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Variation in the density and body size of a threatened
foundation species across multiple spatial scales
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Population characteristics (e.g. density and body sizes) of foundation species can affect their own persistence and provisioning
of ecosystem functions. Understanding the drivers of population characteristics of foundation species at multiple spatial scales
is therefore critical for maximizing ecosystem functions of restored habitats. We analyzed variation in population characteris-
tics (densities, 95th percentile, and median lengths of live oysters) of the Sydney rock oyster, Saccostrea glomerata, on remnant
oyster reefs at regional scales (among three estuaries) along an approximately 250 km of coastline in New South Wales,
Australia. We then analyzed how population characteristics were further related to spatial attributes at smaller spatial scales
including within-patches (rugosity, distance to patch-edge, and elevation), whole-patches (size and shape), and among-patch
(connectivity) within each estuary. The densities and body sizes of S. glomerata were related to spatial attributes occurring
within-patch (e.g. elevation), whole-patch (e.g. shape), and landscape (i.e. connectivity) scales, but these relationships varied
among estuaries. The greatest variation in oyster density and size occurred at regional scales, suggesting that processes acting
at larger spatial scales (e.g. water quality and/or climate) set the context for smaller scale influences on oyster characteristics.
Our results highlight the potential importance of incorporating site-specific, spatial attributes in the design of restored oyster
reefs to maximize ecosystem services and functions provided by restoration efforts.
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Gribben et al. 2019; Lloyd et al. 2020). Despite their importance
to ecosystems, foundation species have experienced staggering
losses globally. For example, oyster reefs have been globally
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Variation of oyster characteristics on reefs

restoration efforts (Lindenmayer et al. 2008; Bayraktarov
et al. 2016; Swan et al. 2016).

The population characteristics (e.g. density and body size
distribution) of foundation species have strong consequences
for their own persistence and the ecosystem functions and ser-
vices they provide. For example, the density and size of
marine foundation species can influence their own growth,
recruitment, and survivorship (Gribben et al. 2020), the
biodiversity they support (Stelling-Wood et al. 2020), hydro-
dynamics and wave attenuation (Salvador de Paiva
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et al. 2018), and water filtration (Green et al. 2013). From a
restoration perspective, population characteristics of a target
species may therefore inform the persistence and magnitude
of the ecological services in areas of interest, and thus may
be a fundamental yet understudied component of many resto-
ration strategies (Baggett et al. 2015; Ladd et al. 2018).
Population characteristics of foundation species can vary
across multiple spatial scales (Godron & Forman 1981; Fah-
rig 2003). At small spatial scales, these characteristics can vary
within habitat patches, although patterns are equivocal. For

Figure 1. Locations of sampled Saccostrea glomerata oyster reefs (red dots) in estuaries in New South Wales (NSW), Australia (inset; A). Satellite imagery of
the reefs (NearMap Ltd.) during low tide and the corresponding sample locations (see triangles) on reef contours of the selected reefs in Hunter River (B & E), Port
Hacking (C & F), and Crookhaven River (D & G), respectively.

Table 1. Characteristics of estuaries where the sampled oyster reefs are located. Observed and/or calculated characteristics of each estuary were obtained from:
30zCoasts (2015), "NSW Office of Environment and Heritage (2016) for periods between 2007 and 2015, and “NearMap Ltd. unless specified.

Estuary

Estuary Characteristics Hunter River Port Hacking Crookhaven River

Estuary-type classification® Wave-dominated estuary Tide-dominated estuary Wave-dominated delta

Average annual summer temperature & SE (°C)" 2474+0.3 25.7+£03 241+£03

Average annual turbidity + SE (NTU)® 19.1+£7.2 24 +£0.6 23+£0.2

Disturbance class® High Low Medium

Number of reefs® 25 14 10

Base material of remnant reefs Mud banks (McLeod Ballast heap (Albani & Sand and rock boulders

et al. 2019) Cotis 2013) (R.C.L., 2018,

personal observation)

