
SPATIAL VARIATION OF INVERTEBRATE SURVIVAL IN CENTRAL

CALIFORNIA KELP FORESTS

A 5

36

'b v o L

• V 3 6

A Thesis Submitted to the Faculty of 
San Francisco State University 

In Partial Fulfillment of 
The Requirements for 

The Degree

Master of Science 
In

Marine Science

By

Devona C. Yates 

San Francisco, California 

December 2017



Copyright by 
Devona Caryn Yates 

2017



CERTIFICATION OF APPROVAL

I certify that I have read Spatial Variation Of Invertebrate Survival In 

Central California Kelp Forests by Devona Caryn Yates, and that in my 

opinion this work meets the criteria for approving a thesis submitted in 

partial fulfillment of the requirement for the degree Master of Science: 

Marine Science at San Francisco State University.

Professor of Biology,

Dr. Michael H. Graham 
Professor of Biology,
Moss Landing Marine Laboratories

Dr. Steve I. Lonhart 
Research Specialist,
Monterey Bay National Marine Sanctuary



SPATIAL VARIATION OF INVERTEBRATE SURVIVAL IN CENTRAL

CALIFORNIA KELP FORESTS

Devona Caryn Yates 
San Francisco, California 

2017

Field surveys and empirical predation assays (i.e., tethering experiments) 

were conducted inside and outside of three no-take marine reserves, one 

established in 2007, and two 30+ years old in central California kelp 

forests. Densities of micro-invertivours fishes were 1.5x higher and 

biomass of pooled invertivorous fishes was 2.8x greater inside reserves 

compared to fished areas. The increased abundance of predators inside 

reserves translated to a significant reduction in survivorship of two species 

of decapod crustaceans, the dock shrimp, Pandalus danae, and the 

cryptic kelp crab, Pugettia richii. Shrimp mortality rates were 4.6x greater, 

while crab mortality rates were 7x greater inside reserves. Video analyses 

indicated that micro-invertivorous fishes arrived 2x faster (W ) to tethering 

assays at reserve sites. Major shrimp predators inside reserves were 

Hexagrammos decagrammus (31%), Embiotoca lateralis (16%), 

Scorpaenichthys marmoratus (10%), and small sculpins in the family 

Cottidae (9%). Strike rates per hour were similar across sites, except 

strike rates by small sculpins, which were 14x greater inside reserves than 

outside. Based on the condition of the remaining crab carcass after 

predation events, the majority (72%) of predation events on crabs were 

attributed to Octopus rubescens.
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INTRODUCTION

Predation is a fundamental process that structures ecological 

communities and shapes their function. Predators serve to regulate prey 

abundance through direct consumptive effects (Murdoch 1969) and to 

alter prey behavior through indirect non-consumptive effects (i.e., the 

ecology of fear) (Schmitz et al. 1997; Peckarsky et al. 2008; Madin et al.

2010). Consumptive and non-consumptive effects that ripple down 

through lower trophic levels (i.e., trophic cascades or behaviorally 

mediated trophic cascades), push ecosystems past their tipping points, or 

initiate switches between alternate stable states (Hairston et al. 1960; 

Paine 1969; Estes and Palmisano 1974; Oksanen et al. 1981; Schoener 

and Toft 1983). Despite the difficulty in studying predators due to their 

large sizes and widespread ranges, a multitude of cases over a variety of 

spatial scales have demonstrated that when predators are removed or 

reduced in a system, there are clear and adverse results (Estes et al.

2011).

Predators are especially important in marine ecosystems (Tegner 

and Dayton 2000). Studies demonstrate that predators are responsible for 

preserving community diversity in various marine systems including 

temperate and tropical reefs (Paine 1966; Hughes 1994; Williams and 

Polunin 2001; Mumby et al. 2006). The development of the keystone
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species paradigm occurred in marine systems, illustrating how predators 

can disproportionally affect prey diversity by consuming the dominant 

competitor (Paine 1969), and can prevent dramatic phase shifts by 

regulating the abundance and behavior of grazers (Estes and Palmisano 

1974; Estes and Duggins 1995). Additionally, the loss of predators can 

release mesopredators from top-down control, thereby inducing changes 

that cascade throughout the entire community (Hairston et al. 1960; 

Brooks and Dodson 1965; Estes et al. 1974).

In the last 50 years, the urgency of needing to understand 

ecological effects of predators in marine communities has intensified. 

Humans have been fishing long before our records of historical fish 

landings, thus our knowledge of the ecological role played by predators in 

natural and undisturbed systems remains unknown (Jackson et al. 2001). 

Fishing is inherently selective for the largest individuals within a 

population, placing greater value on higher trophic-level predators over 

lower trophic-level species (i.e., forage fish). Centuries of fishing have 

removed once prominent populations of large, predatory fishes from most 

marine ecosystems (Pauly et al. 1998; Jackson et al. 2001; Myers and 

Worm 2003; Estes et al. 2011). Fisheries catch data reflect the tendency 

to first target species at the top of the food chain before subsequently 

targeting species lower down. This pattern is epitomized by observations
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indicating a reduction in the average trophic level of the catch (Pauly et al. 

1998).

Management measures that stimulate predator recovery in marine 

environments can potentially reverse the effects of predator removal in 

these systems. Options range from single-species fisheries regulations 

(i.e., catch limits, size limits, etc.) to ecosystem-based management 

strategies, such as Marine Protected Areas (MPAs), that can limit fishing 

activities more broadly. No-take marine reserves are a type of MPA where 

all fishing activities are prohibited, protecting the entire ecosystem from 

human extraction of organisms. Recently, more attention has been paid to 

evaluating the effectiveness of marine reserves. Evidence from around the 

globe demonstrates positive effects of reserves on the size of individuals, 

overall density, overall biomass, and diversity of predatory fish populations 

inside their boundaries (Halpern and Warner 2002; Lester et al. 2009).

In many temperate marine systems, reserves protect and allow the 

reestablishment of sea urchin predators. As a result, sea urchin predator 

abundances are enhanced, urchin size-frequency distributions and 

densities are reduced, and macro-algal populations flourish inside 

reserves (Babcock et al. 1999; Edgar and Barrett 1999; Shears and 

Babcock 2003; Behrens and Lafferty 2004; Hamilton et al. 2010; Caselle 

et al. 2015). Field predation experiments in these areas result in
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significantly greater predation impacts on tethered urchins inside reserves 

than out, where urchin predators (e.g. finfishes or lobsters) are more 

abundant (McClanahan and Muthiga 1989; Sala and Zabala 1996; Shears 

and Babcock 2002; Pederson and Johnson 2006; Guidetti 2006). On 

several islands in the Aleutians, where otters were once extirpated, otters 

have reestablished. Where these urchin predators are present and at 

depths where they are able to remove sea urchins efficiently, urchins are 

small and scarce, and fleshy macroalage is controlled by competition or 

other physical factors (Estes et al. 1974).

In other systems where urchins are not the dominant benthic 

herbivore, interactions between predators, invertebrates, and macroalgae 

are less clear. In central California kelp forests, sea otters are present and 

mediate sea urchin populations in shallow waters. A canopy of the giant 

kelp Macrocystis and understory kelps dominate this system and support 

a number of carnivorous rockfishes (Sebastes spp.), cabezon 

(Scorpaenichthys marmoratus), lingcod and kelp greenling (Ophiodon 

elongatus and Hexagrammos decagrammus, respectively), and 

surfperches (Embiotoca spp.), who feed on a variety of benthic 

invertebrates such as brittle stars, mollusks, shrimps, and brachyuran 

crabs (Clemens and Wilby 1961; Hart 1973; Schiel and Foster 2015; 

Rosenthal et al. 1988; Armstrong 1996; Nemeth 1997). These fishes also
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are commonly targeted by fishing activities (Eschmeyer et al. 1983). 

Within this community exists a network of marine reserves consisting of 

two well-established reserves (30-40 years of protection), along with 

several recently added reserves (protected since 2007). Prior evaluations 

of these reserves revealed positive effects on the abundances and size 

structure of certain predatory fishes inside their boundaries (Paddack and 

Estes 2000; PISCO 2013). Thus, spatial variation in predator abundance 

created by the network of marine reserves provides an ideal setting to 

empirically test how predators influence prey populations when habitat 

complexity is similar but predation pressure differs.

