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ABSTRACT 

EFFECTS OF OYSTER AQUACULTURE ON ELASMOBRANCH ABUNDANCE 
AND HABITAT USE IN HUMBOLDT BAY, CA 

 

Rose Harman 

 

Habitat modification from aquaculture can have large effects on natural communities, 

with the habitat complexity provided by aquaculture structure positively influencing 

benthic invertebrates and small fish abundance. However, the effects of aquaculture on 

larger predatory fish like elasmobranchs (i.e., sharks and rays), which use nearshore 

habitat to forage and provide top-down control of these ecosystems, is largely unknown. 

Over two years, I deployed baited remote underwater video systems (BRUVS) to 

examine the effects of oyster aquaculture and environmental variables such as habitat 

(mudflat or eelgrass), salinity (ppt), turbidity (m), temperature (°C), pH (mV), dissolved 

oxygen (mg · L-1), and tidal height (m) on the presence and abundance of elasmobranchs 

and their main benthic prey (cancrid crabs) in Humboldt Bay. Humboldt Bay, in Northern 

California, is a large estuarine embayment that yields ~70% of California’s oysters and 

provides critical habitat for elasmobranchs and crabs. I found significant positive effects 

of aquaculture and warmer water on bat ray presence in both mudflat and eelgrass 

habitats. When bat rays were present, they were more abundant on mudflats during 

periods of high turbidity. In contrast, I found no effect of aquaculture on leopard shark 

presence, which was better predicted by increasing turbidity. Surprisingly, I also found 
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no effect of aquaculture on abundance of cancrid crabs, however, aquaculture had 

interactive effects with crab abundance on bat ray presence, which was positively 

associated with crab abundance where aquaculture structure was present, but not when it 

was absent. Further, aquaculture also had interactive effects with bat ray presence on crab 

behavior, with crabs taking longer to visit BRUVS when bat rays were present in general, 

but more so when aquaculture was absent. Taken together, these results suggest that bat 

rays (1) may be attracted to aquaculture for increased feeding opportunities in a habitat 

that provides refuge from larger predators; and (2) that their presence affects crab 

activity. Based on these findings, I hypothesize that the increased presence of bat rays in 

and around aquaculture could intensify their top-down effects on crabs, through both 

consumptive and non-consumptive pathways, thus decreasing the abundance of crabs in 

aquaculture-modified habitats. Future field experiments should directly test the 

hypothesis that aquaculture presence increases bat ray consumptive and non-consumptive 

effects on crab prey in aquaculture-modified coastal habitats. 

  



iv 

ACKNOWLEDGEMENTS 

I would like to thank my funding sources: CSU Council on Ocean Affairs, Science and 

Technology (COAST), the Marine Coastal Science Institute (MCSI), Brusca Zoology 

Award, Cal Poly Humboldt Master’s Student Grant, Malcolm Oliphant Scholarship in 

Marine Science, the Stephen Hillenburg Marine Science Research Award, and the 

Ferguson Family Research Fund. I would have never been able to take on and finish this 

project without the help of grants and scholarships. 

 Thank you to my advisor, Dr. Paul Bourdeau, for contributing his time, effort, and 

support for this project. He supported my ideas and enthusiasm for the project from the 

very beginning and played a major role in developing the study, helping me numerous 

times in the field, and writing my thesis. He gave up countless hours to help me and make 

sure this study was successful and I can’t thank him enough for all he has contributed to 

this project.  

 Thank you to Dr. José Marin Jarrin for his help in developing my project, 

providing valuable expertise, and allowing me to use his own research equipment for my 

fieldwork including underwater video cameras and sampling equipment.  

 Thank you to Steve Monk (BSO) for helping me with everything boat and towing 

related for my project. I would not have been able to do this study without the help and 

trust of Steve and I am grateful for the time he gave up for training, boat maintenance, 

and making sure I was set for field outings.  



v 

 I would like to acknowledge and thank my committee members: Eric Bjorkstedt, 

and Eve Robinson for giving their time, help, and feedback on my thesis. Thank you to 

Cal Poly Humboldt Marine Lab staff members Kyle Weis, Grant Eberle, and Elizabeth 

Tellez, and staff members Lydia Evers and Amelia Wright from the Department of 

Biological Sciences.  

 I would never have completed this project on my own and would like to thank all 

my research assistants who helped me on the boat and contributed their time to my 

project. There are too many to name, but I would like to thank Alexis Villalobos Cazares, 

Casen Jaquez, Maya Noble, Kezia Letzin, Alexis Hernandez, and Carrie White, as they 

were consistent helpers throughout the project duration. 

 All my lab mates: Sandra Traverso, Taylor Bruntil, Robyn Norman, Bailey 

McCann, Jake Vargas, Keana Richmond, and Brayden Wiley, thank you for all the 

helpful feedback on presentations and support throughout my master’s. Special thanks to 

Taylor Bruntil and Sandra Traverso for all their help with my fieldwork throughout the 

past two years.  

 Shoutout to the Cal Poly Humboldt women’s soccer program, especially Grant 

Landy and Colin Garon, for their support, flexibility, and gratitude throughout the past 

year. I would like to thank my partner, Tyler Guptill, for his unconditional love, support, 

and for always lifting me up when I feel down. To my wonderful pet bunny, Haze, for 

getting me through the day sometimes and keeping me company when I work at home. 

Lastly, I would like to thank my family for their unconditional love and support during 

my master’s, especially my mother, Karen Harman, and father, Chuck Harman – for all 



vi 

their unconditional love, support, advice, and belief in me. The first people who told me I 

should pursue anything and everything that I love were my parents, and I would not be 

the person I am today without their encouragement.  

  



vii 

TABLE OF CONTENTS 

ABSTRACT ........................................................................................................................ ii 

ACKNOWLEDGEMENTS ............................................................................................... iv 

LIST OF TABLES ........................................................................................................... viii 

LIST OF FIGURES ............................................................................................................ x 

LIST OF APPENDICES ................................................................................................... xii 

INTRODUCTION .............................................................................................................. 1 

Study area ....................................................................................................................... 8 

Estimating elasmobranch and prey abundance ............................................................. 11 

BRUVS video analysis ................................................................................................. 12 

Abiotic environmental variables ................................................................................... 13 

Statistical analysis ......................................................................................................... 14 

RESULTS ......................................................................................................................... 16 

DISCUSSION ................................................................................................................... 28 

REFERENCES ................................................................................................................. 41 

APPENDICES .................................................................................................................. 67 

  



viii 

LIST OF TABLES 

Table 1. Top hurdle models for predicting (A) bat ray and (B) leopard shark presence and 
abundance. Log-likelihood, Akaike information criterion (AIC), and difference from 
lowest Akaike information criterion (ΔAIC) are reported. Selected models for both 
species are indicated in bold. The full model was selected for bat rays because the ΔAIC 
for the top two models was less than four units and so conservatively, not distinguishable 
from one another. Variable codes – Habitat: eelgrass or mudflat; Aqua: aquaculture 
presence; Sal: salinity; Temp: temperature; DO: dissolved oxygen; Secchi: Secchi depth, 
Tide: tidal height. .............................................................................................................. 18 

Table 2. Summary of the hurdle model results for predictors of (A) bat ray and (B) 
leopard shark presence and abundance. The first part of the model (zero hurdle) predicts 
the likelihood of observing an elasmobranch as a binary (0, 1) response, and the second 
part of the model (count model) shows what response variables influence the abundance 
or count (1, 2, 3, 4) of elasmobranchs using a negative binomial distribution. The 
estimate represents the strength of the relationship of significant predictors and whether 
the relationship is positive or negative. Bold text indicates statistical significance at α = 
0.05.................................................................................................................................... 19 

Table 3. Summary of generalized linear model analyzing the effects of aquaculture 
presence, habitat, and abiotic environmental variables on the abundance of all (A) cancrid 
crabs (Dungeness and rock crab), and (B) Dungeness crabs. The estimate represents the 
strength of the relationship of significant predictors and whether the relationship is 
positive or negative. Bold text indicates statistical significance at α = 0.05. ................... 21 

Table 4. Summary of the hurdle model results for predictors of rock crab (Pacific rock 
crab and red rock crab) presence and abundance. The first part of the model (zero hurdle) 
predicts the likelihood of observing a rock crab as a binary (0, 1) response, and the 
second part of the model (count model) shows what response variables influence the 
abundance or count (1, 2, 3, 4) of rock crabs using a negative binomial distribution. The 
estimate represents the strength of the relationship of significant predictors and whether 
the relationship is positive or negative. ............................................................................. 26 

Table 5. Summary of the correlation statistics for the nine abiotic variables: salinity (ppt), 
dissolved oxygen (mg · L-1), pH (mV), temperature (°C), Secchi depth (m), day of year, 
tidal height (m), windspeed (km · h-1), turbidity (NTU). The mean correlation shows the 
average values of the correlation coefficients, and standard deviation is the amount of 
variation in the correlation values. The minimum correlation (Min) represents the 
smallest correlation coefficient among the variables and the maximum correlation (Max) 
shows the largest correlation coefficient of the variables, indicating the highest degree of 
linear association observed. .............................................................................................. 74 



ix 

Table 6. Variance inflation factors (VIF) for each predictor variable. Values indicate the 
extent to which the variance of the estimated regression coefficients is increased due to 
multicollinearity. VIF values of 1 indicate no multicollinearity (perfectly uncorrelated 
predictors) while higher values indicate increasing levels of multicollinearity. The values 
in the table have low (< 4) VIFs indicating low levels of multicollinearity among 
predictor variables, and range from 1.09 – 2.46. .............................................................. 75 

