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Abstract: In order to mitigate the degradation of eastern oyster (Crassostrea virginica) reefs in Mosquito
Lagoon (ML) along the east coast of central Florida, oyster reef restoration efforts have been in place
for over 14 years. These restored reefs are successful in terms of universal oyster metrics (i.e., density,
shell height, reef height) and are similar to natural reefs. However, little is known about the impact of
this restoration on bird populations. ML provides a habitat for many bird species, including several
listed as “threatened” by the Florida Fish and Wildlife Conservation Commission. Many of these birds
rely on oyster reefs for foraging and loafing habitats. As benthic invertebrates serve as an important
food source for coastal birds, we monitored the abundances and diversity of these organisms on
live, restored, and dead reefs. We collected sediment samples from the reef sites pre-restoration, and
one month, six months, one year, two years, and three years post-restoration. We counted benthic
invertebrates present in the sediment samples, and sorted them by taxa (polychaetes, amphipods,
isopods, gastropods, bivalves, decapods). Benthic invertebrate abundances on restored reefs became
similar to live reefs over time (species composition, density), indicating that the prey base on restored
reefs was similar to that of live reefs within 6 months. A second objective of this study was to
determine if restored oyster reefs reach the same abundances, foraging behaviors, and diversity of
bird species on natural, live reefs. We conducted monthly bird surveys to assess bird utilization of
live, restored, and dead reefs. After three years, the abundances, behaviors, and assemblages of birds
on restored reefs were similar to live reefs.

Keywords: coastal birds; benthic invertebrates; oysters; restoration; Indian River Lagoon

1. Introduction

Shorebirds, wading birds, and seabirds rely on coastal ecosystems for foraging and
nesting habitats (e.g., [1–4]). The ability of any coastal habitat to support communities of
foraging birds is dependent on two main factors: prey availability and habitat extent [5].
Gawlik [6] conducted a study in the Florida Everglades in which prey density was ar-
tificially controlled. The study found that wading birds were negatively impacted by
decreased prey density and decreased prey vulnerability, and all experienced population
declines [6]. Additionally, the amount of available habitat imposes a restriction on how
many birds can forage at any particular site, regardless of prey availability [5,7]. As for-
aging densities increase, density-dependent factors, such as competition, take effect and
can lead to an overall reduction in bird abundance [5,7,8]. Therefore, if the foraging habitat
in an ecosystem is lost, the capacity of that site to support bird populations would also
decrease. Goss-Custard and Moser [9] found that loss of foraging grounds due to the spread
of the cordgrass Spartina anglica led to decreases in Calidris alpina (Dunlin) abundances
in several estuaries in Europe. Similarly, Meire [10] found that reductions in intertidal
foraging habitat due to the construction of several dams resulted in declines in Haematopus
ostralegus (Eurasian Oystercatcher) populations in an estuary in the Netherlands.
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Globally, coastal habitats such as mangroves, saltmarshes, beaches, vegetated dunes,
and oyster reefs have experienced severe losses during the last century due to sea level
rise and anthropogenic factors such as coastal development (e.g., [11,12]). It is estimated
that, on a global scale, shellfish reefs have experienced losses of 85% compared to historical
(past 20 to 130 years) abundances [11], and oyster reef restoration has become a common
practice to mitigate these losses (e.g., [13]). While many of these efforts have been deemed
successful in terms of universal oyster metrics [14], we are also interested in how successful
oyster reef restoration is in terms of restoration of ecosystem functions such as habitat
provision.

Birds have often been used as indicators of biodiversity and ecosystem health (e.g., [15–17]).
Melvin et al. [18] suggests that birds are useful as indicators of restoration success due
to their mobile nature and ability to find and use newly available habitats. Birds utilize
oyster reefs for foraging, loafing (any behavior that is not related to either foraging or
breeding), and nesting habitats. Shaffer et al. [19] surveyed bird activity for one year on
restored intertidal oyster reefs of various ages (ranging from 1 to 8 years post-restoration)
in a Florida estuary and found that the proportion of birds foraging on restored oyster
reefs was similar to the proportion of birds foraging on live, natural oyster reefs (hereafter
referred to as “live” reefs).

Additional studies have found that intertidal oyster reef restoration may increase
the abundance of known food sources for estuarine birds (Table 1). More specifically,
oyster reef restoration can lead to increases in epifauna [20,21], benthic invertebrates [21,22],
sessile macroinvertebrates [21], mobile macroinvertebrates [21,23,24], and small fish [25–27].
Benthic invertebrates, including species of the classes Malacostraca, Gastropoda, Bivalvia,
and Polychaeta, have also been identified as some of the most widely represented food
sources for shorebirds [28]. These invertebrates also serve as important food sources for
juvenile fish [25], which may, in turn, serve as prey items for piscivorous birds. Additionally,
through stable isotope analyses, Rezek et al. [29] found that community food resources and
food web lengths on restored reefs were similar to natural reefs, indicating that restored
reefs can support similar trophic structures as natural reefs. Coastal birds often occupy
high trophic levels; thus, they are sensitive to changes in trophic structure [16,30]. Their
high trophic level as well as their ability to locate and utilize newly available habitat make
birds good candidates for evaluating oyster reef restoration success [18].

Table 1. Summary of prey items for different bird groups found within Mosquito Lagoon, FL, USA.

Group Example Species Prey Items

Birds of Prey Pandion haliaetus (Osprey)
Haliaetus leucocephalus (Bald Eagle) Fish [31,32]

Wading Birds Egretta caerulea (Little Blue Heron)
Ardea Herodias (Great Blue Heron)

Fish, Crustaceans, Worms
[33–35]

Seabirds
Leucophaeus atricilla (Laughing Gull)

Thalasseus maximus (Royal Tern)
Pelacanus occidentalis (Brown Pelican)

Fish, Mollusks, Crustaceans
[35,36]

Shorebirds
Arenaria interpes (Ruddy Turnstone)

Tringa semipalmatta (Willet)
Pluvialia squatarola (Blackbellied Plover)

Mollusks, Crustaceans,
Worms, Insects [28,35,37]