If predatory fish abundances vary between marine reserves and 

nearby fished areas in central California, are there visible effects on their 

prey populations in these areas? In order to answer this question, I 

designed experiments that quantified survival rates of tethered 

invertebrates between reserves and adjacent fished areas at sites along 

the central coast of California, utilizing: (1) SCUBA surveys to test for 

differences in fish and invertebrate abundances to establish treatment 

conditions; (2) field predation trials quantifying relative survival rates of 

multiple invertebrate prey species; and (3) underwater camera recordings 

of predator identity, predator abundances, and predator-prey interactions. 

I hypothesized that fish density, of those species that consume



6

invertebrates (i.e. invertivores), would be greater inside reserves 

compared to fished sites, and that invertivore biomass would also be 

greater inside reserves. I hypothesized that invertebrate prey, specifically 

crustaceans, would be less abundant inside reserves due to higher 

predation rates. I predicted that survival of tethered crabs and shrimp 

would be lower inside reserves. I predicted that abundance of predators 

(fmax), and the elapsed time until the arrival (W ) of the first potential 

predators to tethering assays would be faster inside reserves, where 

predatory fishes are more abundant. Finally, I hypothesized that the 

number of predator-inflicted mortalities per hour observed on video would 

be greater inside reserves.

METHODS

Study Sites and Species

The study area off the central coast of California, in Monterey and 

Carmel, is characterized by heterogeneous rocky reef habitat comprised 

of large slabs of granitic bedrock divided by areas of large boulders, 

intermittent cobble, and patches of sand. These rocky reefs support a 

benthic community of erect, articulated and encrusting coralline algae, and 

many species of red and brown algae, including the giant kelp,

Macrocystis pyrifera. Sessile invertebrates include barnacles, sponges,
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tunicates, and bryozoans, and the motile invertebrate community 

comprises many species of sea stars, cucumbers, urchins, crabs, and 

shrimp (Hines 1982; Schiel and Foster 2015). The main predatory fishes 

consist of omnivorous rockfishes (Sebastes spp.) (Rosenthal et al. 1988), 

macro-invertivorous cabezon (Scorpaenichthys marmoratus) (Hart 1973) 

and kelp greenling (Hexagrammos decagrammus) (Armstrong 1996), 

micro-invertivorous black and striped surfperches (Embiotoca spp.) and 

piscivorous lingcod (Ophiodon elongatus) (Clemens and Wilby 1961). The 

major primary producer, M. pyrifera, grows dense during the summer 

season, creating a forest-like habitat in the water column, and provides 

food and shelter to support the surrounding community (Schiel and Foster 

2015).

Two species of decapod crustaceans, the cryptic kelp crab 

(Pugettia richii), and the dock shrimp (Pandalus danae), were selected to 

use as prey species to test for spatial differences in relative survivorship 

among sites inside and outside of reserves, which presumably differ in 

predator abundance. Pugettia richii are detritivores, feeding mainly on drift 

kelp of M. Pyrifera. This species of Brachyuran spider crab is commonly 

found in kelp beds in central California, where they are an important food 

source for several kelp forest predators, including Octopus rubescens and 

many species of fish (Hines 1982). Pandalus danae are benthic carnivores,
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feeding on small crustaceans, mysids, and detritus (Butler 1964; Neilson 

1981). These Pandalid shrimp are commonly found in cracks in rocks, and 

in coarse sandy areas in and near kelp beds and breakwaters (Wilkson 

1991). They serve as a food source for groundfish, including flounder, 

lingcod, and rockfish (Wilby 1937; Neilson 1981; Hart 1973).

A total of seven sites where selected (Figure 1): three in state 

marine reserves (SMRs are no-take MPAs), and four in areas open to 

fishing, including a number of state marine conservation areas (SMCAs) 

that permit the take of finfish. Each reserve site was paired with one or 

more adjacent areas open to fishing. The paired sites were separated into 

Carmel and Monterey Bay regions. An extra fished site, Otter Point, lies in 

Monterey, and was used for one crab predation trial and survey year 

(2014; Figure 1). Study sites were selected to coincide with survey sites 

established by the Partnership for Interdisciplinary Studies of Coastal 

Oceans (PISCO 2013). PISCO conducts annual surveys of fish, 

invertebrate, and algal populations, as well as habitat characterizations, in 

central California, at sites in and outside of MPAs since 1999 (PISCO

2012).

The reserve sites and their years of establishment are as follows: 

(1) Point Lobos SMR - all fishing prohibited since 1973; (2) Hopkins 

Marine Life Refuge (Recently changed to Lover’s Point-nJulia Platt SMR) -
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all fishing prohibited since 1984, and (3) and Carmel Pinnacles SMR - all 

fishing prohibited since 2007. The fished sites, in order of their adjacent 

reserves, respectively, are: (A) Butterfly House, (B) Otter Point and 

McAbee Beach, and (C) Stillwater Cove. Two of the fished sites, Butterfly 

House and Stillwater Cove, fell within the Carmel Bay State Marine 

Conservation Area, established in 2007. These areas are open to fishing 

for finfish and kelp harvesting (CDFW 2016).
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Figure 1. Study sites in Monterey, Carmel, and Point Lobos. Red areas 
are no-take reserves /  State Marine Reserves (SMRs), and blue areas are 
fished sites /  State Marine Conservations Areas (SMCAs), which allow the 
recreational take of finfish.
Diver Surveys
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In order to assess whether reserve sites have higher abundances 

of predatory fishes, underwater visual surveys were completed at each of 

the seven sites. At all seven sites divers counted and estimated the total 

length (to the nearest 1 cm) of all demersal fish occurring within four 2 x 

30 m belt transects placed at two different zones (inner and outer edge) 

within the kelp bed, completed the summers of 2014 and 2015, for a total 

of 16 fish transects at each site, except at Otter Point, where fish transects 

were only completed in 2014. In the analysis phase, fish were categorized 

into functional groups based on their primary dietary habitats: macro- 

invertivore, micro-invertivore, piscivore, or planktivore, and in a separate 

analysis fish were categorized into invertebrate predators or non

invertebrate predators (Clemens and Wilby 1961; Hart 1973; Nemeth 

1997; Micheli and Halpern 2005). Fish density was calculated by dividing 

the counts on each transect by the area surveys (i.e., 60 m2), and 

averaging them across the three reserve sites and three fished sites 

sampled in both 2014 and 2015, for a total sample size of 12. Divers 

estimated total lengths of fishes during surveys, which were converted to 

weights using species-specific conversions available on fishbase.org. 

Weights of each species per transect were divided by 60 m2, and the 

resulting biomass was averaged to get a site mean, which was averaged
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across the three reserve sites and three fished sites in 2014 and 2015 (n = 

12).

In order to assess whether densities of invertebrate prey, 

specifically crabs and shrimp, differed among reserve and fished sites, 

divers conducted specialized crustacean surveys. Over 60 m belt 

transects, six, 10-meter segments were sampled. Within each 10-meter 

segment, divers haphazardly selected one crack or crevice bisected by 

the meter tape and counted all decapod crustaceans inside of a 1 x 0.05 

m, “crevice-sized” quadrat. Divers used flashlights to look for crustaceans 

inside cracks-crevices. The depths of cracks-crevices was variable, as 

well as growth obstructing the opening, and the proximity that divers were 

able to get to them. Thus the depth of vision that divers could see into 

cracks-crevices did not extend past 50 cm. Two 60 m crustacean 

transects, one on the outer edge of the kelp bed and one in the inner, for a 

total of 12 quadrats, were conducted at all sites except Otter Point during 

summer 2015. Crustaceans were separated into two categories: crabs or 

shrimp. Crab and shrimp densities were calculated by dividing the sums of 

each transect by the number of quadrats (n = 6), and used to calculate 

means across reserve and fished sites.
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Predation Assays

In order to examine whether survivorship of invertebrate prey 

differed between reserve and fished sites, standardized tethering 

experiments were conducted at each site. Each tethering trial consisted of 

three parts: (1) collection of specimens, (2) tethering of specimens in the 

laboratory, and (3) field predation assays.

