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Abstract
Extreme climatic events can reshape the functional structure of ecological commu-
nities, potentially altering ecological interactions and ecosystem functioning. While 
these shifts have been widely documented, evidence of their persistence and poten-
tial flow- on effects on ecosystem structure following relaxation of extreme events 
remains limited. Here, we investigate changes in the functional trait structure –  en-
compassing dimensions of resource use, thermal affinity, and body size –  of herbivo-
rous fishes in a temperate reef system that experienced an extreme marine heatwave 
(MHW) and subsequent return to cool conditions. We quantify how changes in the 
trait structure modified the nature and intensity of herbivory- related functions (mac-
roalgae, turf, and sediment removal), and explored the potential flow- on effects on 
the recovery dynamics of macroalgal foundation species. The trait structure of the 
herbivorous fish assemblage shifted as a result of the MHW, from dominance of cool- 
water browsing species to increased evenness in the distribution of abundance among 
temperate and tropical guilds supporting novel herbivory roles (i.e. scraping, crop-
ping, and sediment sucking). Despite the abundance of tropical herbivorous fishes and 
intensity of herbivory- related functions declined following a period of cooling after 
the MHW, the underlying trait structure displayed limited recovery. Concomitantly, 
algal assemblages displayed a lack of recovery of the formerly dominant foundational 
species, the kelp Ecklonia radiata, transitioning to an alternative state dominated by 
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1  |  INTRODUC TION

Globally, terrestrial and marine taxa are shifting their geographical 
ranges in response to climate warming (Lenoir & Svenning, 2015). 
Rapid shifts in temperature isotherms (Burrows et al., 2011) and 
increased frequency and intensity of discrete warming events (i.e. 
marine heatwaves, MHWs; Oliver et al., 2018) are expected to cause 
profound biological reorganizations (Pecl et al., 2017; Smale et al., 
2019). This phenomenon challenges current management frame-
works aimed at sustaining the livelihoods of millions of people that 
rely on natural resources by maximizing contemporary biodiversity 
and ecosystem functioning (Bonebrake et al., 2018). Despite many 
species being expected to track their thermal niche (Parmesan & 
Yohe, 2003; Poloczanska, 2013), lags in species responses can arise 
due to the complex interplay between evolutionary, demographic, 
and ecological processes that underpin range shift dynamics (Bates 
et al., 2014; Stuart- Smith et al., 2021). This can ultimately result in 
the formation of novel assemblages with altered biotic interactions 
that can cascade through entire food webs (Albouy et al., 2014; Blois 
et al., 2013).

While ecologists have largely focused on documenting and pre-
dicting climate- driven changes in biodiversity (Blowes et al., 2019; 
Molinos et al., 2016), understanding and forecasting changes in 
species interactions and their implications for ecosystem functions 
is far more challenging (Gilman et al., 2010). This is particularly the 
case for marine ecosystems, where there is scarce information on 
the myriad of trophic links (Parravicini et al., 2020). Decades of 
small- scale experimental manipulations (e.g. Duffy & Emmett Duffy, 
2009), coupled with recent observational evidence across complex 
natural ecosystems (e.g. Brandl et al., 2019; Lefcheck et al., 2019), 
have demonstrated the importance of biodiversity for enhancing 
ecosystem functioning. However, biodiversity is a complex multidi-
mensional term (Bosch et al., 2017; Mcgill et al., 2015), and commonly 
used metrics, such as species richness, may mask key structural 
changes that ultimately shape the nature, extent, and intensity of 
ecosystem functions (Hillebrand et al., 2018). This is exemplified 
in marine systems, where changes in the identity and abundance 
of consumers along spatial environmental gradients can determine 
rates of primary and secondary consumption (Ruttenberg et al., 
2019; Whalen et al., 2020). Because species richness can remain sta-
ble despite marked changes in species composition (Dornelas et al., 
2014), it is key to understand the identities and characteristics of 

those species being replaced or added to local assemblages (Blowes 
et al., 2019; Lefcheck et al., 2021; Magurran et al., 2015).

A key limitation of taxonomic (i.e. species based) approaches is 
that they fail to provide generalizable rules that can be applied across 
different geographies with markedly different species compositions. 
In this context, ecologists have long recognized that species shar-
ing certain morphological, behavioural, or physiological features (i.e. 
traits) are ecologically and functionally more similar (Cadotte et al., 
2013), and it is these similarities in species traits that shape spe-
cies niches (Mcgill et al., 2006; McLean et al., 2021), interactions 
(Fortunel et al., 2016), and contributions to ecosystem functioning 
(Gagic et al., 2015). Because traits are intrinsically linked to the per-
formance of organisms (Violle et al., 2007), chronic or acute distur-
bances are expected to modify the identity, range, and variability 
of organismal traits (Mouillot et al., 2013). Unsurprisingly, changes 
in functional trait identity and structure have been widely reported 
in marine ecosystems as a response to gradual ocean warming and 
MHWs, for taxa ranging from fishes (e.g. McLean et al., 2018), corals 
(e.g. Gómez- Gras et al., 2021), and multitrophic communities (e.g. 
Törnroos et al., 2019). This functional restructuring has the poten-
tial to impair key ecosystem processes, such as nutrient cycling, 
biomass production, and consumer– resource interactions (Brandl 
et al., 2019; Mouillot et al., 2011). However, few studies provide 
empirical evidence between changes in the identity and structure 
of functional traits and quantitative measures of realized ecosystem 
functions (e.g. predation, bioerosion, herbivory) that ultimately un-
derpin ecosystem productivity and services such as food provision-
ing (Bellwood et al., 2018; Tebbett et al., 2021).

