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Abstract: As some of the most threatened ecosystems in the world, the declining condition and
coverage of coastal habitats results in the loss of the myriad ecosystem services they provide. Due to
the variability in physical and biological characteristics across sites, it is imperative to increase location-
based information to inform local management projects, which will potentially help to reestablish
functions of coastal habitats. Since oysters are often used in restoration projects, this study quantified
spatial and temporal patterns in eastern oyster spat settlement in a bar-built estuary in northeast
Florida, USA that is host to a robust population of intertidal oyster reefs. Spat settlement was found
to occur from April to October with small peaks in the spring and large ones around September. Inter-
annual differences in spat settlement were likely influenced by existing environmental conditions and
heavily affected by large-scale events such as tropical cyclones. Variations in regional spat settlements
are possibly driven by the residence times of the watersheds, the density of adult populations, and
the location of the spat collectors. The results of this study illustrate place-based variability in
oyster settlement patterns and underscore the importance of local monitoring for oyster resource
management, restoration, and research.
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1. Introduction

Coastal ecosystems are some of the most productive in the world, providing numerous
ecosystem services such as carbon sequestration, improvement of water quality, erosion
control, and recreation [1,2]. Recognizing their value and aesthetic, these ecosystems are
subject to constant human activity which has ultimately led to the steady deterioration
in many habitats (estimated anywhere between 30 and 85% loss) of these systems [1–7].
With the loss of these coastal habitats, the critical ecosystem services and economic value of
those services decline as well, such has been seen in the number of viable (non-collapsed)
fisheries (−33%), provision of nursery habitats (−69%), and filtering and detoxification
services (−63%) [8]. The mitigation of anthropogenic effects is of significant need in these
systems. As the economic and ecosystem function of these habitats continue to decline, the
efforts to restore and enhance them have increased.

The use of organic materials in these projects has additional benefits beyond mere
construction material. Living shorelines, a form of natural stabilization using organic
materials, have been found to improve water quality, cease or reverse coastal erosion, and
serve as critical habitats for plants, fishes, and invertebrates [9–12]. One common type of
living shoreline is a shellfish-based living shoreline [13–15] which has the advantages of
adapting with a changing climate, such as oyster reefs being able to grow at the pace of
sea level rise [16] and being able to self-repair after a destructive event [17]. Oysters have
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been established as ecosystem engineers and keystone species because they can maintain,
modify, and form habitats [18,19]. As such, oysters are an ideal target material in mitigation
projects in ecosystems with previous or existing oyster reef habitats as often a primary or
secondary goal of these installations is utilizing their gregarious settlement behavior to
continue to form and strengthen these installations over time. This is especially important
as the return-on-investment of oyster restoration projects varies widely and increases with
project size [20].

Abundant and common to the southeastern United States, the eastern oyster Crassostrea
virginica [21] forms three-dimensional reefs which can be intertidal or subtidal. In fact,
it is the only reef building oyster in the state of Florida, USA [22]. These reefs enhance
secondary and tertiary productivity within estuaries as juvenile fish and crustaceans utilize
these reefs as foraging grounds and refuge [23–30]. Additionally, oyster reefs provide other
types of ecosystem services such as water filtration, the prevention of coastal erosion, boat
wake mitigation, and carbon sequestration [31–38]. They also have high intrinsic economic
value and cultural importance as they have been harvested as a food source and mined for
shell for many years [19,22,39,40].

Eastern oysters are non-incubatory oysters, meaning they release gametes into the
water column and fertilization occurs external to the organism [41]. Their larvae remain
in the planktonic stage for about 2–3 weeks before settling on a suitable substrate, from
which they are known as “spat” [42]. Many abiotic and biotic factors influence the timing
and extent of spawning to the recruitment and survival of juvenile oysters. Temperature,
salinity, and circulation patterns are amongst the most notable factors affecting oyster
larvae, as well as food supply and turbidity which can affect the length of the larval
period [43–46]. Field studies have shown that the settlement and recruitment of oyster
larvae often has high inter-regional and interannual variability [47–52]. Establishing oyster
settlement patterns and understanding the effect of abiotic and biotic factors on settlement
in regions with restoration goals is valuable in planning the timing of installation and
success of many restoration projects. This is especially true for projects with the goals of
forming a functional oyster habitat as part of their design and to maximize the rate of return
on the installations given that restoration is often more successful with larger areas [20].

With the goal of informing oyster-based restoration and enhancement projects, the first
objective of this study was to quantify spatial and temporal variability in oyster settlement
in a dynamic, bar-built estuary in Northeast Florida, USA that is host to a robust population
of intertidal oyster reefs. Given the variability of oyster settlement observed in previous
field studies in the southeast United States, and often more studies of subtidal oyster
reefs [50,53–56], as well as differences in oyster densities in Northeast Florida [57,58], it
was expected that there would be spatial variability amongst study sites and over time.
Therefore, potential drivers of this variability were also examined to provide further insight
into differences amongst regions and years.

