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Abstract Animals support a diversity of ecological pro-
cesses that are linked to the stability, condition and resilience
of ecosystems. This means that metrics indexing the diver-
sity of a food web should be linked to the delivery of these
ecological processes; yet, how diversity relates to ecological
functioning remains unclear in many ecosystems. Coral reefs
are reliant on multiple processes to maintain resilience and
support ecosystem services, yet are at risk globally from
sedimentation, overfishing and climate change. We quanti-
fied how seascape connectivity and reef context shape the
functional diversity of fish and two ecological processes
across subtropical coral reefs in Moreton Bay in eastern
Australia. We used baited and unbaited remote underwater
video stations and a series of functional assays to determine
how the functional composition of a food web and processes
correlate with the seascape across 50 reef sites. Fish func-
tional richness was driven by the distance to the estuary and
nearby habitats. Communities were more functionally bal-
anced in protected areas and more divergent on reefs with
higher coral cover adjacent to mangroves. Ecological pro-
cesses were driven by the distance to the estuary, critically
highlighting no relationship with fish functional diversity.
We also show that ecosystem functioning was greatest when
distances to the estuary were greater than 25 km, resulting in
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more diverse and higher trophic level fish. Understanding the
rate and distribution of ecological processes closely linked
with ecological resilience and how these relationships are
impacted by biodiversity and environmental attributes is key
for optimising reef conservation and management.
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Introduction

Ecological processes support the movement and storage of
nutrients and energy throughout food webs and are linked
to the structure and functioning of ecosystems (Blaum et al.
2011; Bellwood et al. 2019; Buchholz and Egerer 2020).
Animals play important roles in all ecosystems by under-
taking key ecological processes such as pollination (Buch-
holz and Egerer 2020), seed dispersal (Hutchins et al. 1996),
herbivory (Bellwood et al. 2019; Henderson et al. 2019) and
carnivory (e.g. consumption of living or dead animal matter)
(Brandl et al. 2019; Mihalitsis and Bellwood 2019; Rummell
et al. 2024). The way animals perform these processes struc-
tures ecosystems and modifies communities via the inter-
actions of trophic networks and their relevant species, in
conjunction with those animals spatial connectedness across
landscapes and seascapes (Bellwood et al. 2019; Rumeu
et al. 2020). These processes are linked to key ecosystem ser-
vices that humans rely on, such as food provisioning, coastal
protection, carbon storage and the regulation of food webs
and resources (Holmlund and Hammer 1999; Estes et al.
2011). Furthermore, the rate and distribution of multiple
ecological processes performed by a community underpin
the capacity of an ecosystem to respond to and recover from
disturbance and are linked to the concept, multifunctionality
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(Manning et al. 2018; De Battisti 2021; Rummell et al.
2024). Multifunctionality represents the variety and num-
ber of ecological processes and ecosystem services that can
be performed simultaneously within and by a community
(Bender et al. 2016; Manning et al. 2018). This concept is
important for maintaining ecosystems because if multiple
processes are maintained by several groups of organisms an
ecosystem may have the capacity to have greater functional
redundancy; meaning the loss of one group may have less
impact to ecological processes that relate to the resilience
of that ecosystem (Manning et al. 2018; White et al. 2023).
For example, the resilience of some ecosystems (e.g. grass-
lands, coral reefs and seagrass meadows) has been linked to
the abundance of multiple herbivores, like mammals of the
Serengeti or fishes on coral reefs, which perform key top-
down effects on primary producers to maintain and structure
their respective ecosystems in multiple ways (Sinclair et al.
2007; Estes et al. 2011; Henderson et al. 2017a; Tebbett
et al. 2023). In these cases if the thresholds of multifunc-
tional redundancy are not maintained, the top-down effects
on primary producers may either fall behind or overwhelm
an ecosystem causing it to become less stable, impacting
associated ecosystem services (White et al. 2023). Monitor-
ing and managing biodiversity that is linked to key ecosys-
tem services remains a priority for management and policy
(Lopez-Rivas and Cardenas 2024; Pereira et al. 2024). How-
ever, it is through understanding how biodiversity and mul-
tifunctionality relate that will provide clear insights into the
status of these key ecosystems that humans rely on (Rosen-
feld 2002; Cadotte et al. 2011).

Fish support marine and freshwater ecosystems by
undertaking core ecological processes such as bioturba-
tion, herbivory or carnivory which are central to ecosystem
functioning and key in facilitating aquatic based ecosystem
services (Holmlund and Hammer 1999; Brandl et al. 2019).
Some of these services include the regulation of nutrients
(Schiettekatte et al. 2023), trophic network control (Coll
et al. 2006) and food provision (Pini-Fitzsimmons et al.
2018). The way fish directly interact with their ecosystems
is the basis of these processes and can be categorised by
food acquisition, locomotion and reproduction (Claverie
and Wainwright 2014; Villéger et al. 2017). These aspects
of fish ecology and biology are distributed variably across
aquatic environments due to their high diversity coupled
with their biological needs across spatial gradients (Mumby
et al. 2004; Dorenbosch et al. 2005). For instance, many
reef fish utilise varying habitats depending on the season
and their life cycle (Furey et al. 2013; Bradley et al. 2019).
While the rate and distribution of processes are modified by
the diversity of species within an ecosystem, the morpho-
logical and ecological traits that those species possess drive
variation in the rate and distribution of ecological processes,
such as carnivory and herbivory (Cadotte et al. 2011; Wan
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et al. 2024). The diversity of morphological traits that facili-
tate the delivery of processes by fish is often looked at as
an important aspect of biodiversity when considering the
health status of an ecosystem (Villéger et al. 2017; Bellwood
et al. 2019; Pombo-Ayora et al. 2020). By investigating the
diversity of particular functional components of the food
web (here functional richness and other diversity indices)
while accounting for species richness, biological contribu-
tions to ecosystem resilience can be evaluated with clarity,
an important outcome for management.

