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Abstract

1.

Habitat edges are often considered environmentally stressful areas, and as such,
research has largely focused on the impacts of physical factors in shaping these
edges. However, less is known about the relative importance of biotic disturbance

agents and bottom-up drivers in shaping habitat edges.
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addition revealed that shoreward seagrass edges experienced heightened loss in
percent cover when exposed to stingrays (p=0.037) but were not impacted by nu-
trient additions to marine sediments (p=0.13). Additionally, transplant experiments
designed to test whether stingrays could limit intertidal seagrass establishment in
higher elevation found that transplanted seagrass had a higher chance of survival
when stingrays were excluded (p <0.01), suggesting that seagrass could live higher
in the intertidal and that stingrays may limit shoreward expansion. Finally, a multi-
site observational survey demonstrated that stingray pit abundance was a strong

predictor of the distance between seagrass edge and shoreward habitats.

. Combined, these results challenge current understanding in plant ecology that

seagrass edges are controlled mainly by physical factors and instead suggest that
the structure of the seagrass shoreward edge is controlled by both physical and
biotic drivers. Our results also indicate that the relative effects of consumer dis-
turbance and physical factors in controlling edge limits are likely predicated on
consumer density: in areas with higher densities of large consumers, biotic forcing

is likely to be more important.

. Furthermore, these results could have implications for restoration in areas with

high densities of disturbance-generating foragers and align with calls for greater
inclusion of animal impacts into restoration schemes. Biotic drivers along envi-

ronmentally stressful edges are likely not limited to seagrasses and the generality
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1 | INTRODUCTION

Habitat edges are highly dynamic areas that differ from interior
habitats, and work has described how edge effects influence com-
munity structure. For example, species diversity tends to be higher
at the habitat edge compared to the interior in temperate forests,
whereas it tends to be lower at the habitat edge in tropical forests,
although patterns are variable (Willmer et al., 2022). Additionally,
unique species can be found at the habitat edge that are not found
in the habitat interior (Soria et al., 2022). Habitat edges can also
have different physical regimes, such as sediment nutrient con-
tent and sediment retention, compared to interior habitats. For
example, forest edges are found to have higher nutrient concen-
trations than the interior of forests (Weathers et al., 2001; Yang
et al., 2022), while in mussel beds, there is higher sediment re-
tention within the habitat interior than at the habitat edge (Soria
et al., 2022). In the greater context of anthropogenic habitat frag-
mentation and biological conservation, research has focused on
how edge effects impact ecological structure and functioning,
including changes to species behaviour and food web dynamics
(Cronin, 2009; Ewers & Didham, 2006; Willmer et al., 2022; Wimp
et al., 2019). Within habitat interiors, there has been extensive
exploration of the relative roles of biotic and abiotic factors in
habitat structuring (Borer & Gruner, 2009; Gerwing et al., 2016;
Liu et al., 2021; Power, 1992). However, less is known about the
relative importance of biotic and abiotic factors in shaping existing
habitat edges.

At the habitat edge, research has aimed to apply predictable pat-
terns of the importance of biotic and abiotic factors across a physical
stress gradient. For example, species zonation describes the pat-
terning of species presence across an environmental gradient while
the species interaction-abiotic stress hypothesis (SIASH) states
that environmentally stressful edges are thought to be controlled
primarily by physical factors, whereas biotic interactions are more
pertinent under amenable environmental conditions (Connell, 1961;
Louthan et al., 2015; Menge et al., 1999; Pennings & Callaway, 1992).
However, recent research suggests that observed patterns are not
as simple as predicted and underlying physical gradients may only
partially describe the patterns observed. Shepard et al. (2021) found
that the caddisfly's environmentally stressful edge extent was
not solely influenced by physical factors but also by competition.
Inversely, in environmentally amenable areas thought to be domi-
nated by biotic interactions, such as in grazing halos, research now
suggests that physical factors such as nutrients also influence those

of biotic control of habitat edges deserves further exploration across diverse

biotic control, disturbance-generating foraging, habitat edge, intertidal, nutrients, seagrass,
species interactions, stingray

halos (Bilodeau et al., 2021). Moreover, it is likely that nutrients and
consumers have an interactive effect on ecosystems, via consumer-
derived nutrients to changes in nutrient cycling from compensa-
tory growth (Bilodeau et al., 2021; Cromsigt & OIff, 2008; Holzer
& McGlathery, 2016). Nevertheless, few studies have explored the
impacts of both biotic and abiotic factors in shaping complex and
environmentally stressful habitat edges. In this study, we therefore
investigate the relative effects of biotic interaction (consumer for-
aging effects) and nutrient addition on the shoreward edge of a sea-
grass ecosystem.

Seagrass meadows are unique in that they occur in a variety
of sizes, shapes and configurations with the possibility of multiple
edges. It has long been predicted that the shoreward edge of sea-
grass is controlled by physical factors such as desiccation, and there-
fore, there has been significant research on desiccation tolerance
and photoacclimation of various species (Bjork et al., 1999; Park
et al., 2021; Tanaka & Nakaoka, 2004). There are differing accounts
of the impacts of desiccation stress on seagrass patterns of zonation
in the intertidal and it is likely highly influenced by species identity
(Bjork et al., 1999; Tanaka & Nakaoka, 2004). In fact, some work sug-
gests that there is likely a complex suite of factors that influence the
vertical distribution of intertidal seagrass, including species-specific
stress tolerance and growth responses to stress (Shafer et al., 2007).
Furthermore, previous work suggests that light or nutrient loads
may also be important in determining intertidal distribution for sea-
grass (Bjork et al., 1999; Park et al., 2021). However, there has been
limited work exploring factors other than desiccation on intertidal
seagrass shoreward edges, such as nutrients or biotic interactions.

Seagrasses are a highly productive plant foundational group that
are threatened by many global change factors such as nutrient load-
ing, pollution and coastal development (Duarte & Chiscano, 1999;
Dunic et al., 2021; Nordlund et al., 2016; Orth et al., 2006). In North
Carolina (NC), USA, seagrass loss has been attributed to increased
nutrient levels and poor water quality that is exacerbated by storms
and heavy runoff (North Carolina Department of Environmental
Quality (NCDEQ), 2021; Orth et al.,, 2006; Paerl et al., 2018;
Turschwell et al.,, 2021). Seagrasses support a variety of organ-
isms, including mobile species like salmon and waterfowl that uti-
lize meadows at discrete time periods (Chalifour et al., 2019; Kollars
etal., 2017; Nordlund et al., 2016; Turschwell et al., 2021; Unsworth
et al., 2019). Stingrays, for example, use seagrass meadows and the
area around seagrass as foraging grounds (Ambo-Rappe et al., 2021;
Townsend & Fonseca, 1998). In NC, stingrays migrate to seagrass
beds in the summer (April-September; Schwartz & Dahlberg, 1978).
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This migration overlaps with the height of seagrass production
(Wheeler et al., 2024). Stingrays are disturbance-generating bottom
foragers that use electro-receptors to hunt for buried prey such as
bivalves, crustaceans and annelids (Cross & Curran, 2004; O'Shea
et al., 2020). To dislodge prey, they use their wide bodies and mod-
ified pectoral fins to make large feeding indentations in the sedi-

ment, which are referred to as pits (Figure 1a,b; Howard et al., 1977;

B Journalof Animal Ecology |
Takeuchi & Tamaki, 2014; Townsend & Fonseca, 1998). Stingray
foraging can disrupt up to 879 cm®/m?/day of sediment (Takeuchi &
Tamaki, 2014). Furthermore, foraging is concentrated at the seagrass
edge and at depths that can disrupt seagrass root mats (Townsend
& Fonseca, 1998). The stingray-seagrass interaction likely occurs

across the multiple edges in a meadow, although little is known

about the influence stingrays have on shaping these edges.
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FIGURE 1 Photos and map illustrating (a) a stingray feeding pit with uprooted seagrass, (b) seagrass exposed at low tide with a band of
bare space between the seagrass and shoreward marsh and oyster habitat and (c) a map of where different aspects of the project occurred.
Methodologies on the map are coded by shape and colour and represent the factorial experiment, the transplantation experiment and the
sites for the observational surveys. The base map was generated in Harvard WorldMap in ArcGIS online powered by Esri. Photographs and

illustrations created by S. Valdez.
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Here, we utilize manipulative field experiments and observa-
tional surveys to explore the separate and interactive impacts of
stingray foraging and nutrient addition on the shoreward edge
of seagrass. We focused on the shoreward edge due to the ob-
served abundance of feeding pits and because this is a potential
location for bed expansion shoreward with sea level rise (Davis
et al., 2016). We first asked whether stingray foraging and nutri-
ent addition at the shoreward edge impacted the percent cover
of seagrass. Seagrass cover is often lower at the meadow edge
(Yarnall et al., 2022), and we predicted that stingray foraging be-
haviour could be disruptive at the edge of seagrass meadows by
creating foraging pits that uproot seagrass and negatively influ-
ence the percent cover of seagrass. While nutrient enrichment has
avaried response on seagrass productivity, the continued increase
in nutrient loading and research on seagrass nutrient enrichment
suggest decreased resilience to nutrients and lower seagrass
biomass (Cardoso et al., 2004; Gladstone-Gallagher et al., 2018;
Turschwell et al., 2021). Therefore, we predicted nutrient enrich-
ment would reduce cover at the shoreward edge. Combined, we
predicted that stingrays and nutrient addition could act additively
to further limit the shoreward seagrass edge. Second, in addition
to understanding impacts on the current meadow extent, we also
wanted to explore the potential for stingrays to truncate meadow
expansion. To do so, we asked whether stingrays could influence
seagrass survival higher in the intertidal than the current meadow
extent. We predicted that without stingray interference as a dis-
turbing agent, seagrass would be able to survive higher in the in-
tertidal, demonstrating a biotic control in truncating the seagrass
meadow. Finally, we asked whether stingray foraging correlated
with the distance between seagrass and shore habitats. Using ob-
servational surveys, we predicted that higher coverage of feed-
ing pits, as a proxy for stingray feeding pressure and associated
disturbance, would correlate with a longer distance between the
shore and the seagrass meadow. If our hypotheses are supported,
it would suggest a biotic interaction at the shoreward edge of sea-
grass. While we do not discount the impacts of physical forces on
the intertidal seagrass extent, as there is a finite limit to the phys-
ical stressors that seagrass can endure in the high intertidal, the
idea that biological factors can also significantly contribute to the
shoreward extent of a foundation species at the stressful edge is
counter to the current dogma and would have broad implications
for ecology and conservation.

2 | MATERIALS AND METHODS
2.1 | Site description

To test our hypotheses, we conducted a suite of field experiments
and observations. First, to understand the interaction of stingrays
and nutrient enrichment on the shoreward edge of seagrass, we con-
ducted a fully factorial field experiment. Next, we used two seagrass
transplantation experiments to explore how stingrays may influence

the shoreward extent of seagrass. Finally, to test our hypothesis
that there is a correlation between the distance from seagrass to
shore habitats and stingrays, we conducted a multi-site observa-
tional survey. All experimental tests were conducted in the Straits
in Gloucester, NC, USA (34.7244°N, 76.5496°W; Figure 1c). The
Straits are part of a larger estuarine ecosystem protected by inner
sound islands and barrier islands. This environment has saline wa-
ters and is protected against high wave action. The experimental site
was selected for: (1) a relatively continuous seagrass meadow that
naturally spanned the intertidal to subtidal zone and (2) an observed
presence of stingray feeding pits (Figure 1a,b). The observational
surveys occurred across three sounds in the same estuarine ecosys-
tem (Figure 1c). Survey sites were selected for continuous seagrass
meadows backed by non-eroding shoreline habitats that maintained
a bare, unvegetated space between the two habitats. All experimen-
tal and survey work was conducted with Institutional Animal Care
and Use Committee approval (permit number A059-21-03) and in ac-
cordance with NC Department of Environmental Quality (Scientific
and Educational Activity Permit numbers 2055740 and 707075).

There are several species of stingrays that utilize NC intertidal
areas including the Atlantic stingray (Hypanus sabinus), the south-
ern stingray (Hypanus americanus), the bluntnose stingray (Hypanus
say) and the cownose stingray (Rhinoptera bonasus). The dominant
meadow-forming seagrass species throughout the area is the trop-
ical Halodule wrightii. The meadow is intermixed with sparse Ruppia
maritima, a halophyte commonly found in seagrass meadows in
NC, and more temperate Zostera marina during the cooler months
(November-May). From here on, the seagrass community matrix will
simply be referred to as seagrass.

2.2 | Factorial experiment

To assess the independent and combined effects of stingrays
and nutrient additions on the edge of a mature seagrass bed, we
conducted a fully factorial field experiment from May 2021 until
September 2022. We manipulated stingray access to the shore-
ward edge of the seagrass bed using cages and enriched sediment
nutrients resulting in the following four treatments (n=7 for a
total of 28, 1 m? plots): (1) caged with fertilization, (2) caged with-
out fertilization, (3) no cage with fertilization and (4) no cage with-
out fertilization (Figure 2a). Plots were initially placed on the edge
of the seagrass meadow with an average of 42.7% + 1.9 SE sea-
grass cover across all plots (Figure S3; Table S2). Plots were ran-
domly assigned treatments. Cages were constructed of 20cm high
bamboo poles that were evenly spaced (20cm distance, which is
smaller than maturation size of the widely sighted Atlantic sting-
ray; Snelson et al., 1988) to limit the entrance of stingrays from the
sides and tops of the plots (Nauta et al., 2024). Bamboo posts were
monitored every month during the warmer periods (April-October
in year 1 and April-September in year 2) and once during the win-
ter. Bamboo posts were replaced as they degraded to maintain the
exclosure treatment. There was no evidence of stingrays breaking
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or removing posts and no evidence of stingray pits within caged
plots throughout the experiment. Control uncaged plots had bam-
boo posts at the diagonal corners to mark the plots. This design
allowed for access of stingrays while also unifying any effects of
bamboo addition across treatments. As an additional procedural
control to account for the disturbance of adding bamboo posts
in caged plots, non-caged plots underwent the same mechanical
disturbance with bamboo being inserted but removed so as to not
deter stingrays. The open spacing of the bamboo posts was ad-
ditionally intended to reduce impacts on water movement. Finally,
the presence of bamboo stakes could have acted as a catchment
for debris. Therefore, we removed any accumulated material from
caged plots every couple of weeks throughout the summer sea-
sons. In general, debris was only observed in the late summer sea-
son as seagrass began to senesce.

