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IntroductIon
Oyster reefs provide a variety of ecosystem services, includ-

ing the creation of benthic habitat, filtration of suspended 
solids from the water column, wave attenuation, protection of 
neighboring shorelines through erosion control, and regulation 
of water quality (Dame et al. 1984, Meyer et al. 1997, Cham-
bers et al. 2018). Oyster reefs are ‘hotspots’ of biogeochemical 
cycling; restored and natural oyster reefs significantly impact 
fluxes of carbon, nitrogen, and phosphorus (Chambers et al. 
2018). These ecosystem services are facilitated by the physical 
structure of the vertical oyster reef and biological functioning 
of the oysters themselves. Despite these numerous services, val-
ued at roughly $99,000/ha/yr, oyster populations are declin-
ing (Grabowski et al. 2012). Most areas within North America 
historically populated by oysters (e.g., the northeastern Gulf 
coast, the western US coast, Chesapeake Bay) have experienced 
severe oyster population declines in excess of 90% and oysters 
have been declared functionally extinct in many of these areas. 
Globally, oysters are estimated to have experienced an 85% loss 
in population when compared to historical numbers (Beck et 
al. 2011).

Within the Gulf Coast, declines in intertidal Eastern oyster 
(Crassostrea virginica) populations are due to a multitude of prob-
lems, such as predation, overharvesting, disease, hydrological 
changes, and reduced water quality (Seavey et al. 2011). Many 
oyster reef restoration efforts are underway in this region, with 
over 200 restored oyster reefs documented along the Gulf Coast 
(La Peyre et al. 2014). A novel method of restoration aimed at 
decreasing oyster mortality from predators through induction 
of predatory defenses has been implemented in coastal Ala-
bama (Belgrad et al. 2021). Briefly, oyster spat are exposed to 
predator exudates from blue crabs (Callinectes sapidus) to hard-
en their shells before placement in the field. These ‘induced’ 
oysters develop increased shell strength, rendering them more 
resistant to predators such as oyster drills (Belgrad et al. 2021), 
and have had 50—300% increased survivorship following de-
ployment in the field (Belgrad et al. 2021). Prior to placement 
of these oyster spat in the field, oyster shells containing no live 
oysters are placed on the sediments to create suitable substrate 

in the form of a base layer. 
 Although oyster reefs act as biogeochemical ‘hotspots,’ the 

effects of a base layer on sediment geochemistry in this area 
have not been studied. The purpose of our study was to deter-
mine how a base layer of oyster shells affected sediment geo-
chemistry at a constructed reef and to establish a geochemical 
baseline for additional measurements after living oysters are 
added to the reef. This case study will help ascertain the effects 
of sediment geochemistry caused by living oysters versus the 
substrate itself. Sediment pH and calcium carbonate percentage 
were both expected to rise with the introduction of the oyster 
reef bed. We also expected to see an increase in silt and clay 
deposition with increasing depth because this stratification of 
sediment sizes was previously anecdotally reported (Chambers 
et al. 2018). 

MaterIals and Methods
Study Site  
The location of this case study was the Lightning Point Res-

toration Project in Bayou La Batre, AL (Figure 1A). Lightning 
Point is located on the coastal edge of a sub—estuary of Mobile 
Bay, located within the Escatawpa River Basin in southwestern 
Alabama. The site is a tidally—influenced Juncus roemerianus—
dominated marsh, with mean tidal ranges of 0.42 m (NOAA 
Tides and Currents, Station #8739803), and mean salinity of 
15.8 (Cedar Point Station, arcos.disl.org). Previous oyster res-
toration projects have occurred nearby (de Barros et al. 2023).

Experimental Design
The reef bed was constructed via deployment of a base of 

900 shell bags, each with an approximate volume of 0.027 m3 
(Figure 1B). Three rows of shell bags (at the top, middle, and 
bottom of the reef) were placed in plastic crates so they could 
be removed to gain access to the sediment underneath. The reef 
was oriented parallel to the coastal fringe and covered about 42 
m2. The vertical distance from the top to bottom of the reef was 
about 30.5 cm, with the top of the reef exposed at mean lower 
low water (Figure 1B). Sediment cores were collected via push—
core to a depth of 5 cm from 6 locations along the reef parallel 
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to the shoreline at each of 3 different elevations (top, middle, 
and bottom; Figure 1B) for a total of 18 cores to capture spatial 
variability in sediment physicochemical characteristics. Sedi-
ments were sampled once in May 2023 prior to the reef bed 
construction, which served as an initial control, and again 47 
days after shell bags were deployed. During sampling events, 
water column salinity and pH were obtained via a YSI ProDSS 
sonde (Yellow Springs, OH, USA). 

