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Abstract: Like many estuaries worldwide, the Indian River Lagoon (IRL), has seen a decline in resources and
overall water quality due to human activities. One method to help restore water quality and benthic habitats
is to construct and deploy oyster restoration mats on dock pilings, known as the Living Docks program. This
community-driven program was founded to promote the growth of filter-feeding benthic organisms and
improve local water quality. The purpose of this study was to assess the growth and performance at four of
the Living Dock locations and to provide feedback to the citizens who were involved in the initial process and
deployments. Four docks were biologically assessed for temporal changes during three-time points
throughout the year, as denoted by changes in temperature in October, February, and June. The back of each
mat was also analyzed for organism cementation to the piling. The presence of filter-feeding organisms was
found to vary both spatially and temporally, especially for the eastern oyster (Crassostrea virginica),
encrusting bryozoan (Schizobrachiella verrilli), sponges (Demospongiae), and barnacles (Amphibalanus
amphitrite, Amphibalanus eburneus). A greater diversity in the sessile benthic flora and fauna was seen during
the June sampling period. Cementation on the pilings was due to a combination of barnacles and sponge
growth. Cementation was observed to increase from October and decrease for all but one dock for the June
sampling period. The results demonstrate this restoration project to be successful in promoting the growth
of benthic organisms, while also providing understanding into seasonal trends amongst species. Hopefully,
the positive output will encourage more community members and citizen scientists to participate in the
ongoing effort to help restore water quality in the IRL.

Keywords: benthic communities; benthic ecology; biodiversity; citizen science; estuaries; filter feeders;
fouling organisms; Indian River Lagoon; suspension feeders; restoration mats
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1. Introduction

Once known for its biological diversity, today, ecological benefits supplied by the Indian River Lagoon (IRL) are depleting.
Drainage into the basin consists of slow, meandering streams, creeks, rivers, and wetlands [1]. With over 1.7 million people
inhabiting the IRL region today, land-use changes have dramatically increased due to the growing population [2]. Widespread
urbanization has caused a surplus of nutrients to leach into the IRL, resulting in eutrophication [1]. The increase in nutrients has
led to more frequent harmful algal blooms (HABs) due to higher phytoplankton abundance. These HABs have detrimental
impacts on the surrounding wildlife via the release of toxins and depleting oxygen concentrations throughout the water column.
Increasing nutrients can also leave the water more turbid due to phytoplankton productivity, blocking sunlight from other
surrounding ecosystems such as seagrass and oyster beds [3]. Another consequence of
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urbanization has been the degradation of natural shorelines through the construction of artificial
structures (i.e., docks, breakwaters, bulkheads, and jetties) [4]. The loss of natural shorelines such
as mangroves, seagrass beds, and oyster reefs results in coastal water bodies

with different structures and functions [5].

Man-made structures associated with the increase in human development along the
coastline provide a vast amount of hard surface area available for colonization of sessile organisms,
also known as ‘fouling’” communities [6]. To combat water quality decline in the IRL, the Living
Docks program was established in 2013 by the Florida Institute of Technology (Florida Tech),
utilizing dock pilings as a method to promote the growth of sessile filter-feeding organisms [4]. The
Living Docks program was started as a citizen science-based initiative to improve water quality [7].
Oyster mats are made from a polyethylene aquaculture grade mesh with 60 to 80 dead and dried
oyster shells, 80 being the most ideal for greater recruitment. Oyster shells are used because they
provide a natural hard substrate that promotes settlement. The calcium carbonate in the shells is
also known to attract organisms that readily use this chemical compound for their shells (i.e.,
barnacles and oysters) [8]. While the goal is to target oysters for restoration, other benthic filtering
organisms are attracted to the hard substrate. The accumulation of the community that forms on
the oyster mats not only helps to improve water clarity but also forms a small-scale ecosystem,
attracting mobile organisms such as crabs, shrimp, and fish [4].

The citizen science-led project was targeted to have an inexpensive outlook with the mindset
of “letting nature do the work” [7]. In addition, there are other benefits of this project. Suspending
the mats off the seafloor ensures there is a lack of competition with other benthic communities,
such as mangroves and seagrass beds [4]. Wrapping the mats also encourages organisms to grow
in areas where there is no muck or sediment to cover or suffocate them, compared to if they were
on the IRL bottom [4]. The Living Docks program also works to involve residents, allowing young
and old to take part in a restoration initiative while serving as citizen scientists in the process [9].

Since 2013, 13 Living Docks have been successfully created throughout the IRL. However,
many questions remain as to the impact these benthic communities have on overall water quality
and the IRL. The purpose of this study was to biologically assess four of these Living Docks for the
presence of filter-feeding benthic organisms and the overall cementation to the dock pilings.
Cementation was noted to determine the mats’ ability to support themselves to the piling in the
case that zip ties were to fail and for the longevity of the mats. In addition, a sampling interval of
4 months was chosen to assure assessments would have varying temperatures. Water temperature
has been shown to play a prominent role in growth and development, affecting such things as the
timing of reproduction, recruitment rates, and growth rates [10-14]. At the end of the assessment
and analysis, the results were shared with volunteers and citizen scientists who were key in
creating the Living Docks.

Assessments at the four dock locations in October (26.7 °C), February (17.7 °C), and

June (30.5 °C) were conducted to address the following hypothesis: the abundance and diversity
of benthic filtering species will be greatest during the warmer months compared to the community
present during the cooler months.

