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Abstract

Context Seagrasses are key marine habitats that
are increasingly degraded globally due to anthropo-
genic disturbances and climate change, compromis-
ing the ecosystem services they provide. While sea-
grass loss is often patchy, the ecological consequences
of meadow fragmentation on marine fauna remains
unclear.

Objectives This study (1) quantified decadal change
in seagrass habitat and fragmentation of the globally
important meadows of the Shark Bay World Heritage
Area following the 2011 marine heatwave (MHW);
and (2) assessed how meadow structure and fragmen-
tation influence fish assemblages.

Methods We integrated in situ seagrass data with
seascape metrics derived from habitat maps gener-
ated from satellite imagery to characterize temporal
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changes in meadow structure. Seagrass data and sea-
scape metrics were related to fish abundance, diversity
and productivity using fish data collected from trawls
and unbaited remote underwater video (URUV).
Results A temporal lag in dense seagrass loss (1382
Ha) occurred approximately six years post-MHW;
with an increase in sparse patches, indicating fragmen-
tation. Greater cover of seagrass at the local meadow
scale (~50 m?) positively influenced the abundance,
biomass and net productivity of small-bodied fishes
collected in trawls. The high structural complexity of
Amphibolis antarctica dominated meadows benefit-
ted small-bodied fishes. URUVs recorded more large-
bodied, mobile fishes near channels, possibly reflect-
ing the importance of these areas facilitating habitat
connectivity of adult fishes.

Conclusions Canopy-forming seagrass habitat are
important for fish communities, and MHWs may
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impact small-bodied fishes via reductions in seagrass
cover. These findings support management approaches
that prioritise the conservation of patch connectivity
and high seagrass cover in shallow coastal systems.

Keywords Seascape ecology - Fragmentation -
Marine heatwave - Habitat loss - Amphibolis
antarctica - Posidonia australis

Introduction

Climate change is driving profound shifts in the qual-
ity and quantity of foundation habitats, contributing to
global reductions of biodiversity (Hanski 2011; Hor-
vath et al. 2019). Both press and pulse pressures are
contributing to changes in landscape structure, the
degradation of ecologically important habitats, includ-
ing reductions in structural complexity that can have
lasting impacts on ecosystem function (Ellison et al.
2005; Hoegh-Guldberg and Bruno 2010; Holyoak
and Heath 2016; Liu et al. 2018; Fischer et al. 2021;
McCoy et al. 2022). Specifically, reduced biodiver-
sity of faunal communities has been linked with loss
of habitats such as temperate forests, riparian veg-
etation and saline ponds (Hanski 2011; Horvéth et al.
2019). Marine foundation species that exist near their
thermal biogeographical limits are especially vulner-
able to impacts associated with elevated temperatures
and large-scale stochastic climatic events (Mantyka-
pringle et al. 2012; Thomson et al. 2015; Skirving
et al. 2019). While our knowledge on the effects of
warming on individual foundational species is grow-
ing (McClanahan et al. 2020; Nguyen et al. 2021),
the flow-on effects from habitat loss, and the resulting
fragmentation of habitat-forming species on faunal
diversity, abundance and productivity remains com-
paratively limited.

Fragmentation, the process of breaking apart hab-
itats into smaller, patchier, more isolated fragments
(Fahrig 2003), can reduce the quantity and quality
of habitat available for taxa (Horvath et al. 2019)
with negative effects on biodiversity and ecosystem
functioning (Liu et al. 2018). For example, frag-
mentation of saline pond habitat over 60 years led to
reduced local and regional faunal diversity and the
extinction of 22 species (Horvath et al. 2019). The
effects of habitat fragmentation on faunal commu-
nities in terrestrial landscapes, such as grasslands,
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tropical and boreal forests, have been well-studied
(Harrison and Bruna 1999; Fletcher Jr 2005; Murray
et al. 2017; Taubert et al. 2018), and this approach
is increasingly used to explore similar relation-
ships within the seascape (Fahrig 2003; Pittman
2017). Various landscape ecology approaches have
been applied in marine ecosystems, demonstrat-
ing that the spatial configuration and composition
of seascapes influences the abundance, diversity,
and assemblage composition of marine organisms
(Grober-Dunsmore et al. 2009; Bostrom et al. 2011).
A global review by Olds et al., (2016) further dem-
onstrated that higher levels of seascape connectivity
within marine reserves are associated with enhanced
conservation outcomes and reserve performance.

Seagrass meadows are globally extensive coastal
ecosystems that underpin fundamental ecologi-
cal processes (Waycott et al. 2009; Unsworth et al.
2018). Meadows offer protection from predators, act
as nursery grounds, provide trophic subsidies, and
serve as foraging habitats for fishes across various life
stages (Heck et al. 2003; Horinouchi 2007; Hyndes
et al. 2018). Indeed, seagrass meadows support the
productivity of 20% of the world’s top 25 fisheries
(based on tonnes landed, (SOFIA 2016). In particu-
lar, the slow-growing seagrass species (e.g. Posido-
nia spp., and Amphibolis spp.,) harbour high levels
of epiphytic algal growth and abundant epifaunal
communities offering fish plentiful food and shelter
(Jernakoff and Nielsen 1998). Yet despite their impor-
tance, seagrass meadows are among the most threat-
ened ecosystems globally due to pressures associated
with climate change and anthropogenic activities
(Dunic et al. 2021). Large-scale loss of seagrass has
been linked with negative impacts on associated fauna
(Kendrick et al. 2019). For example, seagrass loss in
the North Atlantic resulted in the collapse of fisher-
ies, reduced waterfowl populations and the extinction
of a marine gastropod (Carlton et al. 1999; Orth et al.
2006). Reductions in seagrass cover following a dis-
turbance is typically uneven, increasing the patchiness
of meadows and fragmentation of the seascape (Stry-
dom et al. 2020). Whilst reductions in seagrass habitat
are known to detrimentally impact seagrass-associated
fauna, the effects of seagrass meadow fragmentation
remain complex.

Seagrass fragmentation can lead to reduced avail-
ability of foraging and refuge habitats, have negative
effects on predator—prey relationships, and impede
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fauna movement rates among patches (Irlandi et al.
1995; Hovel and Regan 2008; Williams et al. 2016).
The magnitude of the effect of seagrass fragmentation
on fish can depend on traits such as feeding guild, pre-
ferred microhabitat, life-history stage, predation style,
and home-range size (Hyndes et al. 2018). For exam-
ple, juvenile fishes are generally reliant upon complex
habitat such as seagrass or macroalgae as they offer
refuge from predators and increased quantity and
quality of food resources, which can facilitate higher
growth and survival rates compared to unstructured
habitats (Kimirei et al. 2013; Grol et al. 2014). Moreo-
ver, fishes exhibit strong, but variable responses to
seagrass edges. Indeed, patch edge effects are arguably
complicated with responses varying among fish spe-
cies, meadow patch size, and with time from fragmen-
tation events (Connolly and Hindell 2006; Macreadie
et al. 2009). Generally, benthic fishes respond more
positively than benthopelagic fishes to edge effects
likely due to the increased positive density response
of their prey (i.e. epifaunal invertebrates) (Yarnall
et al. 2022). For example, strong positive effects of
increased patch edge were documented for pipefish,
weedfish and gobies in Zostera meadows, whereas
semi pelagic garfish and transient weed whiting were
negatively affected (Smith et al. 2008). In addition,
edge specialists like pipefish may benefit rapidly from
fragmentation, while generalist and interior specialists
may take longer (Macreadie et al. 2009).

Research suggests that patterns in faunal abun-
dance and diversity are shaped by both within-patch
(e.g. seagrass shoot density or cover), and seascape-
scale factors (e.g., proximity to other habitats or
configuration of patches) (Hovel and Lipcius 2001;
Horinouchi 2007). Although, there are inconsisten-
cies in the relationships between seascape metrics
and species responses (Vega Fernandez et al. 2005),
the nature of these relationships often depends on spa-
tial scale (Bostrom et al. 2011). For example, positive
relationships occur between seagrass density and the
abundance of small (resident and transient) fish within
individual seagrass meadows (Bloomfield and Gil-
landers 2005), but this relationship may not apply at
larger spatial scales. Bell & Westoby (1986) showed
that sparse meadows may harbour higher fish densities
than dense meadows. Local-scale seagrass patch area
may also predict diversity in some locations (Bostrom

et al. 2011), but patch size alone did not always
account for variation in faunal abundance (Bell et al.
2001). When faunal abundance varies with patch size,
these results often indicate the presence of an edge
effect (Bell et al. 2001; Healey & Hovel 2004). There-
fore, a multi-scale approach is essential when attempt-
ing to assess predictors of fish community structure in
seascapes (van Lier et al. 2018; Moustaka et al. 2024a,
b).

The unprecedented marine heatwave (MHW) of
2011 in the eastern Indian Ocean led to the loss of
approximately 1000 km? of foundation seagrass habi-
tat across the Shark Bay World Heritage Area (13,000
kmz) in Western Australia; the largest decline of dense
seagrass habitats globally (Strydom et al. 2020). This
MHW-induced seagrass loss impacted commercial
fisheries (e.g. blue swimmer crabs, scallops) and
iconic species such as green turtles, pied cormorants
and sea snakes (Kendrick et al. 2019). However, the
impacts on marine fauna were assessed in relation to
overall seagrass loss, and the impacts of habitat frag-
mentation on seagrass-associated fish communities
remain unknown. Here we use spatial pattern analy-
sis to describe temporal changes of within patch and
seascape-scale seagrass habitat quality (Strydom
et al. 2020). We used metrics of seascape structure
and patch dynamics to describe seagrass fragmenta-
tion and assessed the influence of these metrics on
the composition of fish communities. Specifically we
1) temporally quantified seagrass seascape metrics
pre- and post- MHW in the Shark Bay World Heritage
Area, and 2) determined which meadow characteris-
tics best predicted aspects of fish community struc-
ture. In doing so, we have offered novel insights into
the effects of seagrass fragmentation on fish commu-
nities and discuss implications for management.

