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1.  INTRODUCTION

Estuaries are highly productive ecosystems that
support many ecologically and economically impor-
tant fish and invertebrate species (Able & Fahay 1998,
Whitfield & Elliott 2002, Barbier et al. 2011, Woodland

et al. 2012b). This secondary productivity is both a re-
sult of and contributor to the complex mosaic of habi-
tats common to estuaries. Within these habitats, the
relative productivity of different areas for specific or-
ganisms depends on local biological and physical
 attributes (e.g. vegetation type, presence of biogenic
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or non-biogenic structures, sediment characteristics),
hydrodynamics and the strength and location of envi-
ronmental gradients (Pihl et al. 2002, Whitfield & El-
liott 2002, Whitfield 2017). Identifying and quantifying
the physical, biological and environmental qualities of
different habitats that influence the composition and
productivity of associated aquatic communities is fun-
damental to understanding the dynamics of these eco-
systems. From an applied perspective, this under-
standing is crucial to predicting how the biological
communities in estuaries are likely to respond to
evolving productivity, hydrodynamic, climate and dis-
turbance re gimes (Whitfield & Elliott 2002, Gillanders
et al. 2011).

Among estuarine fishes, habitat conditions can
greatly influence growth, condition and survival,
particularly in the early life stages (e.g. Blaber &
Blaber 1980, Beck et al. 2001, North & Houde 2003,
Brown et al. 2005). Adults and post-settlement juve-
niles of many species associate with structural habi-
tats, including vegetation, reef, shell hash or non-
 biogenic structures such as a rocks or human debris
(Able & Fahay 1998, Pihl et al. 2002). Vegetation, such
as seagrasses, macroalgae, other emergent plants and
the complex habitat matrices that arise from mixtures
of these vegetation types, can serve dual roles as
structural refugia from predators and as basal trophic
resources (Pinnegar & Polunin 2000, Powers et al.
2007, Whitfield 2017). Temporal changes in the com-
position of vegetated habitats are common in coastal
systems, ranging from short-term blooms of ephe -
meral macroalgae and seasonal seagrass dieback, to
long-term replacement of seagrass with macroalgae-
dominated habitats or the complete loss of demersal
plants (Nixon & Buckley 2002, Haux well et al. 2003,
Woodland et al. 2015). Changes in vegetation compo-
sition also occur through space within coastal sys-
tems, linked to location-specific differences in water
quality, wave energy, disease and altered light re -
gimes (Hirst et al. 2017). These changes can have
positive or negative effects, such as supporting in -
creased forage availability under intermediate fertil-
ization conditions (i.e. the agricultural model, Nixon
& Buckley 2002) or facilitating the occurrence of
intra-canopy hypoxia from increased water retention
times within beds (Deegan et al. 2002, Cebrian et al.
2014). The specific relationship between fish and
these biogenic habitats will determine if, and to what
extent, changes in the availability of these habitats
will influence local abundances. Further, quantifying
non-random habitat associations and the degree of
structural versus trophic association between juve-
nile fish and these biogenic habitats are critical first

steps in the process of understanding how changes
in estuarine habitat mosaics are likely to affect estu-
arine fish population dynamics (Beck et al. 2001,
Ramos et al. 2012).

Estuaries are often spatially heterogeneous in phys-
ical, biological and environmental attributes, a char-
acteristic arising from the dynamic mixing of riverine
and marine water masses. Freshwater pulses associ-
ated with annual, seasonal and event-scale precipita-
tion can extend the influence of riverine systems
down stream, leading to the pulsed delivery of those
waters with entrained nutrients and particulates to es-
tuaries and amplifying the ecological connectivity of
riverine−  estuarine ecosystems (Elliott & Whitfield
2011, Vinagre et al. 2011, Atwood et al. 2012). For the
many organisms in estuarine systems that have
adapted to cope with or exploit seasonal flow patterns
(e.g. for dispersal or recruitment; Brittain & Eikeland
1988, Lechner et al. 2016, Teodósio et al. 2016, Pavlov
& Mikheev 2017) or time-integrated environmental
conditions, hydrodynamics can play a central role in
determining the spatial distribution of species, the for-
age base upon which they rely and, more broadly,
community dynamics (Palmer et al. 1996, Leonard et
al. 1998; but see Cottingham et al. 2016). This is im-
portant because humans have fundamentally altered
hydrological conditions in surface waters worldwide
due to the effects of human-induced climate change,
surface water extractions, impoundments and diver-
sions (Palmer et al. 2008, Nelson et al. 2009, Ormerod
2009). Alterations to precipitation and hydrology that
reduce or modify the timing and magnitude of sea-
sonal and base flow regimes pose challenges for natu-
ral resource managers to maintain biodiversity, eco-
system structures and processes (Palmer et al. 2008,
Nelson et al. 2009, Ormerod 2009).

Here, we used a coupled hydrodynamic−ecological
model, quantitative habitat characteristics and inte-
grative trophic indicators to examine the relation-
ships between an estuarine fish community and habi-
tat conditions. We tested the general hypothesis that
estuarine areas experiencing greater hydrodynamic
connectivity with upstream tributaries should sup-
port higher taxonomic richness and species densities
of fish fauna per unit area than areas with low hydro-
dynamic connectivity. We further hypothesized that,
at smaller spatial scales, patterns of richness and
density would be influenced by the availability of
structural habitat and the type of habitat present.
Last, we used natural abundance stable isotope ana -
lysis to determine whether habitat associations at
finer spatial scales reflected the availability of local
resources. Our biological response measures include
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community-scale responses, species-level responses
and an isotope-based trophic response. For the spe-
cies and trophic response analyses, we selected juve-
nile (young-of-the-year) black bream Acanthopagrus
butcheri (Sparidae) as a model fish species because
characteristics of its early life history and ecology
make it a highly apposite candidate species for ex -
ploring habitat associations and trophic linkages
with structural habitat (see Section 2.2 for more infor-
mation). Our goal was to better understand how phy -
si cal and environmental factors operating at  spatial
scales ranging from m2 to km2 influence the structure
and ecology of estuarine fish communities at differ-
ent biological scales.