2. Materials and Methods
2.1. Living Dock Construction

Implementing a citizen science-based approach, the goal of the Living Dock program is to
educate residents while aiming to improve water quality and provide habit structure for sessile
organisms [7]. Dock locations are determined by community interest and participation, with each
constructed via a multi-step process. An initial dock inspection is conducted to analyze water
quality conditions and to obtain piling measurements, ultimately to determine if the location is
suitable for the oyster mat installation. A presentation is given that walks the citizens (i.e.,
neighborhood groups, elementary classes, or scout troop) through the process and answers
guestions. After this, a community-based oyster mat workshop is scheduled [4]. Oyster mats are
constructed using an aquaculture grade polyethylene mesh cut into 0.61 m x 0.61 m dimensions.
Holes are drilled into 60 to 80 dead and dried oyster shells, which are then attached to the mat
with 0.20 m standard UV-resistant cable ties (Figure 1). Finally, Florida Tech and citizen scientists
install the oyster mats. The mats are secured to the pilings using three 0.38 m cable ties with the
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remains clipped and disposed of properly. The number of pilings wrapped with the oyster mats is
dependent on water depth, as the mats need to be fully immersed below the seasonal and low
tide lines. The mats never encounter the lagoon floor, ensuring they will not be buried by sediment
or harm any submerged aquatic vegetation.

Figure 1. A stack of completed oyster mats after a workshop in Melbourne Beach.

2.2. Living Dock Assessment

The Living Docks program has currently deployed a total of 13 docks, with a majority found
in the northern section of Brevard County. This assessment consisted of analyzing four locations
that span this area. Dock selection was based on location in the IRL, accessibility, and length of
immersion (Table 1). In addition to having a large spatial variation throughout the IRL, the docks
also vary in length of immersion and quantity of mats.

Table 1. The location, date of immersion, and the total number of mats deployed for each of the Living Docks
were analyzed as part of this study.

Deployment Location Latitude/Longitude Mat Total Mats Analyzed
28°22/59" N
April 2017 Cape Canaveral ron 20 6
80°3632 W
28 - 0500500 N
July 2020 Melbourne Beach 17 6
80 - 3300100 W
27 -5801300 N
February 2018 Melbourne Shores 50 6
80 - 3004600 W
27 -4902600 N
July 2019 Sebastian 4 4
80-2902500 W

Ten percent of the total number of mats, or at least three mats, on both the North and
Southside of each dock were removed and examined for growth. Thus, a minimum of six mats
were analyzed at each location, excluding Sebastian who had a total of four mats (Table 1). Mats
were randomly selected spatially from the nearshore to the end of the dock. Individual photos of
the front and back of the mats were taken, with a special focus on individual oyster shells and the
growth that had accumulated. Six oyster shells were closely assessed and photographed for each
mat. Sampled shells were marked with a colored zip tie to ensure replication and assessment
during the next sampling period. Assessments took place mid-morning to mid-afternoon for each
seasonal period. Sessile and mobile organisms were observed strictly on the mats themselves.
Abundance of individual sessile and presence of mobile organisms were analyzed then identified
to the lowest possible functional group using the Indian River Lagoon Species Inventory [15]. Water
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quality measurements were collected at each dock location. Salinity and temperature were taken
using Yellow Springs Instruments (YSI) Model water quality sensor sourced from Yellow Springs,
Ohio, USA. [4].

To assess temporal variation of the communities, mat analysis took place during three
different periods: October, February, and June. The warmer months being October and June and
the colder month February. The same four docks, mats, and shells were used for all assessments
to determine how environmental conditions and time affect the organisms on the mats.

2.3. Mat Cementation

Cementation of the oyster mats to the pilings ensures that the mat will have a longer length
of immersion and can continue to support benthic growth. Thus, during inspections, the
cementation of the mats was noted upon removal. The posterior side of the mats were
photographed and examined, noting coverage of organisms that are known to aid in the
cementation process (i.e., barnacle, encrusting bryozoan, and sponge) Photographs were
uploaded into Image J, and percent cover of organisms that aid in cementation were then
calculated [4,16].

2.4. Statistical Analysis

Since multiple measurements were taken at each dock, a PERMANOVA was performed to
measure differences between community composition for the seasonal assessments across all four
Living Dock locations. MDS plots were conducted to compare seasonal differences amongst
locations. ANOSIMs were used to compare the seasonal assessments for individual docks. This
allowed for the comparison of time, temperature, and location to determine significant variation
in the growth of benthic organisms. A SIMPER analysis was conducted to determine which species
had the greatest impact on seasonal differences. A two-way repeated-measures ANOVA (two-way
RMANOVA) was conducted on the cementation data to test for differences among locations and
seasons. Species richness was calculated in the form of percent cover with the Shannon Weiner
index used to determine species diversity. Statistical differences and diversity were then
determined using an ANOVA with a Tukey post hoc test. A one-way ANOVA was conducted
individually analyzing temperature and salinity significance across the three test periods, followed
by a Games—Howell post hoc test. All statistical analyses were conducted using RStudio and the
vegan package (Rstudio, Boston, MA, USA) [17,18].

3. Results

The temperature during October was, on average, 26.7 °C. The February assessment
averaged in at 17.7 °C, while the June assessment averaged 30.5 °C. Salinity also varied among
the seasons, with an average salinity in October of 21.8 ppt, February of 24.0 ppt, and 31.4 ppt in
June. ANOVAs conducted on temperature and salinity data proved temperature was significant for
the three-monthly assessments but not for dock location across the sampled periods. Salinity
proved to be statistically significant for both month and dock location. A more detailed summary
of water quality data collected at each of the four locations can be found in Table 2.

