experimental Marine Biology and Ecology, 500, 34–45. https://doi.
org/10.1016/j.jembe.2017.12.006
Curley, B. G., Kingsford, M. J., & Gillanders, B. M. (2002). Spatial and
habitat-related patterns of temperate reef fish assemblages:
Implications for the design of Marine Protected Areas. Marine and
Freshwater Research, 53(8), 1197–1210. https://doi.org/10.1071/
MF01199
Dahlgren, C. P., & Eggleston, D. B. (2001). Spatio-temporal variability
in abundance, size and microhabitat associations of early juvenile Nassau grouper Epinephelus striatus in an off-reef nursery

MCCOSKER et al.

system. Marine Ecology Progress Series, 217, 145–156. https://doi.
org/10.3354/meps217145
Davis, T. R., Champion, C., & Coleman, M. A. (2021). Climate refugia for
kelp within an ocean warming hotspot revealed by stacked species
distribution modelling. Marine Environmental Research, 166, 105267.
https://doi.org/10.1016/j.marenvres.2021.105267
Day, P. B., Stuart-Smith, R. D., Edgar, G. J., & Bates, A. E. (2018). Species’
thermal ranges predict changes in reef fish community structure
during 8 years of extreme temperature variation. Diversity and
Distributions, 24(8), 1036–1046. https://doi.org/10.1111/ddi.12753
Dirnböck, T., Essl, F., & Rabitsch, W. (2011). Disproportional risk for
habitat loss of high-altitude endemic species under climate
change. Global Change Biology, 17(2), 990–996. https://doi.
org/10.1111/j.1365-2486.2010.02266.x
Edgar, G. J., Alexander, T. J., Lefcheck, J. S., Bates, A. E., Kininmonth, S.
J., Thomson, R. J., Duffy, J. E., Costello, M. J., & Stuart-Smith, R. D.
(2017). Abundance and local-scale processes contribute to multi-
phyla gradients in global marine diversity. Science Advances, 3(10),
E1700419. https://doi.org/10.1126/sciadv.1700419
Edgar, G. J., Cooper, A., Baker, S. C., Barker, W., Barrett, N. S., Becerro, M.
A., Bates, A. E., Brock, D., Ceccarelli, D. M., Clausius, E., Davey, M.,
Davis, T. R., Day, P. B., Green, A., Griffiths, S. R., Hicks, J., Hinojosa,
I. A., Jones, B. K., & Stuart-Smith, R. D. (2020). Reef life survey:
Establishing the ecological basis for conservation of shallow marine
life. Biological Conservation, 252, 108855. https://doi.org/10.1016/j.
biocon.2020.108855
Edgar, G. J., & Stuart-Smith, R. D. (2009). Ecological effects of marine
protected areas on rocky reef communities – A continental-scale
analysis. Marine Ecology Progress Series, 388(4), 51–62. https://doi.
org/10.3354/meps08149
Edgar, G. J., & Stuart-Smith, R. D. (2014). Systematic global assessment
of reef fish communities by the Reef Life Survey program. Scientific
Data, 1, 140007. https://doi.org/10.1038/sdata.2014.7
Edgar, G. J., Stuart-Smith, R. D., Thomson, R. J., & Freeman, D. J. (2017).
Consistent multi-level trophic effects of marine reserve protection
across northern New Zealand. PLoS One, 12(5), 1–26. https://doi.
org/10.1371/journal.pone.0177216
Fasiolo, M., Nedellec, R., Goude, Y., & Wood, S. N. (2020). Scalable visualization methods for modern generalized additive models. Journal
of Computational and Graphical Statistics, 29(1), 78–86. https://doi.
org/10.1080/10618600.2019.1629942
Feary, D. A., Pratchett, M. S., J Emslie, M., Fowler, A. M., Figueira, W. F.,
Luiz, O. J., Nakamura, Y., & Booth, D. J. (2014). Latitudinal shifts in
coral reef fishes: Why some species do and others do not shift. Fish
and Fisheries, 15(4), 593–615. https://doi.org/10.1111/faf.12036
Figueira, W. F., & Booth, D. J. (2010). Increasing ocean temperatures allow tropical fishes to survive overwinter in temperate waters. Global Change Biology, 16(2), 506–516. https://doi.
org/10.1111/j.1365-2486.2009.01934.x
Filbee-Dexter, K., & Wernberg, T. (2018). Rise of turfs: A new battlefront
for globally declining kelp forests. BioScience, 68(2), 64–76. https://
doi.org/10.1093/biosci/bix147
Fisher, R., Wilson, S. K., Sin, T. M., Lee, A. C., & Langlois, T. J. (2018).
A simple function for full-subsets multiple regression in ecology with R. Ecology and Evolution, 8(12), 6104–6113. https://doi.
org/10.1002/ece3.4134
Fowler, A. M., Parkinson, K., & Booth, D. J. (2018). New poleward observations of 30 tropical reef fishes in temperate southeastern Australia. Marine Biodiversity, 48(4), 2249–2254. https://doi.
org/10.1007/s12526-017-0748-6
Froese, R., & Pauly, D. (2020). FishBase. Retrieved June 4, 2020, from
World Wide Web electronic publication. www.fishbase.org
Fulton, C. J., & Bellwood, D. R. (2004). Wave exposure, swimming performance, and the structure of tropical and temperate reef fish assemblages. Marine Biology, 144(3), 429–437. https://doi.org/10.1007/
s00227-0 03-1216-3

