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Testing biodegradable interventions to disrupt plant—
animal feedbacks and promote seagrass establishment
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Biogeochemical and physical feedbacks are well known to prevent ecosystem recovery even after initial disturbance factors are miti-
gated. However, multi-trophic interactions that may maintain disturbed areas have received less attention, despite their potential impor-
tance in mediating restoration success. In this study, we surveyed stingray feeding pits and ghost shrimp burrows to explore the
potential role of these predator—prey disturbance agents in maintaining denuded areas within seagrasses, and experimentally excluded
stingrays with a low-cost, biodegradable restoration approach—bamboo stakes—to test if limiting predator access could facilitate sea-
grass recovery. The multi-site survey revealed high densities of ray pits (approximately 0.9 m~?) and ghost shrimp burrows (>60 m?)
in bare and seagrass meadow edge areas, and zero to low ray pit and shrimp burrow densities (<0.01 and <28 m~2, respectively) in areas
with seagrass cover above 50%. Over 12 months, the experiment using bamboo stakes—deployed in either a grid or perimeter forma-
tion at the center and seagrass-adjacent edge of bare patches at two sites, where both bioturbators were present—revealed that both bam-
boo formations reduced ray pits and facilitated seagrass establishment. However, the newly established seagrass became buried by
ghost shrimp bioturbation, which drove sediment deposition rates of approximately 10 cm per year. Even along the seagrass edge
where seagrass could recover via rhizome expansion, our observations suggest that seagrass colonization was limited by burial.
Together, these results suggest that layered approaches to interrupting both trophic and bioturbation interactions may be necessary
to reestablish seagrass when multiple inhibitory processes are present.

Key words: Callianassidae, Dasyatidae, exclusion, habitat mosaic, Lepidophthalmus louisianensis, sandprawns, seagrass
patterns, trophic interactions, yabbies

these ecosystems are being degraded worldwide due to local and
global disturbances such as coastal development, shifts in food
webs, extreme weather events, and anthropogenic climate change
(Hoegh-Guldberg & Bruno 2010; He & Silliman 2019). In
response, increased investments are being made worldwide to

Implications for Practice

e Bamboo offers a cost-effective, biodegradable strategy to
catalyze seagrass restoration by interrupting stingray bio-
turbation and facilitating seagrass establishment. How-
ever, if other bioturbators (e.g. ghost shrimp) are active,
bamboo alone may be insufficient to facilitate long-term
establishment.

e Evaluating burial potential by ghost shrimp and other biotur-
bators is necessary to inform seagrass restoration strategies.

e Ghost shrimp and stingray bioturbation declined with
Halodule wrightii cover above 50%, suggesting that res-
toration projects should aim to exceed such threshold to
become self-sustaining.

e Consideration of multi-trophic interactions occurring in
unvegetated areas may be key to guiding restoration

restore coastal ecosystems with varying success (Fonseca 2011;
Bayraktarov et al. 2016; Duarte et al. 2020). Restoration strategies
based on a mechanistic understanding of ecological processes are
needed to reach international goals of restoration success
(Waltham et al. 2020; Silliman et al. 2024). Developing such strat-
egies is particularly important in ecosystems such as seagrass
meadows, which have low restoration success rates (<40% suc-
cess) (Bayraktarov et al. 2016).
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efforts. Where both predator and prey exhibit redundancy
in driving disturbance (e.g. both function as intensive bio-
turbators), removing the predator may not suffice for eco-

system recovery.

Introduction

Vegetated coastal ecosystems such as seagrasses, marshes, and
mangroves provide multiple ecosystem services such as improved
water quality, coastal protection, carbon storage, habitat for biodi-
versity, and fisheries maintenance (Barbier et al. 2011). However,
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Testing biodegradable aids for seagrass restoration

Changes in environmental stress regimes and/or the loss of
predators can provoke difficult-to-reverse shifts to alternative
bare or degraded ecosystem states that are reinforced by positive
feedbacks (Scheffer et al. 2001; McGlathery et al. 2013; van der
Heide et al. 2021). Coastal restoration often aims to shift ecosys-
tems from a deteriorated state to a more desirable condition
(e.g. from unvegetated to vegetated) (Fonseca 2011). However,
responses are often not linear due to the feedbacks that become
established in degraded areas (Beisner et al. 2003; Silliman
et al. 2023). For this reason, recovering coastal ecosystems is
often slow and difficult, even when the initial source of degrada-
tion is mitigated (Lotze et al. 2011; Furman et al. 2019). Over-
coming these inhibiting feedbacks is, therefore, crucial for
successful restoration (Silliman et al. 2023, 2024; Temmink
et al. 2023).

Some seagrass meadows are characterized by mosaics of
vegetated and unvegetated states driven by a range of physi-
cal, chemical, and/or biotic feedbacks (Maxwell et al. 2017;
Uhrin & Turner 2018). For example, vegetated states can be
reinforced where seagrass attenuates hydrodynamic energy
and traps sediment, improving light conditions that promote
its own growth (Van Der Heide et al. 2007; Carr et al. 2010).
However, if disturbances remove seagrass, positive feed-
backs associated with low hydrodynamic attenuation, higher
sediment resuspension, and low light availability can rein-
force a persistent unvegetated state (Van Der Heide
et al. 2007; Carr et al. 2010; McGlathery et al. 2013) and
hamper restoration success (Moksnes et al. 2018; Paulo
etal. 2019). Understanding these feedbacks, especially those
mediated by trophic interactions, which remain less studied
than physical and chemical feedbacks (Maxwell
et al. 2017), is essential for improving seagrass restoration
and management. Research focused on developing tech-
niques to overcome these factors and improve restoration
success rates is therefore urgently needed.