Methods

Study region

Monkey Mia is located within the Shark Bay Marine
Reserves and World Heritage Area (Fig. S1), 800
km north of Perth, Western Australia (25°47'26’S,

113°43'12°’E). This region is renowned for its remark-
able marine biodiversity, and globally significant
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seagrass meadows that support fauna such as dugongs,
sea turtles, tiger sharks, and economically impor-
tant fisheries (Preen et al. 1997; Heithaus et al. 2012;
Christensen and Jackson 2014; Caputi et al. 2016).
The coastline of Monkey Mia is lined with shallow
seagrass meadows and deep sand channels; domi-
nated by slow-growing temperate seagrasses Posido-
nia australis and Amphibolis antarctica, which have
large canopies (i.e. mean canopy heights of 35 cm to
55 cm respectively based on values measured across
sites in this study). These canopies are comparatively
larger and denser than those of the smaller species
(Cymodocea angustata, Cymodocea serrulata, Halod-
ule uninervis, and Halophila ovalis) present in Shark
Bay (Walker et al. 1988). Temperate seagrasses gen-
erally have persistent life-history traits, whereas the
fast-growing tropical seagrasses are usually coloniz-
ing and ephemeral in nature. Furthermore, P. austra-
lis blade-like leaves grow from fury sheaths emerging
from the sediment (Kuo and McComb 1989) and A.
antarctica meadows provide a distinct architecture of
a dense leafy canopy growing above a forest of erect
stems. Seagrass loss in this region of Shark Bay was
extensive following the MHW (Strydom et al. 2020),
making it an ideal area to investigate fragmenta-
tion of seagrass habitats and how this may affect fish
assemblages.

Mapping seagrass extent

Satellite imagery-derived habitat maps were used to
provide assessments of spatial and temporal change in
seagrass extent and density (sparse: 5-40% cover and
dense: >40% cover) at the seascape scale (Strydom
et al. 2020). Total seagrass extent was defined as total
seagrass area (Ha) within the Monkey Mia study site
boundary and was mapped for years 2010, 2013, 2016
and 2020 by classifying 2 m resolution World View
2 (WV2) imagery (Digital Globe) tasked capture on
07/05/2010 and 03/06/2013. Sentinel 2 10 m resolu-
tion multispectral satellite imagery was classified for
12/10/2016, 24/06/2019 and 06/09/2020 (European
Space Agency). Imagery dates reflect winter and
spring months which often provide clear imagery free
of wind effects and turbidity thus avoiding interference
with image classification. These years were selected
due availability of clear imagery and ground-truthing
data, as well as spanning a period before and after the
2011 MHW. Classification, water correction, ground
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truthing, and validation processes (see Table S5 and
S6) were conducted as described in Strydom et al.
(2020), with the exception of WV2 imagery channel
areas. These were removed from processing for 2010
and 2013 as ground-truthing indicated these channel
areas were dominated by sand, not seagrass, and depth
compromised a clean classification of seagrass in the
adjacent areas. A bathymetry model was utilised for
all years of classification (Patterson 2012). In prepa-
ration for fragmentation analysis, the 2010 and 2013
seagrass extent and density raster classifications were
cleaned to fill holes and speckle using focal statistics
and a 5x5 cell (10 m) majority filter from Spatial
Analysis ArcGIS (ESRI 2017). The 2010 and 2013
raster products where then resampled to 10 m and
products for all years were converted to vector format
for spatial fragmentation analysis.

Seascape metrics to characterise temporal change in
seagrass meadows

Applying seascape metrics to remotely sensed habitat
classifications for each year allows the assessment of
spatial and temporal change in meadow configuration
(Clemente et al. 2023). Multiple metrics for evaluating
spatial patterns were selected based on previous sea-
grass studies that have used such metrics to quantify
changes in seascape habitat shape, configuration, and
density (reviewed by Bostrom, 2006). The spatial met-
rics commonly used throughout the literature are cell,
patch, class, and landscape (McGarigal 2012). The
cell being the smallest level of resolution (e.g., pixel in
a raster benthic map), the patch is the finest grouping
of cells such as a polygon, a class is a group of patches
within the same type (several polygons of dense sea-
grass) and landscape (or seascape) is a combination
of all classes within the mapped area of focus. Note
that during the analyses in this study patch level
metrics were calculated using Rook’s case (i.e., four
directions of cell adjacencies considered neighbours).
The landscapemetrics package (version 1.55, Hes-
selbarth 2019) was used to calculate metrics perim-
eter (m; PERIM), area (Ha; AREA), perimeter to area
ratio (PARA), class area (Ha), number of patches and
total edge (km) on each seagrass extent shapefile for
2010, 2013, 2016 and 2020 (see Table S1). Additional
metrics such as landscape shape index, largest patch
index, landscape division, gyrate and patch isolation
were explored in the seascape (based on Sleeman et al.
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2005; some presented in Supplement, Fig. S4). How-
ever, to prevent redundant measurements of similar
spatial attributes not all of these indices were used in
further analyses. Justification for inclusion in the anal-
ysis is provided in Table S1.

Seascape metrics calculated for 2019 to inform fish
site selection

To investigate the influence of seagrass meadow char-
acteristics and seascape metrics on fish communi-
ties, a seagrass habitat map was classified for sparse
and dense categories using a 2019 image to identify a
range of appropriate seagrass patches to conduct fish
surveys. To characterise patch dynamics in the sea-
scape, the following values were calculated: Euclidean
distance from each seagrass patch to land (m), near-
est neighbouring patch (type, distance and angle), and
patch shape complexity using the shape complexity
index tool in ArcGIS (ESRI 2017). Additionally, dis-
tance to nearest channel (m) was measured from the
patch centroid using the distance tool in QGIS (2020).
Patches had 50 m and 500 m buffers overlaid from
each patch centroid. These radii were selected based
on likely home range estimates of both large- and
small- bodied fish communities (Green et al. 2000;
Nash et al. 2015; van Lier et al. 2018). Metrics con-
sistent with other seascape ecology studies with
an ecologically meaningful approach for migrating
fishes (e.g., Pittman and McAlpine 2003; Berkstrom
et al. 2013) were calculated within each buffer zone:
PERIM, AREA, and PARA. Based on these character-
istics 20 sampling patches were selected as they cap-
tured a gradient across these attributes within which
fish communities could be assessed.

Fish surveys and analyses

A combination of trawling and stationary video meth-
ods were used to detect the mobile above-canopy
(supra-frond) fish assemblage and within-canopy
(inter-frond) fish species respectively. While remote
underwater stereo-video systems are a common non-
extractive method for assessing fish length, relative
abundance, and biomass (Schramm et al. 2020) they
have a limited ability to detect cryptobenthic spe-
cies (Watson et al. 2010; Whitmarsh et al. 2017). As
such, the two methods employed here are complimen-
tary and capture a holistic view of fish community

structure, both above and within seagrass meadows
(French et al. 2021) (Fig. 1). To quantify fish assem-
blages in seagrass patches with varying character-
istics, one unbaited remote stereo-underwater video
(URUV) deployment and one beam trawl were con-
ducted per seagrass site (n=20, Fig. S1). Both meth-
ods were used in the same patch on the same day
with the URUV deployment preceding the trawls and
all samples were collected over 3 days in September
2020.

Trawl surveys

One trawl was cast in a straight line over 50 m through
the centre of the seagrass patch using a beam trawl
frame (1.1 m wide and 0.5 m high) with smooth sled
shoes and a roller-bar that flattened seagrass leaves
while the sled moved forward thus minimising damage
to seagrass. Attached to the trawl frame was a net (2.5
mm mesh size) and a tapered cod-end (1.0 mm mesh
size) in which fish were funnelled (Hyndes et al. 2003;
French et al. 2021). Fishes were removed from the cod
end and euthanized immediately using an ice slurry
(Blessing et al. 2010). All fishes were later identified
to species level and standard length (SL; mm), total
length (TL; mm), and wet weight (g) recorded. Total
biomass of each trawl was calculated as the summed
weight of individuals in the trawl per site.

