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1.  INTRODUCTION 

Shellfish aquaculture, or the process of raising 
shellfish as a food source, has been a growing 
industry since the early 1920s (Whetstone et al. 2005), 
but became more prominent in the 1980s in response 
to stock collapses of shellfish populations likely due to 
overharvesting pressure (Arnold et al. 2002, Adams et 
al. 2014). A wide variety of molluscan species are 

used for shellfish aquaculture throughout the world; 
some of the most common groups of species in the 
southeastern USA include epifaunal bivalves like oys-
ters (Crassostrea spp. and Magallana spp.) and scal-
lops (Pectinidae; Perdue & Hamer 2019), or infaunal 
bivalves like hard clams (Mercenaria spp.) and less 
commonly the sunray venus clam Macrocallista nim-
bosa. Infaunal bivalve growing strategies are variable, 
depending on location and grower preferences. For 
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ABSTRACT: Shallow coastal waters are commonly used in shellfish aquaculture for ‘grow-out’ of 
bivalves like the hard clam Mercenaria mercenaria. These locations have substantially higher 
clam densities than the surrounding environment and attract molluscivores, requiring clammers 
to incorporate anti-predator materials into their grow-out gear to protect their product. However, 
the effectiveness of these materials against larger predators like rays remains untested. Inspired 
by clammer reports of predator-inflicted damage to grow-out gear, we assessed the capacity of the 
whitespotted eagle ray Aetobatus narinari to interact with clams housed within a suite of industry 
standard anti-predator materials. Mesocosm experiments were conducted where rays were 
exposed to unprotected clams (control), clams inside polyester mesh clam bags (dipped in a latex 
net coating and non-dipped), and under high density polyethylene (HDPE) or chicken wire cover 
netting. Gear interactions were quantified from video footage throughout the course of the exper-
iment (5 h), and clam mortality was assessed after the completion of each trial. While rays were 
capable of consuming clams through bags, anti-predator treatments reduced clam mortality 4- to 
10-fold compared to control plots. Double-layered (i.e. bags with cover netting) treatments had 
the lowest clam mortality (0.6 ± 0.1%; mean ± SE), highlighting the utility of this type of protection 
in limiting ray impacts. Though not significantly greater, we noted relatively high levels of inter-
actions with HDPE netting over other materials, which was facilitated by the material ensnaring 
the lower dental plate of the rays. Clammers should consider adopting multi-layered anti-predator 
gear; however, resecuring materials periodically remains imperative at reducing ray interactions.
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example, Pacific geoduck Panope generosa seed 
clams have been cultured in PVC pipes placed in the 
benthos (Schoof & DeNike 2017) or bottom planted 
with cover netting (McKindsey et al. 2006). 

Hard clams are often raised via a 3-part process 
(Yang et al. 2016). The first 2 culture phases, hatch-
ery and nursery, are typically land-based and involve 
growing larvae to seed clams until they reach a size 
of 8−15 mm in shell length (Flimlin 2000, Hadley & 
Whetstone 2007). Due to the amount of space and 
water turnover required, the final grow-out phase is 
an in situ process (Hadley & Whetstone 2007) in 
which clams are deployed into the natural environ-
ment — on designated underwater acreages known 
as clam leases — to grow until they reach a har-
vestable size of at least 2.5−5 cm in shell length 
(Whetstone et al. 2005). These clam leases are ideally 
placed in shallow water 1−2 m in depth and on bare 
bottom with no seagrass coverage (Arnold et al. 
2000). When deployed onto the clam lease, clammers 
use a variety of approaches to prevent predation, but 
the 2 primary strategies are (1) bottom planting or (2) 
bagged planting (Whetstone et al. 2005). Bottom 
planting involves scattering clams onto the seabed, 
allowing the clams to burrow as per their natural 
lifestyle (Yang et al. 2016), and then placing a cover 
material atop the clams (Whetstone et al. 2005, 
Munroe et al. 2015). Sturmer et al. (2014) found that 
bottom planting yielded larger clams, but lower sur-
vival rates than bagged planting strategies. Bagged 
planting involves placing clams into large 4’ × 4’ (1.2 
× 1.2 m) polyester mesh bags staked into the bottom 
(Hadley & Whetstone 2007). 

Along with variability in clam growing techniques, 
the type of anti-predator netting material used can 
also differ. Three main types of gear are found within 
hard clam aquaculture operations, including polyester 
mesh, high density polyethylene (HDPE) netting, and 
chicken wire. In Florida, USA, woven polyester mesh 
bags are commonly used for bag planting (Flimlin 
2000, Hadley & Whetstone 2007, Putnam 2011). While 
inexpensive, polyester mesh wears down over time; 
thus, some clammers dip their bags in net coating (la-
tex, acrylic, alkyd resins, etc.) to stiffen the material 
(Putnam 2011). HDPE netting is commonly used for 
cover netting (Flimlin 2000, Putnam 2011), as it is 
made from plastic and is very durable (Schoof & 
DeNike 2017). Chicken wire can also be used as a 
cover netting (Putnam 2011), and is commonly used in 
the Cedar Key region (Sturmer 2018). 