2. Materials and Methods
2.1. Study Sites

The Guana–Tolomato–Matanzas (GTM) estuary is a bar-built estuary with enclosed
lagoons or “rivers”: the Guana, Tolomato, and Matanzas Rivers (Figure 1). The Tolomato
and Matanzas Rivers meet at the St. Augustine Inlet; this inlet is one of two in the system,
and it is maintained and stabilized with a jetty by the United States Army Corps of Engi-
neers to a depth of 5 m. The other, the Matanzas Inlet, is an unstructured inlet just north
of Marineland, Florida, USA. The estuary is well-flushed with a short residence time of
approximately 12.6 days [59–61] and is well-mixed. The GTM estuary hosts exceptionally
intact and robust populations of eastern oysters that filter approximately 60% of the estu-
ary’s volume within a single residence time [61]. There is also a functional oyster fishery
(commercial and recreational) in several regions.
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Figure 1. Map of the Guana Tolomato Matanzas National Estuarine Research Reserve boundary 
(black line, bottom inset: red), spat collector locations (black dots), water quality monitoring stations 
(black triangles, not included in insets), and regions: Tolomato River (turquoise), Guana River 
(pink), Salt Run (yellow), St. Augustine (orange), and Fort Matanzas (blue). Water quality stations 
are from the System-Wide Monitoring Program and are Pine Island (“PIWQ”), San Sebastian 
(“SSWQ”), and Fort Matanzas (“FMWQ”). 

The GTM National Estuarine Research Reserve (GTMNERR) initiated a monitoring 
program for local oysters in 2014 in which a regional approach was adopted based on 
perceived differences in water quality, food availability, hydrodynamics, harvesting, and 
management [58]. Regions were created based on the major waterways along the Atlantic 
Intracoastal Waterway (ICW): Tolomato River, Guana River, Salt Run, St. Augustine, and 
Fort Matanzas (Figure 1). Additionally, the GTMNERR maintains continuous long-term 
water quality monitoring stations within the GTM estuary as part of the System-Wide 
Monitoring Program (SWMP) of the National Estuarine Research Reserves (NERRS). Data 

Figure 1. Map of the Guana Tolomato Matanzas National Estuarine Research Reserve boundary
(black line, bottom inset: red), spat collector locations (black dots), water quality monitoring stations
(black triangles, not included in insets), and regions: Tolomato River (turquoise), Guana River (pink),
Salt Run (yellow), St. Augustine (orange), and Fort Matanzas (blue). Water quality stations are from
the System-Wide Monitoring Program and are Pine Island (“PIWQ”), San Sebastian (“SSWQ”), and
Fort Matanzas (“FMWQ”).

The GTM National Estuarine Research Reserve (GTMNERR) initiated a monitoring
program for local oysters in 2014 in which a regional approach was adopted based on
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perceived differences in water quality, food availability, hydrodynamics, harvesting, and
management [58]. Regions were created based on the major waterways along the Atlantic
Intracoastal Waterway (ICW): Tolomato River, Guana River, Salt Run, St. Augustine, and
Fort Matanzas (Figure 1). Additionally, the GTMNERR maintains continuous long-term
water quality monitoring stations within the GTM estuary as part of the System-Wide Mon-
itoring Program (SWMP) of the National Estuarine Research Reserves (NERRS). Data from
these stations were used to examine relationships in spat settlement with environmental
conditions. All SWMP data are publicly available through the NERRS Centralized Data
Management Office (CDMO) webpage [62].

2.2. Data Collection
2.2.1. Spat Tree Deployment

A stratified random sample of three reefs in each region of interest (except for the
Tolomato River) were selected to deploy spat collectors. The Tolomato River region had two
spat collectors deployed at either end of an oyster enhancement area known as Wright’s
Landing, where 275 m2 of oyster reefs (28 individual reefs) were created from bagged shell
in 2012 and 2013, and one across from the site on a natural reef.

The monitoring of larval settlement is commonly conducted by deploying substrate
such as hanging oyster shell [63–67]. For this study, patterns in spat settlement were
monitored using the hanging shell method in which samples were collected using T-shaped
structures (trees) made from PVC, with shell “stringers” suspended from each side of the
crossbar (Figure 2) [68–71]. Each stringer was composed of six cleaned eastern oyster shells
that were between 5 and 10 cm in shell height. Holes were drilled through the shells, and
they were strung onto galvanized wire oriented with the inner concave surface facing down.
Prior to deployment, shells were cleaned by soaking in bleach water for 48 h followed by
the removal of all fouling organisms by scrubbing with a wire brush. After bleaching, the
shells were then soaked for at least 24 h in freshwater as a rinse.
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oysters. All regions had trees deployed starting in February 2015 except for the Tolomato 
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lected. During collection, any fouling organisms were removed from the tree, and new 
stringers were deployed. The retrieved stringers were labeled and stored in a −4 °C freezer 
until processed. Efforts were made for the stringers to remain deployed for one month; 
however, due to logistics, there was some variation in how long they were left in the field 
before collection. Trees were deployed for approximately 30 days on average with a range 
in the project of 21–43 days. Hurricane Matthew affected the study area in October 2016 
and spat trees were unable to be collected, resulting in missing data from September and 
October of that year except for one tree (SA4) during September due to it being accessible 

Figure 2. An example of a spat tree deployed on an oyster reef in the Guana River region of the
Guana Tolomato Matanzas estuary in Florida, USA.

