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Abstract 

This study is part of a larger project aiming to develop a tool and program to monitor 

biodiversity in rocky subtidal habitats using a passive bio-collector filled with cobble. I 

compared the communities of “settlers” and “crawl-ins” sampled by the bio-collectors to 

those found on nearby natural cobble substrate, and assessed the effects of cobble size 

and surface complexity on recruitment into the bio-collectors. The bio-collectors 

provided a good representation of what was found on the natural substrate, as there was 

high species overlap (54%) between the two sampling methods and most (80%) species 

not found in both were exclusive to the bio-collectors. Cobble size was found to have a 

small but significant effect on recruitment into the bio-collectors, and surface 

complexity had a significant effect on settlement of an abundant encrusting species 

(Anomia simplex). Results show that these passive bio-collectors offer a good tool to 

monitor cobble-bottom communities. 
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1    General introduction 

Throughout the world, marine biodiversity is declining as a result of human activities, 

including fishing, overexploitation, species introductions, pollution, habitat destruction, 

tourism and global climate change (Babcock et al., 1999; Costello et al., 2010; Gray, 

1997; Hillebrand and Matthiessen, 2009; Loreau et al., 2001; Narayanaswamy et al., 

2013; Sala and Knowlton, 2006; Snelgrove, 1999; Stachowicz et al., 2007; Thrush et al., 

2001, Worm et al., 2006). Scientists have come to recognize that protecting marine 

biodiversity should be a major strategy for conserving and managing marine ecosystems 

(Gregr et al., 2012; Narayanaswamy et al., 2013; Palumbi et al., 2009; Staples and 

Hermes, 2012). There is a considerable amount of work being done to incorporate 

biodiversity conservation into marine planning (Palumbi et al., 2009; Staples and 

Hermes, 2012), including the valuation of biodiversity and ecosystem services 

(Bartkowski et al., 2015; Laurila-Pant et al., 2015) and the identification of biodiversity 

hot spots and other important areas to monitor and protect (DFO, 2004; Gregr et al., 

2012; Selig et al., 2014) 

The ocean provides a large number of ecosystem services including food security, 

climate regulation, recreation, protection against coastal erosion and the breakdown of 

pollutants (Duarte, 2000; Sala and Knowlton, 2006; Worm et al., 2006). There is 

currently research being done to elucidate the links between biodiversity and ecosystem 

services and how these services will be affected by diminishing biodiversity. 

Researchers have found evidence of a link between species richness and ecosystem 
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functions, with increased species richness being linked, on average, with a greater 

functional repertoire present in the community (Duarte, 2000; Hooper et al., 2005; 

Narayanaswamy et al., 2013). It has also been shown that increased biodiversity can 

provide ecosystem processes some protection from environmental changes, through 

compensation and functional redundancy among species (Yachi and Loreau, 1999; 

Hillebrand and Matthiessen, 2009; Hooper et al., 2005; Narayanaswamy et al., 2013; 

Stachowicz et al., 2007). 

One of the greatest challenges to being able to consider biodiversity in management 

programs is our lack of knowledge and data concerning the identity and abundance of 

organisms that live in the oceans. There are currently only 20 marine species 

documented to be globally extinct, which is considered a gross underestimate caused by 

our lack of knowledge of the number of marine species (Sala and Knowlton, 2006; 

Stachowicz et al., 2007). The Census of Marine Life, which was created as a decade-

long project to gather data on diversity, abundance and distributions of marine species 

from the near shore to the abyssal plains (O’Dor and Gallardo, 2005), concluded that the 

current number of described marine species is about 230,000 and that the total number 

of marine species is estimated to be 1 million to 1.4 million (Costello et al., 2010). 

Another major study done by Appeltans et al. (2012) using the WoRMs database agrees 

with the number of described species and estimates that the total number of  marine 

species is about 0.7-1 million; thus only 1/3 to 1/4 of marine species have been sampled 

and described.  
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Until recently our conservation efforts have focused almost exclusively on protecting 

threatened species that have a high risk of extinction (Gaston and Fuller, 2007). 

However, it has now been recognized that common species need protection as well, 

because even a small proportional decline in their abundance can significantly affect an 

ecosystem (Gaston and Fuller, 2007). The Department of Fisheries and Oceans Canada 

(DFO) has started to move from a single-species management approach to an 

ecosystem-based management framework, one component of which is the recent 

recognition of “Ecologically and Biologically Significant Areas” (EBSAs). EBSAs are 

chosen as being significant due to the functions they serve and/or structural properties 

and biodiversity they contain (DFO, 2004). There are three main dimensions used to 

evaluate areas for designation as EBSAs: their uniqueness, aggregation and fitness 

consequences. Uniqueness considers the characteristics (e.g. spawning and nursery 

grounds, food sources, migration routes, seasonal refuges and species present) of an area 

and how distinct or widespread they are compared to other areas (DFO, 2004). 

Aggregation considers how many individuals and life-history stages of a given species 

use the area and for how long, in comparison to other areas (DFO, 2004). Fitness 

consequences consider the importance of an area for any particular life-history stage of a 

given species and the contribution it makes to a species’ or population’s overall survival 

(DFO, 2004). The EBSA designation allows DFO to provide a disproportionate level of 

protection for managing marine activities in a particular area. In contrast to Marine 

Protected Areas, EBSAs are not required to contain endangered species to receive this 

designation and protection.    
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Currently the DFO is working at developing monitoring systems and indicators for 

EBSAs, which will allow them to provide a disproportionate level of protection and 

make appropriate management decisions for these areas of particular importance. 

Marine biodiversity can be sampled using a variety of different methods including 

trawls, dredges, grabs, sediment corers, sledges, settlement plates, plankton tows, 

remote operated vehicles, video transects as well as SCUBA diving surveys and suction 

sampling (Templado et al. 2010). However, cobble-bottom habitats, which serve as 

important nursery areas for many species, are not readily sampled by these methods. For 

example, cobbles of this habitat are too large to be readily sampled by corers and grabs, 

and many animals live amongst the rock interstices of this habitat, preventing methods 

like video transects and sledges from capturing them (Pohle and Thomas, 1997). 

Biodiversity monitoring of cobble habitat is currently reliant on SCUBA with diver-

based surveys and suction sampling. This method is impractical in many circumstances 

as it requires personnel with significant training and experience, and is limited by a 

variety of environmental conditions including strong currents, low visibility, strong 

winds and depth. Another limitation of SCUBA-assisted suction sampling is that it 

generally leads to the under-representation of more mobile and furtive species, such as 

fishes. One method being developed to overcome these hazards and limitations is a 

passive “bio-collector”, which is filled with cobble to provide a structurally complex 

habitat. This tool was originally designed by Rick Wahle and researchers at Bigelow 

Laboratory for Ocean Sciences in Maine to collect and study settlement of postlarval 

lobster (Wahle et al., 2009). It is now being studied for its use as a standardized 

sampling tool for monitoring marine invertebrates and fishes that inhabit rocky cobble 
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habitat. Importantly, the bio-collector samples these animals both as juveniles and adults 

that crawl in from the surroundings, as well as larvae that settle out of the plankton. The 

majority of marine invertebrates have a planktonic larval phase that spends a period of 

time floating in the water column. Depending on the taxon, the larva might remain in the 

water column anywhere from a few hours to months, allowing them opportunity to be 

dispersed over long distances by ocean currents (Grantham et al., 2003; Snelgrove, 

1999). Larval supply plays an important role in the dynamics of species assemblages. 

Being able to monitor the larval recruitment in an area provides insight into these 

dynamics.  

Cobble is an important habitat for many species of fishes and invertebrates (Connell and 

Jones, 1991; Inui et al., 2010; Pallas et al., 2006; Stevenson et al., 2014), including 

commercially important species such as the American lobster Homarus americanus 

(Wahle and Incze, 1997; Wahle and Steneck, 1991), Atlantic cod Gadus morhua 

(Gotceitas and Brown, 1993; Tupper and Boutilier, 1995) and winter flounder 

Pseudopleuronectes americanus (Pappal et al., 2012). In particular, the interstitial space 

between cobbles provides refuge from predators for a number of different juvenile 

decapod (Linnane et al., 2003; Pallas et al., 2006) and fish species (Connell and Jones, 

1991; Pappal et al., 2012; Stevenson et al., 2014; Tupper and Boutilier, 1995).  

DFO has identified 4 EBSAs in the southwest Bay of Fundy and is currently in need of 

tools and programs to generate information that can be used to help monitor and protect 

marine biodiversity in these areas. This thesis is part of a larger project aiming to 

investigate the use of this passive bio-collector to sample biodiversity of cobble-bottom 
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habitat in the southwest Bay of Fundy and identify spatial and temporal patterns of 

diversity in these communities. The objective of chapter 2 is to assess the suitability of 

the bio-collector as a biodiversity monitoring tool for cobble habitat, which will be done 

by comparing what is sampled by the bio-collector to what is found on the natural 

cobble substrate sampled by SCUBA quadrats. The objective of chapter 3 is to assess 

the effect of cobble size on the community of shallow rocky subtidal invertebrates and 

fishes that recruit into the bio-collectors in the Bay of Fundy, as well as the effect of 

surface complexity on settlement of an abundant encrusting species (Anomia simplex). It 

is hoped that together, these two studies will generate information that will assist the 

development and use of the bio-collector to monitor biodiversity of marine cobble-

bottom habitats. 
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2   How comparable are marine cobble-bottom communities sampled by a new 

passive “bio-collector” and SCUBA-assisted quadrats?  
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2.1    Abstract 

This study is part of a larger project to help develop a tool and program to monitor 

biodiversity on rocky subtidal shores. Cobble-bottom habitats are important to many 

species of marine invertebrates and fishes, but they are very difficult to sample. The 

“bio-collector” employed here is a modified lobster trap filled with cobble that acts as a 

passive sampling tool, attracting both larvae from the water column (“settlers”) as well 

as mobile juveniles and adults from the surrounding habitat (“crawl-ins”). This project 

assessed the effectiveness of the bio-collector for monitoring the biodiversity of cobble-

bottom habitat by comparing the community assemblages found in the bio-collectors to 

communities found on the nearby natural cobble substrate sampled using SCUBA-based 

quadrats. The study also assessed sampling period, to compare monitoring results from 

bio-collectors deployed in early July versus May, when sampling could interact with 

lobster fishing gear and activities. While there were significant differences between the 

communities found in the bio-collectors and the SCUBA quadrats, these were largely 

driven by a greater abundance of most species in the bio-collectors than on natural 

substrates. In terms of species diversity, the bio-collectors provided a good 

representation of what was found on the natural substrate at a given site (n=2), as there 

was high species overlap (50 and 57.3%) between the two sampling methods and most 

species (38.4 and 37.6%) not found in both were found exclusively in the bio-collectors. 

The bio-collectors were thus able to sample the biodiversity of an area better than the 

SCUBA quadrats, for both settlers and crawl-ins, and they were in particular better able 

to sample highly mobile species such as fishes that are able to evade sampling by 
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SCUBA quadrats. Deploying the bio-collectors in May versus July had no significant 

effect on the species capture, indicating it is appropriate in our study region to deploy 

after the fishing season, to limit interaction with fishing gear.  
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2.2    Introduction 

Coastal marine habitats are highly productive and provide nursery, feeding and 

spawning grounds for many commercially and ecologically important species (Seitz et 

al., 2014; Stevenson et al., 2014). There is typically a wide range of bottom types in 

shallow coastal marine habitats, such as the Gulf of Maine, including mud, sand, gravel, 

cobble, boulder, bedrock, eelgrass, macroalgae and shellfish beds (Stevenson et al., 

2014). Cobble is an important habitat for many different species of fishes and 

invertebrates (Connell and Jones, 1991; Inui et al., 2010; Pallas et al., 2006; Stevenson 

et al., 2014), including commercially important species such as the American lobster 

Homarus americanus (Wahle and Incze, 1997; Wahle and Steneck, 1991), Atlantic cod 

Gadus morhua (Gotceitas and Brown, 1993; Tupper and Boutilier, 1995) and winter 

flounder Pseudopleuronectes americanus (Pappal et al., 2012). 

Although cobble-bottom subtidal habitats are important to many species of marine 

invertebrates and fishes, they are difficult to sample due to their high structural 

complexity. Sampling of these habitats is generally done employing the transect method 

by SCUBA diving or video from remotely operated vehicles (ROV). SCUBA can enable 

direct sampling and quantification of organisms on the sea bottom, but requires highly-

trained personnel and is limited by a number of environmental factors, including depth, 

visibility, currents and winds. It can also be difficult to sample highly mobile species 

using SCUBA, as these may flee upon detection or disturbance. ROVs are capable of 

“video sampling” at greater depths, but they can survey only a portion of structurally 

complex habitats and can be cost prohibitive. Another approach to sampling cobble-
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bottom habitats is the use of passive sampling gear that mimics the seafloor, and to 

which animals recruit; such passive gear can be deployed in places and at depths where 

SCUBA divers cannot work, and the method allows counting of animals hidden in the 

cobble matrix, which would not be visible by video. Such passive sampling gear has, for 

example, been used to quantify settlement of crabs and lobsters in the Gulf of Maine 

(Palma et al., 1999; Wahle et al., 2013). More recently, large wire boxes filled with 

cobbles were used to quantify biodiversity in cobble-bottom habitats of the southwest 

Bay of Fundy (Ellis, 2013; Wilson, 2013). The latter study demonstrated that bio-

collectors sample a great diversity of marine invertebrates and (to a lesser extent) fishes, 

both in the form of organisms settling out of the plankton and those crawling in from the 

nearby substrate. It also revealed complex interactions between a species’ life history 

and the effect of substrate complexity on their recruitment to the bio-collectors. This 

study did not, however, compare communities sampled by the bio-collectors to natural 

communities occurring at the location where the bio-collectors were deployed. 

It is estimated that 80 – 85% of species of invertebrates living in marine rocky habitats 

have a planktonic larvae phase (Grantham et al., 2003; Thorson, 1950). In these species 

and habitats, larval supply has been shown to play an important role in structuring 

benthic assemblages (Edwards and Stachowicz, 2011; Gaines et al., 1985; Gaines and 

Roughgarden, 1985; Hoffmann et al., 2012; Minchinton and Scheibling, 1991; 

Rodriguez et al., 1993; Thorson, 1950), and the quantity of competent larvae available 

for settlement affects the abundance of individuals that recruit into a population 

(Connell, 1985; Gaines et al., 1985; Hoffmann et al., 2012; Miron et al., 1995).  
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Depending on the taxon, the larval phase can last from a few hours to several months, 

and dispersal distances during this period can range from several meters to 100s of 

kilometers, depending on larval behavior and duration, and the ocean currents that carry 

them (Grantham et al., 2003). During this period the larvae continue to develop until 

they become competent and ready to settle. Both passive transport and active larval 

behaviour play a role in larvae dispersal and settlement (Rodriguez et al., 1993). Passive 

transport affects larvae over coarse spatial scales due to currents, upwelling, surface 

winds and wave action (Ardisson and Bourget, 1992; Ardisson et al., 1990; Cobb and 

Wahle, 1994; Gaines and Bertness, 1992; Hoffmann et al., 2012; Thorson, 1950) and 

over finer spatial scales due to eddies and turbulence (Bourget and Harvey, 1998; 

Eckman, 1983; Harvey and Bourget, 1997; Koehl, 2007). Larval behaviours that affect 

dispersal and settlement include larval aggregation (Marsden, 1991; Pawlik, 1992), the 

vertical distribution of larvae in the water column (Miron et al., 1995), as well as active 

choice of where to settle based on chemical and physical cues (Pawlik, 1992). Chemical 

cues for settlement arise from a diversity of sources, including food, predators, 

competitors, conspecifics, hosts and biofilms (Barnes, 1972; Keough, 1998; Marsden, 

1991; Pawlik et al., 1991; Pawlik, 1992; Le Tourneux and Bourget, 1988; Walters et al., 

1999). Physical cues include substrate composition (Beck, 2000; Le Tourneux and 

Bourget, 1988; McGuiness and Underwood, 1986; Robinson and Tully, 2000), substrate 

complexity (e.g., flat surfaces versus crevices) (Archambault and Bourget, 1996; 

Keough and Downes, 1982) and current speed (Crisp, 1955; Harvey and Bourget, 1997; 

Pawlik et al., 1991; Walters et al., 1999). After settlement, a series of post-settlement 

processes including predation, competition and disturbance can further affect 
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community assemblage (Connell, 1985; Hunt and Scheibling, 1997; Keough and 

Downes, 1982). Once settled, mobile animals are capable of immigrating and emigrating 

in and out of an area in response to a number of factors including competition, prey, 

predation and shelter size, which also affects the species’ assemblage of that area (Cobb 

and Wahle, 1994; Robinson and Tully, 2000). 

The overarching goal of this study is to contribute to the general question of whether the 

passive sampling tool used by Ellis et al. (2015) and Wilson (2013), which will hereafter 

be referred to as “the bio-collector”, is an effective tool to sample and monitor 

biodiversity of cobble-bottom habitat. I evaluated effectiveness by comparing the 

community assemblages found in the bio-collectors to the communities sampled on the 

natural substrate of the same study locations using SCUBA diving. As a secondary 

objective I compared the community of invertebrates and fishes in bio-collectors 

deployed in May versus early July, to determine how many species are missed by 

deploying in July, after the end of the lobster fishing season; deploying the gear in early 

July in the study region is preferable from a logistical standpoint, to limit interaction 

with fishing gear and activities. For both objectives, separate analyses were undertaken 

for the animals that settled directly into the bio-collectors as larvae and those that 

crawled into the bio-collectors as juveniles and adults.  
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2.3    Methods 

2.3.1  Study sites 

Two cobble-bottom study sites in the southwest Bay of Fundy were used for the 

comparison of communities in the bio-collectors to those on the natural substrate. The 

first site was on the west side of Simpsons Island (45° 0.181 N, 66° 54.820 W), which is 

part of the West Isles of the Quoddy Region. This site was sampled during the summer 

of 2010. The second site was on the east side of Beaver Harbour (45° 4.710 N, 66° 

43.146 W), which is in the eastern portion of the Quoddy Region, approximately 9 km 

from Simpsons Island. It was sampled during the summer of 2011. Both of these cobble-

bottom sites were used in the large-scale study contrasting communities of invertebrates 

captured by these bio-collectors in four areas of the southwest Bay of Fundy (Wilson, 

2013). In 2009, SCUBA diving and filming using a remotely operated vehicle (ROV) 

were used to confirm the presence of cobble bottom at a depth of approximately 5-10 m 

at both sites. The Beaver Harbour study site was also used for the deployment time 

experiment undertaken simultaneously with the main experiment in 2011.  

2.3.2    The bio-collectors and modifications  

The bio-collectors consist of standard lobster trap wire mesh (3.8 cm mesh size) in the 

shape of a flattened box 92 x 63 x 15 cm. The sides and bottom of the bio-collectors 

were lined with a 1 mm pet screen mesh to prevent the escape of settled larvae and adult 

organisms during retrieval. A sturdier mesh was placed over the bottom pet-screen 

mesh, to prevent it being damaged by the rocks. The bio-collectors were filled with 
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smooth cobble that ranged in size from approximately 7-30 cm; when full the bio-

collectors weighed 90-115 kg.  

The bio-collectors deployed in 2011 for both the deployment time experiment and the 

comparison with the natural substrate study were modified by separating the bio-

collector into three 30 x 60 cm sections, using a sturdy wire mesh (1 cm mesh size), in 

order to process a greater number of replicates through sampling only 1/3 of the bio-

collector. Each section had a 1 mm pet screen tray that covered the bottom and ran about 

3 cm up the sides of each section to keep the organisms from moving between sections 

during retrieval.  

2.3.3    2010 bio-collector deployment at Simpson Island and SCUBA sampling 

For the 2010 comparison at Simpsons Island, communities were sampled in five bio-

collectors and in five quadrats on the natural substrate sampled by SCUBA quadrats. 

The bio-collectors were deployed on July 8 and retrieved October 29, using the 

Huntsman Marine Science Center’s vessel, Fundy Spray. Just prior to deployment the 

bio-collector lids were secured with zip ties to keep rocks from falling out in the event 

that a bio-collector became unbalanced during deployment or retrieval (such as during 

occasional entanglement), and a line and float were attached to each bio-collector to aid 

in retrieval using a lobster pot hauler. As each bio-collector was deployed, its 

coordinates and depth of water were recorded for mapping and analyses. After retrieval 

the bio-collectors were processed at the Huntsman Marine Science Center 1-3 days after 

retrieval. While waiting to be processed the bio-collectors were stored under a tarp and 

periodically sprayed with water to keep the animals from drying out.  
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Different species were sampled from different portions of the bio-collectors, depending 

on how abundant they were and how easily they could be removed for later 

identification: (1) encrusting species permanently attached to rocks were sub-sampled 

on five randomly selected rocks, (2) species that were attached to rocks, but could 

readily be removed from them, were sub-sampled from half of the bio-collector, and (3) 

species that were not attached to rocks were sampled from the entire bio-collector. Prior 

to processing, a bio-collector was divided into halves, using a piece of wood. Rocks 

from a randomly chosen half were moved into a tub of seawater, and were individually 

inspected to remove all attached but non-encrusting organisms (e.g., anemones, solitary 

tunicates, mussels) visible to the naked eye; these were placed in the tub. Five of these 

rocks, selected using a random-number generator, were set aside in a fabric bag for later 

identification and counting of encrusting organisms (e.g., bryozoans, Spirorbis worms, 

jingle shells) in the lab. The tub was then carefully rinsed, with all the water run through 

a 0.5 mm sieve, and all animals retained on the sieve were placed into a small Ziploc TM 

bag for later identification. Finally, the second half of the bio-collector was inspected for 

conspicuous and unattached animals (e.g. lobsters, crabs and fishes), which were set 

aside in the bio-collector while the rocks were discarded. Once all the rocks had been 

removed, the bio-collector was carefully rinsed and the contents were passed through a 

0.5 mm sieve. Animals collected in the sieve were placed into a large ZiplocTM bag, 

along with the smaller bag from the same bio-collector. The large bag therefore 

contained all the unattached animals that fell to the bottom of the bio-collector when the 

rocks were being “cleaned” during removal, the smaller bag contained the animals that 

were attached and had to be picked from the rocks in the processed half of the cage, and 
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the fabric bag contained five rocks with encrusting animals. The three bags were frozen 

until the contents could be processed in the lab. To standardize abundance for an entire 

bio-collector, the number of attached taxa was multiplied by two and the abundance of 

“encrusting taxa” was determined by pro-rating abundances on five rocks to the total 

number of rocks in the bio-collector.  