The diversity and abundance of species within an eco-
system have long been linked to ecosystem functioning
and resilience (Flynn et al. 2011; Gagic et al. 2015; Oliver
et al. 2015; Rummell et al. 2024). However, there are few
examples where this relationship clearly occurs in the wild.
For example, herbivorous fishes have shown to potentially
combat phase shifts, where herbivory was crucial in pre-
venting coral reefs from transitioning to an algae dominated
ecosystem due to disturbance (Cheal et al. 2010; Hughes
et al. 2010; Chong-seng et al. 2014). Fish contribute to resil-
ience by engaging with their ecosystem where diverse fish
species and variations in their morphological traits support
processes like algae removal (Johnson 2000; Chong-seng
et al. 2014). At a family taxonomic level, some of these fish
include Siganidae (rabbitfish) (Fox and Bellwood 2013),
Labridae: Scarinae (parrotfish) (Bellwood and Choat 1990)
and Acanthuridae (surgeonfish) (Tebbett et al. 2022). Many
of these fish have previously been categorised as, brows-
ers, grazers, excavators and scrapers to explain how par-
ticular fishes conduct algae removal on coral reefs (Bell-
wood et al. 2019; Tebbett et al. 2023). But due to high fish
diversity on reefs, it has been suggested that descriptions
of species that perform a process such as herbivory may be
more informative if represented as a continuous measure
such as functional richness. This is because theoretically
it is expected that functional richness is a better predictor
of ecological functioning in an ecosystem compared to
species richness (Petchey and Gaston 2006; Cadotte et al.
2011). Typical species richness metrics treat all species as
functionally the same and do not account for the functional
morphology and traits within a community, whereas func-
tional diversity can provide key details like consumer type
and trophic position without categorisation (Petchey and
Gaston 2006; Tebbett et al. 2020). These traits explain the
role each species has within the food web, the variability
in how they deliver core processes and the dynamic and
diverse way they contribute to community composition on a
coral reef (Henderson et al. 2024b; Sanabria-Fernandez et al.
2024). However, the overarching concept of morphological
traits differentiating species from one another has not been
limited to herbivores alone and extends to other functional
roles like corallivores (Motta 1988) and carnivores (Mihal-
itsis and Bellwood 2019). Fishes categorised as carnivores
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can also be distinguished by quantifiable traits such as jaw
morphology and predator-to-prey size ratios (Mihalitsis and
Bellwood 2021); however, this functional differentiation can
also be represented using a continuous functional richness
metric. Functional richness refers to the amount of trait
space occupied by a community, while functional evenness
captures how evenly traits are spread are within that space.
Functional divergence describes the extent to which species
deviate from average trait values and captures how those
with more extreme traits contribute to community abun-
dance. Functional diversity is the overarching framework
which encompasses these metrics and reflects how species
differ in the ecological roles they play within an ecosystem
based on their traits (Mason et al. 2005; Villéger et al. 2017).
Understanding how diversity, and the rates and distributions
of ecological processes vary across a seascape are key for
informing conservation design because they are linked to
habitat connectivity and spatial variations in the seascape
(Henderson et al. 2020; Parravicini et al. 2021; Loiseau et al.
2023).

Habitat connectivity and context refer to the spatial
arrangement of habitats within seascapes, including the
extent of different habitat patches and their physical prox-
imity between habitats (Pittman and Olds 2015; Goodridge
Gaines et al. 2022; Cork et al. 2024). Coastal seascapes are
interconnected by the diversity and abundance of organisms
which depend on the proximity of nearby habitats through-
out their life cycles (Mumby et al. 2004; Bradley et al. 2019;
Duan and Yu 2022). Many reef fish use multiple habitats for
food acquisition and reproduction which explains the move-
ment of nutrients and energy between habitats and ecosys-
tems (Olds et al. 2014; Bellwood et al. 2019). The context
and connectivity of habitats further shape the distribution of
fishes, with marine reserves influencing assemblages (Olds
et al. 2012b), especially when habitat heterogeneity is great-
est and those habitats are nearby (Perry et al. 2018; Bradley
et al. 2019). For example, reefs that are connected to nearby
habitats and are protected areas have greater fish abundance
and biomass because the pressure of fishing is removed
(Gilby et al. 2019; Gill et al. 2024). Whether this relates to
ecological processes remains relatively unclear. Irrespective
of protection, the abundance and diversity of herbivorous
fishes (parrotfish, rabbitfish, surgeonfish, drummers and
some batfish) are modified by resource availability, which
in turn influences foraging behaviour and habitat use across
spatial gradients (Davis et al. 2017; Roff et al. 2019). Addi-
tionally, higher order species such as piscivores or predators
(here referred to as carnivorous fish) are often the target of
fishing with exploitation effects ranging from trophic imbal-
ances to declines in ecosystem services (Myers and Worm
2003; Brandl et al. 2019; Eddy et al. 2021). Conservation
strategies that incorporate the context and connectivity of
the seascape can, therefore, be beneficial to fish diversity,

community structure (Mumby and Hastings 2008; Olds et al.
2014; Sievers et al. 2024) and the core processes they pro-
vide (Tebbett et al. 2020, 2022; Schiettekatte et al. 2023) by
protecting them from anthropogenic impacts. However, the
influence of this on multifunctionality is rarely tested, yet is
key to fully understanding these ecosystems.

This study had four primary aims: (1) to quantify the
relationship between seascape connectivity in an inshore
coral reef ecosystem with the functional diversity of fish
communities, characterised using three complementary met-
rics: functional richness, functional evenness and functional
divergence (Mason et al. 2005; Villéger et al. 2017); (2) how
ecological processes (specifically carnivory and herbivory)
respond to the combined effects of seascape connectivity
and fish functional diversity of the two assemblages (e.g.
carnivores and herbivores), (3), we examined how reef eco-
system functioning (the sum of core processes on reefs)
responds to habitat connectivity, context and marine park
protection and (4), we aimed to identify how fish commu-
nity composition and functional traits are distributed across
the seascape. To achieve this, we measured rates of two
core ecological processes using field assays and assessed
the composition of the fish community on coral reefs in a
heterogeneous seascape with varying levels of marine park
protection. We hypothesised that the functional diversity of
fish would be modified by seascape variability and that the
rates of ecological processes would positively correlate with
both seascape connectivity and fish functional diversity. We
also expected that ecosystem functioning would be highest
on reefs located near a greater diversity of adjacent habi-
tats and in areas protected from fishing (Roff et al. 2019;
Goodridge Gaines et al. 2022).

