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INTRODUCTION

Coastal seascapes are a mosaic of different habitat
types. Because habitat associations differ between
species, and because individuals move between
habitats to varying degrees, the value of seascapes
for coastal fishes is often a function of habitat com-
plexity, heterogeneity and connectivity (Boström et
al. 2006, 2011, Pittman et al. 2007). Further, some
species might be more vulnerable to environmental
changes due to their preferred habitats becoming
more threatened, or less connected (Gilby et al.
2017a, Whitfield 2017). Thus, effective and efficient

management of fish and fish habitats requires robust
data on habitat use and ecological linkages in the
spatial context of habitat mosaics (Olds et al. 2016).

Estuaries provide critical habitats for many coastal
fish species (Barbier et al. 2011), and the spatial posi-
tioning of these habitats within estuaries structures
the distribution of fish species (Henderson et al.
2017a, Whitfield 2017). Fish use different habitats for
varying periods of time as they mature (Nagelkerken
et al. 2000); they also move for shorter periods,
often correlated with tidal phases, between habitat
patches to feed (Reis-Filho et al. 2016, Sheaves et al.
2016). Within-site characteristics of habitats, like
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habitat heterogeneity and size, further shape their
value for fish (Sherman et al. 2002, Gratwicke &
Speight 2005, Yeager et al. 2011, Harborne et al.
2012). The distance of habitat patches from the ocean
also affects fish assemblages because the likelihood
of juvenile settlement (Hannan & Williams 1998) and
the probability of visitation by adult fishes (Connolly
& Hindell 2006, Henderson et al. 2017b) declines
with increasing distance upstream. The composition
of fish assemblages in estuaries is modified by the
characteristics of habitats, extent of key habitats
(Whitfield 2017), degree to which habitats are con-
nected in estuarine seascapes (Micheli & Peterson
1999, Nagelkerken et al. 2015) and hydrologic con-
nectivity with the estuary mouth (Gilby et al. 2017b).

Notwithstanding a growing apprecia-
tion that estuarine fish assemblages are
structured by multiple factors in complex
seascapes, the question of how habitat
type and connectivity interact to shape
assemblages remains largely unresolved
(Able 2005, Ray 2005, Whitfield 2017).
Few studies have explicitly tested
whether, and how, connectivity affects
fish assemblages across the full suite of
habitats that are present in estuaries
(Bloomfield & Gillanders 2005, Sheaves
2009). The importance of seagrasses and
mangroves as fish habitats is widely
accepted, but it is still not clear how the
position of these and other habitats in
estuarine seascapes modifies their value
as fish habitat generally or specifically as
nurseries for juvenile fishes (Sheaves et
al. 2015, Edworthy & Strydom 2016, Whit-
field 2017).

Identifying key connections in estuar-
ine seascapes, and determining how
these linkages modify the value of habi-
tat patches and the distribution of fish
generally across estuarine seascapes, is
critical for improving the conservation of
estuarine fishes and the management of
coastal fisheries (Nagelkerken et al.
2015, Olds et al. 2016, Gilby et al. 2017b).
In this study, we test how the spatial con-
text of multiple habitats in coastal sea-
scapes determines the composition of
fish assemblages in estuaries. We base
this test on spatially explicit data encom-
passing 6 habitat types embedded in het-
erogeneous seascapes across 13 subtrop-
ical estuaries.

MATERIALS AND METHODS

Study systems

We sampled fish with underwater cameras in 13
estuaries along 200 km of coastline in southeast
Queensland, Australia (Fig. 1). All surveys were con-
ducted in the austral winter and spring (July through
September) of 2016. This period was selected to max-
imise visibility at sites in the lower estuaries (Gilby et
al. 2017a). Whilst this selection might influence some
of the fish species detected at sites with reproductive
movements etc. (e.g. Pollock 1982), seasonality was
not a focus of this study. All surveys were conducted
during daylight (09:00–16:00 h). Estuaries were cho-
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Fig. 1. Location of study estuaries in southeast Queensland, Australia.
Example estuaries show the distribution of sampling sites across the
range of habitat types. In total, we sampled 318 sites in 6 habitats across 

13 estuaries
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sen to encompass the maximum range of seascape
variables present in the region (see Table S1 in the
Supplement at www.int-res.com/articles/ suppl/ m588
p179 _ supp.pdf) (Gilby et al. 2017b). We sampled 318
sites in 6 habitat types: (1) log snags, (2) mangroves,
(3) rocky outcrops, (4) seagrass, (5) sand/mud, (6)
urban structures. All habitats were subtidal, except
mangroves which occurs in the intertidal in southeast
Queensland. We aimed to sample at least 5 replicate
sites of each habitat type in each estuary where these
were present (see Table S1 in the Supplement). Sites
were placed at least 50 m apart to reduce the likeli-
hood of encountering the same individual more than
once. The primary intent of this study was to deter-
mine habitat use in different seascapes. Thus, to min-
imise confounding by salinity (a known determinant
of fish distributions in estuaries) we sampled in the
lower reaches of each estuary, operationally defined
as seaward of the point in the estuary where winter
salinity averaged 30 psu over the previous 10 yr
(Gilby et al. 2017b); we attemp ted, whenever possi-
ble, to distribute sites evenly throughout this stretch.

Seagrass was mainly the eelgrass Zostera muelleri,
occasionally interspersed with dugong grass Halo -
phila ovalis. Rocky outcrops and log snags were all at
least 4 m2 in areal extent. Urban structures were
comprised of pier or bridge pylons, and mangrove
sites were at least 20 m wide.

Fish surveys

We used 30 min deployments of remote underwa-
ter video stations (RUVS) to sample fish assemblages.
RUVS consisted of a GoPro camera, recording in high
definition, mounted on a 3 kg weight. RUVS are
increasingly used for this type of study, and are not
baited to ensure they do not attract fish from other
habitats (see Sheaves et al. 2016, Bradley et al. 2017).
Where RUVS were placed in structured habitats (log
snags, mangroves, rocky outcrops, seagrass, urban
structures), the cameras were positioned with the
field of view directed obliquely along the edge of the
focal habitat. This enabled us to identify individuals
moving in and out of the habitat without the view
being obstructed by structures of the habitat. The
primary metric extracted from the videos was the
maximum number of individuals of a species
observed in any single video frame, MaxN (Harvey
et al. 2004, Borland et al. 2017). Size estimations can-
not be obtained using single-camera RUVS arrays.
Species were categorised as being mostly associated
with seagrass, mangrove, structured or sandy/muddy

substrates based on the literature from this region
(Sheaves & Johnston 2009, Olds et al. 2012a, Froese
& Pauly 2017), to assess how the spatial effects of
connectivity with adjacent habitats are conveyed to
the habitat associations of fish in estuaries (for spe-
cies allocations, see Table S2 in the Supplement).
This categorisation is not intended to be a reflection
of the results of this study; rather a broader analysis
assessing the usual association of identified fish spe-
cies more generally across the region, thereby allow-
ing us to infer the likely consequences of habitat con-
nectivity for species who rely more heavily on
different estuarine habitats.

Data analyses

We used distance-based linear models (DistLM)
and linkage tree analyses (LINKTREE) in the multi-
variate statistical environment PrimerE (Clarke &
Gorley 2015) to analyse associations between fish
 assemblage composition and a series of environmen-
tal variables putatively important for estuarine fish
(Table 1). DistLM models were visualised using dis-
tance-based redundancy analysis (dbRDA) (Ander-
son et al. 2008). Patterns from DistLM were then fur-
ther examined using LINKTREE. Groupings within
LINKTREEs were determined using similarity profile
tests (SIMPROF) at a significance level of 0.01 (999
permutations). We used permutational analysis of
variance (PERMANOVA) to determine how fish
abundance, species richness and assemblage compo-
sition differed among habitats (Anderson et al. 2008).
All analyses in Primer were applied to normalised
environmental data on Euclidean dissimilarity meas-
ures, and square root transformed fish assemblage
data on Bray-Curtis dissimilarity measures. We used
generalised additive models (GAM) in the mgcv
package (Wood 2015) of R (R Core Team 2017) to test
for relationships between environmental variables
and the species richness and total abundance of fish
assemblages in each habitat. GAM overfitting was
reduced by restricting relationships to ≤4 polynomial
lines or less (k = 4).

RESULTS

Fish assemblages of different estuarine habitats

Habitat type was the prime predictor of variation in
fish assemblage composition, followed by distance to
the nearest seagrass patch (Table 2). Consequently,
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the best model relating fish assemblages to environ-
mental metrics includes habitat type and seagrass dis-
tance as top metrics, complemented by distance to ur-
ban land, intertidal flat and mangroves, and the size

of adjacent urban land (Table 2). Habitats typically
contained distinct fish assemblages (p < 0.05, Fig. 2A);
the largest differences in assemblage composition,
species richness and abundance were evident for fish
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Factor Definition Hypothesis Source 

Habitat 

Habitat 
type 

The visually identified habitat class in which 
the camera was placed. 

Differences in structure, complexity and food 
resources are predicted to translate into 
distinct fish assemblages in different habitat 
types. Estuarine habitats were: log snags, 
mangroves, rocky outcrops, seagrass, 
sand/mud, urban structures (Gratwicke & 
Speight 2005, Whitfield 2017). 

– 

Seascape context 

Distance 
to mouth 

Many fish species regularly move between the 
estuary and coastal waters. Thus, we predict 
that the proximity of habitat patches to the sea 
will structure the composition of fish assem-
blages. (Connolly & Hindell 2006, Henderson 
et al. 2017b). 

GIS 

Habitat 
isolation 

Most coastal fish move among multiple 
habitats in coastal seascape. Thus, connect-
ivity, as indexed by isolation of habitats in the 
seascape, is predicted to influence the com-
position of fish assemblages (Olds et al. 2012a). 

GIS, habitat 
layers from 
Queensland 
Government 
(2014, 2015) 

Area Most coastal fish move among multiple habi-
tats throughout their lifecycles and during 
daily or seasonal movements. Therefore, we 
predict that habitat patches surrounded by a 
greater area of alternative habitats within an 
estuarine fish’s home range have greater 
habitat quality for fish (Olds et al. 2012a). 

GIS, habitat 
layers from 
Queensland 
Government 
(2014, 2015) 

Seascape-
wide 
proximity 

The shortest over-water distance between  
the sampling site and the deepest part of the 
channel at the estuarine mouth. 

Distance between the study site and the 
nearest occurrence of 4 habitat types:  
(1) intertidal unvegetated flat; (2) mangrove;
(3) seagrass; (4) urbanised coastline. Where
a habitat did not occur within an estuary, we
measured distance to the nearest habitat
patch outside the estuary in connected bays
or nearby estuaries.

The area that is covered by each of 4 types: 
(1) intertidal flat; (2) mangrove; (3) seagrass;
(4) urban land. We use 500 m buffer dist-
ances based on the likely daily home ranges
of estuarine fishes in these systems (Olds et
al. 2012a).

The sum of proximity values (the sum of the 
areas of each habitat patch within a 500 m 
buffer of each site, divided by the distance 
to that patch squared; McGarigal et al. 2012) 
for all of intertidal unvegetated flat, 
mangrove, seagrass and urbanised 
coastlines. 

The value of a habitat patch for estuarine 
fishes is influenced by the broader suite of 
habitat types present in the seascape. There-
fore, we predict that habitat patches that are 
well connected (i.e. short distance to many 
large other habitat types) are better fish 
habitat (Olds et al. 2012a). 

GIS, habitat 
layers from 
Queensland 
Government 
(2014, 2015) 

Physico-chemical factors 

Salinitya Salinity (ppt) of the water near the seabed at 
the time of sampling. 

Salinity strongly influences estuarine fish 
species and assemblages. Hence, substantial 
variations in salinity among sites are predicted 
to influence fish habitat associations (Roy et al. 
2001). 

HLWMP 
(2017) 

Turbiditya Turbidity (nephelometric turbidity units; 
NTUs) of the water near the seabed. 

Estuarine fish assemblages can vary according 
to turbidity levels (e.g. highly turbid waters  
are inimical to visually orientated predators). 
Hence, we predict that large variations in 
turbidity among locations are likely to affect 
observed fish assemblages in different habitats 
(Lunt & Smee 2015). 

HLWMP 
(2017) 

aAs water quality monitoring locations did not exactly match fish survey sites, values were interpolated (inverse distance 
weighting) using all monitoring locations in the estuary. 

Table 1. Environmental attributes included in statistical models, their definitions, the hypothesis surrounding each factor and 
their sources (where applicable). HWLMP: Healthy Land and Water Monitoring Program
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associated with seagrass and those with
sandy/muddy sediments (Fig. 2). Fish
 assemblages did not differ between man-
groves and log snags (p = 0.1), or between
urban structures and log snags (p = 0.06).
Seagrass patches supported more fish
species and individuals than any other
habitats (Fig. 2B,C). Fish assemblages
from mangroves, log snags, rocky out-
crops and urban structures were charac-
terised by similar species richness and
 total abundance, whereas fewer species
and individuals were recorded at sandy/
muddy sediments sites (Fig. 2B,C).

Effects of spatial context on fish assemblages for
different estuarine habitats

The distance of estuarine habitats to seagrass was
strongly correlated with variation in the composition
of fish assemblages for all non-seagrass habitats
(Figs. 3 & 4A−E). For seagrass habitats, distance to
mangroves was the sole significant factor (Fig. 4F).
Besides seagrass proximity, the distance of estuarine
habitats to both mangroves and the estuarine mouth

were also determinants of fish assemblage composi-
tion across multiple habitats (Fig. 4A,C,D,E). Their
overall importance, however, was lower than for sea-
grass distance (Fig. 3). The extent of nearby urban
structures explained some variation in the composi-
tion of fish assemblages in urban habitats (Fig. 4C),
whereas the distance to intertidal flats was important
for fish assemblages in log snag habitats (Fig. 4A).

Sites that were closer to seagrass patches always
supported more species and contained more individ-
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Group                                   AICc            SS      Pseudo-F       p         Prop.

+Habitat                              2536.4     126870        8.89        0.001     0.125
+Seagrass distance            2527.7       29718      10.73        0.001     0.029
+Urban distance                 2523.9       15605        5.72        0.001     0.015
+Intertidal flats distance    2521.3       12469        4.62        0.001     0.012
+Mangrove distance          2519.7      9830.7      3.68        0.002     0.010
+Urban area                       2518.7      7970.3         3          0.004     0.008

Table 2. Results of distance-based linear models sequential tests correlat-
ing estuarine fish assemblages with habitat, seascape and water quality
variables. Models were determined using the stepwise selection proce-
dure on the corrected Akaike’s information criterion (AICc). Prop.: propor-
tion of variance explained. Residual degrees freedom were between 307
and 312. Variables were added sequentially to the model, as denoted by 

plus symbols before variable names

Fig. 2. Estuarine habitats sup-
port distinct fish assemblages.
(A) Distance-based redun-
dancy analysis (dbRDA) ordi-
nation illustrating how differ-
ences in the composition of fish
assemblages from different
estuarine habitats relate to
important environmental met-
rics (see Table 2). Vectors show
how environmental features
correlate with the ordination
space. (B) Species richness and
(C) total fish abundance (±SE)
for each estuarine habitat. Let-
ters indicate significantly dif-
ferent habitats according to
permutational analysis of vari-
ance (PERM-ANOVA, α  = 0.05)
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uals of taxa that are commonly associated with sea-
grass (Fig. 4). Whilst many species occurred in multi-
ple habitats (see Table S2 in the Supplement), there
was a consistent trend in higher numbers of sea-
grass-associated fish at sites that were nearer to sea-
grass (Fig. 4). Seagrass patches that were close to
mangroves had the highest abundance of species
that are commonly associated with both seagrass
and sandy/muddy sediments (Fig. 4). Sites further
upstream from the estuarine mouth always sup-
ported fewer species and fewer individuals of all
types of fishes (Fig. 4).

The distance of estuarine habitats to seagrass was
strongly correlated with variation in both fish diver-
sity and abundance (Fig. 5). Fish species richness and
abundance declined with increasing distance from
seagrass. These effects were consistent across all
habitats, but were particularly striking in urban and
sandy/muddy sediments habitats where species rich-
ness declined sharply after 500 m from seagrass
(Fig. 5).

DISCUSSION

Habitat type and connectivity are instrumental in
structuring faunal assemblages on land and in the
sea (Boström et al. 2011, Saunders 2016). In estuaries,
the size and quality of nearby nursery and adult
habitats, and the degree to which these habitats are
connected, are reported to be important determi-

nants of fish assemblages (Irlandi & Crawford 1997,
Pittman et al. 2004, Whitfield 2017). Whilst the
importance of these attributes is understood in isola-
tion, we do not know how connectivity affects habitat
function in the full suite of ecosystems in complex
estuarine seascapes (Able 2005, Ray 2005, Whitfield
2017). Here we show that habitat type and connec-
tivity jointly shape variation in the composition of
estuarine fish assemblages. Whilst habitat type was
the prime determinant of assemblage composition,
the degree to which habitat patches were connected
in the broader seascape mosaic was also of funda-
mental significance for fishes in all habitats. Seagrass
stood out as a prime habitat: it supported distinct fish
assemblages, contained significantly more species
and individuals than all other habitats and had a per-
vasive footprint that modified fish assemblages in
other habitats. Thus, all else being equal, a simple
conservation message for subtropical estuaries is
that managers seeking to maintain fish populations,
or enhance fisheries, in estuaries should prioritise the
conservation and restoration of seagrass meadows
where this habitat is diminished or threatened
(Irlandi & Crawford 1997, Unsworth & Cullen 2010).

Seagrass meadows are critically important (and
globally threatened) fish habitats (Connolly et al.
1999, Jackson et al. 2001), particularly as fish nursery
areas (Waycott et al. 2009, Whitfield 2017). They also
energetically link abutting systems through the
exchange of detritus and individuals (Micheli &
Peterson 1999, Heck et al. 2008, Gomez et al. 2013,
Connolly & Waltham 2015, Sobocinski & Latour
2015). Whilst our camera methods cannot measure
fish size or maturity, it has been established that
many of the species identified during our surveys use
seagrasses or mangroves only as juveniles in the
region (Laegdsgaard & Johnson 1995, Ebrahim et al.
2014, Skilleter et al. 2017). We show that the proxim-
ity of seagrass was significant, and associated with
increased fish diversity and abundance, in all other
estuarine habitats. A novel aspect of this study is that
the relative value of seagrass beds for fish depended
on their proximity to mangroves (Jelbart et al. 2007).
Seagrass patches nearer to mangroves are likely to
contain the juveniles of multiple species, which rely
on both habitats as nurseries (Skilleter et al. 2005,
Olds et al. 2012a, Henderson et al. 2017b). Positive
effects of proximity to seagrass were also observed
for fish species classified as being associated with
sandy/muddy sediments, suggesting broader spatial
effects of seagrass and fish movements between
habitats. Conserving and restoring the ecological
features of seascapes that enhance biodiversity are
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Fig. 3. Relative importance of environmental metrics (see
Table 2) for fish assemblages across all habitats sampled.
Variable importance is indexed as the sum of variance
explained (B%) values in LINKTREE analyses (see Fig. 4)
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primary objectives for conservation (Ley 2005,
Pressey et al. 2007, Unsworth & Cullen 2010). In this
study, fish diversity was greatest in seagrass, and the
spatial proximity of seagrass also shaped fish diver-
sity in all habitats. This finding suggests that conser-
vation of seagrass in subtropical estuaries will have
positive biodiversity returns. It also indicates that
declines in seagrass might disproportionately reduce
the value of estuaries for fish and fisheries (Blandon
& Ermgassen 2014, McDevitt-Irwin et al. 2016).

