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1  | INTRODUC TION

Climate change has impacted all ecosystems on Earth, despite an 
average warming of only ~1°C so far (Pecl et  al.,  2017; Scheffers 
et al., 2016). One of the most widely documented impacts of warming 

is the global redistribution of species (Parmesan, 2006; Poloczanska 
et  al.,  2013). To stay within their preferred thermal ranges, many 
species are moving towards the poles, to greater altitudes on land, 
and into deeper waters in the ocean (Chen, Hill, Ohlemüller, Roy, & 
Thomas,  2011; Pinsky, Worm, Fogarty, Sarmiento, & Levin,  2013). 
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Abstract
Some dramatic consequences of climate change are caused by shifting species inter-
actions and associated changes to trophic structure and energy flow. In coastal eco-
systems, the relative abundance of feeding guilds indicates dominant energy sources 
sustaining food webs. Here, we use a space-for-time substitution to investigate 
potential climate change impacts on trophic structure and energy flow in reef fish 
communities. We investigated latitudinal and seasonal patterns in the biomass distri-
bution of five trophic groups across subtropical to temperate latitudes (29 to 44°S) in 
eastern Australia. Along western boundary currents, temperatures are increasing up 
to three times faster than the global average, making them ideal for studying climate 
change impacts. Using 10 years of Reef Life Survey data, we investigated potential 
determinants of fish biomass and community composition with generalized additive 
mixed models. Biomass decreased towards higher latitudes, from 220 g/m2 in the 
subtropics to 13 g/m2 in the south. Dominant trophic group also changed latitudinally, 
with herbivores and omnivores dominating lower latitudes (~30°S), zooplanktivores 
at mid-latitudes (~35°S) and benthic invertivores at higher latitudes (~40°S). Biomass 
varied seasonally, with lower latitudes experiencing a 3.2-fold increase between 
spring and autumn, while variation at higher latitudes was 1.9-fold. We found strong 
evidence that factors linked to latitude and seasonality are important determinants 
in the distribution of fish trophic structure. As climate-driven species redistributions 
accelerate in the 21st century, expected poleward shifts in trophic structure include 
overall increases in fish biomass linked to enhanced herbivory at mid-latitudes and 
increased planktivory at higher latitudes.
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This redistribution of species is leading to new biological interactions 
between previously separated species, disrupting trophic structures 
and altering food webs (Scheffers et al., 2016).

Species redistributions are happening particularly fast in the 
ocean, with marine species shifting, on average, at least four times 
faster than on land (Poloczanska et al., 2013). These rapid shifts have 
already led to profound disruptions, especially on shallow temperate 
reefs, which are highly productive (some exceed 1,000 g C m−2 year−1 
(Cebrian, 1999; Mann, 1973)) and have major economic and intrin-
sic benefits to their adjacent towns and cities (Bennett et al., 2016; 
Blamey & Bolton, 2018).

In coastal marine environments, the relative importance of her-
bivory and planktivory provides important information about dom-
inant energy pathways (Morais & Bellwood, 2019; Truong, Suthers, 
Cruz, & Smith,  2017). Fish communities in temperate reefs are 
mostly underpinned by planktonic energy sources, with local ben-
thic primary production being a minor contributor to local food webs 
(Truong et al., 2017). In these systems, seasonal fluxes of planktonic 
primary productivity can enrich sediments and fuel benthic food 
webs indirectly as excess organic material sinks to the seafloor 
(Heip, 1995; Parrish, Deibel, & Thompson, 2009; Wassmann, 1997). 
However, species redistributions due to climate change have in-
creased the dominance of tropical species on temperate reefs, fun-
damentally altering species interactions and increasing the relative 
importance of herbivory (Vergés et al., 2016; Vergés, Steinberg, et al., 
2014). It has been proposed that these climate-mediated shifts in en-
ergy flow from low to high herbivory can have important ecosystem 
function implications as a higher proportion of primary production 
is incorporated into higher trophic levels (Vergés et al., 2019). Such 
consequences of tropicalization, however, remain untested.

“Space-for-time” is a widely used approach to predict future 
trajectories of ecological systems based on present-day patterns, 
which is underpinned by the assumption that drivers of spatial gra-
dients are similar to drivers of temporal changes (Blois, Williams, 
Fitzpatrick, Jackson, & Ferrier, 2013; Elmendorf et al., 2015). These 
approaches often use latitudinal gradients to predict the effects of 
warming, as temperature is a key environmental variable that varies 
predictably with latitude (Wogan & Wang, 2018). Here, we examine 
latitudinal patterns in the trophic structure of fish communities and 
how reef fish functional biomass is spatially distributed to infer po-
tential future changes in energy flow and fish biomass.

Previous studies measuring latitudinal patterns in reef-associated 
fish communities have tended to concentrate on specific trophic 
processes such as herbivory (Floeter, Behrens, Ferreira, Paddack, & 
Horn, 2005; Meekan & Choat, 1997) and predation (Barnes, Maxwell, 
Reuman, & Jennings, 2010; Freestone, Osman, Ruiz, & Torchin, 2011), 
while only a few have examined patterns in overall trophic structure 
(Floeter, Ferreira, Dominici-Arosemena, & Zalmon, 2004; Longo, 
Hay, Ferreira, & Floeter,  2019). Although zooplanktivores are the 
most speciose fish groups on many reefs (Bellwood, Streit, Brandl, 
& Tebbett, 2019; Morais & Bellwood, 2019) and can make up over 
40% of fish biomass on temperate rocky reefs (Truong et al., 2017), 

we know little about large-scale latitudinal patterns of planktivory 
across the tropical to temperate interface of nearshore reefs. The 
distinct lack of studies may be partially attributed to the greater dif-
ficulty associated with observing zooplanktivores in situ (Bellwood 
et al., 2019).

Here, we use eastern Australia's temperate rocky reefs as a 
model system to uncover large-scale latitudinal patterns in trophic 
structure and total fish biomass, in a region strongly influenced by 
the East Australian Current (EAC; Suthers et al., 2011). Regions in-
fluenced by western boundary currents like the EAC, that is east-
ern Japan (Kuroshio Current), eastern United States (Gulf Stream), 
northern Brazil (Brazil Current) and south-eastern Africa (Agulhas 
Current), are climate change hotspots where waters are warming 
faster than the global average (Wu et al., 2012). Western boundary 
currents facilitate the poleward dispersion of warm water species 
(Vergés, Steinberg, et al., 2014) such as tropical herbivores (Figure 1), 
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making them ideal sentinel ecosystems to understand and predict 
the impacts of climate change and associated poleward shifts in spe-
cies distributions.

The dispersal of tropical fishes into temperate waters is not 
limited to western boundary currents and is occurring rapidly 
in other regions as well, leading to novel “tropicalization gradi-
ents.” For example, tropical herbivores have dispersed into the 
Mediterranean Sea from the Suez Canal and have established 
local populations, leading to a longitudinal gradient in herbivory 
(Vergés, Tomas, et al., 2014). The Leeuwin Current, an exceptional 
boundary current which flows poleward along the west coast 
of Australia, has also experienced recent tropicalization of fish 
communities in association with marine heat waves (Wernberg 
et al., 2013), affecting temperate ecosystems where planktivory 
may normally dominate.

We quantified how the biomass and structure of rocky 
reef-associated fish trophic groups vary over a latitudinal gradi-
ent across 1,800 km and 16° of latitude. Although latitude itself 
cannot be a causal factor shaping trophic structure, it indicates 
covarying environmental variables (such as temperature) that may 
be important determinants. We accounted for regional and local 
variables that may influence trophic structure and overall fish 
biomass by evaluating chlorophyll a, zooplankton abundance and 

human population density, as well as non-dynamic variables such 
as depth. As temperature also shifts predictably with season and 
because seasonality is likely to be more influential at higher lati-
tudes, we also quantified seasonal patterns in fish trophic struc-
ture and biomass.

We hypothesized that with increasing latitude, trophic com-
position would shift away from herbivore dominance in favour of 
trophic pathways that derive energy from plankton and benthic in-
vertebrates (Figure 1). We predicted that these changes in trophic 
structure would be linked to lower overall fish biomass in higher 
latitudes, as a lower proportion of local benthic primary production 
is consumed (Vergés et al., 2019) and because of greater inter-sea-
sonal variability in plankton production. At a regional level, we hy-
pothesized that the amount of energy available as plankton would 
influence trophic group dominance, with the biomass of zooplank-
tivores linked positively to the abundance of zooplankton and/or 
phytoplankton. At a local level, we expected declines in the biomass 
of some trophic groups with high human population density (due to 
human impacts such as fishing) and we expected trophic group bio-
mass to be linked to the depth of sites sampled. Finally, we discuss 
how climate-mediated poleward shifts of the observed distributions 
may alter the trophic ecology of temperate rocky reef communities 
during this century.

F I G U R E  1   Variation in the proportional representation of herbivores and zooplanktivores (sum = 1) from select studies examining reef 
fish trophic structure along environmental gradients using three metrics: relative fish abundance (square symbols, Holmes et al., 2013), 
relative fish biomass (circle symbols, Sala et al., 2012; Truong et al., 2017) and relative feeding pressure (triangle symbols, Guilherme O 
Longo et al., 2019). Results from this study are presented on the far right. Major tropicalization gradients associated with boundary currents 
(solid red) and with invasion processes derived from the building of the Suez Canal (dashed red) are also indicated (methods in Appendix 
S1: Methods). Bubbles to the right of the map depict a conceptual model of temperate reef fish trophic group dominance and biomass 
distribution. The lower (most equatorial) latitude sites are dominated more by herbivores and omnivores and have high total biomass, low 
phytoplankton biomass and low zooplankton abundance. Mid-latitudes are dominated by zooplanktivores with high–moderate total biomass 
and productivity and the greatest zooplankton abundance, and high (more polar) latitudes are dominated by benthic invertivores with 
generally lower total biomass, while zooplankton abundance is low and much of phytoplankton productivity settles on the seafloor as a 
result of seasonal blooms
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2  | METHODS

2.1 | Study region

Along the south-east coast of Australia, shallow rocky reefs range 
from urchin barrens to sponge gardens to outcrops dominated by 
dense stands of canopy-forming macroalgae (Bennett et al., 2016), 
particularly the laminarian kelp Ecklonia radiata, Lessoniaceae 
(Bennett et al., 2016; Wernberg et al., 2019). Collectively, these reefs 
combine to form a single entity spanning thousands of kilometres and 
connected by processes of the EAC (Roughan & Middleton, 2004; 
Suthers et al., 2011).

Water temperatures here can range from 10 to 27°C between 
the highest and lowest latitudes, respectively, generally peaking 
in March (early autumn) and reaching their minimum in September 

(early spring). Current-driven localized upwellings are prevalent, 
particularly in spring and summer, facilitated by coastal winds 
(Roughan & Middleton, 2002, 2004). Upwelling events tend to be 
smaller and more episodic at lower latitudes and much larger at 
higher latitudes with the onset of spring (Everett, Baird, Roughan, 
Suthers, & Doblin,  2014). This spring upwelling is the driver of 
overall greater mean primary productivity at higher latitudes, de-
spite the very low productivity of these waters in winter (Everett 
et al., 2014).