Table 2. Temperature and salinity at the four Living Dock locations during three assessment periods.

October 2020 February 2021 June 2021
Dock Temperature Salinity Temperature Salinity Temperature Salinity
Location (-C) (ppt) ("¢) (ppt) (") (ppt)
Cape
26.3 19.3 16.1 20.4 29.9 21.8
Canaveral
Melbourne
Beach 26.9 21.2 17.8 18.6 29.3 29.5
Melbourne
Shores 26.5 23.7 17.4 22.9 30.0 38.5

Sebastian 27 22.9 19.5 34.1 32.8 35.6
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3.1. Benthic Community Assessment

A range of benthic organisms were found inhabiting the oyster mats, including solitary and
colonial forms (Figure 2). Several different filter-feeding organisms were found, including the
eastern oyster (Crassostrea virginica), bryozoans (Schizobrachiella verrilli, Bugula neritina), sponge
(Demospongiae), tunicates (Tunicata) and barnacles (Amphibalanus amphitrite, Amphibalanus
eburneus). Dominant organisms present during the assessments included barnacles
(Amphibalanus amphitrite, Amphibalanus eburneus), encrusting bryozoan (Schizobrachiella
verrilli), sponge (Demospongiae), biofilm, and oysters (Crassostrea virginica). Based on the
ANOSIM statistical test, the organisms most impacted by the seasonal change, and thus driving
differences between assessment periods, are listed in Table 3. In addition to the attached
organisms, many mobile organisms were found coexisting on the oyster mats for both the warm
and cool assessments (Table 4). These included multiple species of crab, isopods, goby’s, shrimp,
and flatwormes.

m Oyster Drill Eggs
m Green Lip Mussel
1 Scorched Mussel
m Amphipod Tubes
H Feather Duster Worm
m Slippersnail
m Biofilm
M Algae
Anemones
Sponges
= Qysters
Tunicates
W Hydroids
Tubeworms
= Encrusting Bryozoans
w Arborescent Bryozoans

W Barnacles

Cape Canaveral

October February

June

Melbourne Beach Melbourne Shores Sebastian

October February June October February June October February June

Figure 2. Organism abundance from the October (26.7 °C), February (17.7 °C), and June (30.5 °C)
assessment periods.

Table 3. Organism functional groups showing the greatest change in percent cover between the assessment
periods, listed alphabetically.

. October 2020- October 2020- June February 2021- June
Dock Location February 2021 2021 2021
Biofilm Biofilm

Encrusting Bryozoan

(Schizobrachiella verrilli)
Ivory Barnacle

(Amphibalanus eburneus)
Striped Acorn

Barnacle
(Amphibalanus
amphitrite)

Cape Canaveral

Encrusting Bryozoan
(Schizobrachiella verrilli
Ivory Barnacle
(Amphibalanus eburneus)
Sponges
(Demospongiae)
Striped Acorn
Barnacle
(Amphibalanus
amphitrite

Encrusting Bryozoan

(Schizobrachiella verrilli)
Ivory Barnacle

(Amphibalanus eburneus)

Sponges
(Demospongiae)
Striped Acorn
Barnacle
(Amphibalanus
amphitrite)
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Melbourne Encrusting Bryozoan Biofilm Biofilm
Beach (Schizobrachiella verrilli) Ivory Barnacle Encrusting Bryozoan
Ivory Barnacle (Amphibalanus eburneus)  (Schizobrachiella verrilli)
(Amphibalanus eburneus) Sponges Oyster
Striped Acorn (Demospongiae) (Crassostrea virginica)
Barnacle Striped Acorn Sponges
(Amphibalanus Barnacle (Demospongiae)
amphitrite) (Amphibalanus
Eastern Oyster amphitrite)
(Crassostrea virginica)
Melbourne Biofilm Biofilm Biofilm
Shores Ivory Barnacle Ivory Barnacle Ivory Barnacle
(Amphibalanus eburneus)  (Amphibalanus eburneus) (Amphibalanus eburneus)
Eastern Oyster Eastern Oyster Eastern Oyster
(Crassostrea virginica) (Crassostrea virginica) (Crassostrea virginica)
Sponges Sponges Sponges
(Demospongiae) (Demospongiae) (Demospongiae)
Striped Acorn Striped Acorn Striped Acorn
Barnacle Barnacle Barnacle
(Amphibalanus (Amphibalanus (Amphibalanus
amphitrite) amphitrite) amphitrite)
Sebastian Biofilm
Encrusting Bryozoan
Biofilm Biofilm

Ivory Barnacle

(Amphibalanus eburneus)

Eastern Oyster

(Crassostrea virginica)

Ivory Barnacle

Eastern Oyster

(Crassostrea virginica)

(Amphibalanus eburneus)

(Schizobrachiella verrilli)
Ivory Barnacle
(Amphibalanus eburneus)