Observing predator-prey interactions and estimating prey mortality 

rates in the field can be challenging, especially in situations where visibility 

is poor and prey are small and cryptic. Tethering is a useful technique that 

can serve as a proxy for predation risk, and has already been utilized in 

many marine systems (Aronson and Heck 1995), including coral reefs 

(McClanahan and Muthiga 1989; McClanahan 1999), the Mediterranean 

(Sala and Zabala 1996; Guidetti 2006), New Zealand (Shears and 

Babcock 2002), the Galapagos (Dee et al. 2012), Australia (Haywood et 

al. 2003), Tasmania (Pederson and Johnson 2006; Ling et al. 2009) and 

southern California (Loflen and Hovel 2010). The act of tethering can 

artificially elevate prey mortality rates, especially for those species with 

elusive escape responses (i.e. shrimp), by inhibiting the prey’s natural 

escape response (Peterson and Black 1994; Zimmer-Faust et al. 1994; 

Nemeth 1997). Tethering can also be problematic in evaluating predation 

rates in the field if there are different types of predators present in different
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habitats or treatments, and some of those predators are successful in 

capturing prey that would normally be able to escape (Zimmer-Faust et al. 

1994; Barbeau and Scheibling 1994; Mills et al. 2008). These tethering 

biases can be minimized as long as experimental conditions are kept 

constant amongst treatments (i.e. sites), the species of predators are 

similar amongst treatments, and the result is not viewed as an absolute 

and accurate measure of the true mortality rates experienced in the field, 

but instead as a relative proxy of predation risk to be compared among 

treatments or locations (Aronson et al. 2001; Mills et al. 2008; Dee et al. 

2012; Ory 2014).

During collections, divers caught crabs by hand, and shrimp were 

coaxed out of small crevices using a blunt-ended dive knife. Collections 

occurred in the Monterey Bay Harbor, at 36°36,16.4,,N 121°53,29.0IIW, 

where both species were more abundant and easier to capture (personal 

observations). The species in the harbor, however, were the same as 

those found naturally at all the study locations (Dr. John Geller, personal 

communication). Collected organisms were held in constant-flow seawater 

tanks in a laboratory at MLML and carefully observed for at least 24 hours 

before deployment, to watch for any ill effects resulting from the tethering 

process. Preliminary laboratory experiments were conducted to develop 

tethering methods. Ideal tether lengths were determined to be 20-cm to
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allow the organisms to retain moderate mobility, while minimizing 

entanglement and keeping them in view of a video camera. Crabs were 

tethered using 60-lb test spectra, braided fishing line tied into a lasso 

around their carapace, with a dot of cyanoacrylate adhesive to hold the 

knot in place, and a 20-cm extension of the lasso to attach them to the 

substrate (Loflen and Hovel 2010). This test strength and tether design 

was sufficient to prevent crabs from cutting the tether with their claws (no 

crabs escaped their tethers in 8 days of laboratory trials). Shrimp were 

tethered using a dot of cyanoacrylate adhesive to attach a 20-cm length of 

6-lb monofilament on the upper part of their dorsum (Pirtle et al. 2012). 

This test strength and glue was also sufficient to prevent escape (no 

shrimp escaped their tethers in 7 days of laboratory trials).

To permit tracking of mortality as a function of prey size, each 

tethered organism was labeled with a unique identification number printed 

on a self-adhesive piece of plastic tape, attached to a loop on the opposite 

end of the tether, to ensure it remained attached after a predation event. 

Length and width of each crab was recorded as the distance (mm) from tip 

of rostrum to the furthest point on the abdomen, and width between lateral 

teeth, respectively. Shrimp lengths were recorded as the distance (mm) 

from tip of rostrum to the furthest point on the uropod.
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Prior to predation trials, divers scouted large areas of flat bedrock 

or large boulders in 8-14 m water depth within each of the seven sites, in 

which to setup the tethering assay. Care was taken to select similar 

habitat characteristics for deployment, in an effort to minimize how 

microhabitat differences may influence predatory foraging or prey 

sheltering behavior. A tethering assay consisted of prey tethered to 

lengths of lengths of 3/8 inch galvanized chain laid out in rows on the reef 

bottom, and cameras mounted on 0.5 m lengths of PVC attached vertically 

to cinderblocks. Tethered prey were transported in individual seawater- 

filled plastic containers to dive sites and attached to links of the chain with 

cable ties. For crab trials, 2 m lengths of chain were laid in 12 rows, 

spaced 0.5 m apart, and divers attached tethered crabs to them at 50 cm 

intervals, with 5 individuals per chain, n=60 organisms total per trial at a 

site (Figure 2). Prey were selected and attached to their spots on the 

tethering assay haphazardly. Since fish have access to tethering assays 

both from all sides and above, edge effects of position on tethering assay 

were thought to be negligible. Four video cameras were placed at the 

corner of each tethering assay in order to capture all organisms in the 

frame. For shrimp trials, shrimp were separated into groups of 10 

individuals (n=6), each group spaced 10-15 m apart, in order to reduce the 

potential for one predator to locate and consume all 60 prey. Lengths of
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chain 2 m long were laid in 2 rows, spaced 0.5 m apart with five tethered 

shrimp on each. High definition underwater video cameras (GoPro Hero 

3) were placed at one end of each replicate, capturing all 10 tethered prey 

within the frame (Figure 2), and switched on at the same time divers 

began attaching tethered organisms, recording up to four hours of 

continuous video.
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Figure 2. Layouts of invertebrate tethering assays. Crab tethering assays 
in 2014 included chains set 0.5 m apart, with four video cameras 
monitoring different sections of the whole assay (A). Shrimp tethering 
assays from 2015 included sets of two chains with n=10 shrimp set 10-15 
m apart, with a video camera monitoring each set (B).

In order to track survival, divers revisited tethering assays every 24 

hours during crab trials, and at 0.5, 1, 3, 7, and 24-hour intervals during 

shrimp trials. During each diver census every tether was examined,
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individual identification numbers noted, and the status of each crab or 

shrimp was recorded as ‘alive’, ‘missing’, or ‘dead’. In order to prevent sea 

star predation and isolate the effects of fish predation on crustacean prey, 

all sea stars (Dermasterias imbricata, Patiria miniata, Pisaster giganteus, 

Pycnopodia helianthoides) were collected in mesh bags within a 10 m 

radius from the site and released 30 m from the tethering assay. Predation 

trials ran until fewer than three tethered crabs or shrimp remained, or until 

they reached the cutoff time, which was set at 168 hours for crabs, and 48 

hours for shrimp. Crab trials were conducted at all seven sites in summer 

2014, and shrimp trials were conducted at all sites, except Otter Point, in 

summer 2015.

Predation events that were observed on video were integrated into 

survival curves in order to examine survival on a finer time scale than the 

diver census interval. Times until 50% mortality were calculated for each 

site. Since the time at 50% mortality frequently occurred between 

censuses, the rate of mortality from the most recent diver census was 

used to estimate time elapsed until 50% mortality. To examine shifts in 

prey size distributions due to predator selectivity before and after the time 

at 50% mortality, diver censuses and the tethered prey identification 

numbers were related back to their individual sizes, and used to calculate 

size frequency distributions.
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Video Analysis

Interactions between tethered invertebrate prey species and 

potential predators were monitored using underwater GoPro cameras. 

Predation events were easiest to observe by recording continuous video, 

due to the fast movements exhibited by the predator and prey (pilot study). 

With extended batteries, GoPro cameras captured on average 2.7 hours 

(± 0.1 SE) of continuous footage at the start of each deployment. Cameras 

batteries were changed each morning during diver censuses. Video 

footage was analyzed in the laboratory at normal speed on a high 

definition television monitor.

Video footage supplemented diver censuses on predation rates, 

and provided additional metrics with which to assess predation risk across 

the study region. These metrics included the timing of arrival of predators 

and non-predators, relative abundance estimates from video footage, and 

records of the timing of predator strikes, along with predator identity, and 

whether strikes were successful or not. Rates of strikes per hour were 

calculated from the number of observed predator attacks divided by the 

amount of time recorded at each replicate. These rates were averaged 

into successful and unsuccessful strikes per site and compared among 

fish functional groups and reserve status.
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In order to use video footage to assess whether predators who are 

attracted to shrimp prey show up in greater abundance at tethering assays 

inside reserves, relative fish abundance was estimated using fmax, the 

maximum number of individuals per species observed in the video frame. 

