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Abstract

:

Many temperate reefs are experiencing a shift towards a greater abundance of tropical species in response to marine heatwaves and long-term ocean warming worldwide. Baseline data for coral communities growing in high-latitude reefs is required to better understand ecosystem changes over time. In this study, we explore spatial and temporal trends in the distribution of coral communities from 1999 to 2019 at 118 reef sites within the five marine parks located in the south-west of Western Australia (WA) between 30° to 35° S. Our estimates of coral cover were generally low (<5%), except for a few sites in Jurien Bay Marine Park and Rottnest Island Marine Reserve where coral cover was 10% to 30%. Interannual changes in genera assemblages were detected but were not consistent over time, whereas significant temporal increases in coral cover estimates were found at the lowest latitude site in Jurien Bay. Coral assemblages were primarily distinguished by Turbinaria spp. at Marmion Marine Park and Ngari Capes Marine Park, and Pocillopora spp. and Dipsastraea spp. at Rottnest Island and Jurien Bay. Our findings suggest that conditions in south-west WA are favorable to the ongoing survival of existing genera and there were minimal signs of expansion in coral cover at most study sites. Coral cover and composition on these reefs may, however, change with ongoing ocean warming and increased occurrence of marine heatwaves. This study provides a valuable benchmark for assessing future changes in coral assemblages and highlights the need for targeted hard-coral surveys to quantify subtle changes in high-latitude coral community assemblages.
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1. Introduction


Marine heatwaves have resulted in major shifts within temperate ecosystems, including the mortality of temperate macroalgae [1,2], seagrass loss [3,4], an influx of tropical species [5], and changes to community structure [6,7]. In addition, the world’s oceans have warmed at a rate of 1.5 °C per century and are expected to continue to increase by 1 to 3 °C by the end of the century with ongoing climate change [8]. Extensive mortality of habitat forming and keystone species combined with ocean warming is resulting in the polewards migration of tropical species and a ‘tropicalization’ of currently temperate ecosystems [9,10,11]. For example, range expansions have been documented for tropical urchin and fish species, particularly in locations where winter temperatures have increased allowing greater overwintering success and survival year-round [7,12,13,14,15]. Similarly, there is growing evidence of various coral species expanding their geographical distributions into high-latitude (above 28° S and below 28° N) reef ecosystems [5,16,17,18,19], particularly to areas that harbour fossil coral reefs from warmer geologic times, such as the Last Interglacial (~130,000 years ago) [20,21]. For instance, reef-building acroporid corals have increasingly been documented in the northern-most reefs of Japan, which were once dominated by seaweeds [18]. Two tropical species of Acropora have been expanding their ranges along the coast of Florida into the northern Gulf of Mexico [16] and range expansions of tropical Acropora spp. have been documented on both the Eastern and Western coasts of Australia [19,22]. Documenting these range shifts is important because they help to understand the processes driving coral reef development and factors that influence coral adaptation and acclimatization.



Ocean warming is expected to increase the suitability of high-latitude environments for coral growth due to the positive effect of temperature on growth and metabolic productivity [23]. This is likely to result in further range shifts and increases in the abundance of tropical coral species at the latitudinal limits of their geographical distributions [18,23]. However, the lower and more seasonally variable light levels at latitudes beyond ~27° are expected to limit the range shifts of many, but not all [24], autotrophic coral species especially at depths below 20 m [25]. Light is critical for coral growth and survival due to production of photosynthetically fixed carbon by the symbiotic dinoflagellate algae that live within the coral tissue [26,27]. The current threshold for coral reef formation, also known as the ‘Darwin Point’, is generally thought to be primarily governed by a combination of temperature, light, and seawater aragonite saturation state [28,29,30]. Most coral reefs are currently restricted to tropical and sub-tropical environments (above 28° S and below 28° N) where temperature, light levels and the aragonite saturation state of seawater are high [30]. There are, however, several coral reefs that occur beyond these limits, including Bermuda in the North Atlantic (32.3° N), Gulf of Mexico (28.2° N), Iki Island in Japan at 33.5° N, Houtman Abrolhos Islands in WA (28.5° S), and Lord Howe Island in eastern Australia (31.5° S) (Table S1). The future suitability of currently marginal, temperate reefs remains in question given that many high-latitude coral reefs have already experienced extensive coral bleaching [31,32,33,34,35] and declines in coral cover [36,37]. High-latitude coral communities are also more likely to suffer from extreme cold-water events, as shown by recent observations of cold-water stress and bleaching on some temperate reefs in Australia during the anomalously cold El Niño winter in 2016 [38,39]. Furthermore, the seawater aragonite saturation state at high-latitude is lower than in the tropics and is expected to decrease with future CO2-driven climate change, potentially making high-latitude regions less suitable for coral growth [40].



In Western Australia, scleractinian coral communities can be found along the entire coastline spanning a latitudinal gradient of ~21 degrees from the Northern Kimberley (~14° S) to the southernmost edge of WA in Albany (~35° S) [41]. The state of WA consists of 24,000 km of coastline and encompasses 19 bioregions across, a range of tropical, sub-tropical, and temperate environments. There are 19 marine parks/reserves in WA, five of which are in the south-west of WA, and include (from north to south), Jurien Bay Marine Park (~30.3° S), Marmion Marine Park (~31.9° S), Rottnest Island Marine Reserve (~32° S), Shoalwater Islands Marine Park (~32.3° S), and Ngari Capes Marine Park (~34.5° S; see Figure 1). The Walpole and Nornalup Inlets Marine Park, situated on the south coast, is an estuarine system and is not considered here, although corals can be found on reefs throughout WA’s south coast [38,42]. Marine parks in the south-west of WA were selected to protect and manage the state’s important and valuable temperate marine ecosystems and biodiversity. Quantifying the current distribution and diversity of coral communities within the marine parks is important for understanding changes to species’ distributions in response to ocean warming and other anthropogenic pressures [43].