Each bio-collector was paired with an underwater quadrat that was sampled through the 

use of SCUBA on October 29, immediately before the bio-collectors were removed 

from the water. The quadrats were 25 x 25 cm in size and placed haphazardly on the 

nearest patch of cobble substrate to a bio-collector. Prior to sampling the quadrats, 

divers took notes on the substrate the bio-collector rested (sediment, cobble or bedrock) 

and the quadrat’s distance from the bio-collector. The average distance between a 

quadrat-bio-collector pair was 3.5 m (range = 1-6 m). Within each quadrat all the rocks 

were carefully removed and placed into a collection bag, which was then closed. The 

quadrat samples were frozen until they could be processed in the lab.  

2.3.4    2011 bio-collector deployment in Beaver Harbour and SCUBA sampling 

A total of ten modified bio-collectors were deployed at Beaver Harbour East in 2011, to 

compare the communities found in the bio-collectors to those found on the natural 

substrate (objective 1) and to quantify the effect of deploying the bio-collectors earlier 

in the season on what is found in the bio-collector (objective 2). The bio-collectors were 

slightly modified relative to those deployed in 2010 in that they were separated into 

three equal sections using a sturdy wire mesh, in order to facilitate the recovery of 

animals. I sampled the center section of each bio-collector (30 cm x 60 cm), to be able 
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to process a greater number of replicates to address the temporal component of this 

study. Five of these modified bio-collectors were deployed on May 19 and five were 

deployed on July 8. All bio-collectors were retrieved on October 22. As each bio-

collector was deployed the coordinates and depth of water were recorded for use in 

creating maps and further analyses. After retrieval the bio-collectors were brought to 

and processed at the Huntsman Marine Science Center within 1-3 days. Processing was 

similar to the 2010 procedure, with the exceptions that only the center section of the bio-

collector was processed, and organisms were preserved in ethanol to improve their 

condition for identification in the lab.  

Each of the ten bio-collectors was paired with a SCUBA quadrat. The ten SCUBA 

quadrats were sampled on October 17, 2011, a few days prior to retrieval of the bio-

collectors. The SCUBA quadrats were 30 x 60 cm in size, which is the same size as the 

center section of the bio-collector, such that the same area of cobble was sampled with 

the quadrats and the bio-collectors. Sampling procedures were the same as in 2010. The 

average distance between a paired quadrat and bio-collector was 2 m (range = 1-4.5 m). 

2.3.5 Sample processing and identification 

To process the SCUBA quadrat samples acquired in 2010 (Simpsons) and 2011 (Beaver 

Harbour East), the contents of the fabric bags were thawed, all rocks and sediments were 

removed, and washed through a 0.5 mm sieve. All animals left in the sieve were placed 

into petri dishes to be identified, measured and counted. Rocks were individually 

inspected using a 10x magnifying glass for encrusting organisms that remained attached 

following rinsing.  
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A similar method was use to process the 2010 and 2011 bio-collector samples, with the 

two Ziploc bags (large bag: “unattached” organisms; small bag: “attached” organisms) 

from each bio-collector being thawed in the lab and rinsed through a 0.5 mm sieve, to 

remove fine sediment. All organisms from the large Ziploc bags were removed from the 

sieve and identified, measured and counted, generally with the naked eye, whereas 

sessile animals from the smaller bag, which were generally smaller, were separated into 

a number of petri dishes with seawater (ethanol for the 2011 samples), identified and 

counted under a dissecting microscope. All animals were preserved in ethanol after 

being identified. Encrusting organisms on the five sub-sampled rocks for each bio-

collector were identified under a magnifying glass as for the SCUBA-collected rocks. 

I identified all animals to the lowest taxonomic level possible, which was generally the 

species level (62.6% to Species, 12.6 % to Genera, 15.4% to Family, 1.9% to Order, 

4.2% to Class, 3.3% to Phylum for Simpsons, and 66% to Species, 14.7 % to Genera, 

8.6% to Family, 4.6% to Order, 3.6% to Class, 2.5% to Phylum for Beaver Harbour 

East). The first twenty individuals of each species counted in a sample were also 

measured.  

There were a number of taxonomic groups for which there was a mixture of individuals 

identified to higher levels, such as family and genus, along with some identified to 

species, depending on the condition (e.g., preservation, damage) in which the 

individuals were found. In these cases a decision had to be made on whether to keep the 

species-level information and assign individuals identified to higher taxa into the species 

groups, partially based on their relative abundance among successfully identified 
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species, or to merge all organisms from these species into a higher taxonomic level. If I 

had high confidence that individuals belonging to a same higher-level taxon (say order) 

also all belonged to the same lower-level taxon (say species), based on known local 

species pools, then individuals that could initially only be identified to the higher taxon 

were merged into the lower-level taxon in question. In contrast, if it was possible that 

individuals identified to a higher taxonomic level belonged to different lower-level taxa, 

then the decision to either “merge” or “split” was based on whether more than 50% of 

the individuals were identified to the lower (in which case I split) or the higher (in which 

case I merged) taxonomic level. The full set of criteria used to split or merge specific 

taxonomic groups is outlined in appendix A. All final “taxa” are hereafter referred to as 

species, for simplicity.  

Once all the specimens in samples were identified, counted and measured in the lab, all 

individuals were categorized as being either “settlers” or “crawl-ins”, depending on 

whether they were inferred to have settled into the bio-collector as a larva or crawled in 

as a juvenile or adult. The first step in this classification was separating them into three 

groups. First, the species that are encrusting or sessile (e.g., bryozoans, tube worms, 

barnacles) were immediately considered part of the settlers group; because they cannot 

move after settling, they must have entered the bio-collectors as larvae. Second, highly 

mobile organisms (e.g., fishes, seastars, crabs) that were clearly too big to have settled 

into the bio-collectors over the study period were considered crawl-ins. The remaining 

organisms were categorized on an individual and species basis, based on body size. I 

searched the scientific literature for information on larval development, natural history 
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and size of different life stages, and created size-frequency histograms based on 

measurements of a random sub-sample of individuals of each species. I used this 

information to determine whether individuals of a given species appeared to be 

juveniles/adults, settlers of that year or a mix of the two. In cases where there appeared 

to be a mixture of settlers and crawl-ins in my samples, I used the proportion of 

individuals assigned as settlers and crawl-ins in the sub-sample that was measured as 

estimate of the proportion of individuals in the entire sample that belonged to each of 

these two categories.  

To compare the species capture of bio-collectors to that on the natural substrate for 

Beaver Harbour East in 2011, I had to account for the differences in the preservation 

methods, as the bio-collector samples were stored in ethanol while the quadrat samples 

were frozen. Upon comparison of the species lists from the two sampling methods, I 

found 5.3% of animal groups were consistently identified to lower taxonomic level in 

ethanol than in frozen samples; the reverse did not occur. I merged these groups to the 

taxonomic level at which they were identified in the frozen samples. Also, small soft-

bodied organisms, including nudibranchs and anemones (2.6% of taxa), were removed 

from this comparison as they were present in the ethanol samples and almost entirely 

absent from the frozen samples, due to degradation.  

In order to determine if a similar set of species was creating the dissimilarity between 

bio-collector and quadrat samples at both sites, I pooled the Simpsons and Beaver 

Harbour East data sets in an analysis (see below). Given the difference in preservation 

technique used at Beaver Harbour East for the bio-collectors in 2011 (ethanol) and 
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Simpson’s Island in 2010 (freezing), individuals identified to varying taxonomic levels 

were dealt with as described above for bio-collector and quadrat samples from Beaver 

Harbour East. At Simpsons in 2010 I sampled the entire bio-collector (90 cm x 60 cm), 

whereas in Beaver Harbour East I sampled 1/3 of each bio-collector (30 cm x 60 cm), to 

be able to process a greater number of replicates to address the temporal component of 

this study. Furthermore, the Simpsons quadrats were 25 cm x 25 cm in size and the 

Beaver Harbour East quadrats were 30 cm x 60 cm in size, to match the area sampled by 

the modified bio-collector. To account for  differences in areas sampled, I multiplied all 

the Beaver Harbour East data (bio-collectors and quadrats) by three and the Simpsons 

quadrats by eight to match the surface area of the Simpson’s bio-collectors, recognizing 

that this would not address effects of scale (see Discussion). 

2.3.6 Statistical analysis 

The same analyses were applied to data for the deployment time experiment and the 

sampling tool (bio-collectors versus SCUBA) experiment. A univariate t-test was used 

to compare the species richness and the total abundance of individuals found in each of 

the two treatments (bio-collectors vs quadrats and May vs July deployments); I used a 

t-test for equal or unequal variances depending on results of a 2-sided homogeneity of 

variances F-test. All of these t-tests were done on settlers, crawl-ins and settlers plus 

crawl-ins pooled. Encrusting species counted on the rocks were omitted from the 

abundance analyses because although they represented only 5.2% of the species sampled 

their abundance was orders of magnitude above that of most other species. 
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I then compared the treatments in terms of abundances and identity of the species using 

multivariate ordination and tests based on both untransformed and presence/absence 

data, the latter to reduce the contribution of the most abundant species to 

similarity/dissimilarity between treatments, and thus permit a greater impact of rarer 

species. For each comparison, a similarity matrix was first generated between all pairs 

of samples using the Bray-Curtis coefficient, which provides a non-parametric measure 

of the similarity between two samples (Clarke and Warwick, 2001). This similarity 

matrix was then used in a non-metric multi-dimensional scaling (nMDS) ordination to 

generate a 2D or 3D visual representation of the multi-dimensional (i.e., multiple 

species) relationship of the similarity and dissimilarity between all pairs of samples, 

where the distance between sample points represents the degree of multivariate 

similarity/dissimilarity between these samples. A one-way analysis of similarity 

(ANOSIM) was performed on the Bray-Curtis similarity matrix to test for significant 

differences between the two treatments (i.e., early versus late deployment or quadrats 

versus bio-collectors). ANOSIM is a non-parametric permutation technique that uses the 

ranks of the dissimilarities within and between groups to produce a test statistic 

providing the degree of separation between treatments; this is compared to the test 

statistic generated on the similarity matrix of a null distribution (randomized samples) to 

assess a significance level (Clarke and Warwick, 2001).  

In the case of the deployment time experiment, I followed the significant difference 

between treatments found by ANOSIM with a binomial test to determine which species 

were missing from collectors of one of the two deployment times (May or July) by 
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chance, versus those specifically due to the timing of deployment. The binomial test 

calculated the probability of a species’ absence from bio-collectors of one deployment 

time based on the number of bio-collectors in the other deployment time treatment that 

had at least one individual of that species.  

I also conducted a PERMANOVA (permutational MANOVA) on the combined Beaver 

Harbour East and Simpsons datasets, as well as the settlers and crawl-ins separately 

(untransformed and presence-absence transformed analyses separately), to determine if a 

similar set of species was creating the dissimilarity between bio-collector and quadrat 

samples at both sites. PERMANOVA is a multivariate test that is also based on a 

resemblance matrix but is able to partition the variation to analyze more complex 

designs (Anderson, 2001). It uses permutation to test the significance of one or more 

factors (here site and sampling method) on multiple variables (here species) 

simultaneously. The PERMANOVAs were done using 9999 permutations of the 

pairwise similarities in the observed Bray-Curtis similarity matrix, and comparing 

variability within groups (site and sampling method) to variability between groups using 

sums of squares of the Bray-Curtis distances (Anderson, 2001). Significant interactions 

between study site and sampling method were followed by PERMANOVA pair-wise 

tests of the interaction term analyzing both site and sampling method separately.      

Finally, in order to document species overlap between the different sampling-tool 

treatments, and potentially explain some of the differences (e.g., species’ mobility or 

preferred habitats), I identified, for each study site separately, species that were found in 

the bio-collectors only, species that were found in quadrats only and species that were 
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found in both the bio-collectors and the quadrats. This was done separately for settlers 

and crawl-ins. I repeated this for the deployment time experiment, identifying species 

found in the May-deployed bio-collectors only, species found in the July-deployed bio-

collectors only and species that were found in both the May- and July-deployed bio-

collectors. For these estimates I removed species that were only found in a single bio-

collector or quadrat (26% of species in Simpsons and 20.4% in Beaver Harbour East), to 

reduce the effect of rare species on the outcome of these analyses given the relatively 

small sample size (n = 5 per combination of site and sampling method).  

2.4    Results 

2.4.1    Deployment time experiment 

The species richness and total abundance of individuals in the assemblages sampled by 

the bio-collectors deployed in Beaver Harbour in May and July 2011 were very similar 

(Fig 2.1). The results of the t-tests comparing species richness and total abundance of 

individuals, either considering settlers only, crawl-ins only or both settlers and crawl-ins 

together, all showed no significant difference between the bio-collectors deployed in 

Beaver Harbour East in May and July 2011 (Fig 2.1).   

The nMDS graphs (Fig 2.2) indicate that the assemblages were similar for bio-collectors 

deployed in May and July, with the exception of presence/absence transformed settlers 

data for which the two deployment dates were clearly separated on the plots. The 

ANOSIMs of the untransformed settlers data, untransformed crawl-ins data and the 

presence/absence transformed crawl-ins data all revealed no significant differences 
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between assemblages obtained in the bio-collectors deployed in May and those deployed 

in July (Table 2.1). There was, however, a marginally significant difference between 

bio-collectors deployed in May and July when considering the presence/absence 

transformed settlers data (Table 2.1; R=0.372, p=0.04). ANOSIMs based on all animals 

(settlers and crawl-ins pooled) were not significant (Table 2.1).   

The binomial tests of the species found in the bio-collectors of one of the two 

deployment times only (Table 2.2) found a single species, the tunicate Boltenia 

echinata, that was unlikely (p < 0.05) to have been missed in the second deployment due 

to low numbers; settlers of this species were found in the collectors deployed early in 

the season (May), but not in those deployed later in the season (July). The only other 

species that was even close to being marginally significant (p = 0.08) was the polychaete 

Neoamphitrite affinis, which was also sampled as settlers in the May bio-collectors only.     

In total, 84.8% (n=95) of all “non-rare” species that were found in bio-collectors in 

Beaver Harbour in 2011 were found in both bio-collectors deployed in May and those 

deployed in July (Table 2.3); this number decreases to 66.4% if I include “rare species” 

(see Methods), which were found in a single sample. For organisms that entered the bio-

collectors as crawl-ins the value is 86% (n=61), with an equal 7% (n=5) of species being 

found exclusively in May- or July-deployed bio-collectors (Table 2.3). Results were 

similar for the species that entered the bio-collectors as settlers, with 84% of these 

species obtained in samples from the two deployment times, but here there was evidence 

that later deployment resulted in earlier settlers being missed, with 14% (n=7) of species 
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found as settlers exclusively in May-deployed bio-collectors and 2% (n=1) found only 

in the July-deployed bio-collectors (Table 2.3).   

2.4.2    Natural versus artificial substrate experiment 

2.4.2.1    Univariate analyses of species richness and abundance 

Overall, at both sites, species richness and abundance were greater in samples obtained 

from bio-collectors than those obtained from SCUBA quadrats (Figure 2.3, 2.4). At the 

Simpsons Island site, a significantly greater number of species was found in the bio-

collectors than the SCUBA quadrats when considering crawl-ins separately (t=-4.45, 

p=0.002) as well as settlers and crawl-ins together (t=-4.92, p=0.002), and a similar but 

marginally non-significant (unequal variance t=-2.33, p=0.06) difference was observed 

when settlers were analyzed separately (Figure 2.3). Similarly, the abundance of settlers 

(unequal variance t=-3.52, p=0.02) and settlers + crawl-ins (unequal variance t =3.01, 

p=0.04) were significantly greater in bio-collectors than in quadrats, although the 

abundance of crawl-ins did not significantly differ (unequal variance t=-0.28, p=0.8) 

between the two sampling methods (Figure 2.3). At my Beaver Harbour East study site, 

a significantly greater number of species was sampled by the bio-collectors than the 

quadrats when settlers and crawl-ins were analyzed together (t=3.05, p=0.02), but 

differences were not significant when settlers (t=1.68, p=0.1) and crawl-ins (t=1.96, 

p=0.09) were analyzed separately (Fig 2.4). Similarly, species abundance at my Beaver 

Harbour East site was significantly greater in the bio-collectors than in quadrats whether 

all animals were analyzed together (unequal variance t=-5.60, p=0.003), or settlers 
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(unequal variance t=-5.50, p=0.003) or crawl-ins (unequal variance t=-2.88, p=0.04) 

were analyzed separately (Fig 2.4).   

2.4.2.2    Multivariate analyses of assemblages 

The nMDS plots (Fig 2.5 and 2.6) show clear separation of bio-collector and quadrat 

samples at both study sites for untransformed and presence/absence transformed data for 

both settlers and crawl-ins. The results of the ANOSIM analyses of the multivariate data 

comparing the assemblages found in the bio-collectors to the assemblages sampled by 

SCUBA quadrats showed that there was a significant difference between the two 

sampling methods in all twelve analyses that were conducted (Table 2.4), that is for the 

two study sites, three animal groupings (settlers, crawl-ins and settlers + crawl-ins 

pooled) and two data sets (untransformed and presence-absence transformed).  

PERMANOVA was used to compare sites and sampling methods within the same 

analysis. For untransformed data for settlers and crawl-ins combined, PERMANOVA 

revealed a significant effect of site (pseudo-F1, 16 = 8.85, p=0.0002) and sampling 

method (pseudo-F1, 16 = 18.54, p=0.0001), as well as a significant interaction between 

these two factors (pseudo-F1, 16 = 5.43, p=0.0001). Pairwise tests within each factor of 

the interaction term revealed a significant difference in the assemblages sampled at the 

two study sites by both the bio-collectors and the quadrats, as well as significant 

differences in the assemblages captured by the two sampling tools at Beaver Harbour 

East and Simpsons (Table 2.5). Assemblages were assessed to be more similar between 

bio-collectors than quadrats of a same site, both at Beaver Harbour East (68.7% vs 

58.6% similarity) and at Simpsons (54.2% vs 42.6% similarity), and the two sites were 
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assessed to be more similar to one another by the bio-collectors than by the quadrats 

(43.0% vs 21.7%) (Table 2.5). This is corroborated by the nMDS plots (Fig 2.7A), 

which showed the bio-collectors of the two sites grouping closer together than the 

quadrats of both sites. Importantly, however, assemblages sampled from a same site 

were less similar to one another when bio-collectors and quadrats were compared than 

when sampled with either of the two tools alone, both in Beaver Harbour East (26.2% vs 

68.7% and 58.6%) and in Simpsons (9.7% vs 54.2% and 42.6%). This is also 

corroborated by the nMDS (Fig 2.7A), which shows a large separation between the two 

sampling tools of a same site for both sites, both of which had shown low similarity 

between the two sampling methods (26.2% and 9.7%). There is also a larger amount of 

space between each of the quadrats at Simpsons than Beaver Harbour East as the 

Simpsons quadrats were shown to have the lowest within group similarity.     

The multivariate results for presence/absence data of settlers and crawl-ins combined 

were similar to those just describe for the un-transformed data. In particular, the 

PERMANOVA showed a significant effect of site (pseudo- F1, 16 =10.53, p=0.001), and 

sampling method (pseudo- F1, 16 =9.79, p=0.001) on presence-absence assemblage, as 

well as a significant interaction between these two factors (pseudo- F1, 16 =4.65, 

p=0.001) (Table 2.5). Pairwise tests within each factor of the interaction term revealed a 

significant difference in the assemblages sampled at the two study sites by both the bio-

collectors and the quadrats, as well as significant differences in the assemblages 

captured by the two sampling tools at Beaver Harbour East and Simpsons (Table 2.5). 

Assemblages were assessed to be more similar between bio-collectors than quadrats of a 



34 

 

same site, both at Simpsons (67.5% vs 58.5%) and to a lesser extent at Beaver Harbour 

East (70.8% vs 67.3%), and the two sites were assessed to be somewhat more similar to 

one another by the bio-collectors than by the quadrats (51.4% vs 44.1%) (Table 2.5). 

This was corroborated by the nMDS plots (Fig 2.7B), with the bio-collectors of both 

sites being situated a little closer together than the quadrats of both sites. Importantly, 

however, assemblages sampled from a same site were again less similar to one another 

when bio-collectors and quadrats were compared than when sampled with either of the 

two tools separately, both in Beaver Harbour East (56.0% vs 70.7% and 67.5%) and in 

Simpsons (41.8% vs 67.3% and 58.5%). Additionally, there is a large amount of space 

between the bio-collectors and quadrats at Simpsons compared to Beaver Harbour East 

just as there was lower similarity between the two methods at Simpsons compared to 

Beaver Harbour East (41.8% vs 56.0%) (Fig 2.7B).   