Trees were inserted into the reef at the apparent densest portion of live oyster on the
reef and situated so that the shells were at the approximate height of the surrounding live
oysters. All regions had trees deployed starting in February 2015 except for the Tolomato
River, which was initiated in September 2015. Trees were deployed until December 2020.
These trees were left to soak for approximately one month upon which they were collected.
During collection, any fouling organisms were removed from the tree, and new stringers
were deployed. The retrieved stringers were labeled and stored in a −4 ◦C freezer until
processed. Efforts were made for the stringers to remain deployed for one month; however,
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due to logistics, there was some variation in how long they were left in the field before
collection. Trees were deployed for approximately 30 days on average with a range in the
project of 21–43 days. Hurricane Matthew affected the study area in October 2016 and spat
trees were unable to be collected, resulting in missing data from September and October
of that year except for one tree (SA4) during September due to it being accessible by land.
The longest deployment was during January 2017 and was due to logistics associated with
access to the trees.

2.2.2. Shell Processing and Counting

Shells were assigned numerical IDs based on their position on each stringer, with
the topmost shell designated number one and the bottommost number six. The top and
bottom shells (one and six, respectively) were discarded and shells two through five were
evaluated for spat abundance.

In the early years of the monitoring, spat were counted using the naked eye or a
magnifying glass on both sides of the shells (interior and exterior). A small-scale compar-
ison study determined that spat abundance was significantly higher using a dissection
microscope and there was no significant difference between total spat abundance per shell
and spat abundance per shell on the inner surface only. Beginning in December 2017, all
processing was performed under microscope on the inner surface of the shells. A linear
regression equation based on the comparison was developed to correct the non-microscope
data for analysis:

S = 1.4658b + 1.0378 (1)

where S was the adjusted number of spat counted and b was the observed number of spat
counted on the inner surface of the shell by naked eye. Statistical parameter values can
be found in Table A1. The exterior counts of spat were not included in the analysis. The
average number of spat per shell was calculated for each tree deployed within each region
each month. These values were then rounded to convert the number of spat to integers.

2.3. Water Quality

Water quality data used in this study were downloaded from the CDMO for the
Pine Island (PIWQ), San Sebastian (SSWQ), and Fort Matanzas (FMWQ) stations for the
continuous water quality information (Figure 1) [72]. These stations were equipped with
YSI EXO2 data sondes mounted to wooden pilings and deployed approximately one meter
from the bottom. The sondes measured a variety of parameters every 15 min including
water temperature (◦C), salinity (psu), and turbidity (NTU). Discrete water samples were
collected in duplicate at these same stations once a month for chlorophyll a (chl-a, µg/L)
on a morning ebb tide from as close to the sonde depth as possible. Samples were placed
on ice in the dark and shipped overnight to the Florida Department of Environmental
Protection’s Central Laboratory in Tallahassee, FL, upon which they were filtered onto a
0.7 µm pore size glass-fiber filter, wrapped in foil, and then stored in the freezer (−20 ◦C)
until extraction. Chl-a was extracted from frozen filters within 28 days and analyzed using
spectrophotometry (SM10200H) [73].

Data quality checks were applied using CDMO methods [72] and data flagged as “re-
jected” and “suspect” were removed from the dataset for analysis. The duplicate chl-a sam-
ples from each station were averaged by month. All water quality data were then further
aggregated inside and outside the defined spat settlement periods for descriptive statistics.

2.4. Data Analysis

All data analysis and visualizations were created using R programming language [74].
Several helpful import, filtering, and aggregating functions from the SWMPr package in R
were used for the compilation of the water quality data [75].

Since oyster count data have been shown to fit a negative binomial distribution, a
generalized linear regression model with a negative binomial distribution was used to
compare differences in spat settlement by region and across years [56,76]. Spat counts per
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shell were assumed to be related to the amount of time they were left “soaking” during
deployment. To control this, the number of soak days was included as an effort offset
(log link function) [77]. This causes the models to predict the count per deployment while
maintaining the dependent variable as an integer of counts. The dependent variable was
the average spat count for each collector rounded as an integer. The independent variables
(main effects) were both categorical: region and year. Multiple models were fit to the data:
Model 0 was the intercept only, Model 1 included region, Model 2 included region and
year, Model 3 included the interaction of region and year, and Model 4 included just year
(Table 1).

Table 1. Model selection table for generalized linear models of spat count data including number
of parameters (k), AICc value, the difference in AICc value of each model from the model with the
lowest AICc (∆AICc), and weight applied to AICc (AICc weight). Models are listed in increasing
order of AICc.

Model k AICc ∆AICc AICc Weight

Model 2: spat_count~region + year + offset[log(soak_days)] 11 6484.63 0.00 1
Model 3: spat_count~region + year + region:year +
offset[log(soak_days)] 31 6504.43 19.81 0

Model 4: spat_count~year + offset[log(soak_days)] 7 6559.31 74.69 0
Model 1: spat_count~region + offset[log(soak_days)] 6 6613.63 129.00 0
Model 0: spat_count~offset[log(soak_days)] 2 6688.57 203.94 0

Comparisons were made between the models with different combinations of inde-
pendent variables using Akaike’s Information Criterion (AICc). The lowest AICc value
represents the best fit of the models tested (Table 1) [78]. The models were fit to the data
using the glmmTMB package [79], assessed with the performance and DHARMa pack-
ages [80,81] and predicted values (marginal means) and pairwise comparisons with Tukey
adjustments were made from the best fit model using the emmeans [82] package in R. The
default glmmTMB optimizer (nlminb) was used. All data visualizations and summaries
were performed using tidyverse functions in ggplot2 [83] and dplyr [84].