By providing foraging and loafing habitat, the extensive network of live and restored
oyster reefs in Mosquito Lagoon, the northernmost portion of the Indian River Lagoon
system along the east coast of central Florida, USA, contributes to the abundance and
diversity of bird species in the region [19,38]. Restoration was needed after wakes from
recreational boats caused the formation of dead reefs, which are piles of dead, disarticulated
shell that may reach elevations of up to 1 m above mean high tide [39,40]. The University of
Central Florida’s Coastal and Estuarine Ecology Laboratory has been restoring oyster reef
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habitat in Mosquito Lagoon for over 14 years [13]. Their methodology involves leveling
the dead reef profile and then adding stabilized shell substrate for natural recruitment of
oyster spat, eventually leading to the formation of restored biogenic reefs [13]. Restored
reefs in Mosquito Lagoon have been deemed successful based on oyster abundance on and
off the restoration footprint, oyster density, shell heights, reef heights, reef thickness, and
adjacent seagrass recruitment [13]. However, little research has been carried out regarding
the success of restored reefs in provision of habitats for birds. To fill this knowledge gap,
we collected data on the abundances of benthic invertebrates, which are important prey
for birds foraging on oyster reefs, and the abundances of birds utilizing live, restored, and
dead oyster reefs in ML. We collected sediment samples from live, restored, and dead
oyster reefs pre-restoration and one month, six months, one year, two years, and three
years post-restoration. We counted and sorted the benthic invertebrates in each of the
sediment samples. We also conducted monthly bird surveys at these reefs for three years
post-restoration. We counted and identified birds utilizing the live, restored, and dead
oyster reefs. For this study, we asked the questions: (1) Do bird abundances, diversity,
and behaviors on restored intertidal oyster reefs become more similar to those of natural
live reefs in Mosquito Lagoon over time? (2) Do the abundance and diversity of benthic
invertebrates, an important food source for birds foraging on oyster reefs, on restored reefs
change over time to become similar to that of live reefs in Mosquito Lagoon? Answering
these study questions will provide important, new information on how birds utilize natural
and restored oyster reefs within this and similar subtropical estuaries, so that restoration
efforts may be designed in ways that maximize benefits to the bird community.

2. Materials and Methods
2.1. Study Site

The Indian River Lagoon (IRL) system is a biodiverse estuary located along the eastern
coast of Florida, stretching from Ponce Inlet in the North to Jupiter Inlet in the South. The
IRL is divided into three interconnected regions: Mosquito Lagoon, Banana River, and
Indian River. Mosquito Lagoon is the northernmost portion of the IRL and is the location of
our study. In Mosquito Lagoon, annual salinity ranges from 22.6 to 45.2 ppt [39,40]. Tidal
amplitudes range between 1 cm and 1 m, and water levels vary based on season with the
highest water levels occurring in the fall months [41,42]. Water temperatures in Mosquito
Lagoon range from 4 to 33 ◦C [39,40].

A variety of habitats are found within Mosquito Lagoon that contribute to its biodiver-
sity, including salt marsh, mangrove forests, seagrass beds, and oyster reefs. Oysters are a
foundational species that provide a myriad of ecosystem services, including water filtration,
shoreline stabilization, and habitat provision for commercially important species [43]. In
Mosquito Lagoon, live oyster reef acreage declined by nearly 15 hectares from 1943 to
2009 [44]. These declines were the result of boat wakes, which cause live oyster clusters to
dislodge and pile up on top of one another. Eventually, the piles of clusters reach elevations
above the mean high-water line and the oysters die due to desiccation [45]. With continued
boat wakes, the live oyster reef eventually becomes covered in a mound of dead, disarticu-
lated shell, which is then considered to be a dead reef [44]. In 1943, there were 5 dead reefs
in Mosquito Lagoon, and by 2009 that number had risen to 247 [44]. To mitigate the losses
of live reefs in Mosquito Lagoon, the Coastal and Estuarine Ecology Lab at the University
of Central Florida has been restoring oyster reefs since 2007 [13].

2.2. Study Set-Up

Oyster reefs are naturally skewed toward the northern portion of Mosquito Lagoon.
Of the oyster reefs found in this region, four reefs from each category (dead, live, and
restored) were randomly selected (random.org) from all reefs of each category type within
the study area (Figure 1). Georeferences for each reef location can be found in Table A1 in
Appendix A. Once selected, all observed reefs remained the same throughout the study.
Following restoration of the four restored reefs, monthly bird surveys were conducted
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at each of the 12 reefs. Additionally, sediment samples were collected from each reef
pre-restoration and 1 month, 6 months, 1 year, 2 years, and 3 years post-restoration, and
the benthic invertebrates in the samples were counted and sorted by taxa (polychaetes,
amphipods, isopods, gastropods, bivalves, and decapods).

Figure 1. Bird survey and benthic invertebrate sampling locations in Mosquito Lagoon on the
east coast of central Florida, USA. Live and dead reefs were randomly selected prior to the study.
Restoration occurred in June of 2017.

2.3. Benthic Invertebrate Sampling and Sorting Methods

We collected three sediment cores from the 12 bird survey reefs pre-restoration (June
2017) and 1 month (July 2017), 6 months (January 2018), 1 year (July 2018), 2 years (July
2019), and 3 years (July 2020) post-restoration. Methods from Rumohr [46] were utilized
for field sampling and laboratory treatment of samples. A quadrat was used to maintain a
15 cm × 15 cm area on the reef (selected haphazardly) and we collected sediment within
the quadrat to a depth of 15 cm. Using a bucket with plastic mesh (pore size: 2 cm) in place
of the bottom, we pre-sieved the sediment samples to remove large shell fragments. Then,
the remaining contents were passed through stacked 2000 µm and a 500 µm sieves; we
retained all specimens caught in the 2000 µm sieve along with all sediment collected in the
500 µm sieve and added a 4:1 seawater to formaldehyde and Rose Bengal solution to each
sample [46]. After a minimum of one week, we again sieved each sample through a 500 µm
sieve and transferred all animals to a 70% ethanol solution [46].

Using a dissecting microscope with a magnification of 40×, we observed each sample
and benthic invertebrates were counted and sorted into categories: polychaetes, amphipods,
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isopods, gastropods, bivalves, and decapods. Additionally, we counted the number of
larger specimens (polychaetes with lengths ≥ 1 cm, or decapods with carapace widths
≥ 0.5) for each sample as these should be more obvious to both visual and tactile bird
predators.

2.4. Bird Survey Methods

We utilized the methods outlined by Shaffer et al. [19] to survey bird activity on
reefs beginning one week after restoration and continuing monthly for three years. The
surveys began in June of 2017 and ended in June of 2020. Reefs were accessed by boat
within two hours of predicted morning low tides when oyster reefs were most likely to
be exposed, and therefore visible and available for birds to utilize [47,48]. If a reef was
completely submerged at low tide due to weather conditions (i.e., unavailable for bird
use), data were not collected on that day. To avoid disrupting any birds already present
on the reefs, we approached the reefs at minimal speed with no wake and took efforts to
minimize the noise created by both the approach and anchorage of the boat. We remained a
minimum of 30 m away from each reef throughout the surveys, so that our presence would
not discourage birds from landing on the reefs during the observational period. After
the boat was anchored, abiotic measurements were collected at every reef. Air and water
temperatures (thermometer), average wind speed for one minute (Kestrel 2000 hand-held
anemometer), and salinity (Extech RF20 portable salinity refractometer) were recorded.
Two researchers with binoculars observed each reef for 20 min on each observation day
and recorded the species and behaviors (foraging or loafing) of all birds utilizing the reef.