Durophagous stingrays (families Aetobatidae, Mylio-
batidae, and Rhinopteridae) have been long consid-
ered threats to cultured, restored, and natural bivalve 

shellfish populations across the world (Ajemian & 
Neer 2014), with most research to date having focused 
on the Atlantic cownose ray Rhinoptera bonasus (Mer-
riner & Smith 1979, Peterson et al. 2001). Equipped 
with strong jaws and plate-like dentition (Summers 
2000), as well as dexterous cephalic lobes (Mulvany & 
Motta 2014), durophagous stingrays can not only 
crush market-size bivalves (Fisher et al. 2011, Kolmann 
et al. 2015, 2018), but are also capable of sediment ex-
cavation (Smith & Merriner 1985, Sasko et al. 2006), 
which can potentially uproot or displace on-bottom 
grow-out gear. While screening (i.e. cover netting) has 
been purported to effectively deter cownose ray pre-
dation on bivalves (Flimlin & Beal 1993), these conclu-
sions are based on anecdotal reports, and, to our 
knowledge, no studies to date have assessed the effec-
tiveness of these methods against other species of rays. 
The whitespotted eagle ray Aetobatus narinari, which 
is more restricted to tropical waters and attains larger 
sizes than cownose rays (Bigelow & Schroeder 1953), 
feeds on bivalves (Schluessel et al. 2010b, Ajemian et 
al. 2012, Serrano-Flores et al. 2019, Ajemian et al. 
2021) and uses habitats within the vicinity of aquacul-
ture leases in Florida’s Indian River Lagoon (DeGroot 
et al. 2020). There, clammers periodically find crushed 
clams within anti-predator netting, questioning the ef-
fectiveness of this material against durophagous rays 
(E. Mangano pers. comm.). 

The present study assessed how whitespotted 
eagle rays interacted with hard clams presented in 
gear commonly used for shellfish aquaculture. Due to 
the challenges of studying these potential interac-
tions in a field setting, we assessed ray responses in a 
controlled mesocosm experiment to enhance our 
observational capacities. Given the wide variety of 
gear types and growth strategy combinations used 
within the hard clam aquaculture industry, we 
selected some of the most common gear to assess 
which are most effective at preventing predation 
from rays. We hypothesized that (1) treatments using 
multiple layers of protection would best support clam 
survival, (2) rays would extirpate clams from control 
plots before addressing clams in the gear treatment 
plots, and (3) rays would exhibit no preference (i.e. 
interact similarly) across treatment types. 

2.  MATERIALS AND METHODS 

2.1.  Whitespotted eagle ray collection 

Whitespotted eagle ray capture efforts were con-
ducted in Sarasota, Florida, in April and May of 2021. 

60



Cahill et al.: Shellfish aquaculture−ray interactions

Rays (n = 9) were visually spotted from boats and 
were captured using either a 500 × 4 m nylon seine 
net or a 200 × 4 m knotted tangle net. Once onboard, 
each animal was placed into a live-well with a bilge 
pump supplying oxygenated water. In transit, ani-
mals received a partial workup including the collec-
tion of measurements (disc width [DW], standard 
length, total length, weight), tissue samples, micro-
biome and fecal swabs, and sex determination. All 
animals were transported to a 9 m diameter by 2 m 
deep mesocosm tank at Mote Marine Laboratory for 
the experimental trials. Four separate groups of rays 
(A, B, C, and D) were collected for the experiment, 
with a target of 2−3 rays per group (Table 1). All 
groups experienced a tank acclimation period of 5−
7 d during which they were offered live prey daily; 
acclimation ended once rays began feeding. All han-
dling procedures were approved by Mote Marine 
Laboratory’s IACUC animal use protocol 20-09-
KBH1 and FWC specialty license permit SAL-20-
1140-SRP, as well as Florida Atlantic University’s 
IACUC animal use protocol A20-22, and FWC spe-
cialty license permit SAL-20-1785A-SRP. 

