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Abstract

:

Oyster reef restoration efforts increasingly consider not only oyster recruitment, but also the recovery of ecological functions and the prevention of deploying harmful plastics. This study investigated the efficacy of a biodegradable plastic-alternative, BESE-elements®, in supporting oyster reef restoration in east-central Florida (USA) with consideration for how this material also influences biogeochemistry. Four experiments (two laboratory, two field-based) were conducted to evaluate the ability of BESE to serve as a microbial substrate, release nutrients, support oyster recruitment and the development of sediment biogeochemical properties on restored reefs, and degrade under field conditions. The results indicated BESE is as successful as traditional plastic in supporting initial reef development. In the lab, BESE accelerated short-term (10-day) sediment respiration rates 14-fold and released dissolved organic carbon, soluble reactive phosphorus, and nitrate to the surface water (71,156, 1980, and 87% increase, respectively) relative to without BESE, but these effects did not translate into measurable changes in reef sediment nutrient pools under field conditions. BESE lost 7–12% mass in the first year, resulting in a half-life of 4.4–6.7 years. Restoration practitioners should evaluate the biogeochemical properties of biodegradable materials prior to large-scale deployment and consider the fate of the restoration effort once the material degrades.
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1. Introduction


Oysters have economic significance not only as a harvestable food source, but also a keystone species and ecosystem engineer [1]. The reef structures generated from oyster colonies within the intertidal and subtidal zones of estuaries provide a habitat for decapods, fishes, and bivalves, thus contributing to the value and influence of oysters (e.g., [1,2]). Moreover, oyster reefs attenuate wave energy to reduce shoreline erosion, improve water clarity by removing suspended particulates, promote denitrification, and support nutrient cycling and storage in the sediments [3,4,5,6,7].



Today, over 85% of shellfish reefs have been lost globally [8], leading to a variety of restoration efforts that often target the local cause of the population decline. For example, in locations where overharvesting is the primary concern, loose shell has been deployed [9,10]. In areas where diseases have reduced populations, disease-resistant oysters have been introduced [1,2]. In locations, such as the east coast of central Florida, where recreational boat wakes are responsible for breaking-off and depositing live oyster above the intertidal zone, community-based restoration re-establishes intertidal elevations and secures shells in positions directly above the sediment interface to take advantage of new recruitment on footprints where historic reefs were located [3,4].



Overall, strategies and approaches to oyster reef restoration are diverse and often regionally unique. Examples include the usage of: metal-based materials, such as gabions [5,6,7] or crab traps [8], rock-based materials, such as ReefBall™, domes, or oyster castles [8,9,10,11,12], limestone materials, such as limestone marl, aggregates, cobbles, or siliceous limestone [10,12,13,14,15], natural fiber-based materials, such as jute, burlap ribbon, or coconut coir [11,16], and plastic-based materials, such as Naltex™ mesh bags or Vexar™ aquaculture mesh [4,17,18]. Many of these approaches utilize recycled oyster shells in the restoration, while others employ alternative substrates for oyster colonization or planting [19]. However, few studies compare materials to evaluate their relative success in supporting oyster restoration, nor address the potential ecological impacts of the materials themselves.



This study was conducted in a region where an industrial aquaculture material, Vexar™ extruded polyethylene (plastic) mesh has been employed to restore over 14,000 m2 of oyster reefs since 2007 (L.J. Walters, Personal Communication). With this technique, the plastic mesh is cut into 0.25 m2 pieces and recycled oyster shells from local restaurants are attached with cable ties. In addition to being economical, Vexar™ mesh successfully provides a stable base for oyster recruitment when weighted down with cement rings following the leveling of the restoration site to the proper elevation. Specifically, Walters et al. [4] documented intertidal Crassostrea virginica reefs restored with Vexar™ mats in Mosquito Lagoon FL, USA, had mean shell heights and live oyster densities equivalent to live reference reefs within 6 months, and 2 years, respectively, of restoration. Furthermore, Chambers et al. [20] documented the sediments beneath Vexar™ restored reefs rapidly developed biogeochemical properties and processes (i.e., nutrient cycling and burial) equivalent to that of live reference reefs, often within the first-year post-restoration. Recovery of avian foraging activities [21], sportfish [22], and infaunal densities [23,24] have also been documented on these reefs.



However, the field-based success of plastic-based materials such as Vexar™ are accompanied by growing concern over restoration activities facilitating the introduction of plastics into the aquatic environment, especially microplastics of <5 mm diameter (e.g., [25,26,27]). Even restoration products that are not entirely plastic-based (e.g., rock, metal, and natural fibers) are rarely able to completely exclude plastics. Rather, small amounts of plastics are still incorporated in the form of cable ties, protective coatings, or mesh bags (e.g., [8,11,28]). In 2010, an estimated 5–13 million metric tons of plastic debris entered Earth’s oceans [29]; this included both primary (those produced at the microplastic size range) and secondary (those resulting from the solar, thermal, and mechanical breakdown of larger plastics) microplastics [30]. The ingestion of microplastics by marine and estuarine organisms at all trophic levels is well documented in hundreds of species (e.g., [27,31,32]), and may negatively impact an organism’s life history [33]. The concern that plastic-based restoration materials could serve as an additional source of secondary microplastics to the environment has prompted an international effort to explore “eco-friendly” alternative materials, and particularly biodegradable materials that naturally decompose over time. This study investigated the efficacy of one such material, Biodegradable EcoSystem Engineering Elements (BESE-elements®, Culemborg, The Netherlands), henceforth referred to simply as “BESE”.



The goal of this study was twofold: (1) to determine if biodegradable BESE material supports comparable oyster recruitment to traditional plastic material; (2) to assess the biogeochemical effects of BESE material under both laboratory and field conditions. This short-term (1 year) study was not intended to provide a comprehensive assessment of the material for long-term use, but rather serves as a compilation of targeted experiments, each with a unique research question and hypothesis (Table 1). The intent of this research is to provide initial data and ideas to the scientific community to prompt future research on the burgeoning topic of the application, and ecological implication, of biodegradable materials in coastal restoration efforts.




2. Materials and Methods


2.1. Site Description and Experimental Approach


This research was conducted to assess the efficacy of using BESE materials to restore intertidal C. virginica reefs within Mosquito Lagoon (ML), the northernmost estuary within the Indian River Lagoon (IRL) system, which stretches 251 km along the Atlantic coast of Florida, USA. Characterized as a hotspot for biodiversity and a critical component of the regional economy [34], ML is a shallow (1.7 m average depth) microtidal coastal lagoon with a long water residence time (mean water half-life ~76 days), salinities of 22.6 to 45.2 ppt, and subtropical water temperatures (typically exceeding 20 °C from March to November, with lows of 0 and 15 °C in winter [35,36]. Areal coverage of natural intertidal C. virginica reefs within ML declined 24% between 1943 and 2009 [3], primarily in popular boating areas due to boat wakes dislodging live oyster clusters and depositing shells above the intertidal zone where survival plus natural recolonization are not possible [4]. Oyster reefs situated in shallow bays and tidal creeks bordered by mangroves and salt marsh plants did not change in aerial coverage over this same time frame [37]. This loss of oyster reef habitat, coupled with declining water quality in ML, initiated a community-based restoration effort in 2007 that remains on-going.