Stingrays are a globally pervasive predator within seagrass
ecosystems (De Angelo et al. 2014; Elston et al. 2021) that
act as bioturbators by excavating holes as they forage on
benthic infauna (Freitas et al. 2019) such as polychaetes
(Berke 2022), callianassid shrimps, also known as ghost
shrimps (Takeuchi & Tamaki 2014), and bivalves
(Orth 1975; Peterson et al. 2001). This feeding behavior can
affect seagrass by uprooting shoots and rhizomes (Orth 1975;
Fonseca et al. 1994; Townsend & Fonseca 1998) and creating
high rates of sediment turnover (O’Shea et al. 2012; Takeu-
chi & Tamaki 2014; Nauta et al. 2024). High densities of sting-
ray feeding pits are often observed in bare areas within
seagrass meadows or along seagrass meadow edges, and only
occasionally occur within dense seagrass meadows, reinfor-
cing the persistence of bare areas (Orth 1975; Fonseca
et al. 1994; Takeuchi & Tamaki 2014). Bare areas within sea-
grass habitat, whether established via natural processes, such
as hydrodynamic disturbances (Uhrin & Turner 2018) or artifi-
cially created (Paling et al. 2009; Cannon et al. 2022), promote
stingray activity. This triggering of stingray bioturbation can
prevent seagrass establishment and negatively impact seagrass

restoration efforts where early stages typically include rela-
tively sparse outplants (Fonseca et al. 1994; Greening 2004).
Given that stingray bioturbation is common worldwide,
research investigating stingray-associated disturbance and
food web processes as drivers of feedbacks is needed to
improve the success of seagrass restoration efforts and advance
restoration science.

Persistence of unvegetated patches may result from multi-
ple bioturbation processes. Among these, burrowing crusta-
ceans such as ghost shrimps have been shown to interact
with seagrass and influence landscape patterns through sed-
iment disturbance (DeWitt 2009 and references therein).
Ghost shrimp bioturbation can occur alongside bioturbation
by stingrays, who can feed on ghost shrimps (Takeuchi &
Tamaki 2014). Seagrass transplants can be hindered by
ghost shrimp bioturbation through burial (e.g. Watson
et al. 2023). However, results are variable, and some studies
have reported transplant survival even in the presence of
ghost shrimps (Berkenbusch et al. 2007). While interactions
between ghost shrimps and seagrass have been studied in
different regions (DeWitt 2009), no studies to our knowl-
edge have explored these dynamics in the Northern Gulf of
Mexico, where both bioturbators have been observed to co-
occur within persistent bare patches adjacent to seagrass
meadows (authors observations). Moreover, studies focused
on the combined role of stingrays, ghost shrimps, and sea-
grass remain scarce.

Here, we investigate how bioturbation by stingrays (Dasyati-
dae) and ghost shrimps influences seagrass establishment to
inform seagrass restoration through (1) a survey of seagrass
cover, ray pit density and ghost shrimp burrow density to char-
acterize broad spatial patterns in an estuarine environment
(Fig. 1A); (2) an experiment to test the use of “lightly assisted
recovery” (Chazdon et al. 2021) with biodegradable interven-
tions (bamboo exclosures) to disrupt stingray bioturbation that
may be reinforcing bare areas (Fig. 1B); and (3) monitoring
whether ghost shrimp presence would hamper seagrass recruit
persistence due to burial, as observed in prior studies in other
regions, within the bamboo exclosures (Fig. 1B). The ultimate
goal was to inform seagrass habitat restoration planning in the
northeastern Gulf of Mexico by understanding why seagrass is
not establishing in bare areas while testing an option to reduce
stingray pressure and evaluating the burial potential of ghost
shrimps. In this study we adopt the term “lightly assisted recov-
ery” to refer to seagrass restoration actions that reduce stressors
or feedbacks that prevent seagrass recruitment, thereby allowing
natural recolonization without actively seeding or transplanting,
which is costly and potentially damages donor areas. Further-
more, by using bamboo exclosures we aimed to test a deterrent
method that is easy-to-deploy and uses natural, biodegradable
materials.

We hypothesized that excluding stingrays with bamboo
stakes could create a window of opportunity (Balke
etal. 2014) for natural seagrass settlement by disrupting the pos-
itive stingray bioturbation feedback (H;) (Fig. 1B). We also
hypothesized that bamboo exclosures with a grid array would
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Figure 1. Conceptual diagrams illustrating (A) the bioturbation feedback hypothesis, explaining the persistence of unvegetated areas; and (B) the hypothesis that
bamboo can support “lightly assisted recovery” by facilitating initial seagrass establishment without transplants, but this can be hampered over time by burial

from ghost shrimps.

exclude more stingrays than those with a perimeter array (H,),
and that exclosures located at the meadow edge would experi-
ence faster seagrass colonization compared to those within the
unvegetated areas due to the potential for rhizome expansion
from adjacent seagrass (Hs). Finally, we hypothesized that ghost
shrimp bioturbation could cause burial and that excluding sting-
rays may not be sufficient to allow seagrass reestablishment in
the long term (Hy) (Fig. 1B). Collectively, this work expands
the understanding of trophic-mediated positive feedbacks in sea-
grass meadows which may prevent successful seagrass restora-
tion efforts and advances the knowledge on assisted restoration
approaches to overcome these feedbacks.