Fish herbivory is a key ecological process in the tropics, medi-
ating the health of coral reefs through trophic control on macroal-
gae (Hughes et al., 2010). In contrast, fish herbivores typically play 
a more limited role in controlling macroalgal cover on reefs in most 
temperate regions (Steneck et al., 2017). Across many tropical– 
temperate transition zones globally, tropical herbivorous fishes 
are rapidly expanding their ranges in response to global warming –   
a phenomenon more broadly known as ‘tropicalization’ (Vergés, 
Steinberg, et al., 2014). Phenotypic, trait- mediated (e.g. morpho-
logical and behavioural), differences between native temperate and 
range- expanding tropical herbivorous fishes can fundamentally shift 
the nature of herbivore– algae interactions (i.e. ‘how’ they do it; e.g. 
scraping, cropping, sediment sucking), altering the rates of macroal-
gal consumption (Zarco- Perello et al., 2020; Zarco- Perello et al., 

turf and Sargassum spp. Our study demonstrates a legacy effect of an extreme MHW 
and exemplified the value of monitoring phenotypic (trait mediated) changes in the 
nature of core ecosystem processes to predict and adapt to the future configurations 
of changing reef ecosystems.

K E Y W O R D S
ecosystem resilience, herbivory, marine heatwaves, ocean warming, trait- based ecology, 
tropicalization
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2017) and undermining the resilience of ecologically and econom-
ically valuable seaweed forests (Bennett et al., 2015; Vergés et al., 
2016). Understanding the temporal dynamics of this part of the 
‘tropicalization’ process is a key challenge for managing transitioning 
temperate reefs in the Anthropocene (Vergés et al., 2019). However, 
we still have a limited knowledge on the relative persistence of these 
climate- driven functional reorganizations once environmental con-
ditions return to historical states, and their potential flow on effects 
on the recovery dynamics of macroalgal foundation species.

Here, we address this knowledge gap using a 10- year dataset of 
herbivorous fishes, benthic habitat structure, and quantitative mea-
sures of herbivory- related functions (i.e. macroalgae, turf, and sed-
iment removal) in a warm- temperate region affected by an extreme 
MHW and the subsequent return to cooler conditions. We used a 
trait- based approach to explore how the identity and structure of 
herbivorous fish functional traits –  encompassing dimensions of 
resource use, thermal affinity, and body size –  have changed over 
time. First, we hypothesized that the rapid arrival and demographic 
explosion of tropical fishes following the onset of the 2011 MHW 
would alter the trait structure, shifting dominance from cool- water 
browsing species towards warm- affinity species with diverse traits 
that play novel herbivory functions (i.e. scraping, cropping, sediment 
sucking). Second, although we expected that the abundance of trop-
ical species and the intensity of herbivory- related functions would 
decline following the return to cooling conditions, we aimed to in-
vestigate whether any persistence of tropical species at expanding 
range- edges over decadal scales could still contribute to a ‘legacy ef-
fect’ of the MHW on the functional structure of herbivorous fishes 
and recovery dynamics of benthic foundational species.

2  |  METHODS

2.1  |  Study context

This study was conducted in a temperate– tropical transition zone 
(Port Gregory; 28.2°S, 114.2°E), located in the Midwest bioregion 
of south- western Australia (Figure 1a). Sea surface temperatures in 
the region are strongly influenced by the strength and advection of 
the Leeuwin Current (Feng et al., 2008), a poleward- flowing warm 
current that transports tropical propagules into temperate latitudes 
(Pearce et al., 2011). Variability in ‘El Nĩno’ Southern Oscillation in the 
Pacific ocean modulates the magnitude of warming (‘La Niña’ events) 
and cooling (‘El Niño’ events) phases (Zinke et al., 2014), during 
which periods of anomalously warm (i.e. marine heatwaves, MHWs) 
and anomalously cool (i.e. marine cold spells, MCSs) temperatures 
may be observed, respectively. During the 2010– 2011 austral sum-
mer, an unprecedented extreme MHW caused sea temperatures to 
soar ~4°C above the summer maxima (Figure 1b; Methods S1; Table 
S1a; Wernberg et al., 2013). Subsequent anomalously warm sum-
mers compounded the widespread ecological impacts of the MHW, 
with the dominant habitat- forming kelp (Ecklonia radiata) collapsing 
across >100 km of its northern distributional range (Wernberg et al., 

2016). The influx and enhanced survival of tropical herbivorous 
fishes following the MHW further contributed to the maintenance 
of an alternate state dominated by low- lying, fast- growing, turf algae 
(Bennett et al., 2015). In recent years, sea surface temperatures have 
returned to cooler conditions, characterized by the onset of a cool-
ing phase (2015– 2016 ‘El Niño’ event) and the presence of several 
MCSs (Figure 1c; Table S1b), which have enabled the recovery of 
some cool- water species of commercial interest (Feng et al., 2021).

To capture the dynamics in temperature regimes in the region, we 
stratified our sampling in three time periods, corresponding to a his-
torical baseline of cool- water conditions (i.e. pre- heatwave), a pulse 
heating event and subsequent warm- years (i.e. post- heatwave), and 
a return to cooler conditions coupled with the presence of MCSs 
(i.e. post- cooling). Sampling was conducted on four sites (i.e. reefs), 
consisting of wave exposed, shallow (5– 10 m depth), sandstone reef 
platforms, located ~0.5– 1.3 km from the coast and separated by at 
least ~1 km (Figure 1a).

2.2  |  Fish and benthic surveys

Fish and benthic assemblages were censused using diver operated 
stereo- video surveys (stereo- DOV), conducted between April and 
June in 2006, 2013, 2017, 2018, and 2019. At each site, 8– 12 stereo- 
DOV transects (25 × 5 m; 125 m2) were surveyed by a SCUBA diver 
swimming at a constant pace (~2 min per transect), with the cameras 
angled slightly downward, at ~50 cm above the bottom, to enable 
the seafloor structure and composition to be observed throughout 
the video. Detailed explanations of standard field operating proce-
dures, system configuration, and calibration of cameras are provided 
in Goetze et al. (2019). All surveys were conducted during daylight 
hours (~9 am to 5 pm) and replicated transects were spaced by at 
least 10 m to minimize non- independence of fish counts. Trends 
in benthic habitat structure were analysed for all the survey years, 
while fish data were analysed through the three time periods: pre- 
heatwave (2006), post- heatwave (2013), and post- cooling (2017 and 
2019). For analyses of trait spaces and functional dissimilarities (see 
below), we carried out a resampling procedure to control for the po-
tential effect of varying survey effort on the range and variability 
of trait values in the pool of species for each period. At each site, 
eight transects (i.e. minimum effort at a site in any single year) were 
randomly sampled, with replacement. We repeated this procedure 
99 times, and then computed the average density of each species, 
at each site, for each time period. This also enabled us to minimize 
the bias associated with the low detectability of schooling, roving, 
herbivorous fishes in diver visual censuses at a single time point (Fox 
& Bellwood, 2008).