Eastern Oyster

(Crassostrea virginica)
Sponges Sponges Sponges
(Demospongiae) (Demospongiae) (Demospongiae)
Striped Acorn Striped Acorn Striped Acorn
Barnacle Barnacle Barnacle
(Amphibalanus (Amphibalanus (Amphibalanus
amphitrite) amphitrite) amphitrite)
Table 4. Mobile organisms noted upon inspection of the oyster mats during the three assessment periods
listed alphabetically.
October February June
Dock Location (26.7 £ 0.33 °C) (17.7 £ 1.40 °C) (30.5 +1.56 °C)
Assessment Assessment Assessment
Cape Canaveral Green Porcelain Crab Frillfin Goby
(Petrolisthes armatus) (Bathygobius soporator) Frillfin Goby
Marine Snail Gammarid Amphipod (Bathygobius soporator)
(Gastropoda) (Gammarus mucronatus) ~ Gammarid Amphipod
Mud Crabs Green Porcelain Crab (Gammarus mucronatus)
(Panopeus herbstii, (Petrolisthes armatus) Thinstripe Hermit Crab
Dyspanopeus sayi) Marine Isopod

Thinstripe Hermit Crab
(Clibanarius vittatus)

(Sphaeroma terebrans)
Marine Worm
(Capitella capitata)

(Clibanarius vittatus)
Marine Isopod

(Sphaeroma terebrans)
Marine Worm

Mud Crabs (Capitella capitata)
(Panopeus herbstii, Mud Crabs
Dyspanopeus sayi) (Panopeus herbstii,

Thinstripe Hermit Crab Dyspanopeus sayi)
(Clibanarius vittatus)
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Bigclaw Snapping
Shrimp
(Alpheus heterochaelis)
Green Porcelain Crab
(Petrolisthes armatus)
Mud Crabs
(Panopeus herbstii,
Dyspanopeus sayi)
Stone Crab
(Menippe mercenaria)

Frillfin Goby
(Bathygobius soporator)
Green Porcelain Crab

(Petrolisthes armatus)

Marine Worm

(Capitella capitata)
Mud Crabs

(Panopeus herbstii,

Dyspanopeus sayi)

Frillfin Goby
(Bathygobius soporator)
Green Porcelain Crab

(Petrolisthes armatus)
Marine Isopod
(Sphaeroma terebrans)

Mud Crabs

(Panopeus herbstii,
Dyspanopeus sayi)

Melbourne Thinstripe Hermit Crab Thinstripe Hermit Crab Thinstripe Hermit Crab
Beach (Clibanarius vittatus) (Clibanarius vittatus) (Clibanarius vittatus)
Frillfin Goby Frillfin Goby
(Bathygobius soporator) (Bathygobius soporator)
Gammarid Amphipod Frillfin Goby Marine Isopod
(Gammarus mucronatus)  (Bathygobius soporator) (Sphaeroma terebrans)
Green Porcelain Crab Green Porcelain Crab Marine Snail
(Petrolisthes armatus) (Petrolisthes armatus) (Gastropoda)
Marine Isopod Marine Isopod Mud Crabs
(Sphaeroma terebrans) (Sphaeroma terebrans) (Panopeus herbstii,
Melbourne Marine Snail Ma‘rine Worm Dyspanopeus sayi)
Shores (Gastropoda) (Capitella capitata) Stone Crab

Marine Worm

(Capitella capitata)

Mud Crabs
(Panopeus herbstii,
Dyspanopeus sayi)

Stone Crab

(Menippe mercenaria)

Thinstripe Hermit Crab
(Clibanarius vittatus)

Mud Crabs
(Panopeus herbstii,
Dyspanopeus sayi)

Stone Crab

(Menippe mercenaria)
Thinstripe Hermit Crab
(Clibanarius vittatus)

(Menippe mercenaria)
Thinstripe Hermit Crab
(Clibanarius vittatus)
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Table 4. Cont.
October February June
Dock Location (26.7 £ 0.33 °C) (17.7 £ 1.40 °C) (30.5 + 1.56 °C)
Assessment Assessment Assessment

Sebastian Atlantic Blue Crab

Shrimp (Armases ricordi)
Bigclaw Snapping (Alpheus heterochaelis) Bigclaw Snapping
Shrimp Decorator Crab (Libinia Shrimp
(Alpheus heterochaelis) dubia) Frillfin Goby
Caribbean Spiny Lobster (Bathygobius soporator)
(Panulirus argus) Gammarid Amphipod (Caprella penantis)
Daggerblade Grass (Gammarus mucronatus) Caribbean Spiny
Shrimp Green Porcelain Crab Lobster
(Palaemonetes paludosus) (Petrolisthes armatus) (Panulirus argus)
Frillfin Goby Marine Worm Frillfin Goby
(Bathygobius soporator) (Capitella capitata) (Bathygobius soporator)

Bigclaw Snapping

(Alpheus heterochaelis)
Caprellid Amphipod

Green Porcelain Crab Mud Crabs Gammarid Amphipod

(Petrolisthes armatus) (Panopeus herbstii, (Gammarus mucronatus)
Marine Snail Dyspanopeus sayi) Green Porcelain Crab
(Gastropoda) Stone Crab (Petrolisthes armatus)
Mud Crabs (Menippe mercenaria) Mud Crabs

(Panopeus herbstii,
Dyspanopeus sayi)

(Panopeus herbstii,
Dyspanopeus sayi)

Stone Crab Oyster Toadfish
(Menippe mercenaria) (Opsanus tau)
Thinstripe Hermit Crab -Stone Crab

(Menippe mercenaria)
Thinstripe Hermit Crab
(Clibanarius vittatus)

(Clibanarius vittatus)

The benthic community composition tested through a PERMANOVA was found to be
significant for both season and location (p < 0.05). Taking a closer look at localized seasonal
variation through MDS plots, Melbourne Shores, and Sebastian failed to succeed where Cape
Canaveral and Melbourne Beach demonstrated a stronger structure in terms of seasonal
differences (Figure 3). A SIMPER analysis generated the functional groups most influenced by
season and thus driving the differences. Between October and February, these were barnacles,
biofilm, encrusting bryozoan, and oysters. From February to June, encrusting bryozoan, biofilm,
oysters, barnacles, and sponge were most impacted. Species such as barnacles, biofilm, oysters,
and sponges were most impacted and had the greatest change between October and June.