Methods

Study Site

The study was conducted in East Bay, a region of St. Andrew
Bay, Florida (30.0802°N, 85.5482°W). This area has been his-
torically dominated by extensive seagrass beds of Halodule
wrightii, Thalassia testudinum, and Ruppia maritima in the
shallow subtidal, with occasional Syringodium filiforme and
Halophila engelmannii along the deeper edge of beds
(Fitzhugh et al. 2018) and discrete bare areas observable within
the beds (Fig. 2). The area is characterized by an average tidal
amplitude of 0.6 m during spring tides and 0.06 m during neap
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Figure 2. Location of the field site (30.0802°N, 85.5482°W) and the 11 bare areas where ray pits, seagrass cover, and burrow openings were surveyed. Color is
used to identify two types of areas found (blue with confirmed ghost shrimps and orange without confirmed ghost shrimps); the intensity gradient within each of

the two colors was only used to distinguish the individual locations.

tides, high salinity (average approximately 20 with a maximum
of approximately 35), and annual average, maximum, and min-
imum water temperatures of approximately 26°C, approxi-
mately 35°C, and approximately 10°C, respectively (data
source: Florida Department of Environmental Protection’s
Watershed Information Network). Prompted by local stake-
holders interested in expanding seagrass habitat in the area to
enhance coastal protection, we identified persistent bare areas
within seagrass beds using Google Earth (Fig. S1). From these,
11 representative bare areas were selected to perform surveys
(Fig. 2). Areas 1, 3, 9, and 10 were connected to tidal creeks,
areas 2, 6, and 8 were next to marsh or ghost forests, and areas
5,7, and 11 were surrounded by seagrass and disconnected from
the shoreline (Figs. 2 & S1). These areas were already bare in the
oldest image retrieved (1945), and the origin is unknown. Area
4 was found to be a recently created bare area in June 2023,
likely caused by dredging or another form of excavation, and
was vegetated through summer 2022. An approximately 20 cm
sand layer covered the previously observed seagrass and no
ray pits were readily observable. Area 4 thus provided an oppor-
tunity to test the hypothesis that newly created bare areas are
rapidly occupied by stingrays. The study areas were located at
a depth of —0.2 and —0.4 m below mean sea level (Fig. 2).

Ray Pits, Shrimp Burrows, and Seagrass Cover Surveys

To investigate the presence of bioturbated bare areas across this
estuarine seagrass landscape, we surveyed the 11 selected bare
areas for stingray feeding pits and shrimp burrows in June

2023 (Fig. 2). As no pits were observed in area 4 during the ini-
tial survey, this area was re-surveyed in July 2023, at which time
stingray pits were present. At each bare area, ray pits were quan-
tified along a pair of transects 20-30 m length x 2 m width run-
ning parallel to the edge of the bare area, with one transect
located 1 m inside the meadow and the other 5-10 m inside
the bare area. In addition, a third transect located along the
meadow edge was surveyed in areas 1, 4, 8, 9, 10, and 11 to
assess bioturbation in the meadow edge and identify a potential
seagrass cover % threshold for bioturbation presence. Pit depth
and diameter were measured with a ruler. Visual estimate of the
seagrass % cover was quantified in 0.5- x 0.5-m quadrats every
2 m along the transects. The number of Callianassidae (ghost
shrimps) burrow openings was recorded in each quadrat to esti-
mate ghost shrimp abundances (Berkenbusch & Rowden 2007,
Butler & Bird 2007). Ghost shrimps were selected among other
species due to their high abundance in the target sites and their
known bioturbation potential reported in other regions
(DeWitt 2009). For the shrimp species found (Lepidophthalmus
louisianensis), resin casts studies indicate one opening per burrow
(Dworschak 2000). We used a yabby pump (vacuum-sealed bait
pump) on random burrows to verify species and occupancy of
the burrows, extracting sediment into a 4 mm mesh bait net until
a ghost shrimp was found (Skilleter et al. 2005).

“Lightly Assisted Recovery” With Bamboo Exclosures

To investigate the use of “lightly assisted recovery” techniques
to disrupt plant-animal feedbacks and facilitate seagrass
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establishment, an exclosure experiment was deployed in areas
8 and 9 in July 2022 (Fig. 2). These areas had been bare since
the oldest imagery could be retrieved (1945) and, while adjacent
seagrass habitat has been encroaching over time, the edge has
also become better defined (Fig. S2). Both areas were character-
ized by sandy sediment and found laterally adjacent to a mix of
Spartina alterniflora, R. maritima, and H. wrightii, indicating that
elevation was not a limiting factor for seagrass in the bare areas
(Fig. S3). The creek in area 9 was colonized by R. maritima. Prelim-
inary surveys showed that surrounding H. wrightii had an average
shoot density of approximately 6000 shoots/m?.

Stingray exclosures, also described in the literature as stock-
ades (e.g. Peterson et al. 2001), were constructed of biodegrad-
able bamboo stakes (50 cm long x approximately 0.6 cm
diameter) inserted 20 cm into the bottom making 0.5- x 0.5-m
plots, in one of two formations: a grid, where stakes were placed
on 10 cm centers, filling the 0.5- x 0.5-m plot; or a perimeter,
where stakes were placed in a single line every 10 cm along
the perimeter of the 0.5- x 0.5-m plot with no stakes in the inte-
rior (Fig. 3A). Control plots were marked with a bamboo stake
in one of the corners. At bare areas 8 and 9, plots were installed
at two locations within each bare area: along the seagrass
meadow edge (where seagrass cover averaged 20%—-30%) and
approximately 10 m into the interior of the bare area. At each
of the two locations within each of the two bare areas, four rep-
licate plots were installed for each of the three treatments
(i.e. grid, perimeter, and control), with 2 m spacing between
plots, resulting in a total of 24 plots per bare area
(3 treatments x 4 replicates x 2 locations) (Fig. 3B).

