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ABSTRACT

Restoration of eastern oyster (Crassostrea virginica) reefs in the Chesapeake Bay and its tributaries
is important, as oyster reefs provide habitat for temperate estuarine communities and shoreline pro-
tection. Oysters that settle in crevices, such as those found on natural shell substrates, suffer low
mortality, but natural shell is becoming a limited resource in the Chesapeake Bay. Finding an
alternative settlement substrate that is complex like natural shell and mimics the benefits of shell
substrates with less expense could be the best way to encourage oyster recruitment and survival.
The two main goals of this experiment were to (1) understand which artificial substrate type (gran-
ite stone, oyster castle, diamond, c-dome, and x-reef) promotes the highest oyster recruitment and
survival compared to natural shell and (2) determine the effects of reef presence on macrofaunal
community structure and productivity. It was hypothesized that a new settlement substrate, oyster
diamonds, given the sloping surfaces with large surface area, will be best for oyster recruitment.
Additionally, it was hypothesized that oyster reef presence will substantially enhance macrofaunal
community abundance and increase macrofaunal productivity compared to unstructured sediment.
To address these goals, infaunal macrofauna and sediment samples were taken at three experimen-
tal sites and two control sites along the York River in June 2021. Then, two replicates of each
of six reef types were deployed in a randomized block design at each of three experimental sites.
The reef types included loose oyster shell, granite, oyster castles, oyster diamonds, c-domes, and
x-reefs. The fall after deployment, the structures were sampled for oyster density and shell height.
One year after deployment, the structures were physically sampled, removing oysters to determine
oyster density and biomass, and the macrofaunal community associated with the reefs. Control
sites were sampled for benthic infauna and sediment analyses. Oyster densities and biomass were
extremely high and were highest on the loose shell reef (9,852 oysters/m2 and 743 g AFDW/m2

based on model estimates), and the x-reefs had the second-highest recruitment and biomass (3,816
oysters/m2 and 531 g AFDW/m2 based on model estimates). Prior to deployment of reefs, con-
trol and impact sites had similar density, biomass, and diversity of macrofauna, but one year after
reef deployment, the reef impact sites had higher densities, richness, diversity, biomass, and sec-
ondary productivity of macrofaunal organisms than the control sites with the impact sites having
145 times greater secondary productivity than the controls. The diversity among reef types did
not vary but the granite reefs had the highest secondary productivity overall. All reef structures
showed successful oyster and macrofaunal community recruitment based on Chesapeake Bay Fish-
eries Goal Implementation Team metrics and densities were among the highest for alternative sub-
strates. Based on the results of this study, researchers and managers could choose from a variety of
successful alternative reef types. Based on restoration goals, the use of different reef types could
lead to differences in the achievement of goals.

xii



Impact of Substrate Type on Eastern Oyster (Crassostrea virginica) Recruitment and Benthic
Community Structure and Productivity in the York River



All parts of this project were conducted on the homelands and in the home waters of the

Cheroenhaka (Nottoway), Chickahominy, Eastern Chickahominy, Mattaponi, Monacan,

Nansemond, Nottoway, Pamunkey, Patawomeck, Upper Mattaponi, and Rappahannock tribes.

These indigenous communities are the current and traditional caretakers of these lands and

waters. I hope this project honors them and the work they have already placed into preserving the

natural ecosystems of this area.

For all that you have done and all that you continue to do, Meegwetch.

1 Introduction

Oyster reefs provide numerous ecosystem services, or “benefits to humans” (Coen et al., 2007).

These services range from habitat for benthic organisms (Coen et al., 2007; Grabowski and Pe-

terson, 2007) to erosion protection for shorelines (Peterson et al., 2003; Grabowski and Peterson,

2007; Rodriguez et al., 2014; Ridge et al., 2015, 2017). They also provide shelter and nursery habi-

tat to enrich the macrofaunal community around them (Luckenbach et al., 2005; Beck et al., 2011;

Coen and Humphries, 2017). Oysters that make up reefs also facilitate water filtration and benthic-

pelagic coupling (Kellogg et al., 2016). Because oysters act as ecosystems engineers (Ruesink

et al., 2005), reef presence can enhance populations of ecologically and economically important

species such as the blue crab (Scyphers et al., 2011).

Oyster presence in the Chesapeake Bay and its surrounding waters have declined dramatically

over the last century (Newell, 1988; Héral et al., 1990; Rothschild et al., 1994; Schulte, 2017).

Since the peak of the oyster fishery in the late 1800s, overfishing and habitat destruction caused

by mechanized fishing (Heinle et al., 1980; Rothschild et al., 1994), decreased water quality (Coen

and Luckenbach, 2000; Wilberg et al., 2011), and disease (Mackin et al., 1950; Wood and Andrews,

1962) have led to drastic decreases in oyster populations. As oysters play an important ecological

role and provide many ecosystem services, oyster reef restoration has become a major focus around

the Chesapeake Bay and in other coastal areas of the eastern United States (Beck et al., 2011;
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Baggett et al., 2015; La Peyre et al., 2017).

Oysters are reef-building organisms, and oyster larvae may settle with high densities on the

shells of other oysters (Soniat et al., 1991; Soniat and Burton, 2005). Hard substrate is necessary

for oyster settlement (Bahr and Lanier, 1981). Previous studies that utilized shell bags and loose

shell have yielded promising results with high settlement rates and high macrofaunal community

richness and diversity (Wall et al., 2005; Taylor and Bushek, 2008; Brumbaugh and Coen, 2009;

Colden et al., 2017). Similarly, species richness is significantly correlated with the volume of in-

terstitial space and trapped sediment in complex reef structures (Callaway, 2018). Additionally,

macrofaunal density and biomass are positively related to live oyster volume (Karp et al., 2018).

In particular, high-relief, complex, restored reefs provide habitat for nekton and benthic organisms

and promote oyster recruitment (Nestlerode, 2004; Schulte et al., 2009; Stunz et al., 2010; Colden

et al., 2017; Blomberg et al., 2018). Although oyster shell is a successful recruitment substrate,

finding oyster shells for restoration is difficult and expensive (George et al., 2015; Graham et al.,

2017; Mann and Powell, 2007; Goelz et al., 2020). Therefore, new methods of utilizing artificial

substrates to create oyster reefs and encourage oyster settlement and growth have been developed.

Additionally, as artificial reefs are functionally similar to natural oyster reefs for nekton utiliza-

tion and community building (Harwell et al., 2011; George et al., 2015; Rutledge et al., 2018;

Jud and Layman, 2020), they can promote development of rich and diverse benthic macrofaunal

communities (Grabowski et al., 2005; Rodney and Paynter, 2006).

Because oysters prefer to settle in crevices, such as those found on natural shell substrates, to

reduce predation from crabs (Michener and Kenny, 1991; Grabowski, 2004; Brumbaugh and Coen,

2009), finding a substrate that is just as complex with abundant interstitial space that can mimic

the benefits of shell substrates is a viable way to encourage oyster recruitment and survival. Some

studies have concluded the composition of the reef material is not as important as the amount of

interstitial space and trapped sediment (Nestlerode et al., 2007; Callaway, 2018).

Oyster reefs also improve the surrounding environment through erosion protection. As a reef

develops, its hard substrate can act as a barrier to mitigate coastal erosion (Scyphers et al., 2011).
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Breakwater oyster reefs prevent erosion, encourage marsh expansion, and trap suspended sediment

(Scyphers et al., 2011; Chowdhury et al., 2019). With proper site selection, both small, patchy,

artificial intertidal reefs, and large artificial reefs can reduce marsh erosion (Stricklin et al., 2010;

La Peyre et al., 2015; Wiberg et al., 2019).

Over the last 20 years, several studies have investigated which substrates are optimal alterna-

tives to oyster shells (Goelz et al., 2020). Concrete, limestone, river rock (also known as riprap or

granite), and porcelain have been explored as options for alternative substrates in oyster restoration

(George et al., 2015; Graham et al., 2017; Goelz et al., 2020). Non-CaCO3-based substrates, such

as concrete or riprap, may resist bioeroders such as the boring sponge and promote reef health and

growth (Dunn et al., 2014). Riprap mimics natural hard-bottom habitats, leading to high benthic

production and vertical distribution that is similar to natural rocky intertidal habitats (Seitz et al.,

2019; Sedano et al., 2020).

Artificial reef structure and composition can both influence the effectiveness of the structure.

Concrete mixed with oyster shell is a cost-effective and biologically effective to encourage oyster

spat settlement (Bersoza Hernández et al., 2018). Additionally, concrete can be molded to create

high-rugosity environments that are vertically complex and lead to oyster densities as high as

14,000 oysters/m2 in some high-rugosity shell treatments (Soniat and Burton, 2005; Margiotta

et al., 2016; Goelz et al., 2020). Structure height is important, as low-relief reefs have increased

sedimentation, and oysters with 90% of their shells covered in sediment have high rates of mortality

(Colden and Lipcius, 2015; Colden et al., 2017).

Many experiments have used concrete as a primary alternative substrate to reach high oyster

densities. In an experiment that used a modular concrete reef over five years in the Rappahannock

River, oyster recruitment densities were 1085 oysters per m2 river bottom, which were some of the

highest ever recorded in the area for artificial reefs (Lipcius and Burke, 2018). In an experiment

conducted in the Patuxent River and on the Eastern Shore of Maryland using recycled concrete

aggregates, there was no significant difference between recruitment and epifaunal activity on oyster

shell and concrete (Fan et al., 2020). At an intertidal site in the York River, oyster castles (a concrete
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and shell mixed structure with ample surface area, interstitial space, and rugosity) were tested for

their recruitment potential. It was determined that castles recruited, retained, and hosted oysters

at ∼ 440 individuals/m2, which was four times higher than that of unconsolidated and embedded

shell, and additionally, they are cost-effective (Theuerkauf et al., 2015).

The shape of the reef is also an important factor in whether the reef maximizes surface area,

vertical space, rugosity, and interstitial space to promote oyster growth (Nestlerode et al., 2007;

Margiotta et al., 2016). As hydrodynamics play an important part in larval distribution and set-

tlement (Koehl and Hadfield, 2010), reef surface angles influence larval settlement (Butler, 1954;

Breitburg et al., 1995). The preferred angle for larval settlement and growth is 45-degrees (Butler,

1954).

The impact of artificial reef structures on the benthic macrofaunal community is important. One

method used to measure the impact of a constructed hard substrate on community recruitment,

especially when there is no ability to replicate restoration at multiple sites, is the Before-After,

Control-Impact (BACI) method (Underwood, 1992; Davenport et al., 2018). This can be used to

disentangle differences owing to time versus treatment. This method works by comparing control

sites with impact (restoration) sites over time (before and after construction) to test the pattern of

change at both types of sites (BACI). For community recruitment experiments, where conditions

are variable at different sites, this method works well. The drawbacks to this method can include

the inability to account for natural spatial and temporal variability; however, these can be accounted

for by increasing the number of replicate impact sites and having multiple control sites (Underwood

and Chapman, 2003).

If artificial substrates are placed on productive soft-sediment habitats, but they experience low

recruitment, they can smoother existing macrofaunal communities and lead to low secondary pro-

ductivity (Hueckel et al., 1989; Shipp, 1999; D’Itri, 2018). However, with high recruitment rates,

artificial reefs can support higher secondary production than unstructured sedimentary habitats

(Steimle et al., 2002; Peterson et al., 2003). High secondary production rates or accumulation of

mass in an animal over a period of time (Benke and Huryn, 2006) can be linked to macrofaunal
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communities with filter feeders, such as oysters (Dame, 1999). There are two main ways to in-

directly measure secondary production in a community – annually or daily. One annual method

involves using secondary production-to-biomass (P/B) ratios (Diaz and Schaffner, 1990), which

take the biomass of a sample from a community and use established P/B ratios to find the annual

secondary production of a system. One daily method is the Edgar method (Edgar, 1990), which

calculates daily rates by using the equation using an empirical model (P = 0.0049B x 0.80T x 0.89),

where B is biomass (ash-free dry weight) and T is temperature at the site.

In addition to the biological effects of artificial oyster reefs, reef structures can impact the

physical and chemical benthic environment adjacent them as they recruit oysters over time. Phys-

ical parameters, such as grain size and nutrient composition in the water column and the benthos,

are influenced by reef presence (Kellogg et al., 2013, 2014). For grain size, even small oyster

reefs promote the collection of finer sediment in the area immediately adjacent to them (Molesky,

2003; Colden et al., 2016). Oyster reefs also promote denitrification at the sediment-water inter-

face (Kellogg et al., 2013; Humphries et al., 2016). Oysters are efficient filter feeders that capture

inorganic and organic suspended material from the water around them and deposit this material in

the surrounding sediment through feces and pseudofeces (Hoellein et al., 2015). Biodeposits from

macrofauna that are attracted to reef structures can also increase the amount of carbon and nitrogen

in the sediments surrounding reefs (Haven and Morales-Alamo, 1966; Newell et al., 2005).

In the present study, the parameters of reef type and site were examined and related to oyster

density and growth and macrofaunal community density, secondary production, and composition.

The goal is to use six different substrate types that combine a variety of factors that promote

oyster recruitment to determine the optimal oyster reef structure to promote oyster recruitment,

macrofaunal community recruitment, and secondary production in the York River. The Before-

After, Control-Impact (BACI) method (Underwood, 1992; Davenport et al., 2018) will also be

used to quantify changes in macrofaunal communities and secondary production before and after

reef deployment at control and impact (experimental) sites.
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2 Logical Framework and Hypothesis

There are two main parts of this study: Part I is to examine the hypothesis that reef type and

site have an impact on oyster recruitment. Part II is to examine the hypothesis that macrofaunal

community structure and secondary production are impacted by artificial reef presence.

The main objective for Part I is to compare the three metrics of oyster (1) density, (2) biomass

and (3) shell height on six different artificial substrates: (1) oyster shell, (2) granite, (3) oyster

castles, (4) oyster diamonds, (5) c-domes, and (6) x-reefs (described further in methods below).

For this objective, hypotheses were generated with varying combinations of reef type and site for all

three response variables. The two fixed factors (reef and site) that were tested against the response

variables for these models were used because the main goal of this study was to understand the

impact of reef type while better understanding the role that reef location played in differences. In

a study with a larger sample size, the interaction effect would have also been tested between these

two variables, but the sample size in this study did not allow for this. Following an Information

Theoretic approach, (Chamberlin, 1890; Anderson, 2008), each hypothesis is represented by a

statistical model and each model represents an alternative hypothesis (Chamberlin, 1890). For

example, when looking at four models with oyster density as the response variable, model md4

includes both reef type and site as possible independent variables. Similar models were also created

to test oyster density by surface area (ms), oyster biomass (ash-free dry weight) by m2 of river

bottom (mb), and oyster biomass (dry weight) by m2 of river bottom (mdw).

The main objective for Part II is to compare the control sites with the impact sites both before

and one year after reef deployment to determine whether reef presence affects secondary produc-

tivity. For this objective, the interaction between reef presence and time was tested. A significant

interaction between time and reef presence would show that reef presence changes an environment

with time. In addition to the BACI analyses, univariate models for macrofauna will also be fit

similar to the manner used in Part I for the following response variables: (1) density, (2) richness,

(3) evenness, (4) diversity, (5) biomass, and (6) secondary productivity. Part II also included mul-
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tivariate analyses using non-metric multidimensional scaling plots and PERMANOVA to examine

how reef presence influences community structure.