Plots were fertilized using Jobe's® Tree and Shrub Spikes. Four
spikes per plot were placed in a 30cmx30cm square centred in
the middle of the plot and completely submerged in the sediment.
Premeasured fertilizer spikes (113.3 g/spike) were chosen for their
ease of complete burial into the sediment and to limit nutrient en-
richment in the surrounding water column. Fertilizer spikes con-
sisted of 16% N, 4% P and 4% K slow-release fertilizer. Spikes were
added every 3 months totalling 289.6 gN/m?/year, 72 g P/m?/year
and 72 gK/m?/year, more than the estimated annual N budget for
Z. marina (50gN/m2/year; Hemminga et al., 1991). Plots without
nutrients received procedural control by inserting a similar sized
object into the sediment that mimicked the disturbance of adding
the nutrient stakes. In addition, the relative elevation of each plot
was quantified using a laser level and levelling rod to ensure each
plot experienced similar tidal impacts. After experimental set-up,
each plot was assessed periodically over 2years for percent sea-
grass cover. Percent seagrass cover was always estimated by the
same observer and was estimated at low tide when seagrass was
exposed to limit bias among estimates. At the end of the experi-
ment in September 2022, 100 mL of sediment was collected from
the centre of each plot. Sediments were analysed for bulk density
and total nitrogen. To measure bulk density, 25mL of the 100mL
sample was dried in a known weight tin at 60°C until a constant
weight. Bulk density was calculated from the final weight minus
the tin divided by the sample volume (g/cm®). To evaluate total
N, the remaining 75mL of the sample was sent to the University
of Georgia's Agriculture and Environmental Services Laboratory
to be analysed. Finally, to assess seagrass edge movement over a
summer with and without stingrays, a second caging experiment
ran from May to August 2023 with plots centred on the seagrass
edge (Supporting Information S1).

2.3 | Seagrass transplantation
To evaluate the shoreward boundary of seagrass with and without

stingrays, we conducted a seagrass transplant experiment. In June
2022, we transplanted 40 plugs (6 cm diameter) of seagrass at four

elevations. Plugs were only H. wrightii and no Z. marina or R. marit-
ima were observed. Half were randomly assigned to 20cmx20cm
caged plots that limited stingray access and half without caging
(n=>5 at each elevation; Figure 2b). Since the intertidal space was
finite, we used smaller cages to limit the amount of space occu-
pied and not impede stingray movement through the experimental
area. Cages were constructed of 10cm separated bamboo stakes
(61 cm tall). These cages had shorter spacing than the cages men-
tioned previously due to the smaller size of the plots (i.e. 20cm
spacing would constitute only corner posts for these plots). We
were not concerned that stingrays would enter the cage plots at
the 20 cm spacing in the larger cages and therefore were confident
that the seagrass was protected from foraging. However, given the
excavation power of stingrays and the smaller size of the plots,
we were concerned that if foraging took place near a smaller plot,
it may impact the seagrass plug within the cage. For example, at
20cm spacing, if one post was dislodged, half of the plot would
be exposed to foraging at this smaller size. Therefore, we added
an additional bamboo post to each side of the plot to create addi-
tional deterrents and safeguards around seagrass plugs. Uncaged
plots had a single bamboo corner post 10cm from the seagrass
plug. Uncaged plots also had bamboo inserted and removed at
10cm intervals in a 20x 20cm? as a procedural control to ensure
the same sediment disturbance from inserting bamboo. Elevations
were chosen based on the current edge of the seagrass meadow,
the length of the bare space to shore and the tidal range. Each
elevation level was marked on a falling tide to ensure differential
tidal impact. The lowest elevation was placed in bare space near
the existing edge of the seagrass meadow where patchy seagrass
existed. The highest elevation was placed at the transition from
bare space to oyster and shore habitats and no observed seagrass.
The remaining two elevations were evenly spaced between the
highest and lowest with approximately five horizontal meters be-
tween each elevation. We used a laser level to assess the relative
elevation of each plot. The four elevations are referred to as very
low, low, high and very high from here on with very low near the
seagrass edge and very high nearest to the shore. There was a
10 cm vertical difference in elevation (Supporting Information S2;
Figure S1; Table S1) and a 15m horizontal distance from very low
to very high. Once seagrass was transplanted, we evaluated survi-
vorship as the presence of any live seagrass in the original plug for
each plot every 2 weeks until September 2022.

Since seagrass survival after transplantation is notoriously low
and likely reliant on density-dependent intraspecific interactions
(Zhang et al., 2021), we conducted an additional transplant exper-
iment with a larger plug size in the subsequent year (Figure 2b).
With the second transplants, in addition to stingray foraging pres-
sure, we also evaluated the density-dependent effects of plug
size as a potential mechanism for low survival in the first year. In
June 2023, we transplanted an additional 40 seagrass plugs: 20
small plug size (6cm diameter, same as 2022) and 20 large plug
size (12 cm diameter). Half were in cages with the same dimensions
as above and half were uncaged (n=10). All plots were placed at
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relatively the same elevation between the two intermediate eleva-
tions from the previous year's transplantation where we observed
seagrass survival (i.e. high and low elevations). New transplants did
not overlap with the previous space to avoid any residual impacts
from the previous experiment. Seagrass survival was evaluated as
the presence of any live seagrass every 2 weeks until August 2023
and again in October 2023.

2.4 | Multi-site observational survey

To better generalize the impact of stingray pit abundance in
multiple seagrass beds, we conducted a survey across five sites
from Core Sound south to Bogue Sound between July and early
September 2022 (Figure 1c). The five sites were Gloucester
(near the original experiment but avoiding any plots; 34.7241°N,
76.5496° W), Harkers Bridge (34.7254°N, 76.5807° W), Pine Knoll
Shores (34.7022°N, 76.8294° W), Jarrett Bay North (34.7758°N,
76.4917° W) and Jarrett Bay South (34.7724°N, 76.5018°W). We
wanted to evaluate how the percentage of space occupied by pits—
a proxy for feeding pressure and sediment disturbance—impacted
the cover of seagrass and the distance between neighbouring bio-
genic habitats. We selected sites that had relatively continuous
seagrass beds and neighbouring non-scarped saltmarsh and oyster
ecosystems. At each site, we evaluated seven 5mx 10 m quadrats
(Figure 2c). The 5m long edge of the quadrat was placed along the
edge of the saltmarsh and oyster ecosystems and extended 10 m
perpendicular toward the seagrass meadows. Within each quad-
rat, we measured the number of pits, two perpendicular widths
(cm) of five random pits and the percent cover of each founda-
tional organism (i.e. saltmarsh grass, oyster and seagrass) within
the plot. The five pits were randomly selected by tossing a pen
into the quadrat without looking and the pit closest to the pen was
measured. Measured pits were marked to ensure they were not re-
measured, and the process was repeated five times. We used the
average pit size of the five pits and the number of total pits to cal-
culate the estimated percent cover of pits per plot. We also meas-
ured the distance (m) between the saltmarsh/oyster shore habitat
and seagrass, even when it fell outside the quadrat. In addition,
wind and water movement can act on seagrass to affect edge dy-
namics (Momberg et al., 2021; Silinski et al., 2018). Therefore, we
also measured wind fetch (m) as a proxy for wind and wave energy
for each quadrat by manually estimating the distance over open
water for the four cardinal directions using Google Earth (version

10.48.0.2). At each plot, fetch was averaged for a single value.

2.5 | Statistical analysis

To assess seagrass percent cover in the factorial experiment, a gen-
eralized linear mixed effects model (GLMM) was fitted in the ‘gIm-
mTMB’ package (Brooks et al., 2017). The model included stingray
exclusion (categorical, two levels), nutrient addition (categorical,

EE’E‘E}E@M Journal of Animal Ecology 17

two levels) and date (categorical, eight levels) as main effects and
plot as a random effect to account for the repeated measures for
all percent cover collected after initial set up. The model was fit
with a beta distribution (Damgaard & Irvine, 2019). Interactions
among responses were not included in the final model as the fully
additive model had the lowest AIC. Model residuals were visually
inspected to meet assumptions and model predictions were com-
parable to observed (Figure S2). Likelihood ratio tests (LRT) were
used to assess the relationship of caging, fertilization and date on
seagrass cover.

Additionally, as seagrass coverage peaked in May of both years
and began senescence through the summer, we separately calculated
the absolute change in seagrass cover as the difference between
cover estimates in May 2021 and May 2022. Two-way ANOVAs
were used to evaluate the change in percent cover by stingray ex-
closures, nutrient addition and their interaction. Additionally, to ex-
plore impacts of sediment fertilization, two-way ANOVAs were used
to assess total N and sediment bulk density by stingray exclosure,
nutrient addition and their interaction. Non-significant interactions
were removed from all final models.

To assess seagrass transplant survival through time in both
2022 and 2023, we used Cox proportional hazard models (Landes
et al., 2020) using the ‘survival' package (Kassambara et al., 2021,
Therneau & Grambsch, 2000; Therneau, Lumley, et al., 2023). All
assumptions for proportional hazard through time were met.

To assess predictors that influence the distance (m) between
shore habitat and seagrass meadow edge in the multi-site obser-
vational survey, a classification and regression tree (CART) model
was constructed using the ‘rpart’ package (Therneau, Atkinson,
& Ripley, 2023). CART models are useful tools to help elucidate
the influence of multiple predictors on a single response variable
(De'ath & Fabricius, 2000). Predictors included site, average wind
fetch per quadrat, longest fetch direction, shore habitat (oysters,
marsh or combination of the two), percent cover of oyster, marsh
and algae, relative change in elevation between shore habitat and
seagrass meadow edge, and the estimated percent of the plot oc-
cupied by pits. The method was set to ANOVA since the depen-
dent variable was numeric, and the minimum split level was set
to 10.

All analyses were conducted in R (version 4.2.2; R Core
Team, 2022). For all linear models, data were tested for homogeneity
of variance using Levene Tests (Levene, 1960) and for normality of
residuals in Q-Q plots. All data for linear models, unless mentioned,

met these assumptions.

3 | RESULTS
3.1 | Site description
On average, there were 1.01 pits/m?+0.13 standard error (SE) in

unvegetated space, 1.00 pits/m210.24 SE at the edge of seagrass
and 0.20 pits/m?+0.05 SE in the seagrass meadow (Supporting

85UB017 SUOWIWIOD 8A1I81D) 8 edl|dde 8y A paueAob afe S8o1Le O ‘8SNn JO S3|NJ 10} Akeiq1 73Ul UQ AB]1/ UO (SUONIPUOD-PUR-SWBH W00 A8 | 1M AIq U1 [UO//:SANY) SUOTIPUOD pue SWi | 8U1 88S *[9202/20/0T] Uo ARiqiTaulluo A8|im ‘ssLeiqi] AisieAun na Aq 8120/ '9592-G9ET/TTTT OT/I0p/w00 As |imAreiq1jput|uo s eunoseq/sdny wouy papeojumoq ‘0 ‘9592S9€T



VALDEZ ET AL.

FIGURE 3 Graphs from the factorial
stingray exclusion by nutrient addition
experiment. (a) The seasonal flux

in seagrass percent cover across all
treatments over time where shape and
colour denote treatment with shapes
representing the mean and error bars
representing standard error (SE) (n=7).
Seasonal peaks in May 2021 and May
2022 highlighted with grey boxes that
correspond with (b) change in seagrass
percent cover between May 2021 until
May 2022 (h=7).
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Information S3; Figure S3). In addition, a stingray prey abun-
dance survey found no difference among habitats (Supporting
Information S4; Figure S3).

3.2 | Factorial experiment

There was no difference in initial conditions among treatments
for percent seagrass cover or relative elevation (Supporting
Information S5; Figure S4; Table S2) and we found no impact of cag-
ing on water flow (Supporting Information Sé; Figure S5; Table S3).
Seagrass percent cover peaked each year in May and all plots
experienced decline through the rest of the summer (Figure 3a).

No Cage +
Nutrients

Date had a significant effect on seagrass percent cover (GLMM,
LRT, ;(2=98.79, p<0.0001). Seagrass coverage fluctuated season-
ally with the peak in May 2022 (average cover of 43.14% +5.02
SE across all treatments) and the lowest observed percent cover
in September 2022 (average cover of 10.18% +2.21 SE across all
treatments). Seagrass cover trended higher in caged plots through
time compared to uncaged plots, but this effect was not signifi-
cant (LRT, y>=3.34, p=0.068) and there was no effect of fertili-
zation on seagrass cover (LRT, ;(2=1.04, p=0.31). The change in
percent cover between annual seasonal peaks from May 2021
until May 2022 (Figure 3b) was significantly different for caging
treatments (F1’25=4.84, p=0.037) and not significant for fertili-
zation (F, ,5=2.41, p=0.133, Figure 3b). Caged plots, on average,
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increased percent cover by 9.7% + 6.91 SE in a year versus uncaged
plots that lost 8.8% +5.18 SE cover over the same period. For sedi-
ment, neither total N nor bulk density were significant (Table S1).
For the secondary caging experiment done to evaluate seagrass
edge movement in 2023, there was no significant difference be-
tween caged and uncaged plots (Figure Sé; Table S3).

3.3 | Seagrass transplants

In 2022, seagrass transplants had a 2.7 times greater chance of
being absent when uncaged rather than caged (Z=2.64, p=0.008;
Figure 4a), while there was no significant effect of elevation.
However, the overall model was not significant (LRT=8.57 on 4
df, p=0.073). At the end of the season, only plugs in low and high
elevations remained, all of which were caged, accounting for 10%
of the total plugs. In 2023, the pattern repeated with uncaged sea-
grass transplants having a 2.8 times greater chance of being absent
than caged plugs (Z=2.78, p=0.005; Figure 4b). Plug size was not
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significant (Z=0.20, p=0.84). The overall model was significant in
2023 (LRT=7.84 on 2 df, p=0.019). At the end of the season, 17.5%

of the plugs remained, all but one of which were caged.

3.4 | Multi-site survey

The final regression tree had a complexity parameter of 0.01 and
four splits. From the regression tree analysis, site was indicated
as the most important predictor with all but one site (Pine Knoll
Shore) being lumped together (Figure 5). The average distance
from shore to seagrass was 39.2m+ 5.5 SE for the seven plots at
the Pine Knoll Shore site and 7.7m+1.56 SE for the plots across
the rest of the sites combined. For all sites except for Pine Knoll
Shore, the best predictor of the distance from shore to seagrass
was the estimated percent of the plot occupied by pits. Plots that
had greater than 31% pit coverage averaged 14 m between sea-
grass and shore, whereas those with less than 31% coverage aver-
aged 7m.

(a) Seagrass Transplants 2022
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FIGURE 4 Results from seagrass
transplantation experiments. (a) Time to
event curve for transplanted seagrass
with and without caging as protection
from stingray feeding at four elevations
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FIGURE 5 Regression tree analysis from the multi-site observational surveys showing the strongest predictors of the distance between

seagrass and shoreward biogenic habitats.

4 | DISCUSSION
Through experimental manipulations and observational surveys,
we show that stingray foraging can influence the shoreward edge
of seagrass. While we do not discount the impact of physical fac-
tors, we demonstrate that they are likely not solely responsible for
the observed edge structure and vertical positioning. We provide
evidence suggesting the coverage of seagrass at the meadow edge is
lower when there is stingray foraging and greater distance between
seagrass meadows and shore habitats correlated with a greater cov-
erage of stingray pits. Finally, we demonstrated that seagrass can
indeed survive higher in the intertidal than the observed meadow
when protected from stingrays. These results, along with studies
from other ecosystems (Alberti et al., 2007; Louthan et al., 2015;
Shepard et al., 2021), call for an expansion of current paradigms (e.g.
SIASH) to include experimental testing of the relative role of biologi-
cal interactions at an environmentally stressful edge.

In the factorial experiment, stingray exclosures minimized the
loss of seagrass cover, suggesting that stingrays exert biological con-
trol at the stressful edge of this ecosystem. Both the percent cover

over the course of the experiment and the change in percent cover
between annual peaks demonstrated higher coverage of seagrass
when protected from stingray foraging. This is counter to what we
would expect if physical factors were solely responsible for set-
ting the shoreward edge as suggested by patterns of species zona-
tion across a physical gradient (Connell, 1961; Menge et al., 1999;
Pennings & Callaway, 1992) or SIASH (Louthan et al., 2015) and sug-
gests that the observed meadow may be truncated by stingray for-
aging. However, these results are supported by work that explores
disturbance generating foragers that lower vegetation abundance.
For example, in saltmarshes, disturbance from crabs, ragworms
and hogs, including burrowing, bioturbation and increased erosion,
can diminish saltmarsh abundance (Hensel et al., 2021; Hughes &
Paramor, 2004; Szura et al., 2017). Further, study of this ecosys-
tem is complicated by the seasonality and the ephemeral nature of
the edge of habitat conditions that makes assessing the impacts of
stingrays challenging. We observed the seagrass within our experi-
mental plots reached peak cover in May and senesced through the
remainder of the summer. We suggest that the combination of en-
vironmental stressors and biological disturbance becomes too much
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for seagrass in NC to overcome and that regardless of the treatment,
all seagrass is being lost by the end of each summer. However, we
also observed the seagrass rebounded the following spring and in
plots that maintained stingray exclosures, rebounded to a greater
extent than the uncaged plots. As is the case with most experimental
field studies, our study is limited by the scale and duration of the ex-
periments. To fully understand whether stingrays play a prolonged
role in truncating seagrass beds in NC needs further exploration via
long-term, large-scale exclosures. When exclusions are completed
for longer periods of time, a greater understanding of the effect
size and mechanisms of biotic control emerge (Hughes et al., 2024;
Morton et al., 2024).

Additionally, there was no impact of fertilization on percent
cover or higher nutrient content in the soil 3 months after nutrient
addition. We hypothesize that this could be due to the high turn-
over rate for the dominant seagrass, H. wrightii, which can grow over
8 mm per day or completely replace above-ground biomass within
21 days (Kowalski et al., 2001; Virnstein, 1982). The amount of fertil-
izer added could have been incorporated quickly and lost with sea-
sonal shedding of leaves that were not accounted for in our sampling
methods. While not studied here, nutrient additions to the water
column can impact seagrass macro-algal overgrowth and diminish
light availability (Cabacgo et al., 2013; Wang et al., 2022) and may
interact with stingrays differently than sediment nutrient addition.
Future work should further evaluate the impacts of nutrients in tan-
gent with stingray impacts by testing variations in nutrient delivery
methods (water column vs sediment) and nutrient concentrations in
large-scale, long-term manipulations.

The idea that stingrays can influence the shoreward edge of
seagrass is further supported by our transplantation experiments
that tested for the relative effects of biotic disturbance and phys-
ical factors in outplant survival beyond the current extent. In both
years that transplants were placed higher into the intertidal, the
probability of survival increased when plugs were caged. While we
cannot distinguish between plugs of seagrass that were lost due to
stingray foraging or by some other factors, including substrate type
or wave action which may influence both the presence of stingrays
and seagrass, the abundance of stingray pits in and around the ex-
perimental area suggested that stingray played a contributing role in
the seagrass loss. Additionally, the abiotic conditions at the edge of
the meadow and higher into the intertidal were likely less stressful
than predicted given the survival at these higher intertidal trans-
plants, potentially supporting the idea that these shoreward edges
are more complex than theory suggests and additional research is
needed to fully understand what factors limit seagrass distribution.
However, further research is needed to better evaluate the mecha-
nism behind seagrass plug loss, stingray influence and an abundance
of physical factors. The transplant experiments were conducted sim-
ilarly to how seagrass is transplanted for restoration and therefore,
combined with the results demonstrating high feeding activity in
bare and edge habitats, have implications for seagrass restoration.
Seagrass is a threatened foundational plant group but, to this point,
it has been challenging to effectively restore. Traditional restoration
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efforts have focused on minimizing abiotic factors such as poor
water quality (Valdez et al., 2020); however, based on our results,
restoration efforts need to consider the biological community pres-
ent in the area. Stingrays act as a disturbing agent in the ecosystem
that can uproot planted seagrass. This is not unique to the NC sea-
grass ecosystem as stingrays are common throughout the world's
oceans and overlap with many seagrass ecosystems (Last, 2016;
Short et al., 2007). To date, marine restoration has been limited in
the incorporation of animal contributors to restoration projects,
despite evidence that biotic controls are critically important for
restoration success (Xu et al., 2023). Yet, there are active calls for
the inclusion of animals in restoration efforts (Sievers et al., 2022).
Incorporating animals into restoration design may include changes
to site selection criteria, timing of restoration activities or by adding
defence mechanisms against biotic disturbance.