The experiment was monitored when the exclosures were
deployed in July 2022, and again in August 2022 (summer),
September 2022 (autumn), February 2023 (winter), and July
2023 (summer). Seagrass establishment was quantified as per-
cent cover in each plot by counting the proportion of
10- x 10-cm cells in a 0.5- x 0.5-m quadrat with seagrass
attached in the sediment. Young shoots of H. wrightii and
R. maritima could not be differentiated without disturbing the
soil to check the rhizomes. For this reason, seagrass cover was
quantified without distinguishing between these two species.
Stingray activity and ghost shrimps were also monitored by
measuring pit diameter and depth and counting shrimp burrow
counts within each plot. Ray pits were also quantified within a
1 m radius around each plot to assess activity in the surrounding
area independently from the plots themselves.

Sediment Dynamics and Seagrass Persistence

Sediment dynamics were evaluated in two ways. First, sedimen-
tation plates were installed in July 2022 in each experimental
plot and in reference plots inside the dense meadow around the
bare areas (Fig. 3A & 3B). The sedimentation plate method
was adapted from Bell et al. (1999) and consisted of acrylic
squares (10- x 10-cm and 0.5 cm thickness) to which a cord
with a mini buoy was attached for relocation on subsequent
visits (Fig. 3C). The plates were buried in a horizontal position
below the sediment surface at a minimum depth of 5 cm or
below the seagrass rhizomes using a hand shovel. Sediment

accumulation was measured by inserting a thin metal rod and
recording the depth from the plate to the sediment surface ini-
tially in July 2022 and on subsequent visits (August, September,
October 2022; February, April, May, July 2023). Second, eleva-
tion measurements of the sediment surface were obtained at
plate locations with an Real-Time Kinematic Differential Global
Positioning System (RTK dGPS) in July 2022 and July 2023,
with a vertical accuracy of 2—4 cm.

To test whether seagrass was vulnerable to sediment burial,
three biodegradable seagrass mimics made of hemp cord and
secured with a garden staple were placed inside each of the exper-
imental plots along the meadow edge, the interior of the bare area,
and in four extra unmanipulated control plots located 1 m inside
the seagrass meadow, at both bare areas 8 and 9. These mimics
were deployed in April 2023, and their burial was monitored in
May and July of that year (Fig. 3A & 3B). Mimics, rather than live
seagrass, were used because of permitting restrictions on the col-
lection and transplanting of live seagrass.

Statistical Analysis

Ray Pits, Shrimp Burrows, and Seagrass Cover
Surveys. Areas 1-4 were found to have bioturbated sediment,
but few visible burrow openings, and ghost shrimps could not be
found with the yabby pump. For this reason, these areas were
classified as “not-confirmed,” whereas areas with confirmed
ghost shrimps were classified as “confirmed.” Differences in
the density of ray pits and burrow openings between the interior
of the bare area, the seagrass meadow edge, and 1 m inside the
meadow were analyzed with linear mixed models (LMM) with
area ID as a random effect, followed by a Tukey-adjusted post
hoc test. The confirmation of ghost shrimp presence at each area
was added as a fixed effect (confirmed vs. not-confirmed). Lin-
ear regressions investigated relationships between ray pit den-
sity, ghost shrimp burrow density, and seagrass cover.
Averaged values of shrimp burrow density and seagrass cover
were used for the correlations with ray pit densities, as each tran-
sect had multiple measurements of shrimp burrows and seagrass
cover but only one value for ray pit density.

“Lightly Assisted Recovery” With Bamboo Exclosures. The
probability of a feeding pit occurring within the 0.5- x 0.5-m
plots was low, leading to zero-inflated data. For this, the effect
of treatment (control, perimeter, and grid) and time on ray pit
presence was analyzed with a Bayesian zero-inflated Poisson
(ZIP) model using the brms package in R. Differences in ghost
shrimp burrows over time were analyzed with LMMs, with
treatment and time as fixed effects and plot as a random effect.
Changes in net seagrass cover between treatments were ana-
lyzed with separate one-way analysis of variance (ANOVAs)
at each time point, followed by Tukey honest significant differ-
ence (HSD) post hoc test. This approach was chosen to focus on
treatment effects at specific times, as we expected a priori that
seasonal variation in seagrass cover could influence the overall
trends in a repeated-measures analysis (e.g. lower seagrass den-
sities in winter vs. summer). Area ID was not significant in any
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Figure 3. The field experiment design and monitoring techniques unique to this study with (A) a diagram of the “lightly assisted recovery” treatments, consisting
of a control and two formations of bamboo stakes (perimeter and grid, on the left) and images of each bamboo treatment installed in the field (on the right); (B) the
experimental layout in areas 8 and 9; and (C) a diagram of the sedimentation plate method.

model; therefore, models were simplified and did not include
area as a factor.

Sediment Dynamics and Seagrass Persistence. Net sedi-
mentation measured via sedimentation plates 12 months after
their deployment was compared to the elevation change mea-
sured with RTK DGPS using a three-way ANOVA with treat-
ment (control, perimeter, grid, and reference plots inside the
meadow), type of measurement (plates or RTK), and area ID
(areas 8 and 9) as factors, followed by Tukey HSD post-hoc test.
Areas 8 and 9 were not statistically significantly different; there-
fore, the model was simplified to a two-way ANOVA. Differ-
ences in burial rate of seagrass mimics were analyzed
separately for each plot zone. For the “interior of the bare area”
and “meadow edge” zones, LMMs with time and treatment
(control, grid, and perimeter) as fixed effects, and plot as a ran-
dom effect, were performed. The “inside meadow” zone only
had control plots without exclosures, and a LMM with time as
a fixed effect and plot as a random effect was performed. The

effect of area ID was not statistically significant; therefore, the
models were simplified. LMMs were followed by Tukey-
adjusted post hoc test.