This is a conservative metric and ensures that individual fish were not 

counted multiple times (MaxN, Willis and Babcock 2000). The fmax metric 

thus represented the minimum number of unique individuals per species 

present at each feeding assay. Totals of fmax (i.e., summed across 

species) for each functional group were averaged at each site from 

footage from 2015 only, and compared between reserve and fished sites 

to estimate total predator abundance during the predation assay. To 

determine if predators arrived more quickly to the tethering assay inside 

reserves, another metric (W ) was recorded for each replicate (Willis and 

Babcock 2000), which represents the time it takes for the first individual of 

each potential predator species to enter the video frame. Average W  

values were calculated for each fish functional group and compared 

among sites and reserve status. In order to examine patterns of predator 

visitation frequencies at tethering assays, observers stopped the video 

every 30 seconds, also used by Willis and Babcock (2000), and counted 

the total number of potential predators that were within 0.5 m of the assay 

for the first 6000 seconds or 1.67 hours (the shortest video length) of each
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replicate. Those visitation frequencies were then averaged across sites 

and plotted by reserve status.

Statistical Analyses

Mean densities and biomass of fish functional groups, crabs, and 

shrimp were tested for differences between reserve and fished sites with 

two-sample f-tests, and between each paired reserve and fished site with 

a paired f-test. Fish functional group densities and biomass were tested 

for interactions between reserve status and region, and reserve status and 

functional group with two-way ANOVAs. Fish survivorship curves were 

tested between reserve and fished sites using a Kaplan-Meier survival test 

in JMP v.10 (Rich et al. 2010). Times until 50% mortality were tested for 

differences between reserve and fished sites with a two-sample f-test.

Size distributions of tethered crabs and shrimp were pooled among 

reserve and fished sites and tested for differences before and after 50% 

mortality occurred with a Kolmogorov-Smirnov 2-sample test. Means of 

the number of successful versus unsuccessful strikes per hour of each 

functional group were tested with a two-sample f-test. Means of fmax and 

finst were compared between reserves and fished sites with two-sample f- 

tests.
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RESULTS

Predatory Fish Populations

Densities of pooled fishes appeared 1.5 times greater inside 

reserves, (two-sample f-test, t10 = 1.18, p  = 0.27), and biomass three times 

greater, yet neither test resulted in a significant difference (two-sample f- 

test, t10 = 1.73, p  = 0.11). Densities of fishes were greatest for blue 

rockfish, painted greenling, and striped surfperch, while olive/yellowtail 

rockfish, lingcod, and kelp rockfish had the greatest biomass, particularly 

at sites in the Carmel region (Figure 3).

When examining fishes by functional groups (Table 1), micro- 

invertivore abundances were 1.8 times greater and significantly different 

inside reserves (two-sample f-test, ho = 2.77, p  = 0.02). Macro-invertivore 

fishes appeared more abundant inside reserves, but were not significantly 

different (two-sample f-test, t10 = 1.18, p = 0.27). Piscivore and planktivore 

densities also tended to be higher in reserves, but the differences were 

not statistically significant (two-sample f-tests; t i0 = 0.62, p = 0.55 and ho = 

0.55, p = 0.60) (Figure 4). Densities of pooled macro- and micro- 

invertivores (Answer “yes” in Table 1) were 1.5 times greater in reserves, 

however, this response was non-significant (two-sample f-test, h0 = -2.08, 

p  = 0.06; Figure 4).
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The biomass of micro-invertivores was four times greater and 

significantly different inside reserves (two-sample f-test, t i0 = 3.55, p  = 

0.005), while the biomass of macro-invertivores appeared to be three 

times greater inside reserves compared to fished areas, yet non

significant (two-sample f-test, t i0 = 1.87, p  = 0.09). The biomass of 

piscivores and planktivores also was tended to be greater in reserves, but 

once again not statistically different (two-sample f-tests; ho = 1.10, p = 

0.30 and t i0 = -1.59, p = 0.14) (Figure 4).

Upon pooling macro- and micro- invertivores (or ‘predators’), 

biomass was significantly different and 2.8 times greater inside reserves 

compared to fished zones (two-sample f-test, ho = 5.38, p -  0.0003; 

Figure 4), while pooled densities were elevated yet not significantly 

different inside reserves. When tested with a two-way ANOVA using 

reserve status and region as factors, densities and biomass were 

significantly different between resen/e statuses, but consistent among 

regions, with no effect of region interacting with reserve status (Tables 1- 

2). Densities were similar between regions, while biomass was greater at 

reserves in Carmel compared to Monterey (Figure 5).
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Figure 3. Density (A) and biomass (B) of fishes by site and region. Shown 
are Monterey (left) and Carmel (right). Red text indicates reserve sites and 
blue indicates fished. Means (± 1 SE) were calculated from diver surveys 
from 2014-2015.
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Table 1. Predatory Fish Functional Groups. Compiled from video footage 
taken during shrimp experiments in 2015, at six sites, three in reserves 
and three in fished zones. “Yes” indicates if a predator was observed 
feeding or not.

Predation
Functional Group Scientific Name____________ Common Name________ Observed
Macro-invertivore Rhacochilus vacca Pile Perch No
Macro-invertivore Hexagrammos decagrammus Kelp Greenling Yes
Macro-invertivore Rhacochilus toxotes Rubberlip Seaperch Yes
Macro-invertivore Sebastes camatus Gopher Rockfish No
Macro-invertivore Sebastes chrysomelas Black & Yellow Rockfish Yes
Macro-invertivore Scorpaenichthys marmoratus Cabezon Yes
Macro-invertivore Semicossyphus pulcher California Sheephead No
Micro-invertivore Cottidae (family) Sculpins Yes
Micro-invertivore Embiotoca jacksoni Black Surfperch Yes
Micro-invertivore Embiotoca lateralis Striped Surfperch Yes
Micro-invertivore Gibbonsia spp. Kelpfishes No
Micro-invertivore Hypsurus caryi Rainbow Surfperch No
Micro-invertivore Oxylebius pictus Painted Greenling Yes
Micro-invertivore Phanerodon furcatus White Seaperch No
Piscivore Ophiodon elongatus Lingcod No
Piscivore Sebastes flavidus Yellowtail Rockfish No
Piscivore Sebastes atrovirens Kelp Rockfish Yes
Piscivore Sebastes caurinus Copper Rockfish No
Piscivore Sebastes melanops Black Rockfish No
Piscivore Sebastes serranoides Olive Rockfish No
Planktivore Brachyistius frenatus Kelp Perch No
Planktivore Sebastes mystinus Blue Rockfish Yes
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Figure 4. Density and biomass of fishes by reserve status. Shown are the 
mean densities (A) and biomass (B) of each functional group, and mean 
densities (C) and biomass (D) of pooled macro- and micro-invertivores or 
“predators” (± 1 SE) calculated from diver surveys from 2014-2015. An 
asterisk denotes a significant difference between reserve and fished 
locations (P<0.05).
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Figure 5. Density (A) and biomass (B) of predatory fishes by reserve 
status and region. Means were calculated from diver surveys conducted 
2014-2015 (±1 SE).



28

Table 2. ANOVA results of the interaction between Reserve Status and 
Region on densities of invertivorous fishes.

Source of Variation df Sum of F-ratio P-value
Squares

Reserve Status 1,8 0.00070 0.064 0.81
Region 1,8 0.011 1.03 0.34
Reserve Status*Region 1,8 0.00095 0.088 0.77

Table 3. ANOVA results of the interaction between Reserve Status and 
Region on biomass of invertivorous fishes.

Source of Variation df Sum of F-ratio P-value
____________________________ Squares______________________
Resen/e Status 1,8 659.89 25.99 0.0009
Region 1,8 65.21 2.57 0.15
Reserve Status*Region 1,8 9.23 0.36 0.56

Invertebrate Prey Populations

Crab and shrimp densities did not follow any clear patterns by 

region or reserve status except for that shrimp densities were slightly 

reduced in the Carmel region, and greatest at McAbee, a fished site 

(Figure 6). Statistical tests revealed weak patterns with high variance 

inside and outside of reserves for shrimp, (two-sample f-test, U = 0.53, p = 

0.62), and crabs (two-sample f-test, U = 0.86, p = 0.44) (Figure 7). This 

was also true for pairwise comparisons of crabs between Pt. Lobos and 

Butterfly, Hopkins and McAbee, and Pinnacles and Stillwater (two-sample 

f-tests; f14 = 0.40, p = 0.70; fe = 0.33, p = 0.75; and f14 = 1.03, p = 0.33, 

respectively). Shrimp densities differed, but not significantly between 

paired sites Pinnacles and Stillwater (two-sample f-test, f14 = 0.45, p =
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0.66), and Pt. Lobos and Butterfly House (two-sample f-test, f14 = 2.0 , p = 