The multivariate results of both the untransformed settlers and the untransformed crawl-

ins data were also similar to those described for the untransformed combined data. The 

PERMANOVAs again revealed a significant effect of site (settlers: pseudo- F1, 16 = 8.32, 

p=0.0002; crawl-ins: pseudo- F1, 16 = 7.31, p=0.0001) and sampling method (settlers: 

pseudo- F1, 16 = 17.49, p=0.0001; crawl-ins: pseudo- F1, 16 = 12.81, p=0.0001), as well as 

a significant interaction between these two factors (pseudo- F1, 16 = 4.61, p=0.0003; 

crawl-ins: pseudo- F1, 16 = 6.20, p=0.0001). Also, pairwise tests within each factor of the 

interaction term again revealed a significant difference in the assemblages sampled at 

the two study sites by the bio-collectors and the quadrats, as well as significant 

differences in the assemblages captured by the two sampling tools at the two study sites 
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(Table 2.6). For the settlers, assemblages were somewhat more similar between bio-

collectors than quadrats of a same site, both at Beaver Harbour East (70.7% vs 58.8% 

similarity) and Simpsons (54.3% vs 39.1% similarity), but for the crawl-ins similarity of 

assemblage between samples was more comparable between bio-collectors and quadrats 

(Beaver Harbour East: 49.7% vs 55.8%; Simpsons: 46.7% vs 46.5%) (Table 2.6). The 

two sites were again assessed to be more similar to one another by the bio-collectors 

than by the quadrats when the settlers (44.3% vs 21.8%) and the crawl-ins (28.8% vs 

18.6%) were analyzed separately (Table 2.6). Assemblages sampled from a same site 

were again less similar to one another when bio-collectors and quadrats were compared 

than when sampled with either of the two tools separately, for both the Beaver Harbour 

East settlers (27.1% vs 70.7% and 58.8%) and crawl-ins (18.7% vs 49.7% and 55.8%) as 

well as the Simpsons settlers (10.0% vs 54.3% and 39.0%) and crawl-ins (9.42% vs 

46.7% and 46.5%).   

Finally, the multivariate results of both the presence-absence transformed settlers and 

the presence-absence transformed crawl-ins data are also similar to those described for 

the presence-absence transformed combined (i.e., crawl-ins with settlers) data. The 

PERMANOVA again revealed a significant effect of site (settlers: pseudo- F1, 16 = 13.72, 

p=0.0001; crawl-ins: pseudo- F1, 16 = 10.32, p=0.0001) and sampling method (settlers: 

pseudo- F1, 16 = 9.13, p=0.0001; crawl-ins: pseudo-F1, 16 = 12.16, p=0.0001), as well as a 

significant interaction between these two factors (settlers: pseudo- F1, 16 = 2.60, p=0.02; 

crawl-ins: pseudo- F1, 16 = 6.30, p=0.0001). Pairwise tests within each factor of the 

interaction terms for both the settlers and the crawl-ins data revealed a significant 
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difference in the assemblages sampled at the two study sites by both the bio-collectors 

and the quadrats, as well as significant differences in the assemblages captured by the 

two sampling tools at Beaver Harbour East and Simpsons (Table 2.6). Assemblages 

were somewhat more similar between bio-collectors than quadrats of a same site at 

Simpsons, for both the settlers (72.0% vs 59.7%) and the crawl-ins (62.8% vs 56.8%), 

but not at Beaver Harbour East (settlers: 74.9% vs 73.9%; crawl-ins: 64.5% vs 65.4%) 

(Table 2.6). The two sites were assessed to be somewhat more similar to one another by 

the bio-collectors than by the quadrats for both the settlers (58.4% vs 46.5%) and the 

crawl-ins (43.7% vs 37.5%) (Table 2.6). Assemblages sampled from a same site were 

again less similar to one another when bio-collectors and quadrats were compared than 

when sampled with either of the two tools separately, for both the Beaver Harbour East 

settlers (59.5% vs 74.9% and 73.9%) and crawl-ins (47.1% vs 64.5% and 65.4%) as well 

as the Simpsons settlers (54.5% vs 72.0% and 59.7%) and crawl-ins (30.4% vs 62.8% 

and 56.8%).   

2.4.2.3    Overlap of species found in the two sampling tools 

There was considerable overlap in the species that were sampled by the bio-collectors 

and the quadrats, and the bio-collectors sampled most species that were sampled by only 

one of the two tools (Table 2.7). At Beaver Harbour East, 65.3% of the 49 species 

sampled as settlers were found in both the quadrats and the bio-collectors, 28.6% in the 

bio-collectors only and 6.1% in the quadrats only. The group with the greatest number 

of species shared was the Bivalvia, with 14 out of 17 species found at the site present in 

both bio-collectors and quadrats. There were also 5 out of 6 Gastropoda species, 6 out of 
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8 Polychaeta as well as the only species of Sessilia (barnacle) found in both sampling 

tools as settlers, along with a number of other shared groups. The 14 (28.6% of total) 

species that were sampled as settlers only in the bio-collectors and not in the quadrats 

included 4 of the 5 Ascidiacea species found at this site, and the only settlers of 

Echinodermata and Decapoda, as well as both species of Porifera. The 3 species (6.1% 

of total) that were sampled in the quadrats but not the bio-collectors at Beaver Harbour 

East consisted of one Bivalvia, one Bryozoa and one Polyplacophora species. The 

patterns were similar for crawl-ins, with 53.9% of the 76 species sampled as crawl-ins 

from Beaver Harbour East being found in both of the sampling tools, 39.5% in bio-

collectors only and 6.6% in quadrats only. The largest group of species sampled by both 

tools was the Polychaeta, with 14 out of the 20 species found at the site being found in 

both sampling tools (Table 2.7). Some of the other species found as crawl-ins in both 

sampling tools at Beaver Harbour East are 8 out of 18 species of Amphipoda, 3 of the 4 

Bivalvia, 4 of 5 Echinodermata, 6 of 8 Gastropoda, as well as all 3 Polyplacophora and 

the single species of Ostracoda and Acari. The 30 species (39.5%) sampled as crawl-ins 

from bio-collectors only included 8 of the 18 species of Gastropoda, 6 of the 20 

Polychaeta, all 3 Isopoda, all 6 Decapoda and the single species of Actinopterygii (fish), 

Nebaliacea, Nematoda and Nemertea found at the site (Table 2.7). The 5 species (6.6%) 

sampled as crawl-ins from quadrats only were 2 of the 18 Amphipoda, 1 of the 4 

Bivalvia, 1 of the 5 Echinodermata and 1 of the 8 Gastropoda.  

Results for Simpsons Island, in terms of species shared between bio-collectors and 

quadrats, were similar to those for Beaver Harbour East. At Simpsons, 73.7% out of 38 
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of the settler species were found in both the quadrats and the bio-collectors, including 11 

of the 14 species of Bivalvia, 6 of 9 Polychaeta, 5 of 6 Ascidiacea as well as the only 

species of Sipuncula found at this site (Table 2.7). Another 18.4% (n=7) of the settler 

species at Simpsons were found in the bio-collectors only, including 3 of the 14 Bivalvia 

and 2 of 4 Gastropoda (Table 2.7). The final 7.9% (n=3) of the settler species at 

Simpsons were found only in the quadrats, consisting of 1 of the 3 Bryozoa and 2 of the 

9 species of Polychaeta. Similarly, 43.2% (n=29) of a total 67 crawl-in species at 

Simpsons were found in both the quadrats and bio-collectors, including 8 of the 14 

species of Polychaeta, 7 of 14 Amphipoda, 4 of 11 Gastropoda, 2 of 4 Echindodermata, 

all 4 Bivalvia, and all of the single species of Nebaliacea, Nemertea, Ostracoda, and 

Acari (Table 2.7). A total of 43.2% (n=29) of the crawl-in species found at Simpsons 

were found in the bio-collectors only, including 5 of the 14 Amphipoda, 7 of 11 

Gastropoda, 3 of 14 Polychaeta as well as all the species of Actinopterygii (fish), 

Decapoda and Isopoda and the single species of Pycnogonida, Mysida and Cumacea 

(Table 2.7). The final 13.4% (n=9) of the crawl-in species at Simpsons were found in 

the quadrats only, consisting of 3 of the 14 Polychaeta, 2 of 14 Amphipoda, as well as 

both species of Polyplacophora and the single species of Nematoda and Oligochaeta 

(Table 2.7).   

2.5    Discussion 

2.5.1    Deployment time experiment 

The deployment time experiment was designed to compare bio-collectors captures at 

two deployment times: May versus early July before and after lobster fishing season 
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respectively. In particular, I was interested in whether species settling earlier in the 

season might be missed if bio-collectors were deployed at the end of the lobster fishing 

season in July. Overall there was very little effect of deployment time on the species 

assemblage found in the bio-collectors, either from a univariate or a multivariate 

standpoint. There was no significant difference in settler or crawl-in species richness or 

abundance between bio-collectors deployed in May versus July. There was also no 

significant effect of deployment time on the multivariate species identity and abundance 

(untransformed community data) of settlers or crawl-ins, or on the species identity 

(presence/absence transformed data) of crawl-ins. Overall, 86% of the species captured 

as crawl-ins, excluding the rare species, were shared between the bio-collectors 

deployed in May and July, with only 7% (n=5) exclusive to May and 7% (n=5) 

exclusive to July. Importantly, those 10 species were found in small numbers (2-15 

individuals); the fact that they were not found in both sampling tools is more likely a 

reflection of small sample size and sampling error than a systematic bias related to 

deployment time.   

The only significant effect of deployment time was a marginally significant difference in 

the species identity of settlers sampled by bio-collectors deployed in May and July, but 

here again the difference was not pronounced, with 84% of the species captured as 

settlers being shared between the bio-collectors deployed in May and July, with only 

14% being exclusive to May and 2% exclusive to July. The reason why there was a 

significant difference between May and July bio-collectors in the identity of settler 

species captured, but not in their abundance, is that the species that caused the 
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dissimilarity in the presence/absence data were low in abundance and therefore had little 

effect on the untransformed-data analysis. There are two reasons why the species 

captured in the May and July bio-collectors may have differed: early settlement time and 

sampling error. The binomial test identified only one species, Boltenia echinata 

(Tunicata), as being significant for being found only in the May bio-collectors. I believe 

this difference arose because this species settled before the July bio-collectors were 

deployed, and although the binominal test was not significant (p = 0.08) for 

Neoamphitrite affinis (Polychaeta), I suspect this may have been the case for this species 

as well, which was found in 4/5 bio-collectors deployed in May (although abundance 

was low) and 0/5 of those deployed in July. However no literature was found on the 

timing of larval settlement of either of these species to corroborate this interpretation. 

Another five settler species, when excluding the rare species, were found only in the 

bio-collectors deployed in May that the binomial tests showed as not being significant 

(p > 0.05) and likely found only in the bio-collectors of a single deployment time due to 

low abundance and sampling error. Yoldia sp. (Bivalvia), Mya arenaria (Bivalvia), Mya 

truncata (Bivalvia) and Tharyx sp. (Polychaeta) were all found in 2/5 of the May bio-

collectors but none of the July bio-collectors and an unidentified white “spikey” tunicate 

was found in 3/5 of the May bio-collectors but none of the July bio-collectors. All five 

species were found in low abundance in the bio-collectors (Yoldia sp. 2 individuals in 

total; Mya arenaria 3; Mya truncata 2; Tharyx sp. 10; White spikey tunicate 4), which 

suggests these small differences may well be due to random variation in settlement at a 

fine spatial scale and have little or nothing to do with settlement time. Both Mya 

arenaria and Yoldia sapotilla have been shown to settle between mid-July and October 
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in the Bay of Fundy (Battle, 1932; Bowen and Hunt, 2009), which supports this 

conclusion. Additionally, the peak settlement time for many tunicates in the Bay of 

Fundy and Gulf of Maine is known to be in August and September (Bullard et al., 2013; 

Martin et al., 2011), making it likely that a mismatch with the settlement period is 

unlikely to be the reason why the white spikey tunicate species was not found in July 

bio-collectors. No information was found on the settlement time of Tharyx sp. and Mya 

truncata. The larval settlement of most species in the Bay of Fundy and Gulf of Maine 

has been reported to occur during summer months, between July and September 

(Jennings and Hunt, 2010; Roff, 1983), although some species settle as early as May 

(Bullard et al., 2013; Roff, 1983).  

In summary, I estimate that only 2 of the 50 species found in the bio-collectors as 

settlers likely settled before the July bio-collectors were deployed. The exclusive 

presence of other species in either the May or July deployed bio-collectors was likely 

due to chance and fine-scale spatial variation in larval supply and settlement. Such fine-

scale spatial variation within a site has been shown to be the largest component of 

variation in studies of marine assemblages across multiple scales (Horne and Schneider, 

1995; Terlizzi et al., 2007), and is capable of masking other effects including sewage 

discharge (Chapman et al., 1995; Roberts, 1996) and cobble size (Chapter 3). Such fine-

scale variability in the presence/absence of these species in individual bio-collectors is 

not surprising given their low abundance. This explanation is also likely relevant for 

Haliclona oculata, which was found in 2/5 of the July bio-collectors, with a total of two 

individuals, and none of the May bio-collectors. Therefore, while the ANOSIM 
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comparing the presence/absence of settlers did show a significant difference between 

bio-collectors deployed in May and those deployed in July, much of this difference 

likely arose due to fine-scale variation in the number of bio-collectors that received 

individuals of rarer species, and relatively little of it had to do with deployment time per 

se. I therefore conclude that deploying bio-collectors in early July, following the end of 

the lobster fishing season, is adequate to monitor biodiversity in this area, although this 

will lead to a small number of species (seemingly a polychaete and a tunicate) not being 

captured. The number and identity of species lost may also be different between years, 

so it may be useful to repeat this experiment at certain intervals (say 5 years) to re-assess 

the situation, especially in the context of climate change and increasing water 

temperature in the Gulf of Maine (Rhein et al., 2013). If possible, such tests should 

utilize a greater number of bio-collectors than I used here, to reduce the occurrence of 

“false positives”.    

2.5.2    Comparisons of assemblages sampled passively by bio-collectors and 

actively by quadrats 

2.5.2.1    Bio-collectors are a good tool to monitor biodiversity of cobble-bottom 

habitats   

2.5.2.1.1    Bio-collectors capture the majority of the species captured by quadrats 

(in total, as settlers, and as crawl-ins) 

There was considerable overlap between the communities found in the bio-collectors 

and the quadrats at both study sites, with most of the species found in the quadrats also 

being found in the bio-collectors. When organisms sampled as settlers and crawl-ins 
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were considered together, 53% of species at Simpsons and 57% of species at Beaver 

Harbour East were found in both the bio-collectors and the quadrats. This species 

overlap is more pronounced for settlers, with 74% and 65% of these being found in both 

sampling tools at Simpsons and Beaver Harbour East, respectively. Most importantly, 

90% and 91% of the species sampled as settlers in the quadrats at Simpsons and Beaver 

Harbour East, respectively, were also sampled by the bio-collectors. For crawl-ins, 43% 

of species at Simpsons and 54% of those at Beaver Harbour East were captured by both 

sampling tools, and more importantly 74% and 89% of those sampled in the quadrats at 

each site were also sampled by the bio-collectors. These results clearly indicate that the 

vast majority of species detected in the quadrats were also detected in the bio-collectors.  

2.5.2.1.2    The bio-collectors seem more effective than quadrats at sampling certain 

species that are present in the habitat 

While the bio-collectors probably do not reflect naturally occurring densities, at least for 

most species (but see Wahle et al., 2009), they are an excellent way to sample subtidal 

animals inhabiting cobble-bottom habitat, both as settlers and as crawl-ins, and actually 

appear more effective at sampling these communities than quadrats. The differences in 

assemblage between sampling tools were almost entirely the result of more species, and 

a greater number of individuals of these species, being captured by the bio-collectors 

than by the SCUBA quadrats. For example, the bio-collectors sampled on average 22 

(48%) more species at Beaver Harbour East and 20 (53%) more species at Simpsons 

than the quadrats. One reason for the higher species richness is that the bio-collectors 

provide a high quality habitat, as they consist of abundant bare substrate that allows 

more settlers in comparison to the natural substrate that comprises fewer cobble and 
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more established communities, and hence more competition for space (Smith et al., 

2014; Sutherland and Karlson, 1977; Svane and Lundalv, 1982). This also means that 

the bio-collectors will likely overestimate new establishments to a site. It is also 

uncertain how many of the species found only in the bio-collectors may have also settled 

on the natural substrate, but not have been captured in the quadrats due to the reduced 

amount of cobble space available to them compared to that found in the bio-collectors. 

A total of 14 (29%) species sampled as settlers at Beaver Harbour East and 7 (18%) at 

Simpsons, and 30 (39%) species sampled as crawl-ins at Beaver Harbour East and 29 

(43%) species at Simpsons, were found only in the bio-collectors (not in the quadrats). 

At Beaver Harbour East, the 30 crawl-in species found only in the bio-collectors include 

8 Amphipoda, 6 Decapoda, 3 Isopoda, 1 Harpacticoida, 1 Nebaliacea and 1 

Actinopterygii (fish), all considered highly mobile species capable of swimming, along 

with 6 species of Polychaeta, all from families known to be mobile (Fauchald and 

Jumars, 1979). At Simpsons, the 29 species found as crawl-ins only in the bio-collectors 

included all 4 Actinopterygii (fish), all 3 Decapoda, 5 Amphipoda, 2 Isopoda, 1 

Cumacea as well as 3 species of Polychaetes from families known to be particularly 

mobile. This leaves only four crawl-in species at Beaver Harbour East and eleven crawl-

in species at Simpsons that were found only in the bio-collectors that would not have 

been able to swim away during the SCUBA quadrat sampling. The ability to escape 

capture may be one of the reasons why many species were successfully sampled as 

crawl-ins by the collectors and not the quadrats. A specific example is the amphipod 

Dyopedos monacanthus, with an average of 7 individuals found in the bio-collectors at 

Beaver Harbour East, but none found in the quadrats of the same site. This species is 
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known to prefer a muddier habitat where it builds a “mud whip” to sit on and capture 

food, and when threatened will escape by swimming into the water column (Thiel, 

1998). The absence of this species from any of the quadrats is particularly surprising 

given these contained more mud, and supports the hypothesis that the absence of this 

amphipod from quadrat samples occurred because they escaped during sampling. In 

contrast, bio-collectors lined with 1 mm mesh preventing loss through the bottom are 

better at sampling highly mobile organisms than quadrats; tests done by entirely 

covering some bio-collectors during the recovery ascent indicate that juvenile lobsters 

do not escape during recovery, likely because of the shelter the cobble present and the 

water pressure as the bio-collector ascends through the water column preventing animals 

from escaping through the top (Wahle et al., 2009). In contrast, during SCUBA quadrat 

sampling the mobile animals had opportunity to escape as the rocks were dislodged 

from the bottom and moved into the adjacent collection bag by hand. One method that 

could be used to help improve the ability of quadrats to estimate the natural densities of 

highly-mobile animals on the surrounding cobble substrate is SCUBA-deployed suction 

sampling, which would enable the capture through suction of some of the mobile species 

before they are able to escape. This method would, however, still fail to catch the most 

mobile species, such as fishes. SCUBA sampling is also more constrained than the use 

of bio-collectors by the fact that there are places and situations where SCUBA is not 

practical or feasible.  
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2.5.2.2    Limitations to the use of bio-collectors to monitor biodiversity of cobble 

bottom habitats 

2.5.2.2.1    Bio-collector habitat is different from natural substrate 

Despite the considerable overlap in species assemblages found in the bio-collectors vs 

quadrat samples of natural substrate, there were significant differences. These 

differences were not unexpected, given that there are differences between the artificial 

substrate of the bio-collectors and the natural substrate sampled in the SCUBA quadrats. 

Substrate qualities that are known to affect species assemblages include substrate 

complexity (Beck, 1998; Beck, 2000; Dean and Connell 1987a; Downes et al.., 1998; 

Hauser et al., 2006; Hunter and Sayer, 2009; Johnson et al., 2003; Kostylev et al., 

2005), heterogeneity (Beck, 2000; McGuinness and Underwood, 1986), local 

hydrodynamics (Bourget and Harvey, 1998; Eckman, 1983; Harvey and Bourget, 1997; 

Koehl, 2007), surface area (Dean and Connell, 1987b; Johnson et al., 2003; Kostylev et 

al., 2005), pre-existing communities limiting space for settlement (Gaines and 

Roughgarden, 1985), as well as chemical cues related to food, conspecifics and 

predators (Pawlik, 1992). The cobble substrate differed between the SCUBA quadrats 

and the bio-collectors, with the former consisting mostly of a single layer of cobble over 

top or embedded into sediment and the latter consisting of several layers of cobble, 

which added complexity, surface area and crevices available to animals.  

The main reason for the greater diversity and abundance of animals in the bio-collectors 

than the quadrats is likely the larger amount of cobble available in the former, which 

provided more surface area to be colonized and more interstitial spaces that can serve as 
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refuges from predators (Coull and Wells, 1983; Dean and Connell 1987b; Hixon and 

Menge, 1991; Keough and Downes, 1982; Witman, 1985). The higher settler 

abundances and species richness in the bio-collectors could also be related to the fact 

that these are primarily early-succession communities: the rocks are bare when 

deployed, while the communities on the natural substrate sampled by SCUBA quadrats 

were more-mature communities (Smith et al., 2014). At Beaver Harbour East, just over 

half (7/13) of the settler species found only in the bio-collectors were sessile and 

encrusting invertebrates, including four species of tunicates. Previous studies have found 

that interference competition for space greatly affects settlement of tunicates and other 

sessile fouling communities, which are typically prevented from settling by the existing 

community but can rapidly take advantage of space created by mortality or disturbance 

(Sutherland and Karlson, 1977; Svane and Lundalv, 1982). Studies of intertidal 

barnacles have also found that recruitment is proportional to the amount of unoccupied 

space available (Gaines and Roughgarden, 1985). Without more sampling it is unclear 

whether any of the settler species exclusively found in bio-collectors were also present 

on the natural substrate, but it is likely they were if substrate was available, albeit in 

smaller abundances than in the bio-collectors.   