2.5. Statistical Methods

All statistical analyses were conducted using R and RStudio [49,50]. We conducted
negative binomial generalized linear models (GLMs) with reef type as the predictor variable
and total number for the six groups of benthic invertebrates as the response variable
for each sampling period. Negative binomial GLMs were then run with reef type as
the predictor variable and a total number of larger specimens as the response variable.
To determine the change in the mean total of the six taxonomic groups over time, we
performed negative binomial GLMs with time as the predictor variable and total number
as the response variable. Summary statistics were calculated for each taxon for each time
frame. Additionally, for each time frame, we ran negative binomial GLMs with reef type as
the predictor variable and the abundance of each taxon (polychaetes, amphipods, isopods,
gastropods, bivalves, or decapods) as the response variable.

Using the abiotic data collected during the bird surveys, we calculated summary
statistics for air temperature (◦C), water temperature (◦C), average wind speed (kph), and
salinity (ppt) for the overall study period and for meteorological seasons (summer: June–
August; fall: September–November; winter: December–February; and spring: March–May).
We used Shapiro–Wilk tests and determined that the abiotic data were not normal. Data
transformations did not improve normality, so we used non-parametric Kruskal–Wallis
testing to determine if there were differences in air temperature, water temperature, average
wind speed, and salinity based on season.

Due to the count nature of the data and a high occurrence of zeros, we used zero-
inflated negative binomial GLMs with Akaike information criterion (AIC) model selection
to determine which variables best predicted bird presence and abundance. The explanatory
variables that we included in our models were season, reef type, and reef size. The number
of birds was used as the response variable. We also used zero-inflated negative binomial
GLMs to determine if bird abundance on restored reefs differed between year 1, year 2,
and year 3 of the study. Analysis of deviance was used to compare the proportions of birds
foraging and loafing on different reef types. Mean bird densities (number of birds/10 m2)
were also calculated for each reef type for all birds, foraging birds, and loafing birds. We
compared the mean densities using 95% confidence intervals.
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To assess the differences in bird community assemblages based on reef type, we used
non-metric multidimensional scaling (NMDS) in the Vegan package in R to generate an
ordination plot for all birds [51]. In NMDS, stress represents the difference between the
distances in the two-dimensional plot and the actual distances in multidimensional space.
In ecological investigations, stress values below 0.2 are generally considered acceptable [52].
Birds were grouped into families for these analyses in order to reduce the number of
zero values and decrease stress. We used bird densities (number of birds/10 m2) rather
than counts to account for differences in reef sizes. Additional ordination plots were
generated for foraging birds for each reef type and for loafing birds for each reef type
to visualize differences in the community assemblages. We used PERMANOVA tests to
determine if there were differences in the community assemblages between reef types. For
these analyses, birds were grouped into families to reduce the number of zero values and
decrease stress.

We determined diversity indices, including Shannon diversity, Simpson’s diversity,
species richness, and Pielou’s evenness for live, dead, and restored reefs using the Vegan
package in R [51]. For these analyses, the data were condensed into seasons, and bird densi-
ties rather than counts were used to account for differences in reef sizes. We used ANOVA
to determine if these diversity metrics differed between reef types. When differences were
detected, Tukey HSD was run for all pairwise comparisons. We used multi-level pattern
analysis to determine representative species for each of the different reef types [53]. We
also ran separate multi-level pattern analyses for foraging birds for each reef type and
for loafing birds for each reef type. Density data, rather than counts, were used in the
representative species analyses.

3. Results
3.1. Benthic Invertebrate Results
3.1.1. Benthic Invertebrate Abundance

The most abundant benthic invertebrate group in sediments from all reef types was
polychaete worms (Figure 2). The mean number of polychaetes (±95% confidence intervals)
for all 15 × 15 × 15 cm3 samples was 328.04 ± 40.49, which was 10×–30× higher than the
mean abundance of any other taxa. The second most abundant taxa in live and restored
reef sediments were amphipods, with the mean abundances for live and restored reefs
being 27.74 ± 13.25 and 70.78 ± 23.16, respectively (Figure 2). Gastropods were the second
most abundant taxa in dead reef sediments with a mean abundance of 46.71 ± 25.32; this
was 10× greater than restored reef sediments and 65× greater than live reef sediments.
Over time, the community composition of the taxa in restored reef sediments became more
similar to live reef sediments and less similar to dead reef sediments (Figure 2, Table 2). The
mean total of the six benthic invertebrate groups in samples from restored reefs was lower
than pre-restoration and one-month post-restoration samples from live reefs and was higher
than samples from dead reefs. By 6 months post-restoration, the mean total in restored
reef samples was similar to live reefs and was higher than dead reefs (Table 2). In each
time period up to two years, samples from live reefs had significantly higher numbers than
samples from dead reefs. However, three years post-restoration, there were no significant
differences between the mean totals for any of the three reef types (Table 2A).
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Figure 2. Total number of (A) all 6 groups of benthic invertebrates for each reef type for all sampling
periods and (B) mean totals of larger benthic invertebrate organisms (polychaetes length ≥ 1 cm and
decapods with carapace width ≥ 0.5 cm) by reef for each of the sampling periods. Different colors
within the bars represent the totals for each benthic invertebrate group. Error bars represent 95%
confidence intervals.

Table 2. p-Values for negative binomial GLM results comparing (A) mean benthic invertebrate
abundance and (B) mean abundance of large benthic invertebrates between reef types. Values that
differed significantly (p < 0.05) are indicated by *.

(A)

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p < 0.001 p < 0.001 * p < 0.001 *
1 Month p = 0.034 * p = 0.004 * p < 0.001 *
6 Months p = 0.809 p < 0.001 * p < 0.001 *

1 Year p = 0.003 * p = 0.809 p = 0.001 *
2 Years p = 0.664 p = 0.018 * p = 0.004 *
3 Years p = 0.218 p = 0.648 p = 0.091

(B)

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p = 0.176 p = 0.771 p = 0.286
1 Month p = 0.004 * p = 0.131 p < 0.001 *
6 Months p = 0.305 p < 0.001 * p < 0.001 *

1 Year p = 0.500 p < 0.001 * p < 0.001 *
2 Years p = 0.454 p < 0.001 * p = 0.002 *
3 Years p = 0.935 p = 0.001 * p = 0.001 *

3.1.2. Abundance of Large Benthic Invertebrates

Larger organisms (length ≥ 1 cm) included polychaete members of the families Eu-
nicidae, Hesionidae, Spionidae, and Nereididae, while larger decapods (carapace width
≥ 0.5 cm) included members of the families Porcellanidae and Panopeidae. Pre-restoration,
there was no difference in the mean number of larger benthic invertebrate organisms be-
tween any of the three reef types (Figure 2B, Table 2B). One-month post-restoration, the
mean total number of larger organisms in restored reefs was similar to dead reefs, but lower
than the live reef samples. In all subsequent post-restoration samples, the mean totals of
larger benthic invertebrates in restored reef samples were similar to live reef samples, and
both were higher than the mean totals in dead reefs (Figure 2B, Table 2).
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3.1.3. Changes in Benthic Invertebrate Abundance over Time