All statistical analyses were performed using R 4.2.1 (R Core
Team 2022). Model assumptions were evaluated with the
Shapiro—Wilk test and quantile-quantile (QQ) plots, with trans-
formations applied when required. LMMs were performed with
the Ime4 package (Bates et al. 2015). LMM model significance
was tested using the Type I Wald y? test.

Results

Ray Pits, Shrimp Burrows, and Seagrass Cover Surveys

Ray pit density was greater than 18 times higher in the bare areas
and meadow edges (20.18 m™%) compared to inside the
meadows, where only one pit was found (<0.01 m~2) (y*[2]
= 67.5, p<0.001) (Fig. 4A). Ray pit densities in the newly
formed area 4, absent in June 2023 but present in July 2023,
were similar to those observed in the other bare areas surveyed
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Figure 4. Surveys of (A) ray pits and (B) ghost shrimp burrows in bare areas, meadow edges, and 1 m inside the meadow; (C) correlations between ray pit and
shrimp burrow densities; (D) ray pit density and seagrass cover; (E) shrimp burrow density and seagrass cover; and (F) an example of ray pits from aerial images
(Google Earth). Different letters in (A) and (B) indicate significant differences between groups (p < 0.001). In (A), bar plots show ray pit density per transect,
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and areas with confirmed versus not-confirmed shrimp presence. Error bars in (C) and (D) represent the standard deviation for burrow densities and seagrass cover
along each transect. Blue tones indicate areas with confirmed shrimps, while orange tones indicate areas without.

(Fig. 4A). The measured pit sizes ranged from 8 to 100 cm
diameter and 4 to 30 cm depth (Fig. S4). The survey revealed
differences in ghost shrimp burrow density between areas
5 through 11 and areas 1 through 4. Areas 5 through 11 had
higher densities of ghost shrimp burrows (>60 burrow open-
ings/m? and up to 356 m~?) in the interior of the bare area
and meadow edge compared to inside the dense meadow
(<28 burrow openings/mz) ()(2[2] =487.3, p<0.001)
(Fig. 4B). Shrimp specimens from the species Lepidophthal-
mus louisianensis were found with the yabby pump, with
sizes up to 9 cm total length (Fig. S5). In contrast, areas 1-4
bare and edge had apparent bioturbation but few burrow
openings (<48 openings/m?) (Fig. 4B); and yabby pump sam-
pling found sand tube forming polychaetes instead of ghost
shrimps. The presence of ray pits was strongly and positively

correlated with shrimp burrows in areas 5—11 where the openings
of the burrows were clearly visible but were not correlated in areas
1-4 where shrimp presence was not confirmed (Fig. 4C). Both
higher ray pit density and shrimp burrow density (when con-
firmed) were negatively correlated with seagrass cover
(Fig. 4D & 4E). Seagrass cover in the edge of the meadows ran-
ged between 1 and 40%, depending on how defined the edge
was, while the cover increased to above 50% at 1 m inside the
meadow in all 11 areas, indicating a potential threshold above
which ray pit and shrimp burrow densities decline.

“Lightly Assisted Recovery” With Bamboo Exclosures

Both exclosure types were serviceable after 1 year, except for
damage to one grid corner and one perimeter corner. The ZIP
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model indicated that both types of exclosures had fewer ray
pits compared to the control plots (edge zone: perimeter
estimate = —6.2 [95% CI: —16.5 to —1.07], and grid
estimate = —6.41 [95% CI: —16.9 to —0.98]; bare zone:
perimeter estimate = —6.8 [95% CI: —17.6 to —1.5], and
grid estimate = —6.6 [95% CI: —16.6 to —1.62]). Ray pits
were absent in bamboo plots but present in control plots or
1 m around the plots during all sampling events, except in
winter (February) when none were observed (Fig. 5SA &
S6). LMMs indicated that shrimp burrows were present at
every sampling event and occurred at similar densities across
treatments (meadow edge: ;(2(2) =2.6, p=0.2; and bare
area: y*(2)=1.7, p=0.4) and over time, except for
September 2022 which had slightly fewer burrows than July
2023 in the bare interior (meadow edge: ;(2(3) =32,
p = 0.7; and bare area: ;(2(3) = 12.8, p < 0.05) (Fig. 5B).

New seagrass shoots rooted in the sediment were observed
within the exclosures over the 12-month experiment, with no
significant differences in seagrass cover between exclosure
types (Fig. 6). The number of new rooted plants per grid cell ran-
ged between 1 and 3 for both types of exclosures. While the
cover of new recruits initially increased, it remained relatively
constant for the rest of the experiment, and burial of some shoots
was observed.

Sediment Dynamics and Seagrass Persistence

The sedimentation plates indicated sediment accretion over time
within all bare area and meadow edge plots, where ghost shrimp

presence was confirmed, regardless of treatment (Fig. S7), with
average rates of approximately 10 cm/year and up to 20 cm
(Fig. 7A). However, the RTK GPS elevation change indicated
that the actual elevation of the sediment surface changed rel-
atively little (<5 cm/year) across all areas, indicating that the
apparent sedimentation detected by the plates was due to sed-
imentation plates effectively “sinking,” likely due to biotur-
bation mobilizing sediment from below to above the plates
(ANOVA comparing RTK GPS and sedimentation plates:
Fi7.1251=46.5, p<0.001) (Fig. 7A). Sedimentation plates
inside the meadow, where there is low or no shrimp bioturba-
tion, showed little change in sediment depth above the plates
(Fig. 7A).