2.2 | Biomass of fish trophic groups

Fish count data were sourced from the Reef Life Survey (RLS) (reeflifesur-
vey.imas.utas.edu.au/portal/search, Accessed: 22/11/2017), a global 

F I G U R E  2   Chart of the south-east 
coast Australia, with black tick marks 
representing the 567 Reef Life Survey 
(RLS) sites
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data set of systematic aquatic biodiversity surveys conducted by 
trained recreational divers in collaboration with experienced marine 
ecologists (Edgar & Stuart-Smith, 2014). The RLS follows a rigorous sur-
vey methodology globally, ensuring sites can be compared across large 
geographic and temporal extents. In this analysis, we combine RLS data 
with environmental and biological records across the same date range.

Survey data were collected from 3,032 RLS (between 01/2008 
and 10/2017) across 567 sites (Figure  2). All sites were south of 
~29°S, across 16° of latitude, spanning the subtropical to temper-
ate east coast of Australia, within an area commonly referred to 
as the “Great Southern Reef” (Bennett et  al.,  2016). Each survey 
consists of a single 50-m transect along a constant isobath. After 
laying the measuring tape along the transect, divers spend a few 
minutes preparing equipment (~5 min) providing an acclimation pe-
riod for diver effects on fish to subside (Dickens, Goatley, Tanner, & 
Bellwood, 2011). Subsequently, two divers swim the length of the 
tape and record the identity, abundance and length class of all fishes 
observed within 5 m either side of the transect. Our analysis of these 
surveys was limited to non-cryptic teleost fishes, and to taxa ob-
served in at least 5% of surveys. Fish biomass for each survey was 
calculated by RLS from fish counts, using observed fish total length 
and species-specific length–weight relationship variables available 
in FishBase (Froese & Pauly, 2009).

For the purposes of our analysis, it was essential that fish detect-
ability remained consistent across latitude. The effects of divers on 
fish detectability have been studied in tropical (Dickens et al., 2011; 
MacNeil et  al.,  2008) and temperate systems (Edgar, Barrett, & 
Morton, 2004; Holmes et al., 2013; Watson & Harvey, 2007; Watson, 
Harvey, Anderson, & Kendrick, 2005). Although diver effects have 
been recorded for most families studied (Dickens et al., 2011), the 
fish most susceptible to variation in detectability generally include 
larger predators, chondrichthyans and cryptobenthic species (Brandl 
et al., 2019), which we have excluded from our analyses to avoid po-
tential bias. Although large predators can dominate fish biomass at 
remote isolated reefs (Stevenson et al., 2007), their contribution to 
total fish biomass is often much less at reefs exposed to fishing and 
human disturbance (Valdivia, Cox, & Bruno, 2017), which are both 
prevalent factors along the heavily populated coastline of south-
east Australia. Further, the primary reason for limiting our study to 
latitudes greater than 29 degrees south was to restrict our focus 
to only macroalgae-dominated rocky reefs and avoid the increased 
complexity of coral-dominated tropical sites. Therefore, we do not 
believe a latitudinal bias in detectability exists in the analysed data.

There are certainly sources of bias associated with underwater 
visual census that can affect the estimation of fish lengths, abun-
dances and ultimately biomass (Edgar et al., 2004; Harvey, Fletcher, 
Shortis, & Kendrick,  2004). However, it is important to note that 
due to rigorous consistency in survey methods across the RLS pro-
gramme, these biases should be consistent across locations and 
times. Our analyses were only concerned with comparisons of rela-
tive biomass, and as such, absolute biomass values were not neces-
sary for survey results to be comparable.

To evaluate comparability of surveys across latitude and seasons, 
we compared site characteristics across our study domain. We tested 
whether survey depth, swell exposure or visibility, differed by season or 
four-degree latitudinal bin, using two-factor ANOVA (season and latitude 
bin) and Tukey's post hoc tests in R (R Core Team, 2018). Swell expo-
sure was determined using the “dist2Line” function from the R package 
geosphere (Hijmans, Williams, Vennes, & Hijmans, 2019) to locate the 
nearest point to each site on a polygon shapefile of the Australian coast 
(Whiteway, 2009) and subsequently calculate the bearing between each 
point with its corresponding site. We then extracted mean wave direc-
tion per month by site coordinates from the Australian Wave Energy 
Atlas (Hemer, Pitman, McInnes, & Rosebrock, 2018) and rescaled their 
alignment with site aspect from 0 to 1, similar to Turnbull et al. (2018). 
Visibility data were diver estimates (in m) and were only available for 
1,820 out of the 3,032 surveys. Although some pairwise differences 
in depth (max: 3.26 m), swell exposure (max: 0.07) and visibility (max: 
3.48 m) were statistically significant, they were all very small and unlikely 
to be ecologically meaningful (Appendix S1: Table S1, Figure S1).

Photo quadrats, which contained 36 categories for benthic 
cover, were only available for 202 out of 567 sites. They were used 
to calculate a matrix of proportionate benthic cover using the R 
package vegan (Oksanen et al., 2013). These results were then com-
pared visually with non-metric multidimensional scaling (NMDS) 
and bar charts (Appendix S1: Figures S2, S3), and statistically using 
the “adonis” function (Oksanen et  al.,  2013), which computes a 
two-factor permutational MANOVA, and post hoc comparisons of 
centroid distance were made using the “betadisper” function. As 
sites spanned ~16 ° of latitude, differences in benthic composition 
across latitude were to be expected (max: 0.18), while comparatively 
minimal variation across seasons was observed between winter and 
spring (max: 0.08) (Appendix S1: Table S1).

To further evaluate comparability of sites and surveys, we 
tabulated the number of surveys for each season and year by site 
(Appendix S1: Tables S2 and S3, respectively) and by one-degree 
latitudinal bands (Appendix S1: Figures S4 and S5, respectively). 
Besides apparent under-sampling between 38° and 39°S, and at 
latitudes higher than 37°S in winter and spring, there was no dis-
tinct seasonal bias to temporal survey distribution across the nearly 
ten-year period of survey data. This lack of winter and spring data 
precludes any seasonal conclusions for high latitudes. Most latitudes 
had regular survey coverage over the ten-year period, except for be-
tween 38° and 42°S, coinciding with the Bass Strait.

2.3 | Trophic classification

A species list of 163 fish species (all taxa observed in ≥5% of sur-
veys) and trophic group classifications was generated, with the use 
of data from FishBase (Froese & Pauly,  2009), Fishes of Australia 
(Bray & Gomon, 2018) and existing classifications made by Truong 
et al. (2017), using a similar methodology to Soler et al. (2015) which 
classified fishes into trophic groups for a global analysis of RLS data 
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(Appendix S1: Table S4). Taxa were allocated to one of five catego-
ries: zooplanktivores (feed primarily on zooplankton); herbivores 
(feed primarily on algae and/or seagrass); omnivores (have algae 
and/or seagrass as a minor component of their diet); benthic inver-
tivores (carnivorous species that feed on zoobenthos but generally 
not fishes); and piscivores (carnivorous species that feed primarily on 
other fishes). This species list was then used to classify fishes in the 
biomass database, and biomass totals were summed among taxa to 
calculate the biomass in each trophic group for each survey.

2.4 | Characterising latitudinal trends

To examine generally how trophic composition varied across latitude, 
we analysed multiple metrics: total fish biomass, trophic group bio-
mass and taxa-level biomass. We conducted linear regression to test 
whether total fish biomass broadly varied with latitude. The study re-
gion was then divided into 1-degree latitudinal bins, and mean observed 
total fish biomass per survey was calculated for each bin. Similarly, the 
mean proportion of biomass for each of the five fish trophic groups 
was calculated for each latitudinal bin, which was used to construct bar 
plots of biomass and trophic composition by latitude. The total number 
of surveys used in calculations was also tabulated and displayed with 
each bar plot for validation of spatiotemporal coverage.

To assess whether any seasonal variation in fish biomass was 
driven by growth or migration, we plotted length frequency distri-
butions for each combination of season and four-degree latitudinal 
bin and calculated the median value for each distribution. Minimal 
variation in median length across seasons within latitude bins should 
indicate an effect of migration, rather than growth, on the total bio-
mass of fish observed.

For a multivariate analysis of taxa-level biomass, Bray–Curtis dis-
similarity was calculated from a matrix of 4th root-transformed mean 
biomass per site for the 163 fish species and visualized using non-metric 
multidimensional scaling (NMDS) with the R package “vegan” (Oksanen 
et al., 2013) in R (R Core Team, 2018). For a multivariate analysis of 
trophic group biomass, each site's mean per-survey biomass of each 
trophic group was calculated, and these means were then summed for 
each site and used to calculate the proportionate biomass contribu-
tion for each of the five trophic groups. These proportions were used 
to calculate Bray–Curtis dissimilarity and visualized using NMDS. To 
determine which species and trophic groups were important in driv-
ing differences in biomass across latitude, trophic group loadings were 
generated using the envfit function in the “vegan” R package and over-
laid on the trophic group proportion NMDS plot as vectors.

2.5 | Explanatory variables

2.5.1 | Zooplankton abundance

The Integrated Marine Observing System (IMOS) maintains a net-
work of National Reference Stations (NRS) at strategic locations 

around Australia. Regular zooplankton biomass surveys are con-
ducted approximately bimonthly at NRS sites, and data were se-
lected to span the same date range (09/2008–08/2017) as RLS 
data (01/2008–10/2017). Three reference sites (North Stradbroke 
Island: 27°S, Port Hacking: 34°S and Maria Island: 42°S) represent 
the northern, the middle and the southern extent of the RLS sites, 
respectively. Since zooplankton biomass and abundance are regu-
larly measured simultaneously at these locations, these point loca-
tion data were used to model the relationship between zooplankton 
abundance and biomass with linear regression, producing the follow-
ing equation (p < .001, Adjusted r2 = 0.31):

This relationship between zooplankton abundance and biomass 
suggested that continuous zooplankton abundance data from the 
IMOS Continuous Plankton Recorder (CPR) could also be used in 
our models. This assumes that the CPR over the continental shelf is 
representative of zooplankton abundance at our spatial scale. We ex-
tracted zooplankton abundance from CPR surveys between 03/2008 
and 03/2017 and summed the abundance across each standardized 
10 nautical mile section of CPR mesh (~19 km) for each voyage. We 
excluded all small zooplankton with a geometric mean size <0.6 mm 
diameter (Champion, Suthers, & Smith, 2015), to determine the mean 
zooplankton abundance for 0.5-degree latitudinal bins (~56 km each) 
for each of the four seasons. These bins were used for matching with 
RLS, which were conducted in the same season and latitudinal bin.

2.5.2 | Human population density

Human population density along the east coast was calculated in ArcGIS 
(ESRI, 2011) from Australian Bureau of Statistics Australian Population 
Grid 2016 (Australian Bureau of Statistics, 2017). A circular buffer with a 
50 km radius was created for each RLS site in the analysis as in Bennett 
et al. (2016). The total number of people living within each 50 km radius 
was then calculated and applied to each site as a predictive variable in 
the full model. This variable is intended to represent potential human 
impacts such as fishing or urbanization near a site.