Across the multi-site survey, site was the dominant predictor of
the distance from shore habitat to the edge of the seagrass meadow.
However, this was primarily due to a single site, the Pine Knoll Shores
site, where seagrass was on average 39 m away from the shore. In
this instance, physical factors may have played a dominant role in
determining the shoreward extent of seagrass. For example, several
additional physical factors such as water velocity, waves and turbu-
lence, along with geochemical properties such as sulfide toxicity,
could impact the seagrass edge (Koch, 2001; Uhrin & Turner, 2018).
Those physical factors, however, were not captured in our survey.
For all other sites, the best predictor of distance between the sea-
grass and the shore was the percentage of the plot occupied by pits.
This suggests that at most sites surveyed, pit prevalence and thereby
stingray foraging influenced the distance between seagrass and
shoreward habitat. However, the influence of site suggests a context-
dependent trade-off between physical and biological interactions
influencing the distance from the seagrass edge to the shore. The
context dependency of biological versus physical factors altering the
edge extent demonstrated by this multi-site survey aids in the notion
that ecological theories, such as SIASH, while helpful in hypothesiz-
ing patterns, are not all encompassing. Combined, our results show
that the shoreward edge of a marine plant ecosystem is controlled
by a suite of ecological factors, including physical and biological
interactions with stingrays. This aligns with recent calls to expand
ecological paradigms including SIASH (Louthan et al., 2015; Shepard
et al., 2021) and grazing halos (Bilodeau et al., 2021). However, fur-
ther research is needed to know the full extent of where and when
stingrays and additional physical factors influence the shoreward
edge and expansion of seagrass. Biological interactions that alter
edge margins of plant ecosystems on what is thought to be a stress-
ful edge may not be constrained to seagrass ecosystems but could
be prevalent in many ecosystems. Several examples have emerged
to support the influence of biotic interactions at a species edge. For
example, in saltmarshes, research has found that disruption by crabs
is more pronounced at the vegetation's environmentally stressful
edge and potentially truncates marsh extension (Alberti et al., 2007,
He et al., 2015). Terrestrially, caddisfly upslope extent is influenced
by competition rather than elevation (Shepard et al., 2021), and
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elephants have been shown to disproportionately impact vegetation
on waterward edges, correlating with lower vegetation cover and
density (Mukomberanwa et al., 2024). This is not to say, however,
that physical factors do not contribute significantly to shaping edges,
especially under changing climate conditions. Research has shown
a redistribution of organisms following thermal shifts (Hastings
et al., 2020; Lenoir et al., 2020). As drivers of global change continue
to alter ecosystems, the influence of biological interactions and phys-
ical factors on setting species extents may be modified and should
be considered in tandem. Therefore, it is imperative that both bio-
logical and physical factors are explored to better understand edge
habitats and the impacts they can have on foundational ecosystems.
Biologically driven changes to habitat edges also have the ability to
change the way practitioners and managers approach restoration
and conservation of these foundation species. Hence, we call for fu-
ture research to explore the complex suite of physical and biological
factors that set a habitat edge and to use the ecological theories in
place as a steppingstone to further ecological knowledge.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Graph of relative elevation of seagrass transplants with
error bars representing standard error (cm).

Figure S2: Proportion of seagrass cover over time from observed
data and GLMM model predictions.

Figure S3: Graphs from survey counts of (A) the number of pits/ m?
in different habitat types in July 2021 where points over the boxes
represent the pit count per transect (n=7) and (B) prey abundance in
different habitat types per 12,000cm® core (n=3).
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Figure S4: Graphs demonstrating similar conditions across
treatments in the factorial caging experiment. (A) Initial percent
seagrass cover per treatment and (B) Relative elevation (cm). Error
bars represent standard error.

Figure S5: Water flow movement (cm/s) of fishing float among
50cmx 50cm plots with varying post numbers.

Figure S6: Seagrass edge movement with and without caging in
2023. Error bars represent standard error.

Table S1: (A) Mean relative elevation for seagrass transplantation
experiments. (B) Tukey post hoc test for pairwise differences
between mean relative elevation.

Table S2: ANOVA results for initial seagrass cover, relative plot
elevation, total sediment N and sediment bulk density.

Table S3: Statistical results for water flow (ANOVA) and seagrass

edge movement with and without caging (t-test).
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