Furthermore, 94% of the seagrass mimics were found buried
within the bare area (){2[1] = 46.3, p < 0.001) and meadow edge
plots (x’[1] = 31.1, p < 0.001) after 3 months, both in controls
and exclosures, while less than 24% were buried 1 m inside
the meadow (y*[1] = 0.4, p = 0.4) (Fig. 7B).

Discussion

This study investigates how stingrays and their ghost shrimp
prey can be involved in positive bioturbation feedbacks that pre-
vent seagrass establishment and persistence, respectively, thus
inhibiting colonization of bare areas and creating heterogeneity
in seagrass cover in the subtropical region of the Northern Gulf
of Mexico; and that the installation of bamboo exclosures to
inhibit one aspect of the feedback can serve as an important tool
for future restoration efforts. Bamboo exclosures could serve as

(A) Aug.22 || sept.22 || Feb.23 ||  Jul.‘23
2097 17
Q154 z
€8 10] =i . o 5 g
32 o051 K
02 00l = == =— —_——— == == = = == = =
2L .50 . =
&g 1.5 a
] 1.01 o Q Q
14 88. D [ g
’ N . A N ¢ N RS X . S
«° R N «° R O © \6‘ N «° & N
00(\ QQI( © 00(\ Q?/( © 00(\" Q% © 00'0 Q?:( ©
(8) 2 Aug.22 || sept.22 || Feb.223 ||  Jul.‘23

9 2001 é =
£ ¢ 150+ 5 F
sEo] + = = ;é=¢-g F'%?ga
2% 50
3 & 2001 .=
= 150 Q o
;3; "g 100 A El é = # $ == $ é Q E ? Q §.

c 501

Q

o N b N é \ 6 N

<© \<° < <© \<° N © <° N <© \<° &
00& ¢ © & o © c,°(\'~ & ¢ C;°(\'~ & ©
Treatment

Figure 5. (A) Ray pits and (B) ghost shrimp burrow opening density observed within experimental plots (m~2) and over four monitoring periods. Bamboo
excluded stingrays, but no significant differences between treatments were found for shrimp burrow densities. Data from the two experimental areas are pooled
(n = 8 plots/treatment). Boxplots show the 25th percentile, median, and 75th percentile, with outliers shown as solid circles.
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from the two experimental areas are pooled (n = 8 plots/treatment). Boxplots show the 25th percentile, median, and 75th percentile, with outliers shown as solid
circles. Note that there was a general seagrass cover decrease in the entire study area after winter 2022-2023, including the edge plots.

a cost-effective approach to facilitate seagrass colonization of
bare areas within a seagrass seascape by two possible mecha-
nisms: breaking the negative feedback of seedlings and rhizome
dislodgement due to stingray bioturbation and/or enhancing the
retention and establishment of floating seagrass fragments that
would otherwise drift away. However, persistent sediment turn-
over and burial by bioturbating ghost shrimp can ultimately pre-
vent the persistence of the new recruits into a permanent
seagrass patch or the expansion of the seagrass meadow edges.

The Combined Effect of Stingray and Ghost Shrimp Bioturbation
on Seagrass Colonization

Our surveys documented the presence of two seagrass states in
Halodule wrightii-dominated meadows: a densely vegetated
state with low density of stingray prey (ghost shrimp Lepi-
dophthalmus louisianensis in our study area) and low stingray
bioturbation; and a sparsely vegetated/unvegetated state charac-
terized by a high density of stingray prey and intense stingray
bioturbation, where seagrass fragments and seedlings in bare

areas, as well as clonal rhizomes at the meadow edge, were dis-
turbed by both stingray uprooting and shrimp burial.

Our results support the hypothesis that when bare areas occur
in seagrass meadows, either historically formed (decades old) or
recently created, trophically induced bioturbating feedbacks can
establish and maintain these two states. In bare areas, ghost
shrimps are abundant, reflecting a preference to burrow within
root- and rhizome-free sediment, and as deposit feeders, are
likely benefiting from being close to areas with seagrass detritus
(Kneer et al. 2008; DeWitt 2009). Ghost shrimp, in turn, may
attract stingrays, their predator, whose feeding behavior
amplifies bioturbation of sediments (Takeuchi & Tamaki 2014).
The ray pit depths found in this study were often greater than the
depth of H. wrightii rhizomes in the bed margins (approximately
1-5 cm from the sediment surface), which is enough to uproot
rhizomes or dislodge seedlings, as seen by Townsend and Fon-
seca (1998). Based on the experimental exclosure results, we
infer that stingray feeding behavior can dislodge seagrass,
thereby maintaining bare conditions favorable for ghost
shrimps, and that ghost shrimps contribute to the maintenance
of bare areas by preventing seagrass persistence through burial
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Figure 7. (A) Sedimentation plate data in the exclosure experiment and inside the meadow after 1 year, compared to RTK dGPS elevation measurements.

Elevation change and sedimentation plates after 1 year from the interior of the bare area and meadow edge were not significantly different and are shown together.
Data from the two experimental areas are pooled; and (B) number of seagrass mimics (out of the 3 per plot) buried 1 and 3 months post-deployment. Note that
mimics located 1 m inside the meadow were deployed only in control plots. Boxplots show the 25th percentile, median, and 75th percentile, with outliers shown

as solid circles.

