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Abstract
Predation is important in maintaining the community structure, functioning and ecological resilience of estuarine seascapes. 
Understanding how predator community structure, seascape context and habitat condition combine to influence predation is 
vital in managing estuarine ecosystems. We measured relationships between predator species richness, predator abundance 
and individual species abundances as well as seascape context and habitat condition, on relative predation probability in 
mangrove forests, seagrass meadows and unvegetated sediment across 11 estuaries in Queensland, Australia. Predation was 
quantified using videoed assays of tethered invertebrates (i.e. ghost nippers, Trypaea australiensis) and fish assemblages 
were surveyed using remote underwater video systems. Yellowfin bream (Acanthopagrus australis) dominated predation 
in all three habitats; however, predation was not correlated with yellowfin bream abundance. Instead, predation increased 
fourfold in mangroves and threefold in unvegetated sediment when predatory species richness was highest (> 3 species), and 
increased threefold in seagrass when predator abundance was highest (> 10 individuals). Predation in mangroves increased 
fourfold in forests with a lower pneumatophore density (< 50/m2). In seagrass, predation increased threefold at sites that 
had a greater extent (> 2000  m2) of seagrass, with longer shoot lengths (> 30 cm) and at sites that were closer to (< 2000 m) 
the estuary mouth. Predation on unvegetated sediment increased threefold when more extensive salt marshes (> 15000  m2) 
were nearby. These findings demonstrate the importance of predator richness and abundance in supplementing predation 
in estuaries, despite the dominance of a single species, and highlight how seascape context and habitat condition can have 
strong effects on predation in estuaries.

Keywords Coastal ecosystems · Ecological function · Functional redundancy · Functional complementarity · Seascape 
context · Habitat condition

Introduction

Estuaries are important sites for human settlements, 
commerce and transport and are, therefore, subjected to 
increased human use which results in declines in water qual-
ity (i.e. pollution and terrestrial runoff), habitat removal (i.e. 
habitat fragmentation and degradation) and intense fishing 
pressure (i.e. commercial, recreational and artisanal fisher-
ies) (Kennish 2002; Blaber 2013; Cloern et al. 2016). This 

leads to changes to the distribution, diversity and abundance 
of most animal and plant groups within estuaries as these 
systems are impacted by stressors originating from both land 
and sea (Lobry et al. 2008; Evans et al. 2018; Whitfield 
et al. 2018). However, estuaries also experience many natu-
ral stresses such as rapid changes to physio-chemical water 
conditions (e.g. salinity and turbidity) (Elliott et al. 2007). 
These anthropogenic and natural influences commonly lead 
to estuaries having reduced fish species richness when com-
pared with adjacent marine ecosystems (Martino and Able 
2003; Whitfield and Harrison 2021). While species richness 
is typically low in estuarine ecosystems, estuaries can often 
favour generalist (e.g. omnivores) over specialist (e.g. pis-
civores) species (Elliott and Whitfield 2011; Stuart-Smith 
et al. 2015; Bishop et al. 2017). Generalist species have wide 
ecological niches and broad habitat requirements, and can 
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adapt to the physical conditions that often characterise estua-
rine ecosystems (Clavel et al. 2011; Borland et al. 2022b). 
These generalists are particularly dominant in modified estu-
aries because these species have wider trophic niches and 
can cope with the loss, reduction or change of resources bet-
ter than those with specialised diets (Richmond et al. 2005; 
Clavel et al. 2011; Henderson et al. 2020a). Due to having 
broad functional niches, these generalists may be important 
in shaping rates of important ecological functions such as 
opportunistic predation in estuaries (Johnson et al. 2014).

Predation rates manage the abundance and diversity of 
species at lower trophic levels, and control feeding behav-
iours and food web properties within estuarine seascapes 
(Silliman and Bertness 2002; Duffy et al. 2005; Atwood 
et al. 2015). As estuaries are considered a low-diversity sys-
tem (Henderson et al. 2020b), predation is likely to be domi-
nated by a single species across a range of estuarine habitats 
including unvegetated sediment (Duncan et al. 2019), salt 
marsh (Jones et al. 2020), seagrass (Smith et al. 2011) and 
oyster reefs (Duncan et al. 2019). Many of the species that 
dominate predation are generalists that feed opportunisti-
cally on a range of benthic invertebrates and fish across hab-
itats, and can thrive throughout broad environmental condi-
tions (e.g. broad salinity and temperature tolerances) (Clavel 
et al. 2011; Curley et al. 2013; Duncan et al. 2019). Rates 
of predation and other ecological functions such as car-
rion consumption (which are performed by similar species) 
often correlate with the abundance of a dominant species, 
resulting in limited functional redundancy (i.e. few species 
use the same resources and perform an identical function) 
(Loreau 2004; Henderson et al. 2020b; Jones et al. 2020). 
Alternatively, estuaries may exhibit moderate functional 
complementarity in which species that have overlapping 
niches perform predation under different contexts such as 
within different habitat types, under different environmental 
conditions, or during distinct stages of diel and tidal cycles 
(Cardinale et al. 2012; Olds et al. 2018). However, under-
standing if predation and predatory fish assemblages are 
characterised by functional redundancy and complementa-
rity within estuaries has rarely been quantified (Gross et al. 
2017; Henderson et al. 2020b). Furthermore, it is unclear if 
predation is influenced by species richness or the abundance 
of dominant species across a range of habitats such as man-
grove forests, seagrass meadows and unvegetated sediment 
that form heterogenous estuarine seascapes.

Mangrove forests and seagrass meadows are highly pro-
ductive and important habitats in many estuarine seascapes 
(Boström et al. 2006; Friess et al. 2019). These habitats serve 
as important foraging areas for predatory fish as they sup-
port a large biomass of prey items (Laegdsgaard and Johnson  
2001; Sheaves et al. 2015; Whitfield 2017). Additionally, 
unvegetated sediment habitats are key transition zones 
between a range of estuarine habitats such as mangrove 

forests and seagrass meadows and serve as complementary 
feeding grounds for predatory fish as they support an abun-
dance of food items (e.g. crustaceans, polychaetes) (Hosack 
et al. 2006; Pessanha et al. 2021). Generally, higher rates 
of predation and a greater abundance of predatory fish are 
found in habitat patches that are near other habitat types 
(e.g. seagrass patches located in close proximity to man-
grove patches) (Hammerschlag et al. 2010; Skilleter et al. 
2017; Jones et al. 2020). This occurs because well-connected 
habitats often support an elevated abundance and biomass 
of food items, and predatory fish can migrate between these 
distinct habitat types during different tidal cycles (Hyndes 
et al. 2014; Whitfield 2017). However, these patterns are not  
always consistent as greater rates of predation can also be 
recorded in habitats that are isolated from other habitat types 
(see Duncan et al. 2019). Predation is often greatest along 
the edges of mangrove and seagrass patches compared to 
habitat interiors (Bologna and Heck Jr 1999; Nanjo et al. 
2011; Smith et al. 2011) and nearby unvegetated sediment 
(Peterson et al. 2001; Gorman et al. 2009; Hammerschlag 
et al. 2010). This occurs as many predators forage along the 
edges of seagrass and mangrove patches and consume prey 
items (e.g. juvenile fish and invertebrates) that are vulner-
able to predation as they are less protected by the complex 
structures (i.e. mangrove roots and seagrass blades) within 
these habitats that prey use as predation refugia (Boström 
et al. 2011; Whitfield 2017).

The structural complexity and configuration of mangrove 
and seagrass patches (i.e. habitat condition) can shape their 
value for coastal fish by influencing the abundance and dis-
tribution of prey species (e.g. benthic invertebrates) and the 
foraging behaviours of predatory fish (Heck Jr and Orth 
2006; Whitfield 2017). This habitat condition can be quanti-
fied over a variety of spatial scales from broad patch-scale 
complexity (e.g. species composition and cover) to a much 
finer scale (e.g. mangrove pneumatophore and root density, 
seagrass shoot length and density) (Boström et al. 2006; 
Goodridge Gaines et al. 2022). Patch-scale complexity can 
shape predation by influencing the abundance and diversity 
of predatory fishes, the foraging efficiency of predators and 
the survival of prey items (Orth et al. 1984; Nagelkerken 
et al. 2008). Within seagrass meadows, increased survival 
rates of prey items are often seen when a greater cover-
age of seagrass is present within the patch as this provides 
increased protection from predation (Irlandi et al. 1995; 
Laurel et al. 2003; Gorman et al. 2009). However, these 
patterns are not always consistent as fragmented seagrass 
meadows may provide increased protection for invertebrate 
prey items such as blue crabs (Callinectes sapidus) (see 
Hovel and Lipcius 2001; Hovel and Fonseca 2005). In man-
groves, tree species composition, coverage, canopy height 
and canopy cover can influence prey availability and preda-
tion refugia (Kathiresan and Bingham 2001; Ellis and Bell 
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2004; Nagelkerken et al. 2008); however, the effects of this 
patch-scale complexity in shaping predation in mangrove 
forests are lacking empirical information and are, there-
fore, comparatively unclear. At a finer scale, the structur-
ally complex features of mangroves and seagrass, such as 
roots, rhizomes, stems and leaves can also influence rates 
of predation (Heck and Thoman 1981; Boström et al. 2006; 
Nagelkerken et al. 2010). In mangroves, higher densities 
of mangrove pneumatophores and roots within the forests 
offers increased protection for prey items such as juvenile 
fish and invertebrates (e.g. shrimps and crabs) from preda-
tory fishes (Wilson 1989; Primavera 1997; Macia et al. 
2003; Nanjo et al. 2011, 2014). In seagrass, a higher shoot 
density often leads to lower rates of predation on inverte-
brates (e.g. blue crabs) (Hovel and Lipcius 2001; Heck Jr 
and Orth 2006). This occurs as a higher density of man-
grove pneumatophores and roots and seagrass shoots offer 
increased protection for prey items and restrict the mobility 
of predators, resulting in lower predation efficiency and 
detection rates (Chacin and Stallings 2016; Glazner et al. 
2020). In addition, a greater coverage of algae in mangrove 
forests and seagrass meadows can also offer increased pro-
tection for prey items from predatory fish (Adams et al. 
2004; Jaxion-Harm and Speight 2012). However, a greater 
abundance of prey items (e.g. invertebrates) within man-
groves and seagrass is expected to offset the difficulties 
encountered by predatory fish when foraging within these 
structurally complex habitats (Whitfield 2017).

Determining factors that shape predation on invertebrates 
is vital in establishing the functional value of estuarine sea-
scapes as foraging areas for coastal fishes (Duncan et al. 
2019; Jones et al. 2020). This is of particular importance as 
a range of coastal fishes that consume invertebrates within 
estuaries are often the target of commercial and recreational 
fishers (Curley et al. 2013). Predation on invertebrates by 
fish is performed by a wide variety of species within estu-
aries (Curley et al. 2013; Jones et al. 2020). However, the 
relationship between predation and predator species richness 
and abundance, and how functional redundancy and comple-
mentarity characterise predation has rarely been examined 
within estuaries. In addition, it remains relatively unknown 
if the environmental factors (e.g. seascape context and habi-
tat condition) that shape predation within estuaries are con-
sistent across a range of important estuarine habitats such 
as mangrove forests, seagrass meadows and unvegetated 
sediment. This study used estuarine seascapes in eastern 
Australia to test if (1) relative predation probability on teth-
ered live invertebrates varies in three key estuarine habitats 
(mangroves, seagrass and unvegetated sediment); (2) relative 
predation probability in each habitat correlates with predator 
abundance, predator richness or the abundance of individual 
species that are performing the function; (3) variation in the 
broader coastal seascape (e.g. proximity to nearby habitats) 

and habitat condition (e.g. species composition and coverage 
of habitat patches) influences relative predation probability 
across mangroves, seagrass and unvegetated sediment; and 
(4) variation in the broader coastal seascape and habitat con-
dition influences predator species richness and abundance 
across mangroves, seagrass and unvegetated sediment. We 
hypothesised that relative predation probability would be 
greatest in mangroves and seagrass and that a higher preda-
tor abundance and richness would lead to increased preda-
tion probability in mangroves, seagrass and unvegetated 
sediment. We also expected that relative predation probabil-
ity and predator species richness and abundance would be 
greater in habitat patches that were near other habitat types 
and that were in better habitat condition.

Methods

Study Seascape

We surveyed relative fish predation on tethered inverte-
brates and fish assemblage composition at 130 sites across 
11 estuaries in southeast Queensland, Australia. These 
sites spanned ~240 km of coastlines from the Noosa River 
(−26°22ʹS, 153°04ʹE) in the north to Tallebudgera Creek 
(−28°13ʹS, 153°19ʹE) in the south (Fig. 1). Estuaries and 
the sites within them were selected to maximise variation in 
spatial features within the region and range from relatively 
natural waterways with abundant mangroves and seagrass 
(e.g. Noosa River) to highly modified systems dominated by 
artificial structures (e.g. Nerang River) (Gilby et al. 2018; 
Olds et al. 2018). We sampled fish assemblages from three 
estuarine habitats: (1) mangrove forests: dominated in the 
region by grey (Avicennia marina), red (Rhizophora sty-
losa), orange (Bruguiera gymnorhiza) and river (Aegiceras 
corniculatum) mangroves; (2) seagrass meadows: domi-
nated in the region by eelgrass (Zostera muelleri); and (3) 
unvegetated sediment. We intended to survey five sites in 
each habitat per estuary (following Henderson et al. 2019; 
Borland et al. 2022a). However, this was not always possi-
ble as some estuaries did not support seagrass or contained  
mangrove and seagrass patches that were too closely spaced 
or too small to ensure spatial independence between sites. 
The intent of this study was to determine seascape and habi-
tat condition factors that shaped predation, thus to minimise 
the confounding effects of salinity, all surveys were con-
ducted within the marine extent (i.e. from 30 to 35 Practical 
Salinity Units) of each estuary (based on 10 years of salinity 
data; following Gilby et al. 2017b). We attempted to space 
all five replicates for each habitat as evenly as possible 
from the mouth of the estuary to the point at which salin-
ity reached 30 Practical Salinity Units (following Borland  
et al. 2022a); however, this was not always possible for 
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seagrass, due to the sparsity of seagrass patches in the 
region. All surveys were conducted during the austral win-
ter (June through August) of 2020 and within 2 h of high 
tide in water depths of 1–2.0 m, to account for the possible 
confounding effects of variable water depth, quality and 
clarity and to maximise the area of intertidal habitat avail-
able for fish (following, Gilby et al. 2017a).

Predation Assays

Predation assays are used to quantify factors that shape the 
rates and distribution of predation in estuarine seascapes 
(Baker and Sheaves 2007; Duncan et al. 2019). We meas-
ured relative predation probability (henceforth, predation 
probability) within the study and note that predation prob-
ability on tethered prey may not reflect natural predation 
on untethered prey as tethering may alter the behaviour and 
defensive strategies of prey items (Aronson and Heck 1995; 
Bessey and Heithaus 2013). There is also potential for the 
artefacts of tethering to interact with treatments, particu-
larly for comparisons among habitats with differing struc-
tural complexity (Peterson and Black 1994). However, by 
deploying tethered prey on unvegetated sediment at the edge 

of focal habitats and filming all predation assays, we were 
able to identify and minimise experimental artefacts that 
may bias our results (Baker and Waltham 2020). We quanti-
fied predation probability using assays that were constructed 
of a GoPro camera recording in high definition, fixed to a 
3 kg weighted frame that was attached to a 1-m-long PVC 
pipe. We tethered live ghost nippers (Trypaea australien-
sis), a species of burrowing shrimp that is an abundant prey 
species across the study region (Skilleter et al. 2005; Dunn 
et al. 2019). Tethered ghost nippers were all similar in length 
(45–60 mm) and were captured from the same estuary they 
were deployed in using a yabby pump at low tide. They were 
housed in an aerated 30-L holding tank with regular water 
exchange and were kept for no longer than a 24-h period. 
Ghost nippers were tethered through the tail with a sewing 
needle (0.65 mm diameter) via thin monofilament fishing 
line (6 lb breaking strain, 20 cm long) that was attached to 
a 20-cm-long bamboo stake. The length of this tether pre-
vented ghost nippers from burrowing in the sediment and 
limited the range of movement to within the field of view 
of the camera. The bamboo stake was then fastened to the 
camera unit via the PVC pipe at a distance of 50 cm from 
the camera so that the ghost nipper was visible at all times. 

Fig. 1  Location of 11 study estuaries in eastern Australia. Insets illus-
trate the location of sampling sites along (top) a relatively natural 
estuary with abundant mangroves and seagrass (Noosa River); and 

(bottom) a highly urbanised estuary where shorelines are dominated 
by artificial structures (Nerang River)
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Predation assays were deployed for 1 h in mangrove forests, 
seagrass meadows and unvegetated sediment with up to 5 
replicates occurring in each habitat type per estuary. The 
number of replicates was dependent on the extent of each 
habitat per estuary to ensure deployments were separated by 
a minimum distance of 200 m. In mangroves and seagrass 
meadows, assays were placed on unvegetated sediment at 
the edge (< 1 m) of the focal habitat and the field of view 
of the camera was faced parallel to the edge of the focal 
habitat itself to ensure the field of view was not obstructed 
by the habitat (following Borland et al. 2022a; Goodridge 
Gaines et al. 2022) and to prevent ghost nippers becoming 
entangled on mangrove roots and seagrass blades. Preda-
tion events were recorded if ghost nippers were absent from 
their tethers in the first 60 min of video footage. The spe-
cies performing predation events were quantified by viewing 
video footage from each deployment. This filmed under-
water video approach also allowed for any ghost nippers 
that were removed from the tether without a predation event 
occurring (i.e. escaped) to be recorded (Baker and Waltham 
2020); however, this number was very low in this study (n 
= 1). Video footage from predation assays was also used to 
confirm that tethered ghost nippers did not burrow in the 
sediment for the duration of deployments (n = 0).

Fish Assemblage Surveys

Fish assemblages were surveyed using remote underwater 
video stations (RUVS) which are widely used to survey fish 
assemblages in a range of coastal ecosystems (Bradley et al. 
2017; Zarco-Perello and Enríquez 2019). RUVS were chosen 
over baited cameras as they ensure fish are not attracted from 
other habitats (Gilby et al. 2018). RUVS were constructed 
of a GoPro camera recording in high definition, fixed to a 
3 kg weight, which was buoyed at the surface for retrieval 
and to ensure the rope does not enter the video’s field of 
view. RUVS were deployed for 30 min and were placed at 
the same sites as the predation assays (n = 130). RUVS were 
always deployed on the same day as predation assays and 
were always deployed first, to eliminate potential sampling 
bias (i.e. potential for tethered ghost nippers attracting fish 
into a habitat). RUVS in mangroves and seagrass were posi-
tioned on unvegetated sediment at the edge (< 1 m) of the 
focal habitat and the field of view of the camera was faced 
parallel to the edge of the focal habitat itself to ensure the 
field of view was not obstructed by the habitat. Fish assem-
blage composition was quantified using the standard MaxN 
statistic; the maximum number of individuals of the same 
species that could be seen in one frame of the video footage, 
which is widely employed as the standard method for pro-
cessing RUVS footage (Brook et al. 2018). We then used this 
to calculate predator species richness (number of predator 
species) and predator abundance (the sum of the MaxN of 

all predatory species). Species were classified as predators 
of invertebrates based on species diet literature (Elliott et al. 
2007; Froese and Pauly 2021).

Quantifying Seascape Context, Habitat Condition 
and Water Quality

To investigate how seascape context influenced the prob-
ability of predation, we measured a range of spatial factors 
that are known to influence both fish species composition 
and predation within estuaries in the region (Gilby et al. 
2017a; Duncan et al. 2019; Goodridge Gaines et al. 2022). 
These included (1) the proximity of each site to the nearest 
seagrass, mangrove, salt marsh and intertidal flat and the 
distance to urban land and the estuary mouth; (2) the area 
of seagrass, mangroves, salt marsh, intertidal flats and urban 
land within a 500 m buffer (to represent the likely maximum 
limit of single tidal movements of common estuarine fish 
species) of each site (following Gilby et al. 2017a); and (3) 
water depth (m), temperature (°C) and turbidity (water col-
umn light penetration in metres using a Secchi disc) at the 
time of deployment (Table S1). All seascape context and 
connectivity measures (i.e. proximity and area of relevant 
habitats and the level of urbanisation) were quantified in 
QuantumGIS (QGIS Development Team 2022) from vec-
tor spatial data that had been obtained from existing ben-
thic habitats maps within the southeast Queensland region 
(Queensland Government 2019). These habitat maps were 
then ground-truthed in the field.

We undertook a range of infield habitat surveys to assess 
the habitat condition of seagrass meadows and mangrove 
forests surrounding each predation assay and RUV deploy-
ment (following Goodridge Gaines et al. 2022). In mangrove 
forests, we recorded the number and species of each tree, as 
well as tree diameter (at both the base and breast height), 
sediment type (% of mud and sand), and canopy cover and 
height within a 10 × 10 m plot (Table S2). We also measured 
the cover of benthic algae, the number of invertebrate bur-
rows and the number of mangrove pneumatophores in four 
50 × 50 cm quadrats placed haphazardly within the broader 
10 × 10 m plot (Table S2). The condition of seagrass mead-
ows was quantified by recording the seagrass species com-
position and cover within a 10 × 10 m plot surrounding each 
predation assay and RUV deployment. We also measured 
seagrass shoot density (number of individual shoots) and 
seagrass shoot lengths in four 50 × 50 cm quadrats placed 
haphazardly within the broader 10 × 10 m plot (Table S2).

Data Analysis

We examined how different components of the fish assem-
blage (e.g. predator species richness, predator abundance, 
abundance of individual species performing the function) 
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and probability of predation (number of predation assays 
consumed and not consumed) correlated with seascape con-
text and habitat condition in three estuarine habitats (man-
groves, seagrass and unvegetated sediment). Environmental 
metrics were tested for co-linearity using Pearson’s correla-
tion coefficient in the R statistical framework (R Core Team 
2022); subsequently, distance to intertidal flats (correlated 
with distance to seagrass) was removed from the analysis 
(Pearson’s r = ≥ 0.7). All other metrics did not correlate 
greater than 0.7 or less than −0.7 r values, and were included 
in further analysis.