3. Results
3.1. Spatial and Temporal Variability in Spat Settlement

Annual peak settlement shifted from May/June in 2015 to September in 2017, which
continued for the remainder of the monitoring (Figure 3). The timing of minor peaks
appeared to forecast peak abundance: reefs with minor peaks that occurred later in the
spring had a higher spat abundance both during the fall peak as well as annually (Figure 3).

Five different models were fit to the spat per shell data (Tables 1 and A2). The best
fitting model included terms for region and year. The dispersion ratio from the negative
binomial distribution was 1.527 (p < 0.001), suggesting overdispersion. No significant
interaction was found between year and regions. Autocorrelation in the residuals was
mixed (Kolmogorov–Smirnov test: p = 0.034, Durbin–Watson test: p = 0.9353) and no
adjustment was made. Since the model results found significant patterns in region and year,
comparisons were made using estimated marginal means and Tukey’s post hoc tests to
identify where those differences were found in the levels of each factor (Tables A3 and A4).

Tolomato River (TR) had the greatest mean spat per shell (untransformed mean: 43.11)
and Fort Matanzas (FM) the least (9.97) (Figure 4A; Table 2). The variability in counts was
also higher in the TR region than all other regions. There was no difference found between
Guana River (GR) and St. Augustine (SA; p = 0.916) and settlement in these regions was
higher than in Salt Run (SR) and FM (Figure 4A).
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Figure 3. Monthly mean spat per shell for each region from 2015 to 2020 with panels broken up
in two-year segments: Tolomato River (TR, green); Guana River (GR, pink); Saint Augustine (SA;
orange); Salt Run (SR, yellow); and Fort Matanzas (FM, blue). Note the difference between the scales
of the y-axis and missing data in September and October 2016 indicated by the gray box in upper
panel. The occurrences of Hurricane Matthew (a), Hurricane Irma (b), and Hurricane Dorian (c) are
denoted by lowercase letters and dashed lines.

Spat settlement increased in all regions across the study period (Figures 3 and 4B).
Between the first year (2015) to the final year of the study (2020), there was a 77.58%
increase in the mean number of spat per shell (p < 0.0001; Table 2). Both 2015 and 2016 were
significantly lower than all the other years (p < 0.0057; Figure 4B). The following two years
2017 and 2018 were higher, though not different from one another (p = 0.2745). Lastly, the
final two years of the study, 2019 and 2020, had the highest average counts per shell (30.76
and 40.01, respectively).
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Table 2. Estimated marginal means (EMM, log scale) of spat per shell. Results for regions
were averaged over the levels of year and results for years were averaged over the levels of
region. SE = standard error, CI = 95% confidence interval.

EMM SE CI

Region

Tolomato River 3.33 0.13 3.09–3.58
Guana River 2.77 0.12 2.54–3.00
St. Augustine 2.63 0.12 2.39–2.86

Salt Run 2.08 0.13 1.83–2.34
Fort Matanzas 1.91 0.12 1.68–2.14

Year

2015 1.57 0.16 1.25–1.88
2016 1.73 0.14 1.44–2.01
2017 2.41 0.13 2.15–2.66
2018 2.79 0.13 2.55–3.04
2019 3.22 0.13 2.98–3.46
2020 3.56 0.12 3.31–3.80

3.2. Patterns in Annual Spat Settlement

Overall, spat settlement appears to occur in all regions in the GTM estuary between
April and October (Figure 5). Typically, a minor peak in settlement occurs in the mid-late
spring and a larger and regular peak occurs in September. All regions have more spat
settlement between April and October than outside of this period (Table 3). For most
regions, there is over 180% difference between spat settlement inside and outside of the
settlement period. FM has the smallest difference with 313 (SE = 110) average spat per
year inside the settlement period and 26 (SE = 14) outside the settlement period, but this
difference is still well over 100%.
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Figure 5. Monthly mean spat per shell with settlement period indicated as the thick dashed line
between April and October for the five regions in the Guana–Tolomato–Matanzas estuary: Tolomato
River (TR, green); Guana River (GR, pink); Saint Augustine (SA; orange); Salt Run (SR, yellow); and
Fort Matanzas (FM, blue) based on data collected from 2015 to 2020.

Table 3. Summary information for spat settlement per shell by region inside the annual settlement
period (April–October) and outside of the settlement period (January–March and November–Dec).
Metrics include average total settlement per shell per year (standard error) and average settlement
per shell (standard error).