Approximate distance to estuary mouth (km)® 6.5 4.3 22

Mean patch area (m?) & SE° 237 £ 155 112 £ 78 355 + 200

Mean distance between reefs (m) 4= SE® 322+ 14 127+ 1.0 80.8 £ 7.8

20f13 Restoration Ecology November 2022

85U8017 SUOWILLIOD @A 181D 3ol [dde 8Ly Aq peusenob e Sappie YO ‘8sn JO Sa|n 10} ARIq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SWBI 0D AB 1WA Reql1Bul UO//:SdNL) SUORIPUOD pUe Swia | 8u88S *[£202/20/50] Uo AriqiTauliuo A8|iMm ‘1 Alun uoliewlioju Ajejoyos Aq 029€T 984/TTTT'OT/I0P/L0o A3 (1M AeIq Ul |UO//SdnY WOy pepeoumoq ‘g ‘220z ‘X00T9ZST



Variation of oyster characteristics on reefs

example, the population density and mean body size of founda-
tion species can be smaller at patch edges in comparison to patch
centers (Hanke et al. 2017), but the opposite pattern also occurs
(Bell et al. 2001; Bostrom et al. 2011; Bertolini et al. 2020).
Such variation may be explained by within-patch attributes
(i.e. distance from patch-edge) interacting with whole-patch
attributes such as patch size and shape (edge-to-area ratios), as
larger patches are often associated with higher densities of foun-
dation species and may be better at buffering abiotic and biotic
stress than smaller patches (Angelini et al. 2011; Livernois
et al. 2017; Crotty et al. 2018). Thus, understanding how
multiple spatial scales interact to influence the population
characteristics of foundation species, and potentially their
function, is critical to inform the design of restored habitat
patches and maximize ecosystem functions provided and
restoration outcomes.

At larger scales, habitat patches can interact with each other
across the landscape by altering ecological flows of resources and
progeny (Brooks 2003; Ewers & Didham 2006; Zambrano
et al. 2019) and ecological interactions (e.g. predation rates; Martin
et al. 2018), all of which may influence the population characteris-
tics of foundation species. Indeed, patch configuration and their
connectivity can affect population characteristics in both terrestrial
(e.g. Fahrig 2017; Thompson et al. 2017) and aquatic ecosystems
(Angelini et al. 2011; Crotty et al. 2018). Moreover, the density
and traits of foundation species can also be determined by back-
ground environmental variation (e.g. temperature) occurring at
regional scales (e.g. grassland—Ile Roux & McGeoch 2010; macro-
algal beds—Leonard 2000). Understanding the roles of landscape
and regional scales on controlling population characteristics of
foundation species will help identify the configuration of restored
patches and site selection that maximizes their ecological functions
and resilience, improving on existing restoration strategies
(Angelini et al. 2011; Gilby et al. 2018).

In Australian estuaries, oysters once formed extensive reef
complexes up to 10 ha in areas from the intertidal to depths of
approximately 8 m (Ogburn et al. 2007). However, more than
90% of these complexes, including those of the iconic Sydney
rock oyster, Saccostrea glomerata (Gould 1850), have been lost
through overharvesting for food and lime, disease, and pollution
(Ogburn et al. 2007; Gillies et al. 2018). S. glomerata reefs are
now considered functionally extinct (Beck et al. 2011) and they
are a key focus for restoration (Gillies et al. 2018). To date,
global oyster restoration efforts consist mostly of substrate pro-
vision for recruitment (Westby et al. 2019). Oyster densities and
size can affect their own recruitment (Knights & Wal-
ters 2010), growth (Honkoop & Bayne 2002), survival
(Holliday et al. 1991; Honkoop & Bayne 2002), and filter-
feeding capacity (Ozbay 2006), as well as the biodiversity
they host (Wilkie et al. 2012). However, few restoration
projects have considered how spatial context may influence
the persistence of the restored oyster populations and the
ecological functions they provide (McAfee et al. 2020). This
is due, in part, to a lack of understanding about how popula-
tion characteristics vary with patch attributes (e.g. edge-vs.-
center, size, shape, complexity) and configuration at multiple
spatial scales.

In this study, we used the natural variation of patch-size,
patch-shape, and connectivity in remnant oyster reefs in three
estuaries in southeast Australia to determine how spatial var-
iation from within patches to regional scales influence the
population characteristics of S. glomerata. At each estuary,

Table 2. List of metrics used to quantify within-, whole-, and among-patch
(patch-connectivity) attributes. Formulae of metrics can be found in
Table S3.

Attributes Description

Among-patch
Nearest-neighbor
distance

The shortest Euclidean and edge-to-edge
distance between a focal reef and its
nearest neighboring reef (McGarigal
et al. 2012).