The structures used in this study combine a variety of factors that can promote oyster settlement

and recruitment. High settlement occurs on vertical substrates with large, continuous surfaces

(Soniat et al., 2004). Additionally, 45-degree angles can encourage initial larval settlement (Butler,

1954). Finally, oyster shell can release chemicals which promote juvenile settlement (Crisp, 1967).

Based on these past studies, it was hypothesized that the impact sites would have greater oyster

recruitment and macrofaunal secondary productivity than the control sites. It was also postulated

that the reefs that had large amounts of flat, angled space and oyster shell would have higher oyster

recruitment and greater secondary productivity than the other reef structures. Specifically, the

diamond was predicted to have high recruitment based on these characteristics.

3 Methods

3.1 Experimental Design

Site Selection

To determine the impact of substrate type on oyster recruitment and the macrofaunal commu-

nity, field experiments were conducted at five shallow subtidal sites in the polyhaline region of the

York River (Figure 1). These five study sites were selected because of ease of access and similar

sediment type. The three experimental sites (two at VIMS Beach and one at Andrews Beach) were

in shallow water (∼ 0.45 m - 0.75 m below MLW) and were located just offshore at Gloucester

Point, adjacent to the Virginia Institute of Marine Science (VIMS). The two control sites were

located in shallow water (∼ 0.45 m - 0.75 m below MLW) in the mainstem of the York River. The

first control site (Indian Field) is 4.7 km from VIMS, on the south shore near Indian Field Creek.

The second control site (Cedar Bush) is 6.2 km from VIMS, on the north shore of the York River

near Cedar Bush Creek.
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The sites in shallow areas of the lower York River have high wave energy and sediments largely

composed of sand and shell (Gillett and Schaffner, 2009). In the lower York, the water column is

much more stratified than in the upper areas of the river, as it is deeper and has weaker currents

(Friedrichs, 2009); however, strong winds and mixing in shallower areas of the York cause the

nearshore areas of the lower York to be well-mixed and oxygenated (Gillett and Schaffner, 2009).

The tides in this area are semidiurnal with a mean tidal range of 0.8 m (Reay, 2009). Salinity

varies seasonally with the lowest in the winter between 10.3 and 23.1 and the highest in the fall

between 13.2 and 25.2 (Reay, 2009). Absolute temperature also varies seasonally. In the winter,

temperatures range between 4.5-12.1°C and in the summer, they fall between 25.2-28.5°C (Reay,

2009). The York River has high sediment and nutrient input from tidal erosion and agricultural

non-point sources (Reay, 2009).

At all three experimental sites, the twelve reef structures (two of each type) were placed in the

shallow subtidal zone in two 25-m-long transects. Each reef was placed 5 m apart from the next.

The placement of substrate types were along the transects in a randomized block design using a

random number generator in R. At each of the VIMS Beach sites (Impact 1 and 2), there were 2

transects. The transects at Impact 1 were inside of coves and protected from wave energy by large,

granite breakwaters (Figure 1). The two transects at Impact 2 were outside of the coves in that area

was exposed to wave action. At Andrews Beach (Impact 3), the transects were 5 m apart from one

another in two rows parallel to the shore (Figure 1).

Reef Materials

The six substrate treatments for this experiment consisted of oyster shell, granite stones, oyster

castles, oyster diamonds, x-reefs, and c-domes (Table 1). For the oyster shell treatment, loose

oyster shells were placed in a 0.3 m long x 0.3 m wide x 0.3 m high basket composed of plastic

covering metal wire with a mesh size of ∼ 1 cm, and were filled to the top of the basket (Figure

2a). Similarly, for the granite stone treatment, granite (Gabion) stone with a median diameter range

of 4-10 cm were placed in a 0.3 m long x 0.3 m wide x 0.15 m high basket composed of plastic
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Figure 1: Map of control (Indian Field and Cedar Bush) and impact sites on Gloucester Point. Sites
Impact 1 and 2 were both located at VIMS Beach and Impact 3 was located at Andrews.
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covering metal wire and then stacked to reach 0.3 m tall (Figure 2b). Oyster castles (Figure 2c)

are concrete structures mixed with crushed shell that have a large amount of internal and external

surface area that can be connected through interlocking the modules (Theuerkauf et al., 2015).

These structures are created and supplied by Allied Concrete. The castles were stacked with four

modules on the bottom and one on top to create vertical space for settlement. Oyster diamonds

(Figure 2d) are concrete pyramid-shaped structures that stand 0.3 m tall. Their sides are sloped

at a 45-degree angle, they have surfaces that are embedded with oyster shells, and they have no

internal space. C-domes (Figure 2e) are 0.3 m tall, circular, dome-shaped concrete structures that

have embedded oyster shells in their surface and that are hollow from the inside with large holes

that allow for internal access. X-reefs (Figure 2f) are table-like, with a cross-shape top connected

to four legs, and they are 0.45 m tall. They have oyster shells embedded in their surface and internal

space on the underside of the structure. Each structures was designed with different mechanisms

to encourage oyster recruitment (Table 2).

Table 1: Dimensions of the reef types used for this study. Bottom area references to the true
footprint of the structures without accounting for the sediment around the structure. Note that
surface area for the shell structure and the granite basket were not calculated because each of the
structures had shells and boulders of varying shapes and sizing, leading to inaccurate estimates of
surface area. Qualitatively, the shell had the highest surface area and the granite had the second
highest.

Reef Type Reef
Height (m)

Reef
Width (m)

Reef
Length (m)

Bottom
area (m2)

Surface
Area (m2)

Oyster Shell 0.30 0.30 0.30 0.09 NA
Granite 0.30 0.30 0.30 0.09 NA
Oyster Castle 0.61 0.61 0.61 0.37 1.78
Oyster Diamond 0.30 0.61 0.91 0.28 0.46
C-Dome 0.46 0.48 0.48 0.18 1.38
X-Reef 0.36 0.74 0.74 0.24 1.47
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Figure 2: Reef types used for this study: (a) loose oyster shell in a mesh basket made of plastic
covering metal wire, (b) loose granite in a mesh basket made of plastic covering metal wire, (c)
concrete and crushed shell oyster castles stacked one on top and four on the bottom, (d) oyster
diamond composed of concrete embedded with oyster shell, (e) c-dome composed of concrete
embedded with oyster shell, (f) top view of an x-reef, a table-like structure composed of concrete
embedded with oyster shell.

Table 2: A comparison of the features of each reef type. Internal space = large pockets of space
inside of the structure that offer room for recruitment. Interstitial space = space between specific
discrete particles of matter. 45-degree angle = availability of substrate that sits at a 45-degree angle.
Oyster shell = availability of natural oyster shell on the structure.

Reef Surface Height Internal Interstitial 45-degree Oyster
Area Space Space Angle Shell

Shell High Low Medium High Medium High
Granite High Low Medium Medium Low Low
Castles Medium Medium Medium Low Low Low
Diamond Low Low Low Low High Medium
C-Dome Medium High High Low Low Medium
X-Reef Medium High High Low Low Medium
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3.2 Measured Variables and Analyses

Physical Parameters

A YSI Pro-Plus Multiparameter instrument was used to measure temperature (°C), salinity, and

dissolved oxygen (DO) (mg/L) at each site during the pre-sampling in summer 2021, fall sampling

in 2021, and post-sampling in summer sampling in 2022. In summer 2021 and 2022, two sediment

cores were also collected with a 2.26-cm2 syringe to a depth of 5 cm. These were taken at one ran-

domly selected location near the benthic sampling at each of the control and impact sites in both

2021 and 2022. One core was collected for organic carbon, hydrogen, and nitrogen (CHN). These

samples were sent to the VIMS Nutrient Analysis lab for exact measurements of total organic ni-

trogen (TON) and total organic carbon (TOC) using an Exeter Analytical CE-440 Carbon/Nitrogen

(CHN) Analyzer. The second core was used for grain-size analysis using a standard wet sieving

and pipetting technique (Plumb, 1981). For 2022, two sediment cores (one for grain-size analysis

and one for TOC and TON) were taken directly adjacent to each of the 36 reef structures at the

experimental sites.

Dissolution rates were measured in fall of 2021 at three locations along each transect at each

site (between structures) as a proxy for flow rates. A chalk block was weighed and tied to a PVC

pole and 3 poles were placed 10 meters apart at each site 0.5 meter offshore of each transect.

After 24 h, the blocks were retrieved, dried in for 24 h at 70°C before being weighed again. The

grams lost were divided by the initial weight and multiplied by 100 to obtain the dissolution rate

per block. These were then averaged by site to obtain the mean dissolution rate by site, which

approximated relative amount of water flow at each site.

Part I - Oyster substrate comparison

The reefs were deployed in the shallow subtidal in June 2021 to allow for oyster settlement

through the summer and early fall. Oyster recruitment was measured in the fall after summer

settlement (October 2021) and one-year post-deployment (June 2022), in the following summer
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after grow-out but before the next settlement period. In the fall 2021 sampling, the goal was to

obtain oyster counts and shell height. Each reef was brought to shore and subsamples were taken

to the nearest millimeter. Depending on the dimensions and shape of the reefs, either the entire

structure was subsampled or random stratified sampling was used. The total number of subsamples

varied from 6 to 14 (Table 3).

Table 3: Number of strata and subsamples taken per stratum per reef type for the fall 2021 sam-
pling.

Reef Type No. of
Strata

Strata Description Subsamples
per Stratum

Total
subsam-
ples

Oyster Shell 1 Basket 6 6
Granite 1 Basket 6 6
Oyster Castle 1 Entire Structure 10 10
Oyster Diamond 2 Left 3 6

Right 3
C-Dome 2 Inside 4 8

Outside 4
X-Reef 3 Top 4 14

Bottom/Inside Legs 4
Outside Legs 6

As each structure varied in shape, size, and internal space, the following methods were used

per structure:

1. Shell and granite baskets: a grid of 36 cells was laid over the top of the structure. Each cell

was 3.68 cm x 3.68 cm. 6 cells were randomly chosen to subsample the structure. Then, any

oyster that fell within those cells throughout the entire vertical column of the structure was

measured and counted. The mean count of those subsamples was multiplied by 36 to obtain

mean density per structure.

2. Oyster castles: a grid of 143 cells was laid over the top of the structure (i.e., a single grid

cell could include either the inside or the outside of a single vertical wall of the castle). Each
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cell was 3.68 cm x 3.68 cm. From each castle, 2 cells were randomly chosen for a total

of 10 subsamples. To account for both the internal and external walls of the castles, when

randomly chosen cells fell on bare sand in the center of the structure, the closest internal wall

was chosen and the nearest vertical 3.68 cm strip of that wall was measured and counted for

oysters. Similarly, if the randomly chosen cell fell on the top, flat portion of the structure,

the closest vertical 3.68 strip of outer wall was measured and counted for oysters. The mean

of these 10 subsamples was then multiplied by 143 to account to obtain mean density per

structure. The reason the castles were not split into strata before subsampling was because

the method describes here accounts for both the internal and external walls of the castle.

3. Diamonds, C-domes, and X-reefs: The structures were split into different strata based on

characteristics (Table 3). Total number of 3.68 x 3.68 grid cells per strata was calculated for

the structure. Each stratum was subsampled either 3, 4, or 6 times based on the size of the

structure. The mean of the subsamples were then multiplied by the total number of cells in

the strata to get a mean density per stratum. The mean densities by stratum were then added

together to get mean density per structure.

Once mean density per structure was obtained, bottom footprint of each structure was calcu-

lated. Bottom footprint is defined as the projected area directly under the reef inclusive of any

internal voids. For the oyster castles, this included the edge of the structures and any sediment

underneath and internal to the castles. For the c-domes, this included the edge of the dome and any

sediment underneath and inside of the domes. For the x-reef, this did not include the area between

the legs, but did include the area directly underneath the flat, top portion of the reef and the legs.

The mean density per structure and the bottom footprint were the necessary numbers to run a

generalized linear model with an offset. An offset is a variable used in count models to help account

for known differences among observational units. This can help account for the size differences

of the reef structures. For all non-count models, mean density per structure was divided by the

footprint to standardize by 1 m2 of bottom area.

In summer 2022, the goal was to obtain oyster counts, biomass, and shell height and sample the
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macrofauna on the reef. In the summer, each reef was removed from the water and immediately

placed in a floating tray. A quarter of each reef structure was physically sampled to obtain mean

density (individuals/m2) of both oysters and macrofauna and recruit shell height for the oysters.

Each subsample was determined by placing a quadrat divided into quarters on the structure, and a

random numbers generator selected which cell to sample. All organisms within the cell including

oysters and all macrofauna, were scraped off, bagged, and stored on ice. In the laboratory, oysters

were rinsed in freshwater to remove macrofaunal organisms and counted. The height of each oyster

was measured to the nearest millimeter.

To obtain biomass, the oysters were subsampled by ordering each of the oysters from 36 reefs

by size and taking 30 oysters spread across varying size classes per reef. These subsampled oysters

were then shucked and dried for 48 h at 70°C to obtain dry weight. Then, the oyster flesh was com-

busted in a muffle furnace for 4 h at 550°C to obtain weight of ash (e.g. ingested sediment), which

was subtracted from dry weight to obtain grams of ash-free dry weight (AFDW). The subsampled

oyster biomass from each sample was then used to calculate biomass for the remaining oysters on

the specific structures they were sampled from with the following power regression (Luckenbach

and Ross, 2003), where shell height is the measurement from umbo to the farthest point of the

shell: ln(afdw) = β0 + β1ln(height). This value was then was multiplied by four to determine the

total oyster biomass per structure then divided by the area of footprint of the structure to deter-

mine oyster biomass per m2. Then, secondary productivity (g C/m2/yr) for the standardized oyster

biomass was found using a P/B ratio of 2.9 (Diaz and Schaffner, 1990).

After the data were collected, models were fit in R (version 4.1.3) for (1) fall 2021 oyster

densities, (2) summer 2022 oyster densities, and (3) summer 2022 oyster biomass both by ash-free

dry weight and by dry weight alone. Based on the distribution of the data, a negative binomial

generalized linear model was fit for the fall 2021 and summer 2022 density data. To standardize

density to 1 m2 of river bottom, the models were run on the non-standardized raw oyster counts and

offset with the footprint (bottom area) of each reef (Table 1). For the both the ash-free dry weight

and the dry weight for oyster biomass, a linear model was used based on the distribution and the
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response variable was standardized to 1 m2 of river bottom before running the models. The reason

for this discrepancy is because an offset is more accurately used for count data in generalized linear

models (glm) than linear models (lm) such as the one used for the distribution of biomass. For all

response variables, the model with the best fit (lowest AICc) was further examined to determine the

impact of the parameters on the response variables. The estimated marginal means (least-squares

means) were found using the ”emmeans” package in R. These means were of the response variable

per levels of the tested independent variables for the model with the best fit (Lenth, 2022). For all

response variables, pairwise comparisons were run on the model-estimated means to understand

the differences between the variables for the levels of each factor.

For the concrete-mix structures only, oyster densities from summer 2022 were also examined

by surface area of the individual structure. Surface area models did not include the oyster shell

and granite reef structures because of difficulty in obtaining accurate surface area measurements,

given their inconsistent and irregular shapes (multiple shells or stones of different sizes). For

surface area, a similar approach to standardization by m2 was taken; however, oyster densities

were standardized based on 1 m2 of surface area for each of the concrete-mix structures instead of

by footprint (Table 1).

Part II - Macrofaunal production before and after reef deployment

To perform the “before” part of the BACI method, we conducted pre-sampling in May and June

of 2021 at all five sites (both control and impact prior to reef deployment). At eight sampling points

per site, a benthic suction sampler was used to collect larger, deep-dwelling, infaunal organisms

from the shallow subtidal (Eggleston et al., 1992). For the suction sampling, a 0.11-m2 core was

inserted to a depth of 40 cm, and the contents were collected, sieved through a 3-mm mesh bag,

and frozen. This sampling method targets large bivalves, such as Macoma balthica, and larger

polychaetes, such as Glycera dibranchiata and Alitta succinea.

The macrofaunal samples were rinsed in cool water before being sorted twice in the lab with-

out a microscope to pull out any organisms that were alive at the time of sampling including
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crustaceans, amphipods, isopods, sponges, polychaetes, phoronids, bivalves, crabs, fish, tunicates,

anemones, and algae (though not “macrofauna”, algae provides important macrofaunal habitat and

is important to the community). Barnacles were not included. The collected infauna was then

stored in 70% ethanol until the organisms were identified and enumerated. Organisms were iden-

tified to the lowest practical taxon (except some polychaetes, such as Capitellidae and Spionidae,

and amphipods from the Caprellidae, Gammaridae, and Corophium taxanomic groups, which were

sorted to family). Bivalves were measured to obtain shell height (mm). All samples were placed

separated into lowest taxanomic group and dried for 48 h at 70°C to obtain dry weight to the near-

est 0.0001 g. Then, the organisms were combusted in a muffle furnace for 4 h at 550°C to obtain

the weight of ash, which was also weighed to the nearest 0.0001 g and subtracted from dry weight

to obtain grams of AFDW. These weights were then converted to productivity using P/B ratios

((Diaz and Schaffner, 1990); crustaceans: 5.7; polychaetes: 4.9; nemerteans: 4.3; bivalves: 2.9) to

obtain secondary production for each sampling point. Phoronids, sponges, and anemones made up

a very small part of the macrofauna and were not included in secondary productivity measures.

One year after reef deployment, the same methodology was used to take suction samples at

the control sites. At the experimental sites, the quarter of each reef that was randomly physically

sampled for oysters was also used to collect macrofauna. To ensure accurate measurements of

the macrofaunal community, the oysters from Part I were also scraped and cleaned of macrofauna

to account for the organisms that lived on, between, and inside of individual oysters including

crustaceans, amphipods, isopods, sponges, polychaetes, phoronids, bivalves, crabs, fish, tunicates,

anemones, and algae. During the sampling, if any mobile fauna fell into the floating collection

tray, they were individually collected and counted as 1/4 an organism for density and their biomass

was also divided by four. The macrofauna in the sample were then counted, identified, measured,

dried, and weighed using the same methodology as listed above.

For this part of the experiment, community density is defined as the number of macrofaunal

organisms within 1 m2 of river bottom (counting only organisms with heads). Richness is defined

as the number of species. Evenness is defined as the relative abundance of organisms by species.
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Diversity is estimated using the Shannon diversity index:

H ′ = −Σ(π ∗ log(π)) (1)

The higher the number, the more diverse the community. Macrofaunal community biomass is de-

fined as macrofaunal grams of AFDW/m2 of river bottom (excluding oyster biomass and including

pieces of organisms without heads). Macrofaunal secondary productivity is defined as grams of

carbon produced by the total number of organisms residing in 1 m2 of the benthos per year.

Before-After, Control-Impact (BACI) analyses consisted of fitting an ANOVA, linear regres-

sion, or a generalized linear model based on the distribution of the response, including the in-

teraction between time and site (control or impact) as the fixed response variable in R (ver-

sion 4.1.3). Response variables consisted of macrofaunal density, richness, evenness, diversity,

biomass, macrofaunal secondary productivity, and combined macrofaunal and oyster secondary

productivity. Significant BACI interactions indicate a significant effect of the treatment over time.

To test the differences among treatments (reef types and impact sites) using the community

data and univariate analyses in 2022, several models were fit in R (version 4.1.3) with reef and

site as the fixed variables (Table 4). Both of these variables were analyzed for their effect on

density, richness, evenness, Shannon diversity, and biomass. For secondary productivity, only the

reef variable was further explored as the model that included site was not the best fit (Table 4).

The models with the lowest AICc and highest weighted probability were tested against the second

best model using an ANOVA to determine if there was a significant difference. For most response

variables, either the u3, including only site as a variable, or the u4 model, including both reef type

and site, had the best fit. Because the goal of this project was to determine the impact of alternative

reef structures, all further analyses were run on the u4 models to take into account reef type.

For the density models, a generalized linear negative binomial model was used for the response

variable of abundance. These models had an offset of reef footprint (bottom area; Table 1) to stan-

dardize densities by 1 m2 of river bottom. For linear models, the appropriate transformations (i.e.,
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Table 4: Models and parameters for linear models and generalized linear bionomial models com-
pared with AICc for univariates across reef types and impact sites for 2022. β represents inclusion
of the parameter in the model. k = the number of parameters for the model. β0 represents the inter-
cept of the model which is the mean of the shell reef and the Andrews site. Note that community
density are negative binomial models that are offset by the footprint of each reef type (Table 1). R
= reef; S = site.

Model k Intercept R S
u1 (null) 2 β0
u2 7 β0 β1−5
u3 4 β0 β6−7
u4 9 β0 β1−5 β6−7

square-root or log) were applied to normalize the distribution of data. For biomass and secondary

productivity, the response variable was standardized by 1 m2 of river bottom before running the

models. As with part I, emmeans and pairwise comparisons were run to determine differences

between the means of the models with the best fit.

To look at differences in community assemblages, multivariate analyses were run in Primer-E v

7. Non-metric multi-dimensional scaling (nMDS) was used on square-root transformed data to vi-

sually represent community structure for abundance and biomass. The distance between individual

points on the nMDS indicated the scale of differences between assemblages and a Pearson corre-

lation > 0.75 was used to obtain a general overview of the major drivers of community differences

amongst reef types. To test differences in macrofaunal assemblages by reef and site variables, a

Type III distance-based permutational multivariate analysis of variance (PERMANOVA) was run

for both density and biomass (McArdle and Anderson, 2001; Anderson, 2001). Note that for multi-

variate analyses, mobile fauna including fish and crabs were included in the analyses. Macroalgae

was also included in the multivariate biomass analysis because it provides habitat for organisms in-

cluding amphiphods (Fredette and Diaz, 1986; McCain, 1968) and can inform differences between

community assemblage between the structures.
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4 Results

4.1 Part I - Oyster substrate comparison

Analysis of Impact Sites

The three impact sites were examined to determine whether environmental conditions had an

impact on the measured response variables. Because sediment is one indicator of biological and

physical differences among sites, a linear regression was fit for a response variable that combined

the combined percent of very-fine sand to gravel with phi < 4 (Wentworth, 1922). This variable

was titled ”hard”. The means by site ranged from 96.80 - 98.50 (Table 5). Protected sites tended to

have a lower percent hard sediment than the other sites. In pairwise site comparisons, there were

no significant differences between hard sediment composition among sites (Table 6).

Total organic carbon in summer 2022 at the impact sites was <0.170% adjacent to all reef

structures and total organic nitrogen was <0.014%. This tended to be consistent with the pre-

sampling data in summer 2021, though statistics were not run. Temperature ranged from 24.1 to

26.6◦C salinity ranged between 16.97 and 18.8 at the impact sites in summer 2022. DO ranged

from 6.0 to 6.9 mg/L.

Andrews and the exposed site tended to have higher wave exposure than the protected site.

Andrews had a mean dissolution rate of 32.12 g lost/24 h. The exposed site had a mean dissolution

rate of 32.01 g lost/24 h, and the protected site had a mean dissolution rate of 17.78 g lost/24 h.

Table 5: Mean percent hard sediment by site for impact sites. SE = Standard error; CL = confidence
level; df = degrees of freedom.

Site Mean SE df lower.CL upper.CL
andrews 98.50 0.52 33 97.44 99.56
exposed 97.51 0.52 33 96.45 98.57
protected 96.80 0.52 33 95.74 97.86
Confidence level used: 0.95
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Table 6: Pairwise comparisons among impact sites with site as a fixed variable and percent of hard
sediment as the response. Mean percent hard sediment by site for impact sites. SE = Standard
error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
exposed - andrews -0.99 0.74 33 -1.34 0.38
protected - andrews -1.70 0.74 33 -2.31 0.07
protected - exposed -0.71 0.74 33 -0.97 0.60

Oyster Density

During the first round of sampling (fall 2021), all structures showed substantial oyster recruit-

ment. Of the several models fit to determine the factors with the greatest influence on density

(Table 7), mf4, which included reef type and site as variables, had the best fit. Based on the model

estimates, mean oyster densities on the reef structures ranged from 825 to 16,721 oysters/m2 (Table

S1) with shell reefs at the top of that range and diamonds at the bottom. Based on the parameter

estimates for mf4, shell reefs had significantly higher densities (p < 0.01) than other structures

(Table 8; Figure 3). The pairwise comparisons conducted on the model-estimated means reflected

the parameter estimates and also showed that the diamond reefs had significantly less densities

than all other reefs except castle (Table S2). By site, the protected site had a model-estimated

mean of 6,204 oysters/m2 while the exposed site had 2,465 oysters/m2 and the Andrews site had

3,946 oysters/m2. According to pairwise comparisons conducted on model-estimated means, the

protected site had significantly higher (p < 0.01) densities than the exposed sites (Table S3).

For analysis of the 12-month sampling (summer 2022), of the models, md4, including reef type

and site, had the best fit with an AICc of 480.72 (Table 9). Based on the parameter estimates for

md4, all of the artificial reefs had significantly lower oyster (p < 0.01) densities than the shell

reefs (Table 10; Figure 4). Based on model estimates, oyster densities ranged from 716 to 9,853

oysters/m2 with the shell being the highest of that range and diamonds the lowest (Table S4). After

the shell reef, the c-dome and x-reef structures had the next highest densities and had, on average,
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Table 7: AIC analysis for generalized linear negative binomial models for oyster density from
reef alternative substrates in fall 2021. Models were offset by footprint of reef type (Table 1) to
standardize to 1 m2 of river bottom R = reef; S = site; (F) = log of the offset footprint of individual
reef structures

Model Variables k AIC AICc dAICc wts
mf1 null + (F) 2 582.46 578.46 46.51 <0.01
mf2 R + (F) 7 555.90 541.90 9.95 0.01
mf3 S + (F) 4 585.23 577.23 45.27 <0.01
mf4 R + S + (F) 9 549.95 531.95 0.00 0.99

Table 8: Parameter estimates from the generalized linear negative binomial model, mf4, for oyster
recruitment density in fall 2021. Note that the intercept is a sum of the Andrews site and the oyster
shell reef type.

Parameter Variable Estimated
Mean

SE t.value Pr(>|t|)

β0 intercept 9.73 0.29 33.38 <0.01
β1 granite -1.84 0.36 -5.13 <0.01
β2 castle -2.45 0.36 -6.86 <0.01
β3 diamond -3.01 0.36 -8.41 <0.01
β4 c-dome -0.94 0.36 -2.64 0.01
β5 x-reef -0.46 0.36 -1.30 0.20
β6 exposed -0.47 0.25 -1.86 0.06
β7 protected 0.45 0.25 1.79 0.07
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Figure 3: Oyster density by reef type in fall of 2021. Densities were standardized to 1 m2 of river
bottom. The box represents the first and third quartile of the data while the central line represents
the median. The vertical lines represent the full range of the data.
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oyster densities similar to each other after a year of growth, with means of 3,202.30 and 3,816.67

oysters/m2 respectively (Table S4). In pairwise comparisons based on these means, shell had

significantly higher densities than the other structures (p < 0.01) and diamonds had significantly

lower densities ((p < 0.01; Table S5). For differences between sites, mean oyster density means

based on model estimated means ranged between 1,743.77 - 4,110.42 oysters/m2 (Table S6; Figure

5). For pairwise comparisons based on these means, exposed site had significantly lower densities

than the Andrews and protected sites (p < 0.01), but there was high variability (Table S7).

Table 9: AIC analysis for generalized linear negative binomial models for oyster density from reef
alternative substrates in summer 2022. Models were offset by footprint of reef type (Table 1) to
standardize to 1 m2 of river bottom. R = reef; S = site; (F) = log of the offset footprint of individual
reef structures.

Model Variables k AIC AICc dAICc wts
md1 null + (F) 2 549.41 549.77 62.13 <0.01
md2 R + (F) 7 509.09 513.09 25.45 <0.01
md3 S + (F) 4 546.03 547.32 59.68 <0.01
md4 R + S + (F) 9 480.72 487.64 0.00 0.99

Table 10: Parameter estimates from the generalized linear model md4 for oyster recruitment den-
sity in summer 2022. Note that the intercept is a sum of the Andrews site and the oyster shell reef
type.

Parameter Variable Estimated
Mean

SE z value Pr(>|z|)

β0 intercept 9.32 0.14 68.80 <0.01
β1 granite -1.25 0.17 -7.46 <0.01
β2 castle -1.49 0.17 -8.99 <0.01
β3 diamond -2.62 0.17 -15.62 <0.01
β4 c-dome -1.12 0.17 -6.77 <0.01
β5 x-reef -0.95 0.17 -5.72 <0.01
β6 exposed -0.62 0.12 -5.25 <0.01
β7 protected 0.24 0.12 2.01 0.04

For density by surface area, several generalized linear regression negative binomial models
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Figure 4: Oyster density by reef type in summer of 2022. Densities were standardized to 1 m2

of river bottom. The box represents the first and third quartile of the data while the central line
represents the median. The vertical lines represent the full range of the data without outliers while
dots represent outliers.
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Figure 5: Oyster density by site in summer of 2022. Densities were standardized to 1 m2 of river
bottom. The box represents the first and third quartile of the data while the central line represents
the median. The vertical lines represent the full range of the data without outliers while dots
represent outliers.
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were fit (Table 11) and the model with the best fit, ms4 included both reef type and site. Based

on the parameter estimates, all structures had significantly lower oysters densities than the castles

(p < 0.01) except the x-reef (Table 12). Based on model estimates, mean oyster densities for the

concrete mix structures by surface area (s.a.) ranged from 23.09 to 478.56 oysters/m2 s.a., with

the x-reef at the top of that range and the diamond at the bottom (Table S8). In the pairwise

comparisons based on the model estimated means, all structures were significantly different from

one another except the x-reefs and the oyster castles (Table S9). By model estimates for site,

the exposed site had 118.45 oysters/m2 s.a., whereas the protected site had 289.57 oysters/m2 s.a.

(Table S10). The exposed site also had significantly lower model estimated mean oyster density

than the Andrews (p < 0.01) and the protected sites (p < 0.01; Table S11).

Table 11: AIC analysis for generalized linear negative binomial models for oyster density from
reef alternative substrates in summer 2022. Models were offset by surface area of reef type (Table
1) to standardize to 1 m2 of surface area. R = reef; S = site; (SA) = log of the offset surface area of
individual reef structures.

Model Variables k AIC AICc dAICc wts
ms1 null + (SA) 2 376.43 377.00 46.63 <0.01
ms2 R + (SA) 5 342.67 346.00 15.64 <0.01
ms3 S + (SA) 4 377.65 379.76 49.39 <0.01
ms4 R + S + (SA) 7 323.36 330.36 0.00 0.99

Oyster Biomass

Of the models tested for oyster biomass mb4, including both reef substrate and site, had the

best fit (Table 13). Based on parameter estimates for this model (Table 14), all reef types had

significantly lower oyster biomass than shell reefs (p < 0.01; Figure 6) and the exposed site had

significantly lower biomass than the Andrews site (p < 0.01; Figure 7). When examining model-

estimated means of oyster biomass of the reef types, means ranged between 117.48 and 743.90 g

AFDW (Table S12). The castle, c-dome, and x-reef structures all had mean oyster biomass that was

greater than the granite and diamond structures, with diamonds at the bottom of that range. The
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Table 12: Parameter estimates from the generalized linear model ms4 for oyster density per unit
surface area for concrete-mix structures in summer 2022. Note that the intercept is a sum of the
Andrews site and the oyster castle structure and that all numbers are standardized to 1 m2 of surface
area.

Parameter Variable Estimated
Mean

SE t.value Pr(>|t|)

β0 intercept 7.40 0.14 52.65 <0.01
β1 diamond -2.77 0.16 -16.84 <0.01
β2 c-dome -0.60 0.16 -3.67 <0.01
β3 x-reef -0.06 0.16 -0.34 0.73
β4 exposed -0.62 0.14 -4.34 <0.01
β5 protected 00.28 0.14 1.97 0.05

exposed site had a mean of 267.83 g AFDW, whereas the protected and Andrews sites had a mean

of >450 grams (Table S13). In pairwise comparisons by reef type based on the model-estimated

means, shell had significantly higher biomass than all other structures with the exception of the

x-reefs, which had similar biomass (Table S14). C-domes also had significantly higher biomass

than diamonds (p = 0.03). For pairwise comparisons between sites based on the model-estimated

means, the exposed site had significantly less biomass than the protected site and the Andrews site

(Table S15).

Table 13: AIC analysis for linear models for oyster biomass from reef alternative substrates in
2022. All numbers were standardized to m2 of river bottom. R = reef, S = site.

Model Variables k AIC AICc dAICc wts
mb1 null 2 506.97 507.32 24.09 <0.01
mb2 R 7 486.85 490.85 7.51 <0.01
mb3 S 4 505.37 506.66 23.42 <0.01
mb4 R + S 9 476.31 483.24 0.00 0.99

An analysis was also run on oyster dry weight as this is the standard unit of measurement for

oyster restoration practices in the Chesapeake Bay (Sustainable Fisheries, 2011). Model mdw4,

which included both reef type and site, had the lowest AICc for oyster dry weight (Table 15). As
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Figure 6: Oyster AFDW by reef type in summer of 2022 standardized to 1 m2 of river bottom.
Biomass was derived from from oyster shell heights using shell height to ash-free dry weight
regressions developed as part of this project. The box represents the first and third quartile of the
data while the central line represents the median. The vertical lines represent the full range of the
data without outliers while dots represent outliers.
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Figure 7: Oyster AFDW by site type in summer of 2022 standardized to 1 m2 of river bottom.
Biomass was derived from from oyster shell heights using shell height to ash-free dry weight
regressions developed as part of this project. The box represents the first and third quartile of the
data while the central line represents the median. The vertical lines represent the full range of the
data without outliers while dots represent outliers.
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Table 14: Parameter estimates from the generalized linear model mb4 for oyster biomass in summer
2022. Note that the intercept is a sum of the Andrews site and the oyster shell reef type.

Parameter Variable Estimated
Mean

SE t.value Pr(>|t|)

β0 intercept 793.74 75.20 10.56 <0.01
β1 granite -463.06 92.10 -5.03 <0.01
β2 castle -397.97 92.10 -4.32 <0.01
β3 diamond -626.42 92.10 -6.80 <0.01
β4 c-dome -325.56 92.10 -3.53 <0.01
β5 x-reef -212.15 92.10 -2.30 0.03
β6 exposed -188.39 65.12 -2.89 <0.01
β7 protected 38.86 65.12 0.60 0.56

with mb4, mdw4 also demonstrates that shell had the biomass that was significantly higher (p <

0.01) than the rest of the structures (Table 16). Additionally, according to the model, the exposed

site had significantly lower dry weight than the Andrews site (Table 16). Based on the model-

estimated means, dry weight biomass was high for all substrate types and ranged from 147.12 and

895.03 g DW/m2 with diamonds being the structure with the lowest means in that range (Table

S16). In pairwise comparisons by reef conducted on the model-estimated means, diamond had

significantly lower oyster dry weight than all reefs aside from castle (Table S17). Based on mdw4,

the protected site had the highest mean dry weight at 553.92 g while the exposed site had the lowest

at 308.09 g (Table S18). In pairwise comparisons by site conducted on the model-estimated means,

trends were similar to the AFDW analysis, with the exposed site having significantly lower oyster

dry weight after a year than the protected (p < 0.01) and the Andrews sites (p < 0.01; Table S19).

Oyster Shell Height

Trends in oyster shell height show the presence of recruitment by multiple cohorts, visible as

multiple peaks in individual histograms by reef type and site (Figure 8). Across sites, the shell

reef had the most small, newly settled oysters (e.g., note the high peak at 15 mm for Andrews

shell reefs). All structures supported many small oysters, as seen by peaks in the data at small size
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Table 15: AIC analysis for linear models for oyster dry weight biomass from reef alternative
substrates in summer 2022. All numbers were standardized to m2 of river bottom. R = reef, S =
site.

Model Variables k AIC AICc dAICc wts
mdw1 null 2 520.72 521.08 26.44 <0.01
mdw2 R 7 501.79 505.79 11.15 <0.01
mdw3 S 4 517.72 519.01 24.37 <0.01
mdw4 R + S 9 487.72 494.64 0.00 0.99

Table 16: Parameter estimates from the generalized linear model mdw4 for oyster dry weight in
summer 2022. Note that the intercept is a sum of the Andrews site and the oyster shell reef type.

Parameter Variable Estimated
Mean

SE t.value Pr(>|t|)

β0 intercept 956.14 88.10 10.85 <0.01
β1 granite -546.32 107.90 -5.06 <0.01
β2 castle -476.44 107.90 -4.42 <0.01
β3 diamond -747.91 107.90 -6.93 <0.01
β4 c-dome -397.35 107.90 -3.68 <0.01
β5 x-reef -245.27 107.90 -2.27 0.03
β6 exposed -245.83 76.30 -3.22 <0.01
β7 protected 62.50 76.30 0.82 0.42
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classes, and a few larger oysters. The diamond reef had low oyster counts regardless of size, seen

especially in the diamonds at the Andrews and the exposed sites. Overall, the shell, castle, c-dome,

and x-reef structures had abundant, newly settled oysters. The the protected sizes, the castles and

the x-reefs had higher numbers of larger, older oysters than other structures, as seen by the tail-end

of the data that stretches past 100 mm for the castles at some sites and up to 75 mm for the x-reefs.

Figure 8: Frequency (counts) of different oyster shell height by reef type and site for summer 2022.
Note that this is the raw data for shell height and counts across reef types. A total of 36 reefs were
sampled with n = 6 per reef type and n = 12 per site. Each histogram represents 2 reefs.
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4.2 Part II - Macrofaunal production before and after reef deployment

Before-After, Control-Impact macrofaunal community comparisons

Macrofaunal density, richness, evenness, Shannon diversity, biomass, and secondary produc-

tivity varied significantly by year. At the impact sites, macrofaunal density was 200 times greater

than at the bare sediment control sites (Figure 9), and the BACI interaction was significant (glm,

p = 0.03). Macrofaunal richness was 3.7 times greater at the impact sites than at the control sites

after a year (Figure 9), and the BACI interaction was significant (ANOVA, p < 0.01). Macrofaunal

evenness was lower at the impact sites than at the control sites after a year (Figure 9), and the

BACI interaction was not significant (ANOVA, p = 0.1). Macrofaunal Shannon diversity was 1.4

times greater at the impact sites than at the control sites after a year (Figure 9), and the BACI inter-

action was significant (ANOVA, p = 0.01). For macrofaunal community biomass, the impact site

had 21 times greater biomass than the control site after a year (Figure 10), and the interaction was

significant (glm, p < 0.01). Benthic macrofaunal community secondary productivity at the impact

sites was 450 g C/m2/yr and 40 times greater than at the control sites (Figure 10). For secondary

productivity, the BACI interaction was significant (glm, p < 0.01).

A BACI analysis was also run on total secondary productivity that included macrofuanal com-

munity and oyster biomass. With oyster AFDW accounted for, the impact site had a mean sec-

ondary productivity of 1631 g C/m2/yr, which is over 145 times greater than the bare sediment

control site at 11.2 g C/m2/yr (Figure 10). Mean oyster secondary productivity at the impact site

after a year based on the raw data and the BACI analysis was ∼ 1,178 g C/m2/yr and mean macro-

faunal secondary productivity based on the BACI analysis and the raw data was ∼ 452 g C/m2/yr.

For total secondary productivity, the interaction (glm, p < 0.01) between site and time was signif-

icant.
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Figure 9: Benthic marcofaunal (A) density, (B) richness, (C) evenness, and (D) Shannon diversity
from summer 2021 to summer 2022 for the bare sediment control and the reef impact sites. Error
bars indicate standard error.
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Figure 10: Benthic marcofaunal (A) biomass (AFDW) and (B) secondary productivity as well
as (C) secondary productivity that included oyster biomass from summer 2021 to summer 2022
for the bare sediment control and the reef impact sites. SP = secondary productivity. Error bars
indicate standard error.
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Analyses of Univariate data

All AICc values for the tested models for univariate data can be found in Table 17. All parame-

ter estimates for the model with the best fit can be found in Table 18 and the means based on those

models can be found in Table S20.

For community density, generalized linear negative binomial models were fit, and the model

with the best fit, u4, included both reef and site. The granite had significantly higher (p < 0.01) and

diamond reefs had significantly lower community density (p < 0.01) than the shell reefs (Figure

11). In pairwise comparisons run on model-estimated means, the diamond had significantly lower

community density than all other structures and granite had significantly higher community density

than all structures except castles and c-domes (Table S21). As with oyster density alone, based on

the model u4, the protected (p < 0.01) and exposed (p < 0.01) sites had significantly lower organ-

ism density than the Andrews site (Figure 12). In pairwise comparisons run on model-estimated

means for sites, all sites significantly differed from one another (Table S22).

For richness, the linear model with the best fit, u4, also included both reef and site. The granite

(p = 0.05), castle (p < 0.01), and x-reef (p = 0.02) had significantly higher community richness

than the shell reefs (Figure 13). Based on pairwise comparisons between model-estimated means,

as with community density, the diamond reef tended to under-perform for richness (Table S23).

Pairwise comparisons also revealed that the exposed sites also had significantly lower community

richness p < 0.01) than the Andrews site (Table S24; Figure 14).

For evenness, the model with the best fit, u3, included only site. There was no significant

difference between u3 and u4 so u4 was further examined (ANOVA; Table S25). All of the reefs

performed equally for community evenness (Figure 15). In pairwise comparisons based on model-

estimated means, there were no significant differences between reef type (Table S26). However,

those same comparisons for site showed that the protected and exposed sites had significantly

greater (p < 0.01 for both) organism evenness than the Andrews site (Table S27; Figure 16).

Similar to the evenness models, for the Shannon diversity models, the model with the best fit,

u3, included only site. There was no significant difference between u3 and u4, so u4 was further
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examined (Table S25). The diamond reef had significantly lower Shannon diversity (p = 0.03)

than the other structures (Figure 17); however, pairwise comparisons based on model-estimated

means showed that there were no major differences for community diversity between reef types

(Table S28). Based on pairwise comparisons from the model-estimated means, the exposed and

the protected site had significantly higher (p = 0.03 and p < 0.01 respectively) diversity than the

Andrews site despite having a lower density of organisms (Table S29; Figure 18).

For biomass, the model with the best fit, u4, included both reef type and site as variables.

Granite had significantly higher biomass than the shell (p < 0.01) and greater biomass than the

most of the concrete-mix structures as well (Figure 19). According to pairwise comparisons run

on model-estimated means, the diamond reef had significantly lower biomass than other structures

(Table S30). The Andrews site had higher overall biomass than the other two sites and, based on

pairwise comparisons from the model-estimated means, had significantly higher biomass than the

exposed site (p = 0.01; Table S31; Figure 20).

For secondary productivity, the model with the best fit, u2, included only reef type as a variable.

All of the concrete-mix structures showed significantly lower secondary productivity than the shell

structure (castle: p = 0.2; diamond: p < 0.01; c-dome: p = 0.04; x-reef: p < 0.01; Table 18). The

granite reef had no significant difference from the shell reef (Figure 21), as both had high secondary

production. According to pairwise comparisons of model-estimated means, the diamond structure

had significantly lower secondary productivity than most of the structures and the granite had

significantly higher secondary productivity than any other structure type (Table S32).

The main species that were the drivers of these differences, and differences among structures,

are depicted in Figure 22. Amphipod species including those of the Caprellidae and Gammaridae

families and the Corophium genus had the highest densities across all structures with amphipod

on the granite structure reaching over 120,000 individuals per m2 of river bottom. Polychaetes

such as Alitta succinea, Potamilla neglecta and Parasabella microphthalma were also seen in high

densities across reef types. The crustacean taxonomic group which included species like Panopeus

herbstii, Eurypanopeus depressus, and Dyspanoepus sayi had overall high biomass with crustacean
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biomass on the granite structure reaching over 150 g AFDW/m2. The miscellaneous category

included tunicates, sponges, and anemones. This also had a high biomass reaching over 150 g

AFDW/m2 on the cdome structured and over 125 g AFDW/m2 on the xreef.

Table 17: AIC results for all models of response variables for univariate community data, ordered
by increasing AICc weight (wts). Models with the lowest AICc are in bold. All models that
are departures from linear model that use normal distributions are listed in parenthesis below the
response variable. k = number of model parameters.

Response Model k AIC AICc dAICc wts
Community u1 2 700.72 696.72 54.52 <0.01
Density u2 7 698.49 684.49 42.29 <0.01
(Neg. Bin.) u3 4 678.70 670.70 28.50 <0.01

u4 9 660.20 642.20 0.00 0.99
u1 2 177.99 178.36 16.97 <0.01

Richness u3 4 173.24 174.53 13.14 <0.01
u2 7 167.66 171.66 10.28 <0.01
u4 9 154.46 161.38 0.00 0.99
u2 7 -20.33 -16.33 27.00 <0.01

Evenness u1 2 -27.30 -26.93 16.40 <0.01
u4 9 -40.31 -33.39 9.94 0.01
u3 4 -44.62 -43.33 0.00 0.99

Shannon u2 7 52.94 56.94 21.64 <0.01
Diversity u1 2 47.81 48.18 12.88 <0.01

u4 9 35.63 42.55 7.25 0.03
u3 4 34.01 35.30 0.00 0.97

Community u1 2 451.13 451.49 19.36 <0.01
Biomass u3 4 450.05 451.34 19.21 <0.01

u2 7 433.28 437.28 5.15 0.07
u4 9 425.21 432.13 0.00 0.93

Secondary u3 4 250.34 251.63 30.54 <0.01
Productivity* u1 2 247.68 248.05 26.95 <0.01

u4 9 216.76 223.69 2.60 0.21
u2 7 217.09 221.09 0.00 0.79

* Linear model with a square root transformation.
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Table 18: Parameter estimates for univariate community data from 2022. Estimates were derivated
from the models supported with wts > 0.1 as listed in Table 17. Significant parameters (α = 0.05)
are in bold and SE is included with the ± indicator. Xs are parameters not included in the selected
models. Abbreviations for models as in Table 4. β0 is the intercept and a mean of the oyster shell
reef and Andrews site parameters. The family of model used per response variable is listed in
parenthesis beneath that response variable. LM = general linear model. Note that models that only
found site as a significant parameter were compared using an ANOVA to models that included both
site and reef, and no significant differences were found. In the case where only site was found to be
significant, this table presents the model that include both site and reef as factors to better examine
the effect of alternative reefs on the univariate response variables.

Response Model β0 β1 β2 β3 β4 β5 β6 β7
Intercept Granite Castle Diamond C-dome X-reef Exposed Protected

Density* u4 10.87 ± 0.82± 0.05± -0.81± 0.22± 0.09± -0.93± -1.55±
(Neg. Bin.) 0.20 0.25 0.25 0.25 0.25 0.25 0.17 0.17
Richness u4 18.42 ± 2.17± 3.50± -1.83± 1.00± 2.67± -3.08± -1.67±
(LM) 0.86 1.05 1.05 1.05 1.05 1.05 0.75 0.75
Evenness u4 0.55 ± -0.10± -0.08± -0.12± -0.01± -0.08± 0.17± 0.25±
(LM) 0.06 0.07 0.07 0.07 0.07 0.07 0.05 0.05
Diversity u4 1.58 ± -0.20± -0.11± -0.46± 0.02± -0.13± 0.39± 0.68±
(LM) 0.17 0.20 0.20 0.20 0.20 0.20 0.14 0.14
Biomass u4 245.08 ± 144.84± -48.17± -145.04± 23.01± 45.60± -106.29± -63.65±
(LM) 36.98 45.29 45.29 45.29 45.29 45.29 32.02 32.02
Secondary u2 644.50 ± 8.47± -39.25± -241.18± -30.50± -58.91± X X
Production
(LM*)

3.30 6.60 6.60 6.60 6.60 6.60

* Parameters back-transformed by squaring.
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Figure 11: Macrofaunal community density by reef type at the impact sites in summer 2022. All
numbers standardized to 1 m2 of river bottom. The box represents the first and third quartile of the
data while the central line represents the median. The vertical lines represent the full range of the
data without outliers while dots represent outliers. Note that algae and oysters were not included.
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Figure 12: Macrofaunal community density by impact site in summer 2022. All numbers stan-
dardized to 1 m2 of river bottom. The box represents the first and third quartile of the data while
the central line represents the median. The vertical lines represent the full range of the data without
outliers while dots represent outliers. Note that algae and oysters were not included.
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Figure 13: Macrofaunal community richness by reef type at the impact sites in summer 2022. The
box represents the first and third quartile of the data while the central line represents the median.
The vertical lines represent the full range of the data. Note that algae and oysters were not included.
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Figure 14: Macrofaunal community richness by impact site in summer 2022. The box represents
the first and third quartile of the data while the central line represents the median. The vertical
lines represent the full range of the data without outliers while dots represent outliers. Note that
algae and oysters were not included.
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Figure 15: Macrofaunal community evenness by reef type at the impact sites in summer 2022. The
box represents the first and third quartile of the data while the central line represents the median.
The vertical lines represent the full range of the data without outliers while dots represent outliers.
Note that algae and oysters were not included.
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Figure 16: Macrofaunal community evenness by impact site in summer 2022. The box represents
the first and third quartile of the data while the central line represents the median. The vertical
lines represent the full range of the data without outliers while dots represent outliers. Note that
algae and oysters were not included.
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Figure 17: Macrofaunal community Shannon diversity by reef type at the impact sites in summer
2022. The box represents the first and third quartile of the data while the central line represents the
median. The vertical lines represent the full range of the data without outliers while dots represent
outliers. Note that algae and oysters were not included.

48



Figure 18: Macrofaunal community Shannon diversity by impact site in summer 2022. The box
represents the first and third quartile of the data while the central line represents the median. The
vertical lines represent the full range of the data without outliers while dots represent outliers. Note
that algae and oysters were not included.

49



Figure 19: Macrofaunal community biomass (g AFDW) by reef type at the impact sites in summer
2022. All numbers standardized to 1 m2 of river bottom. The box represents the first and third
quartile of the data while the central line represents the median. The vertical lines represent the
full range of the data without outliers while dots represent outliers. Note that oysters were not
included.
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Figure 20: Macrofaunal community biomass (g AFDW) by impact site in summer 2022. All
numbers standardized to 1 m2 of river bottom. The box represents the first and third quartile of the
data while the central line represents the median. The vertical lines represent the full range of the
data without outliers while dots represent outliers. Note that all numbers are the square root of the
actual values. Note that algae and oysters were not included.
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Figure 21: Macrofaunal community secondary productivity (g C/m2/yr) by reef type at the impact
sites in summer 2022. All numbers standardized to 1 m2 of river bottom. The box represents the
first and third quartile of the data while the central line represents the median. The vertical lines
represent the full range of the data without outliers while dots represent outliers. Note that all
numbers are the square root of the actual values and that algae and oysters were not included.
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Figure 22: Density and biomass by species and reef type. The line breaks within each bar represent
species within that taxonomic group. These are the raw densities and biomass numbers from the
data standardized over 1 m2. Note that these numbers do not include algae or oysters.
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Multivariate Analyses

Looking at non-metric multidimensional scaling (nMDS) plots for community density (stress:

0.14), community composition tended to differ by reef type. The shell and granite reefs had a

community composition that was more similar to each other than to any of the concrete-mix struc-

tures. Diamond reefs were generally different from other structures (Figure 23). Amphipods of the

family Caprellidae drove differences in community density among the concrete-mix versus shell

and granite structures (Figure 23), with high densities of amphipods on shell and granite reefs and

low densities on the diamond reefs. Larger crustaceans, such as Eurypanopeus depressus, and tu-

nicates (Molgula manhattensis) also had higher densities on the shell and granite reefs than on the

concrete-mix structures. List of all of the species found and their proportions for density can be

found in the appendix (Table S33; Figure S1).

Figure 23: nMDS of square-root transformed community density in 2022 across all impact sites
overlaid with the top four species driving community change based on a Pearson coefficient of
0.75.
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In terms of biomass, the diamond reefs displayed different macrofaunal community structure

than the other structures, as evidenced by a high degree of separation between these structures and

any others (Figure 24; stress = 0.19). Amphipods of the family Caprellidae and gastropods, such

as Astyris lunata, drove reef differences for biomass between the diamond structures and the other

concrete-mix structures (Figure 24). Larger crustaceans, such as Callinectus sapidus, which have

a high biomass on average, preferred the shell and granite reefs over the other structures. Full

community composition proportions by biomass can be found in the appendix (Figure S2).

Figure 24: nMDS of square-root transformed community biomass in 2022 across all impact sites
overlaid with the top 6 species driving community change based on a Pearson coefficient of 0.75.
Note that algae was included in this analysis.
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PERMANOVA revealed that both reef type and site had significant impacts on community

assemblages for both density and biomass (Table 19). Looking closer at differences between com-

munity assemblages on reef types (Table 20), shell had significantly different community density

assemblages to all other reef types. Diamond also significantly differed in community density as-

semblages from other reef types. For community assemblage by biomass, the shell significantly

differed from all other structures except granite and diamond differed significantly from all struc-

tures. For both density and biomass, the c-dome and x-reef structures did not differ when it came

to community structure.

Table 19: Summary of PERMANOVA results for community density and biomass across reef type
and site. Significant results are in bold.

Source of Variation df SS MS Pseudo-F P(perm)
Density
Reef 5 11314 2262 6.659 0.001
Site 2 9946 4973 14.634 0.001
Reef x Site 10 3080 308 0.906 0.644
Residuals 18 6116 339
Biomass
Reef 5 14047 2810 4.251 0.001
Site 2 9643 4822 7.296 0.001
Reef x Site 10 6817 681 1.032 0.419
Residuals 18 11896 660
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Table 20: Summary of PERMANOVA pairwise comparisons for community density and biomass
across reef type. Significant results are in bold. Note that numbers are square-root transformaed
and use a Bray-Curtis similarity resemblance.

Groups t P(perm) Unique perms
Density
Shell, Granite 2.6533 0.002 989
Shell, Castle 2.7259 0.004 992
Shell, Diamond 3.1336 0.002 989
Shell, Cdome 3.0355 0.001 996
Shell, Xreef 2.6989 0.004 993
Granite, Castle 2.2279 0.011 994
Granite, Diamond 3.7243 0.004 996
Granite, Cdome 2.0217 0.022 995
Granite, Xreef 2.254 0.02 991
Castle, Diamond 2.3512 0.005 993
Castle, Cdome 1.2651 0.188 991
Castle, Xreef 0.7958 0.691 993
Diamond, Cdome 3.3585 0.004 991
Diamond, Xreef 2.5269 0.012 993
Cdome, Xreef 1.2196 0.215 995
Biomass
Shell, Granite 1.4433 0.069 997
Shell, Castle 2.191 0.007 996
Shell, Diamond 2.7086 0.005 992
Shell, Cdome 2.2118 0.004 994
Shell, Xreef 1.9509 0.005 994
Granite, Castle 1.4915 0.075 994
Granite, Diamond 2.7893 0.002 993
Granite, Cdome 1.486 0.07 990
Granite, Xreef 1.406 0.102 993
Castle, Diamond 2.5519 0.002 994
Castle, Cdome 1.1502 0.3 990
Castle, Xreef 1.0618 0.382 994
Diamond, Cdome 2.966 0.002 995
Diamond, Xreef 2.3447 0.008 992
Cdome, Xreef 1.1213 0.324 991
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5 Discussion

Key findings of this study include: (1) All reefs performed well for density and biomass at this

subtidal area of the lower York River; (2) x-reefs performed just as well as shell reefs initially,

but after a year, shell reefs had higher oyster densities and biomass than all structures; (3) after a

year, granite had higher community biomass and secondary productivity than all other structures;

and (4) after a year, all reefs had greater macrofaunal density, richness, diversity, biomass, and

secondary productivity than bare sediment. Although shell reefs had the highest oyster density

and biomass (9,852 oysters/m2 and 743 g AFDW based on model estimates),the x-reefs performed

very well both after a year, with oyster model-estimated densities of 3,816 oysters/m2 river bottom.

Results suggest that the placement of hard substrate on a soft-sediment bottom in the York

River can lead to denser, more diverse macrofaunal assemblages. The granite reefs had the high-

est secondary productivity overall, which should factor into future reef selection for this area if

secondary productivity is a key goal.

5.1 Trends in Oyster Recruitment

Post-settlement survival is enhanced by factors such as vertical relief (Soniat et al., 2004),

interstitial space to facilitate protection from predation and reduce competition (Lavan, 2019;

Nestlerode et al., 2007), and the accessibility of oyster shell. For this reason, after one year,

the shell reefs had overall higher densities of oysters than the granite and concrete-mix structures

both after the fall 2021 sampling and after summer 2022 sampling. This is consistent with liter-

ature that shows that oyster shell is the preferred settlement substrate for spat (Nestlerode et al.,

2007; Brumbaugh and Coen, 2009; Goelz et al., 2020). Although this structure was lacking in

height at only 0.3 m off the bottom, it still exceeded the minimum height threshold to encourage

oyster settlement (Colden et al., 2017). The x-reefs had the second highest oyster density because

it combines several factors that can promote oyster settlement through extra space for settlement,

internal space for protection from predation, and oyster shell (Table 2). Although most of the other
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substrates had good oyster recruitment (mean oyster densities per unit river bottom) as well, the di-

amond substrate, with its sloping sides, did not have densities as high as the other substrates. This

was likely because the shape of the structure encouraged sedimentation and sinking, decreasing the

amount of substrate protruding into the water column and available for settlement, and suffocating

already settled spat (Colden and Lipcius, 2015; Colden et al., 2017). In addition, the diamond

reefs were generally shorter structures with less overall surface area leading to lower density per

unit river bottom.

When examining recruitment by surface area (s.a.) on the concrete-mix substrates, the diamond

structures only had a model-estimated 92.32 oysters/m2 s.a. The diamond’s drastic difference from

the other structures when examined by both surface area of the structure and river bottom lends

further support to the idea that the diamond’s oyster settlement can be attributed to sedimentation

through sinking (Colden and Lipcius, 2015; Colden et al., 2017). In future studies, structures that

have sloped sides and hollow bottoms like the diamonds would likely perform better if they have

support under the structure to prevent sinking. Materials such as geotextile cloth are sometimes

used in oyster restoration, which generally prevents sinking of the restoration materials into the

sediment (Stokes et al., 2012).

By surface area, other concrete-mix structures had between 808.21 individuals/m2 s.a and

1,466.58 individuals/m2 s.a with castles at the top of that range and c-domes at the bottom. The

x-reefs had similar densities to the castles. Although the c-domes were constructed in a similar

manner to the x-reef, with oyster shell embedded inside of concrete, and with vertical height and

internal space, results indicate that the complexity design of castles and x-reefs provided to greater

settlement area. The x-reefs had a large, open internal area that was partially sheltered by the legs

and top, but allowed for good water flow and increased protection from predation. This could have

led to optimal hydrodynamics through the structure, and allowed spat a place to settle and room to

grow, unlike the c-domes (Nestlerode et al., 2007; Wheeler et al., 2015). The oyster castles, simi-

larly were laid out in a way that had several small niches to enhance survival, because the structure

had solid walls on all four sides, it also likely had decreased predation inside of the structures. The
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structures that had higher complexity and most avaliable surface area for settlement could have

also reduced the competition for space and access to resources and increased recruitment (Sta-

chowicz and Byrnes, 2006). Surface area available on an oyster-restoration structure can impact

oyster densities, thus, on structures where surface area can be easily measured, it could be used as

a metric to measure oyster restoration success, in addition to the standard oysters per m2 of river

bottom (Sustainable Fisheries, 2011).

Oyster biomass was highest on both the shell substrate and the x-reef (743 g AFDW and 531

g AFDW respectively based on model estimates). The protected internal area of the x-reef likely

allowed oysters to grow large without risk of mortality from predation, as occurred in previous

studies that used artificial oyster settlement substrates, with intertidal castles accumulating up to

440 individuals/m2 (Colden and Lipcius, 2015; Theuerkauf et al., 2015). Similar to reefs in pre-

vious studies, the x-reefs had greater vertical space than the other reefs tested, had a large surface

area, were mostly elevated off the bottom, and offered complex environments which aided in pro-

tection of settled oysters. High oyster biomass on the shell reefs can be attributed to high densities

of small oysters, as there were few large oysters (e.g., > 50 mm) after one year. This may be

caused by lack of space for the young spat to grow large in the shell baskets. Observational ev-

idence during the study demonstrated that shell and granite baskets were also home to predators,

such as mud crabs, that used the substrates as habitat, similar to what was seen in other studies

(Bisker and Castagna, 1987; Grabowski, 2004). On the x-reef, although many oysters were small,

three size cohorts were apparent, including several larger oysters (> 50 mm SL) with high biomass.

This same three-cohort pattern is found across the other three concrete-mix structure types and is

absent from the shell and granite baskets, likely resulting from the limited room for growth that

oysters have inside of densely-packed substrates in the shell and granite baskets (Lavan, 2019).

The population size structure found on these reefs demonstrates the ability for artificial substrates

in this area to host populations that are successful and persisting (Lipcius and Burke, 2018). In

the Rappahannock River, artifical reefs have hosted oyster densities between 28 - 168 oysters/m2

s.a.(Lipcius and Burke, 2018) compared to the 92.32 - 1,466.58 oysters/m2 s.a. in this study. This
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may be because the Rappahannock is farther up-Bay where larval supply might not be as high as

in the lower York River.

For both oyster density and biomass, the protected site tended to have more success than the

exposed and Andrews sites. Although there were no significant differences in sediment type among

the sites, the Andrews and the exposed sites had higher water flow and likely wave energy than the

protected sites. Constant exposure to a fast current and boat wakes around Gloucester Point could

have led to lower oyster settlement at those two sites, as these hydrodynamic factors can lead to

difficulty remaining on a structure during early stage spat settlement (Vozzo et al., 2021) and could

lead to dislodgement of large oyster clumps over time. It should be noted that the impact sites for

this study were located between or adjacent to many jetties that already had extant, thriving adult

oyster populations. These oysters are large enough to be actively reproduce, and therefore can add

additional larvae to the system. This may explain the extremely high settlement on these structures.

Gloucester Point, the location of this study, is also a constriction point for the York River, causing

levels of oyster population to reach historic numbers. Both the Andrews and exposed impact

sites had high wave energy, but at the Andrews site, the current was moving toward the shore

and breakwaters, pushing existing larvae into a cove and increasing the likelihood of settlement

(Breitburg et al., 1995). Although high, these numbers are not unheard of in less harvested regions

of the eastern U.S. In the 1970s, in unharvested sections of Georgia, densities were estimated to

be about 14,666 oysters/m2 (Bahr, 1974) and in South Carolina, one study found 4,400 oysters/m2

(Dame, 1976). More recent studies in those regions still reflect those values with densities in

Georgia in 2010 reaching 6,242 ±670individuals/m2(Manley et al., 2010). However, it should

be noted that all studies with such high densities studied oyster populations in the intertidal. In this

region, which is cooler than Georgia and South Carolina, the subtidal structures may have benefited

oyster survival by allowing more time for feeding and less stress from desiccation (Bodenstein

et al., 2021). Overall, all substrates had high enough oyster recruitment to support oyster reef

communities that persisted over the one year of study.

61



5.2 Trends in Benthic Community Metrics

Reef substrates at the impact sites had higher density, richness, diversity, biomass, and sec-

ondary productivity than the bare-sediment control sites after a year of deployment. Reef structures

provide one of the only hard substrates available in otherwise soft-sediment communities (Bertness

et al., 2001). This availability of structure, along with the additional structure provided by the oys-

ters that settled, led to high density, richness, and diversity of benthic organisms across taxonomic

groups (bivalves, polychaetes, nemerteans, gastropods, crustaceans, amphipods, isopods, cnidari-

ans, and chordates). The one metric that did not follow this trend, evenness, which was lower on

reefs compared to soft-sediment controls, likely differed because amphipods, tube-building poly-

chaetes from the Sabellidae family, and Alitta succinea dominated the reef structures. The soft-

sediment control sites had a more even spread of organisms, including many burrowing clams,

such as Macoma balthica and Ameritella mitchelli. Even with lower evenness at the impact vs.

control sites, overall secondary productivity both with and without the oysters (BACI results) was

extremely high at the impact sites, ranging from 345.85 to 654.46 g C/m2/yr without oysters and

1258.59 to 2316.49 g C/m2/yr with oysters. Including oysters, this exceeds the range of 467.3 to

853.7 g ash free dry mass (AFDM)/m2/yr found in a previous North Carolina study also designed

to test the effectiveness of artificial reefs in the local ecosystem (Wong et al., 2011). This suggests

that oyster restoration using any of the substrates in this experiment would substantially increase

in secondary productivity and thus food availability for higher trophic levels provided that reefs

are placed in areas with similarly low productivity of bare sediments (as seen in this study), high

natural oyster recruitment, and accessibility to larval supplies of species to generate similar pro-

ductivity (Harding and Mann, 2001; Grabowski et al., 2005; Pfirrmann and Seitz, 2019). Biomass

and secondary production can be used by higher trophic levels and lead to enhanced biomass of

larger consumers within the community (Pfirrmann and Seitz, 2019).

Excluding oyster density, the granite structure had the highest macrofaunal organism density

despite having significantly lower oyster density than the shell substrate, which may have been
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because of reduced interstitial space for other macrofauna within the shell substrate once oysters

had settled. Although interstitial space was not directly measured, from qualitative observations,

the granite structure had larger spaces between the stones than the shell structure, which was tightly

packed with shell. Although small interstitial spaces can serve to provide early post-settlement

refuge to oysters from small predators (Nestlerode et al., 2007; Callaway, 2018), they can limit the

quantity of other macrofauna since there is no room for larger organisms to settle or move through

the structure. Most of the concrete-mix structures had similar macrofaunal community densities,

with the exception of the diamond structure. Similar to mechanisms underlying the low oyster

density on the diamond structures, this discrepancy was probably a result of sedimentation and

sinking. For all structures, amphipods were found in high densities.

The overall higher densities of macrofaunal organisms at the Andrews site was driven by

Caprellid amphipods that congregated en masse on the reef structures there. The structures at

the Andrews and protected sites supported large amounts of algae, which created an ideal envi-

ronment for amphipod families such as Caprellidae and Gammaridae (McCain, 1968; Fredette

and Diaz, 1986; Murphy et al., 2021), although effects of algal biomass on amphipod abundance

and biomass were not explicitly tested. Additionally, the Andrews site was downriver and par-

tially protected on one side, which may have acted as a physical barrier for organisms or larvae

that were swept into the Andrews site (Breitburg et al., 1995). They combined physical structure

and increased water flow and could have led to increased macrofaunal settlement compared to the

exposed and the protected sites, both of which were farther upriver and river-facing.

For diversity, the high richness on castle structures was likely the result of a combination of dif-

fering microhabitats, including the flat surfaces provided by the concrete and crushed shell and the

creation of interstitial space provided by the stacking of the castles (Callaway, 2018). This internal

space encouraged large oysters to grow, which attracted a large variety organisms to fill the habitat

niches created by the variety of internal microhabitats and vertical complexity (Margiotta et al.,

2016; Grabowski, 2004; Coen and Luckenbach, 2000). The increased surface are provided by this

structure also could have led to reduced competition and facilitated increased richness (Stachowicz
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and Byrnes, 2006). The granite and shell structures, although internally complex, failed to provide

a consistent, flat structure for tube-building organisms, such as encrusting polychaetes, resulting

in overall lower richness compared to the castle. In contrast, the diamond structures, which al-

though concrete with embedded shell, were flat on all four sides and had no internal space, such

that they did not create smaller niches to be filled. Unlike richness, evenness did not significantly

differ among reef types; however, overall the reef structures had lower evenness compared to the

control. Across all reef types, tube-building polychaete and amphipods dominated the community

assemblages and reduced overall evenness on reefs. The high abundance and thus dominance of

amphipods at the Andrews site led to lower evenness compared to the other two sites.

Although the Shannon diversity (with contributions from both richness and evenness) was sig-

nificantly higher at the impact compared to control sites after a year, similar to evenness, the

Shannon diversity among most reef types did not vary. One exception was that the diamonds had

lower Shannon diversity than the other structures. This suggests that, for projects that focus on

macrofaunal organism diversity as a measure of oyster reef success, a more nuanced approach to

community measurements, such as examining richness and evenness separately, may be needed

for at least the first year of monitoring a restored reef, especially as seen by the BACI analy-

sis, richness was the primary driver of the difference in diversity between reef types. Diversity

also differed by site, with the protected site having significantly higher Shannon diversity than the

Andrews site. Again, the presence of algae and abundant amphipods at the Andrews site led to

dominance of those species, reduced evenness, and therefore reduced Shannon diversity. As the

protected site was sheltered from wave energy, it allowed multiple types of organisms to settle

on the reefs and experience favorable growth conditions, and the community was not dominated

by any one species. As competition leads to diversity to fill the available niches (Tilman, 2004;

Stachowicz and Byrnes, 2006), it is no surprise that the protected site had higher overall Shannon

diversity. The exposed site also had high diversity compared to the Andrews site. Because of the

high water flow at the exposed site, the organisms were exposed to abundant food from the moving

current (Palardy and Witman, 2011). This trend may not have been present at the Andrews site
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because of the domination of the Andrews by macroalgae. Although this algae created habitat for

amphipods, the early on-set biofouling at this site may have prohibited growth and settlement by

other species.

High biomass and secondary productivity on the granite reef was largely driven by the mud

crab populations that preferred the shelter and protected foraging habitat offered by the granite in

their associated baskets. Mud crab species such as Panopeus herbstii, one of the main mud crab

species collected in this study, can grow to be over 4 cm (Bisker and Castagna, 1987), and prefer

structurally complex structures like riprap (Day and Lawton, 1988; Seitz et al., 2019). These large

organisms have high biomass, and crustaceans have a high P/B ratio both of which are used to

derive secondary production. The many large mud crabs led to granite’s higher secondary produc-

tivity compared to the other five structures. Although the shell reef had biomass that was close to

the c-dome and the x-reef, it also had many mud crabs, which brought its secondary productivity

close to that of the granite, again, because crustaceans are weighed more heavily than other organ-

isms in the P/B ratios (Diaz and Schaffner, 1990). Surprisingly, this structure also had the presence

of large oyster toad fish Opsanus tau, which were found in both of the the basket structures. This

could have influenced over all oyster recruitment and mesopredator populations through density-

or trait-mediated effects (Grabowski, 2004).

One important factor to note that could have driven these community differences was the basket

used for the shell and granite structures. These baskets were an additional barrier of protection for

the macrofauna within and prevented predation of the benthic macrofauna and the oysters by higher

tropic level organisms such as fish and large blue crabs that were external to the reef structure.

This study showed that both reef type and site can impact community assemblages (PER-

MANOVA). Most reefs differed from one another in terms of community density and biomass. All

structures had densities and biomass that were higher than the diamond structure, likely because of

the diamond sinking into the sediment. Community differences in the diamond and the granite reef

were most likely driven by algal coverage on the diamond reef versus the granite (pers. obsv.). The

flat surfaces of the diamond were quickly covered in Gracilaria sp. and Ulva lactuca by the on-
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set of warmer spring temperatures. The granite reefs had higher tunicate (Molgula manhattensis)

assemblages than the diamond because the large pockets of internal space offered by the granite

offered protection for tunicates to grow without predation. In addition, the c-dome and the x-reef

had similar community structure. Given the similar material composition and structural shape

(tall with internal, protected space), this similarity is no surprise. These differences in community

structure are important to understand how different materials impact a restored oyster reef commu-

nity. Opportunistic species, like tunicates (Andrews, 1973), were dominant across most structures

within the first year of reef restoration and the presence of larger, and more mobile species, such

as mud crabs, can demonstrate how much a community can develop in a year.

5.3 Impact of Oysters on the Community

Live oyster densities directly correlate with benthic community density on oyster reefs with

natural shell (Karp et al., 2018). Past studies also have specifically demonstrated positive relation-

ships between mussel and oyster densities (Hadley et al., 2010; Colden and Lipcius, 2015; Karp

et al., 2018). In this study, mussels were also found in greater quantities on alternative oyster

reef substrates than on bare sediment. Oysters and mussels often fulfill a similar role in benthic

communities (Gedan et al., 2014), as they are both ecosystem engineers that provide habitat for

other organisms. Examining mussel density in comparison to oyster density can determine whether

oyster restoration methods could also be beneficial to mussel restoration, and could additionally

benefit communities. Live oysters on restored structures provide more surface area on which mus-

sels can settle and the use of hard substrates, such as concrete, similarly allow for more availability

of mussel settlement surfaces (Lipcius and Burke, 2006, 2018). Additionally, oyster reefs that have

high oyster densities can result in a reduced water flow over reef structures, which can promote

mussel settlement (Soniat et al., 2004) and provide mussels shelter from predation (Brown et al.,

2011).

Similarly, this study showed an overall increase in macrofauna on oyster reef structures. As

oysters form the basis of settlement for many filter feeding, sessile organisms and habitat for other,
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small nektonic organisms, this was expected (Breitburg et al., 1995; Coen and Luckenbach, 2000;

Grabowski and Peterson, 2007; Karp et al., 2018).

The implications of these findings show that there are many organisms that rely on natural

shell and artificial oyster reefs within the York River. By restoring oyster populations in the York

River, the communities that rely on oysters can also thrive. Oysters, along with the filter-feeding

organisms their reefs provide shelter for, such as tunicates and mussels, can help increase water

clarity (Dame, 1999; Steimle et al., 2002; Peterson et al., 2003). As reefs grow to host more

organisms, they can also increase the secondary productivity of the area (Benke and Huryn, 2006).

Additionally, as subtidal artificial reef structures like these grow to host more oyster cohorts, they

can increase living hard substrate close to the shoreline and aid in protecting the coast from erosion

(Scyphers et al., 2011; Chowdhury et al., 2019).

5.4 Implications for Restoration

As large-scale restoration projects often occur over many acres, using small structures like the

one presented in this project may not be feasible due to logistics and cost. With the current restora-

tion standards calling for oysters to cover 30 % of the target restoration area (Sustainable Fisheries,

2011), using many small individual structures may not be possible. However, the benefit of having

multiple substrates is that they can often be used in conjunction with other substrates to address

common issues like shell scarcity, transport logistics, and poaching prevention. Additionally, based

on the goals of restoration for the area, a combination of substrates can be used to both increase

oyster populations while utilizing some of the physical benefits of hard substrate such as erosion

protection. For example, if it granite is more accessible and easier to deploy, it may be more effec-

tive to cover large areas of river bottom with granite while lining the intertidal with oyster castles.

This would both set up 30 % the target restoration area for current macrofaunal habitat and future

oyster recruitment while immediately protecting the shoreline from erosion.

There are 4 main takeaways from this study that have larger implications for oyster reef restora-

tion in the York River.
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1. The Chesapeake Bay Foundation’s GIT restoration metrics (Sustainable Fisheries, 2011),

”recommends that a mean density of 50 oysters/m2 and 50 grams dry weight/m2 containing

at least two year classes, and covering at least 30% of the reef area provides a reasonable

target operational goal for reef-level restoration.” All of the reef structures examined in this

study that didn’t sink into the sediment met this goal with model-estimated mean values

from 715 oysters/m2 - 9,852 oysters/m2. If hard substrate made of shell, granite, or a type

of concrete mixed with shell is placed in the York River in a manner that prevents sinking

into the sediment, a healthy oyster population and additional macrofaunal organisms will

be present on the structure within a year. Therefore, alternative oyster reef substrate types

are successful, viable alternatives to natural oyster shell in this system. Though previous

studies have shown successful oyster recruitment on artificial substrates, (Soniat and Burton,

2005; Lipcius and Burke, 2006; Nestlerode et al., 2007; Dunn et al., 2014; La Peyre et al.,

2015; Theuerkauf et al., 2015), this is the first to show the effectiveness of new concrete-

mix structures compared to traditional substrates (shell, or oyster castles) and their high

productivity in an area with high natural oyster recruitment.

2. The availability of natural shell may be reduced with future large-scale restoration projects

in Chesapeake Bay and elsewhere (Goelz et al., 2020). The use of shell for restoration can

also have drawbacks, such as sedimentation and burial, in certain ecosystems (La Peyre

et al., 2015). Substrates that combine oyster shell with concrete can find logistical success

in restoration projects. Additionally, concrete-mixes, which are a cheaper alternative to pure

concrete, can save project managers the cost while providing the biological effectiveness of

natural shell reefs (Bersoza Hernández et al., 2018). As seen by the c-domes and x-reefs, as

long as the engineered concrete-mix structure has high vertical relief and interstitial space to

avoid possible sedimentation, they could be a viable alternative to oyster shell reefs in this

area. In a large-scale restoration project, these structures could be used intermittently in areas

where poaching is common to both save money while still generating oyster recruitment.
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3. The structures used in oyster reef restoration should be chosen based on long-term goals.

As seen from the second part of this study, the long-term community structure does not

always reflect trends in initial oyster densities, so metrics for first-year assessments should

be adjusted according to the desired type of diversity (e.g., richness, Shannon diversity) or

secondary productivity. Materials like granite can immediately provide hard structure on a

soft-sediment bottom while promoting oyster settlement and being relatively easy to deploy

on a large scale.

4. Oyster reef restoration whether with shell or alternative substrates can successfully increase

initial oyster recruitment and benthic community growth compared to soft-sediment controls

in the York River. More than a year of data is needed to better understand long-term impacts

of artificial reef structures.

5.5 Recommendations for Future Studies

The controls were chosen to suit both the Gloucester Point sites used in this study as well as

a site farther upriver at the Naval Weapons Station Yorktown, because this project was a smaller

part of the larger restoration effort. In the future, controls could be selected closer to the impact

sites to ensure similar environmental conditions and faunal communities. A 3-mm sieve was used

for macrofaunal samples for the sake of time. In the future, a use of a smaller mesh size would

give a better idea of the diversity and density of species seen at the controls and on the structures.

Additionally, sample size for this project was small with only two reef types at each site-reef

combination. The additive models fitted for this experiment only had 9 degrees of freedom and

relatively low power. Given that there is a high chance of an interaction effect between site and

reef when looking at oyster recruitment and biomass, for future studies, more replicates of reef

structures would help better test the strength of this interaction effect.
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6 Conclusions

Based on this study, oyster recruitment and benthic secondary productivity in the lower York

River can be substantially enhanced by the deployment of alternative oyster reef structures. All

of the structures tested had very high oyster recruitment and higher benthic macrofaunal densi-

ties and productivity than bare sand. The types of structures considered should be based on the

predetermined metrics of restoration success for the chosen site. As all structures tested met the

Chesapeake Bay Sustainable Fisheries GIT criteria for oyster restoration success, project managers

and future studies could choose from a variety of successful oyster reef substrates based on goals

for recruitment and secondary productivity, logistics, and cost effectiveness.

As oyster restoration projects work to increase oyster populations in and around the Chesapeake

Bay based on management mandates to restore 10 Chesapeake Bay tributaries by 2025, alterna-

tive substrates can help increase oyster numbers during times when oyster shells are difficult to

obtain. As shell has the potential to become scarce with declining oyster populations and large-

scale restoration efforts, alternative substrates like the ones used in this study may increasingly

help restore populations. They also have the added benefit of protecting coastlines and increasing

the ecosystem services provided by oysters and their reef. An abundance of filter-feeders such

as oysters, mussels, tunicates, and certain polychaetes, can lead to increased water quality which

is often a goal of oyster restoration projects. Introducing hard substrate into soft-sediment com-

munities can help provide habitat for macrofauna that rely on oysters, including species that are

economically and biologically important to this area.
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Supplementary Material

Tables

Table S1: Means of the reef types for the generalized linear negative binomial model mf4 for
oyster density in fall 2021 standardized to 1 m2 of river bottom. Note that these means are de-
rived from an emmeans analysis that was performed on mf4. SE = standard error; df = degrees of
freedom; asymp.LCL = asymptotic lower confidence level; asymp.UCL = asymptotic upper confi-
dence level.

Reef Type Response SE df asymp.LCL asymp.UCL
shell 16721.22 4220.08 Inf 10196.31 27421.62
granite 2668.02 676.54 Inf 1623.10 4385.64
castle 1440.98 364.30 Inf 877.94 2365.11
diamond 825.43 209.40 Inf 502.04 1357.11
c-dome 6515.85 1644.91 Inf 3972.71 10686.97
x-reef 10530.63 2656.74 Inf 6422.55 17266.37
Results are averaged over the levels of: site
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Table S2: Pairwise comparisons between reef types for the generalized linear negative binomial
model mf4 for oyster density in fall 2021. All numbers are standardized to m2 of river bottom.
Note that these comparisons are derived from the emmeans for this model. SE = standard error; df
= degrees of freedom.

Contrast Ratio SE df z.ratio p.value
granite - shell 0.16 0.06 Inf -5.13 <0.01
castle - shell 0.09 0.03 Inf -6.86 <0.01
castle - granite 0.54 0.19 Inf -1.72 0.52
diamond - shell 0.05 0.02 Inf -8.41 <0.01
diamond - granite 0.31 0.11 Inf -3.27 0.01
diamond - castle 0.57 0.21 Inf -1.56 0.63
c-dome - shell 0.39 0.14 Inf -2.64 0.09
c-dome - granite 2.44 0.87 Inf 2.50 0.13
c-dome - castle 4.52 1.62 Inf 4.22 <0.01
c-dome - diamond 7.89 2.83 Inf 5.77 <0.01
x-reef - shell 0.63 0.22 Inf -1.30 0.79
x-reef - granite 3.95 1.41 Inf 3.84 <0.01
x-reef - castle 7.31 2.61 Inf 5.57 <0.01
x-reef - diamond 12.76 4.56 Inf 7.12 <0.01
x-reef - c-dome 1.62 0.58 Inf 1.35 0.76
Results are averaged over the levels of: site

Table S3: Pairwise comparisons between impact sites for the generalized linear negative binomial
model mf4 for oyster density in fall 2021. All numbers are standardized to m2 of river bottom.
Note that these comparisons are derived from the emmeans for this model. SE = standard error; df
= degrees of freedom.

Contrast Ratio SE df z.ratio p.value
exposed - andrews 0.62 0.16 Inf -1.86 0.15
protected - andrews 1.57 0.40 Inf 1.79 0.17
protected - exposed 2.52 0.64 Inf 3.65 <0.01
Results are averaged over the levels of: reef
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Table S4: Means of the reef types for the generalized linear negative binomial model md4 for
oyster density in summer 2022 standardized to 1 m2 of river bottom. Note that these means are
derived from an emmeans analysis that was performed on md4. SE = standard error; df = degrees
of freedom; asymp.LCL = asymptotic lower confidence level; asymp.UCL = asymptotic upper
confidence level.

Reef Response SE df asymp.LCL asymp.UCL
shell 9852.98 1154.97 Inf 7830.50 12397.84
granite 2829.89 337.47 Inf 2240.08 3575.00
castle 2219.71 260.40 Inf 1763.77 2793.52
diamond 715.72 85.99 Inf 565.56 905.75
c-dome 3202.30 376.86 Inf 2542.66 4033.07
x-reef 3816.67 447.29 Inf 3033.39 4802.20
Results are averaged over the levels of: site

Table S5: Pairwise comparisons between reefs for the generalized linear negative binomial model
md4 for oyster density in summer 2022. All numbers are standardized to m2 of river bottom. Note
that these comparisons are derived from the emmeans for this model. SE = standard error; df =
degrees of freedom.

Contrast Ratio SE df t.ratio p.value
granite - shell 0.28 0.05 Inf -7.46 <0.01
castle - shell 0.22 0.04 Inf -8.99 <0.01
castle - granite 0.78 0.13 Inf -1.45 0.70
diamond - shell 0.07 0.01 Inf -15.62 <0.01
diamond - granite 0.25 0.04 Inf -8.12 <0.01
diamond - castle 0.32 0.05 Inf -6.74 <0.01
c-dome - shell 0.33 0.05 Inf -6.77 <0.01
c-dome - granite 1.13 0.19 Inf 0.74 0.98
c-dome - castle 1.44 0.24 Inf 2.21 0.24
c-dome - diamond 4.47 0.75 Inf 8.91 <0.01
x-reef - shell 0.39 0.06 Inf -5.72 <0.01
x-reef - granite 1.35 0.22 Inf 1.79 0.47
x-reef - castle 1.72 0.29 Inf 3.27 0.01
x-reef - diamond 5.33 0.90 Inf 9.97 <0.01
x-reef - c-dome 1.19 0.20 Inf 1.06 0.90
Results are averaged over the levels of: site
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Table S6: Means of the sites for the generalized linear negative binomial model md4 for oyster den-
sity in summer 2022 standardized to 1 m2 of river bottom. Note that these means are derived from
an emmeans analysis that was performed on mf4. SE = standard error; df = degrees of freedom;
asymp.LCL = asymptotic lower confidence level; asymp.UCL = asymptotic upper confidence level

Reef Response SE df asymp.LCL asymp.UCL
andrews 3246.29 270.47 Inf 2757.20 3822.13
exposed 1743.77 146.77 Inf 1478.57 2056.53
protected 4110.42 341.59 Inf 3492.59 4837.53
Results are averaged over the levels of: reef

Table S7: Pairwise comparisons between impact sites for the generalized linear negative binomial
model md4 for oyster density in summer 2022. All numbers are standardized to m2 of river bottom.
Note that these comparisons are derived from the emmeans for this model. SE = standard error; df
= degrees of freedom.

Contrast Ratio SE df z.ratio p.value
exposed - andrews 0.54 0.06 Inf -5.25 <0.01
protected - andrews 1.27 0.15 Inf 2.01 0.11
protected - exposed 2.36 0.28 Inf 7.25 <0.01
Results are averaged over the levels of: reef

Table S8: Means of the reef types for the generalized linear negative binomial model ms4 for
oyster density in summer 2022 standardized to 1 m2 of surface area. Note that these means are
derived from an emmeans analysis that was performed on ms4. SE = standard error; df = degrees
of freedom; asymp.LCL = asymptotic lower confidence level; asymp.UCL = asymptotic upper
confidence level.

Reef Response SE df asymp.LCL asymp.UCL
castle 1466.58 168.15 Inf 1171.42 1836.10
diamond 92.32 10.85 Inf 73.32 116.24
cdome 808.21 92.97 Inf 645.07 1012.60
xreef 1387.71 158.93 Inf 1108.69 1736.94
Results are averaged over the levels of: site
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Table S9: Pairwise comparisons between reef types for the generalized linear negative binomial
model ms4 for oyster density in summer 2022. All numbers are standardized to m2 of surface area.
Note that these comparisons are derived from the emmeans for this model. SE = standard error; df
= degrees of freedom.

Contrast Ratio SE df z.ratio p.value
diamond - castle 0.06 0.01 Inf -16.84 <0.01
cdome - castle 0.55 0.09 Inf -3.67 <0.01
cdome - diamond 8.75 1.44 Inf 13.19 <0.01
xreef - castle 0.95 0.15 Inf -0.34 0.99
xreef - diamond 15.03 2.47 Inf 16.51 <0.01
xreef - cdome 1.72 0.28 Inf 3.33 <0.01
Results are averaged over the levels of: site

Table S10: Means of the site for the generalized linear negative binomial model ms4 for oyster
density in summer 2022 standardized to 1 m2 of surface area. Note that these means are derived
from an emmeans analysis that was performed on ms4. SE = standard error; df = degrees of
freedom; asymp.LCL = asymptotic lower confidence level; asymp.UCL = asymptotic upper confi-
dence level.

Reef Response SE df asymp.LCL asymp.UCL
andrews 698.64 69.67 Inf 574.60 849.46
exposed 377.39 38.03 Inf 309.76 459.80
protected 922.59 91.73 Inf 759.24 1121.08
Results are averaged over the levels of: reef

Table S11: Pairwise comparisons between impact sites for the generalized linear negative binomial
model ms4 for oyster density in summer 2022. All numbers are standardized to m2 of surface area.
Note that these comparisons are derived from the emmeans for this model. SE = standard error; df
= degrees of freedom.

Contrast Ratio SE df z.ratio p.value
exposed - andrews 0.54 0.08 Inf -4.34 <0.01
protected - andrews 1.32 0.19 Inf 1.97 0.12
protected - exposed 2.44 0.35 Inf 6.32 <0.01
Results are averaged over the levels of: reef
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Table S12: Reef means for the linear model mb4 for oyster biomass in summer 2022. Note that
these means are derived from an emmeans analysis that was performed on mb4.

Reef
Type

mean SE df lower.CL upper.CL

shell 743.90 65.12 28 610.50 877.30
granite 280.83 65.12 28 147.44 414.23
castle 345.92 65.12 28 212.52 479.32
diamond 117.48 65.12 28 -15.92 250.88
c-dome 418.33 65.12 28 284.94 551.73
x-reef 531.75 65.12 28 398.35 665.15
Results are averaged over the levels of: site

Table S13: Site means for the linear model mb4 for oyster density in summer 2022. Note that these
means are derived from an emmeans analysis that was performed on mb4.

Site mean SE df lower.CL upper.CL
andrews 456.21 46.05 28 361.88 550.54
exposed 267.83 46.05 28 173.50 362.15
protected 495.07 46.05 28 400.74 589.40
Results are averaged over the levels of: reef
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Table S14: Pairwise comparisons between reef types for linear model mb4 for oyster biomass in
summer 2022.

Contrast Estimate SE df t.ratio p.value
granite - shell -463.06 92.10 28 -5.03 <0.01
castle - shell -397.97 92.10 28 -4.32 <0.01
castle - granite 65.09 92.10 28 0.71 0.98
diamond - shell -626.42 92.10 28 -6.8 <0.01
diamond - granite -163.36 92.10 28 -1.77 0.50
diamond - castle -228.44 92.10 28 -2.48 0.16
c-dome - shell -325.56 92.10 28 -3.54 0.02
c-dome - granite 137.50 92.10 28 1.50 0.67
c-dome - castle 72.41 92.10 28 0.79 0.97
c-dome - diamond 300.85 92.10 28 3.27 0.03
x-reef - shell -212.15 92.10 28 -2.30 0.23
x-reef - granite 250.92 92.10 28 2.72 0.10
x-reef - castle 185.83 92.10 28 2.02 0.36
x-reef - diamond 414.27 92.10 28 4.50 <0.01
x-reef - c-dome 113.42 92.10 28 1.23 0.82
Results are averaged over the levels of: site

Table S15: Pairwise comparisons between impact sites for linear model mb4 for oyster biomass in
summer 2022.

Contrast Estimate SE df t.ratio p.value
exposed - andrews -188.39 65.12 28 -2.89 0.02
protected - andrews 38.86 65.12 28 0.60 0.82
protected - exposed 227.24 65.12 28 3.490 <0.01
Results are averaged over the levels of: reef
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Table S16: Reef means for the linear model mdw4 for oyster dry weight in summer 2022. Note
that these means are derived from an emmeans analysis that was performed on mdw4.

Reef
Type

mean SE df lower.CL upper.CL

shell 895.03 76.30 28 738.74 1051.32
granite 348.71 76.30 28 192.41 505.00
castle 418.59 76.30 28 262.30 574.89
diamond 147.12 76.30 28 -9.18 303.49
c-dome 497.68 76.30 28 341.38 653.97
x-reef 649.76 76.30 28 493.47 806.06
Results are averaged over the levels of: site

Table S17: Pairwise comparisons between reef types for linear model mdw4 for oyster dry weight
in summer 2022.

Contrast Estimate SE df z.ratio p.value
granite - shell -546.32 107.90 28 -5.06 <0.01
castle - shell -476.44 107.90 28 -4.42 <0.01
castle - granite 69.89 107.90 28 0.65 0.99
diamond - shell -747.91 107.90 28 -6.93 <0.01
diamond - granite -201.59 107.90 28 -1.87 0.44
diamond - castle -271.48 107.90 28 -2.52 0.15
c-dome - shell -397.35 107.90 28 -3.68 0.01
c-dome - granite 148.97 107.90 28 1.38 0.74
c-dome - castle 79.09 107.90 28 0.73 0.98
c-dome - diamond 350.56 107.90 28 3.25 0.03
x-reef - shell -245.27 107.90 28 -2.27 0.24
x-reef - granite 301.06 107.90 28 2.79 0.09
x-reef - castle 231.17 107.90 28 2.14 0.30
x-reef - diamond 502.65 107.90 28 4.66 <0.01
x-reef - c-dome 152.087 107.90 28 1.41 0.72
Results are averaged over the levels of: site
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Table S18: Site means for the linear model mdw4 for oyster density in summer 2022. Note that
these means are derived from an emmeans analysis that was performed on mdw4.

Site Mean SE df lower.CL upper.CL
andrews 553.92 53.95 28 443.41 664.44
exposed 308.09 53.95 28 197.58 418.61
protected 616.42 53.95 28 505.91 726.94
Results are averaged over the levels of: reef

Table S19: Pairwise comparisons between impact sites for linear model mdw4 for oyster dry weight
in summer 2022.

Contrast Estimate SE df t.ratio p.value
exposed - andrews -245.83 76.30 28 -3.22 <0.01
protected - andrews 62.50 76.30 28 0.82 0.70
protected - exposed 308.33 76.30 28 4.04 <0.01
Results are averaged over the levels of: reef

Table S20: Parameter means for univariate response variables. Note that all means are derived from
an emmeans analysis that was performed on the models listed on the ”Model” column for each
response variable. X represents factors that were not included in that model. The transformations
applied to the models used to derive the means for each row are represented under each response
variable.

Response Model Shell Granite Castle Diamond C-dome X-reef Exposed Protected Andrews
Density u4 22859 ± 51696± 24098± 10168± 28672± 24961± 21933± 11788± 55676±
(Neg. Bin.) 3995 9027 4206 1776 5006 4358 2708 1457 6871
Richness u4 16.8 ± 19.0± 20.3± 15.0± 17.8± 19.5± 16.6± 18.0± 19.7±
(LM) 0.75 0.75 0.75 0.75 0.75 0.75 0.53 0.53 0.53
Evenness u4 0.69 ± 0.59± 0.61± 0.57± 0.68± 0.61± 0.66± 0.73± 0.48±
(LM) 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04
Diversity u4 1.93 ± 1.73± 1.81± 1.47± 1.95± 1.80± 1.82± 2.10± 1.43±
(LM) 0.14 0.14 0.14 0.14 0.14 0.14 0.10 0.10 0.10
Biomass u4 188.4 ± 333.3± 140.3± 43.4± 211.4± 234.0± 142± 185± 248±
(LM) 32 32 32 32 32 32 22.6 22.6 22.6
Secondary u2 644.48 ± 800.70± 365.64± 97.16± 394.56± 313.71± X X X
Production
(LM*)

3.30 3.30 3.30 3.30 3.30 3.30

* Means back-transformed from a model that used square-root transformed data.
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Table S21: Pairwise comparisons between reef types for generalized negative binomial model u4
for benthic community density at the impact sites in summer 2022. All numbers are standardized
to m2 of river bottom. Note that these comparisons are derived from the emmeans for this model.
SE = standard error; df = degrees of freedom.

Contrast Ratio SE df z.ratio p.value
granite - shell 2.26 0.56 Inf 3.30 0.01
castle - shell 1.05 0.26 Inf 0.21 1.00
castle - granite 0.47 0.12 Inf -3.09 0.02
diamond - shell 0.44 0.11 Inf -3.28 0.01
diamond - granite 0.20 0.05 Inf -6.58 <0.01
diamond - castle 0.42 0.10 Inf -3.49 0.01
c-dome - shell 1.25 0.31 Inf 0.92 0.94
c-dome - granite 0.55 0.14 Inf -2.39 0.16
c-dome - castle 1.19 0.29 Inf 0.70 0.98
c-dome - diamond 2.82 0.70 Inf 4.20 <0.01
x-reef - shell 1.09 0.27 Inf 0.36 1.00
x-reef - granite 0.48 0.12 Inf -2.95 0.04
x-reef - castle 1.04 0.26 Inf 0.14 1.00
x-reef - diamond 2.45 0.61 Inf 3.64 <0.01
x-reef - c-dome 0.87 0.21 Inf -0.56 0.99
Results are averaged over the levels of: site

Table S22: Pairwise comparisons between impact sites for generalized negative binomial model u4
for benthic community density at the impact sites in summer 2022. All numbers are standardized
to m2 of river bottom. Note that these comparisons are derived from the emmeans for this model.
SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
exposed - andrews -0.93 0.17 Inf -5.336 <0.01
protected - andrews -1.55 0.17 Inf -8.890 <0.01
protected - exposed -0.62 0.17 Inf -3.555 <0.01
Results are averaged over the levels of: reef
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Table S23: Pairwise comparisons between reef types for the linear model, u4, for benthic commu-
nity richness at the impact sites in summer 2022. Note that these comparisons are derived from the
emmeans for this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
granite - shell 2.17 1.05 28 2.06 0.34
castle - shell 3.50 1.05 28 3.32 0.03
castle - granite 1.33 1.05 28 1.26 0.80
diamond - shell -1.83 1.05 28 -1.74 0.52
diamond - granite -4.00 1.05 28 -3.79 0.01
diamond - castle -5.33 1.05 28 -5.06 <0.01
c-dome - shell 1.00 1.05 28 0.95 0.93
c-dome - granite -1.17 1.05 28 -1.11 0.87
c-dome - castle -2.50 1.05 28 -2.37 0.20
c-dome - diamond 2.83 1.05 28 2.69 0.11
x-reef - shell 2.67 1.05 28 2.53 0.15
x-reef - granite 0.50 1.05 28 0.47 1.00
x-reef - castle -0.83 1.05 28 -0.79 0.97
x-reef - diamond 4.50 1.05 28 4.27 <0.01
x-reef - c-dome 1.67 1.05 28 1.58 0.62
Results are averaged over the levels of: site

Table S24: Pairwise comparisons between impact sites for the linear model, u4, for benthic com-
munity richness in summer 2022. Note that these comparisons are derived from the emmeans for
this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
exposed - andrews -3.08 0.75 28.00 -4.14 <0.01
protected - andrews -1.67 0.75 28.00 -2.24 0.08
protected - exposed 1.42 0.75 28.00 1.90 0.16
Results are averaged over the levels of: reef
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Table S25: ANOVAs run on models u3 and u4 for the evenness and diversity response variables
to determine significant differences between the models. u3 includes only site as a variable and
u4 includes both site and reef as variables. Models were comparing using Chi square Test of
Independence.

Response Model Variables Res.Df RSS Df Sum of Sq Pr(>Chi)
Diversity u3 Site 33 4.3414 -5 -0.90179 0.1965

u4 Reef, Site 28 3.4396
Evenness u3 Site 33 0.48866 -5 -0.071455 0.4413

u4 Reef, Site 28 0.41720

Table S26: Pairwise comparisons between reef types for the linear model, u4, for benthic commu-
nity evenness at the impact sites in summer 2022. Note that these comparisons are derived from
the emmeans for this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
granite - shell -0.10 0.07 28 -1.35 0.75
castle - shell -0.08 0.07 28 -1.13 0.86
castle - granite 0.02 0.07 28 0.22 1.00
diamond - shell -0.12 0.07 28 -1.74 0.52
diamond - granite -0.03 0.07 28 -0.39 1.00
diamond - castle -0.04 0.07 28 -0.61 0.99
c-dome - shell -0.01 0.07 28 -0.14 1.00
c-dome - granite 0.09 0.07 28 1.21 0.83
c-dome - castle 0.07 0.07 28 0.99 0.92
c-dome - diamond 0.11 0.07 28 1.60 0.61
x-reef - shell -0.08 0.07 28 -1.12 0.87
x-reef - granite 0.02 0.07 28 0.23 1.00
x-reef - castle 0.00 0.07 28 0.01 1.00
x-reef - diamond 0.04 0.07 28 0.62 0.99
x-reef - c-dome -0.07 0.07 28 -0.98 0.92
Results are averaged over the levels of: site
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Table S27: Pairwise comparisons between impact sites for the linear model, u4, for benthic com-
munity evenness in summer 2022. Note that these comparisons are derived from the emmeans for
this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
exposed - andrews 0.17 0.05 28 3.48 <0.01
protected - andrews 0.25 0.05 28 5.03 <0.01
protected - exposed 0.08 0.05 28 1.55 0.28
Results are averaged over the levels of: reef

Table S28: Pairwise comparisons between reef types for the linear model, u4, for benthic commu-
nity diversity at the impact sites in summer 2022. Note that these comparisons are derived from
the emmeans for this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
granite - shell -0.20 0.20 28 -1.00 0.91
castle - shell -0.12 0.20 28 -0.59 0.99
castle - granite 0.08 0.20 28 0.41 1.00
diamond - shell -0.46 0.20 28 -2.27 0.24
diamond - granite -0.26 0.20 28 -1.27 0.80
diamond - castle -0.34 0.20 28 -1.68 0.56
c-dome - shell 0.02 0.20 28 0.09 1.00
c-dome - granite 0.22 0.20 28 1.09 0.88
c-dome - castle 0.14 0.20 28 0.68 0.98
c-dome - diamond 0.48 0.20 28 2.36 0.20
x-reef - shell -0.13 0.20 28 -0.66 0.98
x-reef - granite 0.07 0.20 28 0.33 1.00
x-reef - castle -0.01 0.20 28 -0.07 1.00
x-reef - diamond 0.32 0.20 28 1.61 0.60
x-reef - c-dome -0.15 0.20 28 -0.75 0.97
Results are averaged over the levels of: site
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Table S29: Pairwise comparisons between impact sites for the linear model, u4, for benthic com-
munity diversity in summer 2022. Note that these comparisons are derived from the emmeans for
this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
exposed - andrews 0.39 0.14 28 2.75 0.03
protected - andrews 0.68 0.14 28 4.73 <0.01
protected - exposed 0.28 0.14 28 1.99 0.13
Results are averaged over the levels of: reef

Table S30: Pairwise comparisons between reef types for the linear model, u4, for benthic com-
munity biomass (g AFDW) at the impact sites in summer 2022. Note that these comparisons are
derived from the emmeans for this model. SE = standard error; df = degrees of freedom.

Contrast Estimate SE df t.ratio p.value
granite - shell 144.84 45.29 28 3.20 0.04
castle - shell -48.17 45.29 28 -1.06 0.89
castle - granite -193.01 45.29 28 -4.26 <0.01
diamond - shell -145.04 45.29 28 -3.20 0.04
diamond - granite -289.88 45.29 28 -6.40 <0.01
diamond - castle -96.87 45.29 28 -2.14 0.30
c-dome - shell 23.01 45.29 28 0.51 1.00
c-dome - granite -121.83 45.29 28 -2.69 0.11
c-dome - castle 71.18 45.29 28 1.57 0.62
c-dome - diamond 168.05 45.29 28 3.71 0.01
x-reef - shell 45.60 45.29 28 1.01 0.91
x-reef - granite -99.24 45.29 28 -2.19 0.27
x-reef - castle 93.76 45.29 28 2.07 0.33
x-reef - diamond 190.64 45.29 28 4.21 <0.01
x-reef - c-dome 22.58 45.29 28 0.50 1.00
Results are averaged over the levels of: site
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Table S31: Pairwise comparisons between impact sites for the linear model, u4, for benthic com-
munity biomass (g AFDW) in summer 2022. Note that these comparisons are derived from the
emmeans for this model. SE = standard error; df = degrees of freedom..

Contrast Estimate SE df t.ratio p.value
exposed - andrews -106.29 32.02 28 -3.32 0.01
protected - andrews -63.65 32.02 28 -1.99 0.13
protected - exposed 42.64 32.02 28 1.33 0.39
Results are averaged over the levels of: reef

Table S32: Pairwise comparisons between reef types for linear model u2 for benthic community
secondary productivity (g C/m2/yr) at the impact sites in summer 2022 standardized to m2 of river
bottom. Note that all numbers have been back-transformed by squaring, as this model used a
square root transformation for normality.

Contrast Estimate SE df t.ratio p.value
granite - shell 8.47 6.60 30 1.13 0.86
castle - shell 39.25 6.60 30 -2.44 0.18
castle - granite 84.18 6.60 30 -3.57 0.01
diamond - shell 241.17 6.60 30 -6.04 <0.01
diamond - granite 340.02 6.60 30 -7.18 <0.01
diamond - castle 85.84 6.60 30 -3.61 0.01
c-dome - shell 30.50 6.60 30 -2.15 0.29
c-dome - granite 71.12 6.60 30 -3.28 0.03
c-dome - castle 0.55 6.60 30 0.29 1.00
c-dome - diamond 100.13 6.60 30 3.89 0.01
x-reef - shell 58.90 6.60 30 -2.99 0.06
x-reef - granite 112.04 6.60 30 -4.12 <0.01
x-reef - castle 1.99 6.60 30 -0.55 0.99
x-reef - diamond 61.70 6.60 30 3.06 0.05
x-reef - c-dome 4.63 6.60 30 -0.84 0.96
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Table S33: List of species found at the control and impact sites in 2021 and 2022.

Taxonomic Group Species
Actiniaria Actiniaria
Bivalve Anadara tranversa
Bivalve Ameritella mitchelli
Bivalve Crassostrea virginica
Bivalve Gemma gemma
Bivalve Geukensia demissa
Bivalve Ischadium recurvum
Bivalve Macoma balthica
Bivalve Macoma tenta
Bivalve Mercenaria mercenaria
Bivalve Mulinia lateralis
Bivalve Mya arenaria
Bivalve Tagelus plebeius
Chordata Chasmodes bosquianus
Chordata Gobiesox strumosus
Chordata Gobiosoma bosc
Chordata Gobiosoma ginsburgi
Chordata Hypsoblennius hentz
Chordata Molgula manhattensis
Chordata Opsanus tau
Crustacean Alpheus heterochelis
Crustacean Callinectus sapidus
Crustacean Caprellidae
Crustacean Corophiidae
Crustacean Dyspanopeus sayi
Crustacean Eurypanopeus depressus
Crustacean Gammaridae
Crustacean Hexapanopeus angustifrons
Crustacean Libinia dubia
Crustacean Litopenaeus setiferus
Crustacean Palaemonetes pugio
Crustacean Panopeus herbstii
Crustacean Rhithropanopeus harrisii
Crustacean Synidotea laevidorsalis
Crustacean Upogenia affinis
Crustacean Zaops ostreum
Gastropoda Astyris lunata
Gastropoda Boonea impressa
Gastropoda Costoanachis avara
Gastropoda Crepidula plana
Gastropoda Littoraria irrorata
Gastropoda Phrontis vibex
Gastropoda Pyrgocythara plicosa
Gastropoda Triphora nigrocincta
Nemertea Nemertea
Polychaete Alitta succinea
Polychaete Capitellida sp.
Polychaete Clymenella torquata
Polychaete Drilonereis longa
Polychaete Glycera dibranchiata
Polychaete Glycinde solitaria
Polychaete Hydroides protulicola
Polychaete Leitoscoloplos sp.
Polychaete Loimia medusa
Polychaete Nephtys squamosa
Polychaete Parasabella microphthalma
Polychaete Potamilla neglecta
Polychaete Sabellaria vulgaris
Polychaete Spiochaetopterus oculatus
Polychaete Sthenelais boa
Spinoida Spionid
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Figures

Figure S1: Proportion of density of taxa found at the on the reef structures and control sites in 2022
by taxonomic group. Crustacean refers to non-amphipod crustaceans.
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Figure S2: Proportion of biomass of taxa found at the on the reef structures and control sites in
2022 by taxonomic group. Crustacean refers to non-amphipod crustaceans.
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