For restored reefs, all post-restoration mean totals, with the exception of 1-year post-
restoration, were significantly higher than the pre-restoration mean total benthic inverte-
brates (Table 3A). However, the mean totals in samples from dead reefs were also signifi-
cantly higher at one month, two years, and three years post-restoration than the mean total
benthic invertebrates prior to restoration. Live reef samples had significantly lower mean
totals at one year and two years post-restoration than pre-restoration (Table 3A). By six
months post-restoration and beyond, live and restored reefs both had higher mean totals
of large benthic invertebrates than the mean totals pre-restoration (Table 3B). Dead reef
samples showed no differences in total large benthic invertebrates in post-restoration data
compared to the pre-restoration data (Table 3B).

Table 3. p-Values for negative binomial GLM results for (A) mean benthic invertebrate abundance
and (B) mean abundance of large benthic invertebrates in live, restored, and dead reef sediments for
post-restoration time frames compared to pre-restoration means. Values that differed significantly
(p < 0.05) indicated by *.

(A)

Live Restored Dead

1 Month p = 0.656 p = 0.007 * p = 0.275
6 Months p = 0.103 p = 0.014 * p = 0.022 *

1 Year p = 0.019 * p = 0.185 p = 0.696
2 Years p = 0.872 p < 0.001 * p = 0.064
3 Years p < 0.001 * p = 0.036 * p = 0.002 *

(B)

Live Restored Dead

1 Month p = 0.004 * p = 0.075 p = 0.946
6 Months p < 0.001 * p < 0.001 * p = 0.822

1 Year p = 0.022 * p < 0.001 * p = 0.625
2 Years p < 0.001 * p < 0.001 * p = 0.244
3 Years p < 0.001 * p < 0.001 * p = 0.304

3.1.4. Changes in Abundance of Different Taxa over Time

In the restored reef sediment samples, there was an overall increase in the mean
abundance of polychaetes, amphipods, bivalves, and decapods over time and an overall
decrease in isopods and gastropods. Mean abundances for each taxa for each time frame
can be found in Table A2 in Appendix A. Mean abundances of polychaetes, amphipods,
gastropods, and decapods in restored reef sediments all differed from the abundances
in live reef sediments prior to restoration, and then were all similar to those of live reef
sediments by three years post-restoration (Table 4A,B,D,E). Mean amphipod abundance
in restored reef sediments increased rapidly following restoration, reaching the highest
abundance 6 months post-restoration before falling and becoming similar to the abundance
in live reef sediments (Table 4B).
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Table 4. p-Values for negative binomial GLM results comparing abundances of (A) polychaetes,
(B) amphipods, (C) isopods, (D) gastropods, (E) bivalves, and (F) decapods by reef type for each time
frame. Values that differed significantly (p < 0.05) are indicated with a “*”.

(A): Polychaetes

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p < 0.001 * p = 0.239 p < 0.001 *
1 Month p = 0.005 * p = 0.014 * p < 0.001 *
6 Months p = 0.184 p < 0.001 * p < 0.001 *

1 Year p < 0.001 * p = 0.724 p < 0.001 *
2 Years p = 0.563 p = 0.001 * p < 0.001 *
3 Years p = 0.356 p = 0.304 p = 0.915

(B): Amphipods

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p < 0.001 * p = 0.450 p < 0.001 *
1 Month p < 0.001 * p = 0.007 * p = 0.400
6 Months p = 0.010 * p < 0.001 * p < 0.001 *

1 Year p < 0.001 * p = 0.029 * p = 0.074
2 Years p = 0.005 * p = 0.053 p = 0.379
3 Years p = 0.052 p = 0.515 p = 0.196

(C): Isopods

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p = 0.209 p = 0.409 p = 0.666
1 Month p = 0.041 * p = 0.605 p = 0.011 *
6 Months p = 0.531 p < 0.001 * p < 0.001 *

1 Year p = 0.156 p = 0.010 * p < 0.001 *
2 Years p = 0.888 p = 0.805 p = 0.698
3 Years p = 0.352 p < 0.001 * p < 0.001 *

(D): Gastropods

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p = 0.001 * p = 0.037 * p = 0.207
1 Month p = 0.260 p = 0.004 * p < 0.001 *
6 Months p = 0.997 p = 0.996 p < 0.001 *

1 Year p < 0.001 * p = 0.119 p < 0.001 *
2 Years p = 0.898 p < 0.001 * p < 0.001 *
3 Years p = 1.000 p < 0.001 * p < 0.001 *

(E): Bivalves

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p = 0.829 p = 0.442 p = 0.325
1 Month p < 0.001 * p = 0.006 * p = 0.150
6 Months p = 0.206 p = 0.104 p = 0.006 *

1 Year p = 1.000 p = 0.007 * p < 0.007 *
2 Years p = 0.260 p = 0.013 * p < 0.001 *
3 Years p = 0.001 * p = 0.561 p < 0.001 *

(F): Decapods

Restored vs. Live Restored vs. Dead Live vs. Dead

Pre-Restoration p = 0.039 * p = 1.000 p = 1.000
1 Month p = 0.643 p = 0.003 * p < 0.001 *
6 Months p = 0.229 p < 0.001 * p < 0.001 *

1 Year p = 0.004 * p = 0.254 p < 0.002 *
2 Years p = 0.250 p = 0.829 p = 0.173
3 Years p = 0.350 p = 0.953 p = 0.321
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3.2. Bird Survey Results

In total, we observed 1528 birds from 36 unique species on oyster reefs, with 10.80%
of the birds observed on live reefs, 2.2% on restored reefs, and 87.0% on dead reefs. Total
counts and the percent of observations for each species observed can be found in Table A3
in Appendix A. The most common species observed on live reefs was Eudocimus albus
(White Ibis), making up 21.2% of the total observations. The most common species observed
on restored reefs was Arenaria interpres (Ruddy Turnstone: 14.7% of observations), and on
dead reefs, the most common species observed was Thalasseus maximus (Royal Tern: 37.5%
of observations).

3.2.1. Bird Survey Abiotic Data

For abiotic measurements gathered during monthly surveys throughout the three-
year study, there were differences in air temperature, water temperature, wind speed,
and salinity based on season (p < 0.001 for all). As expected, air temperatures and water
temperatures were highest in the summer, and lowest in the winter, and differed between
all seasons except for spring and fall. Average wind speeds on observation dates in winter
were similar to those observed in fall (p = 0.6418) and were higher than in both spring and
summer (p = 0.031 and p < 0.001, respectively). Salinity in winter, spring, and fall were
similar, and all were higher than salinity during the summer wet season (p < 0.001 for all).
Summary statistics for all abiotic metrics can be found in Table A4 in Appendix A.