We used generalised linear models (GLMs) in the R 
statistical framework (R Core Team 2022) to identify (1) 
whether predation differed between our focal habitats by 
including the variables ‘habitat’ (three levels; mangroves, 
seagrass and unvegetated sediment),and ‘estuary’ (eleven 
levels; corresponding to each sampled estuary) in these 
analyses (Table S3). After this step, separate GLMs for 
each habitat (mangroves, seagrass and unvegetated sedi-
ment) were then used to assess; (2) if predation probability 
correlated with predator species richness, predator abun-
dance or the abundance of individual species perform-
ing the function (Table S3); (3) if predation probability 
varied with changes in habitat condition and seascape 
context (Table S3); and (4) if predator species richness 
and abundance varied with changes in habitat condition 
and seascape context (Table S3). GLMs were fitted with 
binomial distributions (1 = consumed and 0 = not con-
sumed). Model overfitting was reduced by running all 
possible combinations on four or fewer factors. Best-fit 
GLM models were identified using reverse stepwise sim-
plification based on Aikaike Information Criterion (AIC); 
best-fit models were those with the lowest AIC values. 
To assess the efficiency of our sampling design, we then 
constructed species accumulation curves to ensure our 
samples represented the full predatory fish community in 
each habitat (Fig. S1).

Results

Predatory Fish Assemblages

We recorded a total of 16 species that were categorised 
as predators that are known to feed upon benthic inver-
tebrates. In mangrove forests, we recorded a total of 11 
predatory species, 7 predatory species in seagrass mead-
ows and 9 species on unvegetated sediment (Table 1). The 
yellowfin bream (Acanthopagrus australis) was the most 
abundant predatory species in all three habitats accounting 
for 53% of the total abundance: 52% in mangroves, 60% in 
seagrass and 44% in unvegetated sediment (Table 1). Three 

other species were found across all three habitats: common 
silver biddy (Gerres subfasciatus), common toadfish (Tet-
ractenos hamiltoni) and sand whiting (Silago ciliata) while 
two species were found in both seagrass and unvegetated 
sediment (Table 1). Two species were found exclusively in 
seagrass, four in unvegetated sediment and seven in man-
groves (Table 1).

Predation Across Different Estuarine Habitats

Predation probability on tethered ghost nippers by fish dif-
fered between mangrove forests, seagrass meadows and 
unvegetated sediment (p = 0.03, X2 = 6.86). The proba-
bility of predation was highest in mangrove forests (pre-
dation events occurring on 52% of tethered ghost nippers, 
Fig. 2, Table S4), followed by seagrass meadows (predation 
events occurring on 43% of tethered ghost nippers, Fig. 2, 
Table S4), with unvegetated sediment having the lowest 
probability of predation (predation events occurring on 26% 
of tethered ghost nippers, Fig. 2, Table S4). Given the strong 
and consistent effects of habitat on predation, all subsequent 
analyses considered our focal habitats (mangroves, seagrass 
and unvegetated sediment) separately.

Across all the sampled estuaries, six fish species con-
sumed tethered ghost nippers in mangrove forests: yellow-
fin bream (Acanthopagrus australis), common toadfish 
(Tetractenos hamiltoni), crescent grunter (Terapon jabua), 
banded toadfish (Marilyna pleurostricta), sand whiting 
(Silago ciliata) and the weeping toadfish (Torquigener pleu-
rogramma) (Fig. 2, Table S5). Three species consumed teth-
ered ghost nippers in seagrass meadows: yellowfin bream, 
eastern striped trumpeter (Pelates sexlineatus) and com-
mon toadfish (Fig. 2, Table S5) and six species consumed 
tethered ghost nippers on unvegetated sediment: yellowfin 
bream, common silver biddy (Gerres subfasciatus), com-
mon toadfish, narrow-lined puffer (Arothron manilensis), 
trumpeter whiting (Silago maculata) and dusky flathead 
(Platycephalus fuscus) (Fig. 2, Table S5). Predation was 
predominately performed by one species, the yellowfin 
bream, which consumed greater than 50% of all deploy-
ments in which predation events were recorded in all three 
habitats: 54% in mangrove forests, 71% in seagrass mead-
ows and 53% on unvegetated sediment (Fig. 2, Table S5). 
Predation probability was positively correlated with preda-
tor richness in mangroves, and unvegetated sediment and 
predator abundance in seagrass (Fig. 2, Table 2). While 
yellowfin bream largely performed predation across all hab-
itats, the probability of predation was not correlated with 
the abundance of yellowfin bream in mangroves (p = 0.69, 
X2 = 0.01), seagrass (p = 0.79, X2 = 0.06) or unvegetated 
sediment (p = 0.36, X2 = 0.83).
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Seascape Context and Habitat Condition Shape 
Estuarine Predation

In mangrove forests, predation probability was greatest 
when a lower mangrove pneumatophore density (< 50 n/
m2) was present in the forest (Fig. 3, Tables 3 and S6). In 
seagrass meadows, the probability of predation was great-
est when sites were closer (< 200 m) to the estuary mouth 
(Fig. 3, Tables 3 and S7), had a greater extent of seagrass 
(> 3000 m2) nearby (Fig. 3, Tables 3 and S7) and in mead-
ows with longer (> 30 cm) seagrass shoot lengths (Fig. 3, 
Tables 3 and S7). Predation probability on unvegetated 
sediment was greatest at sites that had a greater extent (> 
15,000  m2) of salt marsh nearby (Fig. 3, Tables 3 and S8). 
All other variables were removed during the reverse step-
wise model simplification, and therefore did not influence 
predation in this study.