Average of the nearest Euclidean and
edge-to-edge distances from a focal
reef to all other reefs in the same
landscape (McGarigal et al. 2012).

Index which measures the distance of a
focal reef to other reefs in relation to
area of the focal patch. Index for a
patch is calculated by summing ratios
of focal patch-area to nearest neighbor
distances from focal patch to other
patches (Gustafson & Parker 1992).

Index is a weighted sum of products
between nearest neighbor distance
from focal patch to other patches, and
the ratios of focal patch area to the
total patch area (Moilanen &

Mean nearest-
neighbor
distance

Proximity index

Isolation index

Nieminen 2002).
Whole-patch
Two-dimensional Standardized and scale-independent
fractal measure of perimeter of a patch
dimension relative to a square perimeter and
index patch-area (McGarigal et al. 2012).

Circularity index Ratio between the patch-area and the
smallest circumscribing circle of the
patch (McGarigal et al. 2012).

Ratio of actual patch-perimeter to
hypothetical patch-perimeter as a
square with the same area,
characterizing total edges of patch
(McGarigal et al. 2012).

Perimeter of each patch calculated from
satellite image, reef contours.

Perimeter—area Ratio of patch-perimeter to patch-area
ratio for each patch.

Area Area of each patch calculated from

satellite image, reef contours.

Shape index

Perimeter

Within-patch
Distance to edge Shortest distance of each sampled core to
the nearest reef edge.

Height of each sampled core above mean
sea level.

Surface roughness on each sampled core
and 20-cm radius surrounding each
core derived from photogrammetry
and digital elevation models sensu
Figueira et al. (2015).

Surface elevation

Surface rugosity
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Variation of oyster characteristics on reefs

Table 3. Selected spatial attributes that relate to oyster density, 95th percentile length, and median length from “best” models obtained for Crookhaven River
(CR), Hunter River (HR), and Port Hacking (PH) reefs. “+” and “~” represent positive and negative estimates, respectively, for selected attributes. White and
black cells represent attributes that were not selected and not included (due to collinearity) in best models, respectively. Refer to Tables S8—S11 for detailed model

outputs.
Population Characteristic and Estuaries
Abundance 95th Percentile Length Median Length
Spatial Scales and Patch Attributes CR HR PH CR HR PH CR PH
Within-patch Surface elevation - - + - -
Distance to edge
Surface rugosity | ]

Whole-patch Area

Fractal dimension

Circularity index

Isolation index

Proximity index —

Among-patch

+ —
+

] I
-= ==
i N

we sampled oyster densities, median, and 95th percentile
body size on remnant oyster reefs at local (within- and
whole-patch) and landscape (among-patch) scales and
regional (among estuaries) scales. We tested the hypotheses
that oyster densities and size would be correlated to (1)
distance from the patch-edge within patches, (2) area and
perimeter-to-area ratios as whole-patches, and (3) proximity
of patches. Additionally, we hypothesized that (4) oyster
sizes and densities would vary among estuaries due to differ-
ences in background environmental conditions operating at
regional scales.

Methods

Sampled Estuaries Across the Regional Scale

Remnant Saccostrea glomerata reef complexes were sam-
pled in three estuaries across approximately 250 km of the
coastline in New South Wales (NSW) Australia; Hunter
River (32°52/56.5788"S, 151°47'20.9508"E), Port Hacking
(34°4'22.0404"S, 151°7'14.5956"E), and Crookhaven
River (34°54'21.04"S, 150°44'48.62"E) (Fig. 1). Reef com-
plexes in Hunter River, Port Hacking, and Crookhaven River
were characterized by S. glomerata aggregation on mud banks,
ballast heaps, and rocky boulders, respectively (Table 1). Each
estuary contained different levels of anthropogenic distur-
bances, annual temperatures, and turbidity measurements
(NSW Office of Environment and Heritage 2016; Table 1).
Crookhaven River reefs possessed the largest mean patch area
and spatial range of all estuaries, followed by Hunter River
and Port Hacking (Table 1). Hunter River contained almost
twice the number of reefs compared to Crookhaven River
and Port Hacking (Table 1). In each estuary, 9-11 reefs
ranging in area from 5 to 4,000 m” and consisting of different
shapes (e.g. ovoid, elongate, irregular) were randomly
selected for mapping and sampling (Table S1). Reef contours
were mapped using satellite images from NearMap Ltd.