2.  MATERIALS AND METHODS

2.1.  Study location and survey design

The Gippsland Lakes Estuary is a large (approxi-
mately 360 km2) estuarine system in Victoria, south-
eastern Australia, that consists of a series of intercon-
nected coastal lagoons that receive freshwater inputs
from 5 major rivers (Fig. 1). Rainfall patterns in east-
ern Victoria exhibit high interannual variability, with
high flow events typically occurring during the aus-
tral winter and spring (June−November). The 3 pri-
mary tributaries discharging into the study area are

the Mitchell, Nicholson and Tambo Rivers. Among
these 3 tributaries, only the Mitchell River is unregu-
lated (Boon et al. 2016). Flows in the Mitchell River
are typically higher (≥10-fold) than concurrent flows
in either the Nicholson or Tambo Rivers, but flow
rates can become similar in drought or high-flow
conditions (e.g. Hindell et al. 2008, Williams et al.
2012). Land use within the catchments of these rivers
in cludes irrigated agriculture, livestock grazing,
urban and suburban development, natural resource
management zones and ‘undeveloped’ areas (Boon
et al. 2016). Submerged vegetation includes the sea-
grasses Zostera nigricaulis, Z. mulleri and Ruppia
spi ralis and beds of macroalgae, including rhodo-
phytes (e.g. Gracilaria) and chlorophytes (e.g. Ulva)
which often co-occur with seagrasses (Roob & Ball
1997). Based on previous studies of hydrological con-
nectivity and spatial proximity (Woodland & Cook
2014, Zhu et al. 2017), we divided the central and
eastern lagoons of the Gippsland Lakes into 4 basins:
Jones Bay, Lake King, Lake Victoria and the South-
eastern Region (Fig. 1).

2.2.  Fish assemblage and focal study species

The Gippsland Lakes support a diverse and pro-
ductive estuarine fish assemblage (Warry & Hindell
2012, Boon et al. 2016). Similar to other large temper-

ate estuaries, the fish assemblage in -
cludes species occupying a range of
functional trophic and habitat niches
(Edgar & Shaw 1995), patterns that of-
ten correspond to different life stages.
Assemblage composition varies tem-
porally and spatially within the estu-
ary, linked to local habitat types, spe-
cies ontogeny and seasonal migration
patterns (e.g. obligate versus faculta-
tive species; see Elliott et al. 2007, Pot-
ter et al. 2015 for a review of estuarine
fish guilds). 

The focal study species, black
bream (hereafter, ‘bream’), is an obli-
gate estuarine species that ranges in
waters of southern and western main-
land Australia and Tasmania and sup-
ports important fisheries. Bream are
pelagic, serial spawners that usually
spawn in the upper reaches of estuar-
ies or brackish tributaries during
spring and early summer (Norriss et
al. 2002, Hassell et al. 2008). In the
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Gippsland Lakes, spawning occurs in riverine tribu-
taries, typically at salinities of 11−18 (Norriss et al.
2002). Spawning activity is positively related to
freshwater flow, but survival of eggs, which are neu-
trally buoyant at intermediate salinities (Jenkins et
al. 2010), and larvae appears to require a strong halo-
cline to facilitate suspension in the water column to
prevent organisms sinking into lethally sub-oxic bot-
tom waters (Hassell et al. 2008). High plankton pro-
ductivity and zooplankton concentrations along the
halocline result in strong spatial overlap between lar-
val bream and their preferred prey (i.e. nauplii of
cala noid copepods; Williams et al. 2013). Settlement
occurs when bream are 10−18 mm long and involves
a gradual ontogenetic shift from planktonic to demer-
sal habitats (Norriss et al. 2002). Following settle-
ment, juvenile bream are generalist invertivore con-
sumers that are strongly associated with structural
demersal habitats, including seagrass (Norriss et al.
2002). Growth in older juveniles (≥1 yr old) appears
to be highly plastic, responding positively to water
temperature, although other factors may also play a
role in realized growth rates (e.g. density-dependent
processes, hypoxia; Cottingham et al. 2016). These
biological and ecological characteristics, which are
common to many species of estuarine fishes (Nor-
cross & Shaw 1984, Elliott et al. 2007), make bream a
good candidate for exploring drivers of juvenile habi-
tat associations that may apply to other species and
other estuaries.

2.3.  Fish sampling

Sampling sites (n = 34) were distributed throughout
the Gippsland Lakes in water depths <1.8 m (Fig. 1).
Sampling was conducted in daylight during the aus-
tral summer and autumn in 2015 and 2016, on 3 occa-
sions each year. Sampling occurred once monthly
from February− April each year, and 15−20 sites were
visited each month. Nineteen sites were visited 3
times or more over the course of the study. Fish were
sampled using a 2 × 15 m beach seine-net (2 mm
knotless mesh) walked out in a broad arc and re -
trieved by 2 operators using a pursing technique
(Jenkins & Sutherland 1997). At each site, a separate
net haul was conducted over vegetated habitat and
over bare sediment habitat. All species captured
were identified to the lowest taxonomic resolution
possible and noted for presence or absence. Bream
were counted and measured for total length, and a
subsample was euthanized for stable isotope analysis
(tissues from no other species were collected for sta-

ble isotope analysis). Total taxonomic richness and
bream counts were standardized to area swept to
provide richness per unit area (RICH; taxa per
100 m2) and catch per unit effort (CPUE; individuals
per 100 m2). For each site, a range of variables was
measured, including mean site depth, habitat infor-
mation (including type and vegetation density,
described below), water quality (temperature, salin-
ity) and latitude and longitude. A total of 190 seine-
net hauls was conducted from 2015 to 2016.

2.4.  Vegetation sampling

Suspended particulate organic matter (SPOM) was
collected at 3 sites on each field trip by filtering sur-
face and bottom water through pre-combusted glass
fibre filters (nominal pore size 0.7 µm). Vegetation
biomass was sampled at each site using a 22.5 cm
internal diameter PVC core placed over vegetated
substrate. Vegetation was cut at the sediment sur-
face, collected in individual zip-lock bags and stored
on ice. In the laboratory, plant material was washed
thoroughly in distilled water to remove fauna and
inorganic material. Macroalgae, seagrass and epi-
phytic algal portions of each sample were separated
and dried at 60°C for 48 h and weighed. Dry masses
of stable isotope samples and the remaining material
were summed, and the values of biomass per unit
area of macroalgae, seagrass and epiphytes were
calculated (g m−2). A small sample of each vegetation
type was set aside for stable isotope analysis (see
Section 2.6).