URUYV surveys

The above-canopy component of the fish assemblage
was captured by deploying one unbaited remote ste-
reo-underwater video (URUV) system with an empty
bait bag for a 30-min soak time at each site following
standard methods (Langlois et al. 2018). While baited
remote underwater video systems (stereo-BRUV) are
also useful for determining abundance and size of
fishes (Langlois et al. 2020), the bait plume attracts
fish from other habitats (i.e., sand or other seagrass
patches) making it difficult to relate the fish assem-
blage to the seagrass patch characteristics (Taylor
et al. 2013; Galaiduk et al. 2017; Perry et al. 2018;
Mallet et al. 2021). All sampling was conducted dur-
ing daylight hours between 08:45 and 15:45 to avoid
crepuscular periods (Langlois et al. 2020). The ste-
reo-video footage from the URUV drops were ana-
lysed using EventMeasure (SeaGIS Pty Ltd). All fish
within the field of view were counted, identified to the
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Fish Species
Acanthosphex leurynnis{
Platax batavianus 1
Choerodon cephalotes{
Scaevius milii
Ostorhinchus victoriae
Pseudochromis punctatus
Siphamia cephalotes
Amniataba caudavittata
Ostorhinchus angustatus
Upeneus tragula
Amblygobius phalaena
Pteragogus enneacanthus
Hippocampus angustus
Hippocampus breviceps
Sphyraena obtusata
Petroscirtes breviceps |
Monacanthus chinensis |
Torquigener pleurogramma {

0

Totél Length (mm)

Number of Fish (Max N)

Labracinus lineatus
Lethrinus laticaudis |
Pentapodus vitta
Acanthaluteres spilomelanurus {
Anacanthus barbatus |
Choerodon cauteroma-|
Ostorhinchus rueppellii
Acentrogobius nebulosus
Choerodon cyanodus
Chelmon marginalis |
Rhabdosargus sarba
Pelates octolineatus
Psammoperca waigiensis |
Halichoeres brownfieldi |

Centrogenys vaigiensis

100 200

300
Total Length (mm)

3 &%

Fig.1 A Length frequency histograms for both fish com-
munities, note SDI values are Simpson’s Diversity Index
(SDI). B Maturity of fish collected by trawl or observed on
URUYV, as indicted by observed length divided by maximum
possible length, (referred to as OL:ML). Values are mean
OL:ML + SE per fish species. Instances with both trawl (teal)

highest possible taxonomic resolution, and their fork
and total length measured, where possible. Abundance
was quantified using MaxN, the maximum number of
individual fish per species present in a single video
frame (Langlois et al. 2020). MaxN is a conservative
estimate of relative abundance that is accepted as the
standard metric because it avoids duplicate counting
of individual fish. In instances where fish could not
be measured but species identification was possible,
the median length of the species (calculated based
on individuals of that species at that site) was used
as a proxy. In order to directly compare fish lengths
between URUV and trawl methods, length-length
conversions were obtained from FishBase to convert
URUYV fork length to total length (mm) before plotting
length frequency (Fig. 1). Fish biomass was calculated
by using length to weight ratios obtained from Fish-
Base (Froese and Pauly 2022) to calculate the weight
of individuals.
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Pelates
Siganus canaliculatus .
Pelates quadrilineatus{ ®

o
3

025
0.75

=
B Ratio Observed Length vs Max Length

and URUV (orange) points indicates OL:ML values for that
species using that method. Fish icons represent that most abun-
dant taxa: Amniataba caudavittata, Monacanthus chinensis,
Ostorhinchus rueppellii, and Pelates octolineatus in order from
top to bottom

Fish assemblage metrics

Total fish abundance, biomass, net productivity,
average taxonomic distinctness, mean total length,
observed length/maximum length (OL:ML), species
richness, and Simpson’s Diversity index were calcu-
lated separately for trawl and URUV data collected at
the site level.

As diversity is an important consideration for
conservation management and can be sensitive
to changes in habitat composition (Graham et al.
2003; Warwick & Clarke 1998), we used a combi-
nation of metrics (average taxonomic distinctness,
species richness, and Simpson’s Diversity index) to
capture different aspects of biodiversity (Ellingsen
et al. 2005) using the vegan package (version 2.7-1)
and R language for statistical computing (Oksanen
et al. 2020). Taxonomic distinctness was measured
because it captures phenotypic differences and func-
tional richness (i.e. the degree to which species are
related) (Warwick and Clarke 1998). Additionally,
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we included species richness (irrespective of abun-
dance) and the Simpson’s Diversity index, the latter
of which considers number of species present rela-
tive to abundance.

Basic parameters of fish population dynamics
are strongly related to maximum length (Froese and
Binohlan 2000). To approximate the life history stage
of fish the variable OL:ML was quantified by divid-
ing observed measured total length (OL) by maximum
total length (ML). Whilst standing biomass of fish is
an intuitive concept and robust indicator of population
and community condition, quantifying fish productiv-
ity provides additional information on a process rel-
evant to fisheries yields and trophodynamics (Rogers
et al. 2014; Robinson et al. 2019; Morais and Bell-
wood 2020). Moreover, biomass and productivity may
be decoupled, particularly where biomass of fishes is
depleted (Morais et al. 2020). Net productivity of fish
assemblages was estimated from trawl and URUV
data following the methods of Morais & Bellwood
(2020) and using the rfishprod package (version 0.0.3)
in R. This method utilises a trait-based approach that
incorporates information on the diet, position (where
position is analogous to the term ‘reef position’ in
Morais et al. 2018), and maximum reported length
for each species, as well as the mean sea surface tem-
perature (SST) of the study region, to estimate K, ,,
(the growth coefficient at a theoretical maximum size)
(Morais and Bellwood 2018). Trait information for
each species (or a congeneric species) was obtained
from FishBase (Froese and Pauly 2022). Some juve-
nile fish recorded on URUVs could not be identified
beyond Family and were therefore excluded from bio-
mass and productivity estimates (4% of total fish were
excluded). The mean satellite-derived SST for the
study location was calculated for the month in which
surveys were conducted (September 2020) using data
obtained from the NOAA ERDDAP server (dataset
ID: jpIMURSST41; (Chin et al. 2017). To convert
lengths to daily somatic biomass increase, each fish
was first placed within its respective growth curve and
its daily growth in length estimated following the von
Bertalanfty growth function (Von Bertalanffy 1949):

Ly = (Lygyl — exp(—K,, X 1))

where L is the total length of the fish (cm) and ¢ is
the estimated age of the fish (days), simulated as
being derived from otolith increment analysis (Morais

and Bellwood 2020). Estimated length increases are
converted to somatic mass using species-specific
length—weight relationships obtained from FishBase
(Froese and Pauly 2022). The probability of natural
mortality was subsequently estimated for each fish
using the Lorenzen size-based mortality risk func-
tion (Lorenzen et al. 2022). As natural mortality of
fishes is stochastic and probabilistic in nature, this
process was bootstrapped 1000 times and net total
productivity was calculated as the average summed
somatic growth after one day of all surviving fish at
each site (Morais and Bellwood 2020). We note that
fishing mortality was not considered in productivity
estimates and therefore, mortality may be underesti-
mated for targeted fish in the dataset.

Seagrass meadow characteristics

The species composition and structural complexity of
seagrass meadows are known to influence the abun-
dance and diversity of fish assemblages (Heck et al.
2003; Bloomfield and Gillanders 2005; Hyndes et al.
2018). Therefore, once URUV and trawl fish surveys
were complete, within-patch seagrass characteristics
were measured at each seagrass patch where fish sur-
veys were conducted. Five random replicates of can-
opy height were measured in situ by holding a handful
of seagrass shoots and measuring vertical height using
a ruler from the base of the plant to the highest shoot
(mm) (Short and Coles 2001). Percent cover (%) of
the dominant seagrass species was assessed visually
by a single experienced observer and recorded (pre-
dominantly P. australis, or A. antarctica). Site depth
(m) was recorded using the boat sounder at the same
time seagrass measurements were taken.

Data analyses

Relationships between environmental predictor vari-
ables and fish assemblage response variables were
investigated using a full subsets approach (FSS) and
generalised additive mixed models (GAMMs) (Fisher
et al. 2018). Separate FSS GAMMs were conducted
for each response variable and for each sampling
method. For the fish community level analyses, the
response variables were total fish biomass (g), total
abundance, mean length (cm), OL:ML, species rich-
ness, Simpson’s Diversity index, and average taxo-
nomic distinctness calculated at the site level. The
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«Fig. 2 A Change in seagrass extent (Ha) in 2010, 2013, 2016
and 2020. Three main habitats were classified: dense sea-
grass (>40% cover), sparse seagrass (5—40% cover) and sand
(<5% seagrass cover). The blue represents deep water chan-
nels where benthos could not be mapped with confidence. B
Change in seagrass extent categorised by loss, stable, and gain
from 2010 to 2016 in the Monkey Mia region. Loss and sta-
ble estimates were mapped to dominant seagrass species (A.
antarctica and P. australis) and C proportional change values
extracted and displayed as a donut chart

suite of predictor variables included site depth (m),
distance to channel (m), distance to land (m), mean
seagrass height (cm) and cover (%), seagrass class
(i.e., Amphibolis antarctica and Posidonia australis),
and three seascape seagrass metrics: area (Ha), perim-
eter (m), perimeter to area ratio measured within the
50 m and 500 m buffer areas (Table S1). Prior to anal-
ysis, distributions of predictor and response variables
were inspected and transformed as required. Response
variables were not transformed as the use of an appro-
priate error distribution (i.e. Tweedie for biomass,
abundance, productivity, mean length, taxonomic
distinctness, OL:ML, Simpson’s Diversity index vari-
ables and Poisson for species richness) accounted
for the non-normal distribution of data. The number
of predictors in each model was limited to<2 (with
interactions among terms prohibited), and smoothed
using cubic regression splines to prevent overfit-
ting. Models with correlated predictors (>0.28) were
removed automatically following pairwise correlation
tests to avoid potential issues stemming from multicol-
linearity (Fisher et al. 2018; Graham 2003). The best
models were selected based on Akaike Information
Criterion, corrected for small sample sizes (AICc) and
model weights. Further, models <2 delta AICc were
considered to have similar explanatory power and fur-
ther model selection was based on model weight, par-
simony and variable importance. Model weights were
then summed for each variable to determine variable
importance (see Fig. S2) (Burnham et al. 2011). A
second set of FSS GAMMs were conducted to assess
the influence of the same aforementioned predictor
variables on the abundance of prominent fish taxa at
an increased resolution (i.e. genus level). The genera
with sufficient replication across sites to model were
Halichoeres, Monacanthus, Ostorhinchus, Pelates and
Petroscirtes for the trawl dataset; for the URUV mod-
els Choerodon and Sphyraena were used (Table S4).