(http://maps.au.nearmap.com/). Small reefs (<5 m?) were not
mapped or sampled to avoid damage to them.

Quantifying Oyster Characteristics

On each reef, we sampled oysters by taking 10 x 10 x 10-cm
cores with a hammer and chisel during mean low tide (Bureau of
Meteorology 2018). All cores were sampled in Austral spring (late
October—early November 2018) outside of the recruitment period of
S. glomerata (Diggles 2017) to focus on the oyster characteristics of
postrecruitment individuals as these are likely providing the ecolog-
ical functions on reefs. The number of cores sampled on each reef
differed according to reef area (Table S2), with a minimum of four
cores sampled on the smallest reefs (5-25 m2) and a maximum of
14 cores on the largest reefs (2,000 m?). Sampling locations were
randomly selected within reef contours using function “spsample”
from package “sp” (Pebesma & Bivand 2005) in R (v4.0.3, 2020;
Fig. 1IE-G) and were mapped with a real-time kinematic and
differential global positioning system (RTK-DGPS; Leica GNSS
14, Leica Geosystems, Switzerland, vertical accuracy +8 mm; hor-
izontal +13 mm).

Cores were fixed in 10% formalin mixed in seawater. Total
volume of oysters in each core (hereafter biovolume) was
estimated by displaced volume in water. The majority of live
oysters were identified as S. glomerata (93.2% in Crookhaven
River, 99.9% in Hunter River, and 92.1% in Port Hacking)
following dissection methods in Wilkie et al. (2012), with the
remaining identified as the invasive Pacific oyster (Magallana
gigas Thunberg 1793, formerly Crassostrea gigas). Although
competition between both species altered the density and body
size of S. glomerata at low- and mid-intertidal heights on aqua-
culture farms (Krassoi et al. 2008), we assumed limited effects
of competition, at the time of sampling, owing to small propor-
tions (i.e. <8% at any sampled estuary) of M. gigas currently
present on intact S. glomerata reefs.

We measured the shell length of all live oysters with Vernier
calipers (£0.1 cm) along the anterior—posterior axis as this is
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correlated to body size for live oysters (Gribben et al. 2020).
Postmeasurement, we calculated the median (50th) and 95th
length percentiles per core as proxies of “average” and “largest”
oyster sizes in each core, respectively. We also counted all live
oysters per core where individuals were categorized as either
“juvenile” (defined as settled spat <1 cm in length and flesh
attached) or “adults” (oysters 21 cm in length). Both adult and
juvenile counts were highly correlated to each other (Pearson
correlation coefficient, r = +0.78, p < 0.001); hence, they were
combined as total densities per core for the statistical analyses.

Quantifying Within-Patch, Among-Patch, and Whole-Patch
Attributes

We defined “patch attributes” as the spatial characteristics of
reefs for all spatial measurements. We quantified within-patch
attributes at each sampled core on each reef. These included sur-
face elevations of the sampled cores, distance to the nearest
patch-edge, and the surface complexity around the samples. Ele-
vation relative to sea level at each coring point was measured
with the RTK-DGPS unit as height above mean sea level. The
distance of each core to the nearest reef edge was calculated in
ArcGIS (v10.3; ESRI 2016) using the NEARDIST function
with cores’ xy coordinates and reef-contour maps.

To quantify surface complexity of reefs on each core, oyster
reefs were mapped during low tide via photogrammetry prior
to coring (see Figueira et al. 2015 for methods). We used this
method as it is more accurate (i.e. lower error and variance) than
traditional methods, such as the chain method (Friedman
et al. 2012). All reefs in Port Hacking and Crookhaven River
were mapped but not all were mapped in Hunter River due to
time constraints. Digital elevation models (DEMs) produced
from mapped reefs were created in Agisoft Metashape Photo-
Scan (v1.1.6,2015), trimmed to reef edges, and imported to Arc-
GIS (v10.3; ESRI 2016). Resulting three-dimensional models
had an average mesh resolution (distance between vertices) of
8.2 mm and average model error of 4.7 mm, while DEMs had
anaverage cell size of 2.5 mm. DEMs were imported into ArcGIS
and sample points (based on xy coordinates) were buffered with a
20-cm radius circle. Surface rugosity independent of surface slope
(hereafter “rugosity”) was calculated for each of these buffered areas
(corresponding to the location of each sample core) with the arc-
chord ratio rugosity index function (Du Preez 2015) in the Benthic
Terrain Modeler plugin (v3.0; Walbridge et al. 2018) in ArcGIS
(see Supplement S1 and Figs. S1-S2 for detailed method descrip-
tion). Five whole-patch attributes (Table 2) were calculated based
on shape, area, and perimeter (McGarigal etal. 2012) using the func-
tion “calculate_Ism” in “landscape metrics” package in R
(Hesselbarth et al. 2019).