2.2.  Experimental design 

To assess ray interactions with different gear types 
used for shellfish aquaculture, rays were presented 
with clams within 3 protected treatment types and a 
control (no protection), with 3 replicates each. The 
treatments included (1) a 12 mm polyester mesh clam 
bag dipped in latex net dip (‘Dipped’) with no cover 
netting, (2) a non-dipped 12 mm polyester mesh clam 
bag with an HDPE cover (‘HDPE’), (3) a non-dipped 

12 mm polyester mesh clam bag with a hexagonal 
mesh weave chicken wire cover (‘Chicken wire’), 
and (4) a control plot with no clam bags or cover 
(‘Control’). All mesh clam bags measured 30 × 30 cm 
(SuperTex), and both the HDPE and chicken wire 
cover netting were cut to measure 42 × 30 cm and 
had 2.5 × 1.5 cm mesh and 2.5 cm hexagonal mesh 
weave, respectively. Clam bags and cover netting 
were staked into sediment-filled, plastic utility trays 
(Global Industrial, 63 × 29 × 10 cm) using 10 cm PVC 
stakes (1/2” diameter) that were cable-tied to the 
corners of all mesh bags and cover netting. Dipped 
mesh bags were soaked in a 1:1 dilution of water to 
latex net dip (Memphis Net & Twine) for 1 min and 
hung to cure until dry. Each tray received 50 clams, 
to mimic clam grow-out densities (540–750 clams 
m–2) (Whetstone et al. 2005). Clams 25−35 mm (mean 
± SE = 32.1 ± 2.99 mm) in shell length were pur-
chased from Orchid Island Shellfish Company based 
in Sebastian, Florida. Clams were double counted 
and assessed for mortality prior to each trial. Clams 
were selected haphazardly and placed in the clam 
bags for the treatment plots (dipped bag, HDPE, and 
chicken wire) through an open corner of the mesh 
bag, which was cable-tied closed after inserting the 
clams and staked into the center of the tray. To mimic 
the clam spacing of the treatments, clams were 
placed in the center of the tray for control plots. 

Experiments were run for at least 5 h, with start 
times varying between 10:00 and 11:00 h. Tank 
pumps were turned off for the duration of the exper-
iment to improve visibility for cameras. Aerial and 
underwater videos were collected using GoPro Hero 
6 and Hero 4 action cameras, respectively. Aerial 
cameras were mounted to a metal shade structure 
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Group            Collection date            Release date           Sex           Disc width (cm)            Weight (kg)            Documented  
                                                                                                                                                                                   interactions (n) 
 
A                         07-Apr-21                   23-Apr-21               M                     110.0                          20.20                          28 
                           07-Apr-21                   27-Apr-21                F                      118.0                          28.30                          53 
                           07-Apr-21                   23-Apr-21               M                     106.0                          18.90                          97 

B                         23-Apr-21                   05-May-21               F                      113.0                          26.50                          35 
                           23-Apr-21                   05-May-21               F                      121.8                          25.20                          15 

C                        10-May-21                  26-May-21               F                       84.8                            9.40                            5 
                          10-May-21                  26-May-21              M                     131.0                          36.50                          59 

D                        24-May-21                   02-Jun-21                F                       90.2                           11.35                           0 
                          24-May-21                   02-Jun-21                F                       87.6                           11.10                           3

Table 1. Capture and release information for animals used in the study. Four separate groups of whitespotted eagle rays 
(Groups A−D), with 2−3 animals per group, were involved in the trials. There was no overlap between ray groups during the 
experimental trials; however, there were occasions where ray groups overlapped prior to release and during the acclimation 
phase of the subsequent group. Documented interactions: total number of interactions observed between rays and clams using  

the video footage
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above the tank and swapped every hour due to short-
ened battery duration from sun exposure. Underwa-
ter cameras were mounted on an extension pole and 
secured to the side of the tank, suspended 15−20 cm 
above the tank bottom, and were swapped every 2 h 
due to limitations of battery life. To account for any 
interactions during the experiment setup and break-
down periods, both cameras began recording prior to 
placing treatments in the tank and until all treat-
ments were removed. 

2.3.  Experiment setup and breakdown 

Clam bags and covers were photographed empty 
(without clams) prior to the start of the experiment 
each day to have baseline information on bag status. 
Any damaged materials were replaced prior to the 
start of the experiments. Trays were placed into the 
tank in a 4 × 3 matrix with approximately 30 cm of 
spacing in between the trays (Fig. 1). Row 1 was clos-
est to the center standpipe of the tank (trays 1−4), 
row 2 was in the middle (trays 5−8), and row 3 was 
closest to the tank perimeter (trays 9−12). All treat-
ments were randomized prior to experiment setup 
but placed into the tank in order of trays 1−12. Mate-

rials were placed into the trays as flat as possible, 
with stakes positioned vertically in the corners of the 
trays. 

A separate GoPro was used to record the treatment 
status throughout the entire duration of the experi-
ment. The footage captured ray feeding behavior, 
shifted PVC stakes, and anti-predator material dis-
placement within and outside of the trays. Following 
post-experiment treatment assessment, all treat-
ments were removed from plots in order of 1−12. 
Control plots were bagged using 60 × 90 cm mesh 
bags in the tank to reduce the likelihood of ray inter-
action and sieved after all other treatments were 
removed from the tank. All clam bags and cover net-
ting materials were photographed upon removal 
from the tank. Bag status was determined as either 0 
(no damage) or 1 (new damage). The number of dam-
aged bag threads was counted for those with bag 
damage. 