The video footage obtained from the stereo- DOV was analysed 
in ‘EventMeasure’ (SeaGIS Pty Ltd). All fishes were identified to the 
lowest taxonomic level possible, and their fork length measured 
(nearest mm). We pooled sister species with high morphological sim-
ilarity for the analyses, as the limited visibility and distance to the 
cameras prevented their taxonomic identification. Specifically, we 
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pooled the tropical chub Kyphosus bigibbus with temperate drum-
mers Kyphosus sydneyanus and Kyphosus gladius, and the tropical 
pomacentrids Pomacentrus milleri and Stegastes obreptus. In addition, 
Scarus ghobban and Scarus schlegeli were often not distinguishable, 
and these species were also pooled for the subsequent analyses. We 
examined benthic biogenic habitat by pausing the stereo- DOV foot-
age every 10 s (~2 m; n = 10 replicates per transect) and quantifying 

the percent cover within a 1 m2 area of the image where the benthos 
was visible. Benthic sessile biota was classified in the main morpho- 
functional groups for the study region (Bennett et al., 2015): kelp 
(Ecklonia radiata), other canopy (mainly Sargassum spp.), and turf. 
Turfs were defined as single-  or multi- species aggregations of low- 
lying algae (<2 cm; Connell et al., 2014), that form a conglomerate 
with detrital material, cyanobacteria and seaweed germlings. Other 

F I G U R E  1  (a) Map of the study location (Port Gregory, 28° latitude) in the Midwest bioregion of south- western Australia. Dark dots 
indicate the distribution of study sites (n = 4). (b, c) Trends in daily sea surface temperature (SST, °C; solid black line) during the (b) post- 
heatwave (2011– 2014) and (c) post- cooling period (2016– 2020). The solid continuous black line represents the seasonal climatology (long- 
term mean), and the green lines represent the thresholds to typify marine heatwaves (MHWs) and marine cold spells (MCSs; Methods S1). 
Colour palette illustrates the MHWs and MCSs categories
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benthic groups with extremely low coverage through years (e.g. hard 
corals) were excluded from the analyses.

2.3  |  Shifts in the trait identity of the herbivorous 
fish assemblage

We defined herbivorous fishes as any fish that removes algal ma-
terial independently of the nutritional resource targeted (e.g. algae, 
detritus, and cyanobacteria). Each herbivorous fish was assigned 
to a functional group based on their herbivory- related function 
(i.e. ‘what’ function): macroalgal, turf, and/or sediment removal 
(Bellwood et al., 2018), and phenotypic traits (e.g. morphological and 
behavioural) that determine how they access that resource (i.e. ‘how’ 
function): browsers (i.e. species targeting large erect macroalgae, as 
well as their germlings within the turf), scrapers (i.e. species that 
remove portions of the turf while targeting cyanobacteria), excava-
tors (i.e. species that remove turf and underlying reef matrix while 
targeting cyanobacteria), algal farmers (i.e. species that farm diverse 
and productive stands of filamentous algae within small, defended, 
territories), and detritus suckers (i.e. species that suction detritus 
from turfs) (Table S2; Siqueira et al., 2019). Species known to display 
functional plasticity in the study system (e.g. rabbitfish and parrot-
fishes; Bennett et al., 2015) were allowed to contribute to more than 
one herbivory- related function.

Functional groups of herbivores were subsequently mapped in 
a two- dimensional trait space, along axes of thermal affinity (°C) 
and body size (cm). Thermal affinity and body size were selected as 
they are linked to changing ecosystem functions in a climate change 
context. For instance, the response of fish species to temperature 
changes can be described with a reasonable predictive capacity by 
their thermal affinity (Burrows et al., 2019; Day et al., 2018), while 
body size can relate to range size and in some cases to range shift 
potential (Luiz et al., 2013). On the other hand, changes in body size 
structure can alter rates of ecological processes such as herbivory 
(Shantz et al., 2019). Thus, although we considered body size along-
side thermal affinity as a ‘response trait’ to describe the changing 
functional structure of herbivorous fishes in relation to environmen-
tal change, it could also be considered an ‘effect trait’. We primarily 
considered the ecological effects of changes in functional structure 
through the experimental component of the study, however, rather 
than solely on the basis of shifts in trait structure. Thermal affinity 
was defined as the midpoint between the 5th and 95th percentiles 
of each species’ realized thermal niche, obtained from a larger data-
set (Stuart- Smith et al., 2015). Body size was defined as the species 
modal length (i.e. most frequent, cm) at each time period, obtained 
from stereo- DOVs, to account for interannual differences in popula-
tion size structure in the analyses. We assigned average trait values 
to morphologically similar conspecifics that were not identified to 
species level in the stereo- DOVs (Kyphosus spp., Pomacentrus spp., 
and Scarus spp.).