MCCOSKER et al.

Fulton, C. J., Noble, M. N., Radford, B., Gallen, C., & Harasti, D. (2016).
Microhabitat selectivity underpins regional indicators of fish
abundance and replenishment. Ecological Indicators, 70, 222–231.
https://doi.org/10.1016/j.ecolind.2016.06.032
Gillanders, B. M., & Kingsford, M. J. (1998). Influence of habitat on abundance and size structure of a large temperate-reef fish, Achoerodus
viridis (Pisces: Labridae). Marine Biology, 132(3), 503–514. https://
doi.org/10.1007/s002270050416
Hobday, A. J., & Pecl, G. T. (2014). Identification of global marine
hotspots: Sentinels for change and vanguards for adaptation action. Reviews in Fish Biology and Fisheries, 24, 415–425. https://doi.
org/10.1007/s11160 -013-9326-6
Hoey, A. S., & Bellwood, D. R. (2011). Suppression of herbivory by macroalgal density: A critical feedback on coral reefs? Ecology Letters, 14(3),
267–273. https://doi.org/10.1111/j.1461-0248.2010.01581.x
Holbrook, S. J., Brooks, A. J., & Schmitt, R. J. (2002). Variation in structural attributes of patch-forming corals and in patterns of abundance of associated fishes. Marine and Freshwater Research, 53,
1045–1053. https://doi.org/10.1071/MF02063
Holland, M. M., Smith, J. A., Everett, J. D., Vergés, A., & Suthers, I. M.
(2020). Latitudinal patterns in trophic structure of temperate
reef-associated fishes and predicted consequences of climate
change. Fish and Fisheries, 21, 1092–1108. https://doi.org/10.1111/
faf.12488
Kingsford, M. J., & Carlson, I. J. (2010). Patterns of distribution and
movement of fishes, Ophthalmolepis lineolatus and Hypoplectrodes
maccullochi, on temperate rocky reefs of south eastern Australia.
Environmental Biology of Fishes, 88(2), 105–118. https://doi.
org/10.1007/s10641-010-9621-1
Kumagai, N. H., García Molinos, J., Yamano, H., Takao, S., Fujii, M.,
& Yamanaka, Y. (2018). Ocean currents and herbivory drive
macroalgae-to-coral community shift under climate warming.
Proceedings of the National Academy of Sciences, 115(36), 8990–
8995. https://doi.org/10.1073/pnas.1716826115
Layton, C., Coleman, M. A., Marzinelli, E. M., Steinberg, P. D., Swearer,
S. E., Vergés, A., Wernberg, T., & Johnson, C. R. (2020). Kelp forest
restoration in Australia. Frontiers in Marine Science, 7, 1–12. https://
doi.org/10.3389/fmars.2020.00074
Lefcheck, J. S. (2016). PiecewiseSEM: Piecewise structural equation modelling in R for ecology, evolution, and systematics.
Methods in Ecology and Evolution, 7(5), 573–579. https://doi.
org/10.1111/2041-210X.12512
Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., Murienne,
J., & Grenouillet, G. (2020). Species better track climate warming in
the oceans than on land. Nature Ecology and Evolution, 4(8), 1044–
1059. https://doi.org/10.1038/s41559-020-1198-2
Ling, S. D., Barrett, N. S., & Edgar, G. J. (2018). Facilitation of Australia’s
southernmost reef-building coral by sea urchin herbivory.
Coral Reefs, 37(4), 1053–1073. https://doi.org/10.1007/s0033
8-018-1728-4
Martínez, B., Radford, B., Thomsen, M. S., Connell, S. D., Carreño, F.,
Bradshaw, C. J. A., Fordham, D. A., Russell, B. D., Gurgel, C. F. D.,
& Wernberg, T. (2018). Distribution models predict large contractions of habitat-forming seaweeds in response to ocean warming. Diversity and Distributions, 24(10), 1350–1366. https://doi.
org/10.1111/ddi.12767
McKinney, M. L. (1997). How do rare species avoid extinction? A paleontological view. In W. E. Kunin, & K. J. Gaston (Eds.), The biology of
rarity (pp. 110–129). Chapman and Hall.
Monaco, C. J., Bradshaw, C. J. A., Booth, D. J., Gillanders, B. M.,
Schoeman, D. S., & Nagelkerken, I. (2020). Dietary generalism accelerates arrival and persistence of coral-reef fishes in their novel
ranges under climate change. Global Change Biology, 26(10), 5564–
5573. https://doi.org/10.1111/gcb.15221
Morton, J. K., & Gladstone, W. (2011). Spatial, temporal and ontogenetic variation in the association of fishes (family Labridae) with