There were only 3 (8%) species sampled as settlers at Simpsons and 3 (6%) at Beaver 

Harbour East that were exclusive to quadrats. Two of these (a polychaete of the family 

Maldanidae at Simpsons, and the bivalve Mysella planulata at Beaver Harbour East) are 

known to be sediment dwellers (Fauchald and Jumars, 1979, Franz, 1973). They were in 

sediments that were stuck to the cobble found in the quadrats, and as such do not 
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represent members of the surficial cobble community. Of the other two species found 

only in the quadrats at Beaver Harbour East, one is the chiton Tonicella marmorea, 

whose presence in the quadrats only could be explained by the fact that this species 

primarily eats encrusting coralline algae, which were found in abundance on the natural 

substrate but not in the bio-collectors (Langer, 1983; Steneck and Watling, 1982). I 

could not find any information to explain why the other two taxa, which were the family 

Sabellidae and branched bryozoans, were detected in quadrats but not in bio-collectors, 

although for both taxa this may have been due to the scarcity of these animals; very few 

individuals (3-5 individuals) were found and in all 3 cases they were found only in 2 

quadrats of a site. This small number of individuals found contributes to a greater 

likelihood of false negatives. 

There were 9 species (13 % of total) sampled as crawl-ins at Simpsons and 5 species 

(7% of total) sampled as crawl-ins at Beaver Harbour East that were exclusive to 

quadrats. Three of the nine at Simpsons were the polychaetes Cossura longocirrata, 

Ophelina acuminate and an Oligochaeta species, which are all known to be sediment 

dwellers (Fauchald and Jumars, 1979; Giere, 2006). None of the other six species found 

only in the quadrats at Simpsons are known to live only in sediment. At Beaver Harbour 

East, none of the five species found only in the quadrats are known to live only in 

sediment. It is not surprising that there were more sediment-dwelling crawl-in species 

found in the quadrats at Simpson, as most quadrats had more sediment mixed in with the 

cobble compared to Beaver Harbour East. Of the five crawl-in species exclusive to 

quadrats at Beaver Harbour, the bivalve Nucula delphinodonta was found using both 
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methods at Simpsons; this inconsistency was likely due to the small sample size and 

lower overall capture at Beaver Harbour East, where only 10 individuals were caught 

(3/5 quadrats with 0 N. delphinodonta) versus the total of 608 individuals (0/5 quadrats 

with 0 N. delphinodonta) at Simpsons. A similar pattern was also observed for the 

chitons Tonicella marmorea and Stenosemus albus, which were found only in the 

quadrats at Simpsons and with both methods at Beaver Harbour East: 2 S. albus (3/5 

quadrats with 0 S. albu) and 8 T. marmorea (3/5 quadrats with 0 T. marmorea) at 

Simpsons versus 89 S. albus and 89 T. marmorea (0/5 quadrats with 0 S. albus or T 

marmorea) at Beaver Harbour East. One explanation for the absence of the chitons in 

bio-collectors at Simpsons is the large amount of encrusting algae on rocks in quadrats 

compared to those in the bio-collectors; both these predominantly herbivorous species 

may have been attracted to the abundant food supply of encrusting algae (Langer, 1983). 

Similarly, the amphipod Deflexilodes tuberculatus was found only in quadrats at 

Simpsons, but it was found in both the quadrats and bio-collectors at Beaver Harbour 

East. The presence of the remaining three (of 9) species of crawl-ins at Simpsons and 

four (of five) species at Beaver Harbour East, found only in quadrats, cannot be easily 

explained. Overall, these results indicate that there are very few species that the bio-

collectors will not capture if they are present in the community at the time of collector 

deployment, and that highly mobile species like fishes are more likely to be sampled by 

the bio-collectors than by the SCUBA quadrat sampling.       
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2.5.2.2.2    Standardized tool means that habitat-specific differences are not as 

pronounced 

Although the bio-collectors found marked differences in the communities between the 

two sites, the difference between sites was more pronounced in quadrat samples than in 

the bio-collectors (PERMANOVA interaction between site and sampling method). I 

attribute this to the confounding difference in substrate: bio-collectors consist of a 

standardized cobble substrate habitat, whereas the quadrats consist of a mix of different 

sizes and amounts of cobble at the different sites. The greater variability in the total 

amount of cobble surface area sampled in the quadrats (versus the bio-collectors) would 

have resulted in greater differences in assemblages between the quadrats of each site. 

This is particularly true for Simpsons, where the cobble habitat sampled throughout the 

site was very heterogeneous, consisting of different amounts of sediment and cobble 

mixed together, and even some cobble on bedrock. This would also explain why the 

similarity between quadrat assemblages within Simpsons was so much lower compared 

to the Simpsons bio-collectors, or the Beaver Harbour East quadrats. Furthermore 

capture of less abundant species is likely to have been reduced by the smaller area 

sampled by the Simpsons quadrats (Gotelli and Colwell, 2001). While the dissimilarity 

between sites is greater using the quadrats than the bio-collectors, the latter were also 

able to clearly demonstrate differences in community composition between the two sites 

while standardizing for differences in habitat composition and area sampled.  

2.5.3    Summary 

While there were significant differences between assemblages detected by bio-collectors 

versus those on the natural substrate sampled by diving in quadrats, the bio-collectors 



51 

 

provided a good representation of the composition of both the settler and crawl-in 

species found at my two study sites. I conclude that the bio-collectors represent a good 

sampling tool, as they capture most species captured by more traditional quadrat 

sampling and also successfully sample a number of species that might be present but 

missed by quadrat sampling. It is possible the estimate of some species could be 

inflated: some of the settler species sampled by the bio-collectors may not have 

successfully recruited to the natural substrate of a site, where space may be more 

limited. Very few species are being missed by the bio-collectors, especially considering 

that approximately 1/3 of these missed species were known to be sediment dwellers and 

not cobble dwellers (i.e., were sampled by “mistake” in the SCUBA quadrats). The high 

number of crawl-in species found only in the bio-collectors is advantageous as it shows 

that the bio-collectors are better at catching the more mobile species including fish, 

compared to the SCUBA quadrats. Unfortunately I was unable to determine the natural 

densities of these crawl-in species through the SCUBA quadrat sampling method ; as a 

result, it is impossible to determine whether the abundances estimated by the bio-

collectors are overestimates or not. The greater species richness and abundance found in 

the bio-collectors compared to the SCUBA quadrats suggests that the bio-collectors can 

be used to monitor the biodiversity of these and other cobble-bottom sites. Deploying 

the bio-collectors in May versus July had no significant effect on the communities in the 

cages, with only 2 out of the 50 species found in the bio-collectors as settlers likely 

having settled before the July bio-collectors were deployed. It appears that deploying the 

collectors in July, to avoid the lobster fishing season, is adequate for sampling 

biodiversity in this area, although more testing should be done to confirm this.   
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Figure 2.1 Mean (+1 SE) species richness (top panel) and abundance of all individuals (bottom panel) of all animals (settlers and 

crawl-ins pooled), settlers and crawl-ins found in the bio-collectors deployed in May and July 2011 at Beaver Harbour East. None was 

significantly different; results of the t-tests comparing species richness and abundances between deployment times are indicated in 

each panel.   
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Figure 2.2 nMDS plots of the assemblages found in the bio-collectors deployed in May (open triangles) and July (filled triangles) 

2011 at Beaver Harbour East. A: Untransformed settlers; B: Untransformed crawl-ins; C: Presence-absence transformed settlers; D: 

Presence-absence transformed crawl-ins. Stress values, in upper right-hand corner of each panel, indicate how accurately the 2D 

picture represents the actual multi-dimensional ordination results; < 0.1 is a “good representation”. 
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Table 2.1 Results of the ANOSIMs comparing assemblages in bio-collectors deployed 

in May and July 2011 at Beaver Harbour East; R statistic and p value are shown for 

analyses based on untransformed and presence/absence transformed data for settlers, 

crawl-ins, and pooled (all animals). The single significant (p<0.05) result is indicated 

with an *. 

 

Biota R p 

Settlers, untransformed -0.148 0.93 

Settlers, presence/absence 0.372 0.04* 

Crawl-ins, untransformed -0.172 0.88 

Crawl-ins,  presence/absence -0.012 0.56 

All animals, untransformed -0.148 0.94 

All animals, presence/absence 0.144 0.11 
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Table 2.2 Results of binomial tests determining the probability that a species was not found in the bio-collectors of one deployment 

time period based on the number of bio-collectors it was found in the other time period for both settlers and crawl-ins of species found 

in only May or July deployed bio-collectors. This includes the total abundance of each species, the number of bio-collectors of a single 

deployment time that the species was found in and the probability of the species not being found in the bio-collectors deployed at the 

alternative time. A total of 124 species was found in the May deployed bio-collectors and 114 species in the July deployed bio-

collectors. p = probability of absence in July or May bio-collectors, respectively. The single significant (p<0.05) result is indicated 

with an *.   

 
Species found only in May-deployed bio-collectors  Species found only in July-deployed bio-collectors 

Data set Species Total 
abund. 

#May bio-
collectors 
species 
present 

p   Data set Species Total 
abund. 

#July bio-
collectors 
species 
present 

p  

Settlers Boltenia echinate 15 5 0.03*  Settlers Haliclona oculata 2 2 0.33 

 Neoamphitrite affinis 22 4 0.08  Ampharete finmarchica 1 1 0.59 

 White spikey tunicate 4 3 0.17  Samytha sexcirrata 1 1 0.59 

 Mya arenaria 3 2 0.33  Crawl-ins Aeginina longicornis 15 4 0.08 

 Mya truncate 2 2 0.33  Ericthonius brasiliensis 2 2 0.33 

 Tharyx sp. 10 2 0.33  Onoba mighelsii 2 2 0.33 

 Yoldia sp. 2 2 0.33  Phoxichilidium 
femoratum 

5 2 0.33 

 Brada villosa 3 1 0.59  Buccinum spp. 1 1 0.59 

 Chone duneri 1 1 0.59  Caecognathia elongata 1 1 0.59 

 Nuculana tenuisulcata 1 1 0.59  Calanoid sp. 1 1 0.59 

 Samythella sp. 1 1 0.59  Copepod sp. 1 1 0.59 

 Thelepus cincinnatus 1 1 0.59  Cuthona sp. 1 1 0.59 

Crawl-ins Aricidea catherinae 5 2 0.33  Exogone verugera   1 1 0.59 

Eteone longa  2 2 0.33  Jaera marina 1 1 0.59 

Pandalus montagui 3 2 0.33  Paraonis fulgens 1 1 0.59 

 Spionidae 2 2 0.33  Proceraea madeirensis 1 1 0.59 
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 Amphiporus sp. 1 1 0.59  Puncturella noachina 1 1 0.59 

 Bipalponephtys neotena 1 1 0.59  Scoletoma sp. 1 1 0.59 

 Bubble parasite sp. 1 1 0.59  Syllis cornuta  1 1 0.59 

 Clymenella torquata  1 1 0.59       

 Cossura longocirrata 1 1 0.59       

 Cyclopoid copepod 1 1 0.59       

 Edotia trilobal 1 1 0.59       

 Limnoria lignorum 13 1 0.59       

 Maera danae 2 1 0.59       

 Nephtys incisa  1 1 0.59       

 Nudibranch sp. 3 1 0.59       

 Pagurus arcuatus 2 1 0.59       

 Syllides longocirratus 1 1 0.59       
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Table 2.3 Percentage of settlers, crawl-ins, and settlers and crawl-ins pooled (all 

animals) found (a) in both May- and July-deployed bio-collectors, (b) exclusively in the 

May-deployed bio-collectors and (c) exclusively in the July-deployed bio-collectors in 

Beaver Harbour East in 2011. The “rare species” (21.7% of total, see Methods) were not 

included in this analysis. 

 

Dataset % Species in May 

and July bio-

collectors 

% Species in May 

bio-collectors only 

% Species in July 

bio-collectors only 

Settlers 84.0% 14.0% 2.0% 

Crawl-ins 86.0% 7.0% 7.0% 

All animals 84.8% 10.7% 4.5% 
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Figure 2.3 Simpsons Island. Mean (+1 SE) species richness (top panels) and abundance (bottom panels) of settlers, crawl-ins, and 

pooled (all animals), found in bio-collectors and SCUBA quadrats at Simpsons Island. Bars with different letters are significantly 

different (p<0.05); results of t-tests comparing sampling methods are indicated in each panel. 
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Figure 2.4 Beaver Harbour East. Mean (+1 SE) species richness (top panels) and abundance (bottom panels) of settlers, crawl-ins, and 

pooled (all animals), found in bio-collectors and SCUBA quadrats at Beaver Harbour East. Bars with different letters are significantly 

different at 0.05; results of t-tests comparing sampling methods are indicated in each panel. 
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Figure 2.5 Simpsons Island. nMDS plots of the assemblages found in the bio-collectors (open squares) and scuba quadrats (filled 

diamonds) sampled from Simpsons Island. A: Untransformed settlers; B: Presence-absence transformed settlers; C: Untransformed 

crawl-ins; D: Presence-absence transformed crawl-ins. The numbers identify the bio-collector and paired quadrat that was sampled 

nearby. Stress values, in upper right-hand corner of each panel, indicate how accurately the 2D picture represents the actual multi-

dimensional ordination results; < 0.1 is a “good representation”. 

A B 

C D 



 

 

 

6
1
 

 
Figure 2.6 Beaver Harbour East. nMDS plots of the assemblages found in the bio-collectors (open circles) and scuba quadrats (filled 

circles) sampled from Beaver Harbour East. A: Untransformed settlers; B: Presence-absence transformed settlers; C: Untransformed 

crawl-ins; D: Presence-absence transformed crawl-ins. The numbers identify the bio-collector and paired quadrat that was sampled 

nearby. Stress values, in upper right-hand corner of each panel, indicate how accurately the 2D picture represents the actual multi-

dimensional ordination results; < 0.1 is a “good representation”.
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Table 2.4 Results of the ANOSIMs comparing assemblages in bio-collectors and 

quadrats deployed in Simpsons in 2010 and Beaver Harbour East in 2011 for all 

datasets. R statistic and p value are shown for analyses based on untransformed and 

presence/absence transformed data for settlers, crawl-ins, and pooled (all animals).  

 

Site Dataset R p 

Simpsons  Settlers untransformed 0.964 0.008 

Settlers presence/absence 0.636 0.008 

Crawl-ins untransformed 1.000 0.008 

Crawl-ins  presence/absence 1.000 0.008 

All animals untransformed 0.996 0.008 

All animals presence/absence 1.000 0.008 

Beaver Harbour East Settlers untransformed 0.956 0.008 

Settlers presence/absence 0.946 0.008 

Crawl-ins untransformed 1.000 0.008 

Crawl-ins  presence/absence 0.992 0.008 

All animals untransformed 0.976 0.008 

All animals presence/absence 0.958 0.008 
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Table 2.5 Results of pairwise t-tests and similarity estimates to elucidate the significant site x sampling method interaction in 

PERMANOVAs of the untransformed and presence-absence transformed data on settlers and crawl-ins pooled (all animals) from my 

Beaver Harbour East (BHE) and Simpsons study sites. The similarity between groups is the average Bray-Curtis similarity distance.  

 
Transformation  Average Similarity Between Groups 

Combined 
Untransformed 

Test Sampling  t p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.38 0.008 68.7 43.0 54.2 

Quadrat 2.85 0.007 58.6 21.7 42.6 

Test Site t P  Collector vs. Quadrat  

Sampling 
method 

BHE 3.87 0.008  26.2  

Simpsons 3.23 0.007  9.7  

Combined 
Presence/ 
Absence  

Test Sampling  t p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.85 0.007 70.8 51.4 67.6 

Quadrat 2.69 0.008 67.3 44.1 58.5 

 Test Site T p  Collector vs. Quadrat  

Sampling 
method 

BHE 2.44 0.007  56.0  

Simpsons 2.85 0.008  41.8  
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Table 2.6 Results of pairwise t-tests and similarity estimates to elucidate the significant site x sampling method interaction in 

PERMANOVAs of the untransformed and presence-absence transformed data on settlers and crawl-ins separately from my Beaver 

Harbour East (BHE) and Simpsons study sites. The similarity between groups is the average Bray-Curtis similarity distance.  

 
Data set  Average Similarity Between Groups 

Settlers 
Untransformed 

Test Sampling  t p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.34 0.008 70.8 44.4 54.3 

Quadrat 2.65 0.01 58.8 21.8 39.1 

Test Site T p  Collector vs. Quadrat  

Sampling 
method 

BHE 3.91 0.008  27.1  

Simpsons 3.02 0.008  10.0  

Settlers 
Presence/ 
Absence  

Test Sampling  T p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.83 0.009 74.9 58.4 72.0 

Quadrat 2.88 0.01 73.9 46.5 59.7 

 Test Site T p  Collector vs. Quadrat  

Sampling 
method 

BHE 2.91 0.007  59.5  

Simpsons 2.11 0.008  54.6  

Crawl-ins 
Untransformed 

Test Sampling  T p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.13 0.009 49.7 28.9 46.7 

Quadrat 3.06 0.007 55.8 18.6 46.5 

Test Site T p  Collector vs. Quadrat  

Sampling 
method 

BHE 3.22 0.007  18.7  

Simpsons 2.98 0.008  9.4  

Crawl-ins 
Presence/ 
Absence 

Test Sampling  T p Within BHE BHE vs. Simpsons Within Simpsons 

Site Collector 2.80 0.008 64.5 43.7 62.8 

Quadrat 2.95 0.008 65.4 37.5 56.8 

 Test Site T p  Collector vs. Quadrat  

Sampling 
method 

BHE 2.70 0.008  47.1  

Simpsons 3.27 0.008  30.4  
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Figure 2.7 nMDS plots of the assemblages found in the Beaver Harbour East bio-

collectors (open circle), Beaver Harbour East quadrats (filled circle), Simpsons bio-

collectors (open square), and Simpsons quadrats (filled square). A: Untransformed 

settlers and crawl-ins pooled; B: Presence-absence transformed settlers and crawl-ins 

pooled. The numbers identify the bio-collector and paired quadrat that was sampled 

nearby. Stress values, in upper right-hand corner of each panel, indicate how accurately 

the 2D picture represents the actual multi-dimensional ordination results; < 0.1 is a 

“good representation”.  
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Table 2.7 The number of species in different taxonomic groups that were sampled from Simpsons Island and Beaver Harbour East as 

settlers and crawl-ins in i- the bio-collectors, ii- the SCUBA quadrats, or iii- both sampling tools, including the percentage of the latter. 

The rare species (see Methods) were not included in this analysis.  

 

Simpsons 2010          Beaver Harbour East 2011         

Data set  Groups Bio-

collectors 

only  

Quadrats 

only 

Shared % sp 

shared 

 

Data set Groups  Bio-

collectors 

only  

Quadrats 

only  

Shared  % sp 

shared 

Settlers Ascidiacea 1 0 5 83.3  Settlers  Ascidiacea  4 0 1 20 

  Bivalvia 3 0 11 78.6     Bivalvia  2 1 14 82.4 

  Bryozoa 0 1 2 66.7     Bryozoa 1 1 3 60 

  Echinodermata 0 0 1 100   Decapoda 1 0 0 100 

  Gastropoda 2 0 2 50     Echinodermata 1 0 0 0 

  Polychaeta 1 2 6 66.7     Gastropoda  1 0 5 83.3 

  Sipuncula 0 0 1 100    Polychaeta  2 0 6 75 

 TOTAL 7 3 28 73.7    Polyplacophora 0 1 2 66.7 

Crawl- Acari 0 0 1 100    Porifera  2 0 0 0 

ins Actinopterygii 4 0 0 0    Sessilia  0 0 1 100 

  Amphipoda 5 2 7 50   TOTAL 14 3 32 65.3 

  Bivalvia  0 0 4 100  Crawl- Acari  0 0 1 100 

  Cumacea 1 0 0 0  ins  Actinopterygii 1 0 0 0 

  Decapoda 3 0 0 0     Amphipoda  8 2 8 44.4 

  Echinodermata 2 0 2 50     Bivalvia  0 1 3 75 

  Gastropoda 7 0 4 36.4     Decapoda 6 0 0 0 

  Isopoda 2 0 0 0     Echinodermata  0 1 4 80 

  Mysida 1 0 0 0    Gastropoda  1 1 6 75 
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  Nebaliacea 0 0 1 100    Harpacticoida 1 0 0 0 

  Nematoda 0 1 0 0    Isopoda  3 0 0 0 

  Nemertea 0 0 1 100    Nebaliacea  1 0 0 0 

  Oligochaeta 0 1 0 0    Nematoda 1 0 0 0 

  Ostracoda 0 0 1 100    Nemertea 1 0 0 0 

 Polychaeta 3 3 8 57.1    Ostracoda 0 0 1 100 

 Polyplacophora 0 2 0 0   Polychaeta  6 0 14 70 

 Pycnogonida 1 0 0 0   Polyplacophora 0 0 3 100 

 TOTAL 29 10 29 42.6    Pycnogonida 1 0 1 50 

        TOTAL 30 5 41 53.9 
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3    The effects of cobble size and surface complexity on the recruitment of animals 

into cobble-filled bio-collectors. 
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3.1    Abstract 

Cobble substrate makes a structurally complex habitat that provides numerous 

invertebrates and fishes with spatial refuge from predators. Despite the importance of 

cobble habitat as nursery to many species, we have limited understanding of these 

communities and the factors that affect their structure, in part because this habitat is 

challenging to sample. The goal of this study is to contribute to the development of a 

tool to sample benthic communities inhabiting cobble habitat and enhance our 

understanding of the effect of cobble size on recruitment of fishes and invertebrates to 

this habitat. I modified a recently developed passive bio-collector by separating it into 

three equal sections and placing either small (9 cm), medium (14 cm) or large (23 cm) 

cobble into each section, and deployed these over the summer months in 2010 at two 

subtidal cobble-bottom sites in southwest Bay of Fundy. I also studied the effect of 

surface complexity, as measured by the fractal dimension, on the settlement of the most 

abundant species found in the bio-collectors, the bivalve Anomia simplex. Cobble size 

was found to have a small but significant effect on the recruitment of species that 

entered the bio-collectors as “settlers” from the water column and “crawl-ins” from the 

benthos, with small cobble consistently having the greatest species richness and total 

abundance of animals. I determined that the ideal cobble size for the bio-collectors was 

cobble approximately 7 – 17 cm in maximum length, which would maximize species 

richness while keeping the weight of the bio-collectors manageable. Surface complexity 

was also found to have a significant effect on the settlement of Anomia simplex: its 

density increased with increasing complexity independent of surface area. 
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3.2    Introduction 

A major goal of ecology is to characterize how habitat structure affects species 

assemblages in terrestrial and aquatic systems (Heck and Crowder, 1991; McCoy and 

Bell, 1991; Tews et al., 2004; Tokeshi and Arakaki, 2012). However, there exists no 

unified understanding of the effects of habitat structure on species assemblages, in part 

because there is little consistency in the definition and measurements of habitat structure 

(Beck, 1998; McCoy and Bell, 1991). McCoy and Bell (1991) attempted to solve this 

problem by creating definitions for what they considered to be the three elements of 

habitat structure: heterogeneity, complexity and scale. Considering structural 

components such as rocks, kelp fronds, pits or shells as distinct physical elements of the 

habitat, they defined heterogeneity as the relative abundance (per unit area or volume) of 

different structural components, complexity as the absolute abundance (per unit area or 

volume) of individual structural components (such as crevices) and scale as the variation 

attributable to the size of the area or volume used to measure complexity and 

heterogeneity.  