3.2.2. Bird Abundances, Densities, and Behaviors by Reef Type

The most plausible, zero-inflated negative binomial model included reef type, reef
size, and season as predictors of overall bird abundance and reef size as the predictor for
presence of birds (McFadden pseudo-R2 = 0.120). Dead reefs had higher bird abundances
than restored reefs (p < 0.001, Figure 3), while live and restored reefs had similar abundances
(p = 0.077). Additionally, season was a predictor for bird abundance, with the lowest bird
abundance in summer. Reef size predicted the abundance of birds (p < 0.001). The total
number of birds observed on restored reefs during year 1, year 2, and year 3 of the study
were all similar to one another.

Figure 3. Mean total number of birds (±95% confidence intervals) for each reef type (A) and
proportion of bird behaviors for each reef type (B).

Restored reefs had the smallest area of the three reef types (Table 5). Dead reefs had the
highest mean bird density and highest density of loafing birds; however, when looking only
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at foraging bird densities, all three reef types were similar, as evidenced by overlapping
95% confidence intervals (Figure 4).

Table 5. Means ± 95% confidence intervals (95% CI) for reef sizes, bird densities, foraging bird densi-
ties, and loafing bird densities for live, restored, and dead reefs. All densities are # of birds/10 m2.

Mean Reef Size (m2)
± 95% CI

Mean Bird
Density ± 95%

CI

Mean Foraging
Bird Density ±

95% CI

Mean Loafing
Bird Density ±

95% CI

Live 1543.800 ± 3114.135 0.024 ± 0.012 0.011 ± 0.006 0.004 ± 0.003
Restored 61.275 ± 62.370 0.049 ± 0.031 0.013 ± 0.008 0.019 ± 0.019

Dead 386.625 ± 576.407 0.198 ± 0.105 0.014 ± 0.006 0.118 ± 0.080

Figure 4. Comparisons of mean total bird densities (A), mean foraging bird densities (B), and mean
loafing bird densities (C) between each reef type. Error bars represent 95% confidence intervals.
Overlapping error bars indicate similarities between reef types.

Bird behaviors differed by reef types. The proportion of birds foraging was higher
on live and restored reefs, while the proportion of birds loafing was higher on dead reefs
(p = 0.017; Figure 3).

3.2.3. Community Assemblages

When assessing all birds observed on oyster reefs (Figure 5A), there were differences
in the bird assemblages based on reef type (p = 0.001). There were similarities between
live and restored reefs and similarities between dead and restored reefs, but differences
between live and dead reefs (p = 0.003). There were also overall significant differences in
communities of foraging birds (Figure 5B) on different reef types (p = 0.001); restored reefs
were similar to both live and dead, but live and dead reefs differed (p = 0.006). There was
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no significant difference in loafing bird communities based on reef type (p = 0.37), and the
NMDS plot shows significant overlap between ellipses for all three reef types (Figure 5C).
The stress values for each of the three ordination plots were below 0.1. Stress values < 0.1
indicate that the ordination is a good fit for the data [52].

Figure 5. NMDS ordination plots for (A) all bird families, (B) foraging bird families, and (C) loafing
bird families observed on live, restored, and dead reefs. Points represent community assemblages
on each reef type for each survey event. Ellipses represent 95% confidence intervals for reef type
groupings.

3.2.4. Diversity Indices and Representative Species

Shannon diversity and species richness were higher for live and dead reefs than for
restored reefs, but Simpson’s diversity and Pielou’s evenness for restored reefs were similar
to both live and dead (Figure 6). There was no statistical difference detected in any of the
diversity metrics for the restored reefs over time (Figure 6). There were eight representative,
indicator species for dead reefs, including seven seabirds and one shorebird (Table 6A).
Tringa semipalmatta (Willet), Eudocimus albus (White ibis), and Pluvialia squatarola (Black-
bellied plover) were associated with the combination of live and dead reefs. There were no
species which were representative species for only live reefs or for restored reefs (Table 6A).
When using only the data for foraging birds, White Ibis was associated with foraging on
live reefs and Arenaria interpres (Ruddy turnstone) was associated with foraging on dead
reefs (Table 6B). There were nine species associated with loafing on dead reefs, seven of
which were also included in the results for all birds (Table 6C).
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Figure 6. Comparisons of mean (A) Shannon diversity, (B) Simpson’s diversity, (C) species richness,
and (D) Pielou’s evenness for live, restored, and dead reefs. Error bars represent 95% confidence
intervals. Differences significant at the p < 0.05 level are indicated by *.

Table 6. Representative species results by reef type. Representative species are given for (A) all bird
observations, (B) foraging birds, and (C) loafing birds. The indicator value (IndVal) is determined
based on statistics A and B. Statistic A (the positive predictive value) represents an estimate of the
probability that a site belongs to a particular reef type based on the presence of the species. Statistic B
(the fidelity value) represents an estimate of the probability of finding the species at that particular
reef type. All values given are statistically significant at the p < 0.05 level.

(A). Representative Species for All Bird Observations by Reef Type.

Species IndVal A B

Dead Oyster Reefs
Leucophaeus atricilla (Laughing Gull) 0.359 0.813 0.159
Thalasseus maximus (Royal Tern) 0.329 0.979 0.110
Arenaria interpres (Ruddy Turnstone) 0.286 0.660 0.124
Larus delawarensis (Ring-billed Gull) 0.245 0.874 0,069
Pelecanus occidentalis (Brown Pelican) 0.220 1.000 0.048
Sterna forsteri (Forster’s Tern) 0.203 1.000 0.041
Larus argentatus (Herring Gull) 0.186 1.000 0.034
Hydroprogne caspia (Caspian Tern) 0.166 1.000 0.028

Dead + Live Reefs
Tringa semipalmatta (Willet) 0.318 1.000 0.101
Eudocimus albus (White Ibis) 0.278 0.928 0.083
Pluvialia squatarola (Black-bellied Plover) 0.166 1.000 0.028
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Table 6. Cont.

(B). Representative Species for foraging Birds by Reef Type.

Species IndVal A B

Dead Oyster Reefs
Arenaria interpres (Ruddy Turnstone) 0.293 0.735 0.117

Live Oyster Reefs
Eudocimus albus (White Ibis) 0.342 0.814 0.144

Dead + Live Reefs
Tringa semipalmata (Willet) 0.294 1.000 0.087
Pluvialis squatarola (Black-bellied Plover) 0.208 1.000 0.043

(C). Representative Species for Loafing Birds by Reef Type.