Seascape Context and Habitat Condition Shape 
Predator Species Richness and Abundance

In mangrove forests, predator abundance was greatest when 
a greater extent (> 300,000  m2) of mangroves was nearby 
(Fig. 4, Table 4), and both predator richness and abun-
dance were greatest when a lower pneumatophore density 
(< 50 n/m2) was present in the forest (Fig. 4, Table 4). 
In seagrass meadows, predator abundance was greatest 
when sites were nearer (< 200 m) to the estuary mouth 
(Fig.  4, Table 4), had longer (> 30 cm) shoot lengths 
(Fig. 4, Table 4) and when a greater extent of urban land 
(> 40,000  m2) was nearby (Fig. 4, Table 4). Predator abun-
dance on unvegetated sediment was greatest at sites that 
were closer (< 250 m) to mangroves (Fig. 4, Table 4) and 
had a greater extent (> 400,000  m2) of urban land nearby 
(Fig. 4, Table 4). GLMs assessing environmental factors 

Table 1  Predatory fish species 
observed in each habitat on 
RUV footage

Habitat Predatory species Scientific name Total  
abundance

Mangroves
Yellowfin bream Acanthopagrus australis 112
Common silver biddy Gerres subfasciatus 58
Common toadfish Tetractenos hamiltoni 9
Cresent grunter Terapon jabua 8
Diamondfish Monodactylus argenteus 8
Sand whiting Silago ciliata 5
Mangrove jack Lutjanus argentimaculatus 4
Golden lined whiting Silago analis 4
Moses perch Lutjanus russelli 3
Banded toadfish Marilyna pleurostricta 3
Weeping toadfish Torquigener pleurogramma 2

Seagrass
Yellowfin bream Acanthopagrus australis 93
Eastern striped trumpeter Pelates sexlineatus 29
Common silver biddy Gerres subfasciatus 12
Common toadfish Tetractenos hamiltoni 9
Sand whiting Sillago ciliata 5
Estuary ray Hemitrygon fluviorum 3
Grass emperor Lethrinus laticaudis 3

Unvegetated sediment
Yellowfin bream Acanthopagrus australis 55
Common silver biddy Gerres subfasciatus 35
Sand whiting Silago ciliata 14
Common toadfish Tetractenos hamiltoni 7
Estuary ray Hemitrygon fluviorum 4
Blue catfish Neoarius graeffei 3
Narrow-lined puffer Arothron manilensis 3
Trumpeter whiting Silago maculata 2
Dusky flathead Platycephalus fuscus 2
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influencing predator richness in seagrass and unvegetated 
sediment contained no factors in best-fit models.

Discussion

Quantifying factors that shape predation within estuarine 
seascapes is important in understanding their resilience 
to disturbance (Elliott and Whitfield 2011; Atwood et al. 
2015). The structure of predator communities can influ-
ence predation within estuarine seascapes as different 
species compete to use the same resources and distinct 
species can perform the function in spatially distinct areas 
(Bruno and O'Connor 2005; Olds et al. 2018). In this 
study, predation was largely performed by one species, 
the yellowfin bream (Acanthopagrus australis). However, 
predation probability was not linked to the abundance 
of this species and instead was correlated with preda-
tor species richness in mangrove forests and unvegetated 

sediment, and predatory fish abundance in seagrass mead-
ows. Our findings, therefore, suggest that the remaining 
abundance and diversity of predators are still important 
in shaping predation within estuaries. Additionally, we 
identified different groups of species consuming tethered 
invertebrates within mangroves, seagrass and unvegetated 
sediment. These findings indicate the presence of func-
tional complementarity across habitats as many predatory 
species share similar functional niches within estuaries 
(Olds et al. 2018). Predation probability was higher in 
mangroves and seagrass than in unvegetated sediment 
(Peterson et al. 2001; Gorman et al. 2009; Garside and 
Bishop 2014); however, this may be influenced by our 
method of deploying predation assays on mangrove and 
seagrass edges and not habitat interiors (Wilson et al. 
1990; Laegdsgaard and Johnson 2001; Canion and Heck 
2009). Nevertheless, these results support the notion that 
vegetated habitats may hold higher value as foraging areas 

Fig. 2  (Top) Pie charts represent the proportion of tethered ghost 
nippers consumed by each predator in the three focal habitats; per-
centages in the middle of the pie charts show the amount of tethered 
ghost nippers that were consumed in each habitat (mangroves 24/46, 
seagrass 14/33, unvegetated sediment (13/51). (Bottom) Outputs of 

best-fit generalised linear models (GLMs) for relationships between 
the probability of predation (0 = not consumed and 1 = consumed) 
and predator species richness or predator abundance in each habitat: 
shaded regions indicate 95% confidence intervals

Table 2  Summary of the best-fit GLMs testing for the relationships between the probability of predation and predator species richness or preda-
tor abundance in each habitat

Habitat Best-fit model R2 df

Seagrass Predator abundance (X2 = 8.31, p = 0.003) 0.19 1
Mangroves Predator richness (X2 = 13.33, p = 0.001) 0.21 1
Unvegetated sediment Predator richness (X2 = 4.59, p = 0.03) 0.09 1
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for a range of coastal fish while compared to unvegetated 
sediment (Alongi 2002; Boström et al. 2006; Espadero 
et al. 2020). We also highlight the importance of seascape 
context (e.g. seagrass area and distance to estuary mouth 
for seagrass habitats, salt marsh area for unvegetated sedi-
ment) and habitat condition (i.e. pneumatophore density 
and seagrass shoot length) in explaining predation prob-
ability and predator species richness and abundance and 
illustrates the significance of maintaining heterogeneous 
seascapes within estuaries.