Data wrangling was conducted utilising Tidyverse
packages (version 2.0.0, Wickham 2019), spatial buff-
ers calculated in sf version 1.09 (Pebedma 2018), spa-
tial pattern metrics using landscapemetrics (version
1.55, Hesselbarth 2019), modelling using FSSgam
(version 1.11; Fisher et al. 2018) and mgcv packages
(version 1.9; Wood 2017), and gratia for plotting (ver-
sion 0.9.2; Simpson 2024), using R Language for Sta-
tistical Computing (version 4.3.2; R Core Team 2023).

Results
Spatial and temporal changes in seagrass extent

Between 2010 and 2020 the total seagrass extent at
Monkey Mia increased by only 1% (43 Ha); however,
the proportions of dense and sparse seagrass fluctu-
ated substantially during the study period. For exam-
ple, while there was an overall increase of 53 Ha in
seagrass extent between 2010 and 2013, dense sea-
grass declined by 344 Ha and a concomitant increase
in the proportion of sparse seagrass, due to the 2011
MHW event (Fig. 2A). Further seagrass loss (1143
Ha) occurred between 2013 and 2016, with some
recovery by 2020, although dense seagrass extent
remained lower than pre-MHW levels present in 2010.
Notable areas of decline were the outer north-eastern
banks and the edges of large meadows near channels
(Fig. 2B). Mapping indicated that areas that remained
stable between 2010 and 2016 were comprised of 28%
P. australis and 23% A. antarctica (Fig. 2C). Con-
versely areas that lost seagrass were initially com-
prised of 35% A. antarctica, and 8% P. australis. As
such, A. antarctica was the highest contributor to sea-
grass loss post-MHW, particularly around the edges of
continuous meadows, and near deep channels, whilst
P. australis cover remained comparatively stable.
Temporal changes in seagrass extent and patch
configuration were associated with an increased
number of sparse seagrass patches and total length
of patch edges (Fig. 3E; F). The number of sea-
grass patches increased dramatically between 2010
and 2013, most notably sparse seagrass patches,
which were rare in 2010, before peaking in 2013
and remaining high relative to dense patches in sub-
sequent survey years (Fig. 3F), indicating a more
fragmented state following the 2011 MHW. The
area of sparse seagrass meadows increased from
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representing< 1% in 2010 to representing 7% of
the seascape in 2020 (Fig. 3D), equating to an over-
all increase of 641 Ha since 2010. Conversely, the
patch area of dense seagrass patches were highly
variable during each survey year and went from
comprising 35% to 28% of the seascape, represent-
ing an overall decline of 598 Ha between 2010 and
2020 (Fig. 3A). This increased occurrence of small,
sparse seagrass patches also led to a greater patch
perimeter in 2013 (Fig. 3B) and was associated with
an overall increase in total edge present in the sea-
scape between 2010 and 2020 (Fig. 3E).

Fish community structure

Trawl and URUV surveys captured distinct compo-
nents of the fish assemblage in Monkey Mia both in
terms of species composition and body size. 561 indi-
viduals (26 species) and 534 individuals (32 species)
were identified from trawls and URUVs respectively.
Fish caught in trawls were generally shorter in length
(Fig. 1A). Of the 8 species that occurred across both
methods, mean fish length was smaller in trawls com-
pared to URUVs (Fig. 4), although most of the fish

collected by both trawl and URUV were less than half
their maximum length as indicated by OL:ML mean
value of 0.363 across all fish species and both methods
(Fig. 1B). Across both methods, the most abundant
taxa were Monacanthus chinensis (n=249), Pelates
octolineatus (n=161) and Ostorhinchus rueppellii
(n=108).

The combination of sampling methods provided
an overview of how fish assemblage differs with
respect to body sizes of fishes and habitat prefer-
ence, which may be due to ontogenetic shifts in hab-
itat use and/or fishing pressure. For example, URUV
samples indicated that P. octolineatus dominated
fish assemblages in A. antarctica meadows, while
smaller conspecifics collected using the trawl were
equally common in P. australis meadows. Trawl
samples revealed four species unique to A. antarc-
tica meadows: Anacanthus barbatus, Acanthosphex
leurynnis, Chelmon marginalis, and Psammoperca
waigiensis, while URUVs recorded an additional
three species Amniataba caudavittata, Chiloscyl-
lium punctatum, and Choerodon cephalotes (Fig. 4).
Halichoeres brownfieldi, M. chinensis, P. octolinea-
tus, O. rueppellii, Siphamia cephalotes, Petroscirtes
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breviceps, and Pentapodus vitta were ubiquitous
across all seagrass meadow types and sampling
methods (Fig. 4). Although higher abundance was
captured for M. chinensis using trawls (19 of 20
sites) compared to only 10 sites using the URUV
method. Three Choerodon species were exclusively
sampled using the URUV method, whereas two Hip-
pocampus species were only captured using trawls,
indicating that each method captured different
aspects of the fish community in terms of mobility
and canopy utilization.

Influence of environmental metrics on fish
assemblages

Trawled fish community

Spatial variation in total fish abundance, biomass,
and net productivity of trawl collected samples
were best explained by the amount of seagrass pre-
sent at the patch scale (i.e. % cover field estimates
and within 50 m Area). Higher seagrass cover and

canopy height had a positive relationship with fish
abundance, while the amount of seagrass perim-
eter at the 500 m scale was negatively correlated
with abundance (Fig. 5). Biomass of trawled fishes
also increased with both percent cover of seagrass
and the area of seagrass within 50 m buffer, both of
which were correlated (Fig. 5). Seagrass meadows
dominated by A. antarctica harboured four times
more fish biomass than P. australis meadows (mean
biomass 187 +24 SE and 46+ 13 SE, respectively).
Taxonomic distinctness of fish assemblages was
positively correlated with seagrass canopy height
but was negatively related to patch perimeter to area
ratio (PARA) at the 50 m scale. The null model was
the best model for mean fish length, species richness,
and diversity measures of the trawled fish, indicating
that these metrics were not strongly related to any
of the potential predictor variables (Table S3). The
genera-focussed analyses indicated that the abun-
dance of Ostorhinchus was positively influenced
by the amount of seagrass area at the 50 m scale,
and with increasing distance away from channels.
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Fig. 5 Residual partial effect plots of trawled fish (teal plots) and URUYV fish (orange plots) response variables relative to explana-
tory variables according to the best generalised additive models (AICc values for all models are displayed in Table S3)

Similarly, the abundance of Pelates increased with
higher seagrass % cover, and with increasing dis-
tance away from channels (Table S4).

URUYV fish community

The suite of predictor variables were generally poor
predictors of fish community metrics (biomass, abun-
dance, productivity, species richness and diversity) for
communities sampled using URUVs (Table S3). The
exception was mean fish length, which tended to be
greater in URUV deployments close to channels, in
meadows with~40-80% seagrass cover, and peaked
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when the perimeter to area ratio at the 500 m scale
was~0.06 (Fig. 5). Interestingly, the larger-scale sea-
scape metrics, such as patch perimeter to area ratio
(PARA) measured at the 500 m scale and channel
proximity, were better predictors of mean fish length
for the URUV-derived community metrics, while met-
rics derived from trawl samples (characterised by pre-
dominantly small-bodied species) typically included
variables that were measured in situ or within the 50
m buffer (Fig. 5). The genera-focussed analyses indi-
cated increased abundance of the highly-mobile Sphy-
raena with increased perimeter edge and closer to
channels.
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Discussion

Loss of seagrass habitat after an acute MHW distur-
bance in 2011 was associated with a shift from dense
to more sparse meadows at Monkey Mia in the glob-
ally significant Shark Bay World Heritage Area.
This fragmentation of seagrass habitat increased the
amount of meadow edge and total number of patches
in the seascape. The full extent of seagrass decline was
not evident until 2016 — suggesting an approximate
six-year lag effect of overall habitat loss following the
2011 MHW. The receding seagrass extent at meadow
edges and meadow thinning measured here reflects the
different timescale of responses for P. australis and A.
antarctica. Slow-growing seagrasses with persistent
life history traits, such as Posidonia, can take years
to respond to stressors (Kilminster et al. 2015), and
decades to recover (O’Brien et al. 2018) which may
be further inhibited by ongoing warming and recur-
rent MHWs (Marba and Duarte 2009). Our mapping
to seagrass species level illustrated that seagrass loss
most evident at the edges of continuous meadows, and
near deep channels, was mainly due to decline of A.
antarctica between 2010 and 2013 (Fig. 2B). Moreo-
ver, our results show that A. antarctica was impacted
earlier posttMHW (i.e., declined between 2010 and
2013), whilst P. australis cover initially remained rela-
tively stable, before contributing to further seagrass
loss in 2016. This finding highlights the vulnerability
of A. antarctica to initial stochastic warming, such as
MHW events, and the delayed response of P. austra-
lis (Kendrick et al. 2019; Said et al. 2025). Recovery
in overall seagrass extent was apparent by 2020 in the
Monkey Mia region. This higher proportion of sparse
meadows might indicate a pathway via recolonisation
of sparse meadows and recovery to dense meadows,
or continued fragmentation of meadows remaining
higher compared to before the MHW.