In general, the Shannon Weiner Diversity Index revealed a greater diversity during the
warmest assessment in June. All docks were observed to have an increase in diversity from October
to February, which was significant for Melbourne Shores, Melbourne Beach, and Sebastian. June
assessments also had higher diversity, which were similar or higher to the February assessment.
There were significant diversity values between these two assessment periods for Cape Canaveral
(Figure 4). Significance was also observed between the cooler month of October to the warmest
month of June for Cape Canaveral, Melbourne Shores, and Melbourne Beach.
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Figure 3. MDS plot of the four assessed dock locations with season as a factor.
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.

0.8 |
0.6
0.4
0.2
0
Cape Melbourne Melbourne  Sebastian
Canaveral Beach Shores

B October MFebruary OJune

Figure 4. Shannon Weiner Diversity calculations for the October (26.7 ° C), February (17.7 ° C), and June (30.5

° C) assessment periods. The asterisks (*) denote statistical significance.
3.2. Mat Cementation

Cementation data that reported the percentage of the benthic organisms attached directly
from the oyster mat to the dock piling is presented in Figure 5. During warm months, cementation
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was driven by the presence of barnacles, sponges, and encrusting bryozoan. Oysters were also

Percent Cover (%)
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present on the back of the mats, but they were not found to aid in cementation and were thus not
included in cementation calculations. Cementation in the cooler months was dominated by sponge
coverage. Results from the two-way RMANOVA showed a significant difference (p < 0.05) for
cementation across the three settlement periods. All sites demonstrated a consistent trend
increasing from October to February, and then had similar rates for June. Overall, the highest
cementation was observed during the February and June assessments.

I I s

Cape* Melbourne* Melbourne* Sebastian*
Canaveral Beach Shores

BOctober MFebruary BJune

Figure 5. Average cementation percentages with standard deviation taken from analyzing the back of the
oyster mats in the form of percent cover (%). All docks had a significant difference (p < 0.05) across seasonal
assessments denoted by an asterisk (*).

4. Discussion
4.1. Benthic Community Assessment

Temperature is a prominent driver in benthic community composition, influencing
recruitment rates and reproductive timing, so it is not surprising that it was found to influence the
community observed at the four dock locations. It is known that temperature regulates larval
development [19,20]. For example, Lathlean et al. (2013) analyzed barnacle larvae to find that post-
settlement and survival were both inversely related to temperature [21]. Nasrolahi et al. (2011)
found that barnacle larval duration was shorter by an average of 1.2 days at higher temperatures
[22]. For the settlement of bryozoans, the temperature was found to be the most important tie to
zooid size, becoming longer and wider at lower temperatures [13]. Whalan et al. (2008) analyzed
sponge larvae and found temperature had a significant effect on larval mortality at temperatures
between 22 and 36 °C[23].

Diversity of the benthic organisms was found to change both with location as well as with the
sampling period. Even though the four Living Docks have different immersion times, greater
diversity was seen during the February and June sampling months. Changes in diversity can be
affected by several different parameters, such as substrate type, as was seen in a yearlong pilot
study for Living Docks, in which diversification of oyster bags and mats were compared [7]. Located
one mile south of the Eau Gallie causeway, shells attached to mats were predominately covered
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with barnacles, compared to the shells immersed in bags, which were covered by encrusting

bryozoans, barnacles, sponges, and tunicates [7]. Between the two attachment methods, oyster
bags were observed to have a higher amount of diversity in comparison to the mats. However,
mats were ultimately chosen for restoration efforts over bags because of their low maintenance
and ease of use for citizen science. Bags, which were tied between pilings, often fell off and settled
into anoxic sediment, creating an inhospitable environment for the benthic organisms.

When pilings without the presence of oyster mats were analyzed, green algae, barnacles, and
occasionally oysters were the only organisms found (Gilligan, personal observation). The oyster
shells attached to the mats provide a natural substrate for benthic organisms to settle onto,
increasing diversity on the dock pilings. In return, the oyster mats create a small-scale ecosystem
where mobile organisms benefit from its resources. The increase in small mobile organisms then
attract larger organisms such as juvenile and adult fish to the oyster mats.

In addition, changes in mat material can also influence benthic organisms’ growth and the
subsequent diversity of the community. Soucy (2020) analyzed different mat materials for Living
Docks, including jute, coconut coir, and basalt [24]. She found that plastic oyster mats were more
suitable for longevity. Another study looking at alternatives to plastic by Hunsucker et al. (2021)
analyzed cathodically protected steel as a replacement for plastic mesh in the IRL [25]. They found
that the steel was the most successful for enhancing oyster settlement while the plastic supported
a more diverse community. Overall, future research is still needed to find a more environmentally
friendly mat material for Living Docks and oyster restoration efforts.