Coastal marine benthic habitats are highly productive and provide nursery, feeding and 

spawning grounds for many commercially and ecologically important species (Seitz et 

al., 2014; Stevenson et al., 2014). In marine ecosystems, cobble, comprising rock 

fragments 64-256 mm in maximum length (Wentworth, 1922), is an important habitat 

for many different species of fish and invertebrates (Connell and Jones, 1991; Inui et al., 

2010; Pappal et al., 2012; Stevenson et al. 2014), including commercially important 

species like American lobster, Homarus americanus (Linnane et al., 2003; Pallas et al., 
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2006; Wahle and Incze, 1997; Wahle and Steneck, 1991) and Atlantic cod, Gadus 

morhua (Gotceitas and Brown, 1993; Tupper and Boutilier, 1995). The interstitial space 

of cobble substrate provides refuge from predators for a number of juvenile benthic 

decapod (Linnane et al., 2003; Pallas et al., 2006) and fish (Connell and Jones, 1991; 

Pappal et al., 2012; Stevenson et al., 2014; Tupper and Boutilier, 1995) species. 

Currently most studies of subtidal rocky habitat rely on SCUBA divers to sample the 

bottom-dwelling species assemblages. SCUBA allows researchers the chance to directly 

sample the natural habitat they want to study. However, this method can be impractical 

as it requires experienced divers and is limited by a variety of environmental variables 

including currents, weather, visibility, depth and limited bottom time (Pohle and 

Thomas, 1997). One method to overcome these hazards and limitations in quantifying 

the species assemblages of cobble bottom habitats is the use of passive bio-collectors 

(Wahle et al., 2009), which provide a standardized sampling tool for monitoring the 

settlement of marine invertebrate larvae and fishes and adult crawl-ins on rocky cobble 

substrate (Ellis et al. 2015; Chapter II; Wilson, 2013).   

Cobble size influences community assemblages as it determines the size and amount of 

interstitial space available for animals to live and take refuge in (Connell and Jones, 

1991; Pappal et al., 2012), while also affecting the complexity of the habitat (Tokeshi 

and Arakaki, 2012). However, virtually all research on the importance of cobble size on 

community assemblages in marine environments has been done in the intertidal zone; 

very little has involved subtidal ecosystems (but see Wehkamp and Fischer, 2013). In 

intertidal systems, rock size has been shown to greatly affect species assemblages via 
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effects on desiccation and heat stress (Gedan et al., 2011; McClintock et al., 2007; 

McGuinness and Underwood, 1986; Wieser, 1959), but these stressors are not 

particularly relevant to subtidal systems. There has also been extensive research done on 

the importance of rock size on community assemblages in freshwater streams (Allan, 

1975; Beauger et al., 2006; Douglas and Lake, 1994; Downes et al., 1995; Erman and 

Erman, 1984; Flecker and Allen, 1984; Minshall and Minshall, 1977; Rabeni and 

Minshall, 1977; Reice, 1980), where rock size has been found to be the primary 

determinant of the benthic community of a  stream bed (Beauger et al., 2006; Flecker 

and Allen, 1984; Minshall and Minshall, 1977; Rabeni and Minshall, 1977; Reice, 

1980). In particular, this research has shown that the size of cobble and their surface 

complexity have a significant effect on species richness and abundance of individuals 

(Beauger et al., 2006; Douglas and Lake, 1994; Downes et al., 1995; Downes et al., 

1998; Downes et al., 2000). Three principle mechanisms were considered (mechanism 

iii ) and investigated (mechanisms i and ii) to explain these relationships: i- increased 

surface area with increasing complexity allows more species to be passively sampled 

(Hart and Horwitz, 1991), ii- increased habitat structure provides more refuge from 

predators (Dean and Connell, 1987; Flecker and Allen, 1984), and iii- increased habitat 

structure provides a greater diversity of niches, allowing more species to coexist 

(Schoener, 1974). We might expect similar relationships to exist in subtidal marine 

ecosystems. The only study that has addressed this question in the marine environment 

quantified benthic fish and decapod assemblages on large pebbles (1.5-6.5 cm), cobble 

(6.5-25 cm) and bed rock in 5 m water depth. It found that the benthic fish species 

generally showed a preference for large pebbles, while decapods showed no preference 
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for substrate, with the exception of the crab Pilumnus hirtellus, which showed a 

preference for cobble substrate (Wehkamp and Fischer, 2013). 

Habitat complexity has been shown to greatly affect the richness and abundance of 

species of benthic invertebrates and fishes (Beck, 1998; 2000; Hauser et al., 2006; 

Hunter and Sayer, 2009; Johnson et al., 2003; Kostylev et al., 2005; Kovalenko et al., 

2012; Smith et al., 2014). While many different methods have been developed to 

measure structural complexity (Beck, 1998; Frost et al., 2005; Wilding et al., 2007; 

Kovalenko et al., 2012), most utilize a single measurement interval (e.g., 1 mm), which 

is problematic because structural complexity has been shown to act on a range of scales 

depending on the organisms and communities involved (Kostylev et al., 2005; McCoy 

and Bell, 1991). One particular measurement of habitat complexity that has gained 

interest is the fractal dimension “D”, which represents complexity over a range of scales. 

This metric (D) allows researchers to compare the effects of complexity among different 

types of habitats (Beck, 1998; 2000; Sugihara and May, 1990). Fractal geometry was 

first developed by Mandelbrot (1967), who showed how the length of the coastline of 

Britain increases as the precision of the measurements increases, resulting in 

increasingly finer features being taken into account. Mandelbrot’s fractal dimension is 

calculated by taking several measurements of a particular surface or contour using 

different step-lengths, and then plotting the log of the total length for each measurement 

against the log of each step-length. D is based on the relationship between total length 

and step-length.  
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One important implication of using fractal dimensions to measure complexity is that one 

can separate the effects of complexity and surface area on the abundance of individual 

species (Beck, 1998; 2000) and on biodiversity (Johnson et al., 2003; Kovalenko et al., 

2012). As the complexity of a surface increases, so too does its surface area, which 

means that a positive association between complexity and species richness (say across 

quadrats) may not be caused by complexity itself, but rather to the increased surface area 

sampled in more complex patches (Johnson et al., 2003). For example, Johnson et al. 

(2003) found that habitat complexity was positively correlated with intertidal species 

richness on the Isle of Man and south-west England. However, in south-west England 

that relationship simply reflected the increase in surface area with complexity, whereas 

on the Isle of Man the increase in species richness was found to be independent of area.  

The overarching goal of this study is to enhance our knowledge and understanding of 

benthic communities that inhabit cobble-bottom habitat in the marine environment. The 

first and overarching objective is to contribute to the development of a passive sampling 

tool (i.e., bio-collector) to quantify and study communities of invertebrates (and to a 

lesser extent fishes) that live in this habitat. We address this objective by comparing the 

organisms captured by our new sampling tool and by “traditional” quadrat sampling 

using univariate and multivariate statistical approaches. The second objective is to assess 

the usefulness of our new sampling tool to study patterns and processes involving cobble 

bottom substrate; we quantified the effect of cobble size on the recruitment of 

invertebrates and fishes to our sampling tool (as larval stages from the plankton and as 

juveniles and adults from the benthos), and by assessing the effect of habitat complexity 
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on settlement of the most abundant encrusting species sampled, the bivalve Anomia 

simplex.  

3.3    Methods 

3.3.1    Study sites 

Two sites in the southwest Bay of Fundy, Canada, were used in this study. Beaver 

Harbour East (45° 4.710 N, 66° 43.146 W) is on the east side of Beaver Harbour; Deep 

Gulch Cove (44° 59.228 N, 66° 41.569 W) is near the northern tip of a group of islands 

called The Wolves. The total area of the study sites, based on the area covered by the 

bio-collectors used to sample the local communities, was approximately 1,548 m2 at 

Beaver Harbour East and 4,421 m2 at Deep Gulch Cove. Both sites varied between 

5 - 10 m in depth (relative to 0 chart datum) and had cobble bottoms, as confirmed by 

SCUBA diving and a remotely operated vehicle with cameras. 

3.3.2    Bio-collectors and modifications  

The bio-collector is a 92 x 63 x 15 cm rectangular box consisting of standard lobster trap 

wire mesh (3.8 cm mesh size) (Fig 3.1). Its wire mesh lid is secured with zip ties to keep 

the rocks inside in the rare instances when rope entanglement causes the bio-collector to 

tilt during retrieval. The sides and bottom of the bio-collectors were lined with a 1 mm 

pet screen mesh to prevent the escape of settled larvae and adult organisms during 

retrieval. A layer of sturdier mesh on top of the pet screen protected it from damage by 

the rocks. The bio-collectors were filled with smooth cobble (mainly granite) that ranged 
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in size from approximately 5 - 33 cm. Each bio-collector was equipped with a separate 

line and float to facilitate deployment and retrieval using a lobster pot hauler.  

For this study the bio-collectors were modified by separating the cage into three 30 x 60 

cm sections using a sturdy wire mesh (1 cm mesh size). Each section had an additional 

1 mm pet screen tray that covered the bottom and ran about 3 cm up each side to keep 

the organisms from moving between sections during retrieval. Animals entered the bio-

collectors as larvae settling out of the water column (hereafter “settlers”) or as juveniles 

and adults crawling or swimming from the surrounding benthos (hereafter “crawl-ins”).  

3.3.3    Cobble-size experiment 

To determine if cobble size affects recruitment, I placed a different cobble-size treatment 

into each of the three sections of the modified bio-collector, consisting of “small”, 

“medium” or “large” cobble, allocating an equal number of replicates of each treatment 

to the portions of the bio-collector. The average longest length of the cobble was 

8.55 cm (range 5.5 - 14.3 cm) for the small-cobble treatment, 13.78 cm (9.1 - 18.4 cm) 

for the medium-size cobble treatment and 23.15 cm (17.1 - 32.7 cm) for the large cobble 

treatment. There were on average 120, 27 and 6 rocks in the sections of the small-, 

medium- and large-cobble treatments, respectively. The bio-collectors weighed 

approximately 110 - 135 kg when full. 

A total of 30 bio-collectors were deployed for this experiment, 15 at each of the two 

sites. They were deployed on July 7-8, 2010, and were retrieved in the same year on 

October 14 from the Wolves and October 21 from Beaver Harbour. This period is 
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expected to encompass the settlement period of most invertebrates in the region (Roff, 

1983; Chapter II). Bio-collectors were deployed and retrieved using the Huntsman 

Marine Sciences Centre’s (HMSC) “Fundy Spray” vessel. As each bio-collector was 

deployed the latitude-longitude coordinates and the depth of water were recorded to 

create maps and support further analyses. The bio-collectors were then brought to the 

HMSC where they were processed 1 - 3 days after retrieval.  

For each bio-collector, the cobbles in each section were counted and moved to a tub of 

seawater where all non-encrusting organisms were removed. For each section of the bio-

collector, a set of randomly generated numbers was created and as that number was 

counted out, the associated rock was placed in a pillow case after cleaning, in order to 

have its encrusting organisms (see below) identified and counted later in the lab. A 

different number of cobbles were removed from each cobble-size treatment, to partially 

account for the differences in surface area between treatments; ten cobbles were 

removed from the small-cobble treatment, six from the medium-size cobble treatment 

and three from the large-cobble treatment. Once all non-encrusting organisms were 

removed from the cobbles into the tub of sea water, then the mesh tray was lifted out of 

the bio-collector, rinsed into the tub and vigorously shaken to remove the organisms 

sticking to it. The tub was then rinsed and all the water poured through a 0.5 mm sieve. 

All the organisms in the sieve were bagged and frozen to be later identified, counted and 

measured in the lab.    

The randomly selected cobbles were brought to the lab and all encrusting organisms 

were identified and counted using a 10 x magnifying glass. There were six encrusting 
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species identified and counted on the cobbles: Anomia simplex (Mollusca), Heteranomia 

squamula (Mollusca), Spirorbis spirorbis (Annelida), Circeis spirillum (Annelida), 

Lichenopora verrucaria (Bryozoa) and Tubulipora liliacea (Bryozoa). Only 2 species of 

bryozoans were identified to species, and the others were grouped into either “branched” 

or “encrusting” bryozoans, due to the difficulty of identifying them to species. On the 

large rocks, the jingle shells (A. simplex and H. squamula) and Spirorbis worms were 

too numerous and time consuming to identify and count, so the rocks were sub-sampled 

for these species using a transparent grid of 6 x 6 cm units. The grid was wrapped 

around the cobbles and the number of squares that covered the rocks was quantified to 

determine which units needed to be included in the randomization. Six of those units 

were then randomly chosen and drawn directly onto the rocks, and all the organisms 

within these six units were identified and counted. Because samples for one of the 

cobble-size treatments was mistakenly discarded, the encrusting data for Deep Gulch 

Cove were omitted from both the univariate and multivariate analyses.  

I measured the surface area of rocks in the different cobble-size treatments in order to be 

able to estimate the density of encrusting animals. To measure the surface area each rock 

was entirely covered in a single layer of aluminum foil, which was carefully placed to 

follow the contours of the rock as closely as possible while making sure there was no 

overlap or folding of the foil. The foil was then weighed using an analytical balance, and 

this mass was divided by the mass of 1 cm2 of foil to estimate the total surface area of 

the rock. All the foil used to measure the rocks was from the same package to ensure 

there was no change in the weight of the foil. The longest length of each rock was also 
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measured using a measuring tape. Unfortunately only half of the small and medium 

rocks had surface areas measured before they were mistakenly disposed.  

The frozen samples of organisms recovered from each bio-collector were thawed in the 

lab and then run through a 0.5 mm sieve to remove any fine sediment from the samples. 

All the large animals such as fish, crabs and urchins were removed from the sieve so 

they could be identified, counted and the first 20 individuals measured. The smaller 

animals remaining were separated into a number of petri dishes with sea water and 

viewed under a dissecting microscope. Once identified, the animals were stored in 

ethanol. I identified all animals to species level, or the lowest taxonomic level possible. 

The first twenty individuals of each taxon in a sample were also measured. In the rare 

cases (mostly with urchins) where I had more than 20 measurements in total between the 

large individuals removed earlier and the smaller individuals identified and measured 

under the microscope, I randomly selected 20 measurements, taking into account the 

relative abundance of individuals in each size category from the sample. Of the 15 bio-

collectors deployed at each site, only 10 from Beaver Harbour and 5 from the Wolves 

were processed in the lab, due to time constraints and clarity of findings.  

After all the samples were processed, the animals were separated into being either 

“settlers” or “crawl-ins”, depending on whether they were likely to have entered the bio-

collector from the water column as a larva or crawled in as a juvenile or adult. The first 

step in separating the animals into one of these two categories was to put them into three 

groups. First, the species that are known to be encrusting or sessile were included in the 

settlers group, since they do not move once settled and must thus have entered the bio-



 

87 

 

collectors as settling larvae. The group of large and highly mobile animals such as 

fishes, crabs, seastars and urchins were considered crawl-ins, because they were clearly 

too large to have settled in the bio-collectors over the 100 - 107 day study period and are 

able to easily move in and out of the bio-collectors. Finally, for the remaining species or 

individuals that did not unequivocally fall within the crawl-in or settler category, the 

decision was made on an individual basis following a review of the literature concerning 

their adult size, larval development and natural history. This exercise included creating 

size-frequency histograms using the measurements taken for each species to determine if 

the individuals of that species were likely settlers of the year, adults, or a mix of the two. 

There was often a strong mode in the graphs, which made it easy to identify a strong 

pulse of settlement. In the cases where it was apparent that there was a mix of settlers 

and crawl-ins for a particular species, I estimated the relative abundance of the two 

based on the body size of the sub-sample of individuals that were measured.  

Finally, there were a number of taxa for which there was a mix of animals identified to 

higher taxa, like family and genus along with some identified to species. In these cases a 

decision had to be made on whether to keep the species-level information and split the 

numbers from the other taxa levels into the species groups or to merge all the species 

into a higher taxonomic level. This was done to remove extra taxa groups from the data 

that would have artificially increased diversity estimates, and could have created 

differences between samples where no difference existed. For the full set of criteria for 

splitting and merging taxonomic groups, refer to Appendix A. At Beaver Harbour East, 

a total of 116 taxa were used in the analyses, including 6 species-level entries that 
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resulted from the merging of 6 species and 6 higher-level taxa, and 10 higher-order 

entries that were the result of combining 31 lower-level original taxa entries. At Deep 

Gulch Cove, a total of 105 taxa were used in the analysis, including 3 species-level 

entries that resulted from the merging of 3 species and 3 higher-level taxa entries, and 6 

higher-order taxa entries that were the result of combining 17 original taxa entries. All 

final “taxa” are hereafter referred to as species, for simplicity.    

3.3.4    Habitat complexity experiment 

Habitat structural complexity was measured using a profile gauge, as has been done in 

other similar studies (Beck, 1998; Frost et al., 2005; Johnson et al., 2003; Kostylev et 

al., 2005). One of the drawbacks of this method is that it is uses an aerial assessment, so 

captures only the complexity of the surface and is unable to measure the undersides of 

cobble surfaces in a layered matrix (Commito and Rusignuolo, 2000). As a result, only 

animals that settled on the surface of the cobble could be investigated in relation to 

complexity, even though the cobble habitat being studied had several layers.      

I tested to see if the surface complexity of the different cobble-size treatments had an 

effect on the density of the jingle shell Anomia simplex (a bivalve mollusc), which was 

the most abundant species that settled on the cobbles in the bio-collectors. All 15 bio-

collectors deployed in Beaver Harbour were used for this experiment; the profile gauge 

arrived too late for sampling at the Wolves. The surface complexity was measured using 

a 300 mm profile gauge with 1 mm metal pins. The minimum resolution was therefore 

1mm. When the bio-collector was first opened, I placed the profile gauge over the 

cobbles to produce an outline of the cobble surface. This was done twice for each 
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cobble-size treatment in each bio-collector: 7.2 cm from both the right and left sides of 

each section and perpendicular to the longest dimension of the bio-collectors. The 

profile gauge was simultaneously used as a 300 mm transect along which individuals of 

Anomia simplex found 1 cm to either side of the metal pins were counted and recorded.  

A photo of the profile gauge was used to calculate the fractal dimensions of each 

surface.  Each photo was converted into a binary image and then reduced to a 1-

dimensional produced by the edge of the profile gauge that traced the rocks. I used 

Elements 10™ photo editing software to create a clear edge binary image of the profile, 

and then used the program Image J™ to enhance the edge tracing and erase the rest of 

the profile gauge from the image. This binary line was then imported into the program 

Benoit 1.3™, which was used to calculate its fractal dimension, using the linear divider 

method. It first measures the profile using different length rulers that follow the contours 

of the profile. As increasingly finer details of the surface are included, the total length of 

the profile line increases. The minimum ruler step length was based on the minimum 

resolution of the profile gauge, which was the 1 mm pin size (Russ, 1994; Frost et al., 

2005). It then creates a Richardson plot, which is the log of the ruler step length vs the 

log of the total length of the profile; this plot has a negative slope, as the total profile 

length measured decreases as the ruler step length used increases. The slope of this line 

is thus a function of the surface complexity, with a flat surface having a slope of 0 and 

more complex surfaces having greater slopes. The metric D is calculated as 1 minus the 

slope of the Richardson plot; it decreases with complexity. I used a geometrically 

increasing series of ruler step lengths (1, 2, 4, 8, 16, 32 and 64 mm), as recommended by 
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other benthic ecologists that have studied encrusting species or small (<1-2 cm) 

invertebrates (Beck, 1998, 2000; Frost et al., 2005; Johnson et al., 2003).     