2.5.  Riverine connectivity 
(hydrodynamic model metric)

A metric of riverine connectivity was developed
be cause we were interested in evaluating the rela-
tive importance of hydrodynamics on habitat use by
fish. Mechanistically, hydrodynamic flow patterns
from upstream tributaries can potentially affect
down stream fish habitat use in estuaries by influenc-
ing spatial patterns in water characteristics (e.g.
salinity, temperature), dissolved and particulate
nutrient delivery and transport dynamics for larval
and settling fish or meroplanktonic invertebrates. We
used a previously validated 3D hydrodynamic model
based on the MIKE 3 FM software (DHI Water and
Environment) for the Gippsland Lakes (Zhu et al.
2016). The hydrodynamic model uses a Lagrangian,
discrete-parcels method that simulates particle trans-
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port and fate in the water environment ac -
cording to a drift regime calculated by hydro-
dynamic modelling (DHI Water & Environ-
ment 2016). To focus on hydrodynamic
regimes rather than on specific types of dis-
solved or particulate constituents, we as -
sumed that the particles were neutrally
buoyant and that the movement of the parti-
cles was dependent only on the hydro -
dynamics. Simulated particles were released
for 35 d at the mouths of Mitchell, Nicholson
and Tambo Rivers 45 d before each of the 6
sampling trips (Fig. 1). This interval was cho-
sen to represent typical, time-integrated flow
conditions for approximately 1 mo prior to
each sampling event. Ten simulated particles
were released every 5 min at 7 depths: 0.2,
0.5 and 1 m below the surface, and 0.5, 1, 1.5
and 2 m above the bottom. A 100 × 100 m
mesh grid for the entire Gippsland Lakes sys-
tem was created to track the number of parti-
cles passing through a grid point for a spa-
tially explicit measure of hydrodynamic
forcing integrated over the modelled period
within the estuary and prior to sampling.

These values were translated to our con-
nectivity metric by counting all simulated
particles passing through the grid points that
corresponded with our geo referenced sam-
pling locations (Fig. 2). Using the output from
the hydrodynamic model, we extracted salin-
ity and temperature in grid cells correspon-
ding with sampling dates and locations. This
ensured a consistent spatial scale of values
for these 2 variables in our analysis for all
sampling events. These variables were used
as environmental covariates in our habitat
models because both are important factors
influencing biological communities in coastal
systems (Engle & Summers 1999, Harrison &
Whitfield 2006).

2.6.  Stable isotope sample preparation 
and analysis

A sample of white-muscle tissue from the retained
bream was cleaned of bones and skin tissue (Pin-
negar & Polunin 1999). All fish, vegetation and
SPOM filters were dried to constant weight (48 h at
60°C). Dried tissues (fish and plant) were ground to a
fine, homogeneous powder and packed into tin cap-
sules for stable isotope analysis. Glass fibre filters

were folded and packed into tin capsules. Carbon
and nitrogen stable isotope ratios were measured
using a calibrated ANCA GSL2 elemental analyser
interfaced to a Hydra 20-22 continuous flow isotope
ratio mass-spectrometer (Sercon). Stable isotope data
were expressed in the delta notation (δ13C and δ15N;
Fry 2006) relative to the stable isotopic ratio of
Vienna Pee Dee Belemnite for carbon, and clean air
for nitrogen. Analytical standards and replicates
were interspersed regularly in runs. Measured preci-
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sion for replicate samples was ±0.1‰ for 13C and
±0.2‰ for 15N (SD for N = 5).

2.7.  Statistical analyses

2.7.1.  Data pre-processing − response variables

Inconsistencies in taxonomic resolution of species
identifications between survey years required
aggregation to the family level for 6 taxa (Blenni-
idae, Gobi idae, Monacanthidae, Mugilidae, Syng-
nathidae, Triglidae) and to the genus level for 2
taxa (Hypho  ramphus sp., Platycephalus sp.). All
other taxa were identified to the species level. In
total, n = 32 taxa were scored as present or absent
at each site for the assemblage analysis, and a tax-
onomic richness value was calculated for each site.
For bream, there were 51 non-zero abundance val-
ues and 139 zero values. Therefore, we performed
a 2-stage modelling procedure to analyse associa-
tions between bream and potential explanatory
variables. The first stage was based on ‘occurrence
only’ and the second stage was based on ‘abundance
when present’. All 4 response variables (multivariate
 presence−  absence assemblage data, assemblage
taxonomic richness, bream occurrence and bream
abundance when present) were analysed using
appropriate statistical modelling approaches to test
for significant biota− environment relationships (see
Section 2.7.3).

For only our focal species, bream, we further ex -
plored the links between habitat type, resource
availability, environment conditions and riverine
connectivity on assimilated resource use. We used a
concentration-dependent Bayesian multi-endmem-
ber mixing model (Parnell et al. 2010) to estimate
the proportional contribution of basal resources to
bream diet based on C and N stable isotope compo-
sition and stoichiometry. Bream δ13C values were
arithmetically adjusted for lipid content based on
sample C:N ratios (Kiljunen et al. 2006). We used
species-specific tro phic enrichment factors (TEFs) =
3.5 ± 0.7‰ (SD) for C and 5.1 ± 0.7‰ for N (Bloom-
field et al. 2011), for an initial trophic correction of
bream C and N isotope values, then assumed more
generalized TEFs of 0.8 ± 1.3‰ for C and 3.2 ±
1.1‰ for N for the trophic transfer between produc-
ers and primary consumers (McCutchan et al. 2003,
Vanderklift & Ponsard 2003). Mixing models were
for individuals (rather than among individuals) to
allow for individual body size to be included as a
covariate in the trophic analysis.