Methods
Study area

Ecological processes (herbivory and carnivory), coral
reef fish composition and hard coral cover were surveyed
in Moreton Bay (Quandamooka), Queensland (Fig. 1,
27°27'25.9"S, 153°20'46.0"E). Moreton Bay is an ecologi-
cally diverse seascape on the east coast of Australia con-
taining a variety of coastal habitats including coral reefs,
seagrass meadows, mangrove forests and salt marshes.
These ecosystems support a high diversity and abundance of
coastal fishes, many of which are the targets of commercial
and recreational fishing (Olds et al. 2019). Moreton Bay is a
multiple-use marine protected area with approximately 16%
of the marine park fully protected within marine national
park zones since 2009, which enable entry but no extraction.
Moreton Bay is located to the east of Brisbane (approx. pop-
ulation 2.7 million) (Australian Bureau of Statistics 2023)
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Fig. 1 The coral reefs surveyed
across Moreton Bay, Queens-
land, with five sites sampled

at each location. Sites are ran-
domly split between protected
and unprotected areas of the
marine park

Legend
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and is the drainage basin for several major rivers, and as a
result sees variation in water quality and nutrients from west
to east (Gilby et al. 2019). Surveys were conducted across
10 coral reef sites with 50 individual replicates within the
bay, evenly split between fully protected and unprotected
marine park zones (Fig. 1). These study sites were selected
to distribute sampling effort across a relatively broad spa-
tial range while allowing our protected and unprotected site
comparisons to be even across the spatial gradient. The spa-
tial gradient was comprised of varying water quality and
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varying distances to the mouth of the main estuary, seagrass
meadows, mangrove forests and the open ocean.

Ecological process assays

Two different assay types were used to index carnivory and
herbivory on reefs throughout Moreton Bay and were done
by measuring the net weight change from pre- and post
assay deployments. Carnivory assays consisted of three pre-
weighed pilchards (Sardinops sp.) (129 g, + 16 g) attached
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to the top of a bait bag, which is a standardised method
for measuring carnivorous fish consumption rates (Dorman
et al. 2012; Olds et al. 2018). Herbivory assays consisted of
a pre-weighed locally found macroalgae (Sargassum sp.) (13
g,+3 g) attached to a tile and deployed onto the reef. Sar-
gassum is a brown macroalgae used in previous studies both
within the region and more broadly to quantify browsing
rates of herbivores (Yabsley et al. 2016; Gilby et al. 2017).
While this assay provides a standardised measure of mac-
roherbivory by browsing fishes, it does not capture micro-
herbivory (e.g. by scrapers, grazers or excavators), therefore
representing only one component of herbivory. Each assay
type was deployed at five sites at each location (Fig. 1B)
and was spatially separated by a minimum of 200 m. Car-
nivory assays were deployed for one hour, and herbivory
assays were deployed for 48 h. Pilchard deployments inher-
ently have a faster response in fish assemblages compared to
macroalgae due to the bait plume associated with pilchards;
this is not the case for macroalgae so to allow herbivory
to occur a 48 soak time was assigned for the Sargassum
assays (Wraith et al. 2013; Jones et al. 2020). The carnivory
assays were filmed for their entire soak time, which was one
hour and is a standardised recording time for measuring fish
assemblages in coral reef systems (Dorman et al. 2012). Her-
bivory assays were filmed for two hours due to limited bat-
tery life. However, the extended deployment time compared
to carnivory assay recording was designed to allow adequate
functioning to be attributed to the responsible species where
possible, while accounting for a delay in fish attraction due
to the lack of bait plume associated with Sargassum. Her-
bivory recordings occurred at the next daytime high tide
following Sargassum assay deployment to allow an adequate
soak time before recording commenced. To ensure water did
not influence the weight of Sargassum, assays were spun 10
times in a salad spinner and weighed using a 60-g Pesola
Precision Scale (Gilby et al. 2017).

Surveying inshore reef fish assemblages

Baited remote underwater video stations (BRUVS) and
unbaited remote underwater video stations (RUVS) were
used to survey coral reef fish communities (Henderson
et al. 2017a; Mosman et al. 2024). Although our herbivory
assays were attached to the unit, we refer to them as RUVS
here because they lack a bait plume that is associated with
BRUVS. Both units were deployed at five sites at each loca-
tion within Moreton Bay (Fig. 1B) with the two separate
types of assays attached, one to characterise herbivory and
one for carnivory (Gilby et al. 2017; Jones et al. 2020).
Each assay type and unit (for herbivory and carnivory) were
deployed at separate times at each site to ensure that bait
from the pilchards did not influence the Sargassum assay fish
community. For example, on day one herbivory assays were

recorded and on day two carnivory assays were recorded
for each individual survey location. Video units were con-
structed using a GoPro and a weight with a one-metre PVC
pipe extending into the cameras range of view and a buoy
attached to rope for retrieval. Deployment recordings were
made within two hours either side of high tide during day-
light hours (Mosman et al. 2020; Henderson et al. 2022).
Herbivory assays that were also used to survey the herbivore
assemblage (surveyed with RUVS) were videoed for two
hours while carnivory assays that were also used to survey
the carnivore assemblage (surveyed with BRUVS) were vid-
eoed for one hour because the bait plume associated with
pilchards attracts fish faster than Sargassum (Wraith et al.
2013; Jones et al. 2020). We used these standardised deploy-
ment times around high tide to address potential visibility
issues due to any turbidity across sample sites as visibility
in the bay is maximised at high tide (Gilby et al. 2016a;
Henderson et al. 2017b). Furthermore, we tested for correla-
tions between visibility estimated on camera deployments
(mean=2.41 m, std. error=0.09 m) and multiple spatial
variables used in our analysis to ensure that there was no
effect of visibility on our results. Water column visibility
was quantified by estimating the distance (in metres) visible
within the field of view of the BRUV footage, rounded to the
nearest 0.5 m. We found no significant effects of visibility
and the spatial variables of distance to estuary (p =0.165),
distance to seagrass (p =0.082), area of coral in a 500-m
buffer (p =0.052), the area of mangroves in a 500-m buffer
(p=0.172) or the hard coral cover at a site (p=0.847). We
attached a mesh bait bag with ~500 g of pilchards at the end
of the pipe for the carnivory video deployments to ensure
assemblage representation was true in the case assays were
removed quickly by fish immediately in the vicinity of the
deployment (Henderson et al. 2022). This was also used to
simulate a conducive environment for carnivorous fish in
case assays were lost to the environment due to strong cur-
rents or caught on reefs. During video analysis, the MaxN
method was used to measure the relative abundance of indi-
vidual species, whereby the maximum number of individu-
als per species within a single frame was counted, provid-
ing a conservative index for abundance (Zarco-Perello and
Enriquez 2019; Henderson et al. 2022; Mosman et al. 2024).
While the MaxN method likely underestimates the true abun-
dance of species that aggregate, we aimed to address this
limitation by using extended video recordings and utilising
the bait bags on our BRUVS units to increase detection prob-
ability and attract individuals into the field of view.