|

1169

rocky-reef habitats. Marine and Freshwater Research, 62(7), 870–
884. https://doi.org/10.1071/MF10315
Nakamura, Y., Feary, D. A., Kanda, M., & Yamaoka, K. (2013). Tropical fishes
dominate temperate reef fish communities within western Japan.
PLoS One, 8(12), https://doi.org/10.1371/journal.pone.0081107
Olden, J. D. (2006). Biotic homogenization: A new research agenda for
conservation biogeography. Journal of Biogeography, 33(12), 2027–
2039. https://doi.org/10.1111/j.1365-2699.2006.01572.x
Payne, N. L., Morley, S. A., Halsey, L. G., Smith, J. A., Stuart-S mith,
R., Waldock, C., & Bates, A. E. (2021). Fish heating tolerance
scales similarly across individual physiology and populations.
Communications Biology, 4(1), 1–5. https://doi.org/10.1038/s4200
3-021-01773-3
Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen,
I.-C ., Clark, T. D., Colwell, R. K., Danielsen, F., Evengård, B., Falconi,
L., Ferrier, S., Frusher, S., Garcia, R. A., Griffis, R. B., Hobday, A.
J., Janion-Scheepers, C., Jarzyna, M. A., Jennings, S., … Williams,
S. E. (2017). Biodiversity redistribution under climate change:
Impacts on ecosystems and human well-being. Science, 355(6332),
eaai9214. https://doi.org/10.1126/science.aai9214
Pinsky, M. L., Selden, R. L., & Kitchel, Z. J. (2020). Climate-driven shifts
in marine species ranges: Scaling from organisms to communities. Annual Review of Marine Science, 12, 153–179. https://doi.
org/10.1146/annurev-marine-010419-010916
Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman,
D. S., Moore, P. J., Brander, K., Bruno, J. F., Buckley, L. B.,
Burrows, M. T., Duarte, C. M., Halpern, B. S., Holding, J., Kappel,
C. V., O’Connor, M. I., Pandolfi, J. M., Parmesan, C., Schwing, F.,
Thompson, S. A., & Richardson, A. J. (2013). Global imprint of climate change on marine life. Nature Climate Change, 3(10), 919–925.
https://doi.org/10.1038/nclimate1958
Quaas, Z., Harasti, D., Gaston, T. F., Platell, M. E., & Fulton, C. J. (2019).
Influence of habitat condition on shallow rocky reef fish community
structure around islands and headlands of a temperate marine protected area. Marine Ecology Progress Series, 626, 1–13. https://doi.
org/10.3354/meps13 091
R Core Team. (2021). R: A language and environment for statistical computing, Vienna, Austria. R Foundation for Statistical Computing.
https://www.R-projec t.org/
Sen Gupta, A., Brown, J. N., Jourdain, N. C., van Sebille, E., Ganachaud,
A., & Vergés, A. (2015). Episodic and non-uniform shifts of thermal habitats in a warming ocean. Deep-Sea Research Part II: Topical
Studies in Oceanography, 113, 59–72. https://doi.org/10.1016/j.
dsr2.2013.12.002
Shand, T., Carley, J. T., You, Z. J., & Cox, R. J. (2011). Long-term trends
in NSW coastal wave climate and derivation of extreme design
storms. NSW Coastal. … (pp. 8–11). http://www.coastalconferen
ce.com/2011/papers2011/TomShandFullPaper.pdf
Shipley, B. (2009). Confirmatory path analysis in a generalized
multilevel context. Ecology, 90(2), 363–368. https://doi.
org/10.1890/08-1034.1
Shono, H. (2008). Application of the Tweedie distribution to zero-c atch
data in CPUE analysis. Fisheries Research, 93(1–2), 154–162. https://
doi.org/10.1016/j.fishres.2008.03.006
Smith, S. M., Malcolm, H. A., Marzinelli, E. M., Schultz, A. L., Steinberg,
P. D., & Vergés, A. (2021). Tropicalization and kelp loss shift trophic composition and lead to more winners than losers in fish communities. Global Change Biology, 27(11), 2537–2548. https://doi.
org/10.1111/gcb.15592
Steneck, R. S., Graham, M. H., Bourque, B. J., Corbett, D., Erlandson,
J. M., Estes, J. A., & Tegner, M. J. (2002). Kelp forest ecosystems: Biodiversity, stability, resilience and future. Environmental
Conservation, 29(04), 436–459. https://doi.org/10.1017/S0376
892902000322
Stuart-Smith, R. D., Edgar, G. J., & Bates, A. E. (2017). Thermal limits
to the geographic distributions of shallow-water marine species.