We defined the “oyster reef landscape” as the mosaic of oyster
reefs within an unstructured matrix (i.e. sandy and/or muddy bot-
tom; Turner 1989). To quantify the connectivity within an oyster
reef landscape, we used four metrics of habitat “isolation”
(McGarigal etal. 2012; see Table 2) based on reef areas and inter-
reef distances (Cushman & McGarigal 2002). The metrics were
obtained in R using the reef-contour maps. The nearest neighbor
distance was calculated using the function in “gdistance” package

(van Etten 2017). The proximity index was calculated using the
function “ProxIndex” in package “spatialEco” (Evans 2015).
The mean nearest neighbor distance and the isolation index were
manually calculated (see Table S3 for formula for each metric).

Data Analysis

Oyster Characteristics Across the Regional Scale. Because
patch attributes related to population characteristics differently
within each estuary (Table 3; Figs. 3-5), we first tested for
regional differences in oyster population characteristics (abun-
dance, median length, and 95th percentile length) via the com-
parisons among estuaries. We tested relationships between

(A)
150
a
a
[0
: -
(6]
5 100
Q.
[0]
[&]
&
S b
o
3 50 ==
o
9
[
>
(@]

_
oY)

=

)

o a e
3 == b
3 ——
£ 4
fe)]
=
ko)
o
2
[
[0 2
S
[0
o
=
Yol
(e}
0
(O a
S b b
—r —

Median length per core

Crookhaven River  Hunter River Port Hacking
(n=68) (n =58) (n =60)

Figure 2. Mean (+ SE) oyster abundance (A), 95th percentile length (B),
and median length (C) of oysters sampled in Crookhaven River, Hunter
River, and Port Hacking. Number of sampling cores per estuary is denoted as
n. Different lowercase letters represent significantly different results

(p < 0.05) from Tukey post hoc tests.
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Within-patch attributes
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Figure 3. Relationships between oyster abundance and spatial attributes (A, elevation; B, distance to reef-edge; C, surface rugosity; D, area; E, circularity
index; F, fractal dimension index; G, isolation index; H, proximity index) at sampled estuaries. Regression lines and 95% CI (shaded area) were plotted for
selected spatial attributes from model selection (see “Data Analysis” section and Table 3). MSL, mean sea level.

population characteristics and patch attributes within each estu-
ary separately (see next subsection).

We used a generalized linear mixed model (GLMM) assum-
ing a negative binomial distribution for oyster density and linear
mixed models (LMMs) for median and 95th percentile oyster
lengths as response variables, with estuaries as a fixed factor.
Biovolume per core (i.e. the volume of sampled structure includ-
ing live oysters and dead oyster shell) was included as a

continuous covariate in each model to account for potential dif-
ferences in shell matrix in each core. Reef (hereafter “reef_id”;
i.e. unique reef complexes) was included as a random factor to
account for potential nonindependence between samples cores
from within the same patch. The GLMM was performed using
“glmmTMB” package (Magnusson et al. 2020) and LMMs with
the Ime4 package (Bates et al. 2015). Statistical significance of
estuary for each model was computed with likelihood ratio tests
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Variation of oyster characteristics on reefs
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Figure 4. Relationships between largest oyster sizes and spatial attributes (A, elevation; B, distance to reef-edge; C, surface rugosity; D, area; E, circularity
index; F, fractal dimension index; G, isolation index; H, proximity index) at sampled estuaries. Regression lines and 95% CI (shaded area) were plotted for
selected spatial attributes from model selection (see “Data Analysis” section and Table 3). MSL, mean sea level.

(LRTs) using the “Anova” function in the “car” package (Fox
et al. 2013). Post hoc tests with Tukey were performed using
function “Ismeans” (Lenth 2016) in lieu of statistical signifi-
cance of estuaries (see Table S6).

Oyster Characteristics Across Within-, Whole-, and Among-
Patch Attributes. We tested relationships between each oyster
characteristic (abundance, median length, and 95th percentile
length) and patch attributes (within-, whole-, and among-
patches) of the remnant reefs through model fitting and selection.

For each estuary, we first tested for collinearity of patch attri-
butes prior to model fitting (Zuur et al. 2009); where two or more
variables were correlated (Pearson’s correlation coefficient,

r==40.7), we left one of those variables in the model and
excluded the remainder (see Supplement S2 for procedure to
assess co-linearity between spatial attributes and Fig. S3 for corre-
lation matrices between attributes per estuary). We then fitted each
oyster characteristic as a response variable using GLMMs and
LMDMs where biovolume and “reef _id”” were also included in each
model as a continuous covariate and random factor, respectively.
A total of nine models were fitted; one for each oyster characteris-
tic (density, median length, and 95th percentile length) repeated in
each of the three estuaries (see Table S7 for equation of each
model fit). For each Hunter River model, rugosity was excluded
as a covariate due to substantial absence of data points (refer to
“Quantifying within-patch attributes” subsection) to prevent loss
of precision of model estimates (Bartlett et al. 2014).
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Figure 5. Relationships between median oyster lengths and spatial attributes (A, elevation; B, distance to reef-edge; C, surface rugosity; D, area; E, circularity
index; F, fractal dimension index; G, isolation index; H, proximity index) at sampled estuaries. Regression lines and 95% CI (shaded area) were plotted for
selected spatial attributes from model selection (see “Data Analysis” section and Table 3). MSL, mean sea level.

For each model, we conducted stepwise model regression with
all possible combinations of patch attributes as predictors, using
the “dredge” function in “MuMIn” package (Bartori 2009). The
most parsimonious/“best” model in each set was chosen based
upon the model combination with the lowest small-sample cor-
rected Akaike information criterion (Burnham & Anderson 2002).
Selected models and their corresponding patch attributes were
validated using histograms of the residuals and plots of the

residuals versus the fitted values (Zuur et al. 2009). See
Tables S8-S11 for model selection outputs.

Results

Oyster Characteristics Across the Regional Scale

The abundance of oysters per core differed on a regional scale
(LRT;{2 =41.7,df=2, p <0.001; Table S4), with lower abun-
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dances in Hunter River compared to Crookhaven River and Port
Hacking (post hoc Tukey, Crookhaven River = Port Hacking >
Hunter River; Fig. 2A, Table S5). Largest oysters (i.e. 95th
quantile lengths per core) also differed across all estuaries
(LRT )(2 = 35.5, df = 2, p<0.001; Table S4), with shorter
lengths in Hunter River compared to Crookhaven River and Port
Hacking (post hoc Tukey, Crookhaven River = Port Hacking >
Hunter River; Fig. 2B, Table S5).

Median oyster lengths also differed across estuaries (LRT
;(2 =7.2,df =2, p = 0.027; Table S4); Crookhaven River had
greater lengths than Port Hacking and Hunter River (post hoc
Tukey, Crookhaven River > Port Hacking = Hunter River;
Fig. 2C, Table S5).

Oyster Characteristics Across Within-, Whole-, and Among-
Patch Attributes

Among all estuaries, oyster abundances were best explained by
within-patch and whole-patch attributes, with different combi-
nations found across estuaries (Table 3; Fig. 3). Surface eleva-
tion was the only attribute that was strongly related to oyster
abundances at all estuaries (Table 3; Fig. 3A). However, the ele-
vational trends were not the same across the estuaries; oyster
abundance significantly decreased at higher reef elevations at
Crookhaven River and Hunter River but increased at Port Hack-
ing (Fig. 3A). Oyster abundance was highest for the least fractal
and smaller reefs at Hunter River (Fig. 3B & 3C)). Higher reef
proximities were only associated with lower abundances in
Crookhaven River.

The size of the “largest” oysters per core (as measured by the
95th percentile oyster lengths) was also best explained by
within-patch and whole-patch attributes, with different combi-
nations found across each estuary (Table 3; Fig. 4). Higher sur-
face elevation of reefs was associated with smaller oysters in
Crookhaven River and Hunter River (Fig. 4A). Circle and fractal
dimensionality indices of reefs were associated with large oys-
ters in Crookhaven River and Port Hacking; the former showing
positive correlation with size of large oysters and the latter
showing opposing relationships in both estuaries (Fig. 4E & 4F).