Classifying seascape variables
Spatial metrics and seascape variables were quantified using

QGIS (QGIS 2024). The distance to nearby habitats, such as
seagrass meadows and mangrove forests, and other spatial
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features of the seascape, such as the distance to estuary
mouth and open ocean, were measured to quantify the degree
of habitat connectivity and human influence. Distances rep-
resented the shortest path from a site to the nearest habitat
or feature as a fish would swim in the water. The area (m?)
of each habitat (coral reefs, seagrass meadows and mangrove
forests) within a 500-m buffer around each replicate was also
calculated. We used this buffer size to represent the fine-
scale effects of habitat heterogeneity and seascape context
to investigate how these variables shape ecological function-
ing in Moreton Bay (Henderson et al. 2022; Mosman et al.
2024). This is important to consider because these fine-scale
effects show how far coral reef fish are likely to move within
an area which inherently links with how well ecological pro-
cesses are maintained in marine reserves (Olds et al. 2012b;
Goodridge Gaines et al. 2022). Depth was recorded using the
research vessel’s depth sounder for each recording deploy-
ment. To account for the variation in benthic productivity
and coral cover across the study area, we used still images
from the field of view of each BRUVS deployment (Speed
et al. 2018; Mosman et al. 2024).

Classifying coral cover

To quantify coral cover, we took individual still reference
images from each deployment that had a relatively even
amount of seafloor and water column in the field of view
(Speed et al. 2018; Mosman et al. 2024). We then quanti-
fied the per cent cover (0-100%) of hard coral using the
field of view reference image by calculating the hard coral
cover and other benthos within each frame. This was calcu-
lated by visually assessing the overall cover within the frame
and recording the percentage for each frame. Where hard
coral cover was not present, the benthos was classified as
‘other habitat’ which consisted of sand, dead coral, rubble,
Sargassum, other macroalgae and other invertebrates (e.g.
sponges and clams etc.) (Tickler et al. 2017; Speed et al.
2018). Footage that were directed towards the sea surface or
had a blocked field of view were excluded from the analysis.

Calculating functional diversity

Morphological and ecological trait information for each fish
species identified was collected from FishBase (FishBase.
org 2024) to calculate the functional richness (FRic), func-
tional evenness (FEve) and the functional divergence (FDiv)
of the assemblage recorded on each assay (e.g. carnivore
assemblage from BRUVS and herbivore assemblage from
RUVS) (Henderson et al. 2024b; Sanabria-Fernandez et al.
2024). We used feeding guild (piscivore, herbivore, omni-
vore, corallivore, zoobenthivore or zooplanktivore), trophic
level, maximum length (cm), head length (% of body length),
eye diameter (% of head length) and gregariousness (solitary,
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paired or forming schools) (FishBase.org 2024; Sanabria-
Fernandez et al. 2024) to characterise the functional diver-
sity of all identified species. These traits have been used in
similar analyses and were chosen here because they explain
the trophic role each species plays within an ecosystem, the
variability in how they perform key processes and the scale
at which those processes may be provided (Villéger et al.
2017; Henderson et al. 2024b). We used continuous (e.g.
max length in cm) and categorical (e.g. feeding guild and
gregariousness) trait measures to characterise the functional
differences between species (Cadotte 2017; Henderson et al.
2024b). To calculate the functional diversity metrics (FRic,
FEve and FDiv) of each assay assemblage (carnivory assay
and herbivory assay), we used the fundiv and FD packages
in R, whereby functional richness defined as the area of trait
space, functional evenness defined as the balance of trait
space and functional divergence defined as the niche spe-
cialisation for each associated assemblage within the reef
ecosystem (Laliberté et al. 2014; Grenié and Gruson 2022).
Prior to analysis, continuous traits were range-standardised
and all traits were weighted equally to avoid bias in trait
space. Gower distances were used to calculate pairwise trait
dissimilarities between species, which allowed both types of
traits to be integrated into a single functional space (Lalib-
erté and Legendre 2010). Additionally, the number of spe-
cies within each assemblage analysed was calculated. These
metrics were used to characterise fish diversity and assess
how they are shaped by spatial gradients and habitat context.
We also used these metrics as predictors to understand their
importance in driving core processes compared to environ-
mental and habitat variables. We then coupled these met-
rics with our ecological processes, to calculate ecosystem
functioning to determine how this correlated to seascape
variables and marine park protected status.

Statistical analysis

Firstly, we tested the relationships between diversity metrics
as response variables (FRic, FDiv, FEve and species rich-
ness) against spatial and environmental variables (Table 1)
to assess how fish functional assemblage composition and
dynamics were shaped across the seascape for both sur-
veyed assemblages (carnivore and herbivore assemblages).
Secondly, we tested the relationships between ecological
processes (carnivory and herbivory) against functional
diversity indices, and spatial and environmental variables
to elucidate what was important for driving ecological pro-
cesses on reefs, and how they are shaped across a marine
national park. Finally, we calculated and tested ecosystem
functioning against our spatial and environmental variables.
We assessed model fit and validated assumptions for all
best-fit models using diagnostic tools from the DHARMa
package, which simulates scaled residuals to test uniformity,
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Table 1 Spatial and environmental variables that were collected across Moreton Bay

Spatial & environmental variables

Description

Distance to ocean (m)
Distance to estuary (m)
Distance to seagrass (m)
Distance to mangroves (m)
Area of coral (m?)