The lower-west and south-west regions of WA provide a unique natural laboratory to investigate the current distribution and diversity of coral communities on reefs that occur in a transition zone between sub-tropical and temperate habitats [44]. These regions contain 25 documented coral species and are influenced by the pole-wards flowing Leeuwin Current, which transports warm water and the larvae/recruits of tropical species along the coastline from coral reefs further north [42,45,46]. The Leeuwin Current flow is seasonally strengthened during autumn, which coincides with the annual mass coral spawning event in Western Australia [47,48]. As a result, high-latitude coral communities in WA consist of species with distributions spanning tropical, sub-tropical, and temperate latitudes [41,49]. The southernmost limit for coral reefs in WA is currently the Houtman Abrolhos Islands (28.5° S), although coral communities further south can be extensive with coral cover up to ~50% in some areas (Table S1). There are currently several locations with developed hermatypic coral communities recorded in south-west WA, including Hall Bank [50], Minden and Roe Reefs [51], Rottnest Island [22,52], and Eagle Bay [53]. This signifies potential for the development of more extensive coral communities beyond the limits currently considered suitable for coral reef formation.



Ocean warming in this region is occurring at a rate of 0.013 °C y−1 and record high ocean temperatures caused by a La Niña-driven marine heatwave in the austral summer of 2010/11 [54] resulted in coral bleaching and mortality, fish die-offs, and kelp and seagrass loss [4,35,55]. The 2010/11 heatwave and associated strengthening of the Leeuwin Current also appeared to facilitate range expansions of tropical species, such as fish and coral, to the south-west of WA. At the same time, the loss of kelp (Ecklonia radiata) following the heatwave resulted in competitive release and an associated increase in the establishment of juvenile corals [5,55]. However, the current distribution and diversity of living coral in temperate regions in WA, and the rate at which temperate ecosystems are changing, remains a key knowledge gap [43]. Baseline data to quantify the genus-level composition and per cent cover of coral communities growing at the limits of their geographical distributions in sub-tropical to temperate high-latitude reefs is required to better understand ecosystem changes over time. Here, we explore spatial and temporal trends in the distribution of coral communities within the five marine parks located in the south-west of WA. The aims of this study were to:




	(1)

	
Estimate abundance of hard coral in terms of % cover for five marine parks in the south-west of WA and, where possible, identify temporal trends in total coral coverage between 1999 and 2019;




	(2)

	
Where trends in coral cover estimates are detected, delineate sites that drive these trends within each marine park; and




	(3)

	
Where coral is sufficiently abundant, determine whether the composition of different hard-coral genera vary inter-annually and whether there is a sequential change in coral genera through time, in each marine park.










2. Materials and Methods


2.1. Data Collection and Collation


The West Australian Department of Biodiversity, Conservation, and Attractions (DBCA) oversees the collection of benthic habitat monitoring data throughout the marine parks and reserves created under the Conservation and Land Management Act 1984 and Rottnest Island Authority Act 1987. There are five parks/reserves in the sub-tropical to temperate south-west of the state; Jurien Bay Marine Park (JBMP), Marmion Marine Park (MMP), Rottnest Island Marine Reserve (RIMR), Shoalwater Islands Marine Park (SIMP), and Ngari Capes Marine Park (NCMP) (Figure 1). Within each marine park/reserve, benthic habitat surveying focuses primarily on nearshore limestone and granite reef systems. Coral cover was estimated using point-count classification over quadrats with a finite number of points [56,57,58]. The methods to estimate coral cover and community composition at each location differed in terms of the analysis software used and the number of sites, transects, quadrats, and points per quadrat (Table S2). Different location specific methods were selected separately to ensure continuity with existing long-term datasets that often pre-dated the marine park establishment, facilitating meaningful long-term temporal comparisons. The different methods used at each marine park are summarized in Supplementary Materials Table S2 and the sub-sections below outline the approaches used in each park/reserve to quantify benthic habitat assemblages.




2.2. Temperature Profiles


Sea-surface temperature profiles for each marine park were constructed due to the importance of temperature as a driver of tropicalization and changes to coral communities through both gradual warming and marine heatwave events. Temperature profiles were constructed using the NOAA 5 km Coral Reef Watch (CRW) sea-surface temperature (SST) measured by satellite and the NOAA degree heating weeks (DHW) (NOAA 2021). For each marine park, the mean monthly SST was calculated from January 1986 through to December 2019 to examine the seasonal ranges. To quantify the long-term temperature increase over time for summer (March) from 1986 to 2019, rates of SST increase were calculated using linear regression in Matlab R2020a (Mathworks).