2.4.  Data analysis 

Post-trial clams were categorized and enumerated 
as alive, chipped, crushed, or dead following removal 
from each tray. Chipped referred to clams with only a 
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Fig. 1. Experimental design. (A) Aerial view of the trays in relation to the tank. (B) Underwater view of the trays. (C) Schematic 
of the replicates randomized within the tank. The gray circle in the center refers to the center standpipe for the tank. The black  

circle on the edge refers to where the underwater and aerial cameras were positioned with respect to the trays
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portion of their shell broken, whereas crushed 
referred to clams that had most of their shell dam-
aged from predatory interactions, and dead clams 
referred to individuals that were found with their 
shell intact but were agape, to suggest death from a 
natural source other than predation. Mortality (%M) 
was defined as M = (N − A) × 100, where N is the 
adjusted number of starting clams for each tray to 
account for any clams that died naturally within the 
course of the trial, and A is the number of live clams 
in each tray at the end of the trial. All data were ana-
lyzed in the programming software R version 4.0.4 (R 
Core Team 2022). The effects of treatment type (fixed 
factor) and trial day (random factor) on clam mortal-
ity were assessed using a zero-inflated generalized 
linear mixed effects model with a Poisson distribu-
tion using the package ‘glmmTMB’ (Brooks et al. 
2022). These data were further parsed by ray group 
to assess the effect of treatment type on clam mortal-
ity. Tukey post hoc pairwise comparisons were con-
ducted using the package ‘emmeans’ (Lenth et al. 
2022). 

Ray interactions were characterized by an abrupt 
cessation of pectoral fin movement over a given tray. 
For each interaction, individual ID, treatment type, 
hour of the experiment, and success of clam con-
sumption (confirmed using shell-crushing sounds 
recorded from underwater footage), were logged. To 
assess if there was a treatment preference, we used a 
generalized linear mixed effects model, with a Pois-
son link function, to assess the total number of inter-
actions by treatment type with a random effect of 
trial ID. Additionally, a generalized linear model with 
binomial link function was used to compare the num-
ber of successful (1) and unsuccessful (0) interactions 
by treatment type. Given the uncertainty of the 
undetermined clam consumption status (i.e. unable 
to determine from video footage or audio), undeter-
mined events were removed from the analysis. All 
generalized linear models (with and without mixed 
effects) were assessed using the packages ‘lme4’ 
(Bates et al. 2022) and ‘lmerTest’ (Kuznetsova et al. 
2017), with Tukey post hoc analyses using the pack-
age ‘emmeans’ (Lenth et al. 2022). 

3.  RESULTS 

Throughout the experiments, we observed a vari-
ety of interactions between rays and the treatments 
(see Video S1 in the Supplement at www.int-res.com/
articles/suppl/q015p059_supp/). Rays used their 
lower dental plate to dig through sediment to access 

clams in control plots, or to dig under anti-predator 
netting materials. Rays also uprooted the buried PVC 
stakes attached to the clam bags and cover netting, 
both partially and completely removing the materials 
from the trays. These actions typically occurred via 
the rays biting the materials, but the cover netting 
occasionally ensnared the spade-tipped portion of 
their lower dental plate. Clam consumption also 
infrequently occurred while moving gear (when 
swimming), or when visiting gear previously moved 
to other regions of the tank. Interactions varied 
greatly throughout a given trial and were not 
 individual-specific. 

3.1.  Clam mortality 

A total of 132 clams were consumed by 7 rays 
(Groups A, B, and C) over the course of 88.66 h of ex -
periments (Table 2). Treatment type (p < 0.001) was a 
significant component of the clam mortality model 
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/q015p059_supp/); clam mortality was 
significantly greater in Control (mean ± SE: 5.05 ± 
1.22%; Fig. 2) plots than Dipped (1.19 ± 0.36%; p < 
0.001), HDPE (0.67 ± 0.22%; p < 0.001), and Chicken 
wire (0.48 ± 0.19%; p < 0.001). Conversely, clam mor-
tality was not significantly different between Dipped 
and HDPE (p = 0.684) or Chicken wire (p = 0.584), or 
between HDPE and Chicken wire treatments (p = 
0.989). Similar patterns were observed between ray 
groups A and C, with Control plots recording the 
highest clam mortality, followed by Dipped plots 
(Fig. 3; Table S2). 

3.2.  Interaction counts 

We observed 295 total recorded interactions 
across all 4 groups of animals (Fig. 4). Overall, ray 
Group A had the most interactions (181), followed 
by Group C (64), Group B (47), and finally Group 
D (3). Due to the insufficient number of interac-
tions, Group D was excluded from the analysis. All 
groups exhibited variability in the number of inter-
actions per treatment, but the total count of inter-
actions included Control (96), HDPE (84), Chicken 
wire (59), and Dipped (53). There was no dis-
cernible pattern in treatment visitation, suggesting 
that the rays did not select treatments in a specific 
order. None of the interactions resulted in damage 
to either type of cover netting. There were 7 bags 
that were damaged and therefore replaced over 
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the course of the trials. Of these 7 bags, 6 were 
from Dipped treatments and 1 was from non-
dipped Chicken wire treatments. Damage included 
broken threads and spots where the latex coating 
was presumably rubbed off (Fig. 5). 

Treatment type, with a random effect of date, 
was a significant factor (p = 0.010; Table S3) in the 
generalized linear model of interaction counts. 
Pairwise comparisons suggested that the interaction 
counts were significantly greater for Control (n = 
96) than both Dipped (n = 53; p = 0.017) and 
Chicken wire (n = 59; p = 0.048) treatments, but 
there was no significant difference in the counts 
between Control and HDPE (n = 84; p = 0.560) or 
for any combination of Dipped, HDPE, and 
Chicken wire (p > 0.05 for all tests). Of the 11 days 
with interaction data, rays interacted with Dipped 
plots on 7 days, Chicken wire plots on 8 days, 
Control plots on 9 days, and HDPE plots on 10 
days (Fig. 6). Interactions were reported on 12 
April, but they occurred after the 5 h video record-
ing period, so that information is not included in 
this analysis for consistency. 

Control plots had the highest proportion of 
 successful clam consumption interactions (47.9%; 
Table 3). Among the treatments, Dipped plots had 
the highest proportion of clam consumption (15.1%), 
whereas HDPE and Chicken wire plots both ac -
counted for 2% each (Fig. 7). Unsuccessful interac-
tions accounted for 75% of all interaction data. There 
were 16 undetermined interactions in which clam 
consumption could not be confirmed visually or by 
the audio from the underwater footage and were 
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Trial date              Experiment            Experiment             Ray            No. rays            No. rays          No. inter-        No. clams 
                                start time             duration (h)           group            in tank           interacting          actions          consumed 
 
12-Apr-21a                 10:20                       5.00                     A                    3                        0                        0                       0 
14-Apr-21                   10:17                       5.03                     A                    3                        3                      104                    46 
16-Apr-21                   10:27                       5.23                     A                    3                        2                       49                     24 
19-Apr-21                   11:02                       5.00                     A                    3                        3                       24                     13 
21-Apr-21                    9:56                        5.05                     A                    3                        1                        1                       1 
28-Apr-21                    9:58                        5.53                     A                    3                        2                        3                       0 
30-Apr-21                    9:35                        5.27                     B                    2                        2                       32                     15 
02-May-21                 10:20                       5.42                     B                    2                        1                        7                       1 
04-May-21                 10:03                       5.38                     B                    2                        1                        8                       1 
14-May-21                  9:57                        5.45                     C                    2                        0                        0                       0 
16-May-21                 10:17                       5.00                     C                    2                        1                        5                       0 
18-May-21                 10:30                       5.42                     C                    2                        2                       49                     22 
20-May-21                 10:01                       5.43                     C                    2                        2                       10                     10 
22-May-21                 10:23                       5.28                     C                    2                        0                        0                       0 
28-May-21a,b              10:40                       5.00                     D                    2                        0                        0                       0 
30-May-21b                        10:10                       5.17                     D                    2                        0                        3                       0 
01-Jun-21b                          10:11                       5.00                     D                    2                        0                        0                       0 

aTrial was left to run overnight, but no interactions occurred within the 5 h study period and it was thus removed from all 
analyses; bDue to insufficient interactions overall, Group D was omitted from all analyses

Table 2. Information for each trial conducted. Experiment duration accounts for the time that the cameras were running 
during the trial. No. rays interacting: total number of individuals that interacted with the experiment during the trial day;  

no. interactions: total count observed within the 5 h recording period

Fig. 2. Clam mortality (mean ± SE) by treatment type. Treat-
ment types refer to clams housed in latex-dipped clam bags 
(‘Dipped’), in non-dipped bags under HDPE netting 
(‘HDPE’), in non-dipped bags under chicken wire netting 
(‘Chicken wire’), and without any type of anti-predator net-
ting material (‘Control’). Clam mortality among the treat-
ment types was assessed using a zero-inflated generalized 
linear mixed effects model with a Poisson link function,  

whereby the threshold for significance (*) was α = 0.05
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thus excluded from the model. Using a generalized 
linear model with a binomial distribution, treatment 
type (p < 0.001) was found to significantly affect the 
number of interactions (Table S4). Using a binomial 
logistic regression, successful clam consumption in -
teractions decreased by 85.3% for Dipped (95% CI 
[0.06−0.33]; odds ratio [OR] = 0.15; n = 53; p < 0.001), 