(Suchanek 1983). Vegetated areas had very few shrimp burrows
relative to bare areas and only a single ray pit, supporting the
hypothesis that shrimp are unsuccessful at establishing in sea-
grass beds, and rays avoid feeding in them due to the lack of prey
and/or difficulty excavating in the vegetated mat, as observed in
other systems (Valentine et al. 1994; Freitas et al. 2019). Thus,
vegetated areas above a threshold (50% seagrass cover in our
system) are likely to be avoided by bioturbating shrimp and rays,
leading to the persistence of seagrass.

The appearance of new shoots within the bamboo exclo-
sures in spring and summer coincides with the period when
stingrays actively bioturbate and are likely to dislodge sea-
grass and create drift material. We observed considerably less
stingray bioturbation during winter (i.e. zero pits in our
February monitoring), consistent with observations in nearby
Gulf Coast sites like St. Joseph Bay (Valentine et al. 1994),
St. George Sound (Reidenauer & Thistle 1981), and Tampa
Bay (Fonseca et al. 1996). However, vegetative growth of
H. wrightii and Ruppia maritima does not occur in winter,
so the peak seagrass recruitment period coincides with peak
stingray abundance. Recent work suggests that seagrass
resistance will remain light-limited in this region as warming
accelerates and intensifies herbivory, further strengthening
stingray suppression of seagrass recolonization (Campbell
et al. 2024). Moreover, in this area, active ghost shrimp bur-
rows were found throughout the year in high densities, acting
as a constant stressor.

Ghost shrimps have been reported to interact with seagrass
and control ecological landscape patterns around the globe
(e.g. United States West Coast [Castorani et al. 2014;
Dumbauld & Wyllie-Echeverria 2003], New Zealand [Berken-
busch & Rowden 2007], the Caribbean [Suchanek 1983],
Philippines [Duarte et al. 1997], West Coast of South Africa
[Siebert & Branch 2006]). To our knowledge, this is the first
study to report this interaction in the Northern Gulf of Mexico
with L. louisianensis. In Suchanek (1983), burrows made by
shrimp from the family Callianassidae in the tropics were
described as large cones (approximately 19 cm height) that
occur in modest densities (up to 16 m~?). In our study region,
the cones were not as apparent (<5 cm height) but were
observed in far higher densities (>60 m~2), which is in line with
previous studies on L. louisianensis burrows (Dworschak 2000).
Therefore, even without large ejection cones, high sediment
turnover rates and coverage of the substrate can still occur, par-
ticularly at high densities.

The bioturbation surveys also showed areas within the
western-most part of East Bay with high stingray bioturbation
pressure but a low density of shrimp burrow openings. We
could not confirm if the ghost shrimps were completely
absent (perhaps due to greater predation pressure or incom-
patible sediment characteristics) or had burrowed to greater
depths than the reach of the yabby pump (>50 cm depth).
Instead, sand tube-forming polychaetes were observed in this
area. As our experimental areas had ghost shrimps, it was not
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resolved whether polychaetes may have the same bioturba-
tion effect as the ghost shrimps in other sites. However, prior
studies have found effects of polychaetes on seagrass estab-
lishment in the Wadden Sea (Philippart 1994), suggesting
that burial or dislodgment of seagrass by worms could also
be a possibility in our system. Additionally, polychaetes
likely serve as an alternative food source to stingrays,
explaining the high density of pits in the area.

“Lightly Assisted Recovery” to Overcome Stingray Bioturbation
and Applications for Seagrass Restoration

This study revealed that bamboo stakes in either a grid or perim-
eter formation in 0.5- x 0.5-m plots can be effective in exclud-
ing stingrays and facilitating initial seagrass colonization. The
stakes remained serviceable for a year in shallow subtidal estua-
rine conditions with sandy substrates, although they became
more fragile and many were missing or broken (approximately
40%) approximately 18 months after deployment. We did not
detect a significant effect on ghost shrimp densities, likely
because the plots were relatively small, allowing ghost shrimps
to burrow and move freely beneath the sediment and beyond the
bamboo exclosures where they could still be predated, or
because shrimp populations may not be regulated solely by
stingray predation.

Two non-exclusive underlying mechanisms could explain the
effectiveness of the exclosures: drifting seagrass fragments are
retained and stabilized by the exclosures and/or fragments and
seedlings that can establish are protected against stingray
uprooting. Drifting seagrass fragments were observed during
summer, with some settling within the exclosures, and uprooted
rhizomes were found in ray pits outside the exclosures but not in
pit-free areas within exclosures, supporting both mechanisms
respectively. We could not determine whether new shoots orig-
inated from seeds or fragments; however, prior studies found
that rooting of floating fragments is possible in H. wrightii
(Hall et al. 2006). We suggest that both mechanisms are at play
here, with the bamboo stockades having the dual benefits of
trapping drift seagrass and excluding megabioturbators, and
future work could separate the relative importance of these two
effects. The importance of the former mechanism might be
determined in part by hydrodynamics and the supply of drift
plants, whereas the importance of the latter is determined by
the relative abundance and activity of burrowing shrimp and/or
stingrays.

Although the experiment did not capture a single seagrass
growing season in full (typically April to September), it spanned
from July to July, capturing two consecutive growing periods,
providing valuable insights into seagrass recruitment and
growth across seasonal transitions and offering guidance to
ongoing management efforts. This timing was determined by
logistical constraints, as the study was conducted in tandem with
a larger restoration project under fixed implementation
timelines.

A recent study by Laukaityte et al. (2024) also found bamboo
exclosures in circular perimeter formation with 5 cm separation
between stakes effective for megafaunal bioturbation exclusion

including stingrays. Other methods have been used to exclude
stingrays, such as wire mesh exclosure cages (Fonseca
et al. 1994), and mesh nets covering the soil (Greening 2004).
Additional methods have been used to exclude cownose rays,
such as cages made of rebar and polyethylene plastic mesh or
stockades made with metal poles separated by 25 cm (Peterson
et al. 2001). However, such non-biodegradable materials must
be removed afterwards, thereby incurring labor costs and risking
pollution of the site in the case of dislodgement, so they should
be avoided (Sakr & Altieri 2025). Conversely, bamboo is a rel-
atively inexpensive, natural biodegradable option that is envi-
ronmentally sustainable, widely available, and easily
implemented compared to other materials.

We found a threshold of approximately 50% H. wrightii
cover (alone or mixed with R. maritima or Thalassia testudi-
num), below which shrimp burrow and ray feeding pit densities
declined. Therefore, we hypothesize that approximately 50%
seagrass cover (approximately 6000 H. wrightii shoots per m*
in our site) with well-developed belowground structure would
be needed to establish conditions that will exclude ghost shrimps
and thus overcome their bioturbation. This exclusion threshold
may vary for other species (e.g. Harrison 1987). Thus, in a res-
toration context, the durability of the biodegradable exclusions
should match the time required to reach this minimum seagrass
threshold, or maintenance should be planned, particularly with a
passive restoration approach that does not involve outplants
which may be slower to establish.

Bamboo stakes could also be applied in conjunction with
active seagrass outplanting to aid in the establishment period
by both excluding rays and supplementing seagrass density
through trapping of drift material. This approach was tested in
a pilot study in West Bay, Florida, using wooden dowels
in 1- x 1-m plots with 9 planting units of H. wrightii per plot
(Hatchell et al. 2020). The dowels deterred stingrays, benefiting
transplant persistence; however, sedimentation was identified as
a limiting factor to restoration success. The pilot study did not
investigate whether ghost shrimp bioturbation, as we observed,
contributed to sedimentation.

Outplanting seagrass at sufficiently high densities could mini-
mize the abundance of shrimp and their associated risk of seagrass
burial. However, achieving such seagrass densities in restoration
areas to overcome the shrimp threshold may not be practical,
and exclusion of ghost shrimp may be necessary. Ghost shrimp
exclusion has been tested at small scales by various physical
methods (e.g. rhizome-mimic mats or burlap; Castorani
et al. 2014; Hull & Ruesink 2024; Wendlénder et al. 2020) and
chemical methods (e.g. Carbaryl; Dumbauld & Wyllie-Echever-
ria 2003), which has verified the importance of limiting shrimp
activity to improve seagrass recolonization rates. However, a
practical method for controlling shrimp bioturbation at a large
scale relevant to restoration projects has yet to be established.

Future Directions

While stakeholders in our region have expressed a desire to rees-
tablish seagrass to enhance coastal protection for adjacent
coastal infrastructure, our study highlights that bare areas within
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seagrass meadows may offer unique trophic resources
(e.g. shrimp and worms) and trophic activity (e.g. stingray feeding)
that are of significant importance to the estuarine ecological func-
tion. Natural bare areas create heterogeneity in the system, support
biodiversity, and provide feeding grounds for other species and
should not necessarily be prioritized for restoration (Skilleter &
Loneragan 2003; Leurs et al. 2023). We recommend practitioners
consider where possible whether bioturbated bare areas are natural
or human-induced (e.g. a dredge area, boat scars, or blow-out holes)
(Kenworthy et al. 2002), and consider their ecological role and spa-
tial context when planning restoration at the seascape scale.

In the specific case of Florida, short-term monitoring (<3 years)
often reports low restoration success due to early transplant failure
(Bell et al. 2014; Rezek et al. 2019); thus, addressing early-stage
failure of outplants may lead to higher long-term success. Even
so, long-term assessments, particularly of H. wrightii, have shown
that restoration sites can continue to support seagrass over time,
likely due to the spread of surviving outplants (Bell et al. 2014;
Rezek et al. 2019), suggesting that even low initial survival can
eventually lead to persistence and expansion of seagrass.

Overall, this work advances understanding of how bioturba-
tors drive ecological feedbacks and heterogeneity in vegetated
coastal systems, informing restoration approaches that are
inspired by foundational understanding of these interactions.
Promising lines of future research include investigating large-
scale exclusion of ghost shrimps in combination with stingray
control during early restoration stages to facilitate seagrass
establishment and persistence where secondary bioturbators
could be a nuisance. We recommend also accounting for the tro-
phic roles of alternative habitats when prioritizing restoration
targets at the seascape scale.
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Supporting Information
The following information may be found in the online version of this article:

Figure S1. Close-up of the areas where survey transects of stingray pits, seagrass, and
ghost shrimp burrow openings were performed.

Figure S2. Persistent bare areas where the exclosure experiment was conducted to
investigate why seagrass is not colonizing and test biodegradable interventions to pro-
mote its establishment.

Figure S3. Elevation measured with RTK DGPS in the experimental areas 8 and
9 shows that elevation was not a limiting factor for seagrass absence in the bare areas.
Figure S4. Measured dimensions of the stingray pits along the surveyed transects.
Figure S5. Examples of the ghost shrimp specimens found and identified as Lepi-
dophthalmus louisianensis.

Figure S6. Stingray feeding pits counted at each monitoring event within 1 m around
the experimental plots.

Figure S7. Sedimentation plate data over time in exclosures experiment (bare interior
and meadow edge).
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