Species IndVal A B

Dead Oyster Reefs
Leucophaeus atricilla (Laughing Gull) 0.357 0.838 0.151
Thalasseus maximus (Royal Tern) 0.332 1.000 0.110
Larus delawarensis (Ring-billed Gull) 0.233 0.874 0.062
Pelecanus occidentalis (Brown Pelican) 0.220 1.000 0.048
Sterna forsteri (Forster’s Tern) 0.203 1.000 0.041
Ardea herodias (Great Blue Heron) 0.186 1.000 0.034
Tringa semipalmata (Willet) 0.185 0.988 0.034
Larus argentatus (Herring Gull) 0.166 1.000 0.028
Hydroprogne caspia (Caspian Tern) 0.166 1.00 0.028

4. Discussion

Oyster densities, shell lengths, and reef heights are currently the primary metrics that
are recommended when evaluating the success of oyster reef restoration. However, there
has been a push for monitoring ecosystem service metrics such as the ability of restored
oyster reefs to provide a habitat for other faunal groups [14,54,55]. Based on comparisons of
benthic invertebrate abundances and bird behaviors on live, restored and dead oyster reefs,
we found that live reefs provide important bird foraging habitat, and that restored oyster
reefs become more similar to live reefs over time in terms of foraging habitat provision.
These data suggest that the oyster reef restoration methods in Mosquito Lagoon have been
successful in reestablishing damaged oyster reefs back to their former functionality as bird
foraging habitats.

4.1. Bird Abundance and Behaviors

Dead oyster reefs had the highest mean bird abundances of all three reef types. This
was likely the result of the high elevations of dead reefs. Dead reefs may reach 1 m above
the mean high water [13,45], allowing them to be exposed and available for bird use even
during high tide and the high-water season. Mosquito Lagoon experiences a high-water
season in the fall months due to rainfall levels and wind speed/direction [42]. During
this 3–5-month period (depending on the year), live and restored oyster reefs may remain
submerged even during low tide [56]. Restored reefs had the lowest bird abundance of all
three reef types. Our results, however, indicated that reef size was a significant factor for
bird counts on reefs. Restored reefs had the smallest mean area, which could explain why
the counts of birds were lowest on restored reefs.

The difference in bird behaviors on dead reefs versus behaviors on live and restored
reefs indicates that the different reef types serve different purposes for the birds. We
observed birds utilizing the dead reefs most frequently for loafing. Large flocks of Laridae
(gulls and terns) loafed on dead oyster reefs; these included Leucophaeus atricilla (Laughing
Gull), Thalasseus maximus (Royal Tern), and Sterna forsteri (Forster’s Tern), Larus delawarensis
(Ring-billed Gull), Larus argentatus (Herring Gull), and Hydroprogne caspia (Caspian Tern).
These members of the Laridae family are gregarious, and typically observed in large
interspecific flocks [37,57]. This, along with the higher elevation and longer periods of
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exposure for these reefs, may account for the high numbers of loafing seabirds on dead
reefs, and contribute to their higher overall bird abundance. Shaffer et al. [19] also observed
high proportions of seabirds, specifically Laughing Gulls and Pelecanus occidentalis (Brown
Pelicans), loafing on dead reefs in Mosquito Lagoon. In our study, not only were birds
most abundant on dead reefs, but they were most abundant on dead reefs during late fall,
winter, and early spring. This increase in abundance from late fall to early spring correlates
with the life histories of Forster’s Terns, Ring-billed Gulls, and Herring Gulls, which are all
migratory species that arrive in Florida toward the end of fall, remain through the winter,
and leave during the spring [35].

Habitat extent and prey availability are the two main factors that influence the ability
of coastal habitats to support communities of foraging marine birds [5]. In our study, birds
were more frequently observed foraging on live and restored reefs. Our results agree with
a previous study in Mosquito Lagoon. Shaffer et al. [19] found similarities in proportions of
foraging birds between live and restored reefs ranging from 1 to 8 years in age. Successful
oyster reef restoration inherently increases the extent of foraging habitat by providing
additional reef acreage. Our current study indicates that oyster reef restoration also in-
creases coastal bird prey availability. Post-restoration abundances of important benthic
invertebrate prey taxa increased in the restored reef sediments and became similar over
time to those of live oyster reefs. Grabowski et al. [25] likewise found benthic invertebrate
abundances increased in restored oyster reef sediments over time.

Post-restoration, the abundance of larger benthic invertebrates increased in restored
reef sediments, and by six months was similar to those of live reefs. Larger benthic
invertebrates are of particular importance as bird prey items, as they are more visible
to visual hunters (i.e., herons and egrets) and more easily sensed by tactile feeders (i.e.,
White Ibis). Pre-restoration and one-month post-restoration, the mean number of large
benthic invertebrate organisms on a restored reef (based on the mean reef size of restored
reefs) was approximately 60. These large organisms accounted for 0.6% of the total benthic
invertebrates on restored reefs during these time frames. When looking at all other post-
restoration time frames, the mean number of large benthic invertebrates increased to over
326 per restored reef, and made up 2.8% of the total benthic invertebrates. The increase in
these lower trophic level organisms on restored reefs provides the necessary prey base for
higher trophic-level organisms. Lenihan et al. [58] found that piscivorous fish abundances
around restored reefs were similar to those around natural reefs in a North Carolina estuary.
In Mosquito Lagoon, Loch et al. [59] also found an increase in juvenile sport fish around
restored reefs. The ability of these restored reefs to support higher trophic-level organisms
such as piscivorous fish and birds indicates success in restoring the trophic structure on
these reefs.

4.2. Diversity and Community Assemblages

Lower species richness and Shannon diversity values on restored reefs compared to
live and dead reefs may be explained by two factors. First, the smaller sizes of our restored
reefs may be a contributing factor. In a study on the effects of forest patch size on avian
diversity, McIntyre [60] found that diversity was higher when forest patch sizes were large
and decreased with decreasing patch size. The small size of our restored reefs may limit
their ability to reach the same levels of richness and Shannon diversity as the larger live
and dead reefs. A second explanation for the lower Shannon diversity is that Shannon
diversity places more emphasis on rare species than common species. In this study, 16 bird
species appeared five or fewer times. Of those 16 species, 8 were observed on live reefs,
11 were observed on dead reefs, while only 3 were observed on restored reefs. The lower
Shannon diversity value for restored reefs may be, in part, due to the less-frequent use of
restored reefs by these rarer species.

Despite the small size of the restored reefs, Pielou’s evenness and Simpson’s diversity
on restored reefs were both similar to live and dead reefs. Simpson’s diversity is more
sensitive to changes in evenness than richness, so the higher Pielou’s evenness on the
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restored reefs resulted in the higher Simpson’s diversity. Unlike Shannon diversity, Simp-
son’s diversity puts more weight on common species than on rare species. Of the five most
common species in this study (Royal Terns, Laughing Gulls, Ruddy Turnstones, Willets,
Least Terns), four of them (all but the Willet) were observed on all three reef types. Royal
Terns and Laughing Gulls have both been observed utilizing a wide range of habitat types
in other systems [61,62]. The use of all three reef types by these most common species may
be contributing to their similarities in Simpson’s diversity values.