Area of seagrass (m?)
Area of mangroves (m?)
Hard coral cover (%)

Marine Park zoning

The distance to the nearest open ocean from each recording deployment
The distance to the nearest major estuary from each recording deployment
The distance to the nearest seagrass meadow from each deployment

The distance to the nearest mangroves from each deployment

The area of coral within a 500-m buffer of each deployment

The area of seagrass within a 500-m buffer of each deployment

The area of mangroves within a 500-m buffer of each deployment

The mean per cent of hard coral cover

The protected status of the surveyed reef; categorised as protected or unprotected

Site Study site included as a random effect in all models

dispersion and outliers (Hartig et al. 2024). Residuals were
generally consistent across all models, with no major devia-
tions from assumptions. Model family selection was deter-
mined by visual inspection response distributions, including
checks for skewness and zero inflation, leading to the use of
appropriate families such as the Tweedie distribution. Spa-
tial autocorrelation in residuals was tested using Moran’s I
on site-level coordinates with the testSpatialAutocorrelation
function in the DHARMa package (Moran 1950; Hartig et al.
2024). All models returned non-significant results (p > 0.05),
indicating that residuals were not spatially structured.
Candidate models for all variables of interest were built
using full-subset generalised additive mixed models (FSS
GAMMs) with the FSSgam R package (Fisher et al. 2018).
We inspected collinearity between all continuous predic-
tor variables using the ggpairs function from the GGally R
package (Fig. S1). FSS GAMMs can handle multicollinear-
ity between continuous predictors using a default correla-
tion coefficient cut-off value of 0.28. This allows several
candidate models to be built, including all continuous and
categorical predictors, with models limited to a maximum
of three predictor variables to reduce overfitting (Fisher
et al. 2018). All models allowed for the test of interactions
between each categorical and smooth term combination.
GAMMs apply a combination of smooth functions to capture
the effects of covariates, which allows for more flexibility
in how the response variable relates to them without need-
ing to assume a parametric form for the relationship (Mous-
taka et al. 2024). As such, best-fit models were selected
based on, 1) whether they were a variable of importance
that was within two AIC units (delta AIC < 2) of the model
with the lowest AIC value, 2) they were the most parsimo-
nious candidate model, meaning they had the least num-
ber of model terms, and 3) they had the greatest weighted
AIC (wi AIC) (see Table S1 for top model fits). We then
fit the best model for each response variable using a gener-
alised additive mixed model (GAMM) with the maximum
likelihood (ML) method and a spline of degree three. We

included site as a random effect by specifying it as a random
intercept smooth term to account for potential dependence
of observations within reef sites. To assess variable signifi-
cance from the best models and determine test statistics and
p-values, the anova function from the car package was used
on all selected best models (Fox et al. 2007). Models that
were selected on the criteria (variable of importance, delta
AIC <2, parsimony and wi AIC) but determined non-sig-
nificant were checked and excluded from the analysis (see
Fig. S2). The functional diversity indices that were values
between 0 and 1 (FRic, FEve and FDiv) were modelled using
betar family distribution while species richness used nega-
tive binomial to alleviate overdispersion. When modelling
the processes, carnivory and herbivory, against spatial and
environmental variables we used Tweedie family distribu-
tion because it was well-suited to zero inflated continuous
data. Before plotting our variables of importance, we fit our
best models using a GAMM with a restricted maximum like-
lihood (REML) method following Moustaka et al. (2025).
All selected best-fit models for this study were plotted in
R using the ggplor2 package and ggarrange function in the
ggpubr package (Wickham 2016; Kassambara 2023).

To explain the relationships between ecosystem function-
ing and spatial metrics of Moreton Bay, we normalised all
response variables for each assay assemblage (herbivory,
carnivory, functional richness, functional evenness and func-
tional divergence) to a proportion between zero and one,
with one representing the maximum recorded value for that
variable, and summed these values together at a site level
and then rescaled between zero and one (see Elliott et al.
2022). These variables were selected because they repre-
sent core ecological processes and trait-based characteristics
that influence ecosystem functioning on coral reefs, such as
top-down control and nutrient flow. Each component was
weighted equally in the index to avoid biasing the contri-
bution of individual metrics, and an additive approach was
selected for its transparency and theoretical interpretability.
FSS GAMMs were used to generate models for ecosystem
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«Fig. 2 Full-subset generalised additive mixed models (FSS GAMMs)
illustrating the relationships of spatial gradients and the whole car-
nivore assay assemblage diversity metrics (red lines). a functional
richness (FRic) against distance to estuary (m), b functional evenness
(FEve) against marine park zoning, ¢ functional divergence (FDiv)
against area of mangroves (m.?) and d hard coral cover (%), and e
species richness against distance to estuary (m) and distance to sea-
grass (m)

functioning against all spatial and environmental variables
using the beta family distribution and site as a random effect.
The model was fitted, selected and plotted following the
stated protocol above.

To assess how morphological and ecological fish traits
correlated with distance to the estuary, we used a fourth-
corner analysis (FCA) and traitglm in the mvabund package
in R (Yi Wang et al. 2022). We used the predictor variable,
distance to estuary, because it was the only significant spa-
tial variable that correlated with overall ecosystem function-
ing. This allowed us to illustrate how specific traits varied
across the seascape and to highlight which fish species may
be contributing most to changes in diversity across the sea-
scape. We used a principal component analysis (PCA) with
overlaying vectors to illustrate which fish traits were most
associated with the abundance of each fish species.