As estuaries are considered a low-diversity seascape, 
the importance of predator species richness in shaping pre-
dation in estuarine ecosystems is unclear (Henderson et al. 
2020b; Whitfield and Harrison 2021). The use of videoed 
predation assays in recent years has allowed for predatory 
fish species consuming assays to be identified (Bessey and 

Heithaus 2013; Baker and Waltham 2020). Studies utilis-
ing videoed predation assays show that predation is often 
dominated by a single species (Smith et al. 2011; Duncan  
et  al. 2019). Rates of predation can also be positively 
correlated with the abundance of this dominant species, 
suggesting that estuaries have low functional redundancy 
and complementarity (Henderson et al. 2020b; Jones et al. 
2020). In this study, predation probability was not linked 
to the abundance of yellowfin bream and instead was cor-
related with predator species richness in mangroves and 
unvegetated sediment. Surprisingly, seagrass had the low-
est diversity of predators consuming tethered ghost nip-
pers with the dominance of yellowfin bream being more 
pronounced in this habitat; therefore, the predation prob-
ability was correlated with predator abundance instead of 
predator species richness. We suggest that while predation 

Fig. 3  Outputs of best-fit generalised linear models (GLMs) for relationships between the probability of predation (0 = not consumed and 1 = 
consumed) and seascape context and condition factors in each habitat: shaded regions indicate 95% confidence intervals

Table 3  Summary of the 
best-fit GLMs testing for the 
relationships between the 
probability of predation and 
seascape context and condition 
factors in each habitat

Habitat Best-fit model R2 df

Seagrass Seagrass area (X2 = 5.16, p = 0.02,) + distance to estuary mouth 
(X2 = 4.48, p = 0.03) + average shoot length (X2 = 4.52, p = 0.03)

0.25 1

Mangroves Average number of pneumatophores (X2 = 19.01, p = 0.001) 0.32 1
Unvegetated sediment Salt marsh area (X2 = 4.45, p = 0.04) 0.10 1
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on invertebrates within estuaries may appear to have rela-
tively low redundancy due to the dominance of a single 
generalist species across all habitats, the remaining preda-
tor community is important in supplementing predation. 
Yellowfin bream are highly abundant within the region, 
have aggressive behaviour and feed opportunistically on 
a variety of prey items including live animals (i.e. inver-
tebrates, fish) and carrion (Hadwen et al. 2007; Sheaves 
et al. 2014; Henderson et al. 2020b). Similarly, many of 
the other species that performed predation in this study 
(e.g. toadfishes and whiting) were less abundant and have 

smaller body sizes (Froese and Pauly 2021). This wide 
trophic niche, aggressive behaviour and high abundance 
are likely to allow yellowfin bream to out-compete many 
other predators in estuaries (Henderson et  al. 2020b). 
Additionally, we show that various species within estuaries 
exhibit functional complementarity by performing preda-
tion in different habitat types (Loreau 2004; Olds et al. 
2018). However, finding consistency in these patterns has 
been difficult to quantify as low functional complemen-
tarity has also been reported within estuaries (Henderson 
et al. 2020b). Future studies that focus on a single habitat 

Fig. 4  Outputs of best-fit generalised linear models (GLMs) for rela-
tionships between predator species richness and abundance and sea-
scape context and condition factors in each habitat: shaded regions 

indicate 95% confidence intervals. Models assessing seascape context 
and condition factors that influenced predator species richness in sea-
grass and unvegetated sediment contained no factors in best-fit models

Table 4  Summary of the best-fit GLMs testing for the relationships between predator species richness and abundance and seascape context and 
condition factors in each habitat

Best-fit model R2 df

Seagrass
  Predator richness Null model
  Predator abundance Distance to estuary mouth (x2 = 16.3, p = 0.001) + shoot height (x2 = 12.3, p = 0.001) + urban 

area (x2 = 9.8, p = 0.002)
0.26 1

Mangroves
  Predator richness Average pneumatophores (x2 = 14.3, p = 0.001) 0.26 1
  Predator abundance Average pneumatophores (x2 = 68.5, p = 0.001) + mangrove area (x2 = 25.9, p = 0.001) 0.32 1

Unvegetated sediment
  Predator richness Null model
  Predator abundance Distance to mangroves (x2 = 9.0, p = 0.002) + urban area (x2 = 6.0, p = 0.01) 0.14 1
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are required to further quantify levels of redundancy and 
complementarity that are present in each habitat for preda-
tion within estuaries.

Greater rates of predation and a higher abundance and 
diversity of predatory fish are often recorded in larger habi-
tats that are located near other habitat types (Sheaves 2009; 
Hammerschlag et al. 2010; Sridharan and Namboothri 2015; 
Skilleter et al. 2017; Jones et al. 2020). We found similar 
effects in this study, as greater predation probability was 
found in seagrass meadows that were more extensive and 
located closer to the estuary mouth, and within unvegetated 
sediments that had a greater extent of salt marsh nearby. Fur-
thermore, a greater predator abundance was found in man-
grove forests that were more extensive and a higher predator 
abundance was seen at unvegetated sediment sites that were 
near mangroves. Sites closer to the estuary mouth concentrate 
a diversity of predators and a high abundance of important 
predatory species due to the stability of salinity levels and 
improved water quality (i.e. lower turbidity) (Henderson et al. 
2017; Jones et al. 2020). Urban structures, which are typi-
cally concentrated at the mouth of estuaries, can also pro-
vide novel habitat for estuarine fish, particularly for general-
ist predators (e.g. yellowfin bream) that commonly utilise 
this additional habitat for foraging (Clynick et al. 2008; Olds 
et al. 2018). In this study, we recorded a higher abundance 
of predatory fish in seagrass and unvegetated sites that had 
a greater extent of urban land nearby. Fish movement across 
seascapes is dependent on the composition (e.g. type of con-
nected habitats) and configuration (e.g. connectivity between 
habitats) of habitat patches (Grober-Dunsmore et al. 2009; 
Boström et al. 2011). Larger habitat patches that are in close 
proximity to other habitat types often support a higher abun-
dance and biomass of food items for predatory fish, as they 
utilise these different habitat types as supplementary or com-
plementary foraging grounds (Hyndes et al. 2014; Whitfield 
2017). Therefore, these results highlight the importance of 
maintaining heterogeneous seascapes and well-connected 
habitats for predation in estuarine seascapes.

The condition of mangroves, seagrasses and other adja-
cent vegetated habitats such as salt marshes combine to 
influence the abundance and diversity of species, and the 
rates of predation in estuarine seascapes (Heck Jr and Orth 
2006; Nanjo et al. 2014; Whitfield 2017). Mangroves, sea-
grass and unvegetated sediment habitats contain a large 
diversity and biomass of prey items (e.g. polychaetes, crus-
taceans, juvenile fish) that are consumed by predatory fish 
(Boström et al. 2006; Whitfield 2017). In mangrove forests, 
pneumatophore density can affect the habitat value of man-
groves for some fish species by modifying the availability 
of food and predation refugia (Macia et al. 2003; Sheridan 
and Hays 2003; Nagelkerken et al. 2010). In this study, we 
found greater predation probability and a higher predator 
species richness and abundance when a lower number of 

pneumatophores were present in mangrove forests. We sug-
gest that this relationship reflects the level of protection 
that a higher number of mangrove pneumatophores affords 
a vast range of invertebrates that are preyed upon by fish 
along mangrove edges (Primavera 1997; Macia et al. 2003; 
Glazner et al. 2020). However, studies have also shown 
that mangrove pneumatophores can have little to no effect 
on predation within mangrove forests (Smith and Hindell 
2005). Here, we deployed assays on the edge of mangrove 
forests to ensure we could identify the species consuming 
tethered ghost nippers (i.e. to ensure the field of view of 
the camera was not blocked by the habitat). We posit that 
a higher density of mangrove pneumatophores will likely 
restrict the mobility and foraging efficiency of predators in 
these shallow intertidal mangroves, and may deter predatory 
fish from foraging in these areas (Glazner et al. 2020). This 
may explain why we found a lower predatory species rich-
ness and abundance in forests with a higher density of pneu-
matophores in the forest. In addition, mangrove forests with 
higher pneumatophore density also allow for increased algal 
growth and thereby provide a greater level of protection for 
a range of prey species such as invertebrates (Jaxion-Harm 
and Speight 2012; Goodridge Gaines et al. 2020).

We found different effects of habitat condition and com-
plexity in seagrass meadows as predation probability and 
predator abundance were greatest in meadows with longer 
shoot lengths. Seagrass meadows with a greater density 
and longer shoot lengths offer increased protection for prey 
items (Heck and Thoman 1981; Hovel and Lipcius 2001; 
Heck Jr and Orth 2006; Chacin and Stallings 2016; Reiss 
et al. 2019). However, assays within the study were placed 
on habitat edges which may explain why we found no effect 
of seagrass density and an increase in predation probabil-
ity in meadows with longer seagrass shoot lengths. Rates 
of predation are often greatest along seagrass edges com-
pared to habitat interiors as this offers less protection for 
prey items (Bologna and Heck Jr 1999; Gorman et al. 2009; 
Smith et al. 2011). Despite this, we posit that longer seagrass 
shoot lengths represent well-established meadows of bet-
ter habitat condition that supported a higher abundance of 
predatory fish that forage along seagrass edges (Hori et al. 
2009). Particularly, a high abundance of species such as yel-
lowfin bream and eastern striped trumpeter that are common 
in seagrass meadows and utilise these habitats as foraging 
areas (Sanchez-Jerez et al. 2002; Taylor et al. 2018). The 
condition of habitats can, therefore, modify predation and 
should be considered in restoration and conservation initia-
tives that aim to improve ecological functions such as preda-
tion in estuarine seascapes (Goodridge Gaines et al. 2020).

Predation was dominated by many generalist species (i.e. 
yellowfin bream and toadfish species) rather than specialists 
in this study, indicating that these species may be important 
for maintaining predation in highly modified systems such 
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as estuaries (Jones et al. 2020). Modified ecosystems can be 
dominated by these generalist species with broad functional 
niches, that can forage across many distinct habitat types, 
and can therefore confer functional redundancy and comple-
mentarity to the ecosystem (Clavel et al. 2011; Bishop et al. 
2017). These findings highlight the relevance of identifying 
functionally important species (e.g. yellowfin bream) that 
should be considered targets for refined spatial manage-
ment (i.e. harvesting restrictions, habitat conservation), as 
this protection might help to maintain predation in estuarine 
seascapes (Oliver et al. 2015; Winfree et al. 2015). While 
many generalist species such as yellowfin bream are com-
mon and abundant in the region, this does not guarantee 
that they are safe from precipitous decline, particularly when 
such species are also heavily harvested across their range 
in both commercial and recreational fisheries (Curley et al. 
2013; Webley et al. 2015). Furthermore, protecting habitats 
frequented by generalist species such as yellowfin bream 
also protects more specialised species that share those habi-
tats. Determining the environmental attributes of estuarine 
ecosystems such as mangroves, seagrass and unvegetated 
sediment and the surrounding seascapes that shape preda-
tion could be helpful in optimising the design of restoration 
and rehabilitation projects or the placement of conservation-
focused initiatives (Whitfield 2017; Goodridge Gaines et al. 
2020). Quantifying how functional redundancy and comple-
mentarity characterise predation in estuarine seascapes can 
help inform conservation and restoration initiatives that aim 
to maintain predation within estuaries (Duffy 2006; Barbier 
et al. 2011; Gilby et al. 2020). Managing ecosystems and 
fisheries to sustain the abundance and diversity of species 
that perform predation may help to maintain the functioning 
of estuarine ecosystems and improve the resilience of these 
systems to disturbance.
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