Habitat quality is important for fishes

The fragmentation of seagrass observed after the 2011
MHW has implications to the seagrass-associated fish
community. The structural complexity of seagrass
meadows typically support higher fish densities com-
pared to adjacent unvegetated areas (Heck et al. 2003),
but within-patch attributes can also influence the com-
position of seagrass-associated fauna (Bostrom 2006;
Staveley et al. 2017; Bandeira et al. 2023). Here, we

demonstrate that high seagrass cover and habitat area
at the local-scale support higher biomass, abundance,
and productivity of small-bodied fishes (i.e., species
collected in trawl samples). While within-patch attrib-
utes are sometimes correlated (i.e. cover, shoot den-
sity, and canopy height) they remain independently
important as each describes an aspect of complexity
that contributes to the “3D structure” of seagrass habi-
tats. Indeed, meadows with greater complexity (i.e.,
those with higher canopy height and cover) can pro-
vide increased shelter for fish and food availability via
epiphytes/epifauna (Guidetti and Bussotti 2002; Gull-
strom et al. 2008; Yeager et al. 2016, 2019). Generally,
seascapes with higher seagrass area support higher
consumer-resource encounter rates and are often con-
sidered hotspots for trophic transfer (Yarnall et al.
2024). In addition to total fish abundance, our results
demonstrate that average taxonomic distinctness was
positively correlated with seagrass canopy height.
This infers fish assemblages with greater taxonomic
diversity (phylogenetically), occur where a higher
canopy provides more vertical niche habitats for vari-
ous fish species. As such, our work, in conjunction
with others, provides evidence that structurally com-
plex seagrass meadows support great fish diversity
and have high ecosystem service value; the thinning
of meadows could lead to reduced fish abundance and
diversity (McCloskey and Unsworth 2015).

The advantages offered by habitats with high
structural complexity, cover, and canopy height may
be size-dependent for fish. For the larger and more
mobile fishes observed in our URUV surveys, mean
fish length decreased as seagrass cover increased, con-
curring with evidence from trawl data that seagrass
provides habitat for small-bodied fish. A possible
explanation for the preponderance of smaller fish in
the seagrass sub-canopy is that hunting by some pred-
atory species becomes impeded in dense meadows
(Horinouchi 2007). Overall abundance of high-mobil-
ity benthopelagic fish recorded on URUV may be
unaffected by within-meadow characteristics, reflect-
ing a lower reliance on seagrass, or due to foraging
mode (i.e. microhabitat preferences), or an increased
tolerance to small-scale changes in habitat by these
fishes (Chen et al. 2022; Yarnall et al. 2024). While
previous studies demonstrate relationships between
seascape variables and fish metrics using URUV
(e.g. Goodridge Gaines et al. 2022), we found few
parameters that reliably predicted the typically larger
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bodied, mobile species using this method. This may
be because fragmentation has altered habitats at both
small and larger scales, and that habitat needs to be
considered across broader scales than measured here
to fully detect seascape effects. The influence of habi-
tat percent cover on these high-mobility fishes may
also however depend upon life stage, with juveniles
benefiting from reduced predation pressure in seagrass
habitat (Horinouchi 2007). Our results also showed
that larger fish were observed in meadows closer to
channels, suggesting channels may serve as corri-
dors connecting meadows or other habitats within the
broader seascape for larger fishes. For example, the
genera level modelling showed that Sphyraena (bar-
racuda) abundance had a positive relationship with
increased seagrass patch perimeter and closer to chan-
nels (Tabel S4) — likely reflecting a habitat preference
in relation to hunting at the meadow edge. Other work
demonstrated that larger fish including those belong-
ing to the family Labridae occur in seagrass canopies
as well as escarpments at the edge of channels and
platform reefs in Shark Bay (Serrano et al. 2023).
Mapping of the Monkey Mia area revealed that sea-
grass meadows are receding at their edges, resulting
in increasing patch isolation and patches being further
from channels for large fish.

Influence of increased patchiness and different
seagrass species for fish assemblages

A key component of understanding fragmentation
of habitat is detecting changes in edge to area ratios
(Smith et al. 2008). The gradual receding of meadow
edges and meadow-thinning 5 years post-MHW
likely differentially impacted seagrass-associated
fishes depending on their microhabitat preferences.
For example, a threefold increase in perimeter to area
(PARA) ratios led to species-specific positive edge
effects for fishes preferentially utilising meadow edges
in Phillip Bay, southeastern Australia (Macreadie et al.
2009). In our study, average taxonomic distinctness of
trawl-collected fishes decreased as PARA increased
(i.e. there was a decline in patch size and increase in
perimeter edge). The corresponding decline in biodi-
versity—as measured using average taxonomic dis-
tinctness—suggested that some phylogenetically and
functionally unique components of the assemblage
were lost when this increase in PARA occurred. Inter-
estingly, species richness and Simpsons Diversity
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index were unaffected as while the number of spe-
cies was retained, these were likely similar phyloge-
netically. Therefore, a shift to smaller seagrass patches
with more edges may then lead to negative edge
effects for certain fish species, and fragmentation of
meadows at the patch scale (50 m) may reduce phylo-
genetic diversity of the fish assemblage.
Fragmentation of seagrass meadows affects fish
assemblages, but loss of seagrass habitat dominated by
particular seagrass species will also impact fish assem-
blages. While some fish species were associated with
either P. australis or A. antarctica dominated seagrass
meadows, most fishes were found across both seagrass
species in this study. However, our modelling showed
that trawled fish biomass was higher in A. antarctica
compared to mixed or P. australis dominated mead-
ows, although seagrass species did not influence fish
abundance, suggesting bigger fish utilise A. antarc-
tica meadows. Furthermore, A. antarctica dominated
meadows represent ~50% of the sites sampled and
held 63% of the total fish biomass, which was domi-
nated by three invertebrate feeding species M. chin-
ensis (algae-invertivore), O. rueppellii (invertebrate-
carnivore), and P. waigiensis (benthic-invertivore).
Amphibolis antarctica is known to harbour greater
densities of ascidians, crustaceans, and polychaetes
compared to Posidonia spp. leaves in Shark Bay
(Wells et al. 1985), suggesting A. antarctica meadows
provide greater food resources for invertivorous fishes.
Similarly, the stems of Amphibolis allow for high
diversity and biomass of epiphytic algae compared
to many other seagrass genera, including Posidonia
(Borowitzka et al. 2006), which provides an abundant
food resource for omnivores such as M. chinensis.
Hyndes et al. (2003) also found that trawled fish bio-
mass was significantly higher in Amphibolis spp. com-
pared to Posidonia spp. meadows, which they attrib-
uted to the relatively larger understory space beneath
a leafy Amphibolis canopy compared to the compact,
dense strap-like leaves of Posidonia. The decline in A.
antarctica habitat following the 2011 MHW (Kend-
rick et al. 2019) may have had a detrimental impact on
larger bodied fish that preferentially use this habitat.

Broad implications of habitat quality change
The decline of foundation species that support bio-

diverse ecosystems can significantly disrupt habi-
tat complexity and the species that depend on them
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(Ellison et al. 2005). This study demonstrates that
seagrass loss—measured in terms of reduced cover
and canopy height—negatively affects the abun-
dance, biomass, and productivity of small-bodied
fish. Additionally, increased patchiness—as indicated
by PARA—can have detrimental effects on the phy-
logenetic diversity of seagrass fish assemblages. The
productivity of small-bodied fishes plays a key role in
energy transfer to higher trophic levels through trophic
relay and may contribute to nutrient transfer across the
seascape into adjacent habitats (Hyndes et al. 2014).
Therefore, loss and fragmentation of seagrass habitats
will likely have flow-on effects throughout the coastal
food web.

As 99% of the fish measured in this study were
well below their maximum size, suggesting that these
seagrass meadows serve as critical habitat for juve-
nile and sub-adult fish (Williams et al. 2016; Hyndes
et al. 2018). Although seagrass extent may recover
to pre-disturbance levels, habitat quality for fish may
remain compromised due to changes in density, frag-
mentation, and dominance of different seagrass spe-
cies. These changes can affect both the abundance
and diversity of fish assemblages—key indicators of
ecological condition in monitoring programs (Whit-
field and Elliott 2002; Stuart-Smith et al. 2017; Hol-
mes et al. 2019; French et al. 2021). Biodiversity loss
undermines ecological redundancy and resilience to
future disturbances, while shifts in abundance and bio-
mass may alter ecological processes such as predation
(Dufty et al. 2016).

In the context of conservation and management,
detecting changes in habitat quality using a seascape
mapping approach can inform the conservation pri-
oritisation of seagrass habitats to maximise benefits
for fish communities (e.g. high seagrass cover and
proximity to channels). Seascape metrics derived
from remotely sensed habitat maps can reveal tem-
poral changes in seagrass habitats, including both
degradation and recovery pathways, and can be used
to support evidence-based management decisions.
This work and that of Macreadie et al. (2009) sug-
gest that decisions regarding the management of
seagrass habitat should consider that the effects of
fragmentation on fish may take several months or
even years to become apparent. Insights into dynam-
ics of patch types, habitat gaps, areas of high sea-
grass cover, vulnerable habitats, connectivity, and

proximity to local disturbances may for example be
used to identify where restoration is most likely to
be successful. While maintaining high-cover sea-
grass meadows is important for enhancing local
ecosystem resilience (Abadie et al. 2018), a thor-
ough understanding of local seascape dynamics is
important for implementing conservation and res-
toration actions with confidence. Olds et al. (2016)
highlighted that increased seascape connectivity has
been linked to greater productivity and biodiversity
within protected area. Here, we provide an example
of research that provides stronger linkages between
seascape ecology and marine spatial planning that
are likely to improve conservation outcomes.