We investigated changes in the distribution of species and density 
of fish individuals (log x + 1 transformed) in the two- dimensional trait 

space through time periods, by computing the abundance- weighted 
community- level mean trait values (CWM thermal affinity and CWM 
body size) in the ‘FD’ R package (Laliberté et al., 2014). To evaluate how 
the overall mass of the herbivorous fish assemblage shifted through 
time periods, we additionally calculated the 50%, 75%, and 95% 
highest density intervals of each trait distribution in the ‘HDInterval’ 
R package (Meredith & Kruschke, 2016), and plotted this in the two- 
dimensional trait space via a kernel density estimator in the ‘MASS’ 
R package (Venables & Ripley, 2002). The highest density interval re-
fers to the range of the trait distribution with the highest probability 
mass, and therefore represents the range of trait values that are most 
frequent within the community. Unlike symmetrical density intervals 
(e.g. quantiles), HDI gives intervals at which all the points have a higher 
probability density than those outside (Meredith & Kruschke, 2016), 
being more suitable for skewed or multimodal distributions, as those 
found here for the traits considered.

2.4  |  Shifts in the taxonomic and functional 
structure of the herbivorous fish assemblage

Temporal changes in taxonomic and functional structure of the her-
bivorous fish assemblage were investigated using an attribute di-
versity framework, based on generalizations of Hill numbers (Chao 
et al., 2014). Beta diversity was calculated as normalized Sørensen 
pairwise dissimilarities, which range from 1 when two assemblages 
do not share any taxonomic (i.e. species) and/or functional enti-
ties to 0, when all taxonomic and/or functional entities are shared. 
Functional entities (i.e. functional groups) were defined as all the 
species within a specified threshold value of functional distinctive-
ness (Chao et al., 2019); here, the averaged (0.63) trait dissimilari-
ties between species in a Gower distance matrix based on species 
herbivore guild (i.e. ‘how’ function), thermal affinity (° C), and body 
size (cm) (Table S3). Within this framework, Sørensen dissimilarities 
are expressed as a function of a parameter ‘q’, which controls the 
sensitivity of the metric to species’ and/or functional entities’ rela-
tive abundances (Chao et al., 2019). When ‘q’ = 0, dissimilarities are 
insensitive to changes in abundance structure (i.e. analogous to an 
occurrence- based approach), while increasing ‘q’ (i.e. ‘q’ > 0) places 
more weight on the distribution of abundances among rare, com-
mon, and dominant entities. This enabled us to test whether changes 
in taxonomic and functional structure were mostly driven by the 
addition or loss of species’ and/or functional entities’ or changes 
in abundance structure. Prior to analyses, we converted raw abun-
dances to relative abundance to give equal weight to assemblages 
through time periods. Analyses were carried out in R using functions 
in the ‘mFD’ R package (Magneville et al., 2021).

2.5  |  Quantifying herbivory

We quantified two herbivory processes that are key to maintaining 
turf- dominated states in this system: kelp (Ecklonia radiata) browsing 
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rates and turf grazing rates. Herbivory was measured in November 
2013 and November 2019, corresponding to the post- heatwave 
and post- cooling periods, respectively, with herbivory data from 
2013 sourced from Bennett et al. (2015). Averaged daily sea sur-
face temperature, obtained from the NOAA OISST data (Reynolds 
et al., 2007), was comparable between the two time periods 
(range = 21.5°C– 22.1°C; 21.78°C ± 0.18°C, mean ± SD). Two reefs 
were sampled per year, corresponding to a subset of the reefs for 
which fish and benthic surveys were conducted, with experimental 
and video assays deployed within the typical feeding time frame of 
diurnal herbivorous fishes (~8 am to 4 pm; Fox et al., 2009).

To estimate consumption on the kelp Ecklonia radiata, we translo-
cated adults and recruits from populations where kelp cover did not 
collapse after the 2011 marine heatwave (Wernberg et al., 2016), fol-
lowing experimental protocols described in Bennett et al. (2015). All 
individuals were collected whole, with the holdfast intact, and were 
individually weighed, measured (thallus length, cm), and tagged. To 
minimize manipulation- related stress, individuals were stored in cool 
damp calico bags and kept in dark conditions at all times. Each in-
dividual was attached to a weight and haphazardly placed on the 
studied reefs within 24 h of collection, with each replicate separated 
by at least 5 m from each other. For each time period, we measured 
the individual biomass remaining (g) in each adult and kelp individ-
ual translocated, at each site at 24 h intervals, for a maximum of 
48 h, which corresponded to the time total kelp consumption was 
observed in 2013. Individuals that presented bleaching marks, indic-
ative of stress, after the initial 24 h period were excluded from the 
analyses. Loss of kelp biomass due to factors other than herbivory 
has been found to be negligible in this system within the timeframes 
kelp individuals were deployed (Bennett et al., 2015). We note tissue 
damage due to algal manipulation might affect the grazing intensity 
observed, but we make the assumption that such an effect would be 
consistent between periods, and thus this systematic bias should not 
cofound the comparison between periods.

To quantify the contribution of each herbivorous fish to kelp and 
turf consumption, we haphazardly deployed video cameras (GoPro 
Hero 3+) on each reef. For kelp consumption, we filmed three repli-
cate kelp adults at each site, within each 24 h period. For turf graz-
ing rates, we filmed three replicate 2 m2 patches of turf- dominated 
reef at each site, for four to five consecutive days. In both cases, the 
duration of the video assays varied between 1 h and 3.5 h, depend-
ing on factors that constraint the battery life of the video cameras 
(2.15 h ± 0.71 h, mean ± SD, for kelp browsing rates; 1.97 h ± 0.59 h, 
mean ± SD, for turf grazing rates). Feeding rates on kelp transplants 
and turf were analysed in ‘EventMeasure’ (SeaGIS Pty Ltd), by count-
ing all the bites for each fish species and dividing by the duration 
of the video replicate. Counts of bites were performed 2 min after 
all human activity ceased in the field of view, with bites considered 
as any time a fish struck the benthos with its jaw opened (Hoey & 
Bellwood, 2009). To account for the positive influence of body size 
in the amount of material removed per bite (Longo et al., 2014), we 
first converted the species- specific modal length at each time period 
to biomass, using published length– weight relationships (Froese & 

Pauly, 2012). Then, mass standardized bite rates were computed by 
multiplying standardized bite rates by the population modal biomass 
(expressed as kg bites/m2 h for turf; and kg bites/h for kelp). Unlike 
stereo- DOV, the close proximity of feeding observations to the cam-
eras enabled us to decouple the relative contribution of morpholog-
ically similar species with distinct thermal affinities (e.g. Kyphosus 
spp.) to patterns of herbivory.