In addition to similarities in foraging behaviors of birds on live and restored reefs, we
found that the assemblages of all birds and the assemblages of foraging birds on restored
reefs were similar to both live and dead reefs. This suggests that the restored reefs may
be in an intermediate state between dead and live. Troast [63] monitored fish assemblages
on the same reefs as in our study, and after 15 months, found that the small resident fish
communities on restored reefs were in an intermediate state between live and dead. As
small fish serve as prey items for many bird groups in our study (Table 1), the restored
reefs would provide an intermediate prey base between dead and live reefs. This may be
contributing to the bird assemblages on restored reefs being in-between those of dead and
live reefs. Continued monitoring would be needed in order to determine if the restored
reef bird assemblages eventually become more similar to live reefs and less similar to dead
reefs.

There were differences in the birds commonly associated with foraging and loafing
on live and dead reefs. White Ibis, a species whose diet is mostly composed of decapod
crustaceans and small fish [33,34], was a representative species for foraging on live oyster
reefs. White Ibis is a generalist species with respect to its wide range of prey items; however,
based on the energetic contribution of its prey items, it may also be considered a specialist
on crustaceans [64]. This species appearing as a representative species on live reefs suggests
that these reefs provide the preferred prey items for White Ibis. This is also supported by
the high abundance of benthic invertebrates in live oyster reef sediments, which directly
provide food for the birds and also provide food for prey fish. Specialists did not frequently
occur on disturbed reefs. This study did not reveal any species uniquely associated with
restored reefs. However, in a previous study of bird use of multiple habitat features in
Mosquito Lagoon, we found multiple indicator species for the combination of live and
restored oyster reefs ranging from 1 to 12 years old, including shorebird species who feed
primarily on invertebrates [38] (Table 1). All observations in the current study took place
once monthly during morning low tide, while observations in the previous study were
carried out at varying times of the day and in various tidal conditions. This, perhaps, could
have also contributed to some of the differences in representative species results from the
two studies. In this study, the species associated with dead reefs were mostly gulls and terns,
as discussed previously, but also included Arenaria interpres (Ruddy Turnstone). Ruddy
Turnstone, the only species associated with foraging on dead reefs, primarily forage by
turning over loose pieces of stone, shell, or debris to search for invertebrate prey items [65].
As the dead oyster reefs are composed of loose shell, they provide appropriate habitat for
the foraging style of Ruddy Turnstones.

4.3. Unexpected Benthic Invertebrate Results

In nearly all time frames, the benthic invertebrate abundances were higher in live
reef sediments than in dead reef sediments, with the exception of year 3. In this time
frame, the benthic invertebrate abundances on all three reef types were similar. One factor
which contributed to the higher numbers of benthic invertebrates in the 3-year dead reef
samples was that one of the reefs experienced a dramatic increase in the number of isopods.
Warberg et al. [66] reported unexplained population explosions of terrestrial isopods, and
Kensley et al. [67] reported dramatic, unexplained increases in marine isopod abundances
during specific years at certain sites within the Indian River Lagoon system. One possible
explanation is that the increase in isopods was due to an event that occurred in spring of that
year which resulted in the uprooting of the only vegetation on this dead reef, a solitary black
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mangrove (Avicennia germinans) with numerous pneumatophores. The abundant benthic
invertebrates in the 3-year samples from this dead reef were from the genus Sphaeroma,
which contains many wood-boring species, some of which show preference for mangrove
roots [68–71]. It is possible that the isopods were displaced from the roots into the sediment
when the mangrove was uprooted.

5. Conclusions

Our results indicate that live, restored, and dead oyster reefs are all being utilized
by birds in Mosquito Lagoon. The differences in abundances, behaviors, and community
assemblages suggest that different reef types may serve alternate purposes. Based on
similarities in bird abundances and foraging behaviors between restored and live reefs,
oyster reef restoration efforts in Mosquito Lagoon have been successful in providing
additional foraging habitats for coastal birds. However, since birds are utilizing all three
reef types in Mosquito Lagoon, it may be beneficial to maintain a mosaic of reef types in
order to provide both foraging and loafing habitats for birds. Our three-year study period
is a relatively short time frame, which could include fluctuations in species diversity and
abundance, so continued monitoring may be appropriate.
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Appendix A

Table A1. Decimal degree (DD) georeference coordinates for all surveyed reefs.

Reef Latitude (DD) Longitude (DD)

Live 1 28.968048 −80.879798
Live 2 28.944458 −80.861368
Live 3 28.937995 −80.862099
Live 4 28.943279 −80.852491
Dead 1 28.969679 −80.881873
Dead 2 28.939420 −80.867132
Dead 3 28.940506 −80.853897
Dead 4 28.944189 −80.845954

Restore 1 28.968420 −80.880051
Restore 2 28.940849 −80.867377
Restore 3 28.939989 −80.867109
Restore 4 28.967207 −80.878734

Table A2. Means ± 95% confidence intervals (95% CI) for each taxon for each time frame.

Taxa Time Frame Mean Abundance
Live Reefs (±95% CI)

Mean Abundance Restored
Reefs (±95% CI)

Mean Abundance
Dead Reefs (±95% CI)

Polychaetes

Pre-Restoration 626.67 ± 254.69 232.33 ± 82.20 174.83 ± 62.20
1 Month 744.58 ± 210.23 358.33 ± 125.05 187.33 ± 105.94
6 Months 429.17 ± 161.88 291.75 ± 130.35 65.50 ± 34.43

1 Year 398.17 ± 243.04 104.17 ± 23.34 92.33 ± 61.57
2 Years 644.25 ± 184.89 525.25 ± 224.12 166.58 ±144.76
3 Years 260.42 ± 82.61 351.50 ± 154.49 251.58 ± 167.16

Amphipods

Pre-Restoration 69.33 ± 69.60 6.67 ± 4.51 3.92 ± 2.41
1 Month 22.00 ± 10.86 105.92 ± 41.17 32.00 ± 31.61
6 Months 35.08 ± 45.50 139.17 ± 97.92 2.50 ± 1.98

1 Year 9.58 ± 7.57 64.00 ± 47.93 22.67 ± 17.16
2 Years 13.75 ± 7.75 57.83 ± 57.19 21.58 ± 25.58
3 Years 16.67 ± 6.75 51.08 ± 61.29 35.17 ± 31.42

Isopods

Pre-Restoration 6.67 ± 5.89 2.33 ± 2.53 4.67 ± 5.86
1 Month 2.75 ± 1.33 10.17 ± 11.94 14.00 ± 17.67
6 Months 11.75 ± 9.57 8.67 ± 6.39 1.25 ± 0.82