Acknowledgements We acknowledge that Malgana and
Nanga traditional custodians of sea country in Gathaagudu
whereupon this work was conducted. We wish to acknowledge
the time and resources provided by the DBCA Gascoyne Dis-
trict (especially Luke Skinner) as well as the expertise provided
by Alan Kendrick who assisted with data collection. We are
grateful to those who provided data for the Monkey Mia region:
Eric Patterson for providing bathymetry in 2012, and Cindy
Bessey who provided benthic habitat information which assisted
with classification of seagrass extent. Special thanks to those
who helped a seagrass scientist with fish identification to spe-
cies level: Richard Evans, William Robbins, and Jordan Goetze.
Final thanks to Chanelle Webster, Inés Leal and Bart Huntley
for their assistance with data entry, wrangling, visualisation and
provision of R scripts.

Author contributions Authors Simone Strydom, Shaun Wil-
son, and Glenn Hyndes contributed to the study conception and
design. Material preparation, data collection and analysis were
performed by Simone Strydom, Shaun Wilson, Kathy Murray
and Molly Moustaka. The first draft of the manuscript was writ-
ten by Simone Strydom and all authors commented on previous
versions of the manuscript. All authors read and approved the
final manuscript.

Funding This work was supported by the Marine Science
Program and administered through the Department of Biodiver-
sity, Conservations and Attractions, Western Australia. In-kind
contributions were made by Shaun Wilson (Australian Institute
of Marine Science) and Glenn Hyndes (Edith Cowan Univer-
sity). This research was conducted in accordance with relevant
guidelines under permits AEC_2019_36A and FT61001255
issued by the DBCA Licencing and the Animal Ethics Commit-
tee; and DPIRD Exemption Number: 251127923.

Data availability The datasets generated and/or analysed
during the current study are available from the corresponding
author on reasonable request.

@ Springer



31 Page 16 of 19

Landsc Ecol (2026) 41:31

Declarations

Competing interests All authors have no relevant financial or
non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Abadie A, Pace M, Gobert S, Borg JA (2018) Seascape ecology
in Posidonia oceanica seagrass meadows: linking struc-
ture and ecological processes for management. Ecol Indic
87:1-13

Bandeira S, Trevathan-Tackett SM, Wink M et al (2023) Habitat
provision and erosion are influenced by seagrass meadow
complexity: a seascape perspective. Diversity 15:125

Bell JID, Westoby M (1986) Abundance of macrofauna in dense
seagrass is due to habitat preference, not predation. Oeco-
logia 68:205-209

Bell SS, Brooks RA, Robbins BD et al (2001) Faunal response
to fragmentation in seagrass habitats: implications for
seagrass conservation. Biol Conserv 100:115-123

Berkstrom C, Lindborg R, Thyresson M, Gullstrom M (2013)
Assessing connectivity in a tropical embayment:
fish migrations and seascape ecology. Biol Conserv
166:43-53

Blessing JJ, Marshall JC, Balcombe SR (2010) Humane kill-
ing of fishes for scientific research: a comparison of two
methods. J Fish Biol 76:2571-2577

Bloomfield AL, Gillanders BM (2005) Fish and invertebrate
assemblages in seagrass, mangrove, saltmarsh, and non-
vegetated habitats. Estuaries 28:63-77

Borowitzka MA, Lavery PS, van Keulen M (2006) Epiphytes
of seagrasses. In: Larkum AWD, Orth RJ, Duarte CM
(eds) Seagrasses: biology, ecologyand conservation.
Springer, Dordrecht, pp 441-461

Bostrom C (2006) Seagrass landscapes and their effects
on associated fauna: a review. Estuar Coast Shelf Sci
68:383-403

Bostrom C, Pittman SJ, Simenstad C, Kneib RT (2011) Sea-
scape ecology of coastal biogenic habitats: advances,
gaps, and challenges. Mar Ecol Prog Ser 427:191-217

Burnham KP, Anderson DR, Huyvaert KP (2011) AIC model
selection and multimodel inference in behavioral

@ Springer

ecology: some background, observations, and compari-
sons. Behav Ecol Sociobiol 65:23-35

Caputi N, Kangas M, Denham A, Feng M, Pearce A, Het-
zel Y, Chandrapavan A (2016) Management adapta-
tion of invertebrate fisheries to an extreme marine heat
wave event at a global warming hot spot. Ecol Evol
6(11):3583-3593

Carlton JT, Geller JB, Reaka-Kudla ML, Norse EA (1999)
Historical extinctions in the sea. Annu Rev Ecol Syst
30:515-538

Chen Y-Y, Jennions M, Fox RJ (2022) Foraging microhabitat
preferences of invertivorous fishes within tropical mac-
roalgal meadows: identification of canopy specialists.
Coral Reefs 41:1511-1522

Chin TM, Vazquez-Cuervo J, Armstrong EM (2017) NOAA
ERDDAP: a multi-scale high-resolution analysis of
global sea surface temperature. Remote Sens Environ
200:154-169

Christensen J, Jackson G (2014) Shark bay snapper: science,
policy, and the decline and recovery of a marine recrea-
tional fishery. In: Christensen J, Tull M (eds) Historical
perspectives of fisheries exploitation in the indo-pacific.
Springer, Dordrecht, pp 251-268

Clemente KJE, Thomsen MS, Zimmerman RC (2023) The
vulnerability and resilience of seagrass ecosystems to
marine heatwaves in New Zealand: a remote sensing
analysis of seascape metrics using PlanetScope imagery.
Remote Sens Ecol Conserv 9(6):803-819

Connolly R, Hindell J (2006) Review of nekton patterns and
ecological processes in seagrass landscapes. Estuar
Coast Shelf Sci 68:433-444

Duffy JE, Lefcheck JS, Stuart-Smith RD et al (2016) Biodi-
versity enhances reef fish biomass and resistance to cli-
mate change. Proc Natl Acad Sci USA 113:6230-6235

Dunic JC, Brown CJ, Connolly RM, Turschwell MP, Coté IM
(2021) Long-term declines and recovery of meadow
area across the world’s seagrass bioregions. Glob
Change Biol 27(17):4096-4109

Ellingsen KE, Clarke KR, Somerfield PJ, Warwick RM
(2005) Taxonomic distinctness as a measure of diversity
applied over a large scale: the benthos of the Norwegian
continental shelf. J Anim Ecol 74:1069-1079

Ellison AM, Bank MS, Clinton BD et al (2005) Loss of founda-
tion species: consequences for the structure and dynamics
of forested ecosystems. Front Ecol Environ 3:479-486

ESRI (2017) Spatial analyst. ESRI, New York

Fahrig L (2003) Effects of habitat fragmentation on biodiver-
sity. Annu Rev Ecol Evol Syst 34(1):487-515

Fischer EM, Sippel S, Knutti R (2021) Increasing probability
of record-shattering climate extremes. Nat Clim Change
11:689-695

Fisher R, Wilson SK, Sin TM, Lee AC, Langlois TJ (2018) A
simple function for full-subsets multiple regression in
ecology with R. Ecol Evol 8(12):6104-6113

Fletcher Jr RJ (2005) Multiple edge effects and their implica-
tions in fragmented landscapes. J Anim Ecol 74:342—
352. https://doi.org/10.1111/1.1365-2656.2005.00930.x

French B, Wilson S, Holmes T, Kendrick A, Rule M, Ryan N
(2021) Comparing five methods for quantifying abun-
dance and diversity of fish assemblages in seagrass habi-
tat. Ecol Indic 124:107415


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-2656.2005.00930.x

Landsc Ecol (2026) 41:31

Page 17 0f 19 31

Froese R, Pauly D (2022) FishBase. In: FishBase. www.fishb
ase.org

Froese R, Binohlan C (2000) Empirical relationships to esti-
mate asymptotic length, length at first maturity and length
at maximum yield per recruit in fishes, with a simple
method to evaluate length frequency data. J Fish Biol
56:758-773

Galaiduk R, Radford BT, Wilson SK, Harvey ES (2017) Com-
paring two remote video survey methods for spatial pre-
dictions of the distribution and environmental niche suit-
ability of demersal fishes. Sci Rep 7:17633

Goodridge Gaines LA, Henderson CJ, Mosman JD, Olds AD,
Borland HP, Gilby BL (2022) Seascape context mat-
ters more than habitat condition for fish assemblages in
coastal ecosystems. Oikos 2022(8):¢09337

Graham MH (2003) Confronting multicollinearity in ecological
multiple regression. Ecology 84:2809-2815

Graham NalJ, Evans RD, Russ GR (2003) The effects of
marine reserve protection on the trophic relationships of
reef fishes on the Great Barrier Reef. Environ Conserv
30:200-208

Green E, Mumby P, Edwards A, Clark C (2000) Remote sens-
ing: handbook for tropical coastal management. Springer,
New York