Larvae and adults of many fish species enter estu-
aries from the sea (Blaber 2008, Pattrick & Strydom
2008) and mangroves are frequently identified as
important fish habitats (Sheaves 2012). We found
that besides the consistent and strong effects of sea-
grass proximity, the distance of a site to the estuary
mouth and mangroves was also important in structur-
ing fish assemblages (see also Connolly & Hindell
2006, Henderson et al. 2017b). In the subtropical
waters of southeast Queensland, several important
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Fig. 4. Linkage tree (LINKTREE) results for each habitat illustrating how differences in the
composition of fish assemblages relate to important environmental metrics (see Table 2). Habi-
tat types (given in each panel A−F) are grouped according to the factors with the highest vari-
ance explained (bold subheadings). Bar plots indicate the average abundance of each fish
grouping in the cases comprising each terminal node, according to the legend given at the bot-
tom of the figure. All bar plots are on the same scale. S: average species richness for each case 

in the terminal node
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harvested species rely on mangroves during their
lifecycle (Pittman et al. 2004, Davis et al. 2014), and
mangrove connectivity has been shown to mediate
the efficacy of nature reserves in the region (Olds et
al. 2012b). In our study, mangrove areas were, how-
ever, less influential than proximity to seagrass and
the sea as an explanatory variable for fish assem-
blages. This concurs with recent findings that even
extensive mangroves do not necessarily result in a
higher abundance of harvested fish species, and that
these effects might be mediated by access to the

ocean (Gilby et al. 2017b) or by the degree to which
tides limit accessibility to mangrove forests (Sheaves
et al. 2016).

Protecting critical estuarine habitats is a prime
objective in coastal conservation (Nagelkerken et al.
2015, Whitfield 2017), but little is known how differ-
ent fishes use habitats as nurseries, or the spatial
scales and ecological linkages that may determine
the broader nursery function of estuarine seascapes.
This makes decisions about where to place no-take
reserves in estuarine seascapes highly uncertain
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Fig. 5. Generalised additive model (GAM) plots relating variation in fish species richness and total abundance to the distance 
from seagrass for each of the other estuarine habitats
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(Olds et al. 2016). For example, conserving linkages
between seagrass beds and adjacent habitats has
been suggested to be useful (Irlandi & Crawford
1997, Unsworth & Cullen 2010, McDevitt-Irwin et al.
2016), but it has not been tested, nor has the relative
importance of different habitat linkages been deter-
mined. We have addressed this gap by demonstrat-
ing that conservation of seagrass beds and their con-
nections to other habitats is of the highest priority,
particularly for the lower reaches of estuaries close to
the sea. This implies that spatial conservation plan-
ning for estuaries should not only focus on conserv-
ing and restoring the nursery habitats themselves,
but also include adjacent habitats to which they are
functionally linked (see also Nagelkerken et al.
2015).

CONCLUSIONS

Our data demonstrate a primacy of seagrass habi-
tat and seagrass connectivity in structuring fish
assemblages in estuaries. Seagrass was the most
diverse habitat, supported the highest number of
individuals, and had highly distinct communities.
Importantly, for habitats other than seagrass (i.e.
rocky outcrops, mangroves, urban structures, muddy
bottoms), the proximity to seagrass was also a signif-
icant factor: sites closer to seagrass consistently con-
tained fish assemblages that were both more diverse
and more abundant. Besides seagrass, proximity to
the sea and mangroves also influenced fish assem-
blages in several habitat types. Based on these find-
ings, we posit a sequence of conservation messages
for managers seeking to enhance and restore fish
and fisheries in estuaries: (1) seagrass conservation is
of prime importance, particularly the prioritisation of
meadows that are close to both the sea and adjacent
mangroves; (2) ‘seagrass effects’ extend well beyond
the meadows themselves and hence conservation
areas should encompass these linkages; and (3)
maintaining a complex mix of habitats (in addition to
seagrass), especially known nursery areas, is critical
for maintaining functionally connected estuarine
seascapes.
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