97.9% for HDPE (95% CI [0.00−0.07]; OR = 0.02; n = 
53; p < 0.001), and 98.5% for Chicken wire (95% CI 
[0.00−0.07]; OR = 0.01; n = 57; p < 0.001) compared to 
Control plots (95% CI [0.79−1.87]; OR = 1.21; n = 84; 
p = 0.383). We observed no significant difference in 
interaction counts among the anti-predator materials 
(p > 0.05 for all tests). 
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Fig. 3. Clam mortality (mean ± SE) by treatment type and ray group (Groups A−C), assessed using a zero-inflated generalized 
linear mixed effects model with a Poisson link function, whereby the threshold for significance (*) was α = 0.05. Since data  

were parsed and modeled by ray group, clam mortality by treatment type cannot be compared between ray groups

Fig. 4. Treatment interactions over the course of the trials separated by ray group (A−D). Start and end times of trials are de-
noted by Xs for each date. Two trials (12 April and 28 May) were run overnight and therefore excluded from all analyses
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4.  DISCUSSION 

Throughout the course of the trials, we confirmed 
that rays are capable of uprooting and manipulating 
hard clam aquaculture gear, as they moved treat-
ments and trays within the tank throughout the 
course of the experiments. Contrary to the original 
hypothesis, rays did not extirpate clams from the 
Control plots first, but seemingly interacted with 
treatments without a distinct pattern. Overall, there 

was a large discrepancy in the number of docu-
mented interactions with each treatment for a given 
individual, suggesting that the treatment interaction 
patterns were based on individual variability. It is 
possible that if animals were kept longer, they might 
have exhibited learned behaviors (Guttridge et al. 
2009, Corcoran et al. 2013), selecting the unprotected 
Control plots over the various treatment types; how-
ever, we did not observe those behaviors within the 
study period. Indeed, it is possible rays could accli-
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Fig. 5. Examples of clam and bag damage caused by whitespotted eagle ray interactions. Clam damage highlights (A) chipped 
and (B) crushed clams. Bag damage (red ovals) includes (C) broken threads and (D) spots where latex net coating has been 

worn away
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mate to anti-predator materials and extricate hard 
clams from all experimental treatments given unlim-
ited time and lack of control plots. For example, an 
experiment evaluating cownose ray prey selectivity 
found that rays initially selected small- to medium-
sized bivalves, but given time, all but the maximum 
size bivalves were consumed (Fisher et al. 2011). 
Future studies should evaluate the possibility of 
increased mortality across experimental treatments 
by whitespotted eagle rays given the absence of con-
trol plots, although these were imperative to ensure 
rays were not deterred from feeding trays in general. 

Dipped bags had the greatest amount of bag dam-
age, in which 6 Dipped bags had to be replaced, 
compared to 1 Chicken wire covered non-dipped 

bag, likely due to the additional protection offered by 
the cover netting treatments. Even though there 
were similar clam mortality proportions between 
HDPE and Chicken wire, significantly more interac-
tions occurred at HDPE. It is possible that the animals 
were interested in the HDPE netting, which is why 
they frequented this treatment more often than the 
Dipped treatments. This is a cause for concern, as 
animal interactions with anti-predator gear at aqua-
culture sites can lead to entanglement threats 
(McKindsey et al. 2006, Andréfouët et al. 2014), 
which has already been documented for whitespot-
ted eagle rays ensnared with ropes from crab pots 
(B. Frazier pers. comm.). Additionally, we observed 
interactions in which the HDPE netting appeared to 

snag on the lower dental plate of the 
whitespotted eagle rays, causing the 
rays to displace the HDPE cover net-
ting more than Chicken wire cover 
netting. The cover netting deployed in 
hard clam leases is much larger (in 
terms of horizontal expanse) than 
what was used in this experiment; 
however, rays could detach portions of 
the cover netting and access clams 
below if not checked and resecured 
regularly. 
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                     Unsuccessful   Undetermined    Successful         Total 
Treatment type      N         %              N         %             N         % 
 
Control                  38      39.58          12      12.50          46      47.92           96 
Dipped                   45      84.91           0          0              8       15.09           53 
HDPE                     80      95.24           2        2.38            2        2.38            84 
Chicken wire        56      94.92           2        3.39            1        1.69            59 

Total                      219     75.00          16       5.48           57      19.52          292

Table 3. Total count and associated proportion of clam consumption interac-
tions by treatment type over the entirety of the trials, excluding trials run  

overnight (12 April and 28 May 2021) and ray Group D trials

Fig. 6. Number of interactions by treatment for each trial date. A generalized linear mixed effects model with a Poisson link 
function was used to assess the difference in interaction count among the treatment types. The threshold for significance  

was α = 0.05
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The effectiveness of anti-predator netting for shell-
fish aquaculture has been a topic of debate within 
the literature. Bendell (2015) argued that anti-preda-
tor netting does not improve clam survivorship, by 
highlighting that it does not prevent predation from 
infaunal predators. Munroe et al. (2015) contested 
Bendell (2015) with a wide variety of studies in which 
cover netting was demonstrated to be essential for 
clam aquaculture. Here, we confirmed the efficacy of 
cover netting at preventing clam predation from 
large, highly mobile predators. Bendell (2015) also 
argued that cover netting contributes largely to plas-
tic pollution. HDPE netting is a buoyant material and 
since this study confirmed that rays can uproot anti-
predator materials, HDPE netting could become a 
greater source of marine debris. There are conflict-
ing reports on the lifespan of shellfish cover netting. 
On the one hand, shellfisheries apparently reuse the 
same gear for decades (Schoof & DeNike 2017), but 
there are also reports of derelict gear being aban-
doned (Andréfouët et al. 2014, Bilkovic et al. 2014). 
Bendell (2015) argued that since the shellfish aqua-
culture industry is projected to grow with the human 
population, more environmentally friendly practices 
like clam gardens should be pursued in place of cur-
rent culture techniques. In Florida, groups are actively 
developing a biodegradable netting to use in place of 
HDPE plastic netting (L. Sturmer pers. comm.); how-
ever, some are concerned that using a biodegradable 
plastic in place of a stronger plastic like HDPE will 
result in contributing more microplastics into the 
environment (Schoof & DeNike 2017). 

Chicken wire has been used in Florida to deter pre-
dation from rays because of its strength (Putnam 
2011), and research suggests that the electric field 
of  the metal can be detected by elasmobranchs 
(Kalmijn 1971), potentially acting as an over-stimu-
lant and thus, a deterrent. All elasmobranchs have 
sensory organs known as Ampullae of Lorenzini that 
allow them to detect electrical signals within the 
water (Kalmijn 1971). The electrical stimulus from 
the chicken wire may potentially prevent elasmo-
branchs from interacting with the gear; however, this 
was never tested in a controlled setting. Given the 
frequency of interactions observed with chicken wire 
in this experiment, we question whether chicken 
wire is a deterrent, an attractant, or neutral, as it may 
not have a powerful enough electrical signal to influ-
ence the rays. Chicken wire dissolution has not been 
tested in salt water under the conditions experienced 
at clam leases, but we observed the beginning stages 
of rust formation on chicken wire following the 
Group B trials, and thus replaced the materials. In 
summary, the utility of this material as a ray deter-
rent is questionable and may not facilitate long-term 
protection of grow-out clams. 

This experiment was only run for 5 h for the sake of 
being able to record ray interactions during day-
light, and to keep the experiment condensed to the 
workday. However, expanding the experiment to run 
overnight would have potentially facilitated greater 
interactions, as various studies of batoids (including 
Aetobatus narinari) have alluded to increased for -
aging at night (DeGroot et al. 2020, Brewster et al. 
2021). Future studies should consider running sepa-
rate trials for day and night to compare diel varia-
tions in clam mortality and interaction rates by treat-
ment type, as these effects may be interactive. 

One unexpected issue was the ability of the rays to 
move the gear (clam bags, cover netting, and trays) 
with their dental plates. Due to logistics, the modules 
were sized down (by a factor of 16) to facilitate count-
ing and replication across limited tank space; as 
such, some of these gear manipulations could be 
somewhat artificial. That is, the consumption and 
bag damage recorded herein may not fully represent 
what may be observed on 4’× 4’ clam bags in the field 
with hundreds of clams, although this is still a repre-
sentation of the minimum damage that a ray could 
do. However, these results are likely underestimat-
ing the extent of possible damage since damaged 
clam bags were replaced following each trial. Addi-
tionally, the weight from clam bags — weight of the 
bag due to the size and number of clams and likely 
weight from biofouling — could provide sufficient 
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Fig. 7. Proportion of clam consumption success by treatment 
type. Clam consumption success data were assessed using a 
generalized linear mixed model with a binomial link func-
tion among the treatment types. The threshold for signi- 

ficance was α = 0.05
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resistance to tear the bag, contrary to the 1’ × 1’ (30 × 
30 cm) bags that were used in the experiment, which 
were lighter and easier to move around. Finally, rays 
were able to chip, crush, and consume clams through 
the mesh without causing any noticeable damage to 
the bag itself. These captive observations confirm 
those of clammers from the field, who have periodi-
cally reported inexplicably crushed clams under 
anti-predator netting (E. Mangano pers. comm.). 