Grober-Dunsmore R, Pittman SJ, Caldow C et al (2009) A land-
scape ecology approach for the study of ecological con-
nectivity across tropical marine seascapes. Ecol Connect
Trop Coast Ecosyst. https://doi.org/10.1007/978-90-481-
2406-0_14/COVER

Grol MGG, Rypel AL, Nagelkerken I (2014) Growth poten-
tial and predation risk drive ontogenetic shifts among
nursery habitats in a coral reef fish. Mar Ecol Prog Ser
502:229-244

Guidetti P, Bussotti S (2002) Effects of seagrass canopy removal
on fish in shallow Mediterranean seagrass (Cymodo-
cea nodosa and Zostera noltii) meadows: a local-scale
approach. Mar Biol 140:445-453

Gullstrom M, Bodin M, Nilsson P, Ohman M (2008) Seagrass
structural complexity and landscape configuration as
determinants of tropical fish assemblage composition.
Mar Ecol Prog Ser 363:241-255

Hanski I (2011) Habitat loss, the dynamics of biodiversity, and
a perspective on conservation. Ambio 40:248-255

Harrison S, Bruna E (1999) Habitat fragmentation and large-
scale conservation: what do we know for sure? Ecography
22:225-232

Healey D, Hovel KA (2004) Seagrass bed patchiness: effects
on epifaunal communities in San Diego Bay, USA. J Exp
Mar Biol Ecol 313:155-174

Heck K, Hays G, Orth R (2003) Critical evaluation of the nurs-
ery role hypothesis for seagrass meadows. Mar Ecol Prog
Ser 253:123-136

Heithaus MR, Wirsing AJ, Dill LM (2012) The ecological
importance of intact top-predator populations: a synthe-
sis of 15 years of research in a seagrass ecosystem. Mar
Freshw Res 63(11):1039

Hesselbarth MHK, Sciaini M, With KA, Wiegand K, Nowo-
sad J (2019) Landscapemetrics: an opensource R tool to
calculate landscape metrics. Ecography 42:1648-1657.
https://doi.org/10.1111/ecog.04617

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate
change on the world’s marine ecosystems. Science
328:1523-1528

Holmes TH, Rule MJ, Bancroft K et al (2019) Ecological moni-
toring in the Shark Bay marine reserves. Department of
Biodiversity, Conservation and Attractions, Perth

Holyoak M, Heath SK (2016) The integration of climate
change, spatial dynamics, and habitat fragmentation: a
conceptual overview. Integr Zool 11:40-59

Horinouchi M (2007) Review of the effects of within-patch
scale structural complexity on seagrass fishes. J Exp Mar
Biol Ecol 350:111-129

Horvath Z, Ptacnik R, Vad CF, Chase JM (2019) Habitat loss
over six decades accelerates regional and local biodiver-
sity loss via changing landscape connectance. Ecol Lett
22:1019-1027

Hovel KA, Lipcius RN (2001) Habitat fragmentation in a sea-
grass landscape: patch size and complexity control blue
crab survival. Ecology 82:1814-1829

Hovel KA, Regan HM (2008) Using an individual-based model
to examine the roles of habitat fragmentation and behav-
ior on predator—prey relationships in seagrass landscapes.
Landsc Ecol 23:75-89

Hyndes GA, Francour P, Guidetti P et al (2018) The roles of
seagrasses in structuring associated fish assemblages and
fisheries. Seagrasses of Australia. Springer, Cham, pp
589-627

Hyndes GA, Kendrick AJ, MacArthur LD, Stewart E (2003)
Differences in the species- and size-composition of fish
assemblages in three distinct seagrass habitats with differ-
ing plant and meadow structure. Mar Biol 142:1195-1206

Hyndes GA, Nagelkerken I, McLeod RJ, Connolly RM, Lavery
PS, Vanderklift MA (2014) Mechanisms and ecological
role of carbon transfer within coastal seascapes. Biol Rev
89(1):232-254

Irlandi EA, Ambrose WG, Orlando BA (1995) Landscape ecol-
ogy and the marine environment: how spatial configura-
tion of seagrass habitat influences growth and survival of
the bay scallop. Oikos 72:307-313

Jernakoff P, Nielsen J (1998) Plant—animal associations in two
species of seagrasses in Western Australia. Aquat Bot
60:359-376

Kendrick GA, Nowicki RJ, Olsen YS et al (2019) A system-
atic review of how multiple stressors from an extreme
event drove ecosystem-wide loss of resilience in an
iconic seagrass community. Front Mar Sci. https://doi.
org/10.3389/fmars.2019.00455

Kilminster K, McMahon K, Waycott M, Kendrick GA, Scanes
P, McKenzie L, O’Brien KR, Lyons M, Ferguson A,
Maxwell P, Glasby T, Udy J (2015) Unravelling com-
plexity in seagrass systems for management: Australia
as a microcosm. Sci Total Environ 534:97-109

Kimirei IA, Nagelkerken I, Trommelen M et al (2013) What
drives ontogenetic niche shifts of fishes in coral reef
ecosystems? Ecosystems 16:783-796

Langlois T, Goetze J, Bond T et al (2020) A field and video
annotation guide for baited remote underwater stereo-
video surveys of demersal fish assemblages. Methods
Ecol Evol 11:1401-1409

@ Springer


http://www.fishbase.org
http://www.fishbase.org
https://doi.org/10.1007/978-90-481-2406-0_14/COVER
https://doi.org/10.1007/978-90-481-2406-0_14/COVER
https://doi.org/10.1111/ecog.04617
https://doi.org/10.3389/fmars.2019.00455
https://doi.org/10.3389/fmars.2019.00455

31 Page 18 of 19

Landsc Ecol (2026) 41:31

Langlois T, Williams J, Monk J, et al (2018) Marine sampling
field manual for benthic stereo-BRUV (baited remote
underwater video)

Liu J, Wilson M, Hu G, Wu J, Yu M (2018) How does habi-
tat fragmentation affect the biodiversity and ecosystem
functioning relationship? Landsc Ecol 33(3):341-352

Lorenzen K, Camp EV, Garlock TM (2022) Natural mortality
and body size in fish populations. Fish Res 252:106327

Macreadie PI, Hindell JS, Jenkins GP, Connolly RODM,
Keough MICHAELIJ (2009) Fish responses to experi-
mental fragmentation of seagrass habitat. Conserv Biol
23(3):644-652

Mallet D, Olivry M, Ighiouer S et al (2021) Nondestructive
monitoring of soft bottom fish and habitats using a
standardized, remote and unbaited 360° video sampling
method. Fishes 6:50

Mantyka-pringle CS, Martin TG, Rhodes JR (2012) Interac-
tions between climate and habitat loss effects on bio-
diversity: a systematic review and meta-analysis. Glob
Change Biol 18:1239-1252

Marba N, Duarte CM (2009) Mediterranean warming triggers
seagrass (Posidonia oceanica) shoot mortality. Glob
Change Biol 16:2366-2375

McClanahan TR, Darling ES, Maina JM et al (2020) Highly
variable taxa-specific coral bleaching responses to ther-
mal stresses. Mar Ecol Prog Ser 648:135-151

McCloskey RM, Unsworth RKF (2015) Decreasing seagrass
density negatively influences associated fauna. Peer]
3:e1053

McCoy AL, Jacobs KL, Vano JA, Wilson JK, Martin S,
Pendergrass AG, Cifelli R (2022) The press and
pulse of climate change: extreme events in the Colo-
rado River Basin. JAWRA J Am Water Resour Assoc
58(6):1076-1097

McGarigal K (2012) Landscape pattern metrics. Encycl Envi-
ron.  https://doi.org/10.1002/9780470057339.VALO06.
PUB2

Morais RA, Bellwood DR (2020) Principles for estimating fish
productivity on coral reefs. Coral Reefs 39:1221-1231

Morais RA, Bellwood DR (2018) Global drivers of reef fish
growth. Fish Fish 19:874-889

Morais RA, Connolly SR, Bellwood DR (2020) Human exploi-
tation shapes productivity—biomass relationships on coral
reefs. Glob Change Biol 26:1295-1305

Moustaka M, Evans RD, Kendrick GA et al (2024a) Local habi-
tat composition and complexity outweigh seascape effects
on fish distributions across a tropical seascape. Landsc
Ecol 39:28

Moustaka M, Robbins WD, Wilson SK, Wakefield C, Cuttler
MVW, O’Leary MJ, Evans RD (2024b) Seascape effects
on the nursery function of macroalgal habitats. Mar Envi-
ron Res 202:106767

Murray DL, Peers MJL, Majchrzak YN, Wehtje M, Ferreira
C, Pickles RSA, Row JR, Thornton DH (2017) Conti-
nental divide: predicting climate-mediated fragmenta-
tion and biodiversity loss in the boreal forest. PLoS ONE
12(5):0176706

Nash KL, Welsh JQ, Graham NAJ, Bellwood DR (2015) Home-
range allometry in coral reef fishes: comparison to other
vertebrates, methodological issues and management
implications. Oecologia 177:73-83

@ Springer

Nguyen HM, Ralph PJ, Marin-Guirao L, Pernice M, Procac-
cini G (2021) Seagrasses in an era of ocean warming: a
review. Biol Rev 96(5):2009-2030

O’Brien KR, Waycott M, Maxwell P et al (2018) Seagrass
ecosystem trajectory depends on the relative timescales
of resistance, recovery and disturbance. Mar Pollut Bull
134:166-176

Oksanen J, Blanchet FG, Friendly M, et al (2020) Vegan: Com-
munity Ecology Package