Results

Functional diversity is shaped by seascape
heterogeneity

We identified significant correlations between functional
diversity metrics of both measured assay assemblages (car-
nivory and herbivory) against spatial and environmental
variables on coral reefs in Moreton Bay, Queensland (Fig. 1,
Table 1). The most important variables that explained func-
tional diversity (FRic, FEve, FDiv and species richness) in
the carnivory assay assemblage were distance to estuary,
marine park zoning, area of mangroves, hard coral cover
and distance to seagrass (Fig. 2, Table S1). There was some
consistency in important variables for the herbivory assay
assemblage with area of coral, distance to estuary and dis-
tance to seagrass best explaining functional diversity (func-
tional and species richness). The herbivory assay assem-
blage only had two significant variables of importance for
the functional diversity metrics, which were functional rich-
ness and species richness. We examined alternative best-fit
models for functional evenness and functional divergence for
the herbivory assemblage; however, there was no significant
variance explained by the alternative models, confirming the
exclusion of these response variables from the study (Fig
S2, Table S1).

There was a significant positive relationship between
carnivore functional richness and distance to estuary where
functional richness was greatest when 30 km from the estu-
ary (y°=6.422, p<0.05) (Fig. 2A). Carnivore functional
evenness was best explained by the protected status of
the reef (Fig. 2B), where protected reefs had slightly, but
significantly higher functional evenness in the fish assem-
blage compared to unprotected reefs (> =7.187, p <0.05).
Functional divergence was best explained by area of nearby
mangroves and the percentage of hard coral cover (Fig. 2C,
D). We found that functional divergence increased when
the area of mangroves was between 50,000 and 150,000
m? (¥’ =4.746, p <0.05). Variance in functional divergence
was also best explained by a change in hard coral cover (%)
and was greatest when coral cover was greatest (° = 8.784,
p <0.05). Finally, species richness in the carnivory assay
assemblage was best explained by distance to estuary and
distance to seagrass (Fig. 2E, F). We identified that spe-
cies richness was greatest at approximately 20 km from the
estuary (y*=22.821, p<0.001). Species richness was also
best explained by the distance to seagrass with a significant
negative relationship indicating species richness was greatest
closer to seagrass meadows (y>=6.591, p <0.05).

There were only two functional diversity metrics from
the herbivory assay assemblage that were best explained
by spatial and environmental variables across Moreton Bay
(Fig. 3, Table 2). Functional richness was best explained by
area of coral, distance to estuary and distance to seagrass
(Fig. 3A-C). We found that functional richness in the her-
bivory assemblage was greatest when the coral reef extent
was < 10,000 m? ()(2=5.695, p <0.05). Functional rich-
ness was greatest on reefs that were 30 km from the estu-
ary (4 =21.406, p <0.001). We also found that functional
richness was greatest at ~ 600 m from seagrass (y° = 14.982,
p <0.05). Species richness was best explained by distance to
estuary and distance to seagrass analogous with functional
richness (Fig. 3D, E). We found that species richness posi-
tively correlated with distance to the estuary (y° =24.745,
p<0.001). Species richness also had a significant negative
correlation with the distance to seagrass, where the number
of species was greatest when close to seagrass (y°=5.135,
p<0.05).

Spatial drivers of ecological processes and ecosystem
functioning

There was consistency in the spatial metrics that best
explained variation in both of our quantified ecologi-
cal processes (carnivory and herbivory) in Moreton Bay
(Fig. 4, Table 2). We found that both response variables
significantly correlated with distance to estuary. There was
no significant relationship between any functional diver-
sity metrics or other environmental variables, and there
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Fig. 3 Full-subset general-

ised additive mixed models
(FSS GAMMs) illustrating the
relationships of spatial gradients
and the whole herbivore assay
assemblage diversity metrics
(green lines). a functional rich-
ness (FRic) against area of coral
(m.z), b distance to estuary (m),
and c distance to seagrass (m), d
species richness against distance
to estuary (m) and e distance to
seagrass (m)
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were no additional variables of importance in the best-fit
models (Table S1). We specifically found that carnivory
was greatest when 30 km from the estuary (3’ =8.086,
p <0.05). This was similar for herbivory which was great-
est when 30 km from the estuary (y*=11.95, p <0.05).
Ecosystem functioning (defined here as the sum of two
core processes and the functional diversity of the corre-
sponding fish assemblages) was positively correlated with
the distance to the main estuary (Fig. 5, Table 2). The
distance to the main estuary (y*=42.32, p <0.001) high-
lighted that greater distances drive a significant increase in
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ecosystem functioning, especially when greater than ~ 30
km.

Trait variation across the seascape

Trophic level, and omnivore, zooplanktivore, herbivore,
detritivore and corallivore abundance were positively cor-
related with the distance to estuary (Fig. 6). For exam-
ple, trophic levels were higher, and herbivores were more
abundant further away from the estuary. We found the
inverse trend for piscivores and zoobenthivores which were
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table outlines significant model
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Distance to seagrass 1.194 5.135 p<0.05
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Fig. 4 Full-subset generalised additive mixed models (FSS GAMMs)
showing the relationships between the variables of importance
against ecological processes. a The relationship between distance to

negatively correlated with the distance to estuary (Fig. 6).
Gregariousness (forming schools, solitary and paired),
eye diameter, head length and max length had weak asso-
ciations with the distance to estuary (Fig. 6). However, we
show that the gregariousness category, forming schools,
contributed the most to the trait space closely followed by
trophic level (Fig. S3). The PCA also highlighted that fish
assemblages were distinctly different based on their feeding

Distance to estuary (m)

estuary (m) and carnivory (g/hr) (red), and b the relationship between
distance to estuary (m) and herbivory (g/48h) (green)

guild. Increases in trophic level and maximum length were
associated with piscivores such as obtuse barracuda (Sphy-
raena obtusata) (Fig. S3). Increases in the prevalence of
species forming schools included the herbivore black rab-
bitfish (Siganus fuscescens) and omnivore six-lined trum-
peter (Pelates sexlineatus). Common zoobenthivores include
yellowfin bream (Acanthopagrus australis) and Gunther’s
wrasse (Pseudolabrus guentheri).
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Fig. 5 Full-subset generalised additive mixed model (FSS GAMMs)
showing the relationship between ecosystem functioning (the sum of
ecological process and functional diversity metrics) against distance
to estuary (m)
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Fig. 6 Fourth-corner analysis illustrating the relationships between
morphological/ecological species traits and the distance to estuary
(m). Traits in blue are more associated with greater distances to the
estuary while traits in red are more associated closer to the estuary.
GR represents the categorical trait variable, gregariousness, while FG
represents feeding guild
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Discussion