We originally anticipated that rays would extirpate 
clams from the Control plots first, but they exhibited 
no discernable chronological patterns when interact-
ing with the various treatments of the experiment. 
This hypothesis was based on the assumption that 
whitespotted eagle rays would be attracted to Con-
trol plots that more visually approximated their natu-
ral feeding habitat. These rays may have similar 
vision to that of other benthopelagic species, such as 
the cownose ray, which exhibit a 360° cyclopean ver-
tical plane coverage, meaning that due to their lat-
eral eye position, they have a 360° vertical viewpoint, 
which was speculated to aid in foraging in complex 
habitats (McComb & Kajiura 2008). However, while 
whitespotted eagle rays were in the presence of hun-
dreds of clams for each trial, they did not always 
interact. While unlikely given the visual foraging 
strategies of cownose rays, it is possible that white -
spotted eagle rays may rely on other senses. Schlues-
sel et al. (2008) studied the centers of olfaction for 21 
different species, including the congener A. ocellatus 
(9 juveniles and 1 adult) and found that A. ocellatus 
had the largest centers of olfaction of all rays consid-
ered. Additionally, they assessed olfactory bulb size 
by the dominant types of prey consumed by all spe-
cies and found that animals consuming mollusks had 
larger olfactory bulb sizes. Furthermore, the centers 
for olfaction within the brain of spotted eagle rays 
increased linearly and significantly with ray size 
(Schluessel et al. 2010a). These 2 studies highlight 
the potential importance of olfaction to foraging in 
Aetobatus spp., which may translate to how these 
rays find potential prey in on-bottom aquaculture. 
However, this olfaction-based foraging strategy may 
be limited when clams are threatened. Smee & 
Weissburg (2006) found that clams can detect injured 
conspecifics and blue crabs that had recently eaten, 
thus prompting the clams to cease active filtration. A 
reduction in pumping would likely reduce the scent 
of clams within the tank, thus making it harder for 
rays to determine that clams are present. Alvarez 
(2018) modeled the odor-landscape associated with 
hard clam pumping velocities and how clams may 
fluctuate their pumping strategies in response to 

chemosensory cues of predators, thus minimizing the 
strength of their odor plume downstream. Alterna-
tively, it is possible that rays are detecting pressure 
differences in the water due to bivalve siphonal cur-
rents (Monismith et al. 1990, Crimaldi et al. 2007) via 
their lateral line (Maruska 2001), or detecting the 
small electric current associated with the inverte-
brates themselves (Bedore & Kajiura 2013) via their 
Ampullae of Lorenzini (Kal mijn 1971). More research 
is clearly needed to identify which strategies are 
used by rays to detect bivalves, as this may affect 
their ability to interact with aquaculture operations 
depending on environmental conditions and anti-
predator materials used. 

Various sources have suggested that clams are 
most vulnerable to predation pressures when they 
are first being deployed during the grow-out phase 
at sizes 12−15 mm in shell length (Haven et al. 1973, 
Jory et al. 1984). It would be worthwhile to assess 
size preference of various clam predators to examine 
how this may affect interaction rates. Clearly, 
whitespotted eagle rays interact with shellfish aqua-
culture gear when clams are 25−35 mm in shell 
length; however, interaction rates of these predators 
may differ at larger (e.g. market) or smaller (earlier 
grow-out) sizes. Additionally, it is likely that different 
species can fracture clam shells in different ways, 
which could be assessed and confirmed using photo-
graphic evidence. This information could also help 
tailor depredation mitigation strategies dependent 
upon the types of predators that are abundant in the 
farming area. While this study did not test bottom-
planting techniques, the Dipped bags approximated 
the effect of a single layer of cover netting, similar to 
that of bottom-planting. Still, future studies could 
also consider the addition of a true bottom-planting 
treatment and investigate how rays and other preda-
tors interact with this type of culture method. 

5.  CONCLUSIONS 

Overall, multiple current anti-predator grow-out 
strategies used in the hard clam shellfish aquaculture 
industry appear capable of reducing predation by 
large predators like whitespotted eagle rays. In par-
ticular, bag treatments with cover nettings achieved 
the highest clam survival rates, although this did not 
appear to completely deter rays from interacting with 
the gear. Such observations suggest that, while ray 
damage to crop might be episodic, rays may interact 
with this gear for prolonged periods, potentially 
diverting them from other natural feeding habitats 
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(e.g. sand flats, DeGroot et al. 2020). These habitat 
associations could expose these sensitive animals to 
other risks such as gear entanglements, which should 
be considered in shellfish grow-out site selection and 
best practices within the clamming industry. 
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