Olds AD, Connolly RM, Pitt KA et al (2016) Quantifying the
conservation value of seascape connectivity: a global syn-
thesis. Glob Ecol Biogeogr 25:3-15

Orth R, Carruthers T, Dennison W, Bioscience CD (2006)
A global crisis for seagrass ecosystems. BioScience
56:987-996

Patterson E (2012) Ecological and life history factors influence
habitat and tool use in wild bottlenose dolphins (tursiops
sp.). PhD, Georgetown University

Pebedma E (2018) Simple features for R: standardized support
for spatial vector data. R J 10:439-446

Perry D, Staveley TAB, Gullstrom M (2018) Habitat connec-
tivity of fish in temperate shallow-water seascapes. Front
Mar Sci. https://doi.org/10.3389/fmars.2017.00440

Pittman S, McAlpine C (2003) Movements of marine fish and
decapod crustaceans: process, theory and application.
Adv Mar Biol 44:205-294

Pittman SJ (2017) Seascape ecology. Wiley, New York

Preen AR, Marsh H, Lawler IR, et al (1997) Distribution and
Abundance of Dugongs, Turtles, Dolphins and other
Megafauna in Shark Bay, Ningaloo Reef and Exmouth
Gulf, Western Australia. 24:

QGIS Development Team (2020) QGIS Geographic Informa-
tion System. Open Source Geospatial Foundation Project.
http://qgis.org

R Core Team (2023) R: a language and environment for statisti-
cal computing. R Core Team, Vienna

Robinson JPW, Wilson SK, Robinson J et al (2019) Produc-
tive instability of coral reef fisheries after climate-driven
regime shifts. Nat Ecol Evol 3:183-190

Rogers A, Blanchard JL, Mumby PJ (2014) Vulnerability of
coral reef fisheries to a loss of structural complexity. Curr
Biol 24:1000-1005

Said N, Webster C, Dunham N, Strydom S, McMahon K (2025)
Seagrasses are most vulnerable to heatwaves in tropical
zones: local-scale and broad climatic zone variation in
thermal tolerances. New Phytologist. https://doi.org/10.
1111/nph.70742

Schramm KD, Harvey ES, Goetze JS, Travers MJ, Warnock B,
Saunders BJ (2020) A comparison of stereo-BRUYV, diver
operated and remote stereo-video transects for assessing
reef fish assemblages. J Exp Mar Biol Ecol 524:151273

Serrano O, Inostroza K, Hyndes GA, Friedlander AM, Ser-
rano E, Rae C, Ballesteros E (2023) Seagrass Posidonia
escarpments support high diversity and biomass of rocky
reef fishes. Ecosphere 14(6):e4599

Short FT, Coles RG (2001) Global seagrass research methods.
Elsevier, Amsterdam

Simpson GL (2024) Gratia: an R package for exploring general-
ized additive models. J Open Source Softw 9:6962


https://doi.org/10.1002/9780470057339.VAL006.PUB2
https://doi.org/10.1002/9780470057339.VAL006.PUB2
https://doi.org/10.3389/fmars.2017.00440
http://qgis.org
https://doi.org/10.1111/nph.70742
https://doi.org/10.1111/nph.70742

Landsc Ecol (2026) 41:31

Page 190f 19 31

Skirving WIJ, Heron SF, Marsh BL et al (2019) The relentless
march of mass coral bleaching: a global perspective of
changing heat stress. Coral Reefs 38:547-557

Sleeman JC, Kendrick GA, Boggs GS, Hegge BJ (2005) Meas-
uring fragmentation of seagrass landscapes: which indices
are most appropriate for detecting change? Mar Freshw
Res 56:851

Smith T, Hindell J, Jenkins G, Connolly R (2008) Edge effects
on fish associated with seagrass and sand patches. Mar
Ecol Prog Ser 359:203-213

SOFIA (2016) The State of World Fisheries and Aquaculture
(SOFIA) report: data focused on Sustainable Develop-
ment. Food and Agriculture Organization of the United
Nations

Staveley TAB, Perry D, Lindborg R, Gullstrtom M (2017)
Seascape structure and complexity influence temper-
ate seagrass fish assemblage composition. Ecography
40:936-946

Strydom S, Murray K, Wilson S, Huntley B, Rule M, Heithaus
M, Bessey C, Kendrick GA, Burkholder D, Fraser MW,
Zdunic K (2020) Too hot to handle: unprecedented sea-
grass death driven by marine heatwave in a World Herit-
age Area. Glob Change Biol 26(6):3525-3538

Stuart-Smith RD, Edgar GJ, Barrett NS et al (2017) Assess-
ing national biodiversity trends for rocky and coral reefs
through the integration of citizen science and scientific
monitoring programs. Bioscience 67:134-146

Taubert F, Fischer R, Groeneveld J et al (2018) Global patterns
of tropical forest fragmentation. Nature 554:519-522

Taylor MD, Baker J, Suthers IM (2013) Tidal currents, sam-
pling effort and baited remote underwater video (BRUV)
surveys: are we drawing the right conclusions? Fish Res
140:96-104

Thomson JA, Burkholder DA, Heithaus MR, Fourqurean JW,
Fraser MW, Statton J, Kendrick GA (2015) Extreme
temperatures, foundation species, and abrupt ecosystem
change: an example from an iconic seagrass ecosystem.
Glob Chang Biol 21(4):1463-1474

Unsworth RKF, Nordlund LM, Cullen-Unsworth LC (2018)
Seagrass meadows support global fisheries production.
Conserv Lett. https://doi.org/10.1111/conl. 12566

van Lier JR, Wilson SK, Depczynski M et al (2018) Habitat
connectivity and complexity underpin fish community
structure across a seascape of tropical macroalgae mead-
ows. Landsc Ecol 33:1287-1300

Vega Fernandez T, Milazzo M, Badalamenti F, D’Anna G
(2005) Comparison of the fish assemblages associated
with Posidonia oceanica after the partial loss and conse-
quent fragmentation of the meadow. Estuar Coast Shelf
Sci 65:645-653

Von Bertalanffy L (1949) Problems of organic growth. Nature
163(4135):156-158

Walker DI, Kendrick GA, Mccomb AJ (1988) The distribution
of seagrass species in Shark Bay, Western Australia, with
notes on their ecology. Science 30:305-317

Warwick RM, Clarke KR (1998) Taxonomic distinctness and
environmental assessment. J Appl Ecol 35:532-543

Watson DL, Harvey ES, Fitzpatrick BM et al (2010) Assessing
reef fish assemblage structure: how do different stereo-
video techniques compare? Mar Biol 157:1237-1250

Waycott M, Duarte CM, Carruthers TJB et al (2009) Accelerat-
ing loss of seagrasses across the globe threatens coastal
ecosystems. Proc Natl Acad Sci U S A 106:12377-12381

Wells FE, Roset RA, Lang S (1985) An Analysis of Benthic
Marine Invertebrate Communities in Subtidal Seagrass
and Sand Habitats in Shark Bay, Western Australia

Whitfield AK, Elliott M (2002) Fishes as indicators of environ-
mental and ecological changes within estuaries: a review
of progress and some suggestions for the future. J Fish
Biol 61:229-250

Whitmarsh SK, Fairweather PG, Huveneers C (2017) What is
big BRUVver up to? Methods and uses of baited under-
water video. Rev Fish Biol Fish 27:53-73

Wickham H (2019) ggplot2: elegant graphics for data analysis

Williams JA, Holt GJ, Robillard MMR, Holt SA, Hensgen
G, Stunz GW (2016) Seagrass fragmentation impacts
recruitment dynamics of estuarine-dependent fish. J Exp
Mar Biol Ecol 479:97-105

Wood SN (2017) Generalized additive models: an introduction
with R, 2nd edn. Chapman Hall, CRC, Boca Raton

Yarnall AH, Byers JE, Yeager LA, Fodrie FJ (2022) Comparing
edge and fragmentation effects within seagrass communi-
ties: a meta-analysis. Ecology 103:e3603

Yarnall AH, Yeager LA, Lopazanski C, Poray AK, Morley JW,
Hurlbert AH, Fodrie FJ (2024) Habitat area more consist-
ently affects seagrass faunal communities than fragmenta-
tion per se. Ecol Monogr 94(4):¢1629

Yeager LA, Geyer JK, Fodrie FJ (2019) Trait sensitivities to
seagrass fragmentation across spatial scales shape benthic
community structure. J] Anim Ecol 88:1743-1754

Yeager LA, Keller DA, Burns TR et al (2016) Threshold effects
of habitat fragmentation on fish diversity at landscapes
scales. Ecology 97:2157-2166

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1111/conl.12566

	Getting edgy: implications of fragmented seagrass meadows for fish assemblages
	Abstract 
	Context 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study region
	Mapping seagrass extent
	Seascape metrics to characterise temporal change in seagrass meadows
	Seascape metrics calculated for 2019 to inform fish site selection
	Fish surveys and analyses
	Trawl surveys
	URUV surveys
	Fish assemblage metrics

	Seagrass meadow characteristics
	Data analyses

	Results
	Spatial and temporal changes in seagrass extent
	Fish community structure
	Influence of environmental metrics on fish assemblages
	Trawled fish community
	URUV fish community


	Discussion
	Habitat quality is important for fishes
	Influence of increased patchiness and different seagrass species for fish assemblages
	Broad implications of habitat quality change

	Acknowledgements 
	References