2.5.3 | SST and chlorophyll

Chlorophyll a concentration was used as a measure of phytoplank-
ton biomass. Sea surface temperature (SST) and chlorophyll a con-
centration (Chl; using OC3 algorithm) were derived from Level-3 
MODIS satellite data and were obtained from the IMOS Data Portal 
(http://imos.aodn.org.au/imos/) at daily 1-km resolution. The extent 
of the satellite data was limited to a 10 × 10 pixel grid (~100 km2) 
centred on each RLS site and bounded by the coast in order to maxi-
mize the data retrieval for each reef and minimize cloud interference. 
Seasonal means of SST and Chl (e.g., Spring, 2010) were calculated 
for each site for use in the modelling.

Biomass=e0.518*ln Abundance −1.57

http://imos.aodn.org.au/imos/
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2.6 | Trophic group biomass modelling

To quantify whether latitudinal patterns in fish community compo-
sition were related to environmental drivers, generalized additive 
mixed models (GAMMs) were created for “trophic group biomass” and 
“trophic group biomass proportion” for four of the trophic groups (zoo-
planktivores, herbivores, omnivores and benthic invertivores) and total 
fish biomass. This was done using the R packages “GAMM4” (Wood & 
Scheipl, 2014). We did not model reef piscivores because they were 
absent from 38% of surveys and only contributed 4.8% to mean total 
fish biomass. Generally, underwater visual census is not an effective 
method for surveying piscivores and many of the larger species are shy 
of divers, particularly in areas where spearfishing is practised (Goetze 
et al., 2017; Gray et al., 2016; Kulbicki, 1998; Lindfield, McIlwain, & 
Harvey, 2014; Ward-Paige, Flemming, & Lotze, 2010).

The explanatory variables included in the full GAMM were “site 
latitude,” “month,” “mean zooplankton abundance,” “mean chloro-
phyll concentration,” “human population density,” plus “site” and 
“year” as random intercept factors. Site and year were included as 
random factors to account for residual spatial and temporal depen-
dency in the response variable. Population density was included as 
a potentially explanatory variable because many factors that impact 
temperate reefs (e.g., fishing, pollution and urbanization) are cor-
related with human density (Brewer, Cinner, Green, & Pressey, 2013; 
Stallings, 2009) and there is an uneven distribution of people along 
the latitudinal coastline. Residual deviance was tested for spatial 
autocorrelation by applying Moran's I function from the R package 
“ape” (Paradis, Claude, & Strimmer, 2004) against an inverse distance 
matrix of projected site coordinates. Spatial and temporal patterns 
were modelled with a two-dimensional variable (tensor product) of 
site latitude and month (a cyclical variable). Sea surface temperature 
was examined but not included due to collinearity with site latitude 
(r = 0.66, p <  .001). The percentage of surveys that recorded zero 
biomass for a trophic group ranged from 0.1% for benthic inver-
tivores to 9.9% for omnivores; thus, the Tweedie distribution was 
selected as a family capable of modelling continuous non-negative 
data containing zeros (Foster & Bravington, 2013).

To model trophic group biomass proportion, the same response 
variable was used (each trophic group's biomass) but the model in-
cluded the total observed fish biomass from each survey as a log-lin-
ear offset term. Including this offset standardized trophic group 
biomass to total biomass, that is a model of “trophic group biomass 
proportion.” There were thus nine response variables: the absolute 
and proportionate biomass observed for each of four trophic groups 
(zooplanktivores, herbivores, omnivores, benthic invertivores), and 
total fish biomass.

The full model calculated for each response variable was (in script 
notation; offset was only included for biomass proportion models):

where “s” indicates a penalized regression spline type smoother, and 
“t2” is a tensor product smooth. The Tweedie distribution parame-
ter is specified when using the GAMM4 package, and this was found 
by fitting a GAMM without random effects in the “mgcv” R package 
(Wood, 2001). Residual plots and Q-Q plots were evaluated to ensure 
model assumptions were sufficiently met.

A model selection process was done to identify the most parsi-
monious model for each response. For each response variable, we 
applied the dredge function from R package “MuMIn” (Barton, 2009) 
to test every possible combination of variables. The model with the 
lowest Akaike information criterion (AIC) was selected as the best 
model.

Goodness of fit of the models was assessed using the percent-
age of explained deviance calculated without including the random 
effects. Response plots showing the relationship between response 
and covariate (holding all other covariates as constant) were used for 
visual interpretation of the effects for each variable.

2.6.1 | Model prediction

Predictions of the GAMMs of total fish biomass were used to visual-
ize total fish biomass over a standard year for four latitudinal bins 
within the study area. Predicted biomass was calculated at each 
month, for four evenly spaced latitude bins, using mean values for 
depth, zooplankton abundance and population density within each 
bin. In some cases (n  =  3), zooplankton data were unavailable, so 
the mean zooplankton abundance for the latitude bin was used and 
month was disregarded.

3  | RESULTS

3.1 | Broad latitudinal trends

Mean total fish biomass (± SE) decreased with latitude 
(slope = 19.4 g/m2 per degree latitude, adj r2 = 0.16, p < .001) and 
ranged from 220 ± 88 g/m2 in the north (29.5°S) to 13 ± 1 g/m2 in 
the south (43.5°S) (Figure 3a). Similarly, proportional composition by 
trophic group for the same 1-degree latitudinal bins (Figure 3b) indi-
cated a shift in proportional dominance of trophic groups across lati-
tude, with herbivores and omnivores dominating the lower latitudes, 
zooplanktivores dominating mid-latitudes and benthic invertivores 
dominating the higher latitudes.

There was also a seasonal component to these latitudinal trends 
(Figure 4). In the northern low latitudes (29°–33°S), there was a peak in 
biomass driven by omnivores, herbivores and zooplanktivores around 
late-autumn (282 ± 37 g/m2 for May; Figure 4a). Further south (33 to 
37°S) followed a similar trend, with observed biomass also peaking 
in late-autumn (211 ± 32 g/m2 for May; Figure 4b) and a minimum 
at the end of spring (57 ± 7 g/m2 for November). At 37° to 41°S, the 
maximum mean biomass was observed in mid-winter (281 ± 88 g/m2 
for July, based on only four surveys). At the most southern latitudes 

Response = t2 (SiteLat, Month)+s (Depth)

+s (ln (MeanAbundZoo))+s (ln (Chl))+s (ln (Population))

+
(

1|Site
)

+
(

1|Year
)

+offset (ln (Total Biomass))
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(41°–45°S), there was an order of magnitude lower fish biomass, al-
though there were too few winter surveys to confirm seasonality for 
this region (Figure 4d). Some individual sites were only sporadically 
sampled across seasons. Therefore, to provide further validation to 
seasonal patterns, we examined a subset of five sites within a region 

with very regular survey coverage and these seasonal patterns per-
sisted (Appendix S1: Figure S6). Length frequency distributions indi-
cated minimal variation in median length across seasons, suggesting 
that seasonal variation was likely more influenced by patterns in mi-
gration, rather than growth (Appendix S1: Figure S7).

F I G U R E  3   Mean biomass and biomass proportions across one-degree latitudinal bins, with (a) representing the mean observed biomass 
for all fish across fifteen one-degree bins from north to south. Error bars represent the standard error of the mean and (b) representing 
the mean proportionate biomass for each of the five trophic groups across the same bins. Numbers to the right of bars in (a) represent the 
number of unique surveys used to calculate both means and proportions

F I G U R E  4   Mean monthly total fish 
biomass represented by the height of 
each bar. Stacked bars represent the 
proportionate contribution of each trophic 
group to the monthly mean total fish 
biomass. Error bars represent standard 
error of the mean for total fish biomass. 
Numbers above each error bar indicate 
the number of unique surveys used to 
calculate totals and proportions for each 
corresponding bar. Months where no 
data were available for a latitude bin are 
therefore represented with “0.”
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3.2 | Multivariate latitudinal trends

As expected, there was clear latitudinal structure in the fish as-
semblage at the taxa level (Figure 5a) and based on proportional 
composition by trophic group (Figure 5b), with latitude associated 
most clearly with axis NMDS1. Sites occur along a gradient of 
samples dominated by zooplanktivores aligned with NMDS1, as 
shown by the trophic group loading vectors for the trophic pro-
portion NMDS (Figure  5c), and predominantly at mid-latitudes 
(zoo: r2  =  0.97, p  <  .001; with r2 representing the squared cor-
relation coefficient of each trophic group with their respective 
vector, and p representing the proportional rank of the statistic 
observed among those evaluated through 1,000 permutations). 
Those sites dominated by benthic invertivores (ben.inv: r2 = 0.97, 
p <  .001) aligned with NMDS1 in the higher latitudes, while her-
bivores and omnivores aligned with NMDS2 and contributed to 
community composition especially in the northern lower latitudes 
(herb: r2 = 0.46, p < .001; omni: r2 = 0.37, p < .001). The effect of 
piscivores was much weaker as they were never observed reliably 
in high abundance (pisc: r2 = 0.10, p < .001). These distinct differ-
ences in trophic compositions with latitude are also evident in bar 

plots of the proportional contributions to biomass across trophic 
groups and latitudinal bins (Figure 3b).

3.3 | Fish Biomass GAMMs—spatiotemporal effects

The model selection process resulted in the selection of five biomass 
models (Table 1), and in almost all cases, most of the variation in bio-
mass was described by the tensor product smoother of month and 
site latitude (Appendix S1: Table S5). Moran's I statistics ranged from 
0.03 to 0.14 across all models, and thus, residual spatial autocorrela-
tion was not important. The results of calculating relative variable 
importance (RVI; 0–1) for each model and taking the mean of RVI 
scores across both sets of models suggest that the month–latitude 
tensor is the most influential explanatory variable, followed by depth 
and population density for the biomass and biomass proportion 
models, respectively (Appendix S1: Table S6).

There was clear spatiotemporal variation in fish biomass, shown 
in the contour plots of latitude by month tensor splines (Figure 6). 
Total fish biomass is generally higher at lower latitudes and in win-
ter months (Figure 6e), which is a summation of the surfaces for the 

F I G U R E  5   Non-metric 
multidimensional scaling (NMDS) plots 
displaying Bray–Curtis dissimilarity 
calculated across a matrix of mean 
observed biomass for individual taxa 
at RLS sites (a) and proportional mean 
biomass in each trophic group for each 
site (b and c). For (a) and (b), points are 
coloured by latitude, and for (c), points 
are coloured by the mean proportional 
biomass of planktivorous fishes for each 
site. Point sizes are scaled to the mean 
total fish biomass for each site. For (c), 
overlaid vectors indicate trophic group 
loadings for the corresponding groups: 
zoo = zooplanktivores; herb = herbivores; 
omni = omnivores; ben.inv = benthic 
invertivores; pisc = piscivores
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other trophic groups. The most variation among trophic groups was 
shown for zooplanktivores, which generally dominated total fish bio-
mass (Figure 6a).

3.4 | Fish biomass GAMMs—environmental effects

At the regional level, one consistent finding was the minimal influ-
ence of phytoplankton density (chlorophyll a) on fish biomass or 
proportionate biomass across all groups, including zooplanktivores 
(Appendix S1: Figures S8 and S9). Total fish biomass and zoo-
planktivore biomass and proportional biomass showed a positive 
relationship with zooplankton abundance, although this had less in-
fluence than the month–latitude tensor or site depth. The biomass 

proportion of benthic invertivores declined with increasing zoo-
plankton abundance.