3.3.5 Statistical analyses 

All multivariate analyses were done using PRIMER 6 and all univariate analyses were 

done using JMP 8.0. All univariate data were tested for normality, constant variance and 

homoscedasticity prior to analyses.  

3.3.5.1    Cobble size: univariate analyses 

A mixed-model randomized block ANOVA with bio-collectors used as the random 

effect blocking variable to compare, for each site separately, the species richness and 

total abundance of individuals found in each of the three cobble-size treatments; 

significant (p<0.05) global tests were followed by Tukey-Kramer HSD tests to 

determine which cobble treatments were significantly different. When ANOVA 

assumptions were violated by unequal variances among treatments, I used Welch’s test 

instead; when that was significant it was followed by a Steel-Dwass all-pairs test. For 

both study sites the analyses were done with all animals pooled, as well as with the 

settlers and crawl-ins separately.  

3.3.5.2    Cobble size: multivariate analyses 

I compared the identity and abundance of the different species found in each of the 

cobble-size treatments using nonmetric multi-dimensional scaling (nMDS) ordination 

and multivariate statistical analyses. I did this for both untransformed abundance data, 

which reflect differences in the identity and abundance of each species in each sample, 
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as well as a presence/absence transformed data, which only considers the presence or 

absence (not their abundance) of each species in each sample, and hence gives greater 

weight to rarer species relative to the analysis of untransformed data. The Bray-Curtis 

similarity coefficient was used to generate a similarity matrix between all samples of the 

different treatments. The nMDS ordination then uses this similarity matrix to generate a 

2D or 3D visual representation of the multi-dimensional relationship of the similarities 

between each sample. An analysis of similarity (ANOSIM) was performed on the Bray-

Curtis similarity matrix to test for significant differences between cobble-size 

treatments. ANOSIM is a non-parametric multivariate permutation technique that ranks 

similarities from a similarity matrix and produces a test statistic reflecting the degree of 

separation between treatments (Clarke and Warwick, 2001). The significance level of 

this observed test statistic is calculated by comparing it to a null distribution generated 

by randomly rearranging the treatment labels of the samples. When a significant 

difference between treatments was found, a Similarity Percentage (SIMPER) analysis 

was used to apportion the contribution of each species to the similarities within and 

differences between treatments. The SIMPER values were reordered according to the 

ratio of dissimilarity/standard deviation (diss/sd), to highlight the species that had the 

greatest and most consistent effect on treatment differences, respectively. The diss/sd 

ratio is the contribution each species makes to the dissimilarity between treatments, 

based on all pairwise comparisons of samples for the treatments being compared, 

divided by the standard deviation of this contribution, which in turn reflects the 

consistency of those differences across sample pairs (Clarke and Warwick, 2001). It 

therefore reflects the magnitude and consistency of the contribution each species makes 
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to the dissimilarity between groups. In addition to using this index to gain an 

appreciation of the most influential species, I re-ran ANOSIM based on data sets from 

which these seemingly influential species were sequentially removed, to see which 

species were required to generate statistically significant differences between treatments.   

The nMDS plots showed evidence of fine-scale spatial variation in communities 

between bio-collectors within a same site (i.e., assemblages in the three sections of a 

same bio-collector resembled one another to some extent), which led me to further 

analyze the data with a PERMANOVA (permutational MANOVA), in order to account 

for this variability. PERMANOVA is a multivariate test that uses permutation to test the 

significance of one or more factors on multiple variables simultaneously (Anderson, 

2001, 2005). It was able to partition the among-sample variation in communities 

between that attributable to the position/identity of each bio-collector at the study site 

and that due to cobble size in each section of the bio-collectors. In the PERMANOVA 

model the bio-collector was designated a random effect and the treatment a fixed effect. 

The PERMANOVAs used 9999 permutations of the pairwise similarities in the Bray-

Curtis similarity matrix, to compare variability within groups (same bio-collector or 

treatment) to variability between groups, using sums of squares of the Bray-Curtis 

distances (Anderson, 2001).   

The fact that each cage contained all three cobble-size treatments had the desirable effect 

of enabling me to account for fine-scale spatial patterns, which was clearly desirable, but 

it also meant that the three samples of the same bio-collector could be argued to be non-

independent, in that organisms that settled in one section/treatment of the bio-collector 
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were no longer available to settle in the other two sections of the same bio-collector. I 

therefore did a number of additional randomization-based tests to account for this 

potential lack of independence between the different treatments within a bio-collector, to 

determine whether the effect of cobble-size was valid. These confirmation tests were 

done for settlers and crawl-ins separately, as well as for all animals pooled. They were 

done only with the Beaver Harbour East site data, which had more bio-collectors than 

the Deep Gulch Cove site (ten versus five bio-collectors total), thereby enabling a more 

robust test. The tests randomly allocated each individual of a given bio-collector to one 

of the three coble-size treatments in that same bio-collector using macros in Excel. The 

following values were calculated for each bio-collector: species richness for each of the 

three cobble-size samples and the multivariate Bray-Curtis similarity value for each of 

the three pairwise comparisons between the three cobble-size treatments. These values 

were used to estimate differences between the three cobble-size treatments (for each bio-

collector separately) based on this randomized data, to provide estimates of “treatment 

effects” expected under the null hypothesis of no cobble size effect (i.e., individuals 

were randomly allocated to the three cobble-size treatments). For the species richness 

metric, I calculated the difference in species richness between each cobble-size 

treatment and the average species richness of the bio-collector, and then added the 

absolute value of the three differences. For the Bray-Curtis coefficient metric, I 

calculated the average value obtained for the three pairwise comparisons of a same bio-

collector. The randomization procedure was repeated 1000 times, with computation of 

“treatment effects” following each iteration, in order to generate a theoretical frequency 

distribution of each treatment-effect metric based on the null hypothesis. The values 
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observed during my study for each of these metrics were compared to these theoretical 

distributions to determine the likelihood of these observed values under the null 

hypothesis.  

3.3.5.3    Substrate complexity 

I estimated D for each sample based on the two measurements of D from the two 

profiles done for each sample. To test for a significant difference in surface complexity 

between cobble-size treatments, I used an ANOVA on the average D of the three cobble-

size treatments in the 15 bio-collectors from Beaver Harbour.  

At this point I observed variability among transects: for the cobble-size treatments at 

either end of the bio-collector (i.e., not the center portion) there were small but 

statistically significant differences (Welch’s test: t58=2.40, p=0.02) in the abundance of 

A. simplex found in transects closer to the outer side of the bio-collectors (mean: 21.3; 

standard deviation +18.8) compared to those that were closer to the center of each bio-

collector (mean: 11.2; standard deviation +11.2). I therefore omitted all the outside 

transects; further analyses used the inside transects for the two side treatments and one 

randomly chosen transect from the center section. I ran an additional analysis based only 

on the densities from the center section of each bio-collector (two end samples omitted), 

leaving a sample size of five for each of the three cobble-size treatments. The benefit of 

this analysis was independence of samples: only one cobble-size treatment was included 

from each of the 15 bio-collectors.   
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In order to assess the effect of substrate complexity on the abundance of the jingle shell, 

independent of the positive effect of complexity on surface area, I converted the 

individual counts of A. simplex into density measurements. To estimate the surface area 

under each profile (i.e., along each transect), I used the profile lengths created by 1 mm 

ruler lengths, and multiplied them by 2 cm, which was the width of the transect used to 

count the Anomia (i.e., 1 cm on either side of the profile gauge). I used a 1 mm ruler step 

length because Anomia simplex has been shown to react to changes in substrate at the 

1mm scale (Bourget et al, 1994).  The density of A. simplex in each cobble section was 

calculated as the total number of individuals divided by the total surface area (m2) 

measured under both transects. Linear regression (JMP 8) was performed on the density 

of A. simplex vs the complexity measurement D.  Due to the large variation in density of 

A. simplex between bio-collectors, an index was created to standardize for the 

differences in abundances of A. simplex between the bio-collectors, independent of 

cobble-size treatment. The density index was calculated as the total abundance of A. 

simplex counted on all rocks in each bio-collector (see section 3.3.3) divided by the total 

abundance of A. simplex in the bio-collector that had the fewest individuals of this 

species. The index therefore yields a value of 1 for the bio-collector with the fewest A. 

simplex individuals, and value >1 for all other bio-collectors. The density index of the 

centre section of each bio-collector was independent of the abundance of A. simplex in 

each bio-collector (r2=0.063, p=0.37), indicating that the index adequately controlled for 

spatial variability in A. simplex abundance. Finally, for each bio-collector, I divided the 

density of A. simplex on the transects by the density index value for that particular bio-

collector, and regressed this value against D, to determine if density is affected by 
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complexity when the difference in abundance between the cages is accounted for. To 

reduce the influence of 2 large outliers in data from all three bio-collector sections, I 

redid the analyses using a cube root transformation on abundance, density and the 

density/index to reduce the effects of the outliers on the linear regressions.  

3.4    Results 

3.4.1    Cobble size experiment 

At Beaver Harbour East, a total of 116 species were found in 10 bio-collectors, 35 that 

entered the bio-collectors exclusively as settlers from the water column, 73 exclusively 

as crawl-ins from the benthos, and 8 both as settlers and crawl-ins. At Deep Gulch Cove 

a total of 105 species were found in 5 bio-collectors, 34 that entered the bio-collectors 

exclusively as settlers, 62 exclusively as crawl-ins and 9 as both settlers and crawl-ins.      

3.4.1.1    Cobble size: univariate analyses 

Cobble maximum length (Fig 3.2A; F2, 362=1048.8, p<0.0001) and surface area (Fig 

3.2B; F2, 54=551.6 p=<0.0001) differed markedly and significantly among the three 

cobble-size treatments, confirming these represented different habitats for organisms 

colonizing the bio-collectors.  

Cobble size had a significant effect on species richness at both study sites, for all three 

combinations of organisms (Fig 3.3). Generally, species richness decreased with 

increasing cobble size, although the size treatments that differed significantly from one 

another varied with organism group and site (Fig 3.3). At Beaver Harbour East the 
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settlers had a significantly greater species richness in the small- than the medium- and 

large-cobble treatments, while the crawl-ins and all animals combined had a 

significantly greater species richness in the small-cobble than the large-cobble 

treatments, with the medium-cobble treatment intermediate (Fig 3.3 A, C, E). At the 

Deep Gulch Cove site the species richness for both settlers and the crawl-ins was 

significantly greater in the small-cobble then the large-cobble treatment only; the 

richness of all animals combined was greater in the small- and medium- than the large-

cobble treatment (Fig. 3.3 B, D and F). 

Abundances of settlers, crawl-ins and all animals combined showed a significant 

difference among cobble size treatments at both Beaver Harbour East and Deep Gulch 

(Fig 3.4). As with richness, abundance generally decreased with increasing cobble size, 

varying with organism group and site. At Beaver Harbour East, abundance was 

significantly greater in the small-cobble than the large-cobble treatment for all organism 

groups, however abundance with medium-cobble was intermediate for settlers but 

significantly lower than small-cobble for crawl-ins and all animals combined (Figure 

3.4). Similarly, at Deep Gulch Cove settlers and all animals combined were significantly 

more abundant in the small-cobble treatment than in the large-cobble treatment, with 

medium cobble intermediate for settlers and less than small-cobble for all animals 

combined (Fig 3.4B). The exception was the abundance of crawl-ins, which showed no 

significant differences among the three cobble-size treatments at this site (Fig 3.4D). 
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3.4.1.2    Consideration of non-independence for univariate data 

Non-independence (i.e., each of the three cobble-size treatments being present in each 

bio-collector) was shown to have no significant impact on the results. Observed 

differences in species richness among cobble-size treatments at Beaver Harbour were all 

significantly different from those obtained following the randomization procedure, 

where each individual organism was randomly allocated to one of the three cobble-size 

treatments of a same bio-collector (Table 3.1). These findings indicate that even when 

the null statistical model took into account the non-independence of cobble-size 

treatments found in a single bio-collector, differences among cobble-size treatments 

were clearly and significantly greater than expected by chance under the null hypothesis. 

3.4.1.3    Cobble size: multivariate analyses 

The nMDS plots for both sites showed clearly that assemblages tended to group by bio-

collector and that within each grouping, the different cobble treatments separated from 

one another somewhat consistently (Fig 3.5 and 3.6). For example, bio-collectors 84 and 

89 in Fig 3.5 and bio-collectors 160 and 161 in Fig 3.6 clustered close together relative 

to the whole nMDS, with the large-cobble treatment towards the left of the plot and the 

small-cobble treatment towards the right. A similar pattern was found in the settler 

results but the graphs are not shown to save space. This pattern indicates a large amount 

of variation in communities among bio-collectors and a smaller amount of variation 

related to the cobble-size treatment.  
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The PERMANOVAs consistently revealed marked (indicated by high variance 

component values) and highly significant variability in communities among bio-

collectors, for both sites and analyses based on both untransformed data or 

presence/absence date, and whether settlers and crawl-ins were analyzed separately or 

combined (Table 3.2 and 3.3). These analyses also revealed much smaller (lower 

variance component values) yet generally significant (for abundance data, less so for 

presence/absence data) variability between cobble-size treatments (Table 3.2 and 3.3). 

PERMANOVA pairwise tests of the untransformed data showed that the Beaver 

Harbour East communities of settlers and crawl-ins (as well as the two combined) in the 

small-cobble treatment were significantly different from those in the medium- and large-

cobble treatments, with the greatest difference being between the small- and large-

cobble treatment; communities in medium-cobble treatments were intermediate, and did 

not differ significantly from those in large-cobble treatments (Table 3.4). The results at 

the Deep Gulch Cove site were similar, with the exception that the differences between 

small- and medium-size cobble treatments (rather than between medium and large) were 

not significant (Table 3.4).  

Tables 3.5 and 3.6 list the contributions of different species to the pairwise 

dissimilarities between the cobble-size treatments for the combined data. At Beaver 

Harbour East the encrusting jingle shell bivalve Anomia simplex was the largest 

contributor to the dissimilarity, with substantially higher abundance in small- than in 

large- and medium-size cobble. Removing A. simplex from the PERMANOVA analysis 

of the untransformed settlers data reduced the p-value of the cobble-size treatment effect 
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from highly significant (p = 0.004) to marginally non-significant (p = 0.07). This species 

was the only one to have such a large effect.  Interestingly, removal of both Anomia 

simplex and Circeis spirillum (the second most abundant settler) from the analysis 

caused the significance of the cobble-size treatment effect to be restored; removal of an 

additional 12 species with high diss/sd ratios was required before this significant effect 

was lost again. When settlers and crawl-ins from Beaver Harbour East were analyzed 

together, the removal of the 16 species with the highest diss/sd ratios was required 

before the significant effect of the cobble-size treatment was lost.  Together these results 

show that highly abundant species can drive the results of the multivariate analyses, but 

also that the effect of cobble-size treatment results from a large number of species, rather 

than that of a few key species. Results for Deep Gulch Cove were somewhat different, in 

part because these analyses did not include the encrusting organisms (see Methods). 

First, there was no single species that had a dramatic impact on the effect of cobble size 

on the dissimilarity of settlers at this site, and the removal of only 5 species with the 

highest ratios was required to remove the significant effect of treatment in the 

PERMANOVA. These results suggest that a smaller number of species were influencing 

dissimilarities between the cobble-size treatments at this site, but this could be attributed 

to the smaller number of species due to the exclusion of encrusting species. At both sites 

for the crawl-ins data, there was no combination of species that when removed from the 

PERMANOVA analysis caused the effect of cobble treatment to no longer be 

significant.     
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3.4.1.4   Consideration of non-independence for multivariate data 

Non-independence (i.e., each of the three cobble-size treatments being present in each 

bio-collector) was shown to have no significant impact on the multivariate results. The 

observed differences in similarity coefficient (Bray-Curtis) among cobble-size 

treatments at Beaver Harbour were all significantly different from those obtained 

following the randomization procedure, where each individual organism was randomly 

allocated to one of the three cobble-size treatments of a same bio-collector (Table 3.1). 

In fact, the Bray-Curtis similarity coefficients calculated from the observed data are all 

lower (i.e., indicating greater dissimilarity) than any of the randomly generated 

coefficients, indicating a highly significant (p < 0.001) difference in species identity and 

abundance among cobble-size treatments for settlers, crawl-ins, and the two combined 

(Table 3.1). These findings indicate that even when the null statistical model took into 

account the non-independence of cobble-size treatments found in a same bio-collector, 

observed differences between cobble-size treatments were clearly and significantly 

greater than expected by chance under the null hypothesis. 

3.4.2    Surface complexity experiment 

Surface complexity was significantly different among cobble-size treatments 

(F2, 42=59.9, p<0.0001), decreasing markedly and significantly from small to medium 

and from medium to large cobble-size categories (Fig. 3.7). These treatments clearly 

represented different habitats for A. simplex colonizing the bio-collectors.  
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The density of A. simplex found along the transects in the center portion of the bio-

collectors generally decreased with cobble size. The differences among cobble-size 

categories was not statistically significant (Fig. 3.8; F2, 12=1.72, p=0.2), however, the 

abundance of A. simplex (cube root transformed) along these 30 cm long transects was 

positively and significantly correlated to the surface complexity of the cobble along 

these transects (based on the data for a single transect from each of the bio-collector 

sections) (Fig. 3.9; r2=0.15, p=0.008). A similar analysis of untransformed A. simplex 

abundance data was also positive but non-significant (r2=0.049, p=0.15); another 

exclusively on center-section transects was also positive and marginally non-significant 

(r2=0.23, p=0.07). Interestingly, this relationship appeared to be largely due to surface 

complexity per se, and not to the increase in area that is associated with complexity, 

because the relationship between A. simplex density (rather than abundance) and surface 

complexity was similar and also statistically significant for the cube root transformed 

data of all sections (Figure 3.10; r2=0.094, p=0.04). Note that the relationship between 

untransformed Anomia density and surface complexity was not significant, whether 

using all sections in all 15 bio-collectors (r2=0.009, p=0.5) or only the center sections 

(r2=0.14, p=0.2). When this regression was repeated using the density of A. simplex 

standardized for variability in A. simplex density among bio-collectors (i.e., the density 

index), the p-value became somewhat lower for the cube root transformed data of all the 

sections (Fig. 3.11; r2=0.11, p=0.03), but remained non-significant for the analysis based 

on untransformed data (r2=0.015, p=0.4). It was marginally non-significant for the 

analysis of the center sections only ( r2=0.26, p=0.052).  
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3.5    Discussion 

3.5.1    Variability in community structure at fine spatial scale 

Arguably the most striking, and somewhat unexpected, result of this study was the 

marked variability in community structure at a fine spatial scale at each of my study 

sites, that is between bio-collectors generally separated by 10-30 m. For example, crawl-

in assemblages from Beaver Harbour East and Deep Gulch Cove on the different cobble-

size treatments of a same bio-collector were more similar than those on similar-size 

cobble treatments of other bio-collectors. (Similar patterns were also apparent in the 

settlers nMDSs for both sites, which were not included in the results section for brevity.) 

This fine-scale variability accounted for 37% to 50%, and 34%-61%, of assemblage 

variability at Beaver Harbour East and Deep Gulch Cove (respectively), while cobble 

size accounted for only 2% to 13%, and 1% to 20%. This fine-scale spatial variability in 

assemblages was strong enough that cobble-size effects could not easily be detected 

visually from the nMDS plots, and ANOSIMs that did not account for this effect 

revealed no significant effect of the cobble-size treatment on community structure 

(results not shown). Fine-scale variability in community structure (among bio-collectors 

of a same site) was also observed in PERMANOVAs of both untransformed and 

presence/absence transformed data. Detection of fine-scale variability in the multivariate 

analyses of untransformed data suggests that it was caused by differences in both the 

abundances and composition of species within different bio-collectors. This was also the 

case for the univariate data where analyses of abundance and species richness that did 
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not consider between-collectors variability generally yielded no significant effects of 

cobble size (results not shown).  

The occurrence of fine-scale spatial variability in community assemblages appears to be 

very common in marine systems (Horne and Schneider, 1995). For example, in subtidal 

assemblages at different depths and spatial scales, the largest component of variation 

was the variability between replicates at the scale of decimeters (Terlizzi et al. (2007). 

This variability at the scale of replicates is thought to be due to interaction of multiple 

ecological processes that have been shown to affect marine assemblages at such spatial 

scales (Horne and Schneider, 1995), including disturbance (Connell, 2005), 

topographical heterogeneity (Archambault and Bourget, 1999) and pre and post-

settlement biological interactions (Hunt and Scheibling, 1997). In addition to being of 

theoretical interest, such fine-scale community variability also has practical implications. 