Sediment Physicochemical Properties
Sediment pH was determined on field—moist sediment 

cores. An ~5 g sample of each homogenized core was diluted 
with dionized water to a 1:5 sediment:water ratio. The samples 
were stirred and allowed to sit for 30 min before pH and tem-
perature were simultaneously measured with an Accumet XL 
200 (Reddy et al. 2013).

Sediment cores were weighed following sampling and ho-
mogenized. One subsample (30—60 g) from each core was 
placed in a drying oven (60°C) for 96 h or until a constant 
weight was achieved. After drying, subsamples were reweighed 
to calculate dry bulk density (Reddy et al 2013). The dried sub-
samples of each core were ground by hand and placed in la-
beled scintillation vials. Percent organic matter was calculated 
for each subsample through the loss—on—ignition method; 
dried sediment samples (2—4 g) in crucibles were placed in a 
muffle furnace at 550°C for 3 h (Dean 1974). Total mass of 
each sample was then recorded to calculate percent organic 
matter. Samples were placed back in the muffle furnace at 
990°C for 1 h and total mass was recorded again to determine 
percent calcium carbonate (Dean 1974). Total carbon and to-
tal nitrogen were determined via use of a Costech ECS 4010 

CHNSO Analyzer (Valencia, CA, USA). 
Dried, ground subsamples were used to determine the rela-

tive proportions of sediment grain size. About 10 g of sediment 
was placed into pre—weighed aluminum sieves with progres-
sively smaller screens (ranging from 2 mm to 63 µm), weighed, 
and placed on a Humboldt motorized Sieve Shaker (Humboldt 
Manufacturing Corporation, Elgin, IL, USA) for 10 min (Folk 
1980, with modifications). Following shaking, the weight of 
each sieve and the sample within it was recorded. Initial re-
corded sieve weight was subtracted from the final sieve weight 
to determine the mass of each size fraction. Sample mass for 
each size fraction was then divided by the initial recorded sam-
ple mass to determine the relative proportions of each grain 
size as a percentage. Sediment caught in the 250 µm sieve con-
sisted of material ≥250 µm (medium sand), while sediment 
caught in the 125 µm sieve consisted of material with sizes 
between 125−250 µm (fine sand; Wentworth 1922). Similarly, 
sediment caught in the 63 µm sieve consists of material with 
sizes between 63−125 µm (very fine sand; Wentworth 1922). 
The last size class consisted of any material <63 µm (silt + clay; 
Wentworth 1922). 

Statistical Analysis
Heterogeneity of variance and normality for each parameter 

were verified via Levene’s test and the Shapiro—Wilk test, re-
spectively. Datasets that did not meet the assumptions of nor-
mality (percent organic matter, total carbon, total nitrogen, 
percent calcium carbonate, and the medium sand size class) 
were logarithmically transformed. Means and standard error 
reported represent back—transformed values. Statistical differ-
ences between elevation and sampling times were determined 
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FIGURE 1.  Location and design of oyster reef restoration. A. Google Earth map of approximate location in Bayou La Batre, AL (30.379573°N, 
88.268401°W). B. Schematic of oyster reef layout. Crates with removable shell bags were placed in the middle of each column and row. Indicated crates  
at core locations were removed prior to second sampling and then reinstalled post-sampling. MLLW−mean lowest low water.
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using a 2−way ANOVA in R (version 4.1.0; R Foundation for 
Statistical Computing, Vienna, Austria) with RStudio (version 
1.4.1717, PBC, Boston, MA, USA).