Prior to this study, all oyster reef restoration activities in ML employed Vexar™ extruded polyethylene mesh, a material commonly employed by the aquaculture industry, as the base material for oyster reef restoration projects. Therefore, Vexar™ (henceforth referred to simply as “plastic” restoration material) was used as our experimental reference material, where applicable. Our analysis of BESE material was conducted at two scales, beginning with two controlled laboratory experiments that sought to characterize the chemical and microbial properties of the BESE material itself and how it interacts with site water and sediment, followed by two field-based experiments that sought to compare BESE material to the traditional plastic material. While all experiments are complementary, each is unique in design and statistical approach and is, therefore, described separately.




2.2. Laboratory Respiration Experiment


The ability of BESE to serve as a substrate for microbial metabolism was quantified by first characterizing the amount of organic matter (OM), total carbon (C), total nitrogen (N), and total phosphorous (P) within the material, and then by conducting a laboratory microcosm experiment to determine the impact of BESE addition on the potential respiration rate when incubated with site sediment. The quantification of the total C, N, P and OM content of BESE began by manually cutting five random samples of BESE into small fragments, followed by oven drying, ball-mill grinding, and chemical analysis, as described in Section 2.7. Ratio of total C:N:P were calculated as atomic ratios by dividing the content by the atomic weight [38].



For the microcosm experiment, approximately 1 kg (wet wt) of the top 0–5 cm of representative, non-vegetated, intertidal sediment from ML was collected in a sealed polyethylene bag in August 2020, along with 1 L of site surface water in an acid-washed Nalgene bottle. All samples were promptly stored on ice and returned to the laboratory. Water samples were analyzed for dissolved organic C (DOC), nitrite + nitrate (NO3−), ammonium (NH4+) and soluble reactive P (SRP; Section 2.6). The sediment sample was homogenized by hand and a subsample analyzed for pH, OM content, and extractable NO3−, NH4+ and SRP (Section 2.7).



Within 24 h of collection, 10 g of field-moist sediment was weighed into twenty 120 mL glass serum bottles. Representative BESE was uniformly fragmented into 5 mm × 3 mm sized pieces to achieve consistent surface area; 5 g of BESE was randomly added to 10 selected bottles. Bottles not containing fragmented BESE served as controls. To create an anaerobic sediment environment, all 20 bottles were capped with rubber septa and crimped aluminum seals, evacuated to −75 mmHg, then purged with 99% O2-free N2 gas for 3 min. Five of each of the 10 bottles with and without BESE material received either 20 mL of N2-purged site surface water from ML, or 20 mL of N2-purged deionized (DI) water in a 2 × 2 (BESE with/without × site water/DI water) factorial experimental design with 5 replicates. Water was injected into each bottle to create a slurry of 1:2 (of soil: water) for controlled bottles and 0.5:1:2 (of BESE: soil: water) for BESE-containing bottles. All bottles were placed on an orbital incubator shaker at 150 rpm and kept in the dark at 33 °C.



Microcosm headspace was collected after 24, 48, 72, 96, and 120 h and analyzed on a GC-2014 gas chromatograph (Shimadzu Instruments, Kyoto, Japan) to determine potential CO2 production over time. To quantify the concentration of dissolved inorganic C, soil pH was determined by creating a 1:5 slurry (of soil: DI water) and measured with an Accumet XL200 benchtop pH probe (ThermoFisher Scientific, Waltham, MA, USA). The Ideal Gas Law was used to account for the effect of temperature and pressure within the microcosms, while Henry’s Law was used to estimate the amount of dissolved CO2 in the liquid phase. Potential CO2 production was standardized per g dry soil and calculated by linear regression over time with the intercept forced through zero; only R2 > 0.89 were accepted.



Statistical Approach for Respiration Experiment


The elemental composition of BESE was calculated as mean ± standard error (n = 5). All statistical analyses described for this study were performed in R (version 4.0.1) using R Studio (version 1.3.959) with an alpha value of 0.05. The respiration data were tested for the parametric assumptions of normality using the Shapiro–Wilk test and for homogeneity of variance using Levene’s test. The data violated both assumptions, even after a number of data transformations were attempted. Therefore, the untransformed data were tested for significance using the nonparametric Kruskal–Wallis test, which does not require normality or homogeneity of variances. In addition to overall comparisons, pairwise comparisons across the two water sources and with and without the presence of the BESE material were preformed to determine the robustness of these overall results.





2.3. Laboratory Nutrient Release Experiment


To determine if BESE material can release inorganic N, P, or DOC under idealized laboratory conditions, forty 120 mL glass serum bottles were filled with 30 mL of filtered (0.45 µm membrane filter, as previously described) site water from ML. The pre-incubation filtered site water was analyzed for DOC, NO3−, NH4+, and SRP (Section 2.6). BESE material was uniformly fragmented into 5 × 3 mm sized pieces to achieve consistent surface area for all replicate incubations. Twenty of the serum bottles contained 10 g of fragmented BESE at a 1:3 mass ratio BESE:site water. The remaining 20 bottles served as controls (site water only). All bottles were covered with a single layer of plastic wrap with three holes to allow for gas exchange and to reduce evaporation rates.



A 2 × 2 × 2 factorial design with 5 replicates each (40 total bottles) was employed: BESE/No BESE (control), summer maximum water temperature (33 °C)/room temperature (22 °C), and ultra-violet (UV) light exposure/dark. The temperature and light conditions were chosen to mimic ideal abiotic field conditions that may promote nutrient release, either by microbial mineralization and/or photolysis. All bottles were randomly assigned a treatment condition and placed on an orbital shaker at 150 rpm for 5 weeks to simulate water flow. Temperature was elevated to a mean summer maximum using the incubator feature on the shaker (New Brunswick Excella E25) and UV exposure was provided by a full spectrum daylight fluorescent lamp (Aqueon®, Franklin, WI, USA) placed 17 cm above the bottles. Bottles not receiving the UV light treatment were kept in a cardboard box covered by aluminum foil; bottles not receiving elevated temperature were kept on a shaker at ambient laboratory room temperature. At 5 weeks, all bottles were vacuum filtered through a 0.45 µm membrane filter, acidified and stored at 4 °C to be analyzed for DOC, NO3−, NH4+, and SRP (Section 2.6).