Table 7. Results of logistic regression analyzing the relationship between crab abundance 
(MaxN) and (A) bat ray, and (C) leopard shark presence. Coefficients represent the 
strength and direction (positive or negative) of relationships. P-values for statistically 
significant relationships at α = 0.05, in bold text. ............................................................ 75 

  



x 

LIST OF FIGURES 

Figure 1: Map of Humboldt Bay, CA with 112 total BRUVS deployment sites and 28 
individual replicate sites in eelgrass, eelgrass with aquaculture, mudflat, and mudflat with 
aquaculture. Open (white) circles represent eelgrass habitats, closed (black) circles 
represent mudflat habitats, white plus (+) signs represent eelgrass habitats with 
aquaculture, and black plus (+) signs represent mudflat habitats with aquaculture. ........ 10 

Figure 2. The presence and absence (MaxN) of (A) bat rays, and (B) leopard sharks in 
mud and eelgrass habitats, with and without the presence of aquaculture structure. 
Smaller filled circles represent overlapping individual data points from deployments in 
habitats with aquaculture, and smaller open circles represent overlapping individual data 
points from deployments in habitats with no aquaculture. ............................................... 20 

Figure 3. Relationship between presence of (A) bat rays and temperature (°C); and 
between presence of (C) leopard sharks and Secchi depth (m). Decreasing Secchi depths 
(m) indicate decreasing levels of water clarity. The fitted logistic curves represent the 
probability of elasmobranch presence as a binary response (0, 1), and shaded confidence 
bands represent ± 1 SE. Points represent actual observations. ......................................... 22 

Figure 4. The abundance (MaxN) of (A) Dungeness crabs, and (B) Rock crabs in mud 
and eelgrass habitats, with and without the presence of aquaculture structure. Smaller 
filled circles represent individual data points from deployments in aquaculture habitats, 
and smaller open circles represent individual data points from deployments in non-
aquaculture habitats, and larger, black circles represent means ± 1 SE. .......................... 23 

Figure 5. Relationship between abundance of Dungeness crabs and (A) salinity (ppt), and 
(B) temperature (°C). Increasing salinities (ppt) indicates higher levels of saltwater. The 
fitted logistic curves represent increasing crab abundance, with shaded ± 1 SE. Points 
represent actual observations. ........................................................................................... 24 

Figure 6. Relationship between bat ray presence and abundance (MaxN) of all cancrid 
crabs (Dungeness and rock crabs) (A) across all deployments, and (B) in habitats with 
and without the presence of aquaculture. The fitted logistic curves represent the 
probability of bat ray presence as a binary response (0, 1) with and without the presence 
of aquaculture. Shaded confidence bands represent 1 ± SE and points represent actual 
observations. ..................................................................................................................... 25 

Figure 7. The relationship between Dungeness crab TOA (time of arrival, in minutes) and 
bat ray presence or absence in and out of aquaculture habitats. The trendlines represent 
increasing Dungeness crab TOA as a continuous response. Points represent actual 
observations, larger points at the ends of each trendline represent means, error bars 



xi 

represent 1 ± SE, and color distinguishes between the presence or absence of aquaculture.
........................................................................................................................................... 27 

Figure 8. Probability mass function (PMF) plots for (A) all elasmobranchs, (B) bat rays 
(Myliobatis californica), and (C) leopard sharks (Triakis semifasciata). Counts represent 
MaxN for each group, and probability represents the proportion of individuals observed 
at each count across all BRUVS deployments. ................................................................. 67 

Figure 9. Probability mass function (PMF) plots for (A) all cancrid crabs, (B) Dungeness 
crabs (Metacarcinus magister), and (C) rock crabs (Romaleon antennarium and Cancer 
productus). Counts represent MaxN for each group, and probability represents the 
proportion of individuals observed at each count across all BRUVS deployments. ........ 68 

Figure 10. Correlation matrix representing pairwise correlations between abiotic variables 
including salinity, dissolved oxygen (mg · L-1), pH, temperature (°C), Secchi depth (m), 
windspeed (km · h-1), turbidity (NTU), and tide height (MLLW), and day of year. Each 
cell in the matrix displays a correlation coefficient (Pearson’s r = -1 ≤ 0 ≥ 1) quantifying 
the strength and direction of the relationship. Values closer to 1 or -1 suggest a stronger 
linear relationship, while values closer to 0 suggest a weaker or no linear relationship. . 69 

Figure 11. Average (± SD) measurements for temperature (°C), dissolved oxygen (mg · 
L-1), and pH (mV) between June – September 2022 and April – September 2023 for each 
BRUVS deployment day. Gaps in the timeline represent periods when no measurements 
were taken. Error bars are sometimes obscured by symbols. ........................................... 70 

Figure 12. Average (± SD) measurements for salinity (ppt) between July – September 
2022 and April – September 2023 for each BRUVS deployment day. Gaps in the timeline 
represent periods when no measurements were taken. Error bars are sometimes obscured 
by symbols. ....................................................................................................................... 71 

Figure 13. Average (± SD) measurements for windspeed (km · h-1), turbidity (NTU), and 
Secchi depth (m) between July – September 2022 and April – September 2023 for each 
BRUVS deployment day. Gaps in the timeline represent periods when no measurements 
were taken. Error bars are sometimes obscured by symbols. ........................................... 72 

Figure 14. Individual BRUVS unit composed of a 0.5-kg plate attached (with zipties) to a 
1-m PVC pole. A GoPro is manually inserted to the weighted end of the BRUVS unit 
before a deployment, and a ~ 3-m braided polyester rope is tied to the weighted end and a 
small buoy is tied at the end of the rope and serves as a surface marker. The mesh bait 
bag is attached to the opposite (non weighted) end of the BRUVS unit and is keeps the 
200-300 g of squid bait enclosed with velcro. .................................................................. 73 

  



xii 

LIST OF APPENDICES 

Appendix A ....................................................................................................................... 67 

Appendix B ....................................................................................................................... 74 



1 
 

  

INTRODUCTION 

Predators are found in virtually all ecosystems (Sinclair et al., 2003; Lafferty, 

2004; Croll et al., 2005; Estes et al., 2011; Frank, 2008) and occupy high levels of the 

food chain while largely influencing lower levels through consumptive and non-

consumptive effects (Estes et al., 1998; Lima, 1998; Halpern et al., 2005; Myers et al., 

2007). Because predators influence prey populations and their associated communities 

through both direct consumption (i.e., inflicting mortality) and indirectly through non-

consumptive effects where prey species change their behavior (i.e., distribution, feeding 

activity, habitat use etc.) in response to the risk of predation (Heithaus et al., 2008; Creel 

and Christianson, 2008), their persistent decline worldwide is anticipated to have large 

impacts on mid-trophic level consumers and the resources that they consume (i.e., 

resource species such as primary producers, small invertebrates, etc.; Heithaus et al., 

2008). For example, in Shark Bay, Western Australia, AUS meso-grazers (i.e., sea turtles 

and dugongs) deplete important seagrass habitat by foraging in shallow habitats, resulting 

in potential shifts in the structure, nutrient content, and detrital cycling of seagrass 

meadows (Heithaus et al., 2002; Aragones et al., 2006). Seagrass meadows are indirectly, 

and positively, impacted when tiger sharks (Galeocerdo cuvier) are present in the 

shallower waters of Shark Bay because meso-grazers will retreat to deeper areas to avoid 

predation by tiger sharks, allowing for seagrass to grow and provide critical diverse 

habitat for fish and invertebrate communities (Heithaus, 2004; Wirsing et al., 2007).  
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 The effects of predators are well-documented and studied in terrestrial, 

freshwater, and marine systems, but more recently, researchers have become interested in 

how humans’ impact or alter top predator influence (Rosenblatt et al., 2013; Madin et al., 

2015; Hazen et al., 2019). Predatory elasmobranchs (i.e., sharks and rays) are known for 

their slow growth, late maturation, extended gestation periods, and limited offspring 

production, and are particularly vulnerable to anthropogenic stressors, including fishing 

pressure and habitat loss (Hoenig and Gruber, 1990; Frisk et al., 2001; Hopkins and 

Cech, 2003). These stressors are amplified in productive nearshore coastal ecosystems 

(seagrass beds and mangroves), which are affected disproportionately from habitat 

modification and resource exploitation (Luypaert et al., 2020; Jones et al., 2018; Halpern 

et al., 2015; Lotze et al., 2006). For example, in Morro Bay, California, USA estuary-

wide collapse of eelgrass (Zostera marina) beds since the early-2000s has been linked to 

large-scale erosion and accelerated sedimentation from over a century of human habitat 

modification (since the early 1990s; Walter et al., 2020). Coastal areas harbor important 

foundation species, like eelgrass (Bos et al., 2007), which provide critical habitat for 

many elasmobranchs but also stand out as highly susceptible zones to anthropogenic 

pressure, because most are in proximity to human populations along nearshore areas 

(Stevens et al., 2000; Last and Stevens, 2009; Yon et al., 2020). Thus, understanding how 

human modification and disruption of nearshore coastal habitat affects the abundance, 

distribution, and behavior of coastal elasmobranchs is crucial to determining effective 

management and conservation strategies (Jabado et al., 2018).  
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 One way in which humans have impacted coastal marine habitats is through 

intertidal shellfish cultivation – one of the most important aquaculture industries globally 

(Forrest et al., 2009; FAO, 2006a). Methods of shellfish cultivation may interfere with a 

range of ecological processes, due to the pre-emption of natural habitat by artificial 

infrastructure and the added or modified structural complexity of farmed habitats (Forrest 

et al., 2009). Oysters, for example are cultivated primarily in the shallow waters of 

estuaries using a variety of techniques, including elevated culture where oysters are 

suspended above the benthos in mesh cages, baskets, or trays (Forrest et al., 2009), and 

longline culture where oyster shells with attached spat (i.e., oyster larvae) are inserted 

through strands of rope that is then suspended above the benthos and supported by PVC 

or wooden pegs. Each cultivation technique introduces artificial, hard, physical structure 

into an ecosystem where such structure may largely be absent (Moroney and Walker, 

1999; McKindsey et al., 2011; Callier et al., 2018) or disrupts and displaces habitat that 

already naturally provides structure such as seagrass meadows, which are also in decline 

worldwide (Orth et al., 2006).   

 The refuge provided by natural habitat complexity is an important component of 

food web dynamics (Pace et al., 1999), and refuge availability plays a role in structuring 

communities within many highly productive coastal habitats, including shallow estuarine 

habitats (Grabowski, 2004). For example, seagrass beds, salt marshes, and natural oyster 

reefs harbor high densities of benthic organisms in part because the habitat complexity 

they create provides refuge from predation for small prey species (Grabowski, 2004; 

Summerson and Peterson, 1984; Callier et al., 2018). The physical complexity of oyster 
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farms (e.g., buoys, ropes, cages, anchors) provides substrate for a variety of fouling 

organisms, which in turn add biological components to the artificial reef-like structures of 

elevated culture, attracting additional organisms such as small fish and invertebrates 

(Costa-Pierce, 2010; Callier et al., 2018). Numerous studies have shown that bony fish 

diversity and abundance increase in areas with physical structure provided by shellfish 

aquaculture. For example, Brehmer et al., (2003) found that the abundance of fish 

schools was greater within mussel culture sites compared to non-culture sites. 

Additionally, Dealteris et al., (2004) found a greater abundance of juvenile and benthic 

fish (e.g., flounders, cod, gunnels, pipefish) and mobile invertebrates associated with rack 

and bag oyster culture than in natural habitats within their study area (i.e., seagrass or 

sand habitat). 

 Whereas the positive benefits of shellfish culture are well-documented for small 

teleost fish and benthic invertebrates, to my knowledge, there are no studies examining 

the influence of bivalve aquaculture on the abundance and behavior of elasmobranchs, 

which can act as top predators in nearshore coastal ecosystems where aquaculture is 

commonly implemented. Thus, it is unclear whether elasmobranchs may be attracted to 

the physical structure of bivalve farms because of increased prey availability or repelled 

by them due to risk of entanglement or heightened human activity, or if they are simply 

incapable of foraging in these complex artificial habitats (Callier et al., 2018). Some 

indirect evidence suggests that the addition of artificial habitat complexity could 

negatively impact large marine predators, like sharks and rays. For example, Watson-

Capps and Mann (2005) showed that bottlenose dolphins (Tursiops sp.) were less likely 
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to enter oyster farms than other nearby habitats and suggested that larger-bodied marine 

predators may avoid shellfish aquaculture structure because the lines and gear associated 

with the farmed areas interfere with their foraging. Additionally, Byers et al., (2017) 

found that bonnethead shark (Sphyrna tiburo) predation on blue crabs was over twofold 

greater on featureless mudflats compared to structurally complex natural oyster reefs, 

suggesting that the complexity of oyster habitat weakens the predatory effects of sharks 

and may impede foraging success. Taken together, these results suggest that artificial 

habitat complexity associated with oyster aquaculture could negatively affect 

elasmobranch abundance and weaken their top-down effects in coastal ecosystems.  

Fluctuations in environmental variables such as temperature, salinity, pH, 

dissolved oxygen, turbidity, and tidal flow also have the potential to dictate the 

abundance and habitat use of elasmobranchs (Schlaff et al., 2014), especially in coastal 

areas like estuaries where environmental conditions are in a constant state of flux from 

natural and anthropogenic influences (Cloern et al., 2016). Elasmobranchs in nearshore 

habitats prefer warmer temperatures for foraging (Schlaff et al., 2014) and will exhibit 

temperature-mediated seasonal (Dunbrack and Zielinski, 2003; Hopkins and Cech, 2003; 

Heupel, 2007; Vaudo and Heithaus, 2009) and diel movements (Carey et al., 1990; 

Economakis and Lobel, 1998; Matern et al., 2000; Sims et al., 2006). Nearshore 

elasmobranchs may also prefer environments with increased turbidity (i.e., decreasing 

water clarity) as an adaptive strategy to avoid predation (Bethea et al., 2015; Yates et al., 

2015), although there are relatively few studies investigating this claim. Both temperature 

and turbidity will also be influenced by tidal movements, which themselves strongly 
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influence the movements of coastal elasmobranchs (Carlisle and Starr, 2010) especially 

in bays and estuaries where shallow mudflats and eelgrass beds are fully exposed and 

inaccessible at low tide (Whitfield, 2017), and during flood tides elasmobranchs can 

expand their foraging efforts in shallower habitats (Schlaff et al., 2014). Thus, common 

coastal elasmobranch species are likely influenced by a myriad of natural and human 

influenced factors including, artificial habitat complexity, habitat modification, and 

environmental variability (Schlaff et al., 2014; Madin et al., 2015; Bishop et al., 2017).   

Here, I conducted underwater video surveys to assess the effect of oyster 

aquaculture and abiotic environmental factors on the abundance and behavior of 

elasmobranchs and their prey in the primary habitat types (eelgrass beds and mudflats) of 

a large estuary (Humboldt Bay, CA). I hypothesized that habitat type and the presence of 

aquaculture structure would affect elasmobranch abundance and habitat use, with the 

expectation of lower elasmobranch and prey abundance on mudflats, a mostly featureless 

habitat, because there is no artificial or biotic structure that prey can use to hide from 

predators, and predators may be less abundant in areas with less prey (Chang and Todd, 

2023). Conversely, in eelgrass beds – where species abundance and diversity are higher 

(Hughes et al., 2014) and habitat disruption may be less frequent – I anticipated higher 

abundance of both elasmobranchs and their prey. I also predicted that the presence of 

oyster aquaculture in both eelgrass and mudflat habitats would inhibit elasmobranch 

abundance due to the risks associated with frequent human activity and habitat 

disturbance (Dumbauld et al., 2009), but positively impact abundance of their prey (i.e., 
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benthic invertebrates) because of increased refuge availability in these areas (Grabowski, 

2004). 
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METHODS 

Study area 

Humboldt Bay is a large marine and estuarine embayment located on the coast of 

northern California in Humboldt County (40°46′N, 124°14′W) (Gray et al., 1997). It is 

the second largest bay in California, measuring approximately 106 km2 (Pacific Marine 

and Estuarine Partnership, 2017). The bay serves as habitat for a diverse array of 

invertebrates, fishes, birds, and mammals (Barnhart et al., 1992). Eelgrass (Zostera 

marina) beds that grow throughout the bay provide biotically structured habitat and play 

an important role in the distribution of infaunal organisms and the abundance of fish and 

birds (Barnhart et al., 1992; Hughes et al., 2014; Toft et al., 2023). Benthic invertebrates, 

including polychaete worms, molluscs, and crustaceans, including Dungeness crab 

(Metacarcinus magister), Pacific rock crab (Romaleon antennarium), red rock crab 

(Cancer productus), striped shore crab (Pachygrapsus crassipes), purple shore crab 

(Hemigrapsus nudus), and yellow shore crab (Hemigrapsus oregonensis) are commonly 

found throughout the bay. Many fish, bird, and marine mammal species feed on these 

invertebrates (Barnhart et al., 1992; Gray et al., 1997; Ebert and Ebert, 2005). Fish in 

Humboldt Bay belong to two groups, elasmobranchs (cartilaginous fish) and teleosts 

(bony fish). Common elasmobranchs are the leopard shark (Triakis semifasciata), 

sevengill shark (Notorynchus cepedianus), the brown smoothhound (Mustelus henlei), 

and bat ray (Myliobatis californica) (Barnhart et al., 1992; Ebert and Ebert, 2005). 
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Leopard sharks mostly feed on crabs, polychaete worms, and molluscs, while bat rays 

feed on a combination of crabs, clams, Crangon shrimp, and polychaetes (Gray et al., 

1997). Cancrid crabs (Dungeness and rock crabs) are one of the most important prey 

items for both adult leopard sharks and bat rays in Humboldt Bay (Gray et al., 1997; 

Ebert and Ebert, 2005). Sevengill sharks, a larger species, feed on both leopard sharks 

and bat rays, as well as pinnipeds and bony fish (Ebert, 1989).  

 Humboldt Bay consists of three main areas: Entrance Bay, South Bay, and Arcata 

Bay. Arcata Bay and South Bay are broad areas with extensive mudflats and eelgrass 

beds dispersed throughout. Both eelgrass beds and mudflats in Arcata Bay have the 

potential to be occupied by oyster aquaculture, while South Bay, which is partially a 

Marine Recreational Management Area, does not contain any oyster aquaculture. I 

performed all the sampling procedures described below in Arcata Bay and South Bay 

(40°50’N, 124°07’W and 40°42’N, 124°14’W) (Fig. 1). I sampled areas adjacent to three 

of the four large tidal channels (East Bay Channel, Arcata Channel, and the Mad River 

Channel) in Arcata Bay and in two sloughs (Mad River Slough at the northern end of 

Arcata Bay and the Eureka Slough at the southeastern end of Arcata Bay). In South Bay, 

I sampled areas adjacent to two main channels that surrounded a large mudflat on the east 

and west side of the bay. Sampling sites were selected based on two predefined benthic 

habitats, eelgrass, and mudflat, and whether oyster aquaculture was present (Fig. 1).  
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Figure 1: Map of Humboldt Bay, CA with 112 total BRUVS deployment sites 

and 28 individual replicate sites in eelgrass, eelgrass with aquaculture, mudflat, 

and mudflat with aquaculture. Open (white) circles represent eelgrass habitats, 

closed (black) circles represent mudflat habitats, white plus (+) signs represent 

eelgrass habitats with aquaculture, and black plus (+) signs represent mudflat 

habitats with aquaculture.  
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At sites where aquaculture was present, I used maps provided by Coast Seafoods 

Co. denoting the locations of their farmed oyster beds and the type of culture method 

(NOAA Office for Coastal Management, 2009). There are several different oyster culture 

methods used in Arcata Bay, including: rack-and-bag culture, where oysters grow in 

square mesh bags affixed to a steel rebar rack; tray culture, where oysters grow in square 

trays that are stacked vertically; suspended culture, where oysters grow in baskets that are 

attached to lines that are raised in the water column and the baskets rise and fall with the 

tide; and bottom culture, where oyster larvae that is attached to a hard substrate and 

grows off the bottom in clusters (Forrest et al., 2009).  I chose non-aquaculture 

deployment sites using maps of Humboldt Bay from previous studies and habitat 

assessments (Barnhart et al., 1992, Hughes et al., 2014), as well as personal observations 

from preliminary field surveys.  

Estimating elasmobranch and prey abundance 

Baited remote underwater video stations (BRUVS) are a useful tool to survey the 

diversity and abundance of predatory fishes and have been used extensively to compare 

species abundance in different underwater habitats (Cappo et al., 2007; Brooks et al., 

2011).  I used six individual BRUVS units comprised of a 0.5-kg plate affixed to a 1-m 

pole with a GoPro HERO+ (GoPro®, Inc., San Mateo, CA, USA) at the weighted end of 

the pole and a mesh bait bag containing between 200-300g of squid at the far end of the 

pole; Appendix A, Fig. 14) during each sampling day between May – September 2022 

and April – August 2023. I deployed these BRUVS at 122 different locations in the bay. 
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Ten deployments were not used because the camera failed before the 60-minute period or 

the BRUVS unit tipped over during deployment. As a result, I conducted a total of 28 

sampling events for each habitat type/aquaculture presence combination (eelgrass with 

and without aquaculture, mud with and without aquaculture; Fig. 1).  

 I used a 6.4 m deep vee aluminum hull center console boat for all sampling 

procedures. At each sampling site, I deployed BRUVS off the side of the boat (a 2.5-

meter rope was attached to the weight with a buoy tied to the opposite end to mark the 

location of the BRUVS at the surface) and left them submerged for at least 60 minutes to 

allow for species detection (Currey-Randall et al., 2020). BRUV units were deployed 

simultaneously with at least 500 m between each unit to reduce the likelihood of non-

independence due to individuals being concurrently sampled by adjacent BRUVS 

(Langlois et al., 2020). The boat was positioned approximately 200 m away from all 

active deployment sites to reduce the likelihood of boat noise altering species arrival 

(Roberts et al., 2016), and while recreational and commercial boating is common in 

Humboldt Bay, many of these vessels stay in deeper channels and I rarely observed any 

noise disturbance from other vessels when analyzing BRUV footage or on the boat 

during sampling days. 

BRUVS video analysis 

I visually identified (to the lowest taxonomic level possible) and counted all 

elasmobranch, bony fish, and crab species in the video footage from each deployment 

video. I recorded the total individual counts of each species that entered the field of view 
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and quantified the relative abundance of each species throughout the entire deployment 

interval using MaxN, the standard metric of abundance that is used when analyzing 

BRUVS footage. MaxN is defined as the maximum number of individuals of a single 

species seen in the field of view at any one time per deployment (Cappo et al., 2003a, b). 

MaxN is commonly used to estimate species abundance in BRUVS because it is a 

conservative measure in that it ensures that no individual is counted more than once 

(Schobernd et al., 2014). I also recorded time of arrival (TOA) to understand potential 

differences in behavior of species observed in deployments – defined as the first time a 

species was in view during the deployment interval (Gore et al., 2020) – for both crab 

and elasmobranch species. 

Abiotic environmental variables 

Fluctuations in abiotic factors can influence movement and changes in behavior and 

habitat use for many fish and invertebrate species (Brown and Terwilliger, 1999; Schlaff 

et al., 2014). Thus, I also measured abiotic environmental variables [pH (mV), 

temperature (°C), dissolved oxygen (DO; mg ⋅ L-1), salinity (ppt), and Secchi depth (m)] 

at each site prior to deploying an individual BRUVS unit. I used a Hach HQ40d portable 

multi-parameter meter (Hach ®, Co., Loveland, CO, USA) to measure temperature, DO, 

and pH. I submerged and retrieved a Secchi disc at each deployment site, measuring 

extinction depth (m) and eruption depth (m), and used transparency depth (m)  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑖𝑖 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑆𝑆𝑡𝑡𝑆𝑆𝑡𝑡 𝑑𝑑𝑆𝑆𝑡𝑡𝑡𝑡ℎ (𝑚𝑚) =  
𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝑡𝑡𝑆𝑆𝑡𝑡𝑖𝑖𝐸𝐸𝑡𝑡 𝑑𝑑𝑆𝑆𝑡𝑡𝑡𝑡ℎ (𝑚𝑚) +  𝐸𝐸𝑡𝑡𝐸𝐸𝑡𝑡𝑡𝑡𝑖𝑖𝐸𝐸𝑡𝑡 𝑑𝑑𝑆𝑆𝑡𝑡𝑡𝑡ℎ (𝑚𝑚)

2
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as a proxy for turbidity; and to measure salinity I used a handheld refractometer (Sper 

Scientific Direct, Scottsdale, AZ, USA).  

Statistical analysis 

To test the effects of habitat type, aquaculture presence, and abiotic variables on 

MaxN, of elasmobranchs and crabs in BRUVS deployments, I employed a generalized 

linear model (GLM) approach. Because elasmobranch occurrence on BRUVS 

deployments was highly zero-inflated (~ 46% zeros), I used a hurdle model to analyze 

abundance of individual elasmobranch species. Hurdle models account for an excess of 

zeros via a two-step model structure. The first step fits a binomial probability model to 

determine whether a zero or non-zero outcome occurs, and the second step fits a separate 

model for all positive outcomes. Here, I modeled the occurrence of elasmobranchs 

(presence/absence) across all deployments using a binomial distribution. The next step 

only included deployments where elasmobranchs were present and modeled 

elasmobranch abundance (MaxN > 0) using a negative binomial distribution with a log-

link function. Including interaction terms in the hurdle model (e.g., habitat type x 

aquaculture presence) resulted in errors with model complexity and potential overfitting. 

To improve model performance overall, I only considered additive effects to streamline 

the model and avoid issues like overfitting. I performed model selection for GLMs on 

elasmobranch data using an Akaike information criteria (AIC) test on all possible model 

configurations and a null model. I compared differences between each model by 
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calculating ΔAIC values, and values within less than 4 units (ΔAIC < 4) of the top model 

(lowest AIC score), were considered equivalent to the top model. 

For all cancrid crab species combined, and Dungeness crabs, I used a GLM with a 

negative binomial distribution and log-link function to model abundance (MaxN) across 

all deployments. Because rock crab (red rock crabs and Pacific rock crabs combined) 

abundance was also zero-inflated (~74% zeros), I also used a hurdle model to analyze 

their abundance. For all models, and in each of the steps in the hurdle models, I included 

the separate and interactive effects of habitat type and aquaculture presence and the 

effects of salinity, pH, temperature, dissolved oxygen, Secchi depth, and tidal height. 

Prior to running the models, I examined variation inflation factors (VIFs) to assess 

multicollinearity among the predictor variables. To assess potential trophic relationships 

between elasmobranchs and crabs, I examined the relationship between MaxN of crabs 

and presence or absence of elasmobranchs across all BRUVS deployments with logistic 

regression. I also employed a two-way ANOVA to test the separate and interactive 

effects of aquaculture presence and elasmobranch presence, and the effects of habitat 

type, on the TOA of crabs. I conducted all analysis using R (R Core Team, 2021) and 

RStudio (Posit Team, 2023), with the pscl (Zeileis et al., 2008), and MASS (Venables 

and Ripley, 2002) packages to run the hurdle models.  
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RESULTS 

Elasmobranchs were present in 54% of all BRUVS deployments. Bat rays (present in 

40% of all deployments) and leopard sharks (present in 28% of all deployments) were the 

most commonly observed species (Appendix A, Fig. 8), with sevengill sharks only 

observed in two (1.7%) of the 112 deployments. Crabs were present in 80% of all 

deployments. Dungeness crab (present in 70% of all deployments), and rock crab (red 

rock crab and Pacific rock crab; 26% of all deployments) were the most commonly 

observed crab taxa (Appendix A, Fig. 9). European green crabs (Carcinus maenas), non-

native to Humboldt Bay, were observed at only one sampling site (Eureka Slough) on 

two occasions. Shore crabs (Hemigrapsus spp.) were present in only 20% of deployments 

and were excluded from subsequent analyses because they are not important prey items 

for leopard sharks or bat rays (Gray et al., 1997; Ebert and Ebert, 2005). 

There was one strong and positive relationship between abiotic variables 

(Appendix A, Fig. 10) including temperature and day of year (r = 0.85, P > 0.0001); and 

several significant negative associations including Secchi depth and turbidity (r = -0.41, 

P > 0.0001), salinity and dissolved oxygen (r = -0.45, P > 0.0001), and temperature and 

dissolved oxygen (r = -0.63, P > 0.0001). Day of year was removed from the analysis due 

to its highly positive and significant association with temperature. Despite these 

correlations, predictor variables had low to moderate collinearity (Appendix B, Table 5) 

and variance inflation factors (VIFs) for all parameters across all models were low (< 4; 

Appendix B, Table 6), thus, all variables were included in all models. The best model for 
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leopard sharks and bat rays included all predictor variables (Table 1). The original top 

model for bat rays did not include Secchi depth (m), however, the ΔAIC score for the 

second-best performing model – which included all predictor variables – was less than 4 

units and so I selected it as the top model (Table 1), and this model was selected for 

further analyses for both species.  

Bat rays were more likely to be present in aquaculture (β = 1.02, df = 19, P = 

0.039, Fig. 2A) and when water temperatures were higher (β = 0.22, df = 19, P = 0.040, 

Fig. 3; Table 2A). When bat rays were present, they were more abundant on mudflats (β 

= 1.21, df = 19, P = 0.015), at higher salinities (β = 0.63, df = 19, P = 0.025), and in more 

turbid waters (β = -3.67, df = 19, P = 0.011; Table 2A). In contrast, leopard shark 

presence (Table 1B, Fig. 2B) was not influenced by aquaculture, and leopard sharks were 

more likely to be present in more turbid waters (β = -3.06, df = 19, P = 0.004, Fig. 3). 

Leopard shark abundance was not predicted by any of the variables in the model (Table 

2).  

Aquaculture presence and habitat type were not significant predictors of crab 

abundance (Fig. 4). Instead, crab abundance was positively associated with higher 

salinities (β = 0.24, df = 92, SE = 0.06, z = 3.65, P = 0.003, Table 3) and water 

temperatures (β = 0.09, df = 92, SE = 0.04, z = 2.42, P = 0.015, Fig. 5). 
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Table 1. Top hurdle models for predicting (A) bat ray and (B) leopard shark presence and 

abundance. Log-likelihood, Akaike information criterion (AIC), and difference from 

lowest Akaike information criterion (ΔAIC) are reported. Selected models for both 

species are indicated in bold. The full model was selected for bat rays because the ΔAIC 

for the top two models was less than four units and so conservatively, not distinguishable 

from one another. Variable codes – Habitat: eelgrass or mudflat; Aqua: aquaculture 

presence; Sal: salinity; Temp: temperature; DO: dissolved oxygen; Secchi: Secchi depth, 

Tide: tidal height. 

 
 

 

(A) Bat ray model log L df AIC ΔAIC 
Habitat + Aqua + Sal + pH + Temp + DO -67.01 15 164.02 0 
Habitat + Aqua + Sal + pH + Temp + DO + Secchi  -66.92 17 167.83 3.81 
Habitat + Aqua + Sal + pH + Temp + DO + Secchi + Tide  -65.79 19 169.58 5.56 
Habitat + Aqua + Sal + pH + Temp -72.39 13 170.77 6.75 
Habitat + Aqua + Sal + pH -75.04 11 172.09 8.07 
Habitat + Aqua -85.91 7 185.82 21.8 
Habitat + Aqua + Sal -84.13 9 186.26 22.24 
Aqua -88.54 5 187.09 23.07 
Habitat -96.5 5 202.10 38.08 
Intercept -99.22 3 204.45 40.43 
(B) Leopard shark model log L df AIC ΔAIC 
Habitat + Aqua + Sal + pH + Temp + DO + Secchi + 
Tide 

-54.68 19 147.36 0 

Habitat + Aqua + Sal + pH + Temp + DO + Secchi  -56.86 17 147.72 0.36 
Habitat + Aqua + Sal + pH + Temp + DO -63.54 15 157.08 9.36 
Habitat + Aqua + Sal + pH -67.56 11 157.11 9.39 
Habitat + Aqua + Sal + pH + Temp -66.08 13 158.17 10.45 
Intercept -78.34 3 162.68 14.96 
Habitat -77.43 5 164.86 17.14 
Aqua -77.73 5 165.46 17.74 
Habitat + Aqua -76.77 7 167.53 19.81 
Habitat + Aqua + Sal -75.43 9 168.86 21.14 
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Table 2. Summary of the hurdle model results for predictors of (A) bat ray and (B) 

leopard shark presence and abundance. The first part of the model (zero hurdle) predicts 

the likelihood of observing an elasmobranch as a binary (0, 1) response, and the second 

part of the model (count model) shows what response variables influence the abundance 

or count (1, 2, 3, 4) of elasmobranchs using a negative binomial distribution. The 

estimate represents the strength of the relationship of significant predictors and whether 

the relationship is positive or negative. Bold text indicates statistical significance at α = 

0.05.  

 

 

(A) Zero hurdle model   Count model   
Variable β P β P 
Intercept -0.46 0.985 -21.78 0.598 
Habitat -0.39 0.430 1.21 0.015 
Aquaculture presence 1.02 0.039 0.01 0.987 
Salinity (ppt) 0.31 0.080 0.63 0.025 
pH -2.65 0.439 -2.00 0.732 
Temperature (°C) 0.22 0.040 -0.04 0.894 
Dissolved oxygen (mg · L

-1
) 0.65 0.227 1.69 0.080 

Secchi depth (m) -0.16 0.857 -3.67 0.011 

(B) Zero hurdle model   Count model   
Variable β P β P 
Intercept -9.57 0.706 -3.84 0.879 
Habitat -0.58 0.261 5.32 0.249 
Aquaculture presence 0.53 0.331 -3.78 0.187 
Salinity (ppt) 0.02 0.928 0.37 0.716 
pH 0.59 0.862 -6.04 0.521 
Temperature (°C) 0.18 0.141 0.35 0.498 
Dissolved oxygen (mg · L

-1
) 0.33 0.567 4.31 0.292 

Secchi depth (m) -3.06 0.004 -20.58 0.216 
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Figure 2. The presence and absence (MaxN) of (A) bat rays, and (B) leopard sharks in 

mud and eelgrass habitats, with and without the presence of aquaculture structure. 

Smaller filled circles represent overlapping individual data points from deployments in 

habitats with aquaculture, and smaller open circles represent overlapping individual data 

points from deployments in habitats with no aquaculture.  
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Table 3. Summary of generalized linear model analyzing the effects of aquaculture 

presence, habitat, and abiotic environmental variables on the abundance of all (A) cancrid 

crabs (Dungeness and rock crab), and (B) Dungeness crabs. The estimate represents the 

strength of the relationship of significant predictors and whether the relationship is 

positive or negative. Bold text indicates statistical significance at α = 0.05. 

(A) Variable β P 
Intercept -20.43 0.013 
Habitat 0.09 0.588 
Aquaculture presence 0.21 0.240 
Salinity (ppt) 0.24 < 0.001 
pH (mV) 1.15 0.283 
Temperature (°C) 0.09 0.015 
Dissolved oxygen (mg · L

-1
) 0.15 0.408 

Secchi depth (m) 0.35 0.269 
  AIC 337.4 
  No. Iterations 1 
  Theta 10.74 
  2 x log L -319.40 

 

 

 

(B) Variable Β P 
Intercept -23.34 0.016 
Habitat 0.12 0.550 
Aquaculture presence 0.17 0.421 
Salinity (ppt) 0.27 0.0004 
pH (mV) 1.34 0.29 
Temperature (°C) 0.12 0.012 
Dissolved oxygen (mg · L

-1
) 0.14 0.520 

Secchi depth (m) 0.15 0.677 
 AIC 311.9 
 No. iterations 1 
 Theta 6.55 
 2 x log L -293.91 



22 
 

  

 

Figure 3. Relationship between presence of (A) bat rays and temperature (°C); and 

between presence of (C) leopard sharks and Secchi depth (m). Decreasing Secchi depths 

(m) indicate decreasing levels of water clarity. The fitted logistic curves represent the 

probability of elasmobranch presence as a binary response (0, 1), and shaded confidence 

bands represent ± 1 SE. Points represent actual observations. 
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Figure 4. The abundance (MaxN) of (A) Dungeness crabs, and (B) Rock crabs in mud 

and eelgrass habitats, with and without the presence of aquaculture structure. Smaller 

filled circles represent individual data points from deployments in aquaculture habitats, 

and smaller open circles represent individual data points from deployments in non-

aquaculture habitats, and larger, black circles represent means ± 1 SE. 

 Neither aquaculture presence nor habitat type influenced Dungeness crab 

abundance, but these crabs were significantly more abundant when salinities (β = 0.27, df 

= 92, SE = 0.08, z = 3.58, P < 0.001, Table 3) and temperatures (β = 0.11, df = 92, SE = 

0.05, z = 2.37, P = 0.018, Figure 5) were higher. Similarly, aquaculture presence did not 

predict rock crab presence, but rock crabs were more likely to be present in eelgrass 
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habitats (β = -1.39, df = 92, SE = 0.63, z = -2.18, P = 0.029, Table 4) compared to 

mudflats, and under higher pH conditions (β = 10.81, df = 92, SE = 4.67, z = 2.31, P = 

0.021). When rock crabs were present, their abundance was not predicted by aquaculture, 

habitat, or any of the environmental variables.   

 

 

Figure 5. Relationship between abundance of Dungeness crabs and (A) salinity (ppt), and 

(B) temperature (°C). Increasing salinities (ppt) indicates higher levels of saltwater. The 

fitted logistic curves represent increasing crab abundance, with shaded ± 1 SE. Points 

represent actual observations. 
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Figure 6. Relationship between bat ray presence and abundance (MaxN) of all cancrid 

crabs (Dungeness and rock crabs) (A) across all deployments, and (B) in habitats with 

and without the presence of aquaculture. The fitted logistic curves represent the 

probability of bat ray presence as a binary response (0, 1) with and without the presence 

of aquaculture. Shaded confidence bands represent 1 ± SE and points represent actual 

observations. 

 Crab abundance (Appendix B, Table 7) was a significant predictor of bat ray 

presence (Fig. 6a), and this was mainly due to the significant and positive relationship 

between crab abundance and bat ray presence in habitats with aquaculture (β = 0.366, df 

= 92, SE = 0.14, z = 2.63, P = 0.009, Fig. 6b). There was no relationship between the 

likelihood of observing a leopard shark and increasing crab abundance (β = -0.08, df = 

92, SE = 0.13, z = -0.640, P = 0.522). Rock crab abundance was not a significant 
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predictor of elasmobranch presence in general (β = -0.11, df = 92, SE = 0.443, z = -0.252, 

P = 0.801). Aquaculture presence and bat ray presence had significant interactive effects 

on Dungeness crab TOA (ANOVA; F1, 34 = 4.34, P = 0.044) with bat ray presence 

increasing the TOA of crabs in general (ANOVA; F1, 34 = 4.85, P = 0.034, Fig. 7), but 

more so in the absence of aquaculture. 

 

Table 4. Summary of the hurdle model results for predictors of rock crab (Pacific rock 

crab and red rock crab) presence and abundance. The first part of the model (zero hurdle) 

predicts the likelihood of observing a rock crab as a binary (0, 1) response, and the 

second part of the model (count model) shows what response variables influence the 

abundance or count (1, 2, 3, 4) of rock crabs using a negative binomial distribution. The 

estimate represents the strength of the relationship of significant predictors and whether 

the relationship is positive or negative. 

 

 

 

Zero hurdle model    Count model  
Variable β P β P 
Intercept -86.59 0.011 -46.72 0.826 
Habitat -1.39 0.029 1.50 0.644 
Aquaculture presence 1.05 0.106 18.77 0.830 
Salinity (ppt) 0.20 0.347 1.24 0.546 
pH 10.81 0.021 -6.27 0.853 
Temperature (°C) -0.13 0.300 0.16 0.923 
Dissolved oxygen (mg · L

-1
) -0.75 0.240 2.78 0.642 

Secchi depth (m) 1.94 0.060 -0.00 0.999 
    Log (theta) 7.80   
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Figure 7. The relationship between Dungeness crab TOA (time of arrival, in minutes) 

and bat ray presence or absence in and out of aquaculture habitats. The trendlines 

represent increasing Dungeness crab TOA as a continuous response. Points represent 

actual observations, larger points at the ends of each trendline represent means, error bars 

represent 1 ± SE, and color distinguishes between the presence or absence of aquaculture. 
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DISCUSSION 

Based on the analyses of BRUV deployments, bat rays are more likely to be 

present in habitats with aquaculture structure, while leopard sharks had not significant or 

positive associations in habitats with and without aquaculture structure.  The compressed, 

discoid body of bat rays may be well-suited to foraging in and around these various types 

of aquaculture structures, and the increased likelihood of observing this species in and 

around aquaculture could be attributed to increased prey availability and predator 

avoidance (Forrest et al. 2009). In contrast, aquaculture structure does not appear to be an 

important factor influencing leopard shark habitat use, and higher degrees of fidelity to 

turbid waters, likely due to advantages hunting prey and/or the avoidance of predators, 

appear to be more important (Carlisle and Starr, 2010). Nevertheless, the positive effect 

of oyster aquaculture on the presence of bat rays in Humboldt Bay indicates that oyster 

aquaculture can be an important factor influencing elasmobranch habitat use and provides 

a new understanding of how oyster aquaculture can influence the behavior of mobile 

predators in nearshore marine systems.   

There are two main hypothesized mechanisms through which bivalve aquaculture 

operations might attract mobile predatory species like bat rays. The first is the addition of 

physical structure to the environment. This includes physical farming structures as well 

as the biotic structure provided by the bivalves themselves. The physical structure of the 

farm and the fouling that concentrates on bivalves and structures create an attraction for a 

variety of species (e.g., Costa-Pierce and Bridger 2002). Second, the farmed bivalves, the 
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organisms growing on or otherwise associated with the farm infrastructure, and those 

organisms impacted by organic loading related to farming, may be important food 

resources for mobile predators. For example, crabs and other crustaceans, molluscs, and 

demersal fish appear to benefit from increased food availability under bivalve suspended 

culture (e.g., McKindsey et al., 2011). Thus, for mobile predatory species like rays, 

complex structure formed by oyster culture is likely to provide a place both to search for 

prey and to avoid becoming prey to larger predators.  

Several studies in U.S. West Coast estuaries have documented abundant, highly 

diverse infaunal communities associated with on-bottom oyster culture. In Humboldt 

Bay, where bat rays feed on infaunal invertebrates in addition to crabs (Gray et al., 1997), 

the diversity and abundance of infauna in on-bottom oyster culture were found to be 

higher than in open mudflat, but lower than that in eelgrass (Trianni, 1995). In another 

study in Humboldt Bay, the diversity and abundance of infaunal invertebrates around 

long line oyster culture were also similar to those observed at eelgrass reference areas 

(Rumrill and Poulton, 2004). Although I did not sample infauna in our study, the fact that 

bat rays were more likely to be present in and around aquaculture independent of habitat 

(mudflat vs eelgrass) suggests that variation in infaunal food resources specifically, were 

not driving this pattern. In contrast, oyster longlines in Humboldt Bay have been shown 

to harbor more small fish (Pinnix et al., 2005) than eelgrass or open mud habitats, and 

more staghorn sculpin (Leptocottus armatus) and caridean shrimp (Crangon 

franciscorum) in high-density oyster long-line plots compared to lower-density oyster 
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plots (Rumrill and Poulton, 2004), suggesting that food availability in aquaculture may in 

part be driving bat ray presence there (see below). 

Predator avoidance by bat rays in aquaculture habitats could explain why bat rays 

were observed in close to half of all deployments in aquaculture while their main 

predator, sevengill sharks, were observed in only two deployments, and never in 

aquaculture-modified habitats. In southeast Tasmania, adult sevengill sharks are abundant 

in shallow coastal regions in the summer and prey on gummy sharks (Williams and 

Schaap, 1992; Stevens and West, 1997; Barnett et al., 2010), a smaller mesopredator like 

bat rays. It has been hypothesized that gummy sharks likely use coastal habitats based on 

trade-offs between predation risk from sevengill sharks and food availability (Heupel et 

al., 2007). The high abundances of both sevengill sharks and the common occurrence of 

gummy sharks found in their diets (Barnett et al. 2010) indicates that gummy sharks are 

exposed to high predation risks and that coastal habitats may not provide protection from 

predation, but increased food availability could be the main reason for the gummy sharks 

continued use of these areas. A similar scenario may be playing out in Humboldt Bay 

with sevengills and bat rays. While shallow coastal habitats provide important foraging 

grounds for sevengills (Ebert, 1991), aquaculture structure may inhibit the foraging 

capabilities of these larger predators, thereby providing an added benefit of protection 

(Theuerkauf et al., 2022) for bat rays. Regardless of the precise mechanism driving 

increased bat ray presence in oyster aquaculture in Humboldt Bay, my findings are 

consistent with the limited amount of information for the effects of elevated culture 

systems on mobile fish species, which describe effects best viewed as neutral or positive 
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(rather than adverse) (McKindsey et al., 2006, Dealteris et al., 2004, Leguerrier et al. 

2004, Laffargue et al., 2006, Erbland and Ozbay, 2008). 

In addition to aquaculture presence, elevated water temperature was a significant 

predictor of bat ray presence. Consistent with the idea that temperature is an important 

driver of elasmobranch foraging, was my observation that bat ray presence in Humboldt 

Bay was positively associated with increasing water temperature. Diel movement to 

locate a preferred temperature range (i.e., behavioral thermoregulation) may be 

particularly important to the foraging success of many sharks and rays (Carey et al., 

1990; Matern et al., 2000; Sims et al., 2006; Thums et al., 2013). This is because 

thermoregulatory behavior may provide physiological and/or metabolic benefits to the 

individual that offset movement costs (i.e., energy savings that could be allocated to 

growth or reproduction). Bat rays in Tomales Bay, CA have been shown to display strong 

diel movements (Matern et al., 2000) and a combination of telemetry data, foraging 

patterns, and respiratory temperature-sensitivity in this species, strongly suggest 

behavioral thermoregulation as the primary driver of this movement pattern (Matern et 

al., 2000). Specifically, bat rays swim toward the warmer, shallower feeding grounds of 

the inner bay from 2:50–14:50h where they forage vigorously from approximately 12:00–

20:00 h, as indicated by elevated body temperature. Their movements back toward the 

outer bay from 14:50–2:50h eventually take them to cooler water where digestion and 

assimilation can take place more efficiently. Bat rays in Humboldt Bay may be 

employing this same strategy and forage in warmer, shallow, habitats during the day at 

incoming tides and return to the deeper, cooler, channels as the outgoing tide leaves these 
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areas exposed. A similar ‘‘hunt warm, rest cool’’ strategy has been observed in male 

dogfish, Scyliorhinus canicula, and is thought to lower their daily energetic costs by ~ 4 

% (Sims et al., 2006). 

The use of turbid coastal environments like estuaries is considered to be an anti-

predator strategy employed by young sharks (Yates et al., 2015), although relatively few 

studies have investigated this relationship empirically. Thus, the increased presence of 

leopard sharks and increased abundance of bat rays in more turbid water in Humboldt 

Bay could be attributed to predator avoidance (Bethea et al., 2015), especially for leopard 

sharks, which use turbid estuaries as nursery areas (Ebert and Ebert, 2005). More 

specifically, the preferential use of turbid environments by leopard sharks and bat rays 

could be an adaptive strategy for avoiding predation by sevengill sharks (Notorynchus 

cepedianus), their main predator in Humboldt Bay (Ebert, 1991). However, sevengill 

sharks have been observed to be most active on shallow-water mudflats under conditions 

of poor light and prefer water that is very turbid (Ebert, 1991). It has therefore been 

suggested that many of the sevengill’s fast-swimming prey species are more vulnerable in 

water of poor visibility – suggesting against the use of turbid environments by bat rays 

and leopard sharks as an anti-predator strategy.  

In contrast, turbid environments may provide abundant prey for small sharks and 

rays (Clarke, 1971; Blaber and Blaber, 1980; Yates et al., 2015) or facilitate stealthy 

hunting strategies (Heithaus, 2001; Yates et al., 2015). Leopard sharks are strongly 

influenced by tidal movements and will swim with or against tidal currents to remain in 

certain intertidal regions (Carlisle and Starr, 2010). Tidal flow can disrupt sediment, 
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making underwater conditions more turbid (Uncles et al., 2002), and turbid conditions 

are thought to provide abundant prey (Bethea et al., 2014). Thus, leopard sharks could be 

more abundant in areas with increased turbidity to forage. The observed greater number 

of bat rays on mudflats could be connected to the observed increase in turbidity, where 

conditions on mudflats are presumably more turbid because resuspension of bottom 

sediments are more frequent when eelgrass is absent (Ros et al., 2014). Given the above 

prediction, it is worth noting that turbidity measurements taken from mudflat habitats 

were significantly greater than measurements taken from eelgrass habitats. 

Higher temperatures and salinities were significant factors influencing the 

abundance of Dungeness crabs. Warmer temperatures are an important factor influencing 

Dungeness crab distribution (McLean and Todgham, 2015) and the average temperatures 

(~ 15 °C) I observed during sampling are considered optimal for Dungeness crab activity 

and increase metabolic rates (Appendix A, Fig. 11) (Curtis and McGaw, 2012). Similarly, 

warmer temperatures increase the activity of bat rays (Schlaff et al., 2014). Since there is 

an increased likelihood of observing bat rays in aquaculture habitats at warmer 

temperatures, Dungeness crabs might be more vulnerable to predation because their 

activity also increases during warmer periods (Curtis and McGaw, 2012). Thus, 

Dungeness crab abundance might be lower than anticipated in habitats where 

temperatures are warmer and there is an increased likelihood of observing bat rays. 

Dungeness crabs will reduce activity and exhibit behaviors indicative of stress at low 

salinity (< 24 ppt) and prefer more saline conditions (Curtis and McGaw, 2012). 

However, the lowest salinity observed during sampling was 32 ppt (Appendix A, Fig. 12) 
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and so it was unlikely that salinity played any role in Dungeness crab activity and 

vulnerability to predation in aquaculture habitats. 

 Prey density and availability (Heithaus et al., 2002; Shepard et al., 2006; Torres et 

al., 2006; Jaine et al., 2012) and predator avoidance (Heupel and Hueter, 2002; Collins et 

al., 2007; Heithaus et al. 2009) are thought to influence movement patterns and habitat 

choice for many elasmobranch species. Prey species, or the predators themselves must 

balance trade-offs between the benefits of hunting prey and the costs of avoiding 

predators (Schmitz et al., 1997; Heithaus and Dill, 2002; Preisser et al., 2005; Ripple and 

Beschta, 2007). Further, habitat complexity, like that provided by oyster aquaculture, can 

shift the balance of this tradeoff and shape predator-prey interactions by influencing 

encounter rates between predators and prey, the likelihood of an attack, and the 

probability that prey will escape (Lima and Dill, 1990). Based on my findings, I 

hypothesize that the positive effect of aquaculture presence on bat ray presence mediates 

bat ray-Dungeness crab interactions in two ways.  

First, the lack of a relationship between crab abundance and aquaculture presence 

could be attributed to increased predation pressure (i.e., consumptive effects) by bat rays 

on cancrid crabs in aquaculture habitats. Structured estuarine habitats including seagrass 

and oyster reefs are widely recognized to provide valuable refuge and food to a wide 

variety of organisms including commercially important fish and invertebrates (Heck et 

al., 2003, Boström et al., 2006, Stunz et al., 2010, Whitlow and Grabowski, 2012, 

Grabowski et al., 2012, Theuerkauf et al., 2022), including Dungeness crab. On the U.S. 

West Coast, and including Humboldt Bay, complex oyster habitat is now mainly 
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provided by the commercially cultured oysters. The effects of complex oyster habitat on 

juvenile Dungeness crab abundance have been studied extensively, and results indicate 

that oyster habitats, including oyster aquaculture contribute more to juvenile crab 

production than eelgrass or open unstructured mud (e.g., Dumbauld et al., 2021). Further, 

predation on juvenile M. magister has been found to be highest in open mud habitat and 

lowest in structurally complex habitats such as that provided by oyster culture (e.g., 

Fernandez et al., 1993). It is therefore surprising that I did not observe more Dungeness 

crabs in structurally complex aquaculture habitats. Higher crab abundances in oyster 

aquaculture habitats have been attributed to the structure they provide that serves as 

refuge from predators (Lefcheck et al., 2019). However, as noted earlier, the compressed 

body of bat rays may be well-suited to foraging in and around elevated oyster 

aquaculture. Further, bat rays may use the habitat complexity provided by oyster 

aquaculture as a ‘safe place’ to forage freely in the absence of seven-gill shark predation, 

as has been observed in other mesopredatory ray species (e.g., Sherman et al., 2020). As 

Dungeness crabs are an important prey species for bat rays (Gray et al., 1997; Hughes et 

al., 2014), their abundance around oyster aquaculture in Humboldt Bay may therefore be 

lower than expected because of the increased presence of bat rays in and around 

aquaculture. This hypothesis is supported by my finding that increasing crab abundance 

strongly predicted the presence of bat rays in, but not outside of, aquaculture-modified 

habitats. The increased presence of bat rays in and around aquaculture could result in 

increased predation pressure on crabs in the modified habitats. Indeed, certain types of 

aquaculture operations have been shown to support comparable or greater consumption 
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rates than natural reefs, suggesting an important role for this novel structured habitat in 

maintaining coastal food webs (Lefcheck et al., 2019). 

Second, the lack of a relationship between crab abundance and aquaculture 

presence could be attributed to increased predation risk (i.e., non-consumptive effects) by 

bat rays on cancrid crabs in aquaculture habitats. Predators not only consume prey, but 

also exert non-consumptive effects by eliciting behavioral changes in their prey that 

increase prey survival but come at the cost of reduced feeding, growth and/or 

reproduction (Wirsing et al., 2021). Studies examining the influence of habitat 

complexity on predator-prey interactions have found a decrease in prey activity levels in 

habitats with added structure, indicating that prey may spend more time taking shelter, 

possibly because the structural elements of the habitat provide shelter and places to hide 

(e.g., Chang and Todd, 2023). When bat rays are present, crabs may decrease their 

activity levels and opt to hide in habitats where increased structure provides shelter. 

Thus, crab abundance observed in BRUVS deployments may be under-represented in 

habitats with aquaculture, due to the non-consumptive influence bat rays exert in these 

habitats. Dungeness crabs may initiate behavioral changes when they sense predators to 

attempt to reduce their risk of predation (Lima and Dill, 1990), as was evidenced by the 

increased TOA of crabs to the BRUVS when bat rays were present, even when a food 

source was nearby (i.e., squid bait). Further support for this hypothesis is provided by the 

finding that crab TOA was even longer in the absence of aquaculture because increased 

activity should be less risky in habitats where there is the perception of structural refuge 

from predators. (Theuerkauf et al., 2022). Crabs present in habitats with aquaculture may 
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increase their activity in response to decreased perceived predation risk (i.e., the 

individual’s assessment of the likelihood of a predator’s attack; Lima, 1998; Verdolin, 

2006; Eccard et al., 2020), even when bat rays are present. Under perceived predator 

threat, crabs should respond with behaviors that maximize immediate survival (Stein and 

Magnuson, 1976), such as retreating to refuge structure or reducing their activity (Stein 

and Magnuson, 1976; Laurel and Brown, 2006). Crabs may perceive aquaculture 

(habitats with more structure) as less risky habitat because of the proximity of refugia 

(i.e., structure) and respond by increasing their activity to maximize foraging success. 

Future field manipulation is needed to directly test the hypothesis of non-consumptive 

effects on crabs in aquaculture-modified habitats. Future field studies (e.g., measuring the 

loss rates and behaviors of crabs tethered in an out of habitats with oyster aquaculture) 

are needed to directly test the hypothesis of increased bat ray presence on crab mortality 

(i.e., consumptive bat ray effects) and crab activity/sheltering (i.e., non-consumptive bat 

ray effects) in aquaculture-modified habitats.  

Although BRUVS have been shown to generate relative abundance estimates 

similar to those generated by other survey methods (e.g., scientific longline surveys; 

Brooks et al., 2011), their use does come with limitations. For instance, MaxN estimates 

from BRUVS surveys can be sensitive to both density-dependent (i.e., species 

abundance) and density-independent (e.g., swimming speed, attraction to bait plume, and 

visibility) factors (Kilfoil et al., 2021), thus care should be taken in interpreting my 

survey results, as well as potential management decisions based on these data. Regarding 

density-dependent factors, previous research has indicated that the assumed linear 
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relationship between MaxN and true abundance is likely violated under certain conditions 

(Campbell et al., 2015; Kilfoil et al., 2017; Sherman et al., 2018). However, this 

deviation from linearity has only been observed under high densities (~ 10 sharks km-2 

Kilfoil et al., 2017) and so should be of little concern to my study as deployments never 

exceed a MaxN of 4 sharks. With regard to density-independent factors, both aspects of 

species behavior and environmental conditions and can influence MaxN. For example, 

species-specific movement characteristics could influence relative abundance data (e.g., 

Ward-Paige et al., 2010), with faster-swimming species appearing more abundant. 

Differences in swimming speeds are unlikely to have influenced differences in the 

relative abundances of the most common elasmobranchs in my study as both bat rays 

(Klimley et al., 2005) and leopard sharks (Gruber and Dickson, 1997) have similar 

maximum speeds (~0.5 m ⋅ s-1). Species may also differ in their relative attraction 

towards the bait, which may bias relative abundance estimates. Attraction towards bait is 

known to vary by the amount of bait used (e.g., Heagney et al., 2007), and although I 

standardized the amount of bait used in this study, the type of bait selected (e.g., Dorman 

et al., 2012) can also influence relative abundance in species-specific ways (e.g., Harvey 

et al., 2007). Bat rays and leopard sharks overlap considerably in their food habits in 

Humboldt Bay (Ebert and Ebert, 2005; Gray et al., 1997), but the relative importance of 

molluscan prey is much higher in bat rays (Gray et al., 1997) than leopard sharks (Ebert 

and Ebert, 2005), and so the two species could differ in their relative attraction to the 

squid bait used my study. Perhaps most importantly, most of the footage recorded by the 

cameras in my study had less than ideal visibility (~ 1.5 m on average), which means that 
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all individuals of each species in the area were unlikely to be captured by cameras; thus, 

the results likely represent a conservative estimate of relative abundance. It is also 

possible that visibility and the limited number of deployments may have contributed to 

the apparent absence of the larger, roaming sevengill sharks. Many larger sharks are 

cautious when approaching baited cameras and often maintain a greater distance from the 

bait bag than smaller species (Yon et al., 2020) and, as such, sevengill sharks may have 

been underestimated in my surveys because of limited visibility. Despite these 

limitations, the use of BRUVS in my study provided a viable survey method that detected 

habitat- and species-specific variation in shark abundance with minimal impact to the 

species or the habitats sampled. 
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CONCLUSIONS 

I found strong evidence that bat ray presence is significantly and positively associated 

with oyster aquaculture habitats in Humboldt Bay. Although the mechanisms of 

preference for oyster aquaculture habitat by bat rays might reflect predator avoidance, I 

found that abundances of cancrid crabs, a common prey item for bat rays, predicted bat 

ray presence in habitats with aquaculture; suggesting that prey availability was an 

important driver of bat ray use of aquaculture habitats.  Thus, bat rays – a species that has 

been historically vilified as the main cause of oyster loss by the aquaculture industry 

(Gray et al., 1997) – may have reciprocal positive effects on oyster aquaculture by 

removing a common predator of oysters and deterring their activity in the vicinity of 

cultured oysters. Although environmental variables including temperature, turbidity, and 

salinity are also likely to dictate the movement and habitat use of both elasmobranchs and 

their prey, my research highlights the importance of considering how oyster aquaculture 

may contribute to changes in the distribution and abundance of elasmobranch species in 

modified coastal habitats. Future research in the form of predation intensity experiments 

(e.g., prey tethering) should aim to understand the specific mechanisms of attraction to 

oyster aquaculture structure by bat rays in coastal environments as the industry continues 

to expand and subsequently cause structural habitat to change and modification in 

nearshore marine ecosystems.  
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APPENDICES 

Appendix A 

 

 

Figure 8. Probability mass function (PMF) plots for (A) all elasmobranchs, (B) bat rays 

(Myliobatis californica), and (C) leopard sharks (Triakis semifasciata). Counts represent 

MaxN for each group, and probability represents the proportion of individuals observed 

at each count across all BRUVS deployments. 
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Figure 9. Probability mass function (PMF) plots for (A) all cancrid crabs, (B) Dungeness 

crabs (Metacarcinus magister), and (C) rock crabs (Romaleon antennarium and Cancer 

productus). Counts represent MaxN for each group, and probability represents the 

proportion of individuals observed at each count across all BRUVS deployments. 
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Figure 10. Correlation matrix representing pairwise correlations between abiotic 

variables including salinity, dissolved oxygen (mg · L-1), pH, temperature (°C), Secchi 

depth (m), windspeed (km · h-1), turbidity (NTU), and tide height (MLLW), and day of 

year. Each cell in the matrix displays a correlation coefficient (Pearson’s r = -1 ≤ 0 ≥ 1) 

quantifying the strength and direction of the relationship. Values closer to 1 or -1 suggest 

a stronger linear relationship, while values closer to 0 suggest a weaker or no linear 

relationship. 
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Figure 11. Average (± SD) measurements for temperature (°C), dissolved oxygen (mg · 

L-1), and pH (mV) between June – September 2022 and April – September 2023 for each 

BRUVS deployment day. Gaps in the timeline represent periods when no measurements 

were taken. Error bars are sometimes obscured by symbols. 
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Figure 12. Average (± SD) measurements for salinity (ppt) between July – September 

2022 and April – September 2023 for each BRUVS deployment day. Gaps in the timeline 

represent periods when no measurements were taken. Error bars are sometimes obscured 

by symbols. 
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Figure 13. Average (± SD) measurements for windspeed (km · h-1), turbidity (NTU), and 

Secchi depth (m) between July – September 2022 and April – September 2023 for each 

BRUVS deployment day. Gaps in the timeline represent periods when no measurements 

were taken. Error bars are sometimes obscured by symbols. 
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Figure 14. Individual BRUVS unit composed of a 0.5-kg plate attached (with zipties) to 

a 1-m PVC pole. A GoPro is manually inserted to the weighted end of the BRUVS unit 

before a deployment, and a ~ 3-m braided polyester rope is tied to the weighted end and a 

small buoy is tied at the end of the rope and serves as a surface marker. The mesh bait 

bag is attached to the opposite (non weighted) end of the BRUVS unit and is keeps the 

200-300 g of squid bait enclosed with velcro. 
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Appendix B 

Table 5. Summary of the correlation statistics for the nine abiotic variables: salinity 

(ppt), dissolved oxygen (mg · L-1), pH (mV), temperature (°C), Secchi depth (m), day of 

year, tidal height (m), windspeed (km · h-1), turbidity (NTU). The mean correlation shows 

the average values of the correlation coefficients, and standard deviation is the amount of 

variation in the correlation values. The minimum correlation (Min) represents the 

smallest correlation coefficient among the variables and the maximum correlation (Max) 

shows the largest correlation coefficient of the variables, indicating the highest degree of 

linear association observed. 

 

 

  

Statistic N Mean St. Dev. Min Max 
Correlation 8 0.42 0.40 -0.01 0.85 
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Table 6. Variance inflation factors (VIF) for each predictor variable. Values indicate the 

extent to which the variance of the estimated regression coefficients is increased due to 

multicollinearity. VIF values of 1 indicate no multicollinearity (perfectly uncorrelated 

predictors) while higher values indicate increasing levels of multicollinearity. The values 

in the table have low (< 4) VIFs indicating low levels of multicollinearity among 

predictor variables, and range from 1.09 – 2.46. 

Variable Value 
Tide height (MMLW) 1.09 
Secchi depth (m) 1.10 
Habitat 1.16 
Aquaculture presence 1.18 
pH (mV) 1.28 
Salinity (ppt) 1.48 
Temperature (°C) 1.95 
Dissolved oxygen (mg · L-1) 2.46 

 

Table 7. Results of logistic regression analyzing the relationship between crab abundance 

(MaxN) and (A) bat ray, and (C) leopard shark presence. Coefficients represent the 

strength and direction (positive or negative) of relationships. P-values for statistically 

significant relationships at α = 0.05, in bold text. 

 

 Variable df Β SE z P 
(A)      

Intercept 111 -1.10 0.33 -3.33 <0.001 
Crab MaxN 111 0.34 0.13 2.66 0.008 

(B)       
Intercept 111 -0.72 0.32 -2.48 0.013 

Crab MaxN 111 -0.08 0.13 -0.64 0.522 
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