Avg. Total Settlement
per Shell per Year

Avg Settlement
per Shell

Region Inside Outside Inside Outside

Tolomato River 1234 (466) 38 (13) 75 (10) 3 (1)
Guana River 571 (18) 18 (5) 29 (4) 2 (1)
St. Augustine 677 (249) 27 (11) 35 (6) 2 (1)

Salt Run 305 (100) 16 (5) 19 (4) 2 (1)
Fort Matanzas 313 (110) 26 (14) 17 (4) 2 (1)

3.3. Drivers of Variability

Average monthly water temperatures were relatively consistent from year to year and
among stations except for a cold snap in the winter between 2017 and 2018 (Figure 6A).
At PIWQ in the Tolomato River, salinity was generally lower and turbidity was generally
higher than at the other two stations (Figure 6B,C). Salinities were lowest at all stations in
the fall of 2017 (Figure 6B). At FMWQ and SSWQ, turbidity appeared to be higher in 2017
and 2018 compared to other years (Figure 6C). Chl-a was variable but generally highest in
the warmer months at all stations (Figure 6D).

Monthly minimum salinities (Figure 7A) and maximum turbidity (Figure 7B) revealed
more distinctive patterns between years. Minimum salinities at the more marine stations
(FMWQ and SSWQ) were high during the first few years of the study, then fell below
20 PSU in the fall of 2017 and remained more variable through 2020. There was also a sharp
decrease in salinity at the FMWQ station in the late summer of 2019. Spikes in turbidity
maxima were observed in the fall of 2016 and 2017, and in the early spring of 2020.



J. Mar. Sci. Eng. 2024, 12, 766 10 of 21
J. Mar. Sci. Eng. 2024, 12, 766 10 of 21 
 

 

 
Figure 6. Monthly average water quality parameters at the Guana Tolomato Matanzas National Es-
tuarine Research Reserve System-Wide Monitoring Program stations: Pine Island (PI, green), San 
Sebastian (SS, orange), and Fort Matanzas (FM, blue). Temperature (A), salinity (B), and turbidity 
(C) are all aggregated from 15 min data from continuous instruments deployed at each site. Chlo-
rophyll a (D) is collected monthly in duplicate at each station as a grab sample. The occurrences of 
Hurricane Matthew (a), Hurricane Irma (b), and Hurricane Dorian (c) are denoted by lowercase 
letters and dashed lines. 

Monthly minimum salinities (Figure 7A) and maximum turbidity (Figure 7B) re-
vealed more distinctive patterns between years. Minimum salinities at the more marine 
stations (FMWQ and SSWQ) were high during the first few years of the study, then fell 
below 20 PSU in the fall of 2017 and remained more variable through 2020. There was also 
a sharp decrease in salinity at the FMWQ station in the late summer of 2019. Spikes in 
turbidity maxima were observed in the fall of 2016 and 2017, and in the early spring of 
2020. 

Mean and maximum temperature, salinity, turbidity, and chl-a were higher inside 
the settlement period (April–October) compared to outside (January–March, November–
December) at all stations (Table 4). Within the settlement period, minimum temperatures 
were higher and minimum salinities were lower compared to outside the settlement pe-
riod (Table 4). 

Figure 6. Monthly average water quality parameters at the Guana Tolomato Matanzas National
Estuarine Research Reserve System-Wide Monitoring Program stations: Pine Island (PI, green), San
Sebastian (SS, orange), and Fort Matanzas (FM, blue). Temperature (A), salinity (B), and turbidity (C)
are all aggregated from 15 min data from continuous instruments deployed at each site. Chlorophyll
a (D) is collected monthly in duplicate at each station as a grab sample. The occurrences of Hurricane
Matthew (a), Hurricane Irma (b), and Hurricane Dorian (c) are denoted by lowercase letters and
dashed lines.

Mean and maximum temperature, salinity, turbidity, and chl-a were higher inside
the settlement period (April–October) compared to outside (January–March, November–
December) at all stations (Table 4). Within the settlement period, minimum temperatures
were higher and minimum salinities were lower compared to outside the settlement period
(Table 4).

Table 4. Summary statistics of water quality parameters inside the oyster settlement period (April–
October) and outside the settlement period (January–March, November–December) from January
2015 to December 2020. Temperature (Temp., Celsius), salinity (Sal., PSU), and turbidity (Turb., NTU)
statistics were calculated from 15 min data. Chlorophyll a (Chl-a, µg/L) statistics were calculated
from monthly duplicate discrete sample averages. SD = standard deviation.

Station
Inside Settlement Period Outside Settlement Period

Temp Sal Turb Chl-a Temp Sal Turb Chl-a

Pine
Island

Mean
SD

27.88
2.79

26.34
7.74

15.58
7.39

6.07
3.42

18.62
3.43

24.57
5.33

9.25
3.93

3.88
1.51

Min 18.1 2.5 2.0 1.75 7.1 7.6 0.0 1.7
Max 33.7 38.9 357.0 13.5 28.7 35.7 96.0 9.15

San
Sebastian

Mean
SD

27.04
2.83

33.5
2.66

11.76
7.14

5.19
2.20

18.45
3.08

32.17
2.11

9.71
5.82

3.81
1.45

Min 17.1 15.4 0.0 2.0 8.6 21.4 1.0 1.9
Max 33.2 38 265.0 10.5 27.5 36.5 301.0 7.15
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Table 4. Cont.

Station
Inside Settlement Period Outside Settlement Period

Temp Sal Turb Chl-a Temp Sal Turb Chl-a

Fort
Matanzas

Mean
SD

26.85
2.71

33.84
2.61

9.71
6.08

4.88
2.68

18.57
3.04

32.87
1.97

7.37
4.29

2.66
1.34

Min 17.5 1.7 1.0 1.55 8.2 16.3 1.0 0.93
Max 32.9 38.0 178.0 15.5 28.1 36.3 174.0 6.6
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Figure 7. Water quality parameters at the Guana Tolomato Matanzas National Estuarine Research
Reserve System-Wide Monitoring Program stations: Pine Island (PI, green), San Sebastian (SS, orange),
and Fort Matanzas (FM, blue). (A) Monthly minimum salinity (PSU) and (B) monthly maximum
turbidity (NTU) between 2015 and 2020. The occurrences of Hurricane Matthew (a), Hurricane Irma
(b), and Hurricane Dorian (c) are denoted by lowercase letters and dashed lines.

4. Discussion

Overall, oyster settlement increased over the course of the study and peak settlement
shifted from April to September. Reefs that experienced a minor peak in May as opposed to
April tended to yield more spat per shell both annually and during the primary settlement
period. Unfortunately, due to the severity of Hurricane Matthew, spat trees were not
collected in September and October 2016 except for one tree (SA4) during September due
to it being accessible by land. Except for the first year of the study (2015), all other years
showed two peaks in settlement: a small peak that occurred in the spring and a large peak
in September. It is unclear whether this second and high peak in settlement reflected in
later years would have also been observed in 2016 given the period of missing data. In
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general, oysters in more southern portions of their range exhibit longer spawning periods
than their more northern counterparts [42]. Peak settlement in September has been found
in North Carolina [85] and North Inlet, South Carolina [50], as well as October in Sapelo
Sound, Georgia [54,55]. The length of the settlement period in this study (April–October)
was like other studies in similar latitudes along the southeastern United States and Gulf
of Mexico which found peaks in both spring and early fall [50,63,70,86–89]. This study
therefore complements previously established settlement periods; however, these previous
studies include both intertidal and subtidal eastern oyster reefs.

Within the GTM estuary, there were differences between regions and across years in
levels of oyster settlement. The Tolomato River (TR) region consistently yielded the highest
spat averages throughout the duration of this study. The TR region was established in
September 2015 (seven months later than the other regions) and was initially one tree on a
natural reef (TR1). Two more trees were installed in 2016 (TR2 and TR3); however, unlike
trees deployed in the other regions of the project, these were deployed on the ends of a
0.3 km stretch of an enhancement project by the GTMNERR and Northeast Florida Aquatic
Preserves at Wright’s Landing.

The settlement success was often higher in the trees deployed along the constructed
reefs compared to the tree across the river on a natural oyster reef, leading to the high
variation in the region over the course of the study. While the higher spat average at
Wright’s Landing reefs could be indicative of artificial reef success, it is also possible that
open exposure to water and a lack of competing structure in the area influenced settlement
rates as this bank of the shoreline did not have natural oyster reefs present prior to the
installation of the constructed reefs. In addition to the installed artificial reef, this shoreline
is also protected by a well-documented sandbar [90] that protrudes out into the river along
the length of the installation. It is possible that entrapment by the sandbar may have
influenced the settlement rate at these two trees.

The differential flushing, tidal, and stratification regimes across regions make compar-
isons across field studies difficult, all the while emphasizing the importance of place-based
studies to establish patterns. Oyster larvae are relatively weak swimmers and influenced
by regional circulation patterns. Differences in oyster settlement between two tributaries
in the Chesapeake Bay in Maryland, USA, were found to likely be the result of different
circulation patterns that exposed the less productive tributary to fewer larvae, no matter
the source of their larvae [91]. In addition to the TR region, the Saint Augustine (SA) region
also had high counts of spat in this study. Recent hydrodynamic studies of the GTM estuary
characterized the residence times of watersheds in the estuary and the watershed in which
the trees were deployed for the SA region was found to have a residence time exceeding
30 days [61]. The TR region was also found to have a relatively long residence time at
16.1 days. The longer residence times of these regions could allow for longer periods of
time for the oyster larvae suspended in the water column to settle compared to regions
with shorter residence times.

SA and FM were found to have some of the highest densities of oysters during the
GTMNERR pilot oyster monitoring project in 2014–2016 [58] but had relatively low or the
lowest spat counts during this study. Due to the quantity of oyster reefs in those regions
occupying a large spatial area, perhaps the settlement was lower on the trees given the
amount of other available space for spat to settle. Oyster settlement probability has been
found to be higher on larger patches of reefs, but average settler densities are often higher
on smaller patches [92]. Additionally, the higher density of spat found in the TR on the
constructed reef shoreline could likely resemble the effect of smaller patch reefs as they
were more isolated from the natural oyster reefs in the area.

This study did not provide enough replication to quantify the effects of proximity to
deep channels versus feeder creeks in oyster settlement in the GTM estuary, however, there
were trees deployed within the regions in both types of habitats. Some trees, like those on
the TR, were deployed along the Atlantic Intracoastal Waterway (ICW) boating channel.
Other trees were off navigational channels beyond the ICW (Figure 1). Oysters and mussels
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in the GTM estuary have been found to preferentially settle at mid to low depths in the
ICW but at shallower depths in feeder creeks [93].

Boat wakes have been found to cause significant local damage and erosion of intertidal
oyster reefs on the east coast of Florida where salt marshes and reefs have eroded to
intertidal sand flats, impacting both established adult oysters and new recruits [14,94–97].
The application of novel living shoreline designs to mitigate erosional effects associated with
boat wakes and other high energy areas have been performed in the region with varying
degrees of success but emphasize the impact of boat wakes along these shorelines [98–100].
While oyster settlement was found to increase with boating intensity in the Indian River
Lagoon, FL, the finding was likely due to the increased tidal flow and potential larval supply
in the boating channel rather than the boat wakes themselves [101]. More investigations
into the impact of waterway traffic on oyster settlement may provide further insight into the
regional patterns observed in this study, along with identifying areas in which mitigating
the high energy of boat wakes will be an essential part of the design of a restoration site.

Eastern oyster spawning has been shown to be related to water temperatures, salin-
ity [14,102], and availability of food for adult oysters [103,104]. Over the course of this
study, there were several weather events that caused substantial environmental changes,
potentially affecting settlement patterns. Three major hurricanes influenced the GTM
estuary during this project. In October 2016, Category 3 Hurricane Matthew passed
40 miles offshore of St. Augustine and dropped 34.5 cm of rainfall in the area and brought
1.6 m of storm surge [105]. The following year, Hurricane Irma (a Category 3 when it struck
mainland Florida along the southwest coast) tracked up the center the state of Florida
bringing large amounts of precipitation (26 cm of precipitation over St. Augustine) across
the entire peninsular state in September 2017 [106]. This storm was also followed by a 5-day
nor’easter in October 2017. Lastly, Hurricane Dorian followed a similar track to Hurricane
Matthew in September 2019, although it remained further off the coast.

Each of these tropical cyclones was observable to some degree within the water quality
data collected by the continuous monitoring stations of the GTMNERR. Most hurricane
nutrient transport is driven by “wet” hurricanes with high precipitation compared to windy,
dry hurricanes [107]. The most influential of the storms appears to have been Hurricane
Irma, a “wet” hurricane which caused persistent changes in water quality well into the
next year. It was reported that 39% of the average dissolved organic carbon, 180% annual
average ammonia, and 54% annual average orthophosphate were exported from Pellicer
Creek, the largest source of freshwater in the GTM estuary, during the month of Hurricane
Irma [108]. This study found observable and persistent decreases in minimum salinities at
all stations, particularly the more marine-influenced stations (SSWQ and FMWQ), following
Hurricane Irma. Prolonged low salinity conditions, particularly coupled with warm water
temperatures, can slow development and reduce recruitment or survival for oysters at all
life stages [109–111]. A decline in spat abundance was observed in 2019 in the FM region,
which is most directly influenced by Pellicer Creek. This could be an indication of the
negative impacts of post-hurricane water quality conditions to oyster populations.

The effects of Hurricane Irma were visible in the system for a long period of time
following the storm. All stations had elevated turbidity between the second half of 2017
into the fall of 2018. In fact, the marine-influenced sites had the highest average turbidity
during this period. Increased turbidity can be associated with storm-related resuspension
of estuarine sediments and/or increased sediment runoff into coastal waters [112,113].
Post-storm sediment deposits on suitable substrates can negatively affect larval settlement,
recruitment, and survival [85,114]. Dissolved inorganic nitrogen (DIN) was found to remain
elevated in the Matanzas River Estuary (including the southern portion of the FM region
in this study) well into January 2018 [115]. And a peak in chlorophyll a was observed
at the FMWQ station in the spring of 2018, the highest observed in the entire six-year
study period. Prior to this, there was also a cold snap in the beginning of January 2018 in
which the coldest water temperatures were observed in the entire study period. Minimum
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salinities at all stations also decreased following Hurricane Irma and were low, particularly
for the marine-influenced stations, well into 2019.

Overall, there appears to be evidence that environmental factors may have a direct or
indirect influence on the interannual variability observed in spat settlement in the GTM
estuary. In particular, the large and prolonged export of nutrients and reduction in salinity
following Hurricane Irma [108,115] the elevated spring chlorophyll a in 2018, and cold snap
could have contributed to the increases in annual spat counts at all stations in 2017–2018
compared to 2015–2016. While water quality parameters may have an impact on the
intertidal oysters of the GTM estuary, water quality changes may have more of an effect for
subtidal oysters that may be found in other regions outside of the GTM estuary.

The cause of the highest spat abundances observed in the 2019–2020 years is unclear.
Studies to directly link water quality parameters with oyster settlement will provide further
insight into to the role of abiotic environmental conditions in spawning and settlement,
especially if coupled with monitoring of oyster larvae presence in the water column dur-
ing the deployment of spat collectors and annual patterns in density of adult oysters in
the region.