By contrast, median oyster lengths were associated with
whole-patch and patch-connectivity attributes at two of three
estuaries (Table 3; Fig. 5). None of the within-patch attributes
included explained median oyster lengths. Like 95th percentile
lengths, oyster median lengths were associated with decreased
fractal dimensionality of reefs and increased reef circle index
in Crookhaven River (Fig. 5E). At Port Hacking, median lengths
were best explained by isolation index, proximity index, and
reef area (Fig. 5D, 5G, & 5H) where they were negatively asso-
ciated with isolation index.

Discussion

The population characteristics (e.g. densities and body size) of
foundation species can mediate the functions they provide
(e.g. habitat provisioning, water filtration). Thus, understanding
the spatial processes that govern these may help inform the spa-
tial design of restored oyster reefs and enhance the ecosystem

services and functions they provide. Here, we determined how
the density and body size of the reef-forming Sydney rock
oyster, Saccostrea glomerata, varied at multiple spatial scales.
Our study revealed that the density and body size of
S. glomerata were related to reef attributes at within-patch,
whole-patch, and landscape scales. However, the greatest varia-
tion in both oyster density and size was observed at regional
scales, suggesting that processes operating at this scale set the
context for smaller scale habitat influences on oyster population
characteristics.

Our results support previous studies showing that oyster char-
acteristics can differ among estuaries (Powers et al. 2009; McAfee
et al. 2016; Kimbro et al. 2020). The larger oyster sizes and den-
sities observed in Crookhaven River and Port Hacking could be
linked to better water quality and greater wave action at these
sites, which can increase recruitment, food supply, and filtration
rates, driving greater survival and growth (Dove & Sammut 2007;
Diggles 2013; Theuerkauf et al. 2017; Vozzo et al. 2020). Hence,
the potentially poorer water quality at the Hunter River, as evi-
denced by the greater turbidity that occurs in the river, might
explain the lower densities and body sizes found at this estuary.
Differences in temperature among estuaries—such as may occur
with latitudinal gradients—do not explain patterns in density
and shell length as there is little difference in temperature among
estuaries and our warmest site is in the middle so oyster lengths
are not related to any latitudinal gradient in temperature that
may exist over the 250 km of coastline our estuaries span. Differ-
ences in biotic interactions could also explain patterns in body
size and density among estuaries. Indeed, oyster predation in
Australia is driven by fish (Anderson & Connell 1999). At the
same time as this study, Erickson (2019) studied fish assemblages
in Port Hacking and Crookhaven River. This study found greater
fish predation at Port Hacking than Crookhaven River, which is
one of the sites with high density and size of oysters. Moreover,
at Hunter River, we would expect predation to be low due to high
turbidity at this site as has been observed in other systems (Lunt &
Smee 2014; Reustle & Smee 2020). Hence, it is unlikely that dif-
ferences in rates of predation explain differences in oyster length
and density among estuaries. Studies explicitly assessing how
variation in water quality among estuaries influences oyster pop-
ulation characteristics at regional are needed to further explore
these relationships.

Our models showed that factors acting at scales within
estuaries also play an important role in determining oyster
density and body size. Within-patch characteristics explained
oyster abundances and length of the largest oysters at all estu-
aries, but the specific characteristics and trends varied
between estuaries. For example, at Port Hacking, while densi-
ties increased with elevation, as reported in previous studies
(Lenihan 1999; Schulte et al. 2009; Colden et al. 2017), the
opposite trends were observed in Crookhaven River and
Hunter River. Interestingly, these reefs were at higher eleva-
tion relative to sea level than Hunter River; hence, they might
be at the upper limit of their optimal tidal elevation and likely
affected by a reduced hydroperiod resulting in lower densities
and smaller sizes at their highest points (Bartol et al. 1999;
Bishop & Peterson 2006; Byers et al. 2015). Regardless, our
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results support the current understanding that tidal elevation
is an important environmental factor to consider when restor-
ing oyster reefs (Walles et al. 2016).

In terms of whole-patch attributes, our results showed that
patch shape explained variation in oyster size in two out of three
estuaries. Specifically, increases in circle index (i.e. narrower and
elongated patches) were linked to larger oysters in Crookhaven
River and Port Hacking. Meanwhile, fractal dimensionality
(i.e. the geometric complexity the edge of the patch) was posi-
tively associated with large oyster sizes at Port Hacking, but neg-
atively at Crookhaven River. These results, although variable
across estuaries, suggest that patch-shape influences oyster sizes
particularly at exposed sites. Reef shape at these sites might be
interacting with the local hydrodynamics, with elongate and
complex reef shapes providing better protection for oysters.
These results indicate that oyster restoration initiatives at exposed
sites might benefit from incorporating more elongate and com-
plex shapes, while this might not be necessary for protected sites.

Patch size and edge of foundation species have well described
effects on population characteristics (Godron & Forman 1981;
Kennedy & Bruno 2000; Hanke et al. 2017). Moreover, surface
rugosity can both influence and be influenced by the population
characteristics of foundation species, as it can control larval set-
tlement, recruitment, and postrecruitment growth by altering
water flow, food supply, and predation (Scharf et al. 2006;
Whitman & Reidenbach 2012; Colden et al. 2017). Somewhat
surprisingly, this study found little or no relationships between
population characteristics and these spatial attributes, highlight-
ing that the spatial attributes affecting densities and size are
highly variable between estuaries. Restoration projects should
therefore be informed by knowledge of the ecological processes
relevant to the areas targeted for restoration.

Patch-connectivity indices were related to oyster densities at
Crookhaven River and oyster sizes at Port Hacking, while no
effect on population characteristics was found at Hunter River.
At Port Hacking, isolated patches had smaller median length of
oysters, but tended to have the largest oysters. Meanwhile, at
Crookhaven River, oyster abundance was greater in more iso-
lated reefs. There is a range of factors that could be explaining
these patterns. For example, these differences could be driven
by the different predation pressures between isolated patches,
as observed by previous studies (Harwell et al. 2011; Duncan
et al. 2019). In fact, lower abundances of fish were observed in
more isolated patches at Crookhaven River (Erickson 2019).
Moreover, differences between patches in processes such as the
timing of recruitment and growth rates can also influence oyster
larval and thus reef connectivity (Theuerkauf et al. 2017). Future
studies are needed to disentangle these possible explanations.

Restoration strategies for oyster reefs and, by extension, the
functions they perform currently rely on build-it-and-they-will-
come approaches, typically putting out substrate to encourage
recruitment by increasing the availability of surfaces for settle-
ment. These efforts usually consider the material used
(e.g. oyster shells, rock, concrete; Westby et al. 2019), but they
seldom consider the spatial arrangement of this material
(McAfee et al. 2020; Reeves et al. 2020). Restoration programs
that leverage the relationships between reef configuration and

oyster characteristics may significantly enhance their outcomes.
Importantly, small-scale factors (size, shape, and connectivity)
related to the reefs themselves had important implications for
body size and density of oysters, so integrating these aspects into
reef construction—which could be easily done—should maxi-
mize the ecosystem benefits provided. Moreover, although these
reef attributes were common among estuaries, often their rela-
tionships with oyster density or body size were in opposite
directions. In fact, our models suggest that the reef attributes to
manipulate will be dependent on the region or environmental
setting, as this was the scale at which most variation in oyster
body size and density occurred. These results emphasize that a
“one-size-fits-all” approach to oyster reef restoration may not
be appropriate. Rather, restoration efforts need to be informed
by local ecological knowledge of the remnant foundation spe-
cies or pilot studies at the proposed restoration site. While this
adds a level of complexity to restoration efforts, our study sug-
gests that maximizing the benefits to oyster restoration needs
to consider processes acting across multiple spatial scales.
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Figure S1. Photo depicting how burst-shot photos for photogrammetry were taken by
a field assistant (Katie Erickson) for a sampled reef.

Figure S2. Top view of a three-dimensional mesh model of Crookhaven River Reef
4 captured from Agisoft Metashape PhotoScan photogrammetry software.

Figure S3. Multi-correlation plots of all patch-attributes tested in each estuary.
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Table S3. Formulae of patch-connectivity metrics.

Table S4. Output of GLMM and LMM s of oyster population characteristics as func-
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Table S5. Pair-wise post hoc least square means tests with Tukey correction across
estuaries with Bonferroni corrected p-values.
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linearity among oyster population characteristics.
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