2.7.2.  Data pre-processing − predictor variables

Predictor variables were selected to assess the rela-
tive importance of habitat characteristics at 3 different
spatial scales. At the smallest spatial scale (≤1 m2)
were the vegetation-specific biomass predictors.
 Intermediate-scale habitat predictors were based 
on visual classification of benthic habitat type con-
ducted prior to and during the seine deployment 
(~10− 100 m2). These habitat classifications focussed
on dominant habitat characteristics at larger spatial
scales: unvegetated, structural habitat (non-living),
fragmented vegetation (non-continuous) or vegetated
(continuous). The 3D hydrodynamic model provided
estimates of catchment connectivity and environmen-
tal conditions (salinity and temperature) at the largest
spatial scale (100 m2). For bream, we allocated indi-
viduals to 1 of 2 cohorts based on length modes (see
Supplement 1 at www. int-res. com/ articles/ suppl/
m630 p197_ supp. pdf) and these cohort assign ments
and size-based interactions were included as vari-
ables in stable-isotope statistical modelling.

For the assemblage composition, taxonomic rich-
ness and bream occurrence and abundance-when-
present models, all vegetation biomass predictors
(Table 1) were converted to a binary score (0 =
absent, 1 = present) because all had highly right-
skewed distributions that could not be improved with
standard numerical transformations (e.g. log, square-
root). Modelled site salinity and temperature were
standardized to zero mean and unit variance. Grid
cell propagule counts were summed for each mod-
elled depth to account for spatial differences in sur-
face-to-bottom hydrodynamic connectivity, log-
transformed and standardized (zero mean, unit
variance on the log-scale) to characterize the (mod-
elled) catchment connectivity.

2.7.3.  Statistical models

All statistical models included the suite of potential
predictors and site and basin random effects to
account for multiple sampling events at each site and
multiple sites in the 4 basins. For the assemblage
ana  lysis, we calculated a site-level Bray-Curtis dis-
similarity matrix based on taxonomic presence−
absence values. We used permutational multivariate
ANOVA (PERMANOVA) to analyse the relationship
be tween assemblage composition (as represented in
dissimilarity space) and the predictor variables
(Anderson 2001). For a given dissimilarity measure,
this approach partitions variance in the multivariate

202

https://www.int-res.com/articles/suppl/m630p197_supp.pdf
https://www.int-res.com/articles/suppl/m630p197_supp.pdf


Woodland et al.: Habitat factors affecting estuarine fish 203

space (Anderson 2017) based on a specified model
structure (analogous to a traditional ANOVA). Signif-
icance of model terms is based on a permutation rou-
tine with Monte Carlo simulations (Anderson & ter
Braak 2003, Anderson & Robinson 2003). Predictors
included 9 continuous (salinity, temperature, log-
propagules, seagrass, epiphytes, chloro phytes, rho -
do phytes, total macroalgae and total vegetation) and
1 class predictor (habitat type) and 2 random effects:
‘site’ random effects to accommodate multiple sam-
ples at the 34 sites, and ‘basin’ random effects to
account for multiple sites in the 4 basins. A general-
ized linear mixed model (GLMM) was fitted to the
log-transformed taxonomic richness per unit area
index (log-RICH; taxa per 100 m2). The RICH model
included each of predictors and random effects spec-
ified previously for the multivariate as semblage
model. Parametric assumptions of the GLMM resid-
ual structure were checked and verified.

We fitted the model:

(1)

where Ij is the observed absence or presence of
bream in sample j. The probability of occurrence, πj,
is a function on the logit-scale of an intercept, α, 9
potential predictors (Xjk: salinity, temperature, log-
propagules, seagrass, epiphytes, chlorophytes, rho -
do phytes, total macroalgae and total vegetation),

habitat type at site s (Hs) and site (es) and basin ran-
dom effects (eb). The ‘glmmLasso’ package (Groll
2017) in R (R Core Team 2014) uses L1-penalized
estimation to select variables for GLMMs (R v3.4.3).
We tested the efficacy of the derived reduced model
by using receiver-operator curve/area under curve
(ROC/AUC; Supplement 2) model fits with the R
package ‘pROC’ (Robin et al. 2011).

We used a variant of the occurrence model for
modelling abundance-when-present data. First, we
restricted the 190 samples to the 51 in which at least
1 individual was recorded. The model was:

(2)

where Aj is the observed abundance of bream in
sample j. The mean abundance, λi, is a function on
the log-scale of the intercept, predictors, habitat type
and site (reduced to 19 sites) and basin random
effects (4 basins). Model fit was assessed by Pear-
son’s correlation.

Median estimates of the proportional diet contribu-
tion of each basal resource to bream were extracted
from the SIAR output, arcsine-square root-trans-
formed and analysed using GLMMs. Three versions
of the model were run to determine if there was a
relationship between the amount of a given basal
resource present at a site and the estimated assimila-
tion of that resource by bream, one each for epi-

I X H e ej j j k jk s s bk
~ Bernoulli( ); logit( )

1

9∑π π = α+ β + + +
=

A X H e ej j j k jk s s bk
~ Poisson( ); log( )

1

9∑λ λ = α+ β + + +
=

Scale        Category                      Predictor                              Dimensions        Units           Description
                                                                                                          (m2)

Coarse      Hydrodynamics           (Catchment) connectivity         100              Count          Surface-to-bottom propagule sum

                 Environmentala           Salinity                                       100            psu scale       Modelled salinity
                                                      Temperature                              100                 °C             Modelled temperature

Fine          Habitat type                Unvegetated                           10−100              na             Bare sand or cobble
                                                      Fragmented vegetation         10−100              na             Non-continuous patches
                                                      Vegetated                               10−100              na             Continuous vegetation
                                                      Artificial structure                  10−100              na             Tires, bricks, rock piles

                 Vegetation biomass    Seagrass                                       1                 g m−2          Zostera muelleri, Z. nigricaulis
                                                      Epiphytes                                     1                 g m−2          Epibiont community
                                                      Chlorophyta                                 1                 g m−2          Green macroalgae
                                                      Rhodophyta                                  1                 g m−2          Red macroalgae
                                                      Total macroalgae                         1                 g m−2          Sum of macroalgae
                                                      Total vegetation                           1                 g m−2          Sum of vegetation

                 Physical                        Depth                                        1−10                 m             Mean collection depth

aDepth-integrated (surface to bottom) environmental variable values at sampling locations extracted from 3D hydro -
dynamic model on sampling dates at 100 m2 grid resolution

Table 1. Definitions and descriptions of predictor variables considered in this analysis, including categorically defined spatial
scale (Scale), descriptive category of the predictor (Category), predictor, quantitative spatial scale of the predictor (Dimen-
sions) with units (na: not applicable), and a description. Some variables were further modified prior to statistical modelling 

(e.g. log-transformed, normalized)
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phytes, green algae and Zostera. The estimate of the
contribution was modelled as a function of 6 predic-
tor variables (basal resource density, fish body size,
salinity, temperature, depth, month), 2 class variables
(cohort, habitat), an interaction term (cohort × body
size) and 2 random effects (site, basin). For all statis-
tical tests, α was set = 0.05. Totals of 11, 7 and 9 sites
were available for epiphyte, green algae and Zostera
models, respectively.

3.  RESULTS

3.1.  Sampling results

The 32 fish taxa were taxonomically and function-
ally diverse (see Supplement 3). The fish assemblage
was dominated by gobies (% frequency of occurrence
[%FO] = 92%), smallmouth hardyhead Atherinosoma
microstoma (53%) and syngnathids (43%). Demersal
species such as bream, luderick Girella tricuspidata
and soldier fish Gymnapistes mar mo ratus occurred
frequently in vegetated habitat (%FO > 31%), while
pelagic to semi-pelagic schooling species such as Port
Jackson glassfish Ambassis jacksoniensis, common
galaxias Galaxias maculatus and yellow-eye mullet
Aldrichetta forsteri occurred at similar frequencies
at both vegetated and unvegetated sites. Juvenile
bream were observed in 3 of the 4 basins sampled in
2015, the only exception being Lake Victoria (Fig. 1).
Given the importance of bream to our study design
and our statistical treatment of basin as a random ef-
fect in our analysis (focussing instead on environmen-
tal and habitat-related factors), Lake Victoria was ex-
cluded from sampling in 2016. Juvenile densities did
not differ between years (2-way ANOVA, F1,155 = 1.12,
p > 0.05), or among basins (2-way ANOVA, F3,155 =
2.54, p > 0.05). Post hoc least-squares means compar-
isons of bream densities (CPUE = 6.5 [least squares
means, LSM, estimate] ± 1.7 [SE] per 100 m2) indicated
that densities were higher in Jones Bay (t ≥ 2.01, p <
0.05) than Lake King (0.8 ± 1.8 per 100 m2) and the
Southeast Basin (1.3 ± 1.6 per 100 m2). Densities did
not differ between Lake King and the Southeast
Basin (t = −0.23, p > 0.05). Bream size structure was
consistent between years with mean total lengths of
47 mm (range = 10−162 mm) in 2015 and 51 mm
(12−175 mm) in 2016 (Fig. S1).

Within vegetated habitats, measured seagrass bio-
mass per unit area differed among basins (2-way
mixed effects ANOVA [random variable = site],
F3,53 = 6.04, p < 0.05). Tukey post hoc pairwise com-
parisons of LSM indicated higher biomass (t ≤ −3.45, p

< 0.05) in Lake Victoria (100.7 ± 20.7 g m−2) and in the
Southeast Basin (81.8 ± 11.8 g m−2) than in Lake King
(58.5 ± 17.7 g m−2) and in Jones Bay (12.0 ± 14.0 g
m−2). Red algae densities showed spatial differences
as well (2-way mixed effects ANOVA, F3,76 = 5.69, p <
0.05), with densities in Jones Bay (28.4 ± 5.8 g m−2)
higher (t ≥ 2.95, p < 0.05) than those in Lake King and
Jones Bay (2.5 ± 7.1, <0.01 ± 8.9 g m−2, respectively).
Red algae were not recorded in Lake Victoria. Little
among-basin difference was observed in total algal
density, epiphyte load or green algae density. Annual
differences in vegetation densities between 2015 and
2016 were only important for seagrass (2-way mixed
effects ANOVA, F1,53 = 7.36, p < 0.05), with seagrass
densities in 2015 (42.5 ± 10.3 g m–2) about half of those
observed in 2016 (84.0 ± 11.8 g m–2).

3.2.  Assemblage and richness models

Multivariate assemblage structure was associated
with modelled water temperature (Table 2). Changes
in assemblage composition at different water temper-
atures were linked to increasing presence of bream,
smallmouth hardyheads, mugilids and garfish (Hy -
pho ramphus spp.), and de creasing presence of  Port
Jackson glassfish, common galaxias, solider fish,
monocanthids and syngnathids in areas with warmer
modelled water temperature (Fig. 3). At finer spatial
scales, assemblage structure covaried with the pres-
ence of epiphytes in vegetated habitats. Sites with
epiphyte loads were associated positively with the
presence of small-bodied invertivores (e.g. syng-
nathids, smallmouth hardyheads), herbivorous and
omni vorous fishes (e.g. luderick, moncanthids) and
predatory fishes (e.g. solider fish; Fig. 3). Site-level
observations of taxonomic richness were 0 to 20 taxa
per 100 m2. Richness was positively related to 2 fine-
scale habitat predictors, namely seagrass (parameter
estimate ± SE = 0.62 ± 0.26; p < 0.05) and chloro-
phytes (0.42 ± 0.21; p < 0.05), and the large spatial
scale catchment connectivity index (0.15 ± 0.07; p <
0.05). Richness showed a negative relationship with
modelled water temperature (−0.17 ± 0.04; p < 0.05).
All other predictors were not significant at α = 0.05.

3.3.  Bream occurrence and 
abundance-when- present models

The probability of bream occurrence was strongly
positively associated (i.e. statistically significant) with
the presence of chlorophytes, epiphytes and rhodo -
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phytes (Table 3). Bream occurrence was weakly posi-
tively related to sites classified as vegetated and sites
with higher modelled riverine connectivity, but nega-
tively associated with sites classified as unvegetated
habitat. Bream abundance was associated with the
presence of specific vegetation types (epiphytes, chlo -
rophytes, total macroalgae), site classification (vege-
tated habitat), environmental variables (temperature,
salinity) and hydrodynamics (river connectivity). 

The strongest positive associations for the abun-
dance-when-present model were epiphytes and site
classification as ‘vegetated’ (Table 3). There were
weaker positive associations with chlorophytes and
modelled temperature. Total macroalgae were weakly
negatively associated with abundance-when-present,
while modelled salinity and riverine connectivity had
negative associations with abundance-when-present
(Table 3).

3.4.  Bream resource assimilation model

Estimates of the relative importance of different pri-
mary producers to bream differed among basins but
were relatively similar between cohorts (Fig. 4). For
both cohorts, SPOM, epiphytes and seagrass were the
dominant nutritional sources and were estimated to
contribute 14−64, 10−48 and 9−29%, re spectively, to
the diet of bream. Chlorophytes and rhodo phytes,

where they occurred, did not ap -
pear to contribute much to tro -
phic pathways. Local epiphyte
density was positively as sociated
with the contribution of epi-
phytes to the diet of bream
(Table 4). Site depth and salinity
had negative influences on epi-
phyte contribution to diet, but
month had a positive association.
Cohort-specific body size was
weakly associated with the
 contribution of epiphytes to
bream diet, but this effect was
limited to individuals in the later
spawned cohort (Cohort 2,
Fig. S1; spawned late February-
early March; see Jenkins et al.
2018). There was relatively little
association be tween chloro-
phytes or seagrass density and
estimated contribution of those
basal resources to bream diet.

4.  DISCUSSION

We combined field surveys, hydrodynamic mod-
elling and stable-isotope approaches to analyse dif-
ferent organization levels of a fish assemblage
within a temperate estuary to better understand
how physical and environmental factors operating
at spatial scales ranging from m2 to km2 influence
the structure and ecology of estuarine fish com -
munities. By focussing on the role of mixed seagrass−
macroalgae habitats rather than just seagrass vs.
macroalgal habitat, we showed that habitats com-
posed of mixed seagrass− macroalgae may support
more diverse assemblages and higher abundances
of some taxa than seagrass habitats without macro-
algae. Our findings also showed that the trophic
importance of seagrass and macroalgae as basal re -
sources for juvenile bream was not clearly related
to the local density of either vegetation type.
Rather, the availability of more labile trophic re -
sources such as epiphytes was more likely to be as -
sociated with the local secondary production of
bream in proportion to resource availability. At
broader spatial scales, riverine connectivity ap -
peared to be a coarse environmental factor struc-
turing local fish assemblages within the down-
stream Gippsland Lakes estuary independently of
salinity effects.
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Scale        Variable                               GLMM                           PERMANOVA
                                                      F a         p      Estimate (SE)      Pseudo-F     p (MC)

Coarse      Log-connectivity 4.87      0.03      0.15 (0.07)     1.09           0.39
                 Salinity 3.27      0.07              −              1.68           0.17
                 Temperature 20.3     <0.0001  −0.17 (0.04)     3.8           0.005

Fine          Epiphytes 0.87      0.35              −              3.11           0.02
                 Rhodophyta 1.83      0.18              −              0.65           0.62
                 Chlorophyta 4.15      0.04      0.42 (0.21)     0.77           0.56
                 Seagrass 5.65      0.02      0.62 (0.26)     1.45           0.25
                 Total vegetation 0.11      0.74              −              0.99           0.43
                 Total macroalgaeb 2.9        0.09              −              −                   −
                 Habitat type 1.27      0.29              −              1.76           0.06

aGLMM variable degrees of freedom (numerator,denominator): Habitat = 3,144;
all other variables = 1,144

b‘Total macroalgae’ was excluded from the PERMANOVA model due to resulting
model instability

Table 2. Results from fish assemblage composition analysis based on taxonomic
presence− absence data from seine sampling of the Gippsland Lakes, Australia
(2015− 2016). Model variables and corresponding categorical spatial scale results
shown for GLMM of log-transformed taxonomic richness (only significant model
terms are shown; ‘−’ indicates non-significant terms) and PERMANOVA of among-
site Bray-Curtis dissimilarities (pseudo-F statistic, Monte Carlo simulation-based
variable significance values). Model variables significant at α = 0.05 are in bold
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4.1.  Seagrass−macroalgae
matrices as habitat

Seagrass beds with macro-
algae biomass supported greater
taxonomic richness of the whole
assemblage and greater densi-
ties of juvenile bream than sea-
grass beds without macroalgae.
Vegetative ‘matrices’ of macro-
algae intermixed with seagrass
habitat support high densities of
small invertebrate consumers in
shallow aquatic ecosystems un-
der certain conditions (Cebrian
et al. 2014). At the patch scale,
water ex change and the mainte-
nance of sufficient oxygenation
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Fig. 3. Fish assemblage compositional shifts (change in % frequency of occurrence, %FO) between (a) sites with low water
temperatures (14.6−18.3°C) versus intermediate (18.5−23.4°C; open bars) or high water temperatures (23.5−25.3°C; filled
bars), and (b) vegetated sites with epiphytes present versus those where epiphytes were absent. Positive bars reflect increased
%FO at sites with intermediate or warm waters (a), or in the presence of epiphytes (b). Negative bars reflect increased %FO at 

sites where epiphytes were absent

Occurrence model                     Abundance-when-present model
Effect                                       Estimate     Effect                                           Estimate

Intercept                                   −1.094       Intercept                                       0.005
Chlorophyta                              1.010       Epiphytes                                      1.126
Epiphytes                                  0.816       Habitat (Veg)                                0.970
Rhodophyta                              0.752       Chlorophyta                                 0.538
Habitat (Veg)                            0.264       Temperature                                 0.357
Log-connectivity                      0.113       Log-connectivity                          −0.486
Habitat (Unveg)                       −0.567       Salinity                                          −0.455
                                                                    Total macroalgae                         −0.211

Basin random effects             0.37 (SD)     Basin random effects                0.808 (SD)
Site random effects                0.28 (SD)     Site random effects                   1.015 (SD)
Model fit assessment (AUC)     0.83         Model fit assessment (rPearson)       0.95