Northeast Florida is an area undergoing increasing development [116], which is associ-
ated with decreased water quality conditions and increases in pollutants and sedimentation
rates [117] affecting oyster populations. Coupled with the loss of oysters, upwards of
64% in the United States alone [118], and effects of erosion and a changing climate, it is
likely that we will see more oyster habitat enhancement projects in the future. In fact, the
use of living shorelines to replace or supplement hardened shorelines to create habitat
and facilitate migration upslope is a recommended management priority for the state of
Florida [22]. Understanding the spatial and temporal patterns of oyster settlement can
help inform management to allow for informed restoration practices to maximize results,
influence project design and implementation, as well as provide further information on
timelines for monitoring projects for success.

5. Conclusions

Spat counts and settlement patterns in the Guana–Tolomato–Matanzas estuary matches
other southeastern estuaries in that it occurs between April and October. Settlement peaked
twice in the year with a small peak in the spring and the largest typically occurring in
September. Inter-annual differences in oyster settlement are likely influenced by envi-
ronmental conditions and heavily affected by large-scale events such as tropical cyclones.
Variations in regional spat counts are likely related to residence times of the watersheds,
harvesting pressure, density of adult populations, and the location of the spat collectors
(proximity to deep channels and natural or artificial reef locations). Further investiga-
tion into the relationship between oyster settlement and water quality conditions can
provide insight into the role of climate- and anthropogenic influences on oyster popu-
lation dynamics as well as help predict oyster settlement patterns to inform oyster reef
creation/enhancement projects. The results of this study illustrate region- and year-specific
variability in oyster settlement patterns and underscore the importance of local monitoring
for oyster resource management, restoration, and research.
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Appendix A

Table A1. Statistical parameters values for Equation (1).

Parameter Value

R2 Adjusted 0.8642
Degrees of Freedom
t-value

(1, 2249)
119.65

F-value 14,320
p-value <2.2 × 10−16

Table A2. Model results for the best-fitting generalized linear model (Table # in text) of oyster spat
counts per shell on collectors deployed in five regions in the Guana–Tolomato–Matanzas estuary from
2015–2020 where spat count per shell = region + year + offset[log(soak time)]. Parameter estimates
are on a log scale. Dispersion parameter 0.374.

Parameter Estimate SE z-Value Pr (>z)

Intercept −1.06 0.21 −5.06 <0.001
Guana River (GR) −0.56 0.17 −3.24 <0.01
Saint Augustine (SA) −0.71 0.17 −4.12 <0.001
Salt Run (SR) −1.25 0.18 −6.96 <0.001
Fort Matanzas (FM) −1.42 0.17 −8.25 <0.001
2016 0.16 0.22 0.74 0.46
2017 0.84 0.21 4.07 <0.001
2018 1.23 0.21 5.95 <0.001
2019 1.65 0.2 8.12 <0.001
2020 1.99 0.21 9.70 <0.001

Table A3. Pairwise comparisons of mean spat per shell between sampled regions in the Guana–
Tolomato–Matanzas estuary: Tolomato River (TR), Guana River (GR), Saint Augustine (SA), Salt Run
(SR), and Fort Matanzas (FM). Results are averaged over the level of year and given on the log (not
the response) scale. Tukey method for post hoc tests. SE = standard error.

Contrast Estimate SE z-Ratio p-Value

TR–GR 0.56 0.17 3.24 0.0105
TR–SA 0.71 0.17 4.12 0.0004

https://github.com/skdunnigan/spat
https://cdmo.baruch.sc.edu
https://data.florida-seacar.org/
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Table A3. Cont.

Contrast Estimate SE z-Ratio p-Value

TR–SR 1.25 0.18 6.96 <0.0001
TR–FM 1.43 0.17 8.25 <0.0001
GR–SA 0.14 0.17 0.85 0.916
GR–SR 0.69 0.18 3.90 0.0009
GR–FM 0.86 0.17 5.12 <0.0001
SA–SR 0.54 0.18 3.12 0.0162
SA–FM 0.72 0.17 4.30 0.0002
SR–FM 0.18 0.18 0.998 0.8565

Table A4. Pairwise comparisons of mean spat per shell among sampling years in the Guana–
Tolomato–Matanzas estuary. Results are averaged over the levels of region and given on the log (not
the response) scale. Tukey method for post hoc tests. SE = standard error.

Parameter Estimate SE z-Value Pr (>z)

2015–2016 −0.16 0.22 −0.74 0.9775
2015–2017 −0.84 0.21 −4.07 0.0007
2015–2018 −1.23 0.21 −5.95 <0.0001
2015–2019 −1.65 0.20 −8.12 <0.0001
2015–2020 −1.99 0.21 −9.70 <0.0001
2016–2017 −0.68 0.19 −3.52 0.0057
2016–2018 −1.07 0.19 −5.55 <0.0001
2016–2019 −1.49 0.19 −7.88 <0.0001
2016–2020 −1.83 0.19 −9.59 <0.0001
2017–2018 −0.38 0.18 −2.12 0.2745
2017–2019 −0.81 0.18 −4.53 0.0001
2017–2020 −1.15 0.18 −6.39 <0.0001
2018–2019 −0.42 0.18 −2.40 0.1572
2018–2020 −0.76 0.18 −4.31 0.0002
2019–2020 −0.34 0.17 −1.96 0.3635
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