2.6  |  Statistical analyses

We used linear models to test whether the magnitude of taxonomic 
and functional dissimilarities varied through pairs of time periods: 
pre- heatwave to post- heatwave, pre- heatwave to post- cooling, and 
post- heatwave to post- cooling. Linear models were developed inde-
pendently for each ‘q’ parameter (i.e. ‘q’ = 0, 1, and 2). To minimize 
the probability of Type I error due to non- independence of sample 
sites within periods, we reduced the significance level (α) to 0.01.

We tested for changes in the intensity of macroalgae, turf, 
and sediment removal by analysing (a) changes in the abundance 
of herbivorous fishes, (b) changes in kelp browsing rates, and (c) 
changes in turf grazing rates. For each response metric, we first 
aggregated (summed) the abundances and bite rates of fish spe-
cies potentially contributing to each herbivory- related function 
(Table S2). Additionally, we partitioned the contribution of herbiv-
orous fishes by their thermal guild, defined as temperate (<23°C) 
and tropical (>23°C) based on a naturally occurring separation in 
thermal affinity observed across continents (Stuart- Smith et al., 
2015, 2017). We used generalized linear mixed models (GLMMs) to 
test whether observed differences in herbivory- related functions 
through time periods varied between temperate and tropical guilds 
(two- way interaction, ‘time period × thermal guild’). Likewise, we 
tested whether rates of consumption in adult and juvenile kelp 
transplants differed between post- heatwave and post- cooling pe-
riods (two- way interaction, ‘hour × time period’). All models were 
implemented in the ‘glmmTMB’ R package (Brooks et al., 2017) for 
each herbivory- related function and kelp life- history stage sepa-
rately, with p- values obtained via a likelihood ratio test. Abundance 
models were developed with a ‘negative binomial’ distribution, 
while bite rates and kelp consumption were fitted using a ‘Tweedie’ 
error family. Site was used as a random effect to account for spatial 
variation in unmeasured factors that might affect herbivory. The 
day of sampling was also included as an independent random effect 
in models of bite rates and kelp consumption to account for re-
peated measures (within subject effect). All models were inspected 
for violations of statistical assumptions in the ‘DHARMa’ R package 
(Hartig, 2017). We additionally estimated the relative contribution 
(%) of each herbivore functional group (i.e. ‘how’ function) within 
each thermal guild to patterns of (a) herbivorous fish abundance, 
(b) kelp browsing rates, and (c) turf grazing rates through time 
periods to visualize changes in the identity of the main herbivore 
functional groups contributing to changing herbivory- related func-
tions. The data and R code used for analyses can be found at the 
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author GitHub repository (https://github.com/Nesto rBosc h/Herbi 
vory_Trait_Struc ture; Bosch, 2021).

3  |  RESULTS

3.1  |  Shifts in trait identity

We found marked shifts in the trait identity of the herbivorous 
fish assemblage following the 2011 MHW (Figure 2b,c). Before 
the 2011 MHW, the overall mass of the assemblage was concen-
trated on cooler affinity browsing species (Kyphosus spp.; 50% 
HDI = 20.5°C– 22.2°C, Table S4a). After the MHW, the increased 
abundance of pre- established warm- affinity species (the browsing 
rabbitfish, Siganus fuscescens; the scraping parrotfishes, Scarus spp.; 
and the algal farmers Stegastes obreptus and Pomacentrus milleri), 
coupled with the influx of novel warm- affinity functional groups (the 
sediment sucker Acanthurus grammoptilus; Figure S1a,b), resulted 
in a shift of the assemblage centroid from 22.1°C to 23.4°C (Table 
S4a). However, the abundance of the majority of cooler- affinity spe-
cies, with the exception of the browser Olisthops cyanomelas, which 
became locally extinct, remained remarkably stable (Figure S1a,b). 
This resulted in the formation of two modes along the thermal affin-
ity axis (Figure 2b), whereby the mass of the assemblage was more 
evenly distributed among a diverse suite of temperate and tropical 

species (50% HDI = 20.5°C– 22.2°C and 24.7°C– 26.1°C, Table S4a). 
After periods of recent cooling, we found that the abundance of 
most warm- affinity species had declined (Figure S1c), but the ther-
mal structure remained relatively stable; the community centroid 
and the second mode characterizing tropical species only retracted 
slightly (Figure 2d; CWM = 23.1°C; 50% HDI = 20.3°C– 22.1°C and 
25°C– 25.9°C; Table S4a).

Trends along the body size axis were less marked, although the 
assemblage became progressively dominated by smaller- bodied 
herbivores (Figure 2; CWM pre- heatwave = 27.9 cm, CWM post- 
heatwave = 26.2 cm, CWM post- cooling = 22.4 cm). Importantly, 
changes in population size structure were highly species specific, 
with the majority of species remaining relatively invariant, while 
the population modal size of browsers Kyphosus spp. and scrapers 
Scarus spp. increased ~twofold. This contributed to the formation of 
a second mode along the body size axis in the post- heatwave period, 
whereby a high proportion of the mass of the assemblage was con-
centrated both on small- bodied (75% HDI = 1.5– 26.8 cm) and large- 
bodied individuals (75% HDI = 49.7– 60.1 cm; Table S4b).