Statistical Approach for Nutrient Release Experiment


Each parameter measured in the nutrient release study was examined for the parametric assumptions of normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test). Ammonium concentrations were below detection (BD) reporting limits, and, therefore, no statistics were performed. Nitrate and SRP did not meet the assumptions of normality and homogeneity of variance, even following transformation. Therefore, Kruskal–Wallis tests were performed to compare treatments (BESE/control) using the entire data set. The BESE data were then examined independently, and the parametric assumptions were met with BESE data alone. A two-way ANOVA was used to compare the impact of UV and temperature within the BESE treatment, as well as interaction effects. A Tukey post hoc test was performed to identify significant differences between conditions in the BESE treatment.





2.4. Field BACI Experimental Design


A one-year field experiment employed a Before–After–Control–Impact (BACI) design to assess (1) oyster recruitment success metrics and (2) sediment biogeochemical properties on C. virginica reefs restored with plastic vs. BESE; positive (live reference reef) and negative (dead reef) controls were also included, for four total treatment conditions). The study design was chosen to leverage planned restoration projects within ML during the summer of 2019 to maximize external validity and transferability to real-world restoration efforts. As such, site selection was limited by the geographic distribution of restorable dead reefs and permitting guidelines. Under these constraints, two regions of ML were selected that were separated by 3.8 km, a northern (N; 28°58′8.71″ N, 80°52′52.13″ W), and southern (S; 28°56′19.87″ N, 80°51′41.44″ W) region. In each region, two comparable dead reefs (14–25 m2), in close proximity (<80 m), were slated for restoration that year. In each region, one reef was randomly assigned to be restored with plastic and the other with BESE. Within 370 m of the restoration reefs in each region, a live reference reef and a dead reef (unrestored) were also identified for study to evaluate the possible site-specific confounding environmental variables (e.g., seasonal variations in water chemistry and temperature fluctuations). The resulting design included 8 total study reefs.



All 8 study reefs were monitored for universal oyster metrics (Section 2.4.1) and sediment biogeochemical properties (Section 2.4.2) immediately before restoration. Restoration on all 4 restored reefs occurred between 12 and 19 June, 2019 and consisted of raking the loose dead shell piles down to a low intertidal height. Prior to deployment, restoration mats were prepared as follows: single-layered plastic mesh mats with a 22.2 × 22.2 mm opening surrounded by <2 mm wide plastic borders were cut into 0.25 m2 squares. Disarticulate C. virginica shell, collected from local restaurants and quarantined outside in Florida conditions for 1+ years, were zip-tied (36 per mat) to create a stable surface for spat recruitment (Figure 1a). BESE consisted of a three-dimensional structure developed by BESE-elements® (Culemborg, The Netherlands). The mats were composed of biopolymer Solanyl® and cellulose, obtained from waste from the lumber industry. Solanyl® C110 4M, manufactured by Rodenburd Biopolymers (Oosterhout, The Netherlands), is a biodegradable plastic resin, based on reclaimed side stream potato starch from the food processing industry, and is predicted to biodegrade in 10–20 years [39]. Each BESE sheet measured 922 × 455 × 20 mm and can be layered and snapped together to create a multi-layered mat. For this study, double-layered squares (461 × 455 × 40 mm) were employed (Figure 1b) after the original sheets were cut in half with a circular table saw and snapped together. As with the plastic, 36 disarticulate C. virginica shells were zip-tied to the BESE. At the time of restoration, restoration mats (plastic or BESE) were deployed over the leveled reef and secured to cement rings (~weight: 2.5 kg) designed for irrigation systems (Figure 1c,d). The post-restoration monitoring of reefs restored with plastic, BESE, and all positive and negative control reefs occurred at 1, 6, and 12 months after restoration, with the timing based on previous studies, which have demonstrated a treatment effect within this time period [40].



2.4.1. Field BACI Experiment—Oyster Monitoring


Oyster reef condition was assessed on all reefs with two metrics: live oyster density and shell height at 0-, 1-, 6-, and 12-months post-restoration. Oyster monitoring plots and sediment core collection (described below, Section 2.4.2) were always co-located, which was ensured by marking coring locations with flagging and returning to collect oyster monitoring data immediately after sediment collection by a separate set of scientists. For live oyster density measures, the number of all live oysters were counted on 5 oyster mats and averaged per reef. Reefs were randomly selected on each sampling date. On reference reefs, oyster density was always counted at a similar number of sites where haphazardly thrown 0.25 m2 quadrats landed. Shell heights were measured with calipers/rulers for the first 50 oysters in each of the 5 quadrats per reef and were averaged per reef for all treatments (Walters et al. 2021).



Statistical Approach for Oyster Monitoring


The 0-, 1-, 6-, and 12-month post-restoration live oyster density and shell height data were evaluated at each time point for the parametric assumptions of homogeneity of variance and normality using Levene’s test and the Shapiro–Wilk test. Oyster density data violated both assumptions due to abundant zeros within the dataset (i.e., dead reefs). Therefore, a zero-inflated negative binomial general linear model (function “zeroinfl” from the pscl package, version v.1.5.5) was selected as the best fit. The shell height data met the parametric assumptions, and a two-way ANOVA was used to compare differences and interaction effects between treatment and region. Tukey HSD post hoc tests were used to examine significant differences among the treatments within each region for both datasets.





2.4.2. Field BACI Experiment—Sediment Biogeochemistry


For each sediment sampling, five 0–5 cm sediment cores were collected at haphazardly chosen locations on each of the 8 study reefs within the intertidal zone, serving as within-reef replicates. All samples were collected during daily low-tide events (±3 h) to ensure the reef, mats, and sediment were completely exposed to reduce water interference and sediment resuspension during the coring process. The push core method was employed, hammering a beveled 7 cm diameter polycarbonate tube into the sediment using a rubber mallet and wooden board. Prior to coring at each point, sizable pieces of shell (> 2 cm diameter) that interfered with entry of the coring tube were carefully removed from the surface. New coring locations were chosen for each sampling.



Sediment cores were field extruded, placed into sealed polyethylene bags, and stored on ice during transport back to the lab. At each reef, one surface water sample was collected from the top 10 cm of the water column within 2–4 m alongside the reef in 250 mL acid-washed Nalgene bottles and promptly stored on ice. A handheld sonde (ProDSS; YSI Inc., Yellow Springs, OH, USA) was used to record surface water temperature (°C), pH, dissolved oxygen (DO) (mg L−1 and %), salinity (ppt), and conductivity (µS cm−1) at 10 cm water depth within 2–4 m alongside the reef. Upon return to the lab the same day, all samples were transferred to a 4 °C refrigerator and preparation for analysis began. Surface water samples were analyzed for DOC, NO3−, NH4+ and SRP, as described in Section 2.6. Sediments were analyzed for dry bulk density (DBD), OM content, total C, total N, total P and extractable DOC, NO3−, NH4+ and SRP, as described in Section 2.7, below.