Including locations from the previous Living Dock studies [7,24] as well as those analyzed
during the present study, spatial differences can be observed as well as some general trends with
settlement. While the four Living Dock locations, excluding Sebastian, are located on the eastern
side of the IRL, two test locations from supporting studies [7,24] were conducted on the western
side of the IRL. The test locations on the western side were observed to have more mussel coverage
than docks located on the eastern side of the IRL. Oysters, on the other hand, were observed to
have a high presence at the southern three locations, especially when compared to Cape
Canaveral. The high presence of oysters at Sebastian was possibly due to its location. Situated close
to the inlet, the influx of oceanic saltwater could have provided beneficial nutrients to the oysters.
Barnacles were found across all four sites with growth diminishing in the south. The decrease in
distribution could be due to the increase in diversity, which creates competition between species.
Encrusting bryozoan presence was driven by the seasonal change in temperature, explaining the
high presence during the February assessments. Sponge was observed to have a high influx at all
four locations during June, with lower concentrations observed during the two other assessment
periods. Like encrusting bryozoan, sponge was also driven by the seasonal change in temperature,
preferring the warmer temperatures found in June.

Hydrodynamic conditions will also influence community diversity through the distribution of
food and spawning [26]. A by-product of eutrophication, algal blooms could have influenced
community composition of certain docks, depending on the scale of blooms. Blooms are
commonly present during IRL warmer months as a result of higher levels of nutrients entering the
system through increased rainfall. In late September (2020), an algal bloom was most prominent
near Cocoa and Merritt Island but extended from Titusville to the Eau Gallie Causeway. This
would have impacted community composition at the Cape Canaveral dock during the October
assessment.

4.2. Mat Cementation

Living Docks oyster restoration mats are attached to pilings via zip ties. A successful immersion
is dependent on weight of organism growth, hydrodynamic conditions on the mats/pilings, and
strength of zip ties over time. Mat cementation was assessed to see how the growth begins to take
over, attaching the mats to the piling, which would be important for long-term deployments or if
zip ties may fail. All dock locations had an increase in cementation from the October to February
assessment and a decrease from February to June (excluding Melbourne Beach). This is the result
of variation in barnacle, encrusting bryozoan, and sponge abundance among the sampling periods.
Barnacles prefer to settle throughout the year while bryozoans prefer cooler periods for settlement
[27].
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A stronger presence of sponge settlement could also be related to changes in biological

activity of other benthic organisms. Wahab et al. (2011) found that sponge larvae settled and
metamorphosed faster to surfaces with biofilms [28]. For the three assessments, a majority of the
sponge was found on the posterior side of the mats. Settlement could be driven by the increased
surface area of the piling, where a higher level of biofilm accumulates on the surface versus the
mesh of the mats alone (Gilligan, personal observation). Potentially, sponge could have grown from
the piling outward onto the mat.

Sponge is very important in benthic communities as they aid as a great stabilizer [29]. In this
case, the sponge growth on the oyster mats was able to secure the mat to the piling with other
benthic organisms, specifically barnacles. Barnacle settlement is driven by flow and availability of
food, and higher drag forces are damaging for the cirri during their early life stages [26].

Increased coverage on the posterior side of the mats could be the result of the barnacle’s need to
have shelter from these higher drag forces.

Although benthic settlement may increase over time, it is not a proper indication of
cementation. Not all organism growth aids in the mat cementing to the piling, e.g., arborescent
bryozoans and sea anemones. Alternatively, the weight of the mats can outweigh cementation
processes as well, which can be problematic if the mats are not installed properly, resulting in mats
falling off pilings onto the Lagoon bottom. Cementation appears to be driven by the ideal
conditions of water quality combined with settlement cues of benthic species. It is interesting to
note that the cementation among all four dock locations is relatively the same, especially given
that there is a difference in the total immersion time of the mats. For example, Sebastian mats had
been on the dock for about 2 years, versus Cape Canaveral mats, which had been on the dock for
about 4 years.

4.3. Citizen Science

The ability to collect large data sets across vast spatial locations and over long periods of time
requires an arduous amount of work. Citizen science has been a way to obtain data while also
engaging non-professionals in scientific research. The Living Docks project is driven by citizens and
the utilization of their docks for placement of oyster restoration mats in the IRL. The creation and
deployment of the oyster mats is fully inclusive with both children and adults participating in the
process. Since the project is primarily driven by volunteers, the continuation of the initiative relies
primarily on outreach and education. Through continuing education, volunteers may be more
inclined to come forth and participate in the initiative after learning the benefits.

Projects such as Living Docks that are at a local scale and manageable by the general public
of all ages, are one way that the public can get involved and make a difference. The data obtained
from this study will provide evidence of how these oyster restoration mats help the environment
through supplementing habitat, and future research will show the Living Docks project can help
the environment by providing filtration of the water. Overall, the Living Docks project is a way to
bring the public together and support the ongoing effort to help restore water quality in the IRL.
5. Conclusions

Given the results of this study, the hypothesis was partially supported. The four Living Dock
locations were influenced biologically by the seasonal changes in temperature.

Diversity among organisms was greatest following the warmest assessment period of June
(excluding Sebastian). Overall, in a system as dynamic as the IRL, it is not only temperature that is
important. Daily tidal changes, water quality conditions, and hydrodynamic flow play an imperative
role in the distribution as well as diversity of these benthic ecosystems.