3.2  |  Shifts in taxonomic and functional structure

Taxonomic and functional dissimilarities of the herbivorous fish 
assemblage were higher following the 2011 MHW and remained 

F I G U R E  2  (a) Two- dimensional trait space showing the position of each of the 20 herbivorous fishes (pooled through years) recorded 
in the stereo diver operated vehicle (stereo- DOV) surveys and herbivory video assays, along axes of thermal affinity (°C) and body size 
(maximum length obtained from Fishbase, cm). (b– d) Changes in the density of fish individuals in the trait space across axes of thermal 
affinity (°C) and body size (modal length from underwater surveys, cm). Orange diamonds depict the community centroid (i.e. abundance- 
weighted mean trait values). Contours depict the 50% (dark), 75% (grey), and 95% (light grey) highest density intervals (HDIs) of the 
distribution. Marginal distributions for thermal affinity (°C) and body size (modal length, cm) are provided in each panel. Species are coloured 
based on their phenotype- based functional group (i.e. ‘how’ function)
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comparatively dissimilar to pre- heatwave assemblages following 
periods of recent cooling (Figure 3). However, the relatively low val-
ues of Sørensen dissimilarities (~0.2) when only considering compo-
sitional changes (i.e. presence– absence, ‘q’ = 0) indicated that core 
herbivore species and functional entities were already present in the 
system prior to the 2011 MHW. Taxonomic and functional dissimi-
larities consistently increased when increasing the sensitivity of the 
metrics to relative abundances (i.e. ‘q’ > 0; Figure 3), indicating that 
changes in the abundance structure (i.e. increased evenness among 
temperate and tropical guilds, Figure 2c,d) were more important 
than compositional changes. Temporal dissimilarities, however, var-
ied across sites, resulting in overall non- significant changes (Table 
S5), potentially stressing the importance of site- specific factors in 
determining the extent of species and functional changes in temper-
ate regions undergoing tropicalization.

3.3  |  Changes in herbivory- related functions

The abundance of species contributing to each herbivory- related 
function markedly differed through time periods (Figure 4), with the 
magnitude and significance of these changes differing between tem-
perate and tropical guilds (‘time period × thermal guild’, p < .001, 
Table S6a). Tropical species responded more strongly to heatwave 
and cooling events, increasing after the MHW by 700%, 3190% and 
1072% for macroalgae, turf, and sediment removers, respectively; 
and, declining by 93%, 20%, and 63% in the cooling period, respec-
tively. For tropical species, functional groups that rely most on fila-
mentous algae, detritus, and cyanobacteria within the turf showed 
the steepest increase in abundance after the 2011 MHW, and the 
smallest declines following cooling periods (i.e. turf and sediment 
removers; Figure 4b,c). In contrast, the abundance of temperate 
macroalgal browsers remained relatively stable through time peri-
ods (Figure 4a, p > .05, Tukey pairwise comparisons). Interestingly, 
the abundance of temperate turf removers also increased after the 
2011 MHW, although their net increase was ~8 times smaller com-
pared to their tropical counterpart, with no significant changes in 
abundance in the cooling period (Figure 2b). The identity (i.e. ‘how’ 
function) of species also shifted markedly (Figure 4d), from total 
abundances being strongly dominated by temperate browsers, to 
abundance becoming progressively more even, and algal farmers 
substantially increasing their relative contribution over time.

In the period between post- heatwave and subsequent cooling, 
herbivore abundance trends (Figure 4a– c) were paralleled by de-
clines in the rates of herbivory- related functions (Figure 4e– g,i). 
Mass standardized bite rates in the turf strongly declined follow-
ing cooling periods, but the magnitude and significance of these 
changes varied between temperate and tropical guilds (Table S6b). 
Rates of macroalgae, turf, and sediment removal by tropical species 
declined by 96%, 99%, and 99%, respectively (Figure 4e– g). In con-
trast, temperate guilds showed no deviation from random expecta-
tion (p > .05, Tukey pairwise comparisons). However, the functional 
identity of species contributing to turf bite rates displayed limited 

changes between post- heatwave and post- cooling periods, being 
dominated by scrapers and browsers of tropical affinity (Figure 4h; 
Figure S2a,b).

Mass standardized bite rates in the kelp transplants also declined 
strongly following cooling periods (‘time period’, p < .001, Table S6c), 
but these declines were of similar magnitudes (~99%) for both tem-
perate and tropical macroalgae removers (Figure 4i). Rates of mac-
roalgal removal by tropical browsers (the chub Kyphosus bigibbus) 
were, on average, higher than that of their temperate counterparts 
(Kyphosus sydneyanus and Kyphosus gladius) at both time periods, but 
the bites in the former were substantially more variable, resulting 
in non- significant differences between thermal guilds irrespective 
of the time period (Table S6c). Yet, the tropical chub strongly dom-
inated the total number of bites observed in the kelp transplants 
(Figure 4j; Figure S2c,d). Likewise, we found higher consumption 
rates on transplanted kelp individuals in the post- heatwave period 
(Figure 5), irrespective of the life- history stage (‘time period × hour’, 
p < .001, Table S7). Individual biomass remaining declined on av-
erage by 87% and 46% during the first 24 h in the post- heatwave 
period for adult and juvenile stages, respectively; while it declined 
by 57% and 41%, respectively, in the post- cooling period. After 48 h, 
almost complete kelp loss was observed in the post- heatwave period 
(99% and 80% declined in adult and juvenile stages, respectively), 
while no complete kelp loss was observed in the post- cooling period 
(80% and 64% declined for adult and juvenile stages, respectively).

3.4  |  Trends in habitat structure

Trends in consumption rates were paralleled by clear changes in 
benthic habitat structure. Following the 2011 MHW, and the docu-
mented regime shift from kelp to turf dominance, the cover of kelp –   
at seascape levels –  showed no signs of recovery (Figure 6). In 
contrast, the cover of Sargassum spp. increased progressively over 
time, attaining similar percent cover to the pre- heatwave period 
(2006 = 35 ± 4.8, mean ± SE % cover; 2019 = 28.1 ± 4.4, mean ± SE 
% cover). Yet, the system has remained dominated by turf algae, 
which on average accounts for >50% of the benthic biogenic habitat 
structure (Figure 6).