results
Differences among elevations
No significant spatial variation in sediment pH, percent 

organic matter, percent calcium carbonate, bulk density, total 
carbon, or total nitrogen was observed either prior to or after 
the reef bed implementation (Table 1). However, significant dif-
ferences by elevation were detected in sedi-
ment size proportion for the fine sand (F

2,33
 

= 9.565, p = 0.0005) and very fine sand size 
classes (F

2,33
 = 25.83, p < 0.0001). The per-

cent fine sand size class was significantly 
different between top and middle eleva-
tions (F

2,33
 = 9.565, p = 0.002), with a top 

elevation of 52.00 ± 0.94% and a middle 
mean of 43.68 ± 2.17%. The top and bot-
tom also saw a significant difference in the 
fine sand sediment size class (F

2,3)
 = 9.565, 

p = 0.0023) with a bottom proportion of 
41.42 ± 2.04%. There were no significant 
differences between the middle and bot-
tom elevations for the fine sand size class 
(F

2,33
 = 9.565, p = 0.6618). The very fine 

sand size class also saw a significant differ-
ence between the top (27.86 ± 0.44%) and 
middle (33.88 ± 1.15%) elevations (F

2,33
 = 

25.83, p = 0.0015) and the top and bottom (37.25 ± 1.05%) 
elevations (F

2,33
 = 25.83, p < 0.0001), but not the middle and 

bottom groups (F
2,33

 = 25.83, p = 0.3615).
Differences between sampling times 
Sediment pH increased from 8.29 ± 0.04 to 8.86 ± 0.03 

between sampling events (F
1,34

 = 110.118, p < 0.0001; Table 
1, Figure 2A). Sediment calcium carbonate content was spa-
tially homogenous at each sampling but increased from 0.509 
± 0.021% to 0.818 ± 0.11% between the initial sampling and 
post—deployment sampling (F

1,34
 = 6.137, p = 0.0191; Table 1, 
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TABLE 1. Two-way ANOVA data for all measured characteristics at oyster reef restoration site. Sediment characteristics that demonstrated no sig-
nificant differences among elevations or sampling times are reported as a homogenized mean. Reported elevation means are temporally homog-
enized; lowercase letters represent significantly different elevation groups. se—standard error

  Elevation Time

  Mean ± 1 se p value F value p value F value

Organic Matter (%) 1.760 ± 0.126  0.412 0.914 0.096 2.953

Bulk Density (g/cm) 1.202 ± 0.026  0.654 0.431 0.149 2.199

Total C (g/kg) 0.356 ± 0.030  0.292 1.282 0.228 1.518

Total N (g/kg) 0.026 ± 0.002  0.761 0.276 0.190 1.796

Silt + Clay (%) 18.57 ± 0.710 0.341 1.115 0.910 0.013

 Initial Sampling Post-Deployment Elevation Time

 Mean ± 1 se Mean ± 1 se p value F value p value F value

Sediment pH 8.29 ± 0.04 8.86 ± 0.03 0.473 0.767 < 0.0001 110.118

Calcium Carbonate (%) 0.509 ± 0.021 0.818 ± 0.112 0.713 0.342 0.0191 6.137

Medium Sand (%) 1.99 ± 0.16 3.14 ± 0.42 0.451 0.818 0.0164 6.471

 Top Middle Bottom Elevation Time

 Mean ± 1 se Mean ± 1 se Mean ± 1 se  p value         F value      p value F value 

Fine Sand (%) 52.004a 43.68b 41.42b 0.0053 9.565 0.994 0
Very Fine Sand (%) 27.858a 33.88b 37.25b <0.0001 25.83 0.462 0.556

FIGURE 2. Boxplots denoting sediment characteristics at initial sampling (orange) and post-de-
ployment sampling (blue) by elevation.  A. pH. B. Calcium carbonate (%). T−top; M−middle; B−
bottom. Boxes and whiskers represent median and interquartile ranges; yellow diamonds denote 
sample means; black circles denote observations outside 1.5 times the interquartile range.

A B
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Figure 2B). The medium sand sediment size class also saw an 
increase from 1.99 ± 0.16% to 3.14 ± 0.42% between sampling 
events (F

1,34
 = 6.471, p = 0.0164; Table 1). Water column pH 

was 8.19 during the first sampling and 8.30 during the second 
sampling. Water column salinity was 24.30 and 23.79 at the 
first and second sampling, respectively. 

dIscussIon
The homogeneity of sediment physicochemical properties 

prior to the deployment of the reef structure suggests that tidal 
elevation and the surrounding Juncus roemerianus—dominated 
marsh equally affected all sampling locations in this case study. 
Thus, observed changes in sediment geochemistry can likely 
be attributed to the deployment of the reef structure. The ex-
ceptions to this assumption were the fine and very fine sand 
grain size classes, which displayed a greater proportion of the 
larger size class at the higher elevations, and a greater propor-
tion of the smaller size class (i.e., sand) at the lower elevations. 
The higher proportion of the fine sand size at the higher el-
evations situated closer to the marsh platform could be asso-
ciated with either reduction in flow velocity and turbulence 
associated with the vegetation interface, which promotes the 
settling of particles (Christiansen et al. 2000), or resuspension 
of sediment from higher tidal velocities. The higher propor-
tion of very fine sand at the lower tidal elevations could suggest 
deposition via settling of these smaller grain sizes facilitated by 
inputs from marine flow into the system, rather than overland 
flow draining from the surrounding marsh platform. These 
differences in grain size observed at different elevations did not 
persist following the deployment of the reef structure, which 
suggests that the oyster reef structure in this case exerted more 
control on sediment grain size distributions than inputs from 
either the marine environment or the surrounding marsh.

Following the structure deployment, the medium sand sedi-
ment size class increased, though this size class remained a mi-
nor constituent of overall sediment size distribution. The verti-
cal structure of oyster reefs can increase surface rugosity and 
enhance trapping of smaller grain size sediments (Styles 2015), 
although sedimentation rates and materials are also controlled 
by particle inputs, reef orientation, and hydrodynamics (Leni-
han 1999, Colden et al. 2016, Cannon et al. 2022). The limited 
extent of available data in this case study restricts interpreta-
tion of the mechanism controlling the observed changes in 
the grain size distribution following deployment of the reef 

structure herein. Despite this limitation, this study is a first 
step in contextualizing sedimentation and sediment grain size 
prior to the deployment of juvenile oysters on this reef and will 
help inform metrics of oyster reef success because increased 
sedimentation can negatively affect oyster growth (Adams et 
al. 1995, Housego and Rosman 2015). 

Restoration of oyster reefs has been demonstrated to alter 
underlying sediment biogeochemistry within 1 year of resto-
ration specifically by increasing sediment total carbon and 
nitrogen concentrations (Chambers et al. 2018). Within the 
47 d period of our study, we saw no significant increase in 
C or N concentration, indicating many positive geochemical 
effects of oyster reef restoration are either a) mediated by the 
presence of live oysters or b) require a longer timescale to de-
velop. However, we did observe increases in sediment pH and 
calcium carbonate percent, suggesting that the reef structure 
alters some aspects of sediment physiochemistry within this 
short timescale and prior to establishment of live oysters. The 
observed sediment pH increase is attributable to the concur-
rent increase in calcium carbonate, which was likely deposited 
by the reef bed through the process of dissolution, ultimately 
raising the pH through the consumption of H+. Oysters and 
oyster spat are particularly vulnerable to low pH systems; 
low pH significantly decreases oyster survivability (Clark and 
Gobler 2016). Increasing the pH of local systems could poten-
tially serve to positively affect oyster survivability and increase 
restoration success. 

While the conclusions herein are applicable solely to the 
novel method of deployment used on the oyster reef in this 
case study, they demonstrate the importance of reef structure 
on sediment grain size and physicochemical properties. Our 
results are subject to the uncertainties inherent within the 
sampling design, including the potential effects of the plastic 
crates used to facilitate sampling and the lack of replicability 
from having a single experimental reef. Our research suggests 
that many of the previously observed beneficial sediment bio-
geochemical effects of restoring an oyster reef, such as nutrient 
sequestration and organics deposition, are likely due to the live 
oysters themselves rather than the physical introduction of the 
reef. However, the increased pH and calcium carbonate dem-
onstrated herein represent better conditions for oyster growth 
and survivability, potentially increasing long term efficacy of 
oyster reef restoration via this method. 
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