For example, Roberts (1996) found that the natural spatial variability of subtidal marine 

assemblages had the potential to mask the effects of sewage discharge when comparing 

an area with sewage outfall to two control sites. The results of my study and previous 

literature indicate high variation in subtidal assemblages over fine-spatial scales, which 

need to be accounted for to detect differences in both mensurative and manipulative 

studies.  
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3.5.2    Cobble size effects: the patterns 

3.5.2.1    Effect of cobble size on communities: univariate measures 

Species richness of both the settlers and the crawl-ins consistently decreased with 

increasing cobble size over the size range in this study. At both sites richness was 

significantly greater in the small-cobble than the large-cobble treatments for settlers, 

crawl-ins, and settlers and crawl-ins pooled, and at Beaver Harbour East, richness was 

also significantly greater in the small-cobble than the medium-cobble treatments. The 

greater species richness in small-cobble habitat can be attributed to the less common 

(< 100 individuals found in all the samples) species, found most often in the small-

cobble treatment of the bio-collectors. Of those species, a large percentage (Beaver 

Harbour East: 30.4%; Deep Gulch Cove: 25%) had individuals present in a greater 

number of collectors with small-cobble than either medium or large cobble. Fewer of the 

less common species were present in a greater number of medium-cobble (Beaver 

Harbour East: 17.4%; Deep Gulch Cove: 21.4%) or large-cobble (Beaver Harbour East: 

14.5%; Deep Gulch Cove: 1.8%) collectors. The remaining species were present in an 

equal number of samples for 2 or more cobble size treatments (Beaver Harbour East: 

37.7%; Deep Gulch Cove: 51.7%). Collectors with small-cobble substrates appear to be 

better at capturing these less common species.   

Cobble size also had an effect on the total abundance of individuals found in the 

samples. In this case, the effects of cobble size was not just on the less common species; 

the majority of common species (> 100 individuals found in all the samples) were most 

abundant in the small-cobble treatment (Beaver Harbour East: 84%; Deep Gulch Cove: 
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80.9%). The rest of the species were either most abundant in medium-cobble (Beaver 

Harbour East: 8%; Deep Gulch Cove: 19.1%) or the large-cobble (Beaver Harbour East: 

8%; Deep Gulch Cove: 0%) treatment. When all except the rare species (those only 

found in a single sample at a site) are considered,  the majority of the species were most 

abundant in the small-cobble treatment (Beaver Harbour East: 52.1%; Deep Gulch 

Cove: 50.6%), and most of the remaining species were equally abundant in 2 or more 

treatments (Beaver Harbour East: 19.2%; Deep Gulch Cove: 24.7%), while a smaller 

percentage of species were most abundant in the medium-cobble (Beaver Harbour East: 

13.8%; Deep Gulch Cove: 19.5%) or the large-cobble (Beaver Harbour East: 14.9%; 

Deep Gulch Cove: 5.2%) treatments. This pattern of greater abundances of many species 

in the small-cobble treatments suggest that the small-cobble treatment is better at 

sampling many of the species found in the collectors.  

3.5.2.2    Effect of cobble size on communities: multivariate measures 

Species assemblages also varied significantly among cobble-size treatments when 

analyzed from a multivariate standpoint. In the nMDS plots, samples from the different 

cobble-size treatments of a same bio-collector tended to be spatially aggregated, with the 

medium-size cobble samples generally falling between the small and large-cobble 

samples. When this fine-scale spatial variation in community was accounted for 

statistically in the PERMANOVA models, the cobble-size treatment became statistically 

significant for 6 of the 12 comparisons made.  It is important to note that the six 

significant outcomes were based on the untransformed data, and the six non-significant 

outcomes were based on presence-absence transformed data, suggesting that the effects 
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were related more to the abundance of species in the different cobble-size treatments 

rather than their identity. The SIMPER analyses for both sites supports this 

interpretation, as all the species with large diss/sd ratios that had to be removed from the 

PERMANOVA before a statistically significant effect of treatment was lost were 

abundant and present in all three cobble-size treatments and in the majority or all of the 

bio-collectors. For example, for the Beaver Harbour East settlers data, it took the 

removal of 14 species before the assemblage differences between cobble-size treatments 

became clearly non-significant. Similarly, for the “all animals” data (settlers and crawl-

ins pooled) from the same site it required all of the top 16 species in the SIMPER list to 

be removed before the significant effect of cobble size was lost, indicating again that 

there were considerable differences between treatments that can’t be attributed to any 

single species. For the Deep Gulch Cove settlers data it took the removal of only 5 

species before the significant effect of cobble size was lost; however, this data did not 

include the encrusting species, which were generally abundant and likely played a large 

role in the reduced number of species required to lose the effect of cobble at this site. 

Finally, the crawl-ins at both sites maintained a significant effect of cobble size 

regardless of how many species were removed. These results suggest that cobble size 

had an effect on a number of different species as settling larvae and as benthic juveniles 

and adults.  

Given the high variability in species assemblages at fine spatial scale (i.e., among bio-

collectors), the weaker effect of cobble size would have gone undetected had I not 

included the three cobble-size treatments in each bio-collector. My experimental design 
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was therefore instrumental in elucidating the effect of cobble size. The design ran the 

risk that the three samples within the same bio-collector could be argued to be non-

independent, in that organisms that settled in one compartment/treatment of the bio-

collector were no longer available to settle in the other two compartments of the same 

bio-collector; note that this would also be true if a single cobble-size treatment had been 

used in each bio-collector, and these had only been separated by say 5 - 10 meters, but 

the problem is more likely to be of consequence as the distance between treatments 

decreases (e.g., in one bio-collector). However, my randomization tests done with the 

Beaver Harbour East data to account for this potential problem confirmed the effect of 

cobble size, with differences in species richness between cobble-size treatment obtained 

by randomly allocating each individual to one treatment within its bio-collector being 

greater than or equal to the actual observed differences only 1 time out of 1000 for all 

the animals, 8/1000 times for the settlers and 31/1000 for the crawl-ins. The results 

clearly indicated that the observed results were very unlikely under a null hypothesis of 

no cobble-size effect. Similarly, the Bray-Curtis results of all three randomizations were 

never equal to or greater than the observed results, also indicating that the difference 

between treatments was highly statistically significant and not biased by the presence of 

the three cobble-size treatments in each bio-collector. While an arguable lack of 

independence among treatments may have had some effect on the results of this study, 

the existence of cobble size effects has been demonstrated.    
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3.5.3    Cobble size effects: the mechanisms 

Very little is currently known about the effects of cobble size on communities in the 

marine environment. However, studies of the effects of cobble size on communities in 

freshwater streams using rocks sizes similar to those used in my study reached a similar 

conclusion: smaller cobbles support greater species richness and greater abundances of 

individuals of invertebrates (Allan, 1975; Flecker and Allan, 1984; Minshall and 

Minshall, 1977; Wise and Molles, 1979). A number of possible explanations were 

suggested in the freshwater studies to account for this pattern, including variability in 

availability of refuges from predators, availability of space for colonization and 

differences in the complexity of the habitat (Flecker and Allan, 1984; Minshall and 

Minshall, 1977). The mechanism hypothesized to underlie the refuge from predators 

explanation is that smaller substrates have more interstitial spaces, which are thought to 

provide more refuge from predators, allowing more species and more individuals to live 

in an area (Flecker and Allan, 1984). Hixon and Menge (1991) showed that refuges from 

predators can have a significant effect on species richness and abundance of 

invertebrates in marine systems, although this relationship of increasing diversity with 

more refuge from predators also depended on interspecific competition in the system. 

The small-cobble treatment in my experiment did provide a larger number of interstitial 

spaces than the large-cobble treatment, as it had four to five layers of small cobble to 

provide interstitial spaces while the large rocks treatment consisted only of one to two 

layers of cobble with interstitial spaces mainly being provided between the few rocks 

and the bottom of the cage. This greater number of small interstitial spaces in the 

smaller-cobble treatment may have provided greater refuge from both predators and 
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competitors and contributed to the greater abundance of animals in smaller versus 

larger-cobble treatments in my study.  

The mechanism hypothesized to underlie the availability-of-space-for-colonization 

explanation is based on a “passive-sampling” model, whereby the number of individuals 

that can occupy a habitat increases with surface area available for colonization (Hart and 

Horwitz, 1991). As was the case for the refuge hypothesis, smaller cobble are also better 

than larger ones in context of this area-available-for-colonization hypothesis, as total 

surface area within a given volume increases with decreasing rock size. Therefore, this 

hypothesis may also provide an explanation for the decreasing species richness and 

abundance observed in my study with increasing cobble size.  

The most frequently invoked explanation in the literature for the habitat-complexity 

hypothesis is the niche diversification model, which states that species can coexist by 

partitioning resources and inhabiting separate niches (Schoener, 1974). This model 

proposes that more structurally complex habitats would provide a greater variety of 

different niches, allowing for a greater diversity of species to coexist (Schoener, 1974). 

The small-cobble treatment provided the greatest complexity of habitat, in terms of both 

the absolute abundance per unit volume of individual structural components (McCoy 

and Bell, 1991) and the fractal dimension. I am currently unable to distinguish between 

these possible hypotheses with the data at hand. 

The effect of cobble size reported in my study has implications to future monitoring of 

biodiversity using the bio-collectors, as it suggests it is important to ensure that the sizes 



 

111 

 

of cobble being used in the bio-collectors are consistent. Failure to use a standard range 

of cobble sizes will introduce differences between animal assemblages that are not due 

to changes in larval supply or local community assemblages. The small cobble would 

maximize abundance and diversity sampled. However, filling the entire bio-collectors 

with small cobble would make them markedly heavier and more difficult to manipulate. 

The average estimated volume of rock in each treatment measured by water 

displacement was 15.1 L for the small- (5.5 - 14.3 cm in maximal length), 13.0 L for the 

medium- (9.1 – 18.4 cm) and 11.3 L for the large-cobble treatments (17.1 – 32.7 cm), 

indicating that the a bio-collector filled with small cobble would weigh approximately 

16% more than one filled with medium-size cobble and 34% more than one filled with 

large cobble. I would therefore recommend excluding cobble >17 cm (my large cobble 

treatment) from the biodiversity monitoring bio-collectors, and using a mixture of small 

and medium cobble only. I would further recommend removing the smaller of the small 

cobble and the larger of the medium cobble, to ensure greater consistency among bio-

collectors, leaving a cobble size range of approximately 7 - 17 cm in maximum linear 

dimension.  

3.5.4    Effect of surface complexity 

There was a marked difference in surface complexity over the three cobble-size 

treatments, with a gradient from greatest surface complexity as measured by the fractal 

dimension for the small cobble to least with larger cobble. While my estimate of 

complexity is only based on the surface of each treatment, the differences in structural 

complexity between my cobble-size treatments involve more aspects than just surface 
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area. For example, if I had been able to make a slice through all the layers of cobble and 

measure structural complexity along this “depth axis”, instead of just along the surface, I 

likely would have detected even larger differences in complexity between the cobble 

treatments, because there is greater contact among cobble inside than at the surface of 

the cobble matrix.  

There was a significant increase in abundance of the encrusting jingle shell Anomia 

simplex with increasing substrate complexity in the different sections of my bio-

collectors. In principle, this significant relationship could have arisen because the 

surface area increases with increasing complexity, rather than because of complexity per 

se. However, when these relationships were investigated anew using density rather than 

abundance of A. simplex, a very similar and statistically significant relationship was 

found: the p-value associated with this relationship became somewhat smaller as density 

was adjusted for total abundance of A. simplex in different bio-collectors, again to 

account for fine-scale patterns independent of the factor of interest (here complexity). 

This finding implies that surface complexity affected the abundance of A. simplex 

independent of the increase in surface area that is inevitably associated with increasing 

complexity. These results are consistent with other studies of surface complexity, which 

have also shown greater densities of animals on more complex substrates than what 

could be accounted for by the increase in surface area associated with the increased 

complexity (Downes et al., 1998; Johnson et al., 2003; Kostylev et al., 2005). One 

prevalent explanation is that increased habitat complexity provides greater refuge from 

predators, causing changes in predation rates (Downes et al., 1998). Dean and Connell 
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(1987) showed in a lab experiment that increasing habitat complexity can cause a 

decrease in predation rates by fish and crabs on invertebrates. Similarly, Coull and Wells 

(1983) did both field and lab experiments showing that increasing habitat complexity 

can reduce the ability of predators to capture prey. It has also been shown that more 

complex surfaces with higher fractal dimensions have an increasingly disproportionate 

amount of space available for smaller animals (Morse et al., 1985). The effects of these 

different mechanisms are difficult to separate to determine how exactly surface 

complexity is affecting the density of Anomia simplex.  

3.5.5    Summary  

There was a high amount of variability in community assemblages occurring among bio-

collectors 10-30 m apart. When this fine-scale variability was taken into account, cobble 

size was found to have a small but significant effect on the assemblage of both settlers 

and crawl-ins recruiting into the bio-collectors deployed in shallow rocky subtidal 

marine habitats in the southwestern Bay of Fundy. This suggests that cobble size 

influences structuring of benthic marine communities. More is needed to understand that 

role, and its underlying mechanisms. To increase effectiveness, and to facilitate 

comparisons, cobble used in the bio-collectors should be standardized; I recommend 

using cobble approximately 7 - 17 cm in size, which would help increase species 

richness and abundance while keeping the weight of the bio-collectors manageable. 

Surface complexity as measured by the fractal dimension was found to have a significant 

effect on the settlement of the encrusting bivalve Anomia simplex on cobble surfaces. 
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Future studies should investigate the role of complexity in structuring species 

assemblages throughout the cobble layers, not just their upper surface.   
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Figure 3.1 Bio-collectors filled with cobble and stacked for transport.  
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Figure 3.2 (A) maximum length and (B) surface area of a random sample of cobbles 

measured from the “small” (n=10), “medium” (n=6) and “large” (n=3) cobble-size 

treatments. Bars are mean (+SD).  Results of ANOVAs are indicated in each panel, and 

those of Tukey-Kramer HSD post hoc test above columns; columns with different letters 

are significantly different.   
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Figure 3.3 Species richness of settlers (top panels), crawl-ins (middle panels) and 

settlers and crawl-ins pooled (all animals; bottom panels) in each cobble-size treatment 

at Beaver Harbour East (left-side panels) and Deep Gulch Cove (right-side panels). Bars 

are mean (+1 SE). Results of randomized block ANOVAs or Welch’s test with bio-

collector as a random factor comparing richness across cobble-size treatments are 

indicated in each panel, and when significant this is followed by Tukey-Kramer HSD 

post hoc tests, where columns with different letters are significantly different.  
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Figure 3.4 Abundance of settlers (top panels), crawl-ins (middle panels) and settlers and 

crawl-ins pooled (all animals; bottom panels) in each cobble-size treatment at Beaver 

Harbour East (left-side panels) and Deep Gulch Cove (right-side panels). Bars are mean 

(+1 SE). (The values exclude the encrusting animals, which were numerically dominant 

and would drive patterns). Results of randomized block ANOVAs or Welch’s test with 

bio-collector as random factor comparing total abundance of individuals across cobble-

size treatments are indicated in each panel, and when significant this is followed by 

Tukey-Kramer HSD post hoc tests, where columns with different letters are significantly 

different. 
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Table 3.1 Results of the comparisons of the observed differences in species richness and 

Bray-Curtis similarity coefficients among cobble-size treatments (average of different 

cobble-size treatment pairs) to the values obtained when individuals in each bio-collector 

were randomly allocated (1000 times) to the three different cobble-size treatments of the 

same bio-collector (i.e., theoretical distribution under hypothesis that cobble size does not 

matter). Analyses were conducted separately for settlers, crawl-ins and settlers and crawl-

ins pooled (all animals).  

Data 
set Metric  

Observed 
mean 
difference  

Theoretical 
distribution 

Proportion of 
theoretical 
values > 
observed value Mean  

Standard 
deviation 

Settlers 

Deviation in species richness 5.5 3.7 0.6 0.008 

Bray-Curtis coefficient 67.2 98.1 0.1 0.000 

Crawl-
ins 

Deviation in species richness 7.3 5.4 0.9 0.03 

Bray-Curtis coefficient 61.0 83.5 0.7 0.000 

All 
animals 

Deviation in species richness 9.7 6.1 1.0 0.001 

Bray-Curtis coefficient 66.9 97.5 0.1 0.000 
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Figure 3.5 Beaver Harbour East. nMDS plot of the untransformed data of the 

assemblage of crawl-ins found in the small-, medium- and large-cobble treatments in 

each bio-collector at Beaver Harbour East. The different symbols associated with a 

common number indicate the three cobble sizes of a single bio-collector. The stress 

value refers to how accurately the 2D picture represents the actual multivariate 

ordination of results; <0.1 indicates a good representation.   
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Figure 3.6 Deep Gulch Cove. nMDS plot of the untransformed data of the assemblage of 

crawl-ins found in the small-, medium- and large-cobble treatments in each bio-collector 

at Deep Gulch Cove. The different symbols associated with a common number indicate 

the three cobble sizes of a single bio-collector. The stress value refers to how accurately 

the 2D picture represents the actual multivariate ordination of results; <0.1 indicates a 

good representation. 
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Table 3.2 Beaver Harbour East. Results of PERMANOVAs (including variance 

components) of communities sampled in the three cobble-size treatments of bio-

collectors deployed at the Beaver Harbour East site. These analyses were conducted 

using untransformed and presence/absence transformed data for settlers, crawl-ins and 

settlers and crawl-ins pooled (all animals). * indicates p-values < 0.05.  

 
PERMANOVA       

Data set 
Model 
Source 

Proportions 
of variation Pseudo-F p 

Settlers  Bio-collector 47.4% F9, 18 = 4.43 0.0001* 

Untransformed Cobble size 11.2% F2, 18 = 3.71 0.004* 

  Residual 41.4%    

Settlers  Bio-collector 35.8% F9, 18 = 2.81 0.0001* 

Presence/Absence Cobble size 4.9% F2, 18 = 1.83 0.06 

  Residual 59.3%    

Crawl-ins  Bio-collector 50.1% F9, 18 = 5.10 0.0001* 

Untransformed Cobble size 13.3% F2, 18 = 4.62 0.0001* 

  Residual 36.6%    

Crawl-ins  Bio-collector 37.5% F9, 18 = 2.85 0.0001* 

Presence/Absence Cobble size 1.6% F2, 18 = 1.27 0.2 

  Residual 60.9%    

All animals  Bio-collector 47.6% F9, 18 = 4.49 0.0001* 

Untransformed Cobble size 11.5% F2, 18 = 3.82 0.004* 

  Residual 40.9%    

All animals  Bio-collector 37.0% F9, 18 = 2.89 0.0001* 

Presence/Absence Cobble size 2.7% F2, 18 = 1.46 0.09 

  Residual 60.3%    
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Table 3.3 Deep Gulch Cove. Results of PERMANOVAs (including variance 

components) of communities sampled in the three cobble-size treatments of bio-

collectors deployed at the Deep Gulch Cove site. These analyses were conducted using 

untransformed and presence/absence transformed data for settlers, crawl-ins, and settlers 

and crawl-ins pooled (all animals). Encrusting species counted on the rocks were 

omitted. * indicates p-values < 0.05.   

 
PERMANOVA       

Data set 
Model 
Source 

Proportions 
of variation Pseudo-F p 

Settlers  Bio-collector 61.4% F4, 8 = 8.07 0.0002* 

Untransformed Cobble size 12.6% F2, 8 = 3.41 0.02* 

 
Residual 26.0%   

 Settlers  Bio-collector 40.4% F4, 8 = 3.36 0.0006* 

Presence/Absence Cobble size 8.2% F2, 8 = 1.80 0.1 

 
Residual 51.4%   

 Crawl-ins  Bio-collector 34.3% F4, 8 = 3.28 0.0004* 

Untransformed Cobble size 20.6% F2, 8 = 3.28 0.009* 

  Residual 45.1%    

Crawl-ins  Bio-collector 36.3% F4, 8 = 2.74 0.0004* 

Presence/Absence Cobble size 0.9% F2, 8 = 1.07 0.4 

  Residual 62.8%    

All animals  Bio-collector 55.7% F4, 8 = 6.80 0.0003* 

Untransformed Cobble size 15.5% F2, 8 = 3.69 0.006* 

 Residual 28.8%    

All animals  Bio-collector 35.4% F4, 8 = 2.72 0.0002* 

Presence/Absence Cobble size 2.8% F2, 8 = 1.23  0.3 

 Residual 61.8%    
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Table 3.4 Multivariate pairwise PERMANOVA comparisons of the communities 

(untransformed data) of different cobble-size treatments for the Beaver Harbour East and 

Deep Gulch Cove sites. * indicates p-values < 0.05.  

Data set Comparison t-value p 

Beaver Harbour East small-medium t9 = 2.18   0.019* 

Settlers small-large t9 = 2.58   0.0045* 

 medium-large t9 = 1.03 0.37 

Beaver Harbour East small-medium t9 = 2.23   0.0038* 

Crawl-ins small-large t9 = 2.55   0.0009* 

 medium-large t9 = 1.39 0.079 

Beaver Harbour East small-medium t9 = 2.21   0.015* 

All animals small-large t9 = 2.61   0.004* 

 medium-large t9 = 1.05 0.36 

Deep Gulch Cove small-medium t4 = 1.74 0.14 

Settlers small-large t4 = 1.86 0.072 

 medium-large t4 = 1.87 0.067 

Deep Gulch Cove small-medium t4 = 1.13 0.3 

Crawl-ins small-large t4 = 2.28   0.016* 

 medium-large t4 = 1.79   0.048* 

Deep Gulch Cove small-medium t4 = 1.50 0.14 

All animals small-large t4 = 2.08   0.038* 

 medium-large t4 = 1.87   0.043* 
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Table 3.5 Beaver Harbour East. Abundance of species and results of SIMPER analyses for settlers and crawl-ins pooled showing how 

different species contribute to pairwise dissimilarities between the three cobble-size treatments. All values are means. Species are 

ranked based on the magnitude and consistency (Diss/SD) of their contribution to dissimilarity between the small and medium cobble-

size treatments. Only animals with a Diss/SD ratio (see Methods) > 1.00 in at least one of the three treatment comparisons are 

included. 