4  |  DISCUSSION

Our study demonstrated that extreme MHWs can have legacy ef-
fects on the structure and functioning of ecological communities. 
Our hypothesis of shifts in the functional structure of the herbivo-
rous fishes following the 2011 MHW was supported, with a clear 
shift from the dominance of cool- water browsing species to warm- 
affinity species that perform different herbivory roles (i.e. scraping, 
cropping, sediment sucking). However, this shift in dominance was 
not a result of the replacement of temperate with tropical species 
(Nakamura et al., 2013); most temperate species persisted following 
the MHW, and their abundances remained relatively stable. Thus, 
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the shift in functional structure was largely the result of additional 
herbivory roles (scrapers, croppers, algal farmers, and detritus suck-
ers) and increased evenness in the distribution of abundance across 
temperate and tropical guilds. Subsequent declines in the abun-
dance of tropical species as conditions cooled and following winter 
cold spells did not appear to substantially impact the new functional 
structure, leading to what appears to have remained a novel assem-
blage with altered herbivory- related functions.

The increased evenness in the distribution of abundance in the 
trait space has important implications for community dynamics 
and ecosystem functioning. First, it suggests that cool-  and warm- 
affinity species that are functionally similar can coexist in tropical-
ized temperate reefs, at least over the decadal scale investigated 
here, confirming the findings from other temperate– tropical tran-
sition zones (Smith et al., 2021; Zarco- Perello et al., 2020). This 
phenomenon might be facilitated by the following non- mutually 
exclusive processes: (i) reduced competition under background en-
vironmental variability (Roxburgh et al., 2004), (ii) high functional 
complementarity in feeding modes, behaviour, and habitat utili-
zation among herbivorous fishes (Streit et al., 2019), and (iii) high 
diversity and/ or increased productivity of algal assemblages in 
temperate– tropical transition zones, which enhance specialization 
and reduce competition for resources (Burkepile & Hay, 2011; Smith 
et al., 2021; Wernberg et al., 2011). Second, it suggests that increas-
ing evenness among functional groups of herbivores might further 
enhance the overall herbivory process via complementarity effects 
in biodiversity– ecosystem functioning relationships (Lefcheck et al., 
2019), a property that is key in tropical reefs to prevent shifts from 
coral to macroalgal dominance (Burkepile & Hay, 2008; Rasher et al., 
2013).

Many temperate ecosystems are experiencing a progressive 
increase in the number of tropical species and their abundances 
(Vergés, Steinberg, et al., 2014). Although we found that taxonomic 
and functional dissimilarities were partly driven by the addition 
of species and novel functional groups (e.g. the detritus sucker 
Acanthurus grammoptilus), values of total dissimilarity were low 
when considering only compositional changes, and consistently in-
creased when accounting for changes in abundance structure. This 

indicates that core herbivore species and functional groups were 
already present in the system prior to the 2011 MHW, highlighting 
important nonlinearities in the tropicalization process in nearshore 
ecosystems along the western Australian coastline. It is likely that 
tropicalization of these systems is enhanced by the cumulative ef-
fects of MHWs (Zinke et al., 2014), whereby the rapid arrival of trop-
ical propagules and subsequent demographic explosion during warm 
periods (Smith et al., 2019) might be followed by mechanisms that 
facilitate their short- term persistence during cooling phases of the 
ENSO (Zarco- Perello et al., 2019).

In this context, it must be noted that the lack of temporal replica-
tion within each period (i.e. pre- heatwave, post- heatwave, and post- 
cooling) is an important statistical limitation of the current study. 
Large variability between years within periods could confound the 
observed differences in the fish trait structure and herbivory rates 
reported here. In a supplementary analysis, we showed that this 
interannual variability for the post- cooling period was low (Figure 
S3), a result that could be explained by the relatively low variability 
in oceanographic conditions within periods relative to that found 
between periods (Figure 1b,c). Previous studies have also found 
that fish assemblage structure in the region closely tracked these 
marked changes in oceanography (Day et al., 2018; Feng et al., 2021; 
Wernberg et al., 2013), driven by changes in ENSO phases (warming 
phases during ‘La Niña’ events vs. cooling phases during ‘El Niño’ 
events), that modulates the strength and advection of the Leeuwin 
current (Feng et al., 2008). Hence, we make the assumption that in-
terannual variability within the pre- heatwave and post- heatwave 
period was lower that the differences found between periods, and 
thus the fish trait structure reported here is a reliable characteriza-
tion of the community state in those periods.

Multiple mechanisms can enhance the persistence of tropical 
species during unfavourable, cool, environmental periods. Previous 
studies in the region, for instance, have found that sheltered embay-
ments can enhance the local recruitment success of some of these 
tropical species (Zarco- Perello et al., 2021). Changes in the biotic en-
vironment associated with a regime- shift, from canopy- forming mac-
roalgae to turf dominance, might also facilitate their demographic 
explosion and subsequent short- term persistence. This aligns with 

F I G U R E  3  Heatmaps of (a) taxonomic 
and (b) functional dissimilarities of 
herbivorous fish assemblages through 
the three time periods, under increasing 
sensitivity to species’ and functional 
entities’ relative abundances: ‘q’ = 0 
(species composition only), ‘q’ = 1 (higher 
weight on common species), and ‘q’ = 2 
(higher weight on dominant species). 
Colour ramp indicates the magnitude of 
Sørensen pairwise dissimilarities Post-heatwave
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our finding that fish species that rely most on filamentous algae, 
detritus, and cyanobacteria within the turf, displayed the steepest 
abundance increases following the 2011 MHW, while their abun-
dance decline following cooling periods was comparatively smaller to 
other tropical species. Even temperate algal farmers, for which tem-
peratures during the MHW exceeded those typically experienced by 

these species during seasonal extremes at the warmest edge of their 
range (i.e. summer maximum annual temperatures; Stuart- Smith 
et al., 2017), increased during the 2011 MHW. This may have been 
driven by smaller- scale thermal refuges or short- term physiological 
acclimation (Morley et al., 2019), for example, and supported by an 
increased availability of farming areas (Saunders et al., 2015).