Statistical Approach for Sediment Biogeochemistry


Linear mixed effects modeling (lme) was used with the lmer function (lme4 package, version 1.1–23) to assess treatment, month (time), the interaction effect of treatment:month, and the random variable of reef, after Locher et al. [40]. Pairwise comparisons were used to compare treatments at each time point. The assumption of normality was assessed by visually inspecting QQ plots and residuals, while the homogeneity of variances was assessed using Levene’s test. All sediment biogeochemical data sets were natural log transformed to meet the assumption of normality, while a +1 transformation was also added to the total N and extractable NO3−, NH4+ and SRP data prior to transformation to account for values below the analytical detection limit.






2.5. Field BESE Degradation Experiment


To quantify the short-term degradability of BESE material on oyster reefs in ML, a 2 × 2 × 2 factorial design with 5 replicates each was employed. Specifically, mass loss of the two restoration materials (plastic, BESE) were compared at two time points (6 and 12 months of field deployment) and in two regions (N and S), for a total of 40 experimental units. This was achieved by leveraging a common “litter bag” technique (e.g., Ho and Chambers, 2020) in which a known mass of each material (~5 g) is placed in a fiberglass mesh bag (8 × 15 cm with 1 mm mesh), along with a unique stainless-steel identification tag, and securely sewn-closed. Coarse fragmentation of the plastic and BESE material was required to fit it into the litter bags and was done in a uniform manner. Specifically, plastic-containing litter bags (n = 20) included 3 large rectangular pieces (6 × 6 cm) and 2 small pieces (~2.5 × 2 cm). BESE-containing litter bags (n = 20) included: 2 large rectangular pieces (5 × 3.5 cm) and 4 irregularly shaped medium-sized pieces (~4.5 × 3 cm) (4 × 3 cm) (3.5 × 3.5 cm) (4 × 2 cm).



To ensure identical field conditions for treatments, all litter bags were deployed in pairs, with 2 plastic-containing and 2 BESE-containing bags secured together, so 2 of each treatment could be collected at 6 and 12 months. Half of the bags were placed on a live reference reef in the N region of ML (28°57′07.2″ N, 80°52′18.5″ W) and the other half on a live reference reef in the S region (28°56′15.0″ N, 80°51′41.3″ W). Each reef contained a total of 5 deployment points, each with 4 bags (2 plastic and 2 BESE). Bags were deployed amongst oyster clusters at the reef sediment surface and secured to the sediment using large stainless-steel garden stakes. After six months elapsed, one set of litter bags from each deployment point was collected, placed in a gallon plastic bag, stored on ice, and brought back to the lab for further analysis. After twelve months elapsed, the remaining litter bags were collected and stored in the same manner.



Upon arrival to the laboratory, all litter bags were carefully opened, and the remaining contents removed and placed on a 2.00 mm sieve (Fisherbrand No. 10), rinsed with DI water, and gently scrubbed to remove sediment build-up, biofilm, small (<10 mm) bivalves, and calcareous tubeworms (Hydroides dianthus). The cleaned material was placed on an aluminum tin to oven dry until constant weight was achieved at 70 °C. Once dried and cooled in a desiccator, the remaining material was weighed and recorded for mass loss calculations. A single exponential decay function was used to determine the exponential decay constant (k) at each time period, as:


  X =  e  − k t    



(1)




where X is the proportion of the initial mass (X0) remaining at time t [41]. The time required to decompose 50% of the initial material was calculated after Ashton et al. [42] as:


   t  50   =   ln 2  k   



(2)







Statistical Approach for Degradation Experiment


Data from two unrecovered bags and one bag that was damaged in the field were excluded prior to analysis. Based on an analysis of normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test) the data did not meet the parametric assumptions, even when transformed. Therefore, a nonparametric Kruskal–Wallis test was performed to compare the difference in % mass loss between the treatments, both overall and subdivided by region and time. To examine the impact of region and time on % mass loss of the BESE, only the BESE data were examined. This subset of the data met the parametric assumptions of normality and homogeneity of variance and two-way ANOVA was used to evaluate the significance of the two factors, as well as the interaction effect between them. A Tukey HSD post hoc test was used to assess the differences between regions by individual months.





2.6. Laboratory Analysis of Aqueous Nutrients


Once samples were returned to the laboratory, all surface water samples were immediately vacuum filtered through a 0.45 µm membrane filter (Pall Corporation, Port Washington, NY, USA) and preserved to a pH value < 2 with distilled, deionized H2SO4. Samples were then stored at 4 °C until further analysis for nitrate + nitrite (herein referred to as NO3−), SRP, and NH4+. Concentrations of NO3−, SRP, and NH4+ were determined colorimetrically on a Seal AQ2 Automated Discrete Analyzer (Seal Analytical, Mequon, WI, USA) using EPA methods 353.2 Rev. 2.0, 350.1 Rev. 2.0, and 365.1 Rev. 2.0, respectively [43]. All analytical runs included a 5-point calibration curve and were checked for quality assurance and quality control by including duplicates, spikes, internal blanks and standards, as well as external controls in a minimum of every 10 samples.




2.7. Laboratory Analysis of Sediment Properties


Once the sediment samples returned from the field, they were weighed and homogenized by hand in the laboratory. All samples contained some quantity of shell, so all shell fragments > 2 cm in diameter were omitted from sample processing. Extractable pools of bioavailable nutrients encompass nutrients in the porewater and are adsorbed to the surface of sediment particles that are displaced by the addition of salts. All extractable nutrient pools were determined within 12 h of collection for DOC, NO3−, SRP, and NH4+. A solution of 2 M KCl was decanted into 40 mL centrifuge tubes containing 3–4 g of homogenized sediment. The samples were agitated on an orbital shaker at 150 rpm at 25 °C for 1 h, then centrifuged at 4000 rpm at 10 °C for 10 min to separate the supernatant and the sediment. The supernatant was then filtered through a Supor 0.45 µm filter (Pall Corporation, Port Washington, NY, USA); acidified with distilled, deionized H2SO4 to a pH value < 2 and stored at 4 °C. Subsequent analyses for NO3−, SRP, and NH4+ were performed, as previously defined for surface water nutrients (Section 2.6).