Sea-surface temperature reflects the latitudinal gradient from north to south, generally being 1−2 °C warmer in the lower latitudes around JBMP and cooler at the higher latitudes near NCMP (Table 1; Figure 2). The monthly average SST ranges seasonally from 19.1–22.8 °C at JBMP, 18.5–22.3 °C at RIMR, 18.0–22.3 °C at MMP, 17.7–22.2 °C at SIMP, and 17.6–21.1 °C at NCMP with the monthly maximum typically occurring in March and the minimum in September (Figure 2). The maximum degree heating weeks (DHW) ranged from 22.9 to 28.0 and occurred during the 2011 La Niña marine heatwave and DHW were higher at the lower latitude locations (especially JBMP) and decreased with increasing latitude (Table 1). The annual rate of gradual warming varied between marine parks, with an increase in summertime (March) SST occurring at a rate of 0.0164 yr−1 at the NCMP located at higher latitude and a rate of 0.0193 yr−1 at JBMP located at a lower latitude (Figure 3; Table 1).



2.2.1. JBMP


Monitoring in JBMP occurred at 43 sites covering inshore, midshore and offshore zones. Inshore sites are often shallow (2–5 m) with minimal structural complexity, whereas the midshore sites are shallow (2–4 m) with moderate wave exposure and the offshore sites are characteristically deeper (10–12 m), more structurally complex and exposed to significant wave energy. At each site, sampling occurred along four continuous 50 m transects, each with five quadrats (0.25 m2) placed at 10 m intervals along the transect length. Quadrats consisted of a wire grid where 50 points were denoted by the x- and y-axis wire intersections. The habitat directly beneath each point of the grid (n = 50 points per quadrat, 250 per transect, and 1000 per site) was recorded to the lowest possible taxonomic level (usually genera for hard corals). Quadrats were scored in situ by SCUBA divers experienced in benthic surveys and species identification. Surveys were completed initially by scientists from the University of Tasmania (UTAS) in 1999 and were subsequently re-surveyed at intervals thereafter by UTAS and DBCA (Table S3).




2.2.2. MMP and SIMP


Eight shallow-water (<10 m depth), mid-shelf limestone reef sites were surveyed in five years between 2012 and 2019 in each marine park (Table S3). Data were collected along three replicate 25 m transects at each site, arranged radially from a fixed central point. Benthic photo quadrats (~0.5 × 0.5 m) were collected along each transect at 1 m intervals (n = 25 images per transect). Images were analyzed using EcoPAAS, with the taxonomic classification recorded from six random points per image to the finest resolution possible; usually to genera with respect to hard corals.




2.2.3. RIMR


Monitoring inside the RIMR by Reef Life Survey (RLS) volunteers has been conducted annually in May/June since 2008. Twenty-six sites were established based on (1) reefs located inside sanctuary zones, (2) existing knowledge of complex limestone reef in <15 m, and (3) the presence of Pocillopora spp. coral habitat (one site). A minimum of 2 × 50 m transects were placed haphazardly at different depth contours, to capture the range of habitat types at each location. Each transect was laid out following a consistent depth and covering at least 90% hard reef substrate to exclude large sand patches and seagrass habitat. The number of transects at each site vary between years, dependent on the number of divers present.



Images were collected along each transect at 2.5 m intervals (n = 20 images per transect) by RLS volunteer divers. Due to the level of training and verification required to identify macroalgae, coral, and other sessile invertebrates, the in situ images were scored later by experts [58]. Images were analyzed by identifying the habitat at five co-located fixed points positioned in the same place each survey, using the computer software programs, Coral Point Count software with Excel extensions (CPCe) [59] and more recently Squidle+ (see: https://squidle.org/; accessed on 11 April 2020). Detailed methods can be found in an online methods manual (www.reeflifesurvey.com; accessed on 1 August 2021) and in Edgar et al. (2020) [58].




2.2.4. NCMP


Shallow (~5 m) and mid-depth (~10 m) reefs were surveyed at 10 locations in 2007, 2016, 2017, and 2018 using the same approach as used in JBMP. In addition, deeper granitic and limestone reef outcrops were surveyed in 2017–2018 at 10 sites using a tow-camera system targeting reef that protruded above the seabed from depths of approximately 40m to minimum depths of approximately 20 m. At each of 10 deep reef sites the tow-camera system (SpotX-Squid) was deployed and a georeferenced benthic quadrat-image collected every 5 s at approximately 1 m from the substrate. Each reef outcrop was typically surveyed using 3 to 5 parallel transects equi-spaced across the reef outcrop. Approximately 120 to 200 images were collected per transect and 600 images per site. Surveys were carried out at approximately 1.5 knots with each transect being 400 to 650 m. Images were processed using TransectMeasure (SEAGIS Pty Ltd., Victoria, Australia) with benthic habitat identified to the lowest possible taxonomic level at 20 points randomly positioned on each image.





2.3. Analysis of Total Hard-Coral Coverage


Mean per cent cover of hard-coral genera for each year in each marine park were calculated using transects as replicates with percentages derived from the total number of points per transect. These statistics were presented for each marine park with accompanying 95% confidence intervals for the total hard-coral coverage as stacked bar graphs including the three most abundant hard-coral genera in each park. This is used to quantify coral occurrences and assemblages in each marine park through time.



To estimate the change in total coral coverage through time, within each marine park when the same methodology was used consistently through time for each survey (Table S2), a generalized additive mixed modelling approach was used (GAMMs) [60]. Analysis was restricted to sites where monitoring has been conducted consistently over time (Table S3 sites annotated “#”). Models were not presented here for coral cover in parks where the model-fit was poor due to low incidents of coral occurrence (MMP, SIMP and NCMP). For those where coral occurrences were sufficient (JBMP and RIMR), separate models were run. For each site, we analysed per cent coral cover over time using a Tweedie distribution [61] and transect nested in site was included as a random effect to account for repeated sampling at the same sites. To reduce overfitting and to further ensure that models remained ecologically interpretable, year was included as a smoothing term and was fitted using a cubic regression spline, with the ‘k’ argument limited to 3. All models were compared to the null (intercept-only) model using an information–theoretic approach. Top models were selected based on Akaike’s information criterion (AIC) and AIC weights, where the wAIC varies from 0 (no support) to 1 (full support) [62]. Models were fitted using the gam() function in the R package mgcv [63,64]. The emmeans package [65] was then used to calculate the least squared means for different sites in JBMP and RIMR. Pairwise comparisons were conducted on the means using Bonferroni’s post hoc test and effect sizes were calculated using the pairwise differences of estimates, divided by the standard deviation.




2.4. Analysis of Genera Assemblages


A non-metric multidimensional scaling (nMDS) ordination was used to visualize different coral genera assemblages and their abundance among marine parks. Coral cover estimates were used from the most recent five years in which surveys were conducted (2015–2019). Multiple years of data were required to provide a representative assemblage of genera due to the low coral occurrence and because the proportion of coral identified to genus-level varied between years at some of the locations. The same sites were employed as those used in Section 2.2 and transects were used as replicates, the per cent coral cover estimates were square-root transformed and used to produce a Bray–Curtis similarity matrix from which the nMDS plot was produced. Vector-overlays were included representing correlating variables (r > 0.4) to indicate which coral genera may drive differences in regional assemblages [66]. Due to the different methodologies used to monitor coral cover and genera assemblages in the five marine parks, no further formal spatial data analysis was conducted.



To identify if assemblages of coral genera changed through time within each marine park separately, a series of multivariate analyses were used to test both inter-annual variation and sequential changes in coral genera assemblages. As with total coral assessments, temporal analyses of genera assemblages were restricted to parks with sites where the methodology was consistent through time and where coral were identified to genera in at least three or more corresponding years, to facilitate meaningful identification of trends and thus limiting the analyses to data from RIMR and JBMP only (sites “#” Table S3). A general approach was employed whereby an initial overarching test was used to determine interactions between factors, followed by tests to quantify the effect sizes (year and site). To achieve this, the per cent coral cover estimated in RIMR and JBMP were square-root transformed and used to produce separate Bray–Curtis similarity matrices for each marine park. Then, for each park, a two-factor PERMANOVA, conducted in the PERMANOVA+ add-on package for PRIMER v6 [67,68] was used to identify interactions between potential temporal and site effects with respect to assemblages of coral genera, with ‘year’ included as a fixed factor and ‘site’ as a random factor. A two-way-crossed ANOSIM design [68,69] with year and site as crossed factors was then conducted. Duplicate ANOSIM tests were completed, firstly with ‘year’ as an unordered factor, and then in the ordered form to detect non-specific inter-annual variation in coral genera or a trend in composition change through sequential years [66]. In the latter case a significant year effect could only indicate a sustained sequential change in genera assemblages through time whereas the former could also be indicative of the presence of particular outlying years of unique genera assemblages.





3. Results


3.1. Total Hard-Coral Coverage


Coverage of hard coral was low and highly variable both within and among marine parks of south-western Australia (Figure 4). Mean per cent cover was highest in JBMP and RIMR, although estimates at most sites at these parks was typically < 5% (Figure 4, Table S4). Dominant genera differed among parks; Turbinaria, Montipora, and Dipsastraea were prominent at JBMP, though the relative contribution of these genera differed over the 20 years of surveys. Pocillopora, Montipora, and Favites were the most common genera at RIMR, whereas Paragoniastraea, Dipsastraea, and Favites were prominent in MMP, and Turbinaria was the most common coral in NCMP (Figure 4). Coral cover was low at SIMP (<1%) and the very few instances of coral were not identified to genera (Figure 4).



Total coral coverage for JBMP varied with respect to survey year, and the model including year and site explained almost half the variance in data (Table 2). Survey year was positively correlated with percentage coral cover and average cover at JBMP increased by ~5% between 1998 and 2018. There was, however, no support for temporal changes in coral cover at RIMR (Table 2). For both JBMP and RIMR, site explained a large proportion of the deviance explained (45.8% and 18.8% respectively, Table 2) and just a few sites were found to drive temporal trends (Figure 5). Coral cover was higher at three sites around Fishermans Island in JBMP and at Pocillopora Reef in RIMR (Figure 5). Mean per cent coral cover was 20 to 30% at Fishermans Island 2 since 2011, while earlier surveys were typically ~20% cover. Temporal trends in cover were not apparent at the other sites in JBMP (Figure 5a), or at Pocillopora Reef in RIMR (Figure 5b). Models for coral cover at MMP, SIMP, and NCMP indicated a very poor fit due to a low incident of coral occurrence (n = 15, n = 2, n = 7, respectively) and are, therefore, not presented here.




3.2. Analysis of Genera Assemblages


A total of 13 genera of hard coral were recorded across the five parks. All 13 genera were recorded at RIMR, 8 were recorded in NCMP, 7 in JBMP, and 5 in MMP (Table S4). Occurrences of many of the 13 coral genera across the parks were very low resulting in their intermittent presence through time.



Discrete coral assemblages were documented at the four parks where coral was identified to genus level, with JBMP and RIMR being clearly delineated from NCMP (Figure 6). The proximity of RIMR and JBMP in ordination space indicated that similar coral assemblages were present at those two parks. The separation between the coral genera assemblages in ordination space was analogous to the geographical separation between the marine parks with NCMP being located ~200 km south of RIMR and ~450 km south of JBMP (Figure 6). In particular, the coral assemblages differed spatially due to the presence of Pocillopora and Dipsastraea at JBMP and RIMR, and the presence of Turbinaria, Favites, and Coscinaraea in NCMP (Figure 6). The coral assemblages at MMP were not as clearly delineated from the other locations in ordination space due to the presence of a mix of genera including Pocillopora, Favites, and Turbinaria.



Temporal changes in the composition of coral assemblages were not consistent among sites at JBMP as indicated by a significant interaction between year and site (PERMANOVA pseudo-f = 1.4, p = 0.02; Table 3). Subsequent two-way-crossed ANOSIM showed a significant year effect (r = 0.36, p < 0.001, Table 3). Although there were significant differences in genera assemblages between years (unordered ANOSIM p < 0.05), the changes were not consistent through time (ordered ANOSIM p > 0.05, Table 3). In RIMR, a significant interaction was also present with respect to site and year, such that genera assemblages significantly differed between years but not sequentially through time (PERMANOVA, ANOSIM, Table 3). At the Fishermans Island sites in JBMP where there has been an increase in coral cover over time, the coral taxa documented in recent years (i.e., 2016 and 2018) include Montipora, Dipsastraea, Pocillopora, and Plesiastrea. Recent visits to JBMP sites, including Fishermans Island, suggests that that Montipora, Acropora, and Pocillopora are prevalent and thus some of the hard corals not identified to genera at this location may comprise those taxa (Figure 7). Given that a large proportion of the hard coral in the most recent survey year at JBMP are not identified to genus level, the photos for Fishermans Island are included to show the coral communities developing at this location (Figure 7).





4. Discussion


Documenting broad-scale abundance and distribution of hard coral provides a benchmark for assessing the response of coral communities to disturbances and ongoing environmental stressors, such as ocean warming. Here we report temporal changes in coral cover and community composition at five marine parks in the south-west of Western Australia spanning 500 km of coastline and ~4.5 degrees of latitude. Our estimates of coral cover were generally low (<5%) with a small number of sites in RIMR and JBMP reaching as much as 30% coral cover. Communities of coral were distinct between MPAs with the most discrete and southernmost NCMP delineated by the occurrence of Turbinaria, Coscinaraea, and Favites whereas the northern JBMP sites typically differed due to the presence of Pocillopora and Dipsastraea. Coral genera assemblages varied interannually but not consistently through time and only one site (Fishermans Island 2; Figure 5) showed a consistent increase in coral cover throughout the time series.



4.1. Total Coral Cover


At the park level, similar coral cover was recorded in RIMR and JBMP, typically ~2–3% with maximums of 10% and 30%, respectively. At RIMR, coral cover estimates were highest at Pocillopora Reef on the southern side of the island. In JBMP, coral cover estimates were highest at the three sites around Fishermans Island, which is located at the northern extent of the park and approximately 6 km west of the mainland. Other reefs along the sub-tropical/temperate coast of WA, including locations outside of current marine parks, also have unusually high coral cover (see Table S1). For example, coral cover of 52%, consisting of 14 species, has been reported from a nearshore coral community at Hall Bank, WA [50], suggesting that some locations in south-west WA are more suitable than others for corals. Several factors are known to influence site suitability for coral recruitment and growth at high latitude, including, but not limited to, temperature, depth and light availability, aragonite saturation state, seawater pH, food availability, suitable substrate cover, competition with algae, nutrient flux, water flow rates, and wave exposure [30,38,52,70,71,72]. Of these factors, temperature is generally accepted as being the most influential regarding both coral growth rates and distribution of coral reefs and communities, globally [73,74]. This is due to the strong temperature-dependence of skeletal growth and positive influence of temperature on metabolism [74,75,76]. While there are examples of coral reefs in locations where temperatures fall below 18 °C (e.g., Miyake-jima and Shikoku Island in Japan) [77,78], a threshold of 18 °C is generally considered to be the lower limit for coral-reef development [30,79]. Indeed, monthly average seawater temperature at RIMR is maintained above 18 °C during winter and is typically 1° to 2 °C warmer than the inshore waters adjacent to the coast of Perth and further south year-round due to the influence of eddies from the warm Leeuwin Current (Figure 2b) [80]. The very high clarity of the waters (i.e., low light attenuation coefficient) around Rottnest Island and other parts of south-west WA has also meant that light levels reaching the benthos are often suitable for the growth of reef-building corals [38,52]. Similarly, waters offshore of JBMP are influenced by the Leeuwin Current and seawater temperature is warmer than inshore waters further south due to the increase in ocean temperature with decreasing latitude (Figure 2; Table 1). The seasonal temperature regimes at RIMR and JBMP are, therefore, suitable for the more extensive development of coral communities, which may explain the high coral cover at these locations. At the same time, this likely also places these locations at higher risk of tropicalization with coral species predicted to expand their range to mid- and high-latitude regions in response to future climate change [81].




4.2. Temporal Trends in Coral Cover


Only JBMP demonstrated an increase in total coral coverage through time and this effect was driven by just one site (Fishermans Island 2). Increases in coral cover at this site also occurred following the strong 2010/11 La Niña-driven marine heatwave with an associated strengthening of the Leeuwin Current [46,82]. Potential processes responsible for this increase in coral cover following the heatwave include: (1) an influx of coral recruits due to strengthening of the Leeuwin Current, a process that has been reported for other marine taxa along this coast [14,45,83], and (2) an increase in the suitability of the location for coral fecundity, settlement, and growth. The reproductive isolation of high-latitude coral communities (below 29° S) from coral reefs further north does, however, indicate that some coral taxa (e.g., Pocillopora) in existing coral populations may be largely self-sustaining with infrequent or very limited recruitment from larvae transported in the Leeuwin Current [84,85]. Another important process is the increase in the availability of suitable hard substrate for coral settlement and growth due to reduced competition with temperate macroalgae that died due to heat stress and has undergone substantial grazing pressure [2,5,86,87]. Indeed, the loss of kelp (Ecklonia radiata) following the 2010/11 heatwave resulted in competitive release and an associated increase in the establishment of juvenile corals on high-latitude WA reefs [5,55]. Subsequent heavy grazing by herbivorous fish following large kelp loss would also help maintain turf and coral habitat [87]. The removal of macroalgae canopy due to the heatwave may have also increased visibility of small and encrusting corals during surveys. This is, however, less likely as the methods used at JBMP were specifically designed to capture benthic sessile assemblages beneath the canopy [58]. Although long-term data is not yet available for NCMP, it is noteworthy that no corals were detected in the surveys in 2007, despite significant observations being recorded in 2016, 2017, and 2018.




4.3. Coral Genera Assemblages


Current coral assemblages differed among marine parks with the most northern (JBMP) and offshore (RIMR) parks differing from inshore parks located further to the south. These region-specific differences in genera assemblages are supported by existing records of hard-coral distributions in the south-west of WA and observations of increasing abundances of hard corals due to the path of the warm Leeuwin Current as it moves polewards [42,47,88]. Warm affinity species, such as Acropora millepora, have been previously documented at JBMP [5] and more recent visits to the study sites demonstrated that Montipora, Pocillopora, and Acropora are prevalent at one site (Figure 7). Rottnest Island is also known to harbour well-developed coral communities [42,52] and our results support these findings as all 13 genera identified across the five parks were found at RIMR. Indeed, extensive shallow (<5 m) coral communities, consisting of warm-affiliated species, Pocillopora damicornis and Acropora yongei, are well documented at Salmon Bay and Parker Point on the southern side of Rottnest Island [22,52,89,90,91]. These coral communities are in the initial stages of colonization that may lead to extensive reef framework development analogous to the nearby fossil acroporid reefs at Fairbridge Bluff that formed during the Last Interglacial [20,52,92]. Tropical Acropora coral at Rottnest Island are thought to be living at, or very close to, the latitudinal limits of their distributions and are only found to occur at RIMR and JBMP where seawater temperatures are known to be higher compared to MMP, SIMP, and NCMP (Figure 2; Table 1) [22,42,52].



The NCMP sites where corals were routinely detected were clearly distinct from the more similar JBMP and RIMR communities, perhaps because the NCMP sites where hard corals were most commonly detected were also much deeper (20 to 40 m) and thus subject to different environmental conditions. The surveys from the subset of deep reef sites at NCMP suggest that coral cover at these sites is generally low and patchy, which is not unexpected for deep temperate reef communities. Most notably, the lower and more seasonally variable light levels on deep, high-latitude reefs may limit those coral communities to just a few coral genera that are able to tolerate and/or adapt to these conditions. Relatively extensive monospecific thickets of Turbinaria are common around the south coast of WA, including Dunsborough, Albany, Bremer Bay, and Esperance [38,42,53]. Turbinaria appears to be well adapted to temperate conditions, including lower light and temperatures, and likely survives in sub-optimal environments by maximizing light capture with its morphology and relying more heavily on heterotrophic feeding [38,93]. This may explain the occurrence of Turbinaria in temperate, high-latitude reefs in WA where temperature and light levels are lower compared to the tropics [38].



Overall, only a few genera (Table S4) are regularly recorded throughout the south-west of WA. These taxa have broad environmental tolerances or have adapted and/or acclimatized to cooler conditions on sub-tropical and temperate reefs. For example, Plesiastrea, Turbinaria, Paragoniastraea, and Dipsastraea have species with large geographical ranges, inferring broad tolerance levels, while some species from the genera Australophyllia (formerly Symphyllia) and Coscinaraea are endemic to temperate southern Australia [94]. Corals are known to be highly adapted to their localized thermal regimes and show different levels of thermal tolerance and bleaching resistance. The increasing occurrence of marine heatwaves may have immediate and long-lasting effects on the composition of high-latitude coral assemblages. Abnormally high sea temperatures in 2011 have already caused coral bleaching at Jurien Bay, Perth, and Rottnest Island reefs [35,95]. In a changing climate, it may be that locally adapted taxa that are susceptible to increasing temperature and heat waves are the most vulnerable, while those with broad environmental tolerances may benefit by expansion of environmental conditions that favor their growth and survival.



In both JBMP and RIMR there were marked interannual changes in coral assemblages, but these were not sustained or sequential changes across the time-series. This is further support for a relatively short-term persistence of environmental conditions that favor certain coral taxa. Changes to environmental conditions are thus accompanied by further shifts in coral assemblages. As a result, genera turnover and beta diversity may be high, such that some years have unique coral assemblages without a consistent temporal trend in genera-assemblage change. However, the different methods used at each location may influence the detection of trends through time and differences in community composition among parks. For instance, there may be limitations in the capacity to capture subtle changes in the community composition of corals that have low cover and are spatially patchy using benthic survey techniques that are developed for characterizing dominant taxa present in sub-tropical/temperate environments. Previous studies generally find that different benthic survey methods typically produce similar estimates of coral cover, though they may differ with respect to specific genera, especially if the genera are rare, cryptic, or cover is low [96,97]. This was apparent during recent visits to the study sites in JBMP, which demonstrated that Acropora is present at sites where it has not previously been detected and/or identified to genus-level in quadrats (Figure 7). This provides further support for the need to conduct a more targeted sampling program to adequately quantify and identify hard corals in marginal habitats where communities are patchy and disparate. Such approaches will provide data that is better suited to characterizing changes in the composition of coral communities, which are predicted to expand in the high-latitude MPAs with ongoing ocean warming and future marine heatwaves [5,17].





5. Summary and Conclusions


High-latitude coral communities are an emerging ecological asset in Australian marine parks [53] and globally [98,99]. Consequently, there is a growing need to quantify the condition of high-latitude coral assemblages. Here we demonstrate that monitoring techniques frequently used to assess the condition of benthic assemblages in sub-tropical and temperate high-latitude marine parks are successful in detecting and estimating coral cover. However, the sparse and patchy nature of coral communities in these parks indicates that increased targeted sampling at specific locations is required to improve understanding of coral assemblage composition and how this may change over time. Moreover, an appreciation of processes that underlie any temporal change in corals requires information on recruitment, growth, and size of colonies, ideally at the species level. Many of the sites in this study generally occur within a narrow depth range except for the deep reefs at NCMP. However, site depth is clearly an important factor that can influence coral cover and species distributions due to the depth-dependent attenuation of light and the availability of suitable substrate for coral recruitment, especially at high-latitude. Coral growth and size distribution information, combined with detailed and site-specific environmental data (e.g., depth, light, and temperature), could facilitate improved understanding of mechanisms by which high-latitude coral communities expand and change over time in relation to trends in climatic conditions and environmental perturbations.



This study provides a quantitative assessment of the current distribution of high-latitude coral assemblages in WA and long-term changes spanning ~20 years in some locations. The data demonstrate that coral cover within the five surveyed marine parks is typically low and patchy, with greatest coverage occurring at a few individual sites within two of the parks. Coral assemblages vary interannually, yet sustained temporal shifts were not identified at the park level. There is some evidence of increased coral cover within the most northern marine park in this study, although this is attributable to expansion at a single site. The expansion of corals at many other sites may be a much slower process, that is influenced by connectivity, reproductive isolation (e.g., clonal reproduction), and environmental conditions at the site level. Prevailing polar flowing currents undoubtedly provide warm water and some coral larvae, facilitating high coral cover and growth in some areas. However, intermittent strengthening of these same currents is also associated with marine heatwaves, which have caused coral bleaching and mortality on high-latitude reefs [33,35,54]. Information presented here represents an important benchmark for future assessments of climate change impacts and the tropicalization on sub-tropical and temperate reef communities of south-west Australia.
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Figure 1. Coral survey sites (orange dots) at sub-tropical and temperate marine parks in Australia’s south-west region. (1) Jurien Bay Marine Park (JBMP), (2) Marmion Marine Park (MMP), (3) Rottnest Island Marine Reserve (RIMR), (4) Shoalwater Islands Marine Park (SIMP), and (5) Ngari Capes Marine Park (NCMP). 
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Figure 2. (a) Map of the survey locations and (b) seasonal timeseries of monthly average sea-surface temperature (SST) profiles for Jurien Bay Marine Park (JBMP), Marmion Marine Park (MMP), Rottnest Island Marine Reserve (RIMR), Shoalwater Islands Marine Park (SIMP), and Ngari Capes Marine Park (NCMP), which span a latitudinal gradient in sea-surface temperature (SST) along the West Australian coast. The spatial interpolation is the annual average SST for 2019 and the seasonal SST timeseries are the monthly means for 1986–2019. Data source: NOAA Coral ReefWatch 5 km SST (NOAA, 2021). 
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Figure 3. Long-term increase in summer sea-surface temperature (SST) for Ngari Capes Marine Park (NCMP), Shoalwater Islands Marine Park (SIMP), Marmion Marine Park (MMP), Rottnest Island Marine Reserve (RIMR), Jurien Bay Marine Park (JBMP), and all five south-west WA marine parks based on mean summer (March) SST from 1986–2019 (black trend line, dashed red indicates 95% confidence interval; see Table 1 for trend line values). Data source: NOAA Coral ReefWatch 5 km SST (NOAA, 2021). 
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Figure 4. Mean % coverage of hard-coral genera for five marine parks/reserves in south-western Australia. Sites sampled were JBMP n = 44, RIMR n = 25, MIMP n = 8, SIMP n = 8, NCMP n = 20 (‘A’ diver quadrat data at depth < 15 m and ‘B’ tow-camera data at depth > 10 m). Error bars represent 95% CI about the mean total coverage. Data were derived using three survey techniques; SCUBA photo quadrat, in situ SCUBA quadrat and tow-camera quadrat, collected from transect replicates. For each marine park, the top three most abundant hard-coral genera are displayed, and the least common hard-coral genera are grouped as ‘other’. Asterisks (*) denote occasions where surveys were conducted but no coral was detected. 
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Figure 5. Effect sizes for the per cent coral cover through time in Jurien Bay Marine Park (a) and Rottnest Island Marine Reserve (b). Red dots represent negative effects sizes and blue dots positive effects sizes. Closed dots represent results where the 95% confidence interval of the effect size does not overlap zero. For these sites, temporal trends in mean per cent coral cover are presented (c). 
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Figure 6. Non-metric multi-dimensional scaling ordination plot based on Bray–Curtis similarity matrices derived from absolute abundance (% cover) of hard-coral genera (2015–2019) from transect-replicates at sites in four marine protected areas; Jurien Bay Marine Park (JMBP), Rottnest Island Marine Reserve (RIMR), Marmion Marine Park (MMP), and Ngari Capes Marine Park (NCMP). Shoalwater Islands Marine Park was not included because coral cover was low (<1%) and not identified to genera. Correlations to key genera are displayed as overlayed vectors (r = 0.4). 
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Figure 7. Colonies of (a) Acropora, (b,c) Montipora, and (d) Pocillopora at Fishermans Island 2, Jurien Bay Marine Park, Western Australia (photos: C. Ross, taken in May 2021). 
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Table 1. The coordinates (latitude and longitude), mean annual sea surface temperature (SST) between 1986 and 2019, the long-term increase in SST based on monthly mean summer (March) temperature, and the maximum degree heating weeks (DHW).
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	Marine Park
	Latitude (° S)
	Longitude (° E)
	Mean Annual SST (°C)
	SST Increase

(°C yr−1)
	Max. DHW





	JBMP
	30.125
	114.925
	21.0
	0.0193

(r2 = 0.10, p = 0.15)
	28.0



	RIMR
	32.025
	115.475
	20.5
	0.0206

(r2 = 0.10, p = 0.07)
	24.9



	MMP
	31.825
	115.675
	20.3
	0.0224

(r2 = 0.12, p = 0.05)
	23.3



	SIMP
	32.325
	115.675
	20.1
	0.0244

(r2 = 0.17, p = 0.02)
	22.3



	NCMP
	33.825
	114.925
	19.5
	0.0164

(r2 = 0.05, p = 0.22)
	22.9



	South-west WA MPAs
	-
	-
	20.3
	0.020

(r2 = 0.09, p = 0.08)
	28.0
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Table 2. Model selection table for generalized additive mixed effects models predicting coral occurrence and coral per cent cover year in Jurien Bay Marine Park (JBMP) and Rottnest Island Marine Reserve (RIMR). The difference between the lowest reported Akaike Information Criterion corrected for small sample size (AICc), AICc weights (wAICc), variance explained (R2), and estimated degrees of freedom (EDF) are reported for model comparison. The most parsimonious model is shown in bold and was defined as the model that contains the fewest variables and the lowest EDF within two units of the lowest AICc.
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	JBMP
	EDF
	ΔAICc
	wAIC
	Deviance Explained



	Coral per cent cover ~ year + site
	14.7
	0
	0.99
	49.7%



	Coral per cent cover ~ 1 + site
	13.7
	13.9
	0.01
	45.8%



	RIMP
	EDF
	ΔAICc
	wAIC
	Deviance Explained



	Coral per cent cover ~ year + site
	9.3
	0
	0.41
	19.7%



	Coral per cent cover ~ 1 + site
	8.2
	0.7
	0.59
	18.8%
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Table 3. Statistical results for PERMANOVA and ANOSIM routines based on Bray–Curtis similarity matrices derived from per-cent-cover genera-assemblage data collected in two marine parks, at sites where hard corals were observed in at least three different years. Data were derived from quadrats collected along transects, which were used as replicates. Hard-coral observations not identified to genera were excluded. * denotes random effects.
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JBMP

	
RIMR




	
df

	
MS

	
Pseudo-f

	
p-Value

	
df

	
MS

	
Pseudo-f

	
p-Value




	
PERMANOVA

	
Year

	
9

	
8792.0

	
2.8

	
<0.01

	
8

	
3609.5

	
1.0

	
0.5




	

	
Site *

	
8

	
4994.2

	
2.2

	
<0.01

	
6

	
4885.8

	
1.9

	
0.01




	

	
Year × Site *

	
27

	
3184.5

	
1.4

	
0.02

	
19

	
3654.9

	
1.4

	
0.05




	

	
Residual

	
50

	
2302

	

	

	
16

	
2608

	

	




	

	
Total

	
94

	

	

	

	
49

	

	

	




	
ANOSIM

	

	
R-Stat

	
p-Value

	
R-Stat

	
p-Value




	

	
Year (unordered)

	
0.36

	
0.0001

	
0.25

	
0.035




	

	
Year (ordered)

	
0.08

	
>0.05

	
0.093

	
>0.05




	

	
Site

	
0.22

	
0.002

	
0.41

	
0.001
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