Table 3. Parameter estimates for the retained predictors in the occurrence and abun-
dance-when-present models for bream estimated by using the ‘glmmLasso’ function.
Given that predictors were scaled to unit standard deviations (SD), the relative magni-
tudes of regression coefficients indicate relative importance in explaining variation in
occurrence or abundance when present. AUC: area under the receiver operating curve
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in the seagrass−macroalgae matrix are
thought to be key factors in determining
whether the vegetation persists and the
habitat matrix remains suitable as habitat
for consumers (Hauxwell et al. 2001, Ce-
brian et al. 2014). Surface and bottom-
water dissolved oxygen (DO) concentra-
tions measured at each seining location
exceeded 4 mg l−1 (>60% DO saturation),
with the exception of 2 sampling loca-
tions visited during March in which DO
concentrations ranged from 3.3−3.5 mg
l−1 (48−51% DO saturation). A compari-
son of these values with published lethal
DO concentrations for coastal demersal
fish suggests these conditions should not
affect survival much, but avoidance be-
haviours at sublethal DO concentrations
might affect our observations (Eby &
Crowder 2002, Miller et al. 2002, Bell &
Eggleston 2005). We investigated this
possibility by calculating pairwise Pear-
son’s correlation values between in situ
DO measurements and assemblage taxo-
nomic richness, bream abundance when
present and the mean %FO of a suite of 6
of the most abundant fish taxa (bream,
smallmouth hardyhead, soldier fish,
Mugilidae, Gobiidae, Syngnathidae). For
all 3 biological response variables, rP was
≤ |0.3| and was not significant (p > 0.05).
This suggests that ambient DO concen-
trations were not a primary determinant

of the patterns we observed in the fish community in
this study.

The positive associations between macroalgae
within seagrass beds, assemblage taxonomic richness
and juvenile bream density are probably a response to
the increased structural complexity of the resulting
seagrass− macroalgal matrix (a structural predator
refuge; Heck et al. 2003, Heck & Orth 2007). Little in-
formation is available on predators of juvenile bream,
but great cormorants Phalacro corax carbo carboides
feed heavily on juvenile bream in the Gippsland Lakes
(Coutin & Reside 2007), and co-occurring piscivorous
fishes such as tailor Pomatomus saltatrix, Australian
salmon (Arripis spp.) and flathead (Platycephalus spp.)
probably prey on juvenile bream. In intermediate eu-
trophication conditions, the ecological benefits of the
additional  complexity conferred by macroalgae to
macro fauna in seagrass beds include reduced preda-
tion risk, increased diversity of alternative trophic re-
sources and increased primary and secondary produc-
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Fig. 4. Estimated proportional contribution of basal resources (Epi: epiphytes;
GA: green algae; SPOM: suspended particulate organic matter; Zostera: sea-
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1.5× IQR, and circles are outliers >1.5× IQR

Effect                                       Basal resources
                               Epiphytes    Green algae      Zostera

Intercept                    −0.61              0.27                0.91
Resource density  0.10 (0.02)            −                     −
Cohort1 × TL        0.03 (0.04)            −            0.07 (0.02)
Cohort2 × TL        −0.04 (0.02)            −            0.07 (0.03)
Month                   0.46 (0.07)            −            −0.07 (0.03)
Salinity                 −0.49 (0.04)            −                     −
Depth                    −0.50 (0.04)   −0.10 (0.02)            −
Temperature        0.17 (0.04)            −                     −
Model fit (rPearson)       0.92                0.36                0.55

Table 4. Parameter estimates (SE) for retained predictors from
repeated measures ANOVA (estimates shown for significant
model terms only, ‘−’ indicates non-significant terms). Effects
of body size were modelled independently for each cohort
(1 = early spawned cohort, 2 = later spawned cohort). Given
that predictors were scaled to unit standard deviations (SD),
the relative magnitudes of regression coefficients indicate rel-
ative importance in explaining variation in assimilation of

each basal resource
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tion (Holmquist 1997, Adams et al. 2004, Olsen et al.
2011, Cebrian et al. 2014, Schmidt et al. 2017). As
basal resources, both seagrass and SPOM contributed
substantially to bream production, with modelled di-
etary contributions ranging from 8−30% for seagrass
and 22−43% for SPOM (Fig. 4). Previous research on
black bream and a congener, yellow bream Acantho -
pagrus australis, has also found seagrass and SPOM
(and the invertebrates that directly consume these
producers) to be important trophic resources for these
fish in coastal habitats (Hindell 2006, Hadwen et al.
2007, Woodland et al. 2013). The absence of a rela-
tionship between local densities of seagrass or macro-
algae and trophic assimilation by bream was unex-
pected but underscores the likelihood that the
positive effects of macroalgae on fish communities
arose from structure-associated benefits (e.g. predator
avoidance) rather than direct trophic benefits.

Tissue stable isotope composition can lag behind
diet stable isotope composition following a diet shift
or a change in the underlying stable isotope values of
primary producers at the base of the food web
(Hesslein et al. 1993, Woodland et al. 2012a). The
duration of this characteristic equilibration lag
between tissue and diet depends on growth and
metabolic rates and the magnitude of the shift in the
stable isotope values of the diet. Juvenile bream
grow rapidly, and evidence from our study indicated
that cohorts increased their body weight 4.5- to 8-
fold between the first and second month of sampling
each cohort in 2016 (based on modal progression of
cohorts 1 and 2, and a fitted length−weight relation-
ship from study specimens: range: 16−111 mm total
length [TL], N = 26, R2 = 0.99; Weight = [1 × 10−5] ×
TL3.064). Assuming equilibration to a consistent iso-
tope baseline following settlement, proportional in -
creases in weight of this magnitude should be suffi-
cient for juvenile bream muscle tissue to equilibrate
to the post-settlement diet (Herzka 2005).

The positive relationship between epiphyte pres-
ence and assimilation suggests that a trophic linkage
underlies the positive relationship between bream
abundance-when-present and epiphyte availability.
Epiphytes are grazed by many invertebrates in sea-
grass beds (e.g. Morgan & Kitting 1984, Boström &
Mattila 1999, Lepoint et al. 2000) that, in turn, are
eaten by secondary consumers, such as bream (Sarre
et al. 2000). The increasing contribution of epiphyte-
based trophic pathways in the summer suggests that
epiphyte-supported secondary productivity becomes
increasingly important during a critical ontogenetic
growth period in the first year of life (Connolly et al.
2005, Grimaldo et al. 2009, Kennedy et al. 2018).

Other studies have also identified epiphytes as the
most important trophic resource contributing to pro-
duction of both fish and invertebrates in seagrass
habitats (Moncreiff & Sullivan 2001, Vizzini et al.
2002; but see Belicka et al. 2012). Although stable iso-
tope based estimates of assimilated diet are lacking
for other fish species included in this study, it seems
reasonable to infer that a similar trophic link among at
least some other fish taxa might explain the significant
effect of epiphyte presence on assemblage structure.