At the local level, the biomass of trophic groups was gener-
ally unimodal with site depth. The peak in herbivore biomass oc-
curred at a shallower depth than for all other trophic groups, while 
omnivores peaked at deepest depths (Appendix S1: Figure S8b). 
Zooplanktivores and benthic invertivores showed low biomass at 
shallow sites and increasing variability with increasing site depth. As 
depth increased, the proportion of zooplanktivores and herbivores 
generally decreased, with a corresponding increase in omnivores 
(Appendix S1: Figure S9) (Parsons, Suthers, Cruz, & Smith, 2016). 
Responses for human population should be interpreted with cau-
tion due for the few surveyed sites with low covariate values; how-
ever, a general theme across omnivores, benthic invertivores and 

TA B L E  1   The final GAMMs generated through testing every possible combination of variables in the full model and selecting the model 
with lowest AIC score

Biomass

Dependent variable
Parsimonious model terms 
(bold = significant effect) Random effects

Deviance 
explained 
(%)

Parsimonious 
model p

Parsimonious 
model AIC

Full model 
ΔAIC

Zooplanktivores SiteLat,Month + Depth 
+ln(MeanAbundZoo) + ln(Chl) + 
ln(Population)

SiteCode + Year 26.9 <0.001 57,796 0

Herbivores SiteLat,Month + Depth 
+ln(MeanAbundZoo) + ln(Chl)

SiteCode + Year 30.1 <0.001 19,808.1 18

Omnivores SiteLat,Month + Depth 
+ln(Population)

SiteCode + Year 44.5 <0.001 14,828.6 5.5

Benthic invertivores SiteLat,Month + Depth 
+ln(Population)

SiteCode + Year 15.8 <0.001 21,324 6.8

Total fish SiteLat,Month + Depth 
+ln(MeanAbundZoo) + 
ln(Population)

SiteCode + Year 25.7 <0.001 63,118.8 11.5

Biomass proportion

Zooplanktivores SiteLat,Month + Depth 
+ln(MeanAbundZoo) + 
ln(Chl) + ln(Population) + 
offset(TotalBiomass)

SiteCode + Year 26.8 <0.001 54,706.3 0

Herbivores SiteLat,Month + Depth 
+ln(MeanAbundZoo) + 
ln(Chl) + ln(Population) + 
offset(TotalBiomass)

SiteCode + Year 22.6 <0.001 18,455.8 0

Omnivores SiteLat,Month + Depth 
+ln(Population) + 
offset(TotalBiomass)

SiteCode + Year 15.1 <0.001 14,130.1 7.5

Benthic invertivores SiteLat,Month + ln(MeanAbundZoo) 
+ ln(Population) + 
offset(TotalBiomass)

SiteCode + Year 16 <0.001 20,592.3 7.3

Note: The AIC of the full model is given as AIC points greater than the selected parsimonious model. Variable codes are as follows: SiteLat = site 
latitude; Month = survey month; Depth = mean site depth; MeanAbundZoo = mean zooplankton abundance corresponding with survey season and 
latitude; Chl = chlorophyll concentration corresponding with survey season and latitude; Population = number of people living with a 50 km radius 
of a site. The biomass models model the per-survey biomass of each of the listed trophic groups, while the biomass proportion models model the 
biomass of each trophic group relative to the total fish biomass observed for each survey.
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total fish was a decline in biomass at high levels of human popula-
tion density.

Across all models, the month–latitude tensors explained most 
of the variability in the data, and primary productivity (chlorophyll 
a) the least (Appendix S1: Table S6). The biomass proportion mod-
els showed a similar set of relationships (Appendix S1: Figure S9).

3.5 | Predicted fish biomass from the GAMM

There was a wide range of variability in the seasonal fluctuations of 
fish biomass observed at rocky reefs, with the greatest variability ob-
served at the most northern latitudes of our study region (Figure 7). 
At this northern latitude bin (29°–33°S), the mean predicted biomass 
more than tripled from 66 to 214 g/m2 (a 3.2-fold increase) between 
November and May. This region does contain an area of offshore 
islands within a marine reserve, but these patterns persisted when 
marine park sites were excluded. By comparison, predicted biomass 
at mid to high latitudes increased only ~1.8-fold between spring and 
autumn, although the highest latitudes have few winter surveys. 
Overall, predicted fish biomass was lowest in spring and generally 
peaked in autumn (Figure 7). Model prediction results are also rein-
forced by the monthly bar plots of mean observed biomass for each 
latitude bin (Figure 4).

F I G U R E  6   2d tensor contour plots showing fitted GAMM 
relationships with contours of trophic group biomass (in g/m2) 
by month (cyclical) and site latitude for (a) zooplanktivores, (b) 
herbivores, (c) omnivores, (d) benthic invertivores, (e) total fish 
biomass. The second row of contour plots (f, g, h and i) represents 
tensors from the corresponding biomass proportion models. Note 
the two different colour scales for the two columns of plots

F I G U R E  7   Predicted per-survey total fish biomass trajectories 
calculated by month and latitudinal bin using the total fish biomass 
GAMM. Confidence intervals for each latitudinal bin represent two 
times the standard error
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4  | DISCUSSION

Along our “space-for-time” latitudinal gradient, we revealed some re-
markable changes in fish biomass and trophic structure. Overall fish 
biomass declined over an order of magnitude from north to south, 
along with a dramatic shift in the trophic composition of fish assem-
blages associated with temperate rocky reefs. The relative biomass of 
zooplanktivores and benthic invertivores was the strongest drivers of 
assemblage composition across this range, with zooplanktivores domi-
nating mid-latitudes and benthic invertivores dominating high latitudes. 
These observed differences in trophic structure over 16 degrees of lati-
tude (Figure 1) reveal potential changes to the trophic structure of fish 
assemblages due to a warming ocean and species range shifts.

4.1 | Latitudinal gradients in trophic structure

Herbivores and omnivores made up the greatest proportion and the 
greatest total biomass in the lower latitude sites. Similar patterns 
were also described in the western Atlantic (Floeter et  al.,  2005), 
where herbivore abundance (Longo, Ferreira, & Floeter,  2014), 
plant–herbivore interactions (Longo et al., 2019) and herbivore bio-
mass decrease towards higher latitudes, across both coral (Floeter 
et al.,  2004) and rocky reef environments (Floeter et  al.,  2004; 
Morais, Ferreira, & Floeter, 2017).

We also observed a clear dominance of planktivory (>40% of the 
fish biomass) in the mid-latitudes between 31° and 37°S, confirming 
and extending earlier local studies (Kingsford & MacDiarmid, 1988; 
Parsons et al., 2016; Truong et al., 2017) despite the fact that plank-
tonic primary production increases at higher latitudes (Everett 
et al., 2014). This is linked to the dominance of benthic invertivores 
at higher latitude sites where the contribution of benthic and de-
trital energy pathway is particularly important, based on infaunal 
(Gee,  1989) and epiphytic invertebrates (Poore & Steinberg,  1999), 
such as polychaetes, gastropods, bivalves, decapods, amphipods and 
echinoderms (Morton, Platell, & Gladstone,  2008). Higher latitudes 
are characterized by spring plankton blooms and very low winter zoo-
plankton abundance (Harris, Nilsson, Clementson, & Thomas, 1987), 
and such seasonality could not support large year-round populations 
of zooplanktivores. Spring blooms enrich sediments as excess organic 
material sinks to the seafloor (Wassmann, 1997) and are associated 
with subsequent increased biomass and abundance of zoobenthic 
organisms (Heip, 1995; Parrish et al., 2009). This benthic enrichment 
coupled with high inter-seasonal variability in zooplankton abundance 
may favour benthic food webs and thus account for the dominance of 
benthic invertivores over zooplanktivores at higher latitudes.

4.2 | Disappearing fishes—winter declines in rocky 
reef-associated fish biomass

The strong seasonality in fish biomass was driven mostly by zoo-
planktivores but the reasons for these fluctuations were not clear. 

There were also very few observations of large piscivores to account 
for the large reduction in fish biomass through winter and spring. 
Given that these seasonal increases in total fish biomass in the low to 
mid-latitudes were not accompanied by corresponding increases in 
median fish length, it is likely that these patterns were more a result 
of migration, rather than growth.

A plausible explanation is that during winter, zooplanktivores, 
which are dominated by yellowtail scad (Trachurus novaezelandiae, 
Carangidae), may migrate to access the East Australian Current, which 
is warmer offshore in winter (Suthers et al., 2011). Similar behaviour of 
offshore seasonal migration in response to declining bottom tempera-
ture was documented for Japanese horse mackerel (Trachurus japoni-
cus, Carangidae) in the East China Sea (Sassa, Yamamoto, Tsukamoto, 
Konishi, & Tokimura, 2009). Although these pelagic zooplanktivores are 
not permanent reef residents, they have an important role in reef food 
webs through enriching detrital pathways with their faeces, and as prey 
(Morais & Bellwood, 2019; Pinnegar & Polunin, 2006; Robertson, 1982). 
In contrast to other regions, the higher latitudes were characterized by 
very low overall biomass of zooplanktivores although seasonal conclu-
sions are not possible due to the lack of winter survey data.

4.3 | Dynamic temporal distribution—a means of 
managing predation?

Seasonal variation in mid-latitude sites was driven by variation in the 
biomass of zooplanktivores, as other groups fluctuated only slightly 
and followed no clear pattern. Such patterns were driven largely by 
Trachurus novaezelandiae, which can form large schools and regularly 
travel between the coast and deeper waters. These fish make large 
seasonal contributions to the trophic ecology of shallow temperate 
reefs, particularly for these mid-latitude sites (Deegan,  1993). For 
example, they make up the bulk of diet for piscivorous predators 
(Scharf, Buckel, McGinn, & Juanes, 2003) and the large-scale fluctua-
tions in their biomass are almost certain to influence the suitability of 
reef habitats for piscivores as prey encounter rates are closely linked 
to prey capture rates (Breck, 1993). Therefore, it is possible that the 
seasonality of zooplanktivores may suppress the proliferation of their 
predators (Durant, Hjermann, Ottersen, & Stenseth, 2007).

In pelagic environments, zooplanktivores such as sardines and 
anchovies form large aggregations, which are generally separated by 
large distances, and predators must invest significant time and en-
ergy in their search for the next aggregation (Sims, Witt, Richardson, 
Southall, & Metcalfe, 2006). Therefore, while pelagic zooplanktivores 
manage predation through remaining spatially patchy, reef zooplank-
tivores may achieve a similar outcome through temporal patchiness.

4.4 | Climate change risks for temperate rocky reef 
communities

South-eastern Australia is a climate change hotspot, which is al-
ready experiencing substantial impacts (Sunday et al., 2015), with 
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many species shifting their distribution poleward (Champion, 
Hobday, Tracey, & Pecl, 2018; Champion, Hobday, Zhang, Pecl, & 
Tracey, 2019). Temperate reefs near the warm edge of their dis-
tribution are becoming “tropicalized,” as many tropical species 
respond to warming by shifting their distribution towards these 
cooler, higher latitude regions (Vergés, Steinberg, et al., 2014). The 
latitudinal and seasonal patterns on trophic community composi-
tion and total fish biomass we have documented may also shift 
poleward with the cumulative range shifts of taxa. These shifting 
patterns will likely result in increased biomass of herbivorous and 
omnivorous fishes in high to mid-latitudes. In some regions, this 
has already led to overgrazing of seaweed forests and caused re-
gime shifts as canopy-forming kelp declines towards low biomass 
turf-dominated habitats (Bennett, Wernberg, Harvey, Santana-
Garcon, & Saunders, 2015; Filbee-Dexter & Wernberg,  2018; 
Vergés et al., 2016).

Expanded range and increased abundance of herbivorous fishes 
under climate change have been linked to macroalgae losses in several 
parts of the world, including Japan, Australia and the Mediterranean 
(Sala et  al.,  2012; Vergés, Steinberg, et al., 2014). However, there 
is evidence that existing macroalgae can also inhibit the spread of 
tropical fish species (Beck, Feary, Nakamura, & Booth, 2017). Thus, 
preventing further losses of macroalgae may be vital in slowing the 
poleward expansion of these tropical herbivores. Their influence 
may not be entirely negative however, as some range expanding 
herbivorous fishes, such as rabbitfishes in the Mediterranean, are 
already being exploited as new fisheries (El-Haweet, 2001). Further, 
as grazing by herbivores prevents the proliferation of macroalgae, 
their poleward expansion may facilitate a parallel expansion in hab-
itat-forming corals (Booth & Sear,  2018; Cheal, Emslie, MacNeil, 
Miller, & Sweatman, 2013), which can shift poleward at rates of up to 
14 km/year (Yamano, Sugihara, & Nomura, 2011). Climate-mediated 
changes in habitat composition and shifts in the distribution of foun-
dation species such as kelp and corals can further influence and ac-
celerate changes in fish community composition, as individual fish 
species lose or gain specific habitats used for settlement and recruit-
ment, as refuge or as food (Vergés et al., 2019).

A poleward shift in the patterns observed could also lead to an 
increase in the influence of zooplanktivores in the Bass Strait and 
Tasmania. However, this space-for-time implication is dependent on 
specific changes in oceanography, as high biomass of zooplanktivores 
appears to be tightly linked to regions of regular upwelling, such as 
the separation zones of boundary currents (Bakun et al., 2015). As 
the East Australian Current strengthens (Ridgway, 2007) it is pre-
dicted that its separation zone could shift 100 km poleward by 2060 
(Oliver & Holbrook, 2014), shifting patterns of nutrient enrichment 
to fish distribution along with it (Bakun et al., 2015).

Shifting oceanographic conditions, alongside milder winter 
water temperatures and more consistent planktonic primary pro-
duction throughout the year, could facilitate subsequent increased 
abundances of planktivorous reef-associated fish at higher latitudes. 
In this case, increased direct consumption of planktonic primary pro-
duction would reduce the proportion of organic matter reaching the 

benthos, shifting trophic composition away from currently dominant 
benthic invertivores. This increased availability of smaller body size, 
highly abundant zooplanktivores would increase overall fish biomass 
at high latitude reefs and provide improved feeding opportunities 
for marine mammals, seabirds and piscivores (Kaschner, Karpouzi, 
Watson, & Pauly, 2006; Smith et al., 2011). This could be a net bene-
fit for temperate reef ecosystems; however, trophic interactions are 
complex, and it is difficult to speculate on the full range of poten-
tial impacts. Clearly, further examination into how poleward shifts 
in such patterns would influence local conditions under multiple 
climate change scenarios would be useful for understanding poten-
tial future impacts for temperate rocky reefs. Ecosystem modelling 
could prove invaluable in this context.

5  | CONCLUSION

It is well established that species’ distributions have begun shifting 
poleward due to climate change and that these redistributions will 
have significant implications for human systems (Pecl et al., 2017). 
Our work contributes critically by producing highly informed mech-
anistically based predicted changes in the latitudinal patterns of 
trophic structure and their potential consequences. The latitudinal 
patterns in trophic structure observed off eastern Australia in this 
study are relevant for other poleward-flowing boundary current 
systems (Figure 1; Vergés, Steinberg, et al., 2014). For example, reef 
fish communities in the western Atlantic, which are also influenced 
by poleward-flowing boundary currents, shift from being primarily 
dependent on low-energy food sources, such as algae and seagrass, 
to reliance on higher-energy foods, such as plankton and inver-
tebrates, along the transition from tropical to temperate zones 
(Floeter et  al.,  2004). Herbivores that dominate near the tropics 
may also be expected to expand their distribution in both northern 
and southern poleward directions in the western Atlantic (Longo 
et al., 2019). Similarly, in south-eastern Japan the intensification of 
the Kuroshio boundary current has already been linked to the pole-
ward expansion of tropical herbivorous fish (Kumagai et al., 2018). 
The observed patterns may also be relevant in the Mediterranean, 
where the arrival of tropical species from the Red Sea is initially 
facilitated by the Suez Canal and where the expansion of herbivo-
rous fish is occurring longitudinally in a western direction as this 
basin continues to warm (Azzurro, Franzitta, Milazzo, Bariche, & 
Fanelli, 2017).

Many questions surrounding the tropicalization of rocky reefs 
remain against a backdrop of urbanization and invasive species on 
temperate coasts. Our results suggest that overall herbivorous and 
planktivorous fish biomass at these reefs will increase, which could 
lead to subsequent losses of macroalgae in lower latitudes and a 
shift towards more direct planktonic trophic pathways at higher 
latitudes. More generally, the large latitudinal differences in the 
trophic composition and ecology of fishes observed in our study 
highlight the future of valuable, temperate rocky reefs under cli-
mate change.
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The observed patterns in total fish biomass do not match lat-
itudinal gradients in planktonic primary productivity, which are 
greatest in higher latitudes (Everett et al., 2014), suggesting that 
other drivers such as temperature are important in determining 
total fish biomass and trophic structure. However, there was a 
positive relationship between zooplankton abundance and total 
fish and zooplanktivore biomass, indicating that low inter-sea-
sonal variability in zooplankton may be a vital factor driving the 
structure of reef-associated fish assemblages. It could also be that 
the on-reef abundance of zooplankton is influenced by fine-scale 
processes not apparent in our estimate of zooplankton abundance, 
and studies that sample coastal zooplankton abundance at a finer 
spatial resolution are necessary to quantify the dynamic impor-
tance of zooplankton biomass to reef-associated fish assemblages. 
Regardless of the root cause driving these patterns, it is likely that 
the relative contribution of planktonic subsidies to both tropical 
(Morais & Bellwood,  2019) and temperate (Truong et  al.,  2017) 
reefs has been greatly underestimated.

Due to the dependence of numerous predators on zooplankti-
vores, it is also important to consider the root causes of these sea-
sonal migrations. These seasonal abundances and paucities of fish 
biomass would undoubtedly impact the behaviour of mobile pisciv-
orous predators and make large contributions to reef energy flow 
(Pinnegar & Polunin, 2006; Robertson, 1982); however, we do not at 
this stage understand what is causing them. Our along-shore analy-
sis indicates the need for more research into these cross-shelf sea-
sonal movements and what drives them.

Finally, it is important to acknowledge that climate-driven re-
distributions of species will continue to lead to novel species in-
teractions, changes in foundation species and the emergence of 
no-analogue communities, that is communities that are composition-
ally unlike any found today (Williams & Jackson, 2007). Therefore, 
while we can learn much about trophic structure and energy path-
ways from contemporary distributions, we should also expect and 
be prepared for early detection of ecological “surprises” in coming 
decades (Lindenmayer, Likens, Krebs, & Hobbs, 2010).

ACKNOWLEDG EMENTS
The authors would like to thank the dedicated volunteers in 
Australia and abroad who contribute to the RLS programme; Rick 
Stuart-Smith (University of Tasmania) for his help in working with 
the RLS data set and for constructive comments on earlier versions 
of this manuscript; specially Zhixin Liu and David Warton (University 
of New South Wales) for their modelling advice; and finally, Enric 
Sala for providing data for Figure  1. This work was funded by an 
Australian Government Research Training Program Scholarship. 
AV was supported by the Australian Research Council (ARC) 
(DP170100023 and DP190102030). IS, JS and JE were supported by 
the ARC (LP120100592, DP150102656). Data were sourced from 
the Integrated Marine Observing System (IMOS)—IMOS is a na-
tional collaborative research infrastructure, supported by Australian 
Government.

CONFLIC T OF INTERE S T
We have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
All data used in this analysis are freely available from The Australian 
Ocean Data Network (https://portal.aodn.org.au). Reef Life Survey 
data, which include fish lengths for generating biomass estimates, 
are available by request from enquiries@reeflifesurvey.com.

ORCID
Matthew M. Holland   https://orcid.org/0000-0002-8308-4216 
James A. Smith   https://orcid.org/0000-0002-0496-3221 
Jason D. Everett   https://orcid.org/0000-0002-6681-8054 
Adriana Vergés   https://orcid.org/0000-0002-3507-1234 
Iain M. Suthers   https://orcid.org/0000-0002-9340-7461 

R E FE R E N C E S
Australian Bureau of Statistics (2017). Australian population grid 2016. 

Retrieved from: http://www.abs.gov.au/AUSST​ATS/abs@.nsf/Detai​
lsPag​e/3218.02015​-16?OpenD​ocument

Azzurro, E., Franzitta, G., Milazzo, M., Bariche, M., & Fanelli, E. (2017). 
Abundance patterns at the invasion front: The case of Siganus lu-
ridus in Linosa (Strait of Sicily, Central Mediterranean Sea). Marine 
and Freshwater Research, 68(4), 697–702. https://doi.org/10.1071/
MF16024

Bakun, A., Black, B. A., Bograd, S. J., Garcia-Reyes, M., Miller, A. J., 
Rykaczewski, R. R., & Sydeman, W. J. (2015). Anticipated ef-
fects of climate change on coastal upwelling ecosystems. Current 
Climate Change Reports, 1(2), 85–93. https://doi.org/10.1007/s4064​
1-015-0008-4

Barnes, C., Maxwell, D., Reuman, D. C., & Jennings, S. (2010). Global 
patterns in predator–prey size relationships reveal size dependency 
of trophic transfer efficiency. Ecology, 91(1), 222–232. https://doi.
org/10.1890/08-2061.1

Barton, K. (2009). MuMIn: multi-model inference, R package version 
0.12. 0. http://r-forge.r-proje​ct.org/proje​cts/mumin/

Beck, H., Feary, D. A., Nakamura, Y., & Booth, D. J. (2017). Temperate 
macroalgae impacts tropical fish recruitment at forefronts of range 
expansion. Coral Reefs, 36(2), 639–651. https://doi.org/10.1007/
s0033​8-017-1553-1

Bellwood, D. R., Streit, R. P., Brandl, S. J., & Tebbett, S. B. (2019). The 
meaning of the term ‘function’ in ecology: A coral reef perspective. 
Functional Ecology, 33(6), 948–961.