1 Year 0.17 ± 0.24 0.91 ± 1.13 11.25 ± 14.51
2 Years 1.50 ± 1.45 1.67 ± 1.92 2.00 ± 2.48
3 Years 3.08 ± 3.64 1.33 ± 2.21 105.17 ± 110.28

Gastropods

Pre-Restoration 1.00 ± 1.15 13.25 ± 11.54 2.75 ± 2.70
1 Month 1.50 ± 1.10 3.33 ± 3.91 23.50 ± 30.75
6 Months 0.25 ± 0.29 0.00 ± 0.00 20.67 ± 30.87

1 Year 0.42 ± 0.33 9.25 ± 10.81 28.41 ± 25.50
2 Years 0.92 ± 1.10 0.83 ± 0.76 123.67 ± 80.75
3 Years 0.17 ± 0.25 0.17 ± 0.37 81.25 ± 128.54

Bivalves

Pre-Restoration 2.42 ± 1.83 2.00 ± 2.03 1.00 ± 1.51
1 Month 1.33 ± 0.95 6.33 ± 2.10 2.42 ± 2.04
6 Months 0.50 ± 0.64 1.25 ± 0.82 3.42 ± 2.72

1 Year 1.58 2.34 1.58 ± 1.72 12.17 ± 11.05
2 Years 1.50 ± 0.69 2.58 ± 1.39 7.58 ± 5.81
3 Years 1.00 ± 0.66 5.58 ± 5.40 7.25 ± 4.34

Decapods

Pre-Restoration 1.08 ± 1.74 0.33 ± 0.73 0.00 ± 0.00
1 Month 5.75 ± 2.97 4.17 ± 5.96 0.33 ± 0.73
6 Months 6.33 ± 4.97 10.67 ± 6.98 0.41 ± 0.42

1 Year 2.58 ± 2.19 0.33 ± 0.41 0.08 ± 0.18
2 Years 7.83 ± 7.67 2.92 ± 3.40 2.42 ± 2.85
3 Years 3.67 ± 3.73 1.42 ± 2.21 1.33 ± 1.72
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Table A3. Total counts and percent of observations for each species for each reef type. LOR = live
oyster reefs, ROR = restored oyster reefs, DOR = dead oyster reefs.

Species Total Count
Percent of Observations

LOR ROR DOR

Actitis macularius (Spotted Sandpiper) 4 1.21 2.94 0.08
Ardea alba (Great Egret) 4 1.82 0.00 0.08
Ardea herodias (Great Blue Heron) 11 1.82 5.88 0.45
Arenaria interpres (Ruddy Turnstone) 92 3.64 14.71 6.09
Butorides virescens (Green Heron) 1 0.00 2.94 0.00
Calidris alba (Sanderling) 4 1.21 0.00 0.15
Calidris mauri (Western Sandpiper) 1 0.00 2.94 0.00
Cathartes aura (Turkey Vulture) 3 1.82 0.00 0.00
Charadrius vociferus (Killdeer) 1 0.00 0.00 0.08
Charadrius semipalmatus (Semi-palmated Plover) 26 1.21 0.00 1.80
Coragyps atratus (Black Vulture) 2 1.21 0.00 0.00
Egretta caerulea (Little Blue Heron) 14 6.67 5.88 0.08
Egretta rufescens (Reddish Egret) 6 1.21 0.00 0.30
Egretta thula (Snowy Egret) 13 6.06 2.94 0.15
Egretta tricolor (Tri-colored Heron) 2 0.61 0.00 0.08
Eudocimus albus (White Ibis) 41 21.21 2.94 0.38
Haematopus palliatus (American Oystercatcher) 14 1.82 8.82 0.75
Haliaeetus leucocephalus (Bald Eagle) 2 0.00 5.88 0.00
Hydroprogne caspia (Caspian Tern) 9 0.00 0.00 0.68
Larus argentatus (Herring Gull) 16 0.00 0.00 1.20
Larus delawarensis (Ring-billed Gull) 21 4.85 0.00 0.98
Leucophaeus atricilla (Laughing Gull) 437 9.70 8.82 31.40
Megaceryle alcyon (Belted Kingfisher) 5 2.42 0.00 0.08
Mergus serrator (Red-breasted Merganser) 3 0.00 0.00 0.23
Nyctanassa violacea (Yellow-crowned Night Heron) 1 0.00 0.00 0.08
Pandion haliaetus (Osprey) 22 7.88 5.88 0.53
Pelecanus occidentalis (Brown Pelican) 27 0.00 0.00 2.03
Phalacrocorax auritus (Double-crested Cormorant) 43 0.00 5.88 3.09
Pluvialis squatarola (Black-bellied Plover) 29 7.88 0.00 1.20
Quiscalus major (Boat-tailed Grackle) 1 0.00 0.00 0.08
Rynchops niger (Black Skimmer) 1 0.00 0.00 0.08
Sterna forsteri (Forster’s Tern) 11 0.00 0.00 0.83
Sternula antillarum (Least Tern) 64 1.82 2.94 4.51
Thalasseus maximus (Royal Tern) 500 0.61 2.94 37.42
Thalasseus sandvicensis (Sandwich Tern) 5 0.00 0.00 0.38
Tringa semipalmata (Willet) 86 13.33 0.00 4.81
All Birds 1529 10.78 2.22 86.86
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Table A4. Summary statistics for air temperature, water temperature, average wind speed, and
salinity by season, including means, 95% confidence intervals (95% CI), and ranges (Min–Max) for
each metric. Summer included June–August, fall included September–November, winter included
December–February, and spring included March–May.

Air Temp (◦C) Water Temp (◦C) Wind Speed (kph) Salinity (ppt)

All Data Mean 23.5 24.1 8.1 33.3
(n = 388) 95% CI 0.6 0.5 0.5 0.5

Min–Max 5.0–39.0 12.0–31.3 0–25.9 20.0–44.0
Summer Mean 28.0 28.8 6.5 29.2
(n = 132) 95% CI 0.3 0.3 0.7 0.6

Min–Max 24.0–34.3 25.0–32.3 0–17.5 23.0–42.0
Fall Mean 23.0 23.7 8.9 34.4

(n = 57) 95% CI 1.8 1.2 1.3 1.6
Min–Max 8.0–39.0 14.0–31.0 2.3–25.9 20.0–43.0

Winter Mean 18.6 18.7 9.4 35.3
(n = 96) 95% CI 1.0 0.7 1.0 1.1

Min–Max 5.0–27.0 12.0–26.0 1.0–24.1 21.0–41.0
Spring Mean 22.6 23.5 8.4 36.0

(n = 103) 95% CI 1.1 0.6 1.2 0.7
Min–Max 9.5–30.0 16.0–29.0 0–25.6 27.0–44.0
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