Ecological processes affect the structure of ecosystems and
maintain ecological resilience (Oliver et al. 2015; Bellwood
et al. 2019; Pombo-Ayora et al. 2020), yet our understanding
of what drives these core processes and ecosystem func-
tioning remains limited in many settings. In this study, we
aimed to understand how seascape connectivity shapes coral
reef fish communities and ecosystem functioning. We (1)
assessed the relationships between seascape connectivity
and fish functional diversity and quantified how ecological
processes (carnivory and herbivory) respond to the com-
bined effects of connectivity and functional diversity; (2)
evaluated how ecosystem functioning is shaped by seascape
connectivity; and (3) examined how fish community com-
position and traits are distributed across the seascape. We
predicted that fish functional diversity would be explained
by seascape connectivity and that ecological processes
would positively correlate with both seascape connectivity
and fish functional diversity. We also predicted that ecosys-
tem functioning would be greater on reefs that were larger,
more connected to other habitats and protected from fishing.
We found that habitat connectivity and context shape the
distribution of fish functional diversity within coral reefs,
a finding which aligns closely with similar studies (Mumby
and Hastings 2008; Mosman et al. 2023; Shipley et al. 2023).
The location of reefs within a seascape also significantly
shapes whole fish community functional diversity, likely due
to increased sedimentation and anthropogenic disturbance
closer to estuaries and urbanisation, resulting in habitat
decline to a lower ecological condition with less stable and
diverse fish communities (Reithmaier et al. 2021; Hender-
son et al. 2024a). Crucially, both ecological processes (car-
nivory and herbivory) positively correlated with increasing
distances to the main estuary; however, diversity metrics
had no significant effect contrary to our hypothesis. This
illustrates that although more functionally diverse fish com-
munities are associated with connected and protected reefs
further from urbanisation and the estuary; the connectivity
and seascape context of a reef plays a stronger role in driv-
ing ecological processes. We also found that the proximity
to urbanisation and sedimentation shapes the distribution of
reef ecosystem functioning within the seascape. This sug-
gests that although ecosystems with more heterogeneous and
protected habitats may be more resilient to disturbance due
to fish diversity (Oliver et al. 2015; Carturan et al. 2022),
the negative effects of urbanisation surpass the fine-scale
benefits of biodiversity contributions. This study highlights
the role of seascape connectivity in enhancing ecological
processes on subtropical coral reefs, while revealing how
animal functional diversity and traits are distributed across
the seascape. This underscores the impacts associated with
key features of the seascape and emphasises the need for
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targeted conservation strategies for these vital ecosystems,
such as strategic conservation planning and upper catchment
sediment management (Hughes et al. 2017; Wan et al. 2024).

It is acknowledged that larger and well-connected habi-
tats support a greater abundance and diversity of coastal
fishes (Perry et al. 2018; Bradley et al. 2019; Mosman et al.
2024); however, our understanding is limited in how these
spatial elements relate to the functional diversity of fish
on coral reefs. We found that when habitats such as man-
groves and seagrass meadows are located within 500 m of
reefs, they modify fish functional diversity differently and
when reefs are further from estuaries, functional diversity
increases. The improved connectivity provided by adjacent
habitats likely allows fish to move between ecosystems to
meet their biological needs, such as feeding, reproduction
and ontogenetic shifts throughout their life cycle (Mumby
et al. 2004; Dorenbosch et al. 2005; Bradley et al. 2019).
Reefs with higher coral cover located near large mangrove
patches supported a conducive environment for a more func-
tionally divergent fish assemblage. This suggests that spe-
cialist species, characterised by more extreme trait values,
are more abundant in reefs that are near mangroves. These
findings reinforce the importance of seascape connectivity
in providing fish access to diverse habitats that support a
broader range of functional traits (Mumby et al. 2004; Olds
et al. 2012a). Habitat heterogeneity also appears to foster a
more diverse reef fish assemblage as seen in other habitats
(Whitfield 2017; Goodridge Gaines et al. 2022), which we
found positively influences fish functional richness. We also
show that closer proximity to a nearby major estuary leads
to less functionally diverse fish communities, similar to spe-
cies richness and abundance studies (Seers and Shears 2015;
Clay et al. 2023). Increased sediment levels are known to
negatively affect species richness and the abundance of key
functional fish elsewhere in Australia (Goatley and Bell-
wood 2012; Moustaka et al. 2018; Tebbett et al. 2020). Here,
our findings are likely in response to increased sediment
levels closer to estuaries where nutrient flow and runoff are
increased due to higher degrees of urbanisation and land use
in the upper catchments, which negatively impact coastal
coral reefs (Abal et al. 2001; Olley et al. 2006). Despite this,
we show that marine reserves likely allow more function-
ally even assemblages across the seascape, meaning that the
ecological traits of fish are more evenly spread, reducing the
dominance of some feeding guilds in protected areas. How-
ever, this finding is likely linked to the geographic context of
protected reefs within the seascape, highlighting the impor-
tance of safeguarding functional diversity for more resilient
reefs (Villamor and Becerro 2012; Hernandez-Andreu et al.
2024). Although we illustrate how community composition
is shaped by seascape heterogeneity and urbanisation, we
acknowledge that further investigation would be appropri-
ate when examining fine-scale habitat details, such as coral

cover and composition. Quantifying benthos using a com-
prehensive approach could elucidate additional ecological
processes, such as coral recruitment (i.e. calcium carbonate
production), an important component of reef functioning
(Kohler and Gill 2006; Brandl et al. 2019).