Bennett, S., Wernberg, T., Connell, S. D., Hobday, A. J., Johnson, C. R., & 
Poloczanska, E. S. (2016). The ‘Great Southern Reef’: Social, ecolog-
ical and economic value of Australia’s neglected kelp forests. Marine 
and Freshwater Research, 67(1), 47–56. https://doi.org/10.1071/
MF15232

Bennett, S., Wernberg, T., Harvey, E. S., Santana-Garcon, J., & Saunders, 
B. J. (2015). Tropical herbivores provide resilience to a climate-medi-
ated phase shift on temperate reefs. Ecology Letters, 18(7), 714–723. 
https://doi.org/10.1111/ele.12450

Blamey, L. K., & Bolton, J. J. (2018). The economic value of South African 
kelp forests and temperate reefs: Past, present and future. Journal 
of Marine Systems, 188, 172–181. https://doi.org/10.1016/j.jmars​
ys.2017.06.003

Blois, J. L., Williams, J. W., Fitzpatrick, M. C., Jackson, S. T., & Ferrier, S. 
(2013). Space can substitute for time in predicting climate-change ef-
fects on biodiversity. Proceedings of the National Academy of Sciences, 
110(23), 9374–9379. https://doi.org/10.1073/pnas.12202​28110

https://portal.aodn.org.au
https://orcid.org/0000-0002-8308-4216
https://orcid.org/0000-0002-8308-4216
https://orcid.org/0000-0002-0496-3221
https://orcid.org/0000-0002-0496-3221
https://orcid.org/0000-0002-6681-8054
https://orcid.org/0000-0002-6681-8054
https://orcid.org/0000-0002-3507-1234
https://orcid.org/0000-0002-3507-1234
https://orcid.org/0000-0002-9340-7461
https://orcid.org/0000-0002-9340-7461
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/3218.02015-16?OpenDocument
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/3218.02015-16?OpenDocument
https://doi.org/10.1071/MF16024
https://doi.org/10.1071/MF16024
https://doi.org/10.1007/s40641-015-0008-4
https://doi.org/10.1007/s40641-015-0008-4
https://doi.org/10.1890/08-2061.1
https://doi.org/10.1890/08-2061.1
http://r-forge.r-project.org/projects/mumin/
https://doi.org/10.1007/s00338-017-1553-1
https://doi.org/10.1007/s00338-017-1553-1
https://doi.org/10.1071/MF15232
https://doi.org/10.1071/MF15232
https://doi.org/10.1111/ele.12450
https://doi.org/10.1016/j.jmarsys.2017.06.003
https://doi.org/10.1016/j.jmarsys.2017.06.003
https://doi.org/10.1073/pnas.1220228110


     |  15HOLLAND et al.

Booth, D. J., & Sear, J. (2018). Coral expansion in Sydney and associated 
coral-reef fishes. Coral Reefs, 37(4), 995. https://doi.org/10.1007/
s0033​8-018-1727-5

Brandl, S. J., Tornabene, L., Goatley, C. H., Casey, J. M., Morais, R. A., 
Côté, I. M., … Bellwood, D. R. (2019). Demographic dynamics of the 
smallest marine vertebrates fuel coral reef ecosystem functioning. 
Science, 364(6446), 1189–1192.

Bray, D. J., & Gomon, M. F. (2018). Fishes of Australia. Retrieved from 
http://fishe​sofau​stral​ia.net.au/

Breck, J. E. (1993). Foraging theory and piscivorous fish: Are for-
age fish just big zooplankton? Transactions of the American 
Fisheries Society, 122(5), 902–911. https://doi.org/10.1577/1548-
8659(1993)122<0902:FTAPF​A>2.3.CO;2

Brewer, T., Cinner, J., Green, A., & Pressey, R. (2013). Effects of human 
population density and proximity to markets on coral reef fishes 
vulnerable to extinction by fishing. Conservation Biology, 27(3), 443–
452. https://doi.org/10.1111/j.1523-1739.2012.01963.x

Cebrian, J. (1999). Patterns in the Fate of Production in Plant 
Communities. American Naturalist, 154(4), 449–468. https://doi.
org/10.1086/303244

Champion, C., Hobday, A. J., Tracey, S. R., & Pecl, G. T. (2018). Rapid shifts 
in distribution and high-latitude persistence of oceanographic habi-
tat revealed using citizen science data from a climate change hotspot. 
Global Change Biology, 24(11), 5440–5453. https://doi.org/10.1111/
gcb.14398

Champion, C., Hobday, A. J., Zhang, X., Pecl, G. T., & Tracey, S. R. (2019). 
Changing windows of opportunity: Past and future climate-driven 
shifts in temporal persistence of kingfish (Seriola lalandi) oceano-
graphic habitat within south-eastern Australian bioregions. Marine 
and Freshwater Research, 70(1), 33–42. https://doi.org/10.1071/
MF17387

Champion, C., Suthers, I. M., & Smith, J. A. (2015). Zooplanktivory is a 
key process for fish production on a coastal artificial reef. Marine 
Ecology Progress Series, 541, 1–14. https://doi.org/10.3354/meps1​
1529

Cheal, A. J., Emslie, M., MacNeil, M. A., Miller, I., & Sweatman, H. (2013). 
Spatial variation in the functional characteristics of herbivorous fish 
communities and the resilience of coral reefs. Ecological Applications, 
23(1), 174–188. https://doi.org/10.1890/11-2253.1

Chen, I.-C., Hill, J. K., Ohlemüller, R., Roy, D. B., & Thomas, C. D. (2011). 
Rapid range shifts of species associated with high levels of climate 
warming. Science, 333(6045), 1024–1026.

Deegan, L. A. (1993). Nutrient and energy transport between estuaries 
and coastal marine ecosystems by fish migration. Canadian Journal of 
Fisheries and Aquatic Sciences, 50(1), 74–79. https://doi.org/10.1139/
f93-009

Dickens, L. C., Goatley, C. H., Tanner, J. K., & Bellwood, D. R. (2011). 
Quantifying relative diver effects in underwater visual censuses. PLoS 
One, 6(4), e18965. https://doi.org/10.1371/journ​al.pone.0018965

Durant, J. M., Hjermann, D. Ø., Ottersen, G., & Stenseth, N. C. (2007). 
Climate and the match or mismatch between predator requirements 
and resource availability. Climate Research, 33(3), 271–283. https://
doi.org/10.3354/cr033271

Edgar, G. J., Barrett, N. S., & Morton, A. J. (2004). Biases associated 
with the use of underwater visual census techniques to quan-
tify the density and size-structure of fish populations. Journal of 
Experimental Marine Biology and Ecology, 308(2), 269–290. https://
doi.org/10.1016/j.jembe.2004.03.004

Edgar, G. J., & Stuart-Smith, R. D. (2014). Systematic global assessment 
of reef fish communities by the Reef Life Survey program. Scientific 
Data, 1, 140007. https://doi.org/10.1038/sdata.2014.7

El-Haweet, A. (2001). Catch composition and management of daytime 
purse seine fishery on the Southern Mediterranean Sea coast, Abu 
Qir Bay, Egypt. Mediterranean Marine Science, 2, 119–126. https://doi.
org/10.12681/​mms.270

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Fosaa, A. M., Gould, W. 
A., Hermanutz, L., … Walker, M. D. (2015). Experiment, monitoring, 
and gradient methods used to infer climate change effects on plant 
communities yield consistent patterns. Proceedings of the National 
Academy of Sciences, 112(2), 448–452. https://doi.org/10.1073/
pnas.14100​88112

ESRI, R. (2011). ArcGIS desktop: Release 10. CA: Environmental Systems 
Research Institute.

Everett, J. D., Baird, M. E., Roughan, M., Suthers, I. M., & Doblin, M. 
A. (2014). Relative impact of seasonal and oceanographic driv-
ers on surface chlorophyll A along a Western Boundary Current. 
Progress in Oceanography, 120, 340–351. https://doi.org/10.1016/j.
pocean.2013.10.016

Filbee-Dexter, K., & Wernberg, T. (2018). Rise of turfs: A new battlefront 
for globally declining kelp forests. BioScience, 68(2), 64–76. https://
doi.org/10.1093/biosc​i/bix147

Floeter, S. R., Behrens, M., Ferreira, C., Paddack, M., & Horn, M. (2005). 
Geographical gradients of marine herbivorous fishes: Patterns 
and processes. Marine Biology, 147(6), 1435–1447. https://doi.
org/10.1007/s0022​7-005-0027-0

Floeter, S. R., Ferreira, C., Dominici-Arosemena, A., & Zalmon, I. (2004). 
Latitudinal gradients in Atlantic reef fish communities: Trophic struc-
ture and spatial use patterns. Journal of Fish Biology, 64(6), 1680–
1699. https://doi.org/10.1111/j.0022-1112.2004.00428.x

Foster, S. D., & Bravington, M. V. (2013). A Poisson-Gamma model for analysis 
of ecological non-negative continuous data. Environmental and Ecological 
Statistics, 20(4), 533–552. https://doi.org/10.1007/s1065​1-012-0233-0

Freestone, A. L., Osman, R. W., Ruiz, G. M., & Torchin, M. E. (2011). Stronger 
predation in the tropics shapes species richness patterns in marine com-
munities. Ecology, 92(4), 983–993. https://doi.org/10.1890/09-2379.1

Froese, R., & Pauly, D. (2009). FishBase: A global information sys-
tem on fishes. International Center for Living Acquatic Resources 
Management. http://www.fishb​ase.org

Gee, J. (1989). An ecological and economic review of meiofauna as food 
for fish. Zoological Journal of the Linnean Society, 96(3), 243–261. 
https://doi.org/10.1111/j.1096-3642.1989.tb018​30.x

Goetze, J. S., Januchowski-Hartley, F. A., Claudet, J., Langlois, T. J., 
Wilson, S. K., & Jupiter, S. D. (2017). Fish wariness is a more sensi-
tive indicator to changes in fishing pressure than abundance, length 
or biomass. Ecological Applications, 27(4), 1178–1189. https://doi.
org/10.1002/eap.1511

Gray, A. E., Williams, I. D., Stamoulis, K. A., Boland, R. C., Lino, K. C., 
Hauk, B. B., … Kosaki, R. K. (2016). Comparison of reef fish survey 
data gathered by open and closed circuit SCUBA divers reveals 
differences in areas with higher fishing pressure. PLoS One, 11(12), 
e0167724. https://doi.org/10.1371/journ​al.pone.0167724

Harris, G., Nilsson, C., Clementson, L., & Thomas, D. (1987). The water 
masses of the east coast of Tasmania: Seasonal and interannual 
variability and the influence on phytoplankton biomass and produc-
tivity. Marine and Freshwater Research, 38(5), 569–590. https://doi.
org/10.1071/MF987​0569

Harvey, E., Fletcher, D., Shortis, M. R., & Kendrick, G. A. (2004). A com-
parison of underwater visual distance estimates made by scuba div-
ers and a stereo-video system: Implications for underwater visual 
census of reef fish abundance. Marine and Freshwater Research, 55(6), 
573–580. https://doi.org/10.1071/MF03130

Heip, C. (1995). Eutrophication and zoobenthos dynamics. Ophelia, 41(1), 
113–136. https://doi.org/10.1080/00785​236.1995.10422040

Hemer, M., Pitman, T., McInnes, K., & Rosebrock, U. (2018). The 
Australian Wave Energy Atlas Project Overview and Final Report.