1170

|

Nature Ecology & Evolution, 1, 1846–1852. https://doi.org/10.1038/
s41559-017-0353-x
Stuart-Smith, R. D., Edgar, G. J., Green, A., & Shaw, I. (2015). Tropical marine fishes of Australia. New Holland.
Stuart-Smith, R. D., Mellin, C., Bates, A. E., & Edgar, G. J. (2021). Habitat
loss and range shifts contribute to ecological generalization among
reef fishes. Nature Ecology and Evolution, 5, 656–662. https://doi.
org/10.1038/s41559-020-01342-7
Suthers, I. M., Young, J. W., Baird, M. E., Roughan, M., Everett, J. D.,
Brassington, G. B., Byrne, M., Condie, S. A., Hartog, J. R., Hassler,
C. S., Hobday, A. J., Holbrook, N. J., Malcolm, H. A., Oke, P. R.,
Thompson, P. A., & Ridgway, K. (2011). The strengthening East
Australian Current, its eddies and biological effects – An introduction and overview. Deep-Sea Research Part II: Topical Studies
in Oceanography, 58(5), 538–546. https://doi.org/10.1016/j.
dsr2.2010.09.029
Tanaka, T., Yoshimitsu, S. A., Imayoshi, Y., Ishiga, Y., & Terada, R. (2013).
Distribution and characteristics of seaweed/seagrass community
in Kagoshima Bay, Kagoshima Prefecture, Japan. Nippon Suisan
Gakkaishi, 79(1), 20–3 0. https://doi.org/10.2331/suisan.79.20
Tittensor, D. P., Mora, C., Jetz, W., Lotze, H. K., Ricard, D., Berghe, E. V.,
& Worm, B. (2010). Global patterns and predictors of marine biodiversity across taxa. Nature, 466(7310), 1098–1101. https://doi.
org/10.1038/nature 09329
Turnbull, J. W., Shah Esmaeili, Y., Clark, G. F., Figueira, W. F., Johnston, E.
L., & Ferrari, R. (2018). Key drivers of effectiveness in small marine
protected areas. Biodiversity and Conservation, 27(9), 2217–2242.
https://doi.org/10.1007/s10531-018-1532-z
Vergés, A., Doropoulos, C., Malcolm, H. A., Skye, M., Garcia-Pizá, M.,
Marzinelli, E. M., Campbell, A. H., Ballesteros, E., Hoey, A. S., Vila-
Concejo, A., Bozec, Y.-M., & Steinberg, P. D. (2016). Long-term empirical evidence of ocean warming leading to tropicalization of fish
communities, increased herbivory, and loss of kelp. Proceedings of
the National Academy of Sciences of the United States of America, 16,
201610725. https://doi.org/10.1073/pnas.1610725113
Vergés, A., McCosker, E., Mayer-Pinto, M., Coleman, M. A., Wernberg,
T., Ainsworth, T., & Steinberg, P. D. (2019). Tropicalisation of temperate reefs: Implications for ecosystem functions and management actions. Functional Ecology, 33(6), 1000–1013. https://doi.
org/10.1111/1365-2435.13310
Vergés, A., Steinberg, P. D., Hay, M. E., Poore, A. G. B., Campbell, A. H.,
Ballesteros, E., Heck, K. L., Booth, D. J., Coleman, M. A., Feary,
D. A., Figueira, W., Langlois, T., Marzinelli, E. M., Mizerek, T.,
Mumby, P. J., Nakamura, Y., Roughan, M., van Sebille, E., Gupta,
A. S., … Wilson, S. K. (2014). The tropicalization of temperate
marine ecosystems: Climate-
m ediated changes in herbivory
and community phase shifts. Proceedings of the Royal Society B:
Biological Sciences, 281, 20140846. https://doi.org/10.1098/
rspb.2014.0846
Vergés, A., Tomas, F., Cebrian, E., Ballesteros, E., Kizilkaya, Z.,
Dendrinos, P., Karamanlidis, A. A., Spiegel, D., & Sala, E. (2014).
Tropical rabbitfish and the deforestation of a warming temperate sea. Journal of Ecology, 102(6), 1518–1527. https://doi.
org/10.1111/1365-2745.12324
Wedding, L. M., Christopher, L. A., Pittman, S. J., Friedlander, A. M., &
Jorgensen, S. (2011). Quantifying seascape structure: Extending
terrestrial spatial pattern metrics to the marine realm. Marine
Ecology Progress Series, 427, 219–232. https://doi.org/10.3354/
meps09119
Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K.,
Depczynski, M., Dufois, F., Fromont, J., Fulton, C. J., Hovey, R.
K., Harvey, E. S., Holmes, T. H., Kendrick, G. A., Radford, B.,
Santana-Garcon, J., Saunders, B. J., Smale, D. A., Thomsen, M. S.,
Tuckett, C. A., … Wilson, S. (2016). Climate-driven regime shift of a