Multiple ecological processes are known to be related to
biodiversity and connected to the resilience of ecosystems
through processes such as nutrient cycling and top-down
effects on primary producers (Sinclair et al. 2007; Estes
et al. 2011; Brandl et al. 2019; Tebbett et al. 2023). It is
therefore expected that biodiversity metrics, such as species
or functional richness, correlate positively with ecological
processes. While these metrics are often the focus of moni-
toring, the relationships between biodiversity and ecologi-
cal processes are rarely quantified in highly diverse systems
such as coral reefs (Bellwood et al. 2019). By attempting to
quantify relationships between biodiversity (here multiple
functional diversity metrics) and ecological processes, we
can show how functionally diverse assemblages may explain
these processes better than species richness alone (Manning
et al. 2018; De Battisti 2021). Although functional diversity
related to an ecological process to some extent, the results
here highlight how the context of a reef and adjacent habitats
are more powerful indicators for how processes are distrib-
uted across a seascape. By assessing functional diversity
indices in ecological studies, we quantify the ecological
roles species play in an ecosystem and improve our under-
standing of community redundancy and complementarity,
components of the food web that species richness cannot
account for (Mason et al. 2005; Streit and Bellwood 2023).
For example, a recent functional assessment of apex sharks
highlights the ecological consequences associated with the
loss of key species; this assessment reveals shifts in com-
munity composition and a decline in a crucial ecological
process, carnivory, that would not have been identified using
species richness metrics alone (Henderson et al. 2024b). This
additional ecological and morphological trait information is
pivotal in determining how ecosystems, such as reefs, may
respond to disturbance, especially during stress events such
as floods or bleaching (Petchey and Gaston 2006; Mouillot
et al. 2013). While our findings highlight reef geographic
context as a key driver in ecological processes, understand-
ing the factors that shape community diversity alongside
these processes can provide managers with key information
to tailor conservation planning (Manning et al. 2018). To
do this, we should aim to improve upper catchment man-
agement and reduce nutrient runoff into river systems by
coordinating stormwater and landscape conservation across
local and state governments (Abal et al. 2001).

Partitioning individual ecological processes as done here
is an effective method for investigating how their rates and
distribution are shaped spatially; however, to understand
how these processes influence overall functioning across
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an entire ecosystem, they should also be examined together
(Hector and Bagchi 2007; Gamfeldt et al. 2008; Garland
et al. 2021). We show that the effects of urbanisation are
also a key modifier of ecosystem functioning on coral reefs,
but, contrary to our hypothesis, we identified that protected
zones do not influence ecosystem functioning. This may be
because the coverage of coral on reefs that are protected
compared to unprotected is highly variable in size and
benthic composition throughout the seascape, which influ-
ences reef processes and fish communities. Reefs closer to
the estuary in Moreton Bay were significantly harvested for
development purposes throughout the 1990s, decimating
much of the historic hard coral cover during those times
(Neil 1998; Hammerman et al. 2022). This resulted in a ben-
thic composition shift from resilient, structurally complex
habitat-forming Acropora corals to less complex stress-tol-
erant massive favid corals such as Dipsastraea, Goniastrea
and Goniopora, which are less important for reef function-
ing (Lybolt et al. 2011; Alvarez-Filip et al. 2013; Narayan
et al. 2015; Cabral-Tena et al. 2018) and, in this case, likely
ecosystem functioning. This is further highlighted by the
increase in zoobenthivores closer to the estuary mouth and
a more diverse array of feeding guilds further from the estu-
ary. Furthermore, on average, higher trophic level species
were associated with reefs further from the estuary, with
larger fish occurring in the feeding guild piscivores, despite
having a weak negative association with those same reefs.
This could mean that on these reefs we identified functional
complementarity because functioning was increased, and
average-sized herbivorous, omnivorous and corallivorous
species were also associated with these same reefs and pos-
sibly lacking in abundance on disturbed reefs. These results
further highlight the need to manage the effects of urbani-
sation and reduce nutrient and sediment flow into nearby
seascapes (Gilby et al. 2016b); however, they illustrate that
with effective conservation planning, we can likely protect
functionally diverse important species. Our findings sup-
port the notion that habitat connectivity improves functional
diversity across the seascape for coral reefs (Mumby and
Hastings 2008; Dunne et al. 2023; Sievers et al. 2024). Sug-
gesting that to maintain functioning reefs, we need to man-
age the impacts of sedimentation and nutrient flow onto reefs
and maintain connected, heterogeneous seascapes (Yabsley
et al. 2016), which can be achieved by appropriately design-
ing conservation initiatives (Elmhirst et al. 2009).

This study provides new insights into the key compo-
nents that shape and distribute fish functional diversity and
ecological processes spatially on subtropical coral reefs. We
found that functional diversity was shaped by a heterogene-
ous seascape and, like both measured ecological processes,
increased with increasing distance to river input (Olley et al.
2006; Hammerman et al. 2022). Importantly, environmen-
tal and spatial variables, not fish assemblage functional
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diversity, emerged as key drivers of ecological processes.
Greater habitat connectivity, particularly to habitats that
improve the biological needs of fishes (Mumby et al. 2004;
Dorenbosch et al. 2005; Gilby et al. 2018), supported higher
functional richness and modified dominant fish traits while
protected reefs emerged as a key factor for enhancing a bal-
anced community (Villamor and Becerro 2012). Proximity
to the main estuary had negative effects on functional rich-
ness, the average trophic level of species seen, ecological
processes and ecosystem functioning, emphasising the need
for managing impacts to nearby ecosystems. Our results
underscore the importance of preserving connected and
heterogeneous environments through targeted conservation
strategies, such as marine protected areas and upper catch-
ment management (Vargas-Fonseca et al. 2016; Henderson
et al. 2022). Explicitly we suggest that the management of
subtropical coral reefs focuses on reducing the sediment
and nutrient loads that come from nearby estuaries, while
ensuring a focus on maintaining connected seascapes within
protected areas (Gilby et al. 2016b). By taking a functional
perspective, our study offers valuable insights for maintain-
ing ecosystem health in the face of increasing environmen-
tal pressures, contributing to the broader goal of preserving
critical ecosystem services that humans rely on (Hughes
et al. 2003; Hoegh-Guldberg et al. 2017; Wan et al. 2024).
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