Sediment samples were dried at 70 °C until a consistent weight was attained, then they were ground in scintillation vials containing ceramic balls with a SPEX Sample Prep 8000 M Mixer/Mill (SPEX, Metuchen, NJ, USA). A portion (<6 mg) of the ground subsamples were used to quantify total C and N on a Vario Micro Cube CN Analyzer (Elementar Americas Inc., Mount Laurel, NJ, USA). A subsample (<0.5 g) of dried, ground reef sediment was combusted at 550 °C for 3–4 h to evaluate OM content via loss in ignition (LOI). Total weights of pre- and post-combusted samples were recorded for LOI calculations. After the LOI analysis, solid-phase total P was determined by way of boiling the resulting ashed subsample in 25 mL of 1 M HCl on a hot plate in the fume hood for 30 min. Cooled liquid samples were then filtered through Whatman #41 filter papers [44] and stored for further total P analysis on Seal AQ2 Automated Discrete Analyzer via method 365.1 Rev. 2.0 [43].





3. Results


3.1. Laboratory Respiration Experiment


BESE was composed of 98.0 ± 0.1% OM. Total C comprised approximately half of the total mass, while total N averaged < 0.02% and total P < 0.01%. Respiration rates were more than an order of magnitude higher (56.7 ± 1.4 mg CO2-C kg−1 h−1) when incubated with BESE material than when incubated with only field sediment and water (4.0 ± 0.1 mg CO2-C kg−1 h−1) regardless of the water source used (p < 0.001; Figure 2). Microcosms that did not contain BESE material had greater CO2 production rates when incubated with site water (4.3 ± 0.03 mg CO2-C kg−1 h−1), than with DI water (3.6 ± 0.02 mg CO2-C kg−1 h−1; p < 0.01). The soils used in all the incubations had a pH of 8.5 and 1.6 ± 0.6% soil OM. The ML site water used contained low nutrients: BD for NO3−, SRP, and NH4+ (minimum reporting limits = 0.012 mg NO3− L−1, 0.02 mg SRP L−1, and 0.5 mg NH4+ L−1).




3.2. Laboratory Nutrient Release Experiment


The ML site water used in the nutrient release bottle incubations contained 6.38 ± 0.28 mg L−1 DOC, BD levels of NO3−, 0.02 ± 0.01 mg L−1 SRP, and 0.5 ± 0.04 mg L−1 NH4+ to begin. Following the 5-week incubation, surface water DOC was almost three orders of magnitude higher when incubated with BESE (5143 ± 1150 mg L−1) than without (7.22 ± 0.36 mg L−1; F = 29.3, p < 0.001; Figure 3a). Among the BESE treatments, summer maximum water temperatures (33 °C) resulted in 20% greater DOC release (5623 ± 97 mg L−1) than room temperature (22 °C; 4663 ± 69 mg L−1). Similarly, bottles containing BESE also had higher NO3− (0.02 ± 0.001 mg L−1) than those without (No BESE; 0.01 ± 0.005 mg L−1; F = 5.45, p = 0.02; Figure 3b). Within the BESE treatment, bottles incubated in the dark at summer maximum water temperatures (33 °C) had the highest NO3− (0.05 ± 0.01 mg L−1; F = 4.85, p = 0.04). Soluble reactive phosphorus was more than an order of magnitude higher in the BESE treatment (2.88 ± 0.03 mg L−1) than in the control treatment (0.14 ± 0.002 mg L−1; F = 30.9, p < 0.001). Summer maximum water temperature (dark and UV light 33 °C) treatments had the highest SRP (2.96 ± 0.03 mg L−1; F = 13.4, p = 0.002) among the BESE treatments. There were no treatment differences for NH4+.




3.3. Field BACI Experiment


Dead reefs had lower oyster densities than all other treatments throughout the study (all p < 0.001) and were excluded from the shell height analysis due to lack of live oysters. Northern reefs had higher oyster densities than S reefs at time 0-, 6-, and 12-months post-restoration. Restored reefs (both plastic and BESE) reached oyster densities equivalent to their regional live reference reef by 1 month post-restoration, and plastic and BESE oyster densities were equivalent at every time point when viewed by region (Figure 4a,c). Shell height was greater on N reefs than S reefs at 1- and 12-months post-restoration (p ≤ 0.01; Figure 4b,d). At 1- and 6-months, live reefs averaged greater shell lengths than restored reefs in both regions. Shell length increased over time on all restored reefs (plastic and BESE) until both were equivalent to the live reef in the S region at 12-months, and the BESE reef was equivalent to the live reef in the N region.



The only consistent predictor of sediment biogeochemical properties was the random variable of reef (p ≤ 0.01 for all 9 measured parameters), while an interaction between treatment and time was observed for 8 of 9 parameters (all p ≤ 0.002). Addressing the primary research question of treatment effects on biogeochemical properties, extractable NH4+ was the only parameter to show a significant treatment effect in pairwise comparisons for a given time point (p < 0.001). Specifically, extractable NH4+ was lower in dead reef sediments at 1 and 12 months (0.9 ± 0.4 and 0.9 ± 0.5 g kg−1, respectfully) than in live, plastic restored, and BESE restored combined (9.0 ± 1.0 and 9.7 ± 1.0 g kg−1, respectfully). All properties, except total P and total C, differed over time (Table 2).




3.4. Field BESE Degradation Experiment


The % mass loss of fragmented BESE material deployed on the sediment surface of two live reference oyster reefs for 6 and 12 months was greater (8.57 ± 0.36% loss) than the fragmented plastic, which on averaged gained a small amount of mass (−0.05 ± 0.03% loss; p < 0.001; Figure 5). BESE mass loss was higher when placed on the N reef for 12 months (11.06 ± 0.51% loss), when compared to 6 months on the N reef and 6 and 12 months on the S reef (8.04 ± 0.25% loss; p = 0.009). Overall, the mass loss of BESE after 6 and 12 months equated to exponential decay constants of 4.4 × 10−4 ± 1.9 × 10−5 and 2.9 × 10−4 ± 1.5 × 10−5 day−1, respectively. This equates to a t50 of 4.4 ± 0.2 to 6.7 ± 0.45 years for coarsely fragmented BESE on ML oyster reef sediments. Meanwhile, plastic mass remained unchanged or slightly increased with time, presumably due to epiphytic algae that could not be removed.





4. Discussion


4.1. BESE Impacts on Biogeochemical Properties and Processes under Laboratory Conditions


BESE material is almost completely decomposable (~98% organic matter) and predominately composed of C, with an atomic molar C:N:P ratio of 164000:5:1. For context, two other types of potential microbial substrates that are commonly available in the study ecosystem include fresh red mangrove (Rhizophora mangle) leaves (average molar C:N:P of 1128:26:1) and fresh shoal grass (Halodule wrightii) leaves (average 308:22:1; [45]). Therefore, as a substrate for microbial respiration, BESE is extremely rich in C relative to N and P. However, the ratio of N:P alone (5:1) is quite low, suggesting a P availability in excess of many biological organism’s N:P demand (e.g., 16:1 (N:P) for marine phytoplankton [38] and 22:1 for soil microbes [46]). BESE may, therefore, serve as a suitable substrate for microbial communities otherwise limited by C and/or P.