    
Small  &  Medium Small  &  Large Medium  &  Large 

 
Small Medium Large 

Total mean 
dissimilarity=40.57 

Total mean 
dissimilarity=48.85 

Total mean 
dissimilarity=44.70 

Species Abund Abund Abund Diss Diss/SD Diss Diss/SD Diss Diss/SD 

Anomia simplex 5261.6 3366.1 4250 20.69 1.58 27.17 1.71 21.64 1.28 

Mytilus edulis/trossolus 289.7 242 206.2 0.8 1.42 0.85 1.27 0.93 1.13 

Caridion gordoni 3.2 1.3 0.6 0.02 1.38 0.02 1.21 0.02 0.73 

Crepidula fornicate 2.6 2.2 0.7 0.01 1.38 0.02 1.22 0.01 0.97 

Hiatella arctica 198.8 112.4 73.9 0.76 1.26 0.9 1.32 0.65 1.16 

Eualus pusiolus 31.2 18.2 9.4 0.16 1.23 0.22 1.11 0.13 1.08 

Didemnum albidum 1.4 0.4 0.9 0.01 1.22 0.01 1.11 0.01 0.76 

Heteranomia squamula 326.6 194.9 604.7 1.43 1.22 3.33 0.66 3.33 0.56 

Phyllodocidae 8.5 3.6 0.7 0.05 1.22 0.06 1.13 0.04 0.82 

Circeis spirillum 2081.9 1920.3 1689.1 11.48 1.18 10.95 1.35 13.08 1.22 

Strongylocentrotus droebachiensis 6.9 4.9 3 0.04 1.15 0.05 1.02 0.05 1.1 

Mya arenaria 4.7 3.3 1.6 0.03 1.14 0.03 1.08 0.04 0.77 

Ischyrocerus anguipes 10.6 9.8 10.7 0.05 1.13 0.05 1.19 0.07 1.1 

Homarus americanus 1.1 1.4 0.3 0.01 1.12 0.01 0.95 0.02 0.76 

Corophidae grp 1 186.8 86.3 78.1 1.04 1.11 1.07 1.05 0.71 0.92 

Bryozoa spp. 38.1 11.6 3.7 0.26 1.09 0.29 1.05 0.1 0.98 
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Parvicardium pinnulatum 16.9 8.4 7.6 0.1 1.08 0.09 0.98 0.07 0.85 

Polynoidae grp 1 35.9 18.6 12.3 0.17 1.08 0.21 1.13 0.11 1.08 

Ciona intestinalis 7.5 2.3 1.9 0.04 1.04 0.05 1.19 0.02 1.3 

Placopecten magellanicus 1.1 0.7 0.3 0.01 1.03 0.01 0.75 0.01 0.66 

Henricia sanguinolenta 0.8 0.7 0.5 0.01 0.99 0.01 1.02 0.01 0.74 

Spirorbis spirorbis 201.3 128.7 152.5 1.24 0.96 1.32 1 1.43 0.88 

Lichenopora verrucaria  24.8 19.8 10.5 0.16 0.89 0.18 1.11 0.19 0.76 
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Table 3.6 Deep Gulch Cove. Abundance of species and results of SIMPER analyses for settlers and crawl-ins pooled showing how 

different species contribute to pairwise dissimilarities between the three cobble-size treatments. All values are means. Species are 

ranked based on the magnitude and consistency (Diss/SD) of their contribution to dissimilarity between the small and medium cobble-

size treatments. Only animals with a Diss/SD ratio (see Methods) > 1.00 in at least one of the three treatment comparisons are 

included.  

    
Small  &  Medium Small  &  Large Medium  &  Large 

 
Small Medium Large 

Total mean 
dissimilarity=45.06 

Total mean 
dissimilarity=57.51 

Total mean 
dissimilarity=51.33 

Species Abund Abund Abund Diss Diss/SD Diss Diss/SD Diss Diss/SD 

Achelia spinose 1.2 1.8 1.6 0.08 1.98 0.08 0.87 0.13 1.95 

Munna fabricii 5 5.2 1.2 0.23 1.67 0.2 1.03 0.23 1.5 

Hiatella arctica 456 341.6 175.8 12.77 1.56 17.42 1.74 15.23 2.09 

Musculus niger 3.4 3.2 0.8 0.12 1.53 0.18 1.28 0.17 0.94 

Molgulidae spp. 34.2 22.6 11.8 0.85 1.5 1.16 1.94 0.84 1.36 

Polynoidae grp 1 50.6 28.8 13.4 1.01 1.42 2.08 2.67 1.09 1.47 

Onchidoris muricata 3.4 1.4 2.8 0.12 1.37 0.13 1.13 0.15 1.32 

Caprellidae spp. 14 12.8 6.2 0.46 1.32 0.53 1.35 0.6 1.24 

Asterias spp. 6.2 4 2.8 0.23 1.32 0.26 1.27 0.18 0.97 

Mytilus edulis/trossulus 402.4 296.2 266.4 12.14 1.27 15.01 1.26 13.07 1.2 

Haliclona oculata 1.2 1.2 0.6 0.04 1.24 0.04 0.97 0.06 1.05 

Amphipholis squamata 1 1.4 0.4 0.05 1.22 0.04 1.03 0.07 1.22 

Parvicardium  pinnulatum 67.4 40.4 17 1.47 1.2 2.6 1.8 1.86 2.06 

Margarites helicinus 4.2 3.4 3.4 0.08 1.19 0.15 1.08 0.17 1.04 

Strongylocentrotus droebachiensis 10.6 14 5.8 0.39 1.18 0.36 1.23 0.57 1.44 

Placopecten magellanicus 20.8 15.8 10 0.69 1.18 0.75 1.34 0.66 1.12 
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Lepidonotus squamatus 1.8 1.8 0.6 0.08 1.17 0.09 0.99 0.08 1.23 

Lacuna vincta 0.8 1 1 0.05 1.17 0.06 0.87 0.07 1.18 

Alteutha depressa 0.8 0.6 0.2 0.04 1.17 0.05 0.95 0.04 0.7 

Modiolus modiolus 13 9 4.6 0.41 1.15 0.51 1.34 0.46 1.52 

Mya arenaria 5.6 1.6 1.2 0.19 1.15 0.26 1.27 0.1 1.34 

Ciona intestinalis 39.2 23.8 16.2 1.16 1.11 1.3 1.1 0.95 1.32 

Boltenia ovifera 3.8 1.8 4 0.15 1.11 0.25 1.14 0.2 0.91 

Testudinalia testudinalis 2.4 0.6 1 0.09 1.11 0.13 1.17 0.09 0.71 

Pontogeneia inermis 4.6 4 2.2 0.2 1.09 0.24 1.04 0.24 1.06 

Didemnum albidum 10.2 1.4 1.6 0.34 1.08 0.4 1.14 0.12 1.39 

Ischyrocerus anguipes 29.4 76 24.2 2.12 1.06 1.09 1.41 2.99 1.19 

Pholoe minuta 2.4 0.8 0.2 0.11 1.06 0.14 1.09 0.06 0.76 

Corophidae grp 1 112.4 93.8 21.2 4.36 0.98 7.14 1.02 5.41 1.21 

Pholis gunnellus 0.4 1 0.2 0.03 0.98 0.03 0.7 0.06 1.2 

Margarites groenlandicus 6.4 3 2.4 0.17 0.96 0.21 1.03 0.15 1.09 

Acari  30 9.2 4.8 0.95 0.91 1.05 0.89 0.39 1.22 

Pleusymtes glaber 11.6 42.2 14 1.27 0.88 0.84 0.92 1.78 1.03 

Terebellidae/Ampharetidae 1.6 0.8 0.6 0.06 0.8 0.1 0.77 0.06 1.05 

Pagurus arcuatus 1.2 0.6 0.8 0.07 0.74 0.08 0.8 0.06 1.04 
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Figure 3.7 Beaver Harbour East. Surface complexity measurement (D) for each cobble-

size treatment. Bars are mean (+1 SE). Result of ANOVA comparing surface 

complexity among cobble-size treatments is indicated at the top of the panel, and results 

of Tukey-Kramer HSD post hoc tests above the columns (bars with different letters are 

significantly different). 
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Figure 3.8 Beaver Harbour East. Density of the encrusting jingle shell Anomia simplex 

in transects sampled in the center sections of the 15 bio-collectors deployed in Beaver 

Harbour East in relation to the size of cobble in that center section (n=5 per cobble-size 

treatment). Bars are mean (+1 SE). Result of ANOVA comparing Anomia simplex 

density (m2) among cobble-size treatments is indicated at the top of the figure.  
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Figure 3.9 Linear regression of cube-root transformed abundance of Anomia simplex 

against surface complexity (D) for one transect (see Methods) for each of the three 

sections of all 15 bio-collectors in Beaver Harbour East (r2=0.15, p=0.008).  
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Figure 3.10 Linear regression of cube-root transformed density of Anomia simplex 

against surface complexity (D) for one transect (see Methods) for each of the three 

sections of all 15 bio-collectors in Beaver Harbour East (r2=0.094, p=0.040).  
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Figure 3.11 Linear regression of cube root transformed density of Anomia simplex 

against surface complexity (D) for one transect of each of the three sections of the 15 

bio-collectors standardized for the differences in Anomia abundances among the bio-

collectors (see Methods) (r2=0.106, p=0.028). 
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4    General Discussion 

The overarching goal of this project was to contribute to the development of a 

biodiversity monitoring tool and program that would help manage four Ecologically and 

Biologically Significant Areas (EBSA’s) in the Bay of Fundy, and potentially other 

marine cobble-bottom areas of particular interest. To this end I undertook four major 

activities: (i) I compared assemblages captured in the bio-collectors to those detected on 

the nearby natural cobble substrate sampled by SCUBA quadrats, to quantify the bio-

collectors’ capture of the biodiversity at a site; (ii) I examined the effects of deploying 

the bio-collectors in May (before the end of the lobster fishing season) vs July on the 

species assemblages sampled, to determine if an earlier but less convenient deployment 

time might be necessary for biodiversity monitoring; (iii) I used different sizes of cobble 

in the bio-collectors, to evaluate its impact on species assemblages and determine the 

best cobble size range for monitoring biodiversity; and (iv) I examined the relationship 

between structural complexity of the surface layer of the cobble on the abundance of 

Anomia simplex, the most abundant species found in the bio-collectors. The latter is an 

example of theoretical ecological question that can be addressed in conjunction with an 

eventual monitoring program.   

4.1    Importance of biodiversity monitoring for managing marine areas 

There has been increased effort recently to develop large marine area management 

strategies based on the activities and interests of multiple stakeholders, such as different 

levels of government, academic institutions, and not-for-profit organizations and 

societies (Fautin et al., 2010; Holt et al., 2011; Nobre, 2011; Ruiz-Frau et al., 2011; 
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Ruttenberg and Granek, 2011). These new management strategies focus on an 

“ecosystem-based management approach”, which aims to maintain the ecosystem 

services provided by marine environments while also maintaining the important socio-

economic activities that use them (Fautin et al., 2010; Holt et al., 2011; Laurila-Pant et 

al., 2015; Nobre, 2011; Ruttenberg and Granek, 2011; Townsend et al., 2011). Marine 

ecosystems provide a wide variety of goods and services including providing food, 

assimilating wastes, protecting shorelines, improving water quality, regulating the 

climate and the atmosphere as well as supporting tourism and recreation (Fautin et al., 

2010; Holt et al., 2011; Palumbi et al., 2009; Townsend et al., 2011). Maintaining the 

natural biodiversity of these ecosystems is thought to be important to ensure the 

conservation of their services (Fautin et al., 2010; Hooper et al., 2005; Laurila-Pant et 

al., 2015; Worm et al., 2006) and several studies have shown a positive relationship 

between biodiversity and various ecosystems services (Hooper et al., 2005; Palumbi et 

al., 2009; Worm et al., 2006). Similarly, ecosystems with higher biodiversity have 

shown slower fisheries collapse rates and higher rates of recovery than those with lower 

biodiversity (Palumbi et al., 2009; Worm et al., 2006). High biodiversity is generally 

thought to be favourable to these ecosystem services because most of these services 

depend on complex ecological linkages. The mechanisms thought to create this positive 

relationship between biodiversity and ecosystems services include facilitation, where 

one species improves conditions for other species, and functional redundancy, where 

multiple species have similar “ecological roles” and can continue ensuring these roles as 

their relative abundance changes due to changing conditions (Hooper et al., 2005; 

Palumbi et al., 2009). In order for ecosystem-based management approaches to succeed 
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in maintaining these important ecosystem services, they must monitor the biodiversity of 

these systems appropriately, to ensure the systems are able to maintain themselves in the 

face of changes in proposed activities, management and climate (Fautin et al., 2010; 

Laurila-Pant et al., 2015; Nobre, 2011; Thrush and Dayton, 2010). One challenge to this 

end is the incorporation of new ways of monitoring biodiversity into these ecosystem-

based marine management strategies (Fautin et al., 2010; Laurila-Pant, 2015; Nobre, 

2011; Thrush and Dayton, 2010).     

4.2    Comparing bio-collectors and quadrats 

While there are significant differences between what is found in the bio-collectors and 

the natural substrate sampled by SCUBA diving quadrats, the bio-collectors provided a 

good representation of the composition of both the settler and crawl-in species found at 

a site. For example, 73.7% and 65.3% of the species of settlers at Simpsons and Beaver 

Harbour East, respectively, were found in both the quadrats and bio-collectors. Another 

18.4% of settler species at Simpsons and 28.6% of settler species at Beaver Harbour 

East were found only in the bio-collectors. Importantly, these species were necessarily 

supplied to the two sites by currents, given they were found in the bio-collectors, and 

their absence from quadrat samples may reflect reduced availability of settlement 

surfaces on cobble already colonized (see below). Species that are found in the bio-

collectors and not in quadrats are amongst the least abundant, which is consistent with 

availability of settlement substrate being responsible for the differences, rather than 

preference for the river cobble in the bio-collectors over the cobble found in situ. Of the 

7 settlers species found only in the bio-collectors at Simpsons, 5 had fewer than 10 
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individuals in total and were found in only 2 of the bio-collectors; the most abundant 

species found only in the bio-collectors had 16 individuals total among all five bio-

collectors. A similar pattern was observed for the species found in bio-collectors at 

Beaver Harbour East. But most importantly, the bio-collectors capture the vast majority 

of the settlement occurring at a site. Only 7.9% of settler species at Simpsons and 6.1% 

of settler species at Beaver Harbour East were found on the natural substrate and not in 

the bio-collectors. Of the few species that were missed by the bio-collectors, a third 

were known to be sediment dwellers, not cobble dwellers, relics of sampling error that 

occurs when doing the SCUBA quadrats. Another of the species eats primarily coralline 

algae which did not occur on the rocks in the bio-collectors. 

The bio-collectors consistently sampled more settlers compared to the natural substrate, 

both in terms of number of species and abundance of individuals. The main reasons for 

these differences were likely related to specific properties of the substrate available for 

colonization. First, the rocks in the bio-collectors were bare prior to deployment while 

the communities on the natural substrate sampled by SCUBA quadrats were mature 

communities. These more mature communities comprised adult individuals, which 

likely limited the space available for larvae to settle (Gaines and Roughgarden, 1985). A 

second and related explanation for the greater diversity and abundance of settlers in the 

bio-collectors than on natural substrates was that the bio-collectors were filled 100% 

with quality cobble substrate, whereas the natural bottom was a heterogeneous mix of 

cobble, finer sediment and bedrock. Despite these differences in substrate available for 

settlement, it must be stressed again that only 18.4% of the settler species at Simpsons 
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and 28.6% of the settler species at Beaver Harbour East were found only in bio-

collectors. I expect that most, if not all, of these were probably present on the natural 

substrate, but not detected in the SCUBA quadrats due to their low abundance and the 

smaller amount of rock surface area sampled in the quadrats compared to the bio-

collectors (Johnson et al., 2003; Kostylev et al., 2005). Indeed, all but one of the settler 

species found only in the bio-collectors had 16 or fewer individuals in total among all 

five bio-collectors at a site, and these were among the least abundant settler species 

found in the bio-collectors. We conclude that the bio-collectors provide a good 

representation of the species settling at a particular site, i.e. richness and species 

composition. However, the abundances of individuals found in the bio-collectors were 

for most species markedly greater than those found on natural cobble substrate, 

indicating that the assemblages captured by bio-collectors may not reflect naturally 

occurring densities of settlers, at least for most species (but see Wahle et al., 2009). 

However, they provide a good index of the relative abundance of different species that 

were available to settle at a site.  

Somewhat surprisingly, the bio-collectors also captured a greater diversity and 

abundance of individuals that crawled into the bio-collectors from the seafloor 

compared to the natural substrate, likely for reasons similar to those outlined for settlers. 

Both the greater surface area and habitat complexity (availability of different-size 

crevices between rocks) in the bio-collectors would have allowed for more species and 

individuals to coexist in the bio-collectors in comparison to the natural substrate (Beck, 

2000; Dean and Connell, 1987; Downes et al., 1998; Hauser et al., 2006; Johnson et al., 
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2003; Kostylev et al., 2005). There were a large number of mobile species found in the 

bio-collectors at both sites, 43.2% at Simpsons and 53.9% at Beaver Harbour East, that 

were not found on the natural substrate sampled by SCUBA quadrats, and the 

abundances of crawl-in species found in both were generally greater in the bio-collectors 

compared to the natural substrates. There are three potential reasons for this pattern: (i) 

animals are attracted to the bio-collectors and their density in the bio-collectors 

overestimates their density; (ii) densities in nature and in the bio-collectors are 

comparable, but the bio-collectors capture them more effectively than with the SCUBA 

quadrats (e.g. fishes fleeing); (iii) a combination of the two. Based on my results I am 

unable to determine which of the three scenarios is most likely, however, these  findings 

indicate that bio-collectors may be better than SCUBA quadrats to assess the presence 

of mobile species in a particular area, in spite of possibly overestimating the density of  

some or most of the mobile species. Nevertheless, Wahle et al. (2009) found that the 

densities of juvenile lobsters in the bio-collectors were similar to the densities found on 

the natural substrate sampled nearby by diver-based suction sampling.  

4.3    Deployment time  

I found that deploying the bio-collectors in May instead of July did not have a 

significant effect on the communities found in the bio-collectors. There was no 

difference in the identity or the abundance of the crawl-in species found in the bio-

collectors between the two deployment times, which was not unexpected given the 

ability of animals to move in and out of the bio-collectors throughout the deployment 

period. There was also no significant difference in the total abundance of individuals 
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that settled into the bio-collectors deployed in May vs July, which showed that the 

longer deployment of May bio-collectors did not accrue more individuals. This is 

presumably because the vast majority of larvae settle later in the summer, after the July 

bio-collectors were deployed. There was, nevertheless, a marginally significant 

difference in the presence/absence settlers’ data between May- and July-deployed bio-

collectors. Five of the seven species found only in the May bio-collectors were rare; 

their capture was likely due to sampling error and random variation in settlement at fine 

spatial scales, rather than to their period of settlement. Variation in settlement at a fine 

(centimetres to metres apart) spatial scale has been shown to be the largest component of 

variation when studying multiple scales (Horne and Schneider, 1995; Terlizzi et al., 

2007), even masking effects of environmental variables such as sewage discharge 

(Chapman et al., 1995; Roberts, 1996). Only 2 out of 50 settler species (Boltenia 

echinata and Neoamphitrite affinis) were found only in the May bio-collectors and 

likely settled prior to the July bio-collector deployment, based on their abundance in the 

May bio-collectors and knowledge of their life history. These minor differences indicate 

clearly that the bio-collectors do not require early deployment for the purpose of 

monitoring biodiversity, which is a fortunate outcome given the intensive activity (and 

associated gear) of lobster fishing in the southwest Bay of Fundy prior to the end of 

June, although a few species that settled earlier may be missed. This recommendation 

should be revisited in the future, as rapidly increasing water temperature in the Gulf of 

Maine may advance local hatch time in some of these species. 
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4.4    Cobble size and complexity 

Cobble size had a small but significant effect on the recruitment of both settlers and 

crawl-ins into the bio-collectors. Importantly, in order to detect a significant effect of 

cobble size in the univariate and multivariate data, the fine-scale spatial variation 

between bio-collectors first had to be accounted for in the models. In addition to their 

relevance to the cobble-size question addressed in the present study, these results also 

indicate more generally that future manipulative experiments using the bio-collectors 

will need some way to account for this spatial variation or risk failing to detect treatment 

effects. After statistically accounting for fine-scale variation, I found that the small-

cobble treatment had higher abundances of individuals as well as greater species 

richness than the medium- and large-cobble treatments. For example, at Beaver Harbour 

East for the all-animals-combined data excluding encrusting species, there was an 

average of 3.2 (7.7%) more species and 375.5 (54.2%) more individuals in the small- 

compared to the medium-cobble treatment and 6.2 (16.1%) more species and 501.2 

(88.4%) more individuals in the small- compared to the large-cobble treatment. In 

particular, a number of the less numerous species were more likely to be found in the 

small-cobble treatment, resulting in a higher mean species richness in this treatment 

compared to the medium- and large-size cobble treatments. While this study is one of 

the few that has looked at this question for marine animals, this finding was consistent 

with other cobble size studies done on freshwater communities (Allan, 1975; Flecker 

and Allan, 1984; Minshall and Minshall, 1977; Wise and Molles, 1979). One of the 

explanations for this pattern is that smaller cobble provide more interstitial spaces, 

which provide more refuges and allow for more species to live in greater numbers 
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(Flecker and Allan, 1984; Hixon and Menge, 1991). Another explanation is that the 

smaller cobble provided greater total surface area, and hence a greater opportunity for 

more species and individuals to settle (Johnson et al., 2003). The final explanