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Reef design influences habitat
provision on a restored
oyster reef
Jennifer Beseres Pollack*, Monisha Sugla, Natasha J. Breaux,
Stacy N. Trackenberg and Terence A. Palmer

Harte Research Institute for Gulf of Mexico Studies, Texas A&M University-Corpus Christi, Corpus
Christi, TX, United States
Habitat restoration efforts are often limited by cost, making it important that

available funds are used efficiently and effectively to achieve desired restoration

goals. In this study, we evaluate habitat provision for oysters and motile epifauna

on restored oyster reefs in a northwestern Gulf of Mexico estuary constructed

with discrete high vertical relief (~0.6m “reef mounds”) or continuous low vertical

relief (<0.08 m “reef flats”). Habitat provision on reef mounds exceeded that on

reef flats within one month of construction and supported 0.75x higher oyster

density, 2x higher motile epifauna biomass, and 3.6x higher motile epifauna

density one year after construction. Oyster density on reef mounds remained

relatively high throughout the study period, with ~2x higher oyster densities than

reef flats 18 months after construction and ~1.5x higher oyster densities by the

end of the study. Both reef mounds and reef flats increased oyster and epifaunal

densities compared to unrestored areas. Although on-reef oyster densities were

higher on reef mounds than reef flats, the total restored oyster areal density and

volumetric density was higher in restored reef flat areas, primarily because the

restored flats area had no gaps within its restoration boundaries. Our findings

have practical value for better predicting restoration outcomes and achieving

desired restoration goals based on restored oyster reef height, with reef mounds

maximizing on-reef oyster and epifaunal densities and reef flats maximizing the

total number of oysters per area restored or volume of substrate purchased.

Understanding the benefits and tradeoffs between restoration designs will allow

resource managers to improve cost-efficiencies in future restoration projects.
KEYWORDS

Crassostrea virginica, habitat, management, reef-resident fauna, restoration, vertical
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1 Introduction

Native oyster populations globally have experienced substantial

declines over the past century, primarily due to unsustainable

harvests and reef loss (Kirby, 2004; Jackson, 2008). In the United

States, severe losses in oyster extent and biomass have also been

documented (zu Ermgassen et al., 2012). Oyster reef degradation

has been linked to loss of hard substratum, or cultch, from

overharvesting via dredge (Rothschild et al., 1994). Suitable

substratum is required for larval oyster settlement, and its’ loss

can cause reef loss by decreasing a reef’s areal extent (including by

fragmentation), vertical relief, and structural complexity. Reef loss

negatively affects a reef’s ability to provide several ecosystem

services, including sustaining fisheries, protecting shorelines, and

improving water quality (Cuddington et al., 2011). Maintenance of

vertical relief is important for supporting fauna on oyster reefs by

enhancing recruitment, growth, and survival (Schulte et al., 2009;

Colden et al., 2017; De Santiago et al., 2019). When the reef

substratum degrades and reef height is lost, oyster reefs can

experience higher sedimentation rates (Lenihan, 1999; Jordan-

Cooley et al., 2011), greater exposure to bottom water hypoxia

(Lenihan and Peterson, 1998), reduced exposure to higher food

quality, and greater susceptibility to infection by the protozoan

Perkinsus marinus (Lenihan, 1999; Powers et al., 2009), which

accelerates the reef’s decline. Fragmentation of continuous reef

habitat decreases the sizes of reef patches and increases the

distance among reef patches, which can have negative effects on

abundances of associated species if patch sizes decrease beyond a

critical threshold (Harwell et al., 2011). However, the effects of fine-

scale reef spacing on oyster populations requires further study

(Breitburg et al., 2000).

Oyster reefs present the unique management challenge of

existing both as a fishery resource and as habitat, with natural

resource managers challenged to mediate these competing interests

(Kasperski and Wieland, 2009). Within the management toolbox,

habitat restoration has emerged as a best practice to combat reef loss

and recover lost ecological and economic benefits, often by adding

cultch to ameliorate the effects of overharvest (Peterson and Lipcius,

2003; Grabowski and Peterson, 2007). However, restoration is

costly, and return on investments can vary widely among

projects, locations, designs, and substratum (Graham et al., 2017;

Bersoza Hernández et al., 2018; Blomberg et al., 2018b; Howie and

Bishop, 2021). Numerous studies have quantified ecosystem

services provided by oyster reefs—including habitat provision,

faunal enhancement, and nitrogen regulation—to demonstrate

potential benefits of habitat restoration activities (Newell, 1988;

Peterson et al., 2003; Grabowski and Peterson, 2007; Beseres Pollack

et al., 2013; zu Ermgassen et al., 2016; Lai et al., 2020). However,

more information is needed to better understand how restored reef

design may influence ecosystem service provision.

Restoration needs often exceed available resources, making it

critical that limited funds be used efficiently and effectively to

accelerate recovery of degraded habitats. One challenge is how to

select among various oyster reef restoration designs that may have

different ecological and economic benefits (Hogan and Reidenbach

2022). For example, given a limited amount of restoration substrate,
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restoration designs could be prioritized by their ability to meet

criteria such as maximizing reef area available to be settled by

oysters, or increasing reef height to potentially avoid deleterious

conditions (e.g., hypoxia) and be exposed to favorable conditions

(e.g., increased food quality) associated with deeper water

(Breitburg et al., 2000). Whereas low-relief reef designs can be

beneficial in increasing the restoration footprint and meeting large-

scale ecosystem restoration goals (e.g., La Peyre et al., 2022; Hemraj

et al., 2022), decreasing the areal footprint in exchange for

increasing reef height can enhance ecological benefits and habitat

resilience (Lenihan, 1999; Tolley and Volety, 2005; Powers et al.,

2009; Gregalis et al., 2009; Schulte et al., 2009; Powell et al., 2012;

Colden et al., 2017; Peters et al., 2017). In this study, we evaluate

habitat provision for oysters and motile reef-resident fauna on high-

and low-relief restored oyster reefs for 36 months after reef

construction. We hypothesize that 1) oyster and epifaunal

densities will be enhanced on both reef types relative to an

unrestored control, 2) oyster and epifaunal densities will be

greater and P. marinus infection will be lesser on the high vertical

relief than low vertical relief reefs because of the avoidance of

potentially harmful environmental conditions, and 3) the densities

on the high-relief reefs will be great enough to compensate for the

smaller areal extent of reef restored relative to the low-relief reefs

built with a similar volume of substrate.
2 Methods

2.1 Study area

Aransas Bay is a shallow (~2 m), microtidal, primary bay of the

463 km2 Mission-Aransas Estuary, Texas, located in the

northwestern U.S. Gulf of Mexico (Figure 1; Armstrong, 1987).

Water circulation in the Mission-Aransas Estuary is predominantly

wind-driven, with mean salinity ~19 (Beseres Pollack et al., 2011)

and residence time of 360 days (Solis and Powell, 1999). Oyster reefs

are common in subtidal areas of low to moderate salinity

throughout the estuary—the southernmost in Texas to support a

commercial oyster fishery—and conditions in a large portion of the

estuary exhibit potential for successful oyster reef restoration

(Beseres Pollack et al., 2012). At least five oyster reefs in the

Mission-Aransas Estuary have been successfully restored

(Blomberg et al., 2017; Graham et al., 2017; Rezek et al., 2017;

Blomberg et al., 2018a; Martinez et al., 2022).

In August 2020, approximately 16.2 hectares (ha) of oyster reef

were restored by the Texas Parks andWildlife Department (TPWD)

on the Grass Islands Reef complex in Aransas Bay. Grass Islands

Reef was selected for restoration based on the degradation of

substratum and relatively low abundance of oysters over the

previous ten-year period; abundance of live oysters on the reef

was below the 25th quantile of live oyster abundance of all Aransas

Bay reefs (20 live oysters CPUE-1, see Martinez-Andrade, 2018 for

sampling methodology), and substrata were characterized as being

“hashy”, “pulverized”, and “muddy” (TPWD pers. comm.).

Restoration of Grass Islands Reef occurred using 3976 m3 of #4

limestone cobble (diameter: 7.6–10.2 cm) to create 8.1 hectares of
frontiersin.org
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discrete high relief ‘reef mounds’ (0.6 m high, 3.04 m diameter, 3 m

spacing) and 3389 m3 of the same material to create 8.1 hectares of

continuous low relief ‘reef flats’ (0.08 m high; Figure 1), for a

turnkey cost (i.e. transport, mobilization, labor, construction) of

$284 m-3 and a total cost of $139,405 USD ha-1 for reef mounds and

$118,824 USD ha-1 for reef flats (Table 1). Each reef type was built

in either 30 x 61 m, or 61 x 61 m subunits. Water depth varied

spatially from 2.4 to 2.9 m in the restored area before restoration,

and water level varied temporally by 0.6 m (at unrestored control

locations) from 2020 to 2023 (meaning that the reefs are never

exposed at low tide). The restored reefs remained closed to harvest

until February 2024 to allow for reef development and bay-wide

population recovery.
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2.2 Study design

Oyster populations were sampled at three stations within each

of three reef types (reef mounds, reef flats, and unrestored control;

Figure 1). Pre-restoration monitoring was conducted in June 2020

(2 months before reef construction). Nine 0.5 m2 quadrats were

sampled by divers in areas selected for construction of reef flats (3

quadrats) and reef mounds (3 quadrats), as well as in areas selected

to remain unrestored (3 quadrats) to quantify densities and heights

of live oysters. The quadrats were excavated to a depth of 5 cm,

bagged, and assessed for oyster density at the surface. The benthic

surface was homogenous with low structural complexity before

restoration occurred.
FIGURE 1

Map of the study area. (A) Texas coastline and Gulf of Mexico (B) Mission-Aransas Estuary, TX and (C) Grass Islands restored reef study area showing
restored reef mounds (blue crosshatch), restored reef flats (light green) and unrestored areas (gray), as well as sampling sites within each. The natural
reef is located outside the dashed reef boundary.
TABLE 1 Tradeoffs between restoring discrete, high-relief reef mounds, and continuous low-relief reef flats for a given volume of cultch material.

Metric Reef Mounds Reef Flats Summary

Cost ($US 2020 ha-1) $139,405 $118,824 17% higher cost to build reef mounds

Restored Area
(m-2 reef 0.20-ha-1 reef subunit)+

392.9 2023 Area restored 5.1x greater on reef flats

On-reef Oyster Density (n m-2)+ 630.0 370.7 1.7x greater on reef mounds

Total Areal Oyster Density
(n m-2 in 0.20-ha subunit)+

122.3 370.7 3x greater on reef flats

Epifauna Density (n m-2)^ 2081 452 4.6x higher epifauna densities on reef mounds

Epifauna Biomass (g m-2)^ 171.8 56.7 3x higher epifauna biomass on reef mounds

Epifauna N1 Diversity
(0.135-m-2)^

4.2 5.1 Similar Hill’s N1 diversity on reef mounds and flats

Low Dissolved Oxygen* Less susceptible More susceptible

Sedimentation* Less susceptible More susceptible

Water Depth Requires deeper water Allows shallower water
+ the mean of 30 and 36 months after reef construction. ^ on-reef measurements 12 months after reef construction. * not observed in this study (sourced from Lenihan and Peterson, 1998).
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Immediately following reef construction (13 August 2020), six

sampling trays (45 x 30 x 10.5 cm; 0.135 m2) were placed by divers

at 9 sites: three unrestored controls, three reef mounds, and three

reef flats (n = 54). Each tray contained a single layer of limestone as

restoration substratum. The trays were secured in place with

hooked rebar. One tray was sampled from each of the sites

without replacement monthly for the first three months after reef

construction (14 September, 14 October, 16 November 2020), and

then quarterly thereafter (09 February, 26 May, 11 August 2021).

Sampling involved bringing a tray from each site to the boat and

assessing for oyster metrics and motile epifauna community

composition onboard. Additional sampling of oysters only

occurred on reef mounds, reef flats, and unrestored control areas

using 0.25 m2 or 0.5 m2 quadrats at 18, 24, 30, and 36 months after

reef construction (02 February, 11 August 2022, 09 February, 16

August 2023). Sampling oyster populations using both trays and

quadrats occurred on 21 occasions so that a conversion between

tray density and actual background (quadrat) density could be

calculated (Supplementary Table S1, Supplementary Figure S1).

Hereafter, sampling dates will be referred to as months before and

after reef construction (05 June 2020 = -2 months, 13 August 2020 =

0 months, 14 September 2020 = 1 month, 14 October 2020 = 2

months, 16 November 2020 = 3 months, 09 February 2021 = 6

months, 26 May 2021 = 9 months, 11 August 2021 = 12 months, 02

February 2022 = 18 months, 11 August 2022 = 24 months, 09

February 2023 = 30 months, 16 August 2023 = 36 months).
2.3 Field sampling and laboratory analysis

Water quality variables, including dissolved oxygen (mg l-1),

temperature (°C), turbidity (NTU), salinity, and pH, were measured

0.1 m below the surface and 0.1 m above each oyster reef sampling

tray location on each date to characterize local water quality

conditions using a YSI Pro DSS multiparameter sonde.

All live oysters >25 mm shell height were enumerated from each

tray sample and thirty randomly selected oysters were measured for

shell height. Ten market-sized (≥ 76 mm) and ten submarket-sized

(26–75 mm) live oysters from each reef type were collected to

characterize infection by Perkinsus marinus; an intracellular

protozoan parasite that causes Dermo disease in eastern oysters

(Andrews and Ray, 1988; Powell et al., 1996). Oysters were also

collected quarterly (January, April, July, October) from the existing

natural reef outside the restoration footprint (within 100 m), via

dredge and evaluated for shell height, density (applying a

dredge efficiency rate to account for underestimated oysters

collected via dredge; Beseres Pollack and Palmer, 2020), and P.

marinus infection.

To assess for P. marinus infection, a 5 x 5-mm section of

mantle-edge tissue was removed from just over the palps from each

oyster and cultured for one week using Ray’s Fluid Thioglycollate

culture method (Ray, 1966). Tissues were then stained with Lugol’s

iodine solution and examined under a microscope for prevalence

and intensity of P. marinus hypnospores. Perkinsus marinus

intensity was scored from 0 (uninfected) to 5 (heavily infected)

(Mackin, 1962; Craig et al., 1989). The proportion of oysters
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infected by P. marinus (prevalence) was calculated by dividing the

number of infected oysters by the number of oysters sampled for

each reef type for each date. Mean infection intensity was calculated

for each reef on each date (Soniat et al., 2012), and weighted

prevalence, a measure of the relative severity of P. marinus

infection in a population, was calculated by multiplying

prevalence by mean infection intensity.

Motile reef-resident fauna were collected in the field by rinsing

the limestone cobble with seawater over a 0.5 mm mesh, and were

then placed in 10% buffered formalin. In the laboratory, motile

fauna from the trays were sorted, counted, and identified to the

lowest practical taxon (usually species). Dry weight biomass for

each taxon in each sample was measured after drying organisms for

approximately 24 hours at 60°C. Mollusks were placed in 0.1 MHCl

to remove shells before weighing.
2.4 Data analysis

To evaluate oyster densities across large subunits of the restored

reef complex and accounting for spaces between reef mounds, the

number of oysters per 0.20-ha (0.5-acre) reef subunit (50 mounds or

continuous flat), the total areal density of oysters each 0.20-ha restored

subunit (including bare spaces between mounds), and the density of

oysters per volume of cobble was calculated (Supplementary Table S2).

The effects of reef type (reef flats, reef mounds, unrestored

control) and sample date on motile epifauna density, biomass, and

diversity (Hill’s N1), as well as oyster density and size were tested

using separate two-way analysis of variance (ANOVA) tests for

each dependent variable. Hill’s N1 diversity was used as a diversity

measure because its’ units are the number of dominant species, so is

more interpretable than many other diversity indices (Ludwig and

Reynolds, 1988). The normality of residuals was assessed using the

Shapiro-Wilks test. Oyster density and epifauna biomass data were

square root transformed, and oyster height data were loge
transformed to meet ANOVA normality assumptions. Epifauna

density and Hill’s N1 diversity data did not need to be transformed

to meet normality assumptions. Data from the harvested oyster reef

were not included in analyses due to differences in sampling dates.

The Tukey’s multiple comparison test was used to determine

differences among or between treatments when significant

differences were found (p < 0.05). All univariate analyses and data

management were performed using SAS 9.4 software (SAS Institute

Inc, 2013).

Spatio-temporal changes in motile epifauna community

composition were determined using non-metric multidimensional

scaling (nMDS) (Clarke and Warwick, 1994). Groupings of

communities were identified using cluster analysis (group-average

method) and meaningful clusters were verified using a Similarity

Profile (SIMPROF) test (Clarke et al., 2008). The similarity

percentages (SIMPER) routine was used to determine which taxa

were characteristic of, and different among restored and unrestored

reefs, and mound and flat restored reefs. Multivariate analyses were

performed using a Bray-Curtis similarity matrix on loge(x+1)-

transformed abundance data using PRIMER v7 software (Clarke

and Gorley, 2015).
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3 Results

3.1 Water quality

Salinities decreased steadily from 31.4 ± 0.1 (mean ± standard

deviation) one month after restoration (September 2020) to 5.1 ±

1.6 twelve months later (August 2021) following periods of heavy

rainfall, before increasing again to 35.9 ± 0.4 at 24 months post-

construction (August 2022) (Figure 2). Water temperature followed

expected seasonal patterns, with the warmest temperatures

occurring each August (30.1 to 31.6 °C) and the coolest

temperatures occurring each February (14.3 to 18.3°C). Dissolved

oxygen concentrations were inversely related to temperature,

ranging from a low of 5.2 to 5.9 mg L-1 each August to highs of

8.2 to 9.8 mg L-1 each February. pH was relatively similar
Frontiers in Marine Science 05
throughout the study period, ranging from 7.9 to 8.3 throughout

the study period.
3.2 Oysters

On-reef oyster densities increased rapidly on both the reef

mounds and reef flats, peaking on reef mounds at 651 ± 73 n m-2

18 months after restoration, and on reef flats at 421 ± 148 n m-2 30

months after restoration. On-reef oyster densities were substantially

lower in the unrestored control area, ranging from 0 n m-2 at 1 and

2 months after restoration to 9 ± 5 n m-2 after 36 months. A peak of

24 ± 7 n m-2 occurred 26 months after reef construction at the

adjacent natural reef (Figure 3). Significant interaction terms

between reef type and time in the two-way ANOVA models for

on-reef oyster density required simple main effects analysis

(Supplementary Table S3; Table S4). On-reef oyster density was

significantly higher on reef mounds and reef flats (p < 0.05) than

unrestored control areas for all sampling periods from November

2020, three months after restoration (p > 0.9; Supplementary

Figure S2).

Following reef restoration, oyster size (shell height) steadily

increased on both reef types to a high of 62 ± 23 mm on reef

mounds and a high of 58 ± 4 mm on reef flats after 12 months. In

the following two years, oyster size at reef mounds and reef flats

remained relatively stable, ranging from 42 ± 2 mm 30 months after

restoration to 50 ± 4 mm 24 months after restoration on reef

mounds and 44 ± 4 mm 36 months after restoration to 55 ± 1 mm

24 months after restoration on reef flats. Oyster size in the

unrestored control areas was the most variable after restoration,

ranging from 33 ± 4 mm 9 months after restoration to 102 mm

(only one oyster sampled) after 24 months. Oyster size on nearby

natural reefs ranged from 32 ± 0.4 mm 26 months after restoration

to 70 ± 11 mm 23 months after restoration. Significant interaction

terms between reef type and time in the two-way ANOVA models

for oyster size required simple main effects analysis (Supplementary

Table S3; Table S4). Oyster height was significantly larger on

unrestored control areas than reef mounds and reef flats (p <

0.05) one month after restoration, likely due to the presence of

the existing natural reef outside the restoration footprint

(Supplementary Figure S3; Supplementary Figure S4). Within the

first three months after restoration, mean oyster growth rate was

0.15 mm day-1 on reef flats and 0.23 mm day-1 on reef mounds.

The 0.20-ha reef complex subunits (Figure 1) contained an

average of 247,547 oysters on reef mounds and 750,018 oysters on

reef flats over the final two sampling dates (30- 36 months after

restoration), (Tables 1, 2). Mean restored oyster areal densities

across 0.20-ha subunits were 122.3 oysters m-2 on reef mounds,

370.7 oysters m-2 on reef flats, and 8.7 oysters m-2 on unrestored

control areas (Figure 4). Mean restored oyster volumetric densities

were 1,619 oysters m-3 of cobble on reef mounds and 4,868 oysters

m-3 of cobble on reef flats. Only 17,532 oysters (8.7 oysters m-2)

occurred per 0.20-ha subunit of unrestored control area.

A total of 358 oysters, ranging in size from 27 mm to 123 mm,

were collected and assessed for presence and severity of infection by

P. marinus, starting 2 months after restoration (when oysters larger
B

C

A

FIGURE 2

Mean salinity (A), temperature (B), and dissolved oxygen (C) of all
reefs from June 2020 to August 2023. Shading indicates
standard deviation.
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than spat were first present). Only 167 of the 358 sampled oysters

were infected with P. marinus. Because P. marinus infections tend

to increase with size (Andrews and Ray, 1988), results are presented

for both submarket (≤75 mm) and market (>75 mm) size classes

(Supplementary Figure S5). There were only small differences in

infection prevalence (≤|30%|) and weighted prevalence (≤|0.37|)

between the two reef types on all sampling dates except for in

February 2021 (6 months after restoration). In February 2021,

prevalence and weighted prevalence were greater in both

submarket (100% prevalence, 0.57 weighted prevalence) and

market size classes (100%, 1.07) on the reef mounds than in both

submarket (40%, 0.17) and market size classes (50%, 0.17) on the

reef flats. Prevalence and weighted prevalence of P. marinus on

submarket size classes at the unrestored control sites were highest 3

months after restoration (November 2020; 86%, 1.18 respectively)
Frontiers in Marine Science 06
after restoration, when there was no P. marinus detected at the

restored sites. However, P. marinus prevalence and weighted

prevalence in submarket classes at the unrestored control area

were similar to both restored areas for all subsequent dates

(differences ≤ |34%|, |0.45|) except for February 2021 when P.

marinus infection was high at the reef mounds. Few market class

oysters were found and analyzed for P. marinus from the unrestored

control areas (20 oysters, 3 dates), therefore the only meaningful

result is that weighted prevalence was higher in market classes at the

unrestored control in February 2021 (2.0, n = 10) and August 2022

(1.4, n = 9) than on the restored reefs on the same dates (0.2 to 1.1).

At the nearby natural reef, P. marinus prevalence and weighted

prevalence were higher or similar at the natural reef than the

restored reefs for the first 5 months after restoration, similar for

most of the study period, and then decreased towards zero at the
B

A

FIGURE 3

On-reef oyster density (A) and size (=shell height) (B) measured at reef mounds, reef flats, and unrestored control areas from June 2020 (-2 months
before restoration) to August 2023 (36 months after restoration). Shading indicates standard deviation.
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natural reef while prevalence and weighted prevalence increased at

the restored reef from 30 to 36 months after restoration (February to

Augst 2023).
3.3 Epifauna

A total of 23,110 motile epifaunal organisms were collected

following reef construction (8,859 on mounds, 8,758 on flats, and

5,493 on unrestored control sites), including 44 species (26 on

mounds, 32 on flats, 44 on unrestored control; Table 3). Mean

epifauna density was greater on mounds (3649 n m-2) and flats

(3604 n m-2) than on the adjacent unrestored control area (2260 n

m-2; p = 0.0001, Supplementary Table S5; Supplementary Figure

S6). On the restored reefs, epifauna densities increased to a peak

after three months (4886 ± 1295 n m-2 on reef mounds and 4913 ±

152 n m-2 on reef flats), before slowly decreasing to a low at 12

months after construction (2081 ± 301 n m-2 on reef mounds and

452 ± 255 n m-2 on reef flats; Figure 5). Epifauna densities were

lowest on the unrestored control sites, decreasing from a high of

3617 ± 1627 n m-2 after two months to a low of 37 ± 26 n m-2 after

12 months. Porcelain crab Petrolisthes spp. were the most abundant

organisms reef mounds (2667 n m-2), reefflats (2406 n m-2), and the

unrestored control (1495 n m-2), followed by Panopeidae crabs on

reef mounds (350 n m-2), the gastropod Fargoa dianthophila on reef

flats (385 n m-2), and the gastropod Parvanachis ostreicola (299 n

m-2) in unrestored control areas.

Reef-associated epifaunal biomass was significantly greater on

reef mounds (136.3 g m-2) than reef flats (86.7 g m-2), which in turn

was greater than on the unrestored controls (40.1 g m-2; p < 0.0001,

Supplementary Table S5; Supplementary Figure S7). Epifauna

biomass increased for the first 9 months after reef construction to

a peak of 225.8 ± 14.1 g m-2 on reef mounds, 154.1 g m-2 ± 41.2 g m-

2 on reef flats, and 94.5 ± 69.5 g m-2 in unrestored control areas

(Figure 5). Biomass then declined to 171.8 ± 67.5 g m-2 on reef
Frontiers in Marine Science 07
mounds, 56.7 ± 45.7 g m-2 on reef flats, and 40.8 ± 41.0 g m-2 in

unrestored control areas at 12 months after reef construction,

coincident with a salinity decrease from 15.5 to 5.1 from 9–12

months after reconstruction (May to August 2021). Petrolisthes spp.

was the dominant species by weight in reef mounds (81.5 g m-2),

reef flats (58.0 g m-2), and the unrestored control (21.6 g m-2),

followed by the crab Eurypanopeus depressus (25.2 g m-2) and

Eurypanopeus turgidus (10.1 g m-2) on reef mounds, E. depressus

(8.4 gm-2) and the fish Gobiosoma bosc (8.9 g m-2) on reef flats, and

the Gulf toadfish Opsanus beta (12.7 g m-2) in unrestored control

areas (Table 3).

Epifauna (Hill’s) N1 diversity was fairly consistent for the first 6

months after reef construction at reef mounds (2.0 to 2.5 ind. tray-1),

reef flats (2.2 to 3.7 ind. tray-1) and the unrestored control (2.1 to 3.1

ind. tray-1), before increasing thereafter. N1 diversity increased to a

peak of 4.2 ± 0.2 species on unrestored control areas after 9 months

and 4.2 ± 0.8 species on reef mounds and 5.1 ± 0.6 species on reefflats

after 12 months (Figure 5). Simple generalizations of differences

among reef types or dates could not be made because of a significant

interaction between date and reef type (p = 0.0005) (Supplementary

Table S5; Table S6). However, epifauna diversity was significantly

higher on reef flats (but not reef mounds) than unrestored control

areas 12 months after restoration (Supplementary Figure S8).

Motile epifaunal community composition was similar in

unrestored control and reef flats for the first 6 months after

restoration (>71% similar), which grouped separately to the

communities occurring in reef mounds during the same 6-month

period (Figure 6). However, communities inhabiting all reef types

grouped with each other by 9 months after restoration. Community

composition at all habitats became distinctly different to all previous

communities (< 51% similarity) at 12 months after restoration,

which also coincided with the salinity minimum (5.1) of the study

period. By 12 months after restoration, communities on both

restored habitats were much more similar to each other than that

of the unrestored control habitat, which was least similar to any

other community in the study period (11% similar). Differences in

community composition between reef mounds and reef flats

throughout the study period were driven primarily by higher

densities of the gastropods P. ostreicola and Boonea impressa in

reef flats (mean dissimilarities [diss.] of 4.06 and 3.09) and higher

densities of the crab E. depressus in reef mounds (mean diss. of 2.85;

Supplementary Table S6). Differences between reef flats and

unrestored control areas were driven primarily by higher densities

of the crab E. turgidis and gastropod F. dianthophila in reef flats

(mean diss. of 4.08 and 3.25). Higher gastropod densities in reefflats

and unrestored control areas contributed to differences from

reef mounds.
4 Discussion

Given limited funds for construction of restored oyster reefs, it

is important to understand the suite of ecosystem services enhanced

by restored reefs relative to an unrestored control, and the

differences in services provided by different reef designs (e.g.,
TABLE 2 Mean densities of oysters on each reef structure, and over a
restored 0.20-ha restored area 30–36 months after restoration (mean of
February and August 2023).

Metric Mounds Flats Unrestored Control

On-reef oyster density
(n m-2)

630.0 370.7 8.7

Oyster abundance (n
0.20-ha-1 reef subunit)

247,548 750,018 17,536

Total oyster areal
density (n m-2) in
0.20-ha
restored subunit

122.3 370.7 8.7

Volume of cobble (m3

0.20-ha-1 reef subunit)
152.9 154.1 –

Total oyster
volumetric density (n
m-3 of cobble)

1,619 4,868 –
Equations used to calculate values are found in Supplementary Table S2. The calculation of
densities for the restored 0.20-ha mound areas is conservative because it assumes no oysters or
cobble occur between the reef mounds.
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TABLE 3 Density and biomass (mean ± SD) of motile epifauna inhabiting mounds, flats, and unrestored (control) reefs.

Taxa

Density (n m-2) Biomass (g m-2)

Mounds Flats Unrestored Mounds Flats Unrestored

Finfish

Gobiosoma bosc 51 ± 67.5 14 ± 14.8 1.6 ± 4.1 3.1 ± 3.7 8.9 ± 36.1 0

Gobiesox strumosus 4.5 ± 10.8 0.8 ± 2.4 0 0.6 ± 1.5 0.1 ± 0.3 0

Opsanus beta 0.8 ± 3.5 0 4.1 ± 9.9 0 0 12.7 ± 33.6

Hypsoblennius hentz 0.4 ± 1.7 0.4 ± 1.7 0 0.3 ± 1.3 0 0

Crustacea
Petrolisthes spp. 2667.5 ± 1396.5 2405.8 ± 1260.5 1495.5 ± 1174.2 81.6 ± 52.9 58.0 ± 45.4 21.6 ± 21.9

Panopeidae 349.8 ± 174.2 187.2 ± 122.1 152.3 ± 158.6 2.8 ± 2.9 0.8 ± 1 0.4 ± 0.6

Eurypanopeus depressus 211.9 ± 209.1 53.5 ± 44 7 ± 10.3 25.2 ± 28.9 8.4 ± 10 0.3 ± 0.6

Eurypanopeus turgidus 77 ± 82.4 40.7 ± 40.4 41.2 ± 64.7 10.1 ± 20.1 2.9 ± 3.5 2.8 ± 5.5

Panopeus herbstii 25.5 ± 39 20.2 ± 29.6 7 ± 10.9 1.1 ± 1.8 5.6 ± 16.2 1.6 ± 4.2

Alpheus heterochaelis 17.7 ± 16.1 16 ± 17.6 2.9 ± 5.2 1.1 ± 1.2 1.6 ± 1.8 0

Menippe adina 3.3 ± 6.3 0 0.8 ± 3.5 9.4 ± 25.9 0 0.1 ± 0.5

Callinectes sapidus 2.1 ± 4.3 0 0 0.8 ± 1.9 0 0

Palaemontes vulgaris 0.8 ± 3.5 2.1 ± 3.4 4.5 ± 10.8 0 0 0.1 ± 0.5

Tozeuma carolinense 0.4 ± 1.7 0 0 0 0 0

Callinectes similis 0 0 0.4 ± 1.7 0 0 0.2 ± 0.8

Ostracoda 0 0.8 ± 2.4 0 0 0 0

Paguridae 0 4.5 ± 12 5.8 ± 11.2 0 0 0

Pinnixa sp. 0 0.4 ± 1.7 0 0 0 0

Portunidae 0 0 0.4 ± 1.7 0 0 0

Gastropoda

Fargoa dianthophila 109.1 ± 192.3 385.2 ± 357 65.8 ± 83.8 0 0 0

Astyris multilineata 45.3 ± 61.8 55.6 ± 70.6 48.6 ± 63.3 0 0 0

Astyris lunata 26.7 ± 101.3 18.1 ± 35.7 45.3 ± 115.6 0 0 0

Parvanachis ostreicola 22.2 ± 63.7 285.6 ± 279 298.8 ± 258.9 0 0.1 ± 0.1 0.1 ± 0.1

Costoanachis avara 4.9 ± 12.4 7 ± 17.7 9.5 ± 22.3 0 0 0

Boonea impressa 2.9 ± 5.8 45.3 ± 32 42.4 ± 38 0 0 0

Costoanachis floridana 0.4 ± 1.7 0 0 0 0 0

Costoanachis semiplicata 0.4 ± 1.7 8.2 ± 17.9 3.3 ± 7.7 0 0 0

Parvanachis obesa 0.4 ± 1.7 11.9 ± 34.8 16 ± 66.3 0 0 0

Caecum pulchellum 0 0.8 ± 3.5 0 0 0 0

Columbellidae 0 0 0.4 ± 1.7 0 0 0

Costoanachis sp. 0 0 0.8 ± 2.4 0 0 0

Eulimastoma canaliculatum 0 2.5 ± 6.2 0 0 0 0

Eulimastoma harbisonae 0 0 0.4 ± 1.7 0 0 0

Eulimastoma sp. 0 0.8 ± 2.4 0 0 0 0

Marshallora nigrocincta 0 0.8 ± 2.4 0.8 ± 2.4 0 0 0

(Continued)
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continuous low-relief versus discrete high-relief reefs). Both oyster

densities and epifaunal density, biomass and diversity were

enhanced in restored reef relative to the unrestored control area

in our study area. Although the construction cost for reef mounds in

this study was slightly higher (17%) than for reef flats, reef mounds

supported higher on-reef epifaunal and oyster densities than on reef

flats (Table 1). Within one year after construction, reef mounds

produced 1.7x the on-reef oyster density, 3.0x the motile epifauna

biomass, and 4.6x the epifauna density per square meter of reef than

reef flats. However, oyster densities of larger areas of continuous

reef flats were 3x that of areas of discrete reef mounds (including

spacing in between mounds) in both per unit area, and per volume

of cobble used in restoration.

Designing reefs to maximize oyster densities is an important

component of restoration planning. On-reef oyster density on high

relief reef mounds quickly exceeded that on reef flats (after 1 month)

and was ~ 2x higher 18 months after construction and remained

~1.5x higher by the end of the study, corroborating results from

previous studies showing rapid development of oysters on high relief

reefs (Lenihan and Peterson 1999; Schulte et al., 2009; De Santiago

et al., 2019), and the influence of reef height on oyster population

persistence (Colden et al., 2017). Motile epifauna density on reef

mounds also exceeded that on reef flats, but it took longer to see a

measurable difference (i.e., ~4.6x after 12 months), perhaps related to

slower establishment and stability of reef structural complexity

(Grabowski and Powers, 2004). A number of factors may have

influenced development of oysters and epifauna on the different

reef types, including differences in sediment deposition, exposure to

bottom water hypoxia, accessibility of attachment surfaces and

interstitial spaces, and predator-prey dynamics (Galtsoff, 1964;

McKinney and Case, 1973; MacKenzie, 1983; Baker and Mann,

1992; Humphries et al., 2011).

Infection and subsequent mortality of oysters by the protozoan

parasite, P. marinus, further influences oyster densities and survival
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(Andrews and Ray, 1988; Soniat et al., 2012). There was little

difference in infection characteristics among the mound and flat

restored reefs, and the unrestored control area. However, the similar

temporal variation in infection throughout the restored reef

complex indicates that the environmental conditions that

influence P. marinus infection were similar among reef types.

Perkinsus marinus is most prevalent in warm, high salinity waters

(Andrews and Ray, 1988) with infection intensities decreasing

during periods of low salinity (La Peyre et al., 2009). Prolonged

periods of low salinity within the Mission Aransas Estuary have

previously been linked with reductions in P. marinus infection

presence and severity (Beseres Pollack et al., 2011). Low disease

prevalence, particularly in the first year following reef construction,

may have allowed for increased survival of oysters and steady

increase in observed oyster densities and sizes for one year

following restoration. Although P. marinus was present at every

sampling date on the natural reef, infections can spread very slowly

from reef to reef and local variations in prevalence and severity are

well documented (Mackin, 1962; Soniat, 1985; Craig et al., 1989).

Weighted prevalence across reef mounds, reef flats, and unrestored

controls remained low (< 1) throughout the majority of the study,

even when prevalence was high (100%). Previous modeling work

indicates that for oysters at high population densities, like those

found on the restored reef, foraging interference may deplete P.

marinus parasites in the water column and effectively reduce per

capita exposure (Bidegain et al., 2017). Because August 2023 was the

final sampling date, additional research is needed to better

understand how these low-severity but high prevalence infections

develop among reef types and how they may impact long-term (>5

y) oyster densities and mortality.

Decapod crustacean abundance estimates in the current study

were ~20x higher than reported by previous studies of Gulf of

Mexico oyster reefs and were dominated by porcelain crabs on reef

mounds and reef flats instead of the typically dominant panopeid
TABLE 3 Continued

Taxa

Density (n m-2) Biomass (g m-2)

Mounds Flats Unrestored Mounds Flats Unrestored

Gastropoda

Nassarius acutus 0 0.8 ± 3.5 0 0 0 0

Parvanachis sp. 0 17.7 ± 75.1 0 0 0 0

Pyramidellidae 0 2.1 ± 8.7 0 0 0 0

Pyrgocythara plicosa 0 1.6 ± 7 1.6 ± 4.1 0 0 0

Triphora nigrocincta 0 0 0.8 ± 2.4 0 0 0

Turbonilla hemphilli 0 0.4 ± 1.7 0.4 ± 1.7 0 0 0

Turbonilla sp. 0 0.4 ± 1.7 0 0 0 0

Cnidaria

Actinaria 0.4 ± 1.7 0 0 0 0 0

Platyhelminthes

Turbellaria 19.3 ± 30.8 12.8 ± 19.3 2.1 ± 7.1 0.1 ± 0.2 0 0
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mud crabs (reported as xanthid mud crabs; Zimmerman et al., 1989;

Plunket and La Peyre, 2005). Panopeid mud crabs have a reported

association with shell substrate (Day and Lawton, 1988; Plunket and

La Peyre, 2005) and have been documented to occur at relatively

lower densities on limestone cobble (Graham et al., 2017). However,

mud crab densities on reef mounds and reef flats in the current

study still exceeded densities reported in previous studies (Day and

Lawton, 1988; Plunket and La Peyre, 2005; ~6x higher and ~1.8x

higher respectively). Mud crab densities were also higher on both

restored reef types compared to the unrestored control areas,

highlighting the importance of substrate provision in enhancing

faunal abundance. Indeed, regardless of reef style, provision of

substrate increased oyster density and epifauna density (56.2x on

reef mounds; 12.2x on reef flats) compared to unrestored control

areas, plausibly through facilitation of larval recruitment and

growth of oysters (Rothschild et al., 1994; Lenihan and Peterson,
Frontiers in Marine Science 10
1998; George et al., 2015; Graham et al., 2017; Blomberg et al.,

2018a; De Santiago et al., 2019). Increases in epifauna densities are

also likely related to increases in habitat complexity. Increases in

complexity metrics, such as rugosity and oyster reef volume, have

been demonstrated to enhance macrofauna populations in oyster

reefs (Karp et al., 2018). An increase in habitat complexity provides

additional structured habitat to reef residents such as grass shrimp,

small bivalves, and benthic fish, which provides concentrated areas

of food sources to crabs (Dame and Patten, 1981; Plunket and La

Peyre, 2005).

The observed increase in on-reef oyster densities on reef

mounds compared to reef flats is important because of positive

effects on reproduction and local population dynamics. Higher

densities of oysters can produce a greater number of larvae to

recruit (and self-recruit) to the reef, supporting long-term reef

sustainability (Schulte and Burke, 2014). A higher supply of
B

A

FIGURE 4

Total restored oyster areal density (n m-2; A) and oyster volumetric density (n m-3 of cobble; B) calculated for reef mounds, reef flats, and unrestored
control areas (top only) from June 2020 (-2 months before restoration) to August 2023 (36 months after restoration). Densities are calculated
assuming no oysters are present in spaces between mounds. Shading indicates standard deviation.
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larvae may also help replenish oyster populations to a greater extent

following disturbances such as dredging or hypoxia than on reefs

with a lower larvae supply (Lenihan and Peterson, 1998). In

combination with reef height, higher larval supply can help

overcome the effects of sedimentation that can degrade reef

quality and impede reef development (Lipcius et al., 2021).

Although sedimentation was not quantified at Grass Islands Reef,

the relatively higher oyster densities on reef mounds support

previous work (e.g., Schulte et al., 2009) indicating that high relief

restoration designs provide a promising strategy for enhancing

reef persistence.

Although on-reef oyster densities were higher on reef mounds

than reef flats, conversely (and unexpectedly), the total restored

oyster areal density across each restored reef complex and the per
Frontiers in Marine Science 11
volume of substrate were larger on reef flats compared than reef

mounds. Within a 0.2-ha subunit, individual mounds were

constructed with 3 m spacing, creating unrestored spaces between

each mound and reducing the total areal density of oysters for reef

mounds. In contrast, for reef flats cobble is continuously distributed

across the entire 0.2-ha subunit, resulting in a larger overall

footprint of substratum and a higher total areal density of oysters.

In calculating the restored oyster areal density across subunits, it

was assumed that no oysters were present in the spaces between reef

mounds due to absence of substratum. However, based on diver

observations following restoration, cobble may fall from the reef

mounds into the unrestored spaces and sustain oysters. Therefore,

the calculated restored oyster areal densities across subunits of reef

mounds are likely underestimates. Further, because cobble was
FIGURE 5

Motile epifauna density (A), biomass (B), and diversity (C) at reef mounds, reef flats, and unrestored control areas from September 2020 (1 month
after restoration) to August 2021 (12 months after restoration). Shading indicates standard deviation.
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piled in discrete vertical mounds rather than spread continuously,

substratum on the interior of reef mounds was not available for

larval attachment, reducing the density of oysters per volume of

substratum compared to reef flats. Taken together, reef mounds

may be a better design choice for restoration projects seeking to

maximize on-reef oyster densities, facilitate reef persistence, and

avoid issues such as sedimentation and hypoxia (Lenihan and

Peterson, 1998; Powers et al., 2009), whereas reef flats may be

more suitable for projects seeking to maximize the total number of

oysters per area restored or volume of substratum, for example to

support harvests. Recognizing the benefits and tradeoffs among

different restoration designs can help resource managers utilize a

given amount of substratum more efficiently and effectively to

achieve desired restoration goals.
5 Conclusion

Resource managers have much to consider when determining

how to use limited funds to design and construct oyster reefs that

will maximize identified project goals. In this study, we provide

information on how habitat provision for oysters and fauna can

differ between high versus low relief restoration designs, and
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infection by P. marinus remains largely unaffected by these reef

designs. Both reef mounds and reef flats increased oyster densities

and motile epifauna biomass compared to unrestored areas. On-reef

oyster densities were greater on higher relief reef mounds than

lower-relief reef flats. However, the restored complex comprised of

continuous low relief reef yielded greater total oyster densities than

the restored reef complex comprised of discrete high relief reef

mounds using a similar volume of cultch over the same area.

Overall, project results indicate that one-size-fits-all does not

apply when it comes to selecting restoration designs to meet

specific project goals. Restoring high relief reefs increased oyster

and faunal densities, which would better achieve goals for

enhanced on-reef habitat provision, whereas restoring low relief

reefs maximized the total number of oysters per area and per

volume of substratum, which would better achieve goals of

enhancing harvests.
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FIGURE 6

Nonmetric multidimensional scaling (nMDS) plot (A) overlaid with similarity contours from cluster analysis (B) of epifauna community composition
from September 2020 (1 month after restoration) to August 2021 (12 months after restoration) at reef mounds, reef flats, and unrestored control
areas. The numbers above the symbols indicate the number of months after restoration.
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