F I G U R E  4  Mean (±SE) (a– c) abundances, (e– g) turf bite rates, and (i) kelp bite rates of species (pooled) contributing to macroalgae, turf, 
and sediment removal through time periods, as a function of their thermal guild (temperate = blue dots; tropical = red dots). Larger dots are 
generalized linear mixed models (GLMMs) average model estimates, and jittered points are transect- level values. For visualization purposes, 
the y- axis is shown in log- scale. (d, h, j) Proportional contribution (%) of each herbivore guild (i.e. ‘how’ function: browser, algal farmer, 
scraper, and detritus sucker) to (d) total abundances, (h) total turf bite rates, (i) total kelp bite rates for each time period. Colours denote 
herbivore guilds, and colour intensity indicates species thermal guild (dark = temperate; light = tropical)
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A key remaining question is the extent to which this altered func-
tional trait structure of herbivorous fishes might contribute to the 
recovery dynamics of macroalgal foundation species. High browsing 
and grazing intensity by herbivorous fishes can suppress macroal-
gal recovery in the study region, maintaining an alternate ecosys-
tem state dominated by turf algae (Bennett et al., 2015). Replicating 
these experiments 10 years after the 2011 MHW, we found that 
while the intensity of herbivory- related functions (macroalgal, 
turf, and sediment removal) occurred alongside the declines in the 
abundances of tropical fishes following a period of cooling, the trait 
composition of species contributing to these functions remained rel-
atively unaltered. Browsing rates in kelp transplants were dominated 
by the tropical drummer Kyphosus bigibbus, a species that can rapidly 
consume kelp individuals during feeding frenzies (some transplants 
consumed in <5 min by schools of this species). Hence, although 
rates of kelp removal declined and kelp transplants were consumed 
less rapidly in the post- cooling period, the persistence of tropical 
drummers might still prohibit kelp canopy recovery at seascape 
scales (Zarco- Perello et al., 2021). Likewise, even though grazing in-
tensity declined in the post- cooling period, this function was almost 
exclusively driven by tropical species, the black rabbitfish Siganus 
fuscescens and the scraping parrotfishes Scarus spp. Rabbitfishes are 
among the most important consumers of Sargassum spp. on coral 
reefs (Bennett & Bellwood, 2011; Fox & Bellwood, 2008), and play 
an increasingly important role in the consumption of seaweed re-
cruits in warming temperate seas (Vergés, Steinberg, et al., 2014; 
Vergés, Tomas, et al., 2014). Through their scraping feeding mode, 

parrotfishes can remove large volumes of the reef matrix that can 
contain macroalgal recruits (Hoey & Bonaldo, 2018). The relative im-
pact of parrotfishes on the benthos might have also been enhanced 
as a result of a twofold increase in their population modal size during 
the heatwave (Shantz et al., 2020), a demographic response that has 
also been documented as a result of coral bleaching and the prolifer-
ation of turf algae on coral reefs (Taylor et al., 2020).

The evidence gathered here suggests that the persistence of an 
altered trait structure of herbivorous fish assemblages can shape the 
recovery dynamics of macroalgal foundation species in tropicalized 
temperate reefs, fundamentally shifting the nature of herbivore– 
algae interactions. However, other bottom- up, feedback, mecha-
nisms could also have contributed to the observed persistence of 
turf and Sargassum spp. in the region formerly dominated by kelp 
forests. Kelp propagule supply may have been reduced following 
their local decline (i.e. meso- scale connectivity, S. Bell unpublished), 
which can be further exacerbated by the limited large- scale con-
nectivity with populations at higher (i.e. more temperate) latitudes 
(Coleman et al., 2011; Wernberg et al., 2018). In contrast, Sargassum 
spp. is characterized by greater dispersal potential (Kendrick & 
Walker, 1994), partly facilitated by rafting strategies (Zubia et al., 
2015), and the potential of propagules to arrive from both tropical 
and temperate latitudes. Furthermore, high sediment concentra-
tions bounded within algal turfs can suppress the recovery of kelp 
forests (Gorman & Connell, 2009), while Sargassum spp. have a su-
perior ability than kelps to recruit into sediment laden turfs (Bennett 
& Wernberg, 2014), and is usually more warm tolerant and resistant 

F I G U R E  5  Mean (±SE) (a) adult and 
(b) juvenile kelp biomass (g) remaining 
through a 48 h period in the post- 
heatwave (orange) and post- cooling 
(purple) periods. Larger dots are 
generalized linear mixed models (GLMMs) 
average estimates, and jittered dots are 
transect- level values
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F I G U R E  6  Temporal trends in the 
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to herbivore pressure (Loffler et al., 2018). These differential mech-
anisms can thus promote the recovery of Sargassum spp. over kelp, 
although further experimental manipulations would be useful to de-
couple the relative importance of top- down (i.e. herbivory by fishes) 
and bottom- up (i.e. connectivity and recruitment) mechanisms in the 
recovery dynamics of tropicalized temperate reefs.

Trait- based approaches provide a promising tool to advance our 
understanding of anthropogenic impacts on ecosystem functioning 
and resilience (Mcgill et al., 2006). We demonstrated how changes in 
the functional trait structure of an herbivorous fish assemblage fun-
damentally shifted the nature of herbivory- related functions follow-
ing an extreme disturbance event, with lasting consequences in the 
recovery dynamics of canopy- forming macroalgal foundation spe-
cies. A critical question remains in identifying the temporal times-
cales over which tropical herbivorous fishes can persist through 
cooler periods before future MHW occur (Oliver et al., 2019). Given 
the broad applicability of species traits across geographically dispa-
rate regions, our results exemplified the value of monitoring changes 
in the functional trait structure of consumers to predict and adapt to 
the future configuration of changing reef ecosystems.
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