The data collected during the assessments demonstrate that filter-feeding organisms are
present throughout the IRL and will settle on the oyster mats. The type and abundance of
organisms, however, will vary based on location and time of year. This is important to note,
especially when working with the public. The absence of the hallmark filter-feeding organism, the
Eastern Oyster, is not entirely a concern for this study. Cape Canaveral was the only site without a
presence of oysters noted across all seasons, possibly due to the lack of a pre-established
population within the area. However, oysters appear to be in great abundance during certain
periods of the year and may also be covered by other benthic organisms, making them visually
harder to see. Other organisms present on the mats are also known to contribute to the reduction
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in algal biomass and suspended particulates, potentially filling different niches regarding

particulate sizes that one species alone cannot provide. Ultimately, the Living Docks mats have
proven to be a method that is conducive to citizen science and are successful at promoting the
growth of benthic filter-feeding organisms for improved water clarity as well as habitat structure.

Author Contributions: Conceptualization, RW., K.H. and M.G.; methodology, RW., K.H. and M.G.; software,
M.G., RTW, S.R., A.S. and R.B.; validation, M.G., K.H. and R.W.; formal analysis, M.G. and RT.W.; investigation,
M.G., S.R., A.S. and R.B.; resources, K.H. and R.W.; data curation, M.G.; writing— original draft preparation,
M.G.; writing—review and editing, M.G., K.H. and R.W.; visualization, M.G.; supervision, M.G.; project
administration, M.G.; funding acquisition, K.H. and R.W. All authors have read and agreed to the published
version of the manuscript.

Funding: Support for this research was provided by the Indian River Lagoon Research Institute at the Florida
Institute of Technology as a part of the Living Docks Project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Request to the corresponding author of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lapointe, B.E.; Herren, LW.; Debortoli, D.D.; Vogel, M.A. Evidence of Sewage-Driven Eutrophication and Harmful Algal Blooms in Florida’s
Indian River Lagoon. Harmful Algae 2015, 43, 82—102. [CrossRef]

2. US Census Bureau. Annual Estimates of the Resident Population: 1 April 2010, to 1 July 2013; US Census Bureau: Washington, DC, USA, 2014.

3 Harris, G.P. Phytoplankton Ecology: Structure, Function, and Fluctuation; Chapman and Hall: New York, NY, USA, 1986.
Gilligan, M. A Biological Assessment of Oyster Restoration Mats throughout the Indian River Lagoon: Changes in Community Composition
and Filtration Capacity of Living Docks. Master’s Thesis, Florida Tech, Melbourne, FL, USA, 2021.

5. Barbier, E.B.; Hacker, S.D.; Kennedy, C.; Koch, E.W.; Stier, A.C.; Silliman, B.R. The value of estuarine and coastal ecosystem services. Ecol.
Monogr. 2011, 81, 169-193. [CrossRef]

6. Hughes, D.; Cook, E.; Sayer, M. Biofiltration and biofouling on artificial structures in Europe: The potential for mitigating organic impacts. In
Oceanography and Marine Biology: Annual Review, 1st ed.; CRC Press: New York, NY, USA, 2005; Volume 43, pp. 43123-43172.

7. Weaver, R.J.; Hunsucker, K.; Sweat, H.; Lieberman, K. The Living Dock: A Study of Benthic Recruitment to Oyster Substrates Affixed to a Dock
in the Indian River Lagoon. Mar. Technol. Soc. J. 2018, 52, 7-18. [CrossRef]

8. Bromley, C.; McGonigle, C.; Ashton, C.E.; Roberts, D. Restoring Degraded European Native Oyster, Ostrea Edulis, Habitat: Is There a Case for
Harrowing? Hydrobiologia 2015, 768, 151-165. [CrossRef]

9.  Christiansen, R. Living Docks: Structural Implications and Determination of Force Coefficients of Oyster Mats on Dock Pilings in the Indian
River Lagoon. Master’s Thesis, Florida Institute of Technology, Melbourne, FL, USA, 2020.

10. Dean, T.; Hurd, L. Development in an estuarine fouling community: The influence of early colonists on later arrivals. Oecologia 1980, 46,
295-301. [CrossRef] [PubMed]

11. Freestone, A.; Osman, R.; Whitlatch, R. Latitudinal gradients in recruitment and community dynamics in marine epifaunal communities:
Implications for invasion success. Smithson. Contrib. Mar. Sci. 2009, 38, 247-258.

12. Janiak, D.S.; Osman, R.W.; Whitlatch, R.B. The role of species richness and spatial resources in the invasion success of the colonial ascidian
Didemnum vexillum in eastern Long Island Sound. J. Exp. Mar. Biol. Ecol. 2013, 443, 12—-20. [CrossRef]

13.  Amui-Vedel, A.; Hayward, P.J.; Porter, J.S. Zooid size and growth rate of the bryozoan Cryptosula pallasiana Moll in relation to temperature,
in culture and in its natural environment. J. Exp. Mar. Biol. Ecol. 2007, 353, 1-12. [CrossRef]

14. Koopmans, M.; Wijffels, R.H. Seasonal growth rate of the Sponge Haliclona oculata (Demospongiae: Haplosclerida). Mar. Biotechnol. 2008,
10, 502-510. [CrossRef]

15. Indian River Lagoon Species Inventory Home (n.d.). Available online: https://irlspecies.org/index.php (accessed on 5 April 2021).

16. Schneider, C.A.; Rasband, W.S.; Eliceiri, KW. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671-675. [CrossRef]
[PubMed]

17. RStudio Team. RStudio: Integrated Development for R; RStudio PBC: Boston, MA, USA, 2020. Available online: http://www.rstudio. com/
(accessed on 5 April 2022).

18. Oksanen, F.; Blanchet, G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos, P.; et al.
Vegan: Community Ecology Package; R package version 2.5-7. Available online: https://CRAN.R-project.org/package= vegan (accessed on 5
April 2022).

19. Thorson, G. Reproduction and larval ecology of marine bottom invertebrates. Biol. Rev. Camb. Philos. Soc. 1950, 25, 1-45. [CrossRef]

[PubMed]


http://doi.org/10.1016/j.hal.2015.01.004
http://doi.org/10.1016/j.hal.2015.01.004
http://doi.org/10.1890/10-1510.1
http://doi.org/10.1890/10-1510.1
http://doi.org/10.4031/MTSJ.52.4.6
http://doi.org/10.4031/MTSJ.52.4.6
http://doi.org/10.1007/s10750-015-2544-2
http://doi.org/10.1007/s10750-015-2544-2
http://doi.org/10.1007/BF00346255
http://doi.org/10.1007/BF00346255
http://www.ncbi.nlm.nih.gov/pubmed/28310035
http://www.ncbi.nlm.nih.gov/pubmed/28310035
http://www.ncbi.nlm.nih.gov/pubmed/28310035
http://doi.org/10.1016/j.jembe.2013.02.030
http://doi.org/10.1016/j.jembe.2013.02.030
http://doi.org/10.1016/j.jembe.2007.02.020
http://doi.org/10.1016/j.jembe.2007.02.020
http://doi.org/10.1007/s10126-008-9086-9
http://doi.org/10.1007/s10126-008-9086-9
https://irlspecies.org/index.php
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.rstudio.com/
http://www.rstudio.com/
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
http://doi.org/10.1111/j.1469-185X.1950.tb00585.x
http://doi.org/10.1111/j.1469-185X.1950.tb00585.x
http://doi.org/10.1111/j.1469-185X.1950.tb00585.x
http://www.ncbi.nlm.nih.gov/pubmed/24537188
http://www.ncbi.nlm.nih.gov/pubmed/24537188
http://www.ncbi.nlm.nih.gov/pubmed/24537188

J. Mar. Sci. Eng. 2022, 10, 823 14 of 14

20.

Hoegh-Guldberg, O.; Pearse, J.S. Temperature, food availability, and development of marine invertebrate larvae. Am. Zool. 1995, 35, 415—

21.

22.

23.

24.

25.

26.

27.
28.

29.

425. [CrossRef]

Lathlean, J.A.; Ayre, D.J.; Minchinton, D.E. Temperature Variability at the Larval Scale Affects Early Survival and Growth of an Intertidal
Barnacle. Mar. Ecol. Prog. Ser. 2013, 475, 155-166. [CrossRef]

Nasrolahi, A.; Pansch, C.; Lenz, M.; Wahl, M. Being Young in a Changing World: How Temperature and Salinity Change Interactively Modify
the Performance of Larval Stages of the Barnacle Amphibalanus Improvisus. Mar. Biol. 2011, 159, 331-340. [CrossRef]

Whalan, S.; Ettinger-Epstein, P.; de Nys, R. The Effect of Temperature on Larval Pre-Settlement Duration and Metamorphosis for the Sponge,
Rhopaloeides Odorabile. Coral Reefs 2008, 27, 783—-786. [CrossRef]

Soucy, B. Alternative Material Selection for Oyster Restoration with an Emphasis on Living Docks. Master’s Thesis, Florida Institute of
Technology, Melbourne, FL, USA, 2020.

Hunsucker, K.; Melnikov, A.; Gilligan, M.; Gardner, H.; Erdogan, C.; Weaver, R.; Swain, G. Cathodically Protected Steel as an Alternative to
Plastic for Oyster Restoration Mats. Ecol. Eng. 2021, 164, 106210. [CrossRef]

Larsson, A.l.; Jonsson, P.R. Barnacle Larvae Actively Select Flow Environments Supporting Post-Settlement Growth and Survival. Ecology
2006, 87, 1960-1966. [CrossRef]

Mook, D.H. Studies on fouling invertebrates in the Indian River |. Seasonality of settlement. Bull. Mar. Sci. 1976, 26, 611-615.

Wahab, M.A.; Muhammad, A.; de Nys, R.; Whalan, S. Larval Behaviour and Settlement Cues of a Brooding Coral Reef Sponge. Coral Reefs
2011, 30, 451-460. [CrossRef]

Bell, J.J. The functional roles of marine sponges. Estuar. Coast. Shelf Sci. 2008, 79, 341-353. [CrossRef]


http://doi.org/10.1093/icb/35.4.415
http://doi.org/10.1093/icb/35.4.415
http://doi.org/10.3354/meps10105
http://doi.org/10.3354/meps10105
http://doi.org/10.1007/s00227-011-1811-7
http://doi.org/10.1007/s00227-011-1811-7
http://doi.org/10.1007/s00227-011-1811-7
http://doi.org/10.1007/s00338-008-0400-9
http://doi.org/10.1007/s00338-008-0400-9
http://doi.org/10.1016/j.ecoleng.2021.106210
http://doi.org/10.1016/j.ecoleng.2021.106210
http://doi.org/10.1890/0012-9658(2006)87%5B1960:BLASFE%5D2.0.CO;2
http://doi.org/10.1890/0012-9658(2006)87%5B1960:BLASFE%5D2.0.CO;2
http://doi.org/10.1007/s00338-011-0727-5
http://doi.org/10.1007/s00338-011-0727-5
http://doi.org/10.1016/j.ecss.2008.05.002
http://doi.org/10.1016/j.ecss.2008.05.002