The suitability of BESE for microbial metabolism was demonstrated by the respiration experiment, where the addition of BESE to a closed system caused the rate of CO2 production to increase 14-fold for the 10-day experiment. Roughly 8–18% of the observed respiration was attributed to microbes and nutrients available in the ML site surface water, with the remaining attributed to microbes in the site sediment (control) or the combination of microbes in the site sediment plus on BESE material (in the BESE treatment). The BESE material was not sterilized prior to addition to the microcosm, which was done intentionally because BESE mats would likewise not be sterilized prior to field deployment during restoration activities. This limits our ability to distinguish between the potential contribution of microbes already associate with the BESE material, from the additional microbial growth and activity stimulated by the C, N and P content of the BESE material itself, but does still suggest an apparent priming effect of the BESE. In other words, the addition of BESE stimulated microbial activity and turnover, causing an exponential short-term increase in CO2 production [47]. The brief nature of this experiment cannot determine if the apparent priming effect will translate into a real priming effect that stimulates the mineralization of OM within the site sediment itself (normally seen weeks to months following addition of the substrate; [48]), thereby potentially diminishing soil C burial over time [49].



The laboratory nutrient release experiment corroborates the results of the chemical composition analysis of BESE, demonstrating the stoichiometrically high availability of C and P within the material can translate into ecologically significant releases of DOC and SRP into surrounding surface water (Figure 3). Concentrations of DOC averaged 71,156% higher in BESE-containing bottles than those without BESE. This concentration of DOC in ML site water incubated for 5 weeks with BESE (~5143 mg L−1) is roughly two orders of magnitude greater than observed in boreal peatland catchments (~25 to 55 mg L−1 [50]) and untreated wastewater (~11 to 82 mg L−1 [51]), and almost three orders of magnitude greater than typically observed in ML surface water (1.6 to 22 mg L−1, µ = 9.2 mg L−1, based on 116 observations from 2016–2019; [20,40]). Dissolved OC is considered a major driver of marine food webs because of its role as a low molecular weight substrate for prokaryotes [52,53], but may also have negative ecological consequences, such as contributing to harmful algal blooms [54], reducing water transparency [55], and transporting metals and persistent organic pollutants [56,57].



Similarly, surface water SRP concentrations were, on average, 1980% higher in bottles incubated with BESE relative to those incubated without BESE. In fact, the concentration of SRP in the BESE incubation bottles (~2.9 mg L−1) is more than two orders of magnitude above the concentration within the ML site water collected at the same time (~0.02 mg L−1 SRP) and well above the EPA Class III waters threshold for total P, which dictates that the long-term geometric mean must not exceed 0.01 mg L−1 total P [58]. The ecological implications of this SRP release are unknown and are likely to be site specific. Additionally, the mass of BESE, introduced during restoration, relative to the volume of water and the water exchange rate, are factors for consideration when evaluating BESE as a potential nutrient source in the environment.



In contrast to DOC and SRP, BESE was less of a source of dissolved inorganic N to the surface water under laboratory conditions. All NH4+ concentrations in the nutrient release study were BD. Although NO3− concentrations were elevated (~87% higher) in bottles with BESE, relative to those without BESE, the observed NO3− concentrations remained within the range commonly observed within ML (e.g., BD to 0.09 mg L−1 NO3−; [40]) for all treatments. These findings support the earlier assertion that the low N:P of BESE could provide P in excess of organismal metabolic requirements in some environments, favoring P mineralization over immobilization as the BESE decomposes [59].



For DOC, SRP, and NO3−, all of which experienced an overall increase when incubated in the laboratory with BESE, warmer temperature (33 °C, representing a maximum summer water temperature within ML) saw the highest releases into the surface water. While not a conclusive indicator that microbial degradation is responsible for nutrient release, the fact that temperature (a key regulator of microbial metabolic rates) influenced nutrient release, while UV light exposure (a key regulator of abiotic photolysis) did not, suggests a strong microbial driver of the observed nutrient release [59]. However, the relative contributions of biotic vs. abiotic process to nutrient release cannot be definitively determined without having controlled for microbial communities through sterilization.




4.2. Performance of BESE under Field Conditions


Restoration was successful with both plastic and BESE, as all restored reefs reached oyster densities equivalent to their live regional reference reef by 1 month post-restoration and exceeded the 1-year densities from previous ML deployments, which have been shown to vary annually based on salinity, temperature, and cell concentrations of the brown tide alga Aureoumbra lagunensis in ML [4]. Furthermore, oyster density did not differ between reefs restored with plastic and those restored with BESE at any time point during the 12-month study in either region, suggesting oysters will recruit equally well on both materials. Monitoring data did suggest a larger regional-scale difference in oyster recruitment within ML, with N reefs (both live and restored) recruiting at higher rates than S reefs and having greater shell heights at some time points. This regional effect within the study ecosystem has been noted previously [20] and is believed to be a consequence of closer proximity to the ocean inlet in the north, promoting higher tidal amplitudes, greater water exchange, and more nutrient availability [36,40].



Previous work has demonstrated the ability of sediments beneath live oyster reefs to serve as biogeochemical hot spots for nutrient accumulation and cycling [60,61], and indicated that many biogeochemical indices in the sediments beneath the restored reef can meet or exceed those of natural reefs within the first year post-restoration [20,40]. The rapid biogeochemical development of recently restored reef sediments has been attributed to the effects of increased water turbulence enhancing sediment entrapment and deposition of suspended particles from the water column [60,62,63], coupled with enhanced biodeposition from newly recruited oysters [40]. Biodeposits, which include both feces (digested) and pseudofeces (ingested and expelled), contain high concentrations of C, N, and P [64,65], and appear to harbor more labile nutrients when they originate for young (<12 month old) oysters, relative to older oysters [40].



We predicted the organic composition of BESE and its ability to serve as a microbial substrate would accelerate the development of biogeochemical properties beneath reefs restored with BESE relative to those restored with plastic (Table 1). The laboratory results conceptually support this idea, but the prediction was not supported by the results of the field BACI study. Despite substantial increases in short-term microbial respiration rate and the enhanced release of DOC, SRP, and NO3− to the surface water with the addition of BESE in the laboratory, BESE reef sediments did not develop biogeochemical properties more rapidly than plastic. The dilution and export of these nutrients in the open water system likely accounted for this difference. Experimental design consideration may have also limited our ability to adequately test our prediction, particularly the low statistical power of the study design. Specifically, the scope of the BACI field experiment was limited to only two reefs restored with each material type, and even those two reefs were in two distinct regions of ML due to the constraints of restoration permits. This study, as well as previous studies in ML, have all demonstrated a strong “reef effect” for sediment biogeochemical parameters, meaning each individual reef tends to be highly unique, including those within the same treatment or category [20,40]. Causes for this high within-treatment variability include the unique site histories of each reef, differences in local flow patterns, proximity to nutrient or pollution sources, exposure to boat traffic or other stressors, spatial variation in disease or predation, and mangrove encroachment [4,37]. Therefore, the low number of replicate reefs, the high within-treatment variability, and the naturally heterogeneous nature of many of the sediment biogeochemical parameters measured, all contributed to low statistical power for the field BACI experiment. The statistical power was so low that significant differences in biogeochemical properties between the positive and negative controls were not even consistently observed, which has been a reliable effect in past studies with higher replication [20,40]. The only significant treatment effect documented in the BACI sediment biogeochemistry study was lower extractable NH4+ on dead reefs compared to live and restored reefs. Ammonium is the primary form of inorganic N in oyster excretions and can be stored and regenerated in the anaerobic reef sediments [66,67,68,69], making it a consistent and strong correlate of oyster density, reef height, and shell length [40].



Additionally, changing from a closed system (laboratory) to an open system (field) likely influenced how BESE interacted with the surrounding sediment and water. For example, BESE material had to be fragmented to fit into the laboratory microcosm bottles, effectively increasing the surface-area-to-volume ratio of the BESE in the laboratory trials, compared to when it is field-deployed for restoration. Studies of forest litter show a positive relationship between decomposition rate and surface-area-to-volume ratio of the substrate [70], suggesting the fragmentation of BESE may have enhanced microbial interaction and metabolism of the substrate. The constant flow and mixing of water under field conditions, as well as the intertidal nature of the study reefs, are all additional factors that may have limited the influence of BESE on the underlying sediment in the field.



As suggested by the laboratory experimental results, the field degradation study further confirmed BESE does indeed biodegrade when deployed in the field. Percent mass loss ranged from 8.0 to 12.0% in the first year of deployment on live oyster reef sediments in ML. Decomposition rate decreased slightly (~5%) from the first the 0–6 months (3.08 ± 0.97 mg d−1) to the second 6–12 months (2.95 ± 0.15 mg d−1), but the rapid initial decay rate of the most labile compounds may have been missed, since the first set of litter bags was not collected until the sixth month [71]. The exponential decay constants (k) calculated for BESE were approximately one order of magnitude lower than for aboveground herbaceous litter decomposing in Louisiana (USA) coastal wetlands [72] and two orders of magnitude less than for mangrove leaf litter in Costa Rica [73]. Decay constants suggest it will take roughly 4.4 to 6.7 years of deployment on ML oyster reefs for BESE to lose half of the mass. This half-life estimate is only an approximation and may be slightly inflated because the litter bag approach required the coarse fragmentation of the BESE and staking the bags directly at the sediment surface, where sediment-microbial interactions may be greater than when deployed as a 3D mat for restoration purposes (see Figure 1). Additionally, when extrapolating these data to other ecosystems, it is important to recognize the recalcitrance (or degradability) of any material is the product of the environmental conditions in which it is located, rather than an intrinsic property of the material [74]. For biodegradable oyster reef restoration materials, factors such as air and water temperatures, salinity, tidal amplitude and daily exposure duration, wave energy, nutrient status of the water and sediment, and the nature of the local floral, faunal, and microbial communities could all contribute to faster or slower rates of decay. Longer-term and site-specific data on BESE decay rates are needed to better inform restoration practitioners of the expected longevity of the material.




4.3. Consideration for Wide-Scale Adoption of Biodegradable Material for Oyster Reef Restoration


When exploring “eco-friendly” alternatives to plastic in oyster-reef restoration, these data suggest that the biogeochemical properties and impacts of each material should be evaluated, in addition to common performance metrics of oyster recruitment and reef development. This includes a scientific study of the novel organic substrate’s impact on C and nutrient cycling and availability within the ecosystem in which they are deployed, as well as how the degradation of the material (both biotic and abiotic) will affect the long-term success of the restoration project. Being “biodegradable” means the material is intended to break-down and be disintegrated by living organisms. Restoration practitioners should consider: How will the chemical composition of the material influence biogeochemical processes in the ecosystem? How long will the material last under field conditions? What will be the fate of the restoration effort once the material is gone?



In ecosystems such as ML, where oyster reef destruction is primarily caused by boat wakes dislodging live oyster clusters from their stable substrate [3,4,75,76], the structural integrity of the restoration mat is key to the long-term success of the project. The traditional technique employed in ML for the past decade, using plastic mats, is predicated on re-establishing the stability of the basal substrate for oyster growth. The breakdown of a biodegradable mat means the connection between the basal reef shells and the underlying sediment may once again be lost when the degradation surpasses some critical threshold that undermines the structural integrity of the mat. In other circumstances where wave energy is not the primary cause of reef degradation, these concerns may be less applicable. For example, Temmick et al. [77] found that BESE was successful at creating emergent properties for marsh grasses when plants were deployed while surrounded by the mesh, promoting successful rooting and establishment so the vegetation could become self-sustaining even after the BESE degrades. This illustrates the need to consider whether the biodegradable material is necessary in perpetuity for restoration success, or if it can serve only a temporary role in restoration without compromising the overall objectives.



In addition to longevity, the practical matter of cost may play a role in the decision of restoration materials. For example, to make a 0.25 m2 oyster restoration mat with traditional Vexar™ extruded mesh with 36 drilled oyster shells attached with 50 lb test cable ties, the cost per mat (excluding donated shells) is USD 2.43. When BESE are used to make a mat of the same dimensions with similar number of oyster shells attached with 18-gauge stainless wire, the cost is USD 9.18 per mat. This 377.8% increase in cost may limit the acreage of damaged reefs that it is possible to restore. On the flip side, using biodegradable materials ensures restoration activities do not serve as an additional source of microplastics to the coastal environment and that, long after the restoration is complete, there will be no persistent materials that could become marine debris and require costly clean-up efforts.





5. Conclusions


As oyster reef restoration activities become increasingly common worldwide, the objectives and approaches have also expanded to include consideration for a variety of ecosystem services provided by oyster reefs, as well as the impact of the restoration intervention itself. Specifically, there is enhanced awareness of the prevalence and consequences of microplastics in the marine environment, which is fueling a desire to find environmentally friendly alternatives to the plastic-based materials previously used by many in oyster reef restoration projects. This study investigated the intersection of emergent biogeochemical properties on restored oyster reefs and the implementation of one biodegradable restoration material, BESE. Through a series of four targeted experiments (two laboratory; two field), the impact of BESE on short-term sediment respiration and nutrient release was quantified, the field-based performance of BESE in supporting oyster reef development and sediment biogeochemical properties evaluated, and the degradation rate of BESE estimated. The results demonstrate that BESE is as successful as traditional plastic mats at promoting oyster recruitment and growth without requiring the use of plastics during restoration. However, BESE does break down through microbial mineralization, as shown (1) in the laboratory, by a 1333% increase in CO2 production rate over 10 days when site sediments were incubated with BESE, as compared to without; (2) in the field, by a 7–12% reduction in BESE mass when deployed on live oyster reef sediments for up to 12 months. Furthermore, BESE released ecologically significant concentrations of DOC and SRP when incubated with site water under laboratory conditions, but these effects did not translate into measurable changes in sediment biogeochemical properties during a small-scale field deployment experiment. This lack of transferability from laboratory to field conditions is likely due to the high degree of water mixing in coastal environments but supports the need for further study of the degree and fate of nutrient release from biodegradable materials. Restoration practitioners, considering employing biodegradable materials in their projects, should evaluate the potential biogeochemical effects of introducing a novel organic substrate to their ecosystem and how eventual degradation will impact the long-term success of the project. Meanwhile, also weighing the current societal preference for using non-plastic substrates, particularly in community-based restoration efforts.
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Figure 1. Pre- and post-deployment of 0.25 m2 Vexar plastic mats (a,c) and BESE elements mats (b,d). All mats were prepared with 36 disarticulate shells and weighed down with cement donuts in the field. 
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Figure 2. Potential respiration rate in microcosms (n = 5) of site sediment and site water incubate with (BESE) or without (No BESE) fragmented BESE. Different letters represent differences (p < 0.05) based on Tukey HSD post hoc tests. 
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Figure 3. Final concentrations (mean ± standard error) of surface water nutrients following 5 weeks of incubation with (BESE) or without (No BESE) fragmented BESE for (a) dissolved organic carbon (DOC), (b) nitrate + nitrite (NO3−), and (c) soluble reactive phosphorous (SRP). For all data, n = 5. Different lower-case letters represent differences (p < 0.05) between BESE and No BESE treatments; different upper-case italic letters represent differences (p < 0.05) among BESE treatments exposed to different experimental conditions; all pairwise comparisons were based on Tukey HSD post hoc tests. 
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Figure 4. Oyster monitoring metrics for Northern (a,b) and Southern (c,d) BACI reefs. Values represent mean ± standard error; n = 5. Different letters represent differences (p < 0.05) between treatments (reef type) across both regions (Northern and Southern) based on Tukey HSD post hoc tests. Dead reef shell heights not shown as all values were zero. 
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Figure 5. Field mass loss (%) of coarsely fragmented BESE or plastic (mean ± standard error; n = 5) after 6 and 12 months of deployment on live oyster reefs in the southern (S) or northern (N) region of Mosquito Lagoon (a). Different lower-case letters represent differences (p < 0.05) between BESE and No BESE treatments; different upper-case italic letters represent differences (p < 0.05) among BESE treatments exposed to different experimental conditions; all pairwise comparisons were based on Tukey HSD post hoc tests. Appearance of litter bags pre-deployment (b) and of BESE following retrieval (c) also shown. 
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Table 1. Summary of studies presented, including primary research questions and hypotheses. “Plastic” refers to Vexar™ aquaculture mesh and “BESE” refers to biodegradable BESE-elements®.
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	Study
	Primary Research Question
	Primary Hypothesis





	Laboratory respiration
	Can BESE serve as a substrate for microbial respiration?
	CO2 production will increase with the addition of BESE.



	Laboratory nutrient release
	Can BESE release labile nutrients given idealized laboratory conditions?
	Dissolved inorganic N, P, and organic C will increase when BESE is incubated under warm temperatures and UV light.



	Field BACI study—oyster monitoring
	Are oyster reef restoration success metrics comparable between BESE and plastic materials?
	Oyster density will be the same on BESE and plastic restored reefs at 12 months post-restoration.



	Field BACI study—sediment biogeochemistry
	Does the rate or degree to which biogeochemical hot spots develop under recently restored oyster reefs differ between BESE and plastic materials?
	BESE will accelerate the development of biogeochemical hot spots in sediments beneath oyster reefs.



	Field BESE degradation
	What is the initial rate of mass loss for BESE material under field conditions?
	Significant mass loss of BESE will be observed within the first year of field deployment.
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Table 2. Means ± standard errors (n = 10) of sediment biogeochemical properties for the field BACI experiment. Letters represent statistical differences (p < 0.05) based on pairwise comparisons; data not subdivided by month was not significantly different over time. Extr. NH4+ was the only property to show a significant treatment effect; data presented for dead reefs (D) and the mean of live (L), BESE (B), and plastic (P) separately.
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Month




	

	
0

	
1

	
6

	
12






	
OM (g kg−1)

	
89.9 ± 5.3 a

	
86.2 ± 4.7 a,b

	
94.6 ± 5.5 b

	
109.4 ± 4.6 c




	
DBD (g cm−3)

	
1.02 ± 0.04 a

	
0.92 ± 0.04 a

	
1.03 ± 0.04 ab

	
0.90 ± 0.03 b




	
Total P (g kg−1)

	
0.81 ± 0.02




	
Total C (g kg−1)

	
40.1 ± 1.24




	
Total N (g kg−1)

	
1.58 ± 0.11 a

	
1.50 ± 0.11 a,b

	
1.75 ± 0.10 b

	
2.33 ± 0.12 c




	
Extr. DOC (g kg−1)

	
71.8 ± 6.4 a

	
77.2 ± 6.4 a,b

	
57.8 ± 3.5 b

	
87.8 ± 6.5 c




	
Extr. NO3− (g kg−1)

	
1.83 ± 0.11 a

	
0.51 ± 0.05 b

	
1.05 ± 0.08 c

	
2.42 ± 0.10 a,b




	
Extr. NH4+ (g kg−1)

	
1.1 ± 0.2 a

	
0.9 ± 0.4(D)

9.0 ± 1.0(L,B,P) b

	
1.7 ± 0.4 c

	
0.9 ± 0.5(D)

9.7 ± 1.0(L,B,P) c




	
Extr. SRP (g kg−1)

	
0.81 ± 0.11 a

	
0.67 ± 0.10 a,b

	
0.40 ± 0.06 b,c

	
0.97 ± 0.12 c








Abbreviations: OM (organic matter), DBD (dry bulk density), P (phosphorus), C (carbon), N (nitrogen), Extr. (extractable), DOC (dissolved organic carbon), SRP (soluble reactive phosphorus).
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