MCCOSKER et al.

temperate marine ecosystem. Science, 353(6295), 169–172. https://
doi.org/10.1126/science.aad8745
Wernberg, T., Coleman, M. A., Babcock, R. C., Bell, S. Y., Bolton, J. J.,
Connell, S. D., Hurd, C. L., Johnson, C. R., Marzinelli, E. M., Shears,
N. T., Steinberg, P. D., Thomsen, M. S., Vanderklift, M. A., Verges,
A., & Wright, J. T. (2019). Biology and ecology of the globally significant kelp Ecklonia radiata. Oceanography and Marine Biology: An
Annual Review, 57, 265–324. https://doi.org/10.1201/9780429026
379-6
Wickham, H. (2016). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.
Wilson, S. K., Depczynski, M., Fisher, R., Holmes, T. H., O'Leary, R. A., &
Tinkler, P. (2010). Habitat associations of juvenile fish at Ningaloo
Reef, Western Australia: The importance of coral and algae. PLoS
One, 5(12), e15185. https://doi.org/10.1371/journal.pone.0015185
Wood, S. (2017). Generalized additive models: An introduction with R (2nd
ed.). Chapman and Hall/CRC.
Wood, S., & Scheipl, F. (2019). gamm4: Generalized Additive Mixed Models
using “mgcv” and “lme4”.
Wu, L., Cai, W., Zhang, L., Nakamura, H., Timmermann, A., Joyce, T.,
McPhaden, M. J., Alexander, M., Qiu, B. O., Visbeck, M., Chang, P.,
& Giese, B. (2012). Enhanced warming over the global subtropical
western boundary currents. Nature Climate Change, 2(3), 161–166.
https://doi.org/10.1038/nclimate1353
Yamano, H., Sugihara, K., & Nomura, K. (2011). Rapid poleward range
expansion of tropical reef corals in response to rising sea surface
temperatures. Geophysical Research Letters, 38, L04601. https://
doi.org/10.1029/2010GL046474
Zarco-Perello, S., Bosch, N. E., Bennett, S., Vanderklift, M. A., & Wernberg,
T. (2021). Persistence of tropical herbivores in temperate reefs constrains kelp resilience to cryptic habitats. Journal of Ecology, 109(5),
2081–2094. https://doi.org/10.1111/1365-2745.13621

B I O S K E TC H
Erin McCosker is a PhD candidate within the Centre for Marine
Science and Innovation at the University of New South Wales,
Sydney. Her research focuses on shifts in species interactions
on warming temperate reefs. She is interested in how warming-
induced species shifts lead to modified ecosystem functions on
temperate reefs.
Author contributions: EM, AV and PDS conceived of the ideas.
EM conducted the analyses and wrote the manuscript. RSS and
GJE provided data. All authors contributed critically to revising
the manuscript and gave final approval for publication.
S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: McCosker, E., Stuart-Smith, R. D.,
Edgar, G. J., Steinberg, P. D., & Vergés, A. (2022). Sea
temperature and habitat effects on juvenile reef fishes along
a tropicalizing coastline. Diversity and Distributions, 28,
1154–1170. https://doi.org/10.1111/ddi.13484