4.2.  Hydrodynamics and riverine connectivity

Both taxonomic richness and the presence− absence
of bream were positively associated with vegetated
habitats occurring in areas characterized by increased
riverine connectivity (Fig. 5, Tables 2 & 3). The
positive parameter estimates associated with both
taxonomic richness and presence− absence of bream
indicate that these measures increased with greater
riverine connectivity, but the relationships were not
strong. The modal relationship between log-richness
and log-connectivity suggests that the positive rela-
tionship does not hold at the highest connectivity val-
ues (Fig. 5d). Bottom-up enhancement of primary and
secondary production in response to nutrient loading,
up to a point, is well documented for shallow coastal
systems (Nixon & Buckley 2002, Breitburg et al. 2009).
Nutrient loading above that threshold induces a shift in
the state of the system that can include a dominance of
pelagic primary production, loss of seagrasses, more
frequent or severe hypoxic events, altered biogeo-
chemical cycling and reduced secondary productivity
(Conley et al. 2009, Levin et al. 2009, Rabalais et al.
2009). In the Gippsland Lakes, vegetated habitats that
experienced very high riverine connectivity supported
less seagrass biomass, less epiphyte biomass and
lower taxonomic richness per unit area compared to
regions with intermediate to high connectivity (Fig. 6).
Conversely, macroalgae densities were greater as
connectivity increased. Overall, our results suggest a
complex primary producer response to riverine con-
nectivity within downstream estuarine habitats, with
the ratio in dominant macro-vegetation changing
from rooted seagrasses to ephemeral macro algae in
regions most affected by tributary plumes. These
macroalgae-dominated vegetation matrices within
the highest connectivity regions ap pear less suitable
for some fish taxa but functionally similar for others,
including the focal species (bream) in our study.

Several potential mechanisms might underlie the
positive associations between riverine connectivity
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and habitat use by some species. One reason for
these patterns may be that habitats within the down-
stream plumes of the tributaries have greater expo-
sure to allochthonous materials, including dissolved
and particulate nutrients, suspended sediments and
biological particulates, entrained within water masses
arising from riverine inputs. At the ecosystem scale,
riverine delivery of allochthonous materials can have
positive, negative or a combination of both positive
and negative effects on the productivity of recipient
waters (Sime 2005, Robins et al. 2006, Wood land et al.
2015, Jardine et al. 2017, Tanentzap et al. 2017). At
smaller spatial scales, the influence of hydrodynamics
on the downstream distribution of allochthonous ma-
terials has been widely documented (Bianchi 2007).
In turn, the spatial distribution of allochthonous
inputs may influence spatial patterns in downstream
ecological conditions, from trophic assimilation and
productivity to biodiversity and assemblage structure
(Warwick et al. 2002, Connolly et al. 2009, Dang et al.
2009, Grosbois et al. 2017).
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The effect of hydrodynamics on fish recruitment
patterns could also be contributing to the positive
relationship between connectivity and fish metrics.
Among many estuarine and riverine fishes with pela -
gic larval stages, short-term spatial recruitment pat-
terns by settling larvae are influenced by both flow-
based advection and directed movements (Able &
Fahay 1998, Lechner et al. 2016, Teodósio et al. 2016,
Pavlov & Mikheev 2017). At longer time-steps (e.g.
annual), flow−recruitment patterns also exist but can
have complicated or system-dependent relationships
(e.g. Strydom et al. 2002, North & Houde 2003, Mar-
tino & Houde 2010, Gallagher & Secor 2018). If the
spatial distribution of pre-settlement fishes is posi-
tively associated with riverine hydro dynamics (e.g.
entrainment), spatial patterns in re cruiting juveniles
are also likely to correlate with areas of high riverine
connectivity.

4.3.  Riverine connectivity under future climate

As in many other areas that experience highly vari-
able rainfall around the world, downscaled climate
models for southeastern Australia predict a reduction
in average winter and spring stream flow in step with
reduced annual precipitation (Chiew et al. 2011,
Hobday & Lough 2011), an increase in frequency and
severity of storms (Hobday & Lough 2011) and
steadily rising temperatures that increase evapotran-
spiration. With reduced precipitation punctuated by
extreme events, sediment and nutrient supply to
rivers can decline on average but spike during infre-
quent but intense runoff events, altering hydrody-
namics and leading to highly pulsed sediment- and
nutrient-loading to downstream estuaries (Whitehead
et al. 2009), with potentially profound effects on pro-
ducer communities in estuaries (Duarte 1995, Orth et
al. 2006, Wetz & Yoskowitz 2013). The modal patterns
of seagrass, epiphyte and taxonomic richness density
in areas experiencing intermediate riverine connec-
tivity suggest that areas influenced, but not domi-
nated, by river plumes offer a uniquely productive re-
gion within the estuary (Fig. 6). This spatial linkage
between local ecology and hydrological connectivity
underscores the potential for pervasive shifts in river
flow or allochthonous inputs to alter the distribution
of habitat, food web structure and biodiversity within
the estuary. Empirical monitoring in these high-con-
nectivity areas and ex panded hydrodynamic model-
ling to explore changes in the extent and connectivity
of these areas under different flow scenarios offer
 potentially fruitful areas of future study.

4.4.  Conclusion

Seagrass habitats with associated macroalgal bio-
mass supported higher assemblage biodiversity and
densities of juvenile bream than seagrass habitats
without macroalgae. Evidence from stable isotope
analysis suggests that this association is likely to be
due to the increased structural complexity of the
 vegetation matrix in the presence of more macro-
algae. Bream were more abundant in seagrass habi-
tats with epiphytes, and the trophic contribution of
epiphytes to juvenile biomass was positively related
to local epi phyte density. Riverine hydrological con-
nectivity of specific habitat patches within the estu-
ary positively covaried with taxonomic richness and
 presence− absence of bream. Management of hydrol-
ogy and catchment-derived inputs to estuaries such
as nutrients and sediments requires clear and sensi-
ble objectives, particularly in the face of future
 climate uncertainty and changing land use. Coupling
hydrodynamic modelling and natural biomarkers to
assess the spatial context of habitat use and specific
ecological species−habitat relationships can help
resource managers set meaningful objectives, priori-
tize monitoring and target habitat preservation in
areas that represent the greatest threats or opportu-
nities for estuary management.
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