0.065; Figure 8). Densities of shrimp were significantly reduced at 

Hopkins compared to McAbee (two-sample f-test, f8 = 4.06, p  = 0.0036; 

Figure 8). When examined by region, there were no significant differences 

in crab densities (Table 4). Overall shrimp densities were more than 15 

fold in Monterey compared to Carmel, where there was also a significant 

reduction in densities at reserves. This pattern however, was obscured by 

an interaction between region and reserve status (Table 5; Figure 9).
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Figure 6. Density of invertebrate prey by site and region. Shown are 
Monterey (left) and Carmel (right). Red text indicates reserve sites and 
blue indicates fished Means (± 1 SE) of crabs (InfraOrder Brachyura) and 
shrimp (Pandalus spp.) were calculated from diver surveys in 2015.
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Figure 7. Density of invertebrate prey by reserve status. Mean densities of 
crabs (Infraorder Brachyura) and shrimp (Pandalus spp.) were calculated 
from diver surveys conducted at study sites in 2015 (± 1 SE).
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Figure 8. Density of invertebrate prey by reserves status and site. Mean 
densities of crabs (Infraorder Brachyura) and shrimp (Pandalus spp.) were 
calculated from diver surveys conducted at study sites in 2015 (± 1 SE). 
Shown are paired sites Hopkins and McAbee (A), Pt. Lobos and Butterfly 
(B), and Pinnacles and Stillwater (C). The asterisk denotes a significant 
difference of densities between the reserve and fished sites.
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Figure 9. Densities of shrimp (Pandalus spp.) by reserve status and region. 
Means were calculated from diver surveys conducted in 2015 (± 1 SE).
The asterisk denotes a significant difference of densities between reserve 
and fished locations (P<0.05).

Table 4. ANOVA results of the interaction between Reserve Status and 
Region on densities of Brachyuran crabs.

Source of Variation df Sum of F-ratio P-value
____________________________ Squares______________________
Reserve Status 1,2 0.0010 0.013 0.92
Region 1,2 0.062 0.80 0.47
Reserve Status*Region 1,2 0.026 0.33 0.62

Table 5. ANOVA results of the interaction between Reserve Status and 
Region on densities of Pandalus spp.

Source of Variation df Sum of F-ratio P-value
____________________________ Squares______________________
Reserve Status 1,2 0.80 34.75 0.028
Region 1,2 3.51 152.40 0.0065
Reserve Status*Region 1,2 1.13 49.07 0.020

Carmel Monterey
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Tethering Experiments 

Crab Survival

There was a significant effect of reserves on crab survival (Kaplan 

Meier Survivability, X2 = 97.24, p = <0.0001 ; Figure 10). After 24 hours 

only 56 ± 4% (SE) of crabs were surviving inside reserves, compared to 

84 ± 2% (SE) remaining at fished sites. By the end of the experiment (168 

hours), less than 1 ±1%  (SE) of crabs remained at reserves, compared to 

43 ± 1% (SE) of that at fished sites. Mean times until 50% mortality of 

crabs did not differ significantly (two-sample t-test; T5 = -1.28, p = 0.26; 

Figure 10). However, on average it took crabs seven times longer to reach 

the 50% mortality threshold at fished sites. The lack of significance is likely 

due to high variance in times to 50% mortality outside of reserves, 

specifically at Stillwater Cove, where times to 50% mortality were 3-5 

times sooner than Butterfly and McAbee (38.9 hours versus 110.6 hours 

and 182.8 hours, respectively). Survival of crabs at fished sites was 

greatest at Otter Pt., moderate at McAbee and Butterfly, and lowest 

Stillwater (Appendix A).
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Figure 10. Crab survival and time to 50% mortality by reserve status. (A) 
Survivorship curves were calculated based on the proportion of prey crabs 
remaining alive following diver censuses taken at 24-hour intervals. (B) 
Plots of the mean time (± 1 SE) until crabs had reached 50% mortality at 
each site inside and outside of reserves.

No shifts in size-frequency distributions of tethered crabs were

detected throughout the experiment, indicating that predators did not
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preferentially consume larger or smaller prey. A Kolmogorov-Smirnov test 

failed to reject the null hypothesis that crab size-distributions differed 

before and after 50% mortality had occurred (D = 0.073 for reserves and 

0.060 for fished, with p = 0.94 and 0.98, respectively), and the distributions 

were normal before and after 50% of the mortality at all sites (Figure 11).
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Figure 11. Size frequency distributions of crabs before (A, C) and after 
50% mortality occurred (B, D). Shown are reserve sites in red and fished 
areas in blue.
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Shrimp Survival

Reserves had a clear effect on shrimp survival (Kaplan Meier 

Survivability, X^i) = 17.42, p  = <0.0001; Figure 12). After just one hour 

into the experiment, shrimp were reduced to less than half at reserve sites 

(55 ± 4% SE), compared to fished sites (65 ± 3% SE). All shrimp were 

eventually eaten within 48 hours regardless of reserve status. Times to 

50% mortality of shrimp appeared faster inside reserves, but did not vary 

significantly (two-sample f-test, 74 = 1.99, p = 0.12; Figure 12). It did, 

however, take 4.6 times longer for shrimp in fished zones to reach this 

threshold. The lack of significance is due to the high variance in survival in 

fished areas, specifically Stillwater Cove, where shrimp reached 50% 

mortality 5-6.5 times sooner than Butterfly and McAbee (2.08 hours 

compared to 9.5 hours and 12.8 hours respectively). Shrimp survival at 

fished sites was greatest at McAbee and Butterfly House, and was lowest 

at Stillwater (Appendix B).
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Figure 12. Shrimp survival time to 50% mortality by reserve status. (A) 
Survivorship curves were calculated based on the proportion of prey 
shrimp remaining alive following diver censuses taken at combination of 
diver censuses taken at 0.5, 1, 3, 7, and 24-hour intervals, supplemented 
by real-time underwater video footage. (B) Plots of the mean time (± 1 SE) 
until shrimp had reached 50% mortality at each site inside and outside of 
reserves.
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Shrimp size did not have an effect on survival. A Kolmogorov- 

Smirnov test failed to reject the null hypothesis that shrimp size- 

distributions differed before and after 50% mortality had occurred (D = 

0.051 for reserves and 0.076 for fished, with p = 0.10 and 0.90, 

respectively), and distributions were normal before and after 50% of the 

mortality at all sites (Figure 13).
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Figure 13. Size frequency distributions of shrimp before (A, C) and 
after 50% mortality had occurred (B, D). Shown are reserve sites in red 
and fished areas in blue.
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Video Analysis

Video footage abundances (fmax) of macro-invertivores, micro- 

invertivores, piscivores, and planktivores were elevated inside reserves, 

although not significantly so (two-sample f-tests; macro-invertivores: (33 = 

0.58, p = 0.56, micro-invertivores: (33  = 0. 96, p = 0.34, piscivores: fe =

0.81, p = 0.42, and planktivores: (two-sample f-test assuming unequal 

variances) f23 .i = 1.58, p = 0.13; Figure 14). The fmax values inside 

reserves for macro-invertivores, micro-invertivores, and piscivores were 

25% greater than those of fished zones, but planktivore fmax values were 

nearly two times greater in reserves. This would likely have been 

significant if it were not for the high variance of planktivore samples found 

in reserves, as compared to consistent variance at fished sites. Mean 

times until the arrival of the first potential predator (W ) were significantly 

two times faster at reserves for macro-invertivores (two-sample f-test, U = 

3.09, p = 0.037). While times appeared faster for micro-invertivores as well, 

these differences were not significant (two-sample f-test, U = 0.50, p =

0.65; Figure 15). For piscivores and planktivores, mean W  values were 

slightly slower in reserves with a fair amount of variance except in 

samples of piscivores at fished sites (two-sample f-tests, U = 0.17, p =

0.87 and U = 0.21, p = 0.84, respectively; Figure 15). Patterns of W a re  

therefore only consistent for macro-invertivores, indicating that they
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arrived more quickly to the tethering assay inside reserves. When 

examined at 30-second intervals, macro-invertivores arrived more rapidly 

to the experimental assay and spent more time overall at tethering assays 

inside reserve sites than in fished sites. Macro-invertivores at fished areas 

arrived later and left sooner than they did in reserves. On average, it took 

single macro-invertivores twice as long to arrive at fished sites, and almost 

three times as long for multiple macro-invertivores to arrive at fished sites 

as compared to reserves (Figure 16).
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Figure 14. Fish abundance, recorded as Fmax, from video observations, by 
reserve status. Means (± 1 SE) were calculated from sums of each unique 
predator (Fmax) observed within a half-meter of the tethering assay at one 
time.
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3000

Figure 15. Mean time (± 1 SE) until the first arrival (Tinst) of predatory 
fishes inside and outside of reserves. Shown are means of each functional 
group calculated from minimums per predator per site. The asterisk 
denotes a significant difference in times between reserve and fished 
locations (P<0.05).
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Figure 16. Arrival times and variability in the abundance of macro
invertebrate predatory fishes by reserve status. Means were calculated 
from the sum of each unique predator within a half-meter of the tethering 
assay every 30 seconds, for the first 6000 seconds of GoPro video 
footage taken at each replicate.

Predator Identification

During the tethering trials there were several observations of 

predation by divers that helped identify predators. Small sculpins (family 

Cottidae) were observed consuming tethered shrimp within 20 minutes of 

deployment. At select sites, red octopi (Octopus rubescens) were seen 

consuming tethered crabs (Stillwater Cove and Hopkins) and shrimp 

(Stillwater Cove) during night dives, and a few were observed consuming
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crabs during the daytime at Stillwater Cove. Crab remains from O. 

rubescens attacks at night were observed the following day and noted as 

consisting of intact, empty carapaces, sometimes with empty exoskeleton 

remains of appendages nearby (Figure 17). This type of predation became 

easily recognizable, and the majority of crab remains were observed in 

this condition. Crab remains were rarely missing or found with cracked or 

otherwise damaged carapaces. All crab videos were reviewed and 

observers found virtually no predation events, except one instance when a 

moss crab (Loxorhynchus crispatus) consumed a tethered crab at Hopkins, 

therefore predation on crabs was assumed to occur primarily at night, 

when the cameras were not recording. Based on analysis of the carapace 

remains, it was concluded that 76.7% of predation on crabs in reserves 

was due to O. rubescens, while the other 23.3% were due to ‘unknown’

(but likely fish) predators, and 71.5% of predation on crabs in fished sites 

was due to O. rubescens, while the other 28.5% were due to ‘unknown’ 

predators (Figure 18). A contingency analysis demonstrated that crab 

predator identity did not vary significantly as a function of reserve status 

(reserve or fished) ( ^  1 = 1.04, p = 0.31).
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Figure 17. Images of tethered crab remains discovered by divers.
Remains were either empty carapaces with or without appendages nearby 
(A), or intact, picked-clean carapaces (B). Both above remains are evident 
of ‘octopus’ (Octopus rubescens) predation. Tethers without any remains 
attached or nearby were classified as predation from an ‘unknown’ source.

Figure 18. Proportion of predation type based on crab remains. Shown are 
reserves (A) and fished zones (B). Blue indicates the percentage of 
remains that were evident of octopus (Octopus rubescens) predation, and 
magenta indicates predation by an unknown (but most likely a fish 
predator) source.
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Shrimp videos revealed a variety of different predators consuming 

tethered shrimp, including the primary macro-invertivores like kelp 

greenling (Hexagrammos decagrammus), cabezon (Scorpaenichthys 

marmoratus), and black and yellow rockfish (Sebastes chrysomelas), and 

the primary micro-invertivores like black perch (Embiotoca jacksom), 

striped seaperch (Embiotoca lateralis), and small sculpins (Cottidae)

(Figure 19). Of the observed macro-invertivores, kelp greenling (H. 

decagrammus) made strikes at all sites, cabezon (S. marmoratus) were 

only observed striking at Hopkins, Butterfly, Pinnacles, and Stillwater, and 

black and yellow rockfish (S. chrysomelas) were observed at Pt. Lobos, 

Butterfly, and Stillwater. Of the micro-invertivores, striped seaperch (E. 

lateralis) made strikes at Hopkins, Pt. Lobos, Butterfly, and Stillwater, 

painted greenling {Oxylebius pictus) made strikes at Hopkins, Pt. Lobos, 

Pinnacles, and Stillwater, and small sculpins (Cottidae) were observed 

striking at McAbee, Pt. Lobos, Butterfly, and Stillwater (Figure 20). The 

number of successful to unsuccessful strikes per hour was significantly 

greater for macro-invertivores (two-sample f-test, feo = 3.63, p = 0.0006; 

Figure 21). There were seven out of 10 successful strikes made by 

Sebastes atrovirens, a piscivore, and only one out of two successful 

strikes made by Sebastes mystinus, a planktivore. The mean strikes per 

hour of macro- and micro- invertivores pooled was slightly elevated inside
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reserves, though the signal was weakened by the high variance among 

species and sites (T(4) = 0.58, p = 0.59). Overall, the number of strikes per 

hour was similar between reserve status for all species of fish predators, 

except those made by small sculpins. These micro-invertvores made 14 

times more successful strikes inside reserves (T(4) = 4.4, p = 0.01; Table 

6) .

Figure 19. Images of predators observed on video summers 2014 and 
2015. Species include macro-invertivores: Hexagrammos decagrammus 
(A), Scorpaenichthys marmoratus (B), Rhacochilus vacca (C), Sebastes 
carnatus (D), Sebastes chrysomelas (E), Sebastes atrovirens (F), and 
Semicossyphus pulcher(G), micro-invertivores: Embiotoca jacksoni (H), 
Embiotoca lateralis (I), small sculpins (Cottidae) (J), and Oxylebius pictus 
(K), non-shrimp predators: Ophiodon elongatus (L), Sebastes flavidus (M), 
and Sebastes mystinus (N), and non-fish predators of crabs: Octopus 
rubescens (O), and Loxorhynchus crispatus (P).
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Figure 20. Chart of the number of strikes per hour for different fish 
predators by region. Shown are Monterey (left) and Carmel (right). Red 
text indicates reserve sites and blue indicates fished. Means (± 1 SE) 
were calculated from the number of observed attacks on video per amount 
of time recorded from video footage during shrimp tethering experiments 
in 2015.
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Figure 21. Chart of the number strikes per hour that were successful or 
unsuccessful by fish functional groups. Means (± 1 SE) were calculated 
from the number of observed attacks on video per amount of time 
recorded from video footage during shrimp tethering experiments. The 
asterisk denotes significant difference in the number of successful and 
unsuccessful strikes per hour (P<0.05).
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Table 6. Results of two-sample T-tests comparing number of successful 
strikes per hour made by each fish predator inside reserves compared to 
outside.

Functional Group Predator Species df R2 7-ratio P-value
Macro-invertivore Hexagrammos decagrammus 1 4 0.007 0.16 0.88
Macro-invertivore Scorpaenichthys marmoratus 1 4 0.076 0.57 0.60
Macro-invertivore Sebastes chrysomelas 1 4 0.014 0.24 0.82
Macro-invertivore Sebastes carnatus 1 4 0.20 1.0 0.37
Macro-invertivore Rhacochilus toxotes 1 4 0.20 1.0 0.37
Micro-invertivore Cottidae (family) 1 4 0.83 4.40 0.012
Micro-invertivore Embiotoca lateralis 1 4 0.02 0.27 0.80
Micro-invertivore Embiotoca jacksoni 1 4 0.33 1.40 0.23
Micro-invertivore Oxylebius pictus 1 4 0.45 1.80 0.15
Piscivore Sebastes atrovirens 1 4 0.042 0.42 0.70
Planktivore Sebastes mystinus 1 4 0.20 1.0 0.37

An important macro-invertivore, kelp greenling (Hexagrammos 

decagrammus), had elevated percentages of successful strikes inside 

reserves (25.5%), while painted greenling (Oxylebius pictus) had high 

percentages of unsuccessful strikes inside reserves (43.8%). In fished 

areas, kelp greenling had the greatest percent of successful strikes 

(36.0%), and small sculpins (10-14 cm) (Orthonopias triads, Artedius spp., 

Jordania zonope) represented the greatest percentage of unsuccessful 

strikes (55.4%). Painted greenling and small sculpins had opposite 

patterns of successfulness inside and outside of reserves; painted 

greenlings made proportionally more strikes and were more unsuccessful 

than not in reserves, and sculpins made a larger proportion of strikes and 

were largely unsuccessful in fished areas (Figure 22).
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Figure 22. Percentages of successful (A, C) and unsuccessful attacks (B, 
D) attacks on shrimp by different fish predators by reserve status. 
Percentages were calculated from the number of successful or 
unsuccessful attacks on video, out of the total attacks, per species.
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DISCUSSION

Results from this study revealed clear differences between marine 

reserves and fished areas for most factors, including density and biomass 

of micro-invertivores, (1.8 and four times greater inside reserves, 

respectively), pooled biomass of macro- and micro-invertivores, (2.8 

greater inside reserves), predation on both crabs and shrimp (4.6 to 7 

times greater inside reserves), and times until arrival of the first macro- 

invertivores (two times faster inside reserves).

The trends in fish abundances were stronger when quantified by 

biomass than density. Fish biomass was almost three times greater inside 

reserves for pooled macro- and micro-invertivores inside central California 

reserves. Other studies in central California found fish biomass to be two 

times greater inside reserves (Paddack and Estes 2002), while studies in 

southern California found biomass of fishes targeted by anglers to have 

four times more biomass inside reserves (Caselle et al. 2015). There was 

more difficulty detecting significant differences in fish densities. In the 

present study, densities of pooled macro- and micro-invertivores appeared 

to be greater inside reserves, but the p-value exceeded the alpha value by 

a margin. If the alpha had been set to 0.1 instead of 0.05, differences 

would have been significant (two-sample f-test, t i0 = -2.08, p  = 0.06). 

However, this was not the case and the hypothesis that densities of
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invertivorous fishes were greater inside reserves can only be supported 

for micro-invertivores. Paddack and Estes (2000) attributed their lack of 

significant differences in fish densities inside reserves to small sample 

sizes (mean n = 14.5), therefore lack of power, and high variation between 

samples, either of which were easily remedied. Additionaly the reserves in 

the present study vary in age of establishment, ranging from 10 

(Pinnacles), to 30+ (Hopkins and Pt. Lobos) years of protection. The weak 

response of densities inside reserves is not surprising since reserves 

usually require 20 or more years to exhibit significant effects, and one of 

the three reserve sites in the present study (Pinnacles) is only 10 years 

old (Starr et al. 2015). The present study found much stronger responses 

of reserve protection on fish biomass than densities, and biomass 

increases first inside reserves (Caselle et al. 2015). Biomass of organisms 

inside reserves in temperate and tropical reserves worldwide was three 

and four times greater (Lester et al. 2009). This strong signal in contrast to 

central California (only 2.8 times greater) could be explained by the high 

temporal and spatial differences in recruitment characteristic of species 

living within the California current ecosystem, which limits their response 

to reserve protection (Eschemyer et al. 1983; Moser 1996; PISCO 2013). 

Another factor dampening the signal in central California compared to 

other areas may due to lack of significant fishing pressure. Fishing in
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central California may be substantially lower than southern California or 

other parts of the world, which would weaken differences found between 

marine reserves and fished areas in central California.

High variances resulted in little differences of crustacean densities 

between reserve and fished sites, therefore crustacean densities are not 

reduced inside reserves due to higher predation rates. Abundances of 

invertebrates of the Pacific Northwest, specifically crustaceans, are largely 

unknown (McVeigh 2009). The present study is the first attempt at 

quantifying shrimp abundances in central California kelp forests. Results 

showed that shrimp (P. danae) densities were similar among all sites, 

except in Monterey, where they were significantly reduced in Hopkins 

(reserve) than McAbee (fished), perhaps due to the accessibility of this 

pair of sites to the Monterey harbor, and thus an increased exposure to 

fishing activities. Shrimp densities were lower in the Carmel region than 

Monterey, perhaps because of the elevated predation rates at those sites. 

The present study revealed no clear spatial patterns of crab abundances. 

A study in temperate waters off Australia estimated red bait crabs 

(Plagusia chabrus) were slightly (1.5 times) more abundant inside 

protected areas than outside, but the pattern is obscured by high 

variability and a small sample size (n = 90) (Pederson and Johnson 2006). 

Although crustacean populations did not vary inside reserves compared to
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outside, it has already been suggested that trophic level changes take 

several decades to occur (Loury 2010), and it is useful in the present 

study because it ensures that the tethering assays were not affected by a 

variation in prey availability.

The survival of crabs and shrimp at tethering assays was 

significantly reduced inside reserves, despite the lack of significance in 

difference between times until 50% mortality, and this pattern was 

consistent with similar studies from around the globe. The differences 

between times until 50% mortality inside and outside of reserves were 

obscured by unexpectedly high rates of mortality at a single fished site, 

Stillwater Cove. Although predation at Stillwater was high, the overall 

pattern remains consistent with the original hypothesis. Results of the 

present study demonstrate that predation on decapod crustaceans was 

4.6 to 7 times greater inside reserves, where predatory fishes are more 

abundant. In coastal temperate waters in the Gulf of Maine, predation on 

tethered brittle stars was 4-10 times more and predation on rock crabs 

was 21 times greater at offshore, non-fished sites than in coastal, 

historically overfished sites (Witman and Sebens 1992). In subtropical 

regions, tethering studies using urchins typically resulted in 2-7 times 

greater predation on sea urchins inside of reserves, where predators are 

more numerous (Sala and Zabala 1996; Shears and Babcock 2002;
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Guidetti 2006). Subtropical studies on tethered juvenile lobsters resulted in 

5-12 times greater predation at a reserve, where there were 1-3 as many 

predatory fishes (Loften and Hovel 2010). Mark-recapture experiments on 

urchins in Tasmania resulted in 2.9 times reduced survival in reserves 

compared to nearby fished areas where large, predatory lobsters no 

longer persist (Ling et al. 2009). In tropical regions, predation rates on 

tethered gastropods in Kenyan coral reefs were 1.16 faster inside 

reserves as well (McClanahan 1989). In Malaysian coral reefs, predation 

rates on tethered shrimp were 13 times greater during the day, when 

predatory fishes were 2.8 more abundant (Ory et al. 2014). Collectively, 

these results provide strong evidence that an increase in predatory fish 

abundance directly translates to the reduced survival of various species of 

benthic invertebrate prey species (i.e. urchins, gastropods, brittle stars, 

crabs and shrimp).

Species of fishes that made strikes on tethered shrimp at predation 

assays were natural predators of shrimp, as expected. The main predators 

during the shrimp trials were H. decagrammus, S. marmoratus, Embiotoca 

lateralis, O. pictus, and small sculpins (family Cottidae), two macro- 

invertivores, and two micro-invertivores, respectively. Diet-studies of 

central California kelp forest fishes characterize most demersal fishes as 

trophic generalists, some focusing more on invertebrates, and some on
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fish, depending on what is more abundant and available to them. 

Hexagrammos decagrammus typically feed on crustaceans, polychaete 

worms, brittle stars, mollusks, and small fishes (Armstrong 1996), S. 

marmoratus typically feed on crustaceans, fishes and mollusks (Hart 

1973), E. lateralis feed on crustaceans, worms, and mussels, and 

occasionally herring eggs (Clemens and Wilby 1961), and O. pictus teed 

on crustaceans, polychaetes, small mollusks, and small bryozoans (Fitch 

and Lavenberg 1975). Therefore, crustaceans comprise a major 

component of the diet of all the predatory fishes observed feeding on 

shrimp at tethering assays. These species of predators, however, did vary 

in their successfulness of their feeding strikes at predation assays. Macro- 

invertivores made a significantly larger proportion of successful to 

unsuccessful strikes on shrimp compared to micro-invertivores, and other 

functional groups. This means that as predicted, larger invertivorous fishes 

(i.e macro-invertivores: Hexagrammos decagrammus, Sebastes carnatus, 

Sebastes chrysomelas, and Scorpaenichthys marmoratus) are more 

successful than smaller species (i.e micro-invertivores: (family Cottidae, 

Embiotoca jacksoni, Embiotoca lateralis, and Oxylebius pictus) when 

presented shrimp of various lengths (15-80 mm). This is a reasonable 

outcome since predator length is proportional to prey length (Scharf et al. 

2000). Anecdotal observations from video footage suggested that O.
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pictus were only successful after the attempted strike of another fish, 

when the shrimp’s condition had weakened. Oxylebius pictus often 

consumed remains of shrimps that had been bitten in half by another 

predator, usually E. lateralis. Small sculpins have larger mouths than O. 

pictus, but their overall body length is shorter, and were occasionally 

observed striking tethered shrimp that were almost as long as them. 

Consequently, several small sculpins were observed “stuck” on tethers by 

divers and on the videos, and could not dislodge themselves for several 

hours, sometimes days.

The vast majority of predation on crabs was by O. rubescens, a 

nocturnal, cryptic, invertebrate predator, not targeted by fishing. Reserve 

protection has resulted in positive effects on species not targeted by 

fishers (Lester et al. 2009), however, in nature, P. richii often climb high up 

on to understory kelps at night to avoid predation, nocturnal predators, 

such as O. rubescens(Aris et al. 1982; Mather and Anderson 1993). By 

tethering P. richii, we inhibited their predator-avoidance strategy. 

Additionally, the severity in which individual P. richii had to be tethered so 

that they would not escape might have suppressed the attacks made on 

them by fish. Another crab species with softer carapaces and smaller 

chelipeds, such as Scrya acutifrons or juvenile Metacarcinus magister, 

may be a better test subject in the future. Additionally, the present study
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did not complete the tethering trials within the same year. Crab predation 

assays were conducted in 2014, and shrimp in 2015. Since shrimp 

predators were mainly fishes, it is unlikely that shrimp trials were affected 

by this relatively small temporal difference. However, crab trials may have 

been. It is possible that O. rubescens were more abundant in 2014 than 

other years (Cheryl Barnes, personal communication). Information on O. 

rubescens abundances and population dynamics are unknown, and time 

did not permit the development of a method to quantify spatial and 

temporal abundances of O. rubescens. This information would be 

necessary to assess the impacts of octopus predation inside and outside 

of reserves and how this may have varied from 2014 to 2015.

Abundances of invertivorous fishes, fmax, did not differ between 

reserve and fished sites when quantified from tethering videos. Previous 

studies have determined that it is more effective to utilize multiple methods 

of survey techniques when quantifying fish abundances in order to 

account for variation of body size, habitat partitioning, aggregate behavior, 

and behavioral responses to divers (Willis and Babcock 2000; Langlois et 

al. 2006). The GoPro video footage collected from predation trials was 

analyzed as a remotely operated survey technique, similar to existing 

baited remote underwater video (BRUV) techniques, in order to 

supplement diver surveys. Willis and Babcock (2000) found abundances
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of fishes 2.4 times greater in reserves in New Zealand than out. In the 

present study fmax was non-significant and only 1.13 times higher in 

reserves. This may be explained by the fact that other studies utilizing this 

metric use dead, odorous, fish bait which attracts a greater number of 

fishes, in high contrast to live, tethered shrimp, of which were able to avoid 

predation in several occasions by jumping around quickly despite their 

tethers (personal observations). Times until arrival (tjnst) of the first micro- 

invertivores appeared faster inside reserves but were not statistically 

different. This is surprising, as small sculpins were classified as micro- 

invertivores, and were largely the first predator in the frame, often at time 

zero (personal observations). Yet, this provides confidence that their 

cryptic advantage was not the reason for any differences. Additionally, 

micro-invertivores may not be actively swimming and foraging for food as 

as macro-invertivores. Macro-invertivores arrived at predation assays 

inside reserves in half the time it took them to arrive at assays outside 

reserves. It appears this group of fishes was in closer proximity to the 

reserve assays, and therefore more abundant inside reserves.

There were limitations, however, in using the tethering videos to 

assess fish abundances (tinst and fmax). The predation assays and cameras 

were spatially fixed, and the mobile fishes that appeared on camera were 

only ones that happened to be interested in those particular invertebrate
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prey. The only exceptions were a few cases of small sculpins and painted 

greenlings that appeared inhabiting the exact location when predation 

assays were deployed. Therefore, metrics used to quantify fish 

abundances (W  and fmax) were inherently biased, and may not be an 

accurate representation of all the species at an entire site. In this case, the 

divers surveys are more useful to represent abundances at sites, and 

tethering videos are only useful to identify those fish species that showed 

up to feed at the assays. Another factor confounding the results of the 

video analyses was the high amount of variation in fish abundance 

estimates (fmax)- When deploying the cameras, divers could not realistically 

place them at consistent angles at every tethering assay due to 

obstructions such as boulders and kelp, in combination with the time 

constraints of SCUBA. This resulted in high variation in the dimensions of 

the video frame and likely a high variation in the numbers of fishes that 

could be observed in the video frame for the fmax estimates.

Tethering is an inherently biased method of measuring predation 

and should be interpreted with caution. Although it is very useful in 

measuring relative predation between areas of similar habitat, artifacts of 

tethering may interact at especially high densities of predators (Kneib and 

Scheele 2000). Since predator densities were low across all sites (no 

more than 0.15 individuals/m2), and shrimp assays were separated into
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groups of 10 tethered individuals, it is unlikely that tethering artifacts 

confounded the relative predation during shrimp trials. This may not have 

been the case for crab trials. Crab assays were confined to one relatively 

small area ( - 2 x 6  meters), and the majority of the predation occurred at 

night, when cameras were not recording. It is possible that densities of 

crab predators (O. rubescens) increased enough during the night to inflate 

predation rates on crabs inside reserves relative to outside. Although 

tethering results in this case must be interpreted carefully, the results from 

both tethering trials represent a first look at relative predation on 

invertebrate prey and how that differs inside and outside of reserves in 

central California.

The results from this study suggest that reserves in central 

California have cascading effects on lower trophic levels. The only 

invertivorous fish species that made statistically more strikes per hour 

inside reserves were small sculpins. There is limited information on the 

biology and demographics of this group of fishes. What limited information 

there is indicates they are abundant in benthic rocky reefs, appear 

territorial, orient to a specific home site, and feed on small benthic 

crustaceans, including shrimp (Eschmeyer et al 1983). It is possible that 

the feeding ecology of this fish, along with other fish species inside of 

reserves is complicated by the protection of larger fishes, which feed on
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them. Most of the macro- and micro- invertivores in this study, especially 

rockfishes, are secondary carnivores (Loury 2011). Lingcod are a fished 

species that are primary carnivores, specifically feeding on other fishes. 

Studies have shown that predation by lingcod on rockfishes is three times 

greater insider reserves versus outside (Beaudreau and Essington 2007). 

In Vancouver, British Columbia, there is evidence that this may result in a 

cascade of effects in which an abundance of lingcod inside reserves limits 

the abundances of lower carnivores (i.e rockfishes), and in turn the 

magnitude of predation by rockfishes on their invertebrate prey (i.e. 

shrimp; Frid and Marliave 2010). It is likely that the reestablishment of 

larger fishes inside reserves in central California may have similar 

cascading effects on lower trophic levels.

CONCLUSIONS

Given the important role of predators in ecosystems via consumptive and 

non-consumptive effects, it is imperative to utilize existing areas of spatial 

variation in predator abundance as a means to understand these effects 

throughout a great variety of ecosystems. In ocean ecosystems, the 

varying predator densities created by marine reserves and adjacent fished 

zones currently serve as an effective method to study impacts of predatory 

fishes while controlling habitat variation or other factors. In temperate
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zones such as central California, networks of marine reserves provide an 

ideal framework for such experiments. In order to determine the ultimate 

role of predatory fishes on central California kelp forest communities, one 

must first determine the relationship between fish densities and fish 

predation rates in these areas. The present findings demonstrated a 4-7- 

fold increase of predation upon two species of invertebrates inside 

reserves. This reserve effect is documented in many cases on similar 

systems around the globe, and is now confirmed for kelp forests in central 

California. Empirical studies like this are instrumental in discovering other 

unknown ecological consequences of anthropogenic effects, and 

developing methods to mitigate them.
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Appendix A. Crab survival by site. Survivorship curves were calculated 
based on the proportion of prey crabs remaining alive following diver 
censuses taken at 24-hour intervals. Red lines and white stars indicate a 
reserve while blue lines and filled-in dots indicate a fished zone.
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Appendix B. Shrimp survival by site. Survivorship curves were calculated 
based on the proportion of prey shrimp remaining alive following diver 
censuses taken at 0.5,1, 3, 7, 24, and 48-hour intervals. Red lines and 
white stars indicate a reserve while blue lines and filled-in dots indicate a 
fished zone.
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Appendix C. Shrimp survival by replicate. Survivorship curves of diver 
censuses taken at 0.5,1, 3, 7, 24, and 48-hour intervals are included for 
reserve sites Hopkins (A), Lobos (B) and Pinnacles (C), and fished sites 
McAbee (D), Butterfly (E), and Stillwater (F).