Hijmans, R. J., Williams, E., Vennes, C., & Hijmans, M. R. J. (2019). Package 
‘geosphere’. Spherical trigonometryv, 1.5-7.

Holmes, T. H., Wilson, S. K., Travers, M. J., Langlois, T. J., Evans, R. D., 
Moore, G. I., … Hickey, K. (2013). A comparison of visual-and ste-
reo-video based fish community assessment methods in tropical 

https://doi.org/10.1007/s00338-018-1727-5
https://doi.org/10.1007/s00338-018-1727-5
http://fishesofaustralia.net.au/
https://doi.org/10.1577/1548-8659(1993)122%3C0902:FTAPFA%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1993)122%3C0902:FTAPFA%3E2.3.CO;2
https://doi.org/10.1111/j.1523-1739.2012.01963.x
https://doi.org/10.1086/303244
https://doi.org/10.1086/303244
https://doi.org/10.1111/gcb.14398
https://doi.org/10.1111/gcb.14398
https://doi.org/10.1071/MF17387
https://doi.org/10.1071/MF17387
https://doi.org/10.3354/meps11529
https://doi.org/10.3354/meps11529
https://doi.org/10.1890/11-2253.1
https://doi.org/10.1139/f93-009
https://doi.org/10.1139/f93-009
https://doi.org/10.1371/journal.pone.0018965
https://doi.org/10.3354/cr033271
https://doi.org/10.3354/cr033271
https://doi.org/10.1016/j.jembe.2004.03.004
https://doi.org/10.1016/j.jembe.2004.03.004
https://doi.org/10.1038/sdata.2014.7
https://doi.org/10.12681/mms.270
https://doi.org/10.12681/mms.270
https://doi.org/10.1073/pnas.1410088112
https://doi.org/10.1073/pnas.1410088112
https://doi.org/10.1016/j.pocean.2013.10.016
https://doi.org/10.1016/j.pocean.2013.10.016
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1007/s00227-005-0027-0
https://doi.org/10.1007/s00227-005-0027-0
https://doi.org/10.1111/j.0022-1112.2004.00428.x
https://doi.org/10.1007/s10651-012-0233-0
https://doi.org/10.1890/09-2379.1
http://www.fishbase.org
https://doi.org/10.1111/j.1096-3642.1989.tb01830.x
https://doi.org/10.1002/eap.1511
https://doi.org/10.1002/eap.1511
https://doi.org/10.1371/journal.pone.0167724
https://doi.org/10.1071/MF9870569
https://doi.org/10.1071/MF9870569
https://doi.org/10.1071/MF03130
https://doi.org/10.1080/00785236.1995.10422040


16  |     HOLLAND et al.

and temperate marine waters of Western Australia. Limnology and 
Oceanography: Methods, 11(7), 337–350.

Kaschner, K., Karpouzi, V., Watson, R., & Pauly, D. (2006). Forage fish 
consumption by marine mammals and seabirds. On the multiple uses 
of forage fish: From ecosystems to markets. Fisheries Centre Research 
Reports, 14(3), 33–46.

Kingsford, M., & MacDiarmid, A. (1988). Interrelations between planktiv-
orous reef fish and zooplankton in temperate waters. Marine Ecology 
Progress Series. Oldendorf, 48(2), 103–117. https://doi.org/10.3354/
meps0​48103

Kulbicki, M. (1998). How the acquired behaviour of commercial reef 
fishes may influence the results obtained from visual censuses. 
Journal of Experimental Marine Biology and Ecology, 222(1–2), 11–30. 
https://doi.org/10.1016/S0022​-0981(97)00133​-0

Kumagai, N. H., Garcia Molinos, J., Yamano, H., Takao, S., Fujii, M., & 
Yamanaka, Y. (2018). Ocean currents and herbivory drive macroal-
gae-to-coral community shift under climate warming. Proceedings of 
the National Academy of Sciences USA, 115(36), 8990–8995. https://
doi.org/10.1073/pnas.17168​26115

Lindenmayer, D. B., Likens, G., Krebs, C., & Hobbs, R. (2010). Improved 
probability of detection of ecological "surprises". Proceedings of the 
National Academy of Sciences, 107(51), 21957–21962. https://doi.
org/10.1073/pnas.10156​96107

Lindfield, S. J., McIlwain, J. L., & Harvey, E. S. (2014). Depth refuge and 
the impacts of SCUBA spearfishing on coral reef fishes. PLoS One, 
9(3), e92628. https://doi.org/10.1371/journ​al.pone.0092628

Longo, G. O., Ferreira, C. E. L., & Floeter, S. R. (2014). Herbivory 
drives large-scale spatial variation in reef fish trophic interactions. 
Ecology and Evolution, 4(23), 4553–4566. https://doi.org/10.1002/
ece3.1310

Longo, G. O., Hay, M. E., Ferreira, C. E., & Floeter, S. R. (2019). Trophic 
interactions across 61 degrees of latitude in the Western Atlantic. 
Global Ecology and Biogeography, 28(2), 107–117. https://doi.
org/10.1111/geb.12806

MacNeil, M. A., Tyler, E. H., Fonnesbeck, C. J., Rushton, S. P., Polunin, N. 
V., & Conroy, M. J. (2008). Accounting for detectability in reef-fish 
biodiversity estimates. Marine Ecology Progress Series, 367, 249–260. 
https://doi.org/10.3354/meps0​7580

Mann, K. (1973). Seaweeds: Their productivity and strategy for growth. 
Science, 182(4116), 975–981.

Meekan, M., & Choat, J. (1997). Latitudinal variation in abundance of 
herbivorous fishes: A comparison of temperate and tropical reefs. 
Marine Biology, 128(3), 373–383. https://doi.org/10.1007/s0022​
70050103

Morais, R. A., & Bellwood, D. R. (2019). Pelagic subsidies underpin fish 
productivity on a degraded coral reef. Current Biology, 29(9), 1521–
1527 e1526. https://doi.org/10.1016/j.cub.2019.03.044

Morais, R., Ferreira, C., & Floeter, S. (2017). Spatial patterns of fish stand-
ing biomass across Brazilian reefs. Journal of Fish Biology, 91(6), 1642–
1667. https://doi.org/10.1111/jfb.13482

Morton, J. K., Platell, M. E., & Gladstone, W. (2008). Differences in feed-
ing ecology among three co-occurring species of wrasse (Teleostei: 
Labridae) on rocky reefs of temperate Australia. Marine Biology, 
154(3), 577–592. https://doi.org/10.1007/s0022​7-008-0951-x

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, 
R. … Wagner, H. (2013). Package ‘vegan’. Community ecology package, 
version, 2(9).

Oliver, E., & Holbrook, N. (2014). Extending our understanding of 
South Pacific gyre “spin-up”: Modeling the East Australian Current 
in a future climate. Journal of Geophysical Research: Oceans, 119(5), 
2788–2805.

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of phyloge-
netics and evolution in R language. Bioinformatics, 20(2), 289–290. 
https://doi.org/10.1093/bioin​forma​tics/btg412

Parmesan, C. (2006). Ecological and evolutionary responses to re-
cent climate change. Annual Review of Ecology Evolution and 
Systematics, 37, 637–669. https://doi.org/10.1146/annur​ev.ecols​
ys.37.091305.110100

Parrish, C. C., Deibel, D., & Thompson, R. J. (2009). Effect of sinking 
spring phytoplankton blooms on lipid content and composition in 
suprabenthic and benthic invertebrates in a cold ocean coastal en-
vironment. Marine Ecology Progress Series, 391, 33–51. https://doi.
org/10.3354/meps0​8148

Parsons, D. F., Suthers, I. M., Cruz, D. O., & Smith, J. A. (2016). Effects 
of habitat on fish abundance and species composition on temperate 
rocky reefs. Marine Ecology Progress Series, 561, 155–171. https://doi.
org/10.3354/meps1​1927

Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, 
I.-C., … Williams, S. E. (2017). Biodiversity redistribution under cli-
mate change: Impacts on ecosystems and human well-being. Science, 
355(6332), eaai9214. https://doi.org/10.1126/scien​ce.aai9214

Pinnegar, J. K., & Polunin, N. V. (2006). Planktivorous damselfish support 
significant nitrogen and phosphorus fluxes to Mediterranean reefs. 
Marine Biology, 148(5), 1089–1099. https://doi.org/10.1007/s0022​
7-005-0141-z

Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L., & Levin, S. A. 
(2013). Marine taxa track local climate velocities. Science, 341(6151), 
1239–1242.

Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman, 
D. S., Moore, P. J., … Richardson, A. J. (2013). Global imprint of climate 
change on marine life. Nature Climate Change, 3(10), 919. https://doi.
org/10.1038/nclim​ate1958

Poore, A. G., & Steinberg, P. D. (1999). Preference–performance relation-
ships and effects of host plant choice in an herbivorous marine am-
phipod. Ecological Monographs, 69(4), 443–464.

R Core Team (2018). R: A language and environment for statistical comput-
ing (Version 3.5.1).

Ridgway, K. (2007). Long-term trend and decadal variability of the 
southward penetration of the East Australian Current. Geophysical 
Research Letters, 34(13). https://doi.org/10.1029/2007G​L030393

Robertson, D. R. (1982). Fish feces as fish food on a Pacific coral reef. 
Marine Ecology Progress Series. Oldendorf, 7(3), 253–265. https://doi.
org/10.3354/meps0​07253

Roughan, M., & Middleton, J. H. (2002). A comparison of observed 
upwelling mechanisms off the east coast of Australia. Continental 
Shelf Research, 22(17), 2551–2572. https://doi.org/10.1016/S0278​
-4343(02)00101​-2

Roughan, M., & Middleton, J. H. (2004). On the East Australian cur-
rent: Variability, encroachment, and upwelling.  J. Geophys. Res., 
109(C7).https://doi.org/10.1029/2003J​C001833.

Sala, E., Ballesteros, E., Dendrinos, P., Di Franco, A., Ferretti, F., Foley, 
D., … Zabala, M. (2012). The structure of Mediterranean rocky reef 
ecosystems across environmental and human gradients, and conser-
vation implications. PLoS One, 7(2), e32742. https://doi.org/10.1371/
journ​al.pone.0032742

Sassa, C., Yamamoto, K., Tsukamoto, Y., Konishi, Y., & Tokimura, M. 
(2009). Distribution and migration of age-0 jack mackerel (Trachurus 
japonicus) in the East China and Yellow Seas, based on seasonal bot-
tom trawl surveys. Fisheries Oceanography, 18(4), 255–267.

Scharf, F. S., Buckel, J. A., McGinn, P. A., & Juanes, F. (2003). Vulnerability 
of marine forage fishes to piscivory: Effects of prey behavior on 
susceptibility to attack and capture. Journal of Experimental Marine 
Biology and Ecology, 294(1), 41–59. https://doi.org/10.1016/S0022​
-0981(03)00260​-0

Scheffers, B. R., De Meester, L., Bridge, T. C. L., Hoffmann, A. A., Pandolfi, 
J. M., Corlett, R. T., … Watson, J. E. M. (2016). The broad footprint of 
climate change from genes to biomes to people. Science, 354(6313), 
aaf7671. https://doi.org/10.1126/scien​ce.aaf7671

https://doi.org/10.3354/meps048103
https://doi.org/10.3354/meps048103
https://doi.org/10.1016/S0022-0981(97)00133-0
https://doi.org/10.1073/pnas.1716826115
https://doi.org/10.1073/pnas.1716826115
https://doi.org/10.1073/pnas.1015696107
https://doi.org/10.1073/pnas.1015696107
https://doi.org/10.1371/journal.pone.0092628
https://doi.org/10.1002/ece3.1310
https://doi.org/10.1002/ece3.1310
https://doi.org/10.1111/geb.12806
https://doi.org/10.1111/geb.12806
https://doi.org/10.3354/meps07580
https://doi.org/10.1007/s002270050103
https://doi.org/10.1007/s002270050103
https://doi.org/10.1016/j.cub.2019.03.044
https://doi.org/10.1111/jfb.13482
https://doi.org/10.1007/s00227-008-0951-x
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.3354/meps08148
https://doi.org/10.3354/meps08148
https://doi.org/10.3354/meps11927
https://doi.org/10.3354/meps11927
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1007/s00227-005-0141-z
https://doi.org/10.1007/s00227-005-0141-z
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1029/2007GL030393
https://doi.org/10.3354/meps007253
https://doi.org/10.3354/meps007253
https://doi.org/10.1016/S0278-4343(02)00101-2
https://doi.org/10.1016/S0278-4343(02)00101-2
https://doi.org/10.1029/2003JC001833
https://doi.org/10.1371/journal.pone.0032742
https://doi.org/10.1371/journal.pone.0032742
https://doi.org/10.1016/S0022-0981(03)00260-0
https://doi.org/10.1016/S0022-0981(03)00260-0
https://doi.org/10.1126/science.aaf7671


     |  17HOLLAND et al.

Sims, D. W., Witt, M. J., Richardson, A. J., Southall, E. J., & Metcalfe, J. 
D. (2006). Encounter success of free-ranging marine predator move-
ments across a dynamic prey landscape. Proceedings of the Royal 
Society of London B: Biological Sciences, 273(1591), 1195–1201.

Smith, A. D., Brown, C. J., Bulman, C. M., Fulton, E. A., Johnson, P., 
Kaplan, I. C., … Shannon, L. J. (2011). Impacts of fishing low–tro-
phic level species on marine ecosystems. Science, 333(6046), 
1147–1150.

Soler, G. A., Edgar, G. J., Thomson, R. J., Kininmonth, S., Campbell, S. 
J., Dawson, T. P., … Stuart-Smith, R. D. (2015). Reef fishes at all 
trophic levels respond positively to effective marine protected 
areas. PLoS One, 10(10), e0140270. https://doi.org/10.1371/journ​
al.pone.0140270

Stallings, C. D. (2009). Fishery-independent data reveal negative ef-
fect of human population density on Caribbean predatory fish 
communities. PLoS One, 4(5), e5333. https://doi.org/10.1371/journ​
al.pone.0005333

Stevenson, C., Katz, L. S., Micheli, F., Block, B., Heiman, K. W., Perle, C., 
… Witting, J. (2007). High apex predator biomass on remote Pacific 
islands. Coral Reefs, 26(1), 47–51. https://doi.org/10.1007/s0033​
8-006-0158-x

Sunday, J. M., Pecl, G. T., Frusher, S., Hobday, A. J., Hill, N., Holbrook, 
N. J., … Bates, A. E. (2015). Species traits and climate velocity ex-
plain geographic range shifts in an ocean-warming hotspot. Ecology 
Letters, 18(9), 944–953. https://doi.org/10.1111/ele.12474

Suthers, I. M., Young, J. W., Baird, M. E., Roughan, M., Everett, J. D., 
Brassington, G. B., … Ridgway, K. (2011). The strengthening East 
Australian Current, its eddies and biological effects—an introduction 
and overview. Deep Sea Research Part II: Topical Studies in Oceanography, 
58(5), 538–546. https://doi.org/10.1016/j.dsr2.2010.09.029

Truong, L., Suthers, I. M., Cruz, D. O., & Smith, J. A. (2017). Plankton sup-
ports the majority of fish biomass on temperate rocky reefs. Marine 
Biology, 164(4), 73. https://doi.org/10.1007/s0022​7-017-3101-5

Turnbull, J. W., Esmaeili, Y. S., Clark, G. F., Figueira, W. F., Johnston, E. 
L., & Ferrari, R. (2018). Key drivers of effectiveness in small marine 
protected areas. Biodiversity and Conservation, 27(9), 2217–2242. 
https://doi.org/10.1007/s1053​1-018-1532-z

Valdivia, A., Cox, C. E., & Bruno, J. F. (2017). Predatory fish depletion 
and recovery potential on Caribbean reefs. Sci Adv, 3(3), e1601303. 
https://doi.org/10.1126/sciadv.1601303

Vergés, A., Doropoulos, C., Malcolm, H. A., Skye, M., Garcia-Pizá, M., 
Marzinelli, E. M., … Steinberg, P. D. (2016). Long-term empirical 
evidence of ocean warming leading to tropicalization of fish com-
munities, increased herbivory, and loss of kelp. Proceedings of the 
National Academy of Sciences, 113(48), 13791–13796. https://doi.
org/10.1073/pnas.16107​25113

Vergés, A., McCosker, E., Mayer-Pinto, M., Coleman, M. A., Wernberg, 
T., Ainsworth, T., & Steinberg, P. D. (2019). Tropicalisation of tem-
perate reefs: Implications for ecosystem functions and manage-
ment actions. Functional Ecology, 33(6), 1000–1013. https://doi.
org/10.1111/1365-2435.13310

Vergés, A., Steinberg, P. D., Hay, M. E., Poore, A. G. B., Campbell, A. H., 
Ballesteros, E., … Wilson, S. K. (2014). The tropicalization of temper-
ate marine ecosystems: Climate-mediated changes in herbivory and 
community phase shifts. Proceedings of the Royal Society B, 281(1789), 
20140846. https://doi.org/10.1098/rspb.2014.0846

Vergés, A., Tomas, F., Cebrian, E., Ballesteros, E., Kizilkaya, Z., Dendrinos, 
P., … Sala, E. (2014). Tropical rabbitfish and the deforestation of a 
warming temperate sea. Journal of Ecology, 102(6), 1518–1527. 
https://doi.org/10.1111/1365-2745.12324

Ward-Paige, C., Flemming, J. M., & Lotze, H. K. (2010). Overestimating 
fish counts by non-instantaneous visual censuses: Consequences 
for population and community descriptions. PLoS One, 5(7), e11722. 
https://doi.org/10.1371/journ​al.pone.0011722

Wassmann, P. (1997). Retention versus export food chains: Processes 
controlling sinking loss from marine pelagic systems. Hydrobiologia, 
363(1–3), 29–57.

Watson, D. L., & Harvey, E. S. (2007). Behaviour of temperate and 
sub-tropical reef fishes towards a stationary SCUBA diver. Marine 
and Freshwater Behaviour and Physiology, 40(2), 85–103. https://doi.
org/10.1080/10236​24070​1393263

Watson, D. L., Harvey, E. S., Anderson, M. J., & Kendrick, G. A. (2005). 
A comparison of temperate reef fish assemblages recorded by three 
underwater stereo-video techniques. Marine Biology, 148(2), 415–
425. https://doi.org/10.1007/s0022​7-005-0090-6

Wernberg, T., Coleman, M. A., Babcock, R. C., Bell, S. Y., Bolton, J. J., 
Connell, S. D., … Shears, N. T. (2019). Biology and Ecology of the 
Globally Significant Kelp Ecklonia radiata. In Oceanography and 
Marine Biology. Taylor & Francis.

Wernberg, T., Smale, D. A., Tuya, F., Thomsen, M. S., Langlois, T. J., de 
Bettignies, T., … Rousseaux, C. S. (2013). An extreme climatic event 
alters marine ecosystem structure in a global biodiversity hotspot. 
Nature Climate Change, 3(1), 78–82. https://doi.org/10.1038/nclim​
ate1627

Whiteway, T. (2009). Australian bathymetry and topography grid. Canberra, 
ACT: Geoscience Australia.

Williams, J. W., & Jackson, S. T. (2007). Novel climates, no-analog 
communities, and ecological surprises. Frontiers in Ecology and the 
Environment, 5(9), 475–482. https://doi.org/10.1890/070037

Wogan, G. O., & Wang, I. J. (2018). The value of space-for-time substitu-
tion for studying fine-scale microevolutionary processes. Ecography, 
41(9), 1456–1468. https://doi.org/10.1111/ecog.03235

Wood, S. N. (2001). mgcv: GAMs and generalized ridge regression for R. 
R News, 1(2), 20–25.

Wood, S., & Scheipl, F. (2014). gamm4: Generalized additive mixed mod-
els using mgcv and lme4. R package version 0.2-3.

Wu, L., Cai, W., Zhang, L., Nakamura, H., Timmermann, A., Joyce, T., 
… Giese, B. (2012). Enhanced warming over the global subtropical 
western boundary currents. Nature Climate Change, 2(3), 161. https://
doi.org/10.1038/nclim​ate1353

Yamano, H., Sugihara, K., & Nomura, K. (2011). Rapid poleward range 
expansion of tropical reef corals in response to rising sea sur-
face temperatures. Geophysical Research Letters, 38(4). https://doi.
org/10.1029/2010G​L046474

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Holland MM, Smith JA, Everett JD, 
Vergés A, Suthers IM. Latitudinal patterns in trophic 
structure of temperate reef-associated fishes and predicted 
consequences of climate change. Fish Fish. 2020;00:1–17. 
https://doi.org/10.1111/faf.12488

https://doi.org/10.1371/journal.pone.0140270
https://doi.org/10.1371/journal.pone.0140270
https://doi.org/10.1371/journal.pone.0005333
https://doi.org/10.1371/journal.pone.0005333
https://doi.org/10.1007/s00338-006-0158-x
https://doi.org/10.1007/s00338-006-0158-x
https://doi.org/10.1111/ele.12474
https://doi.org/10.1016/j.dsr2.2010.09.029
https://doi.org/10.1007/s00227-017-3101-5
https://doi.org/10.1007/s10531-018-1532-z
https://doi.org/10.1126/sciadv.1601303
https://doi.org/10.1073/pnas.1610725113
https://doi.org/10.1073/pnas.1610725113
https://doi.org/10.1111/1365-2435.13310
https://doi.org/10.1111/1365-2435.13310
https://doi.org/10.1098/rspb.2014.0846
https://doi.org/10.1111/1365-2745.12324
https://doi.org/10.1371/journal.pone.0011722
https://doi.org/10.1080/10236240701393263
https://doi.org/10.1080/10236240701393263
https://doi.org/10.1007/s00227-005-0090-6
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1890/070037
https://doi.org/10.1111/ecog.03235
https://doi.org/10.1038/nclimate1353
https://doi.org/10.1038/nclimate1353
https://doi.org/10.1029/2010GL046474
https://doi.org/10.1029/2010GL046474
https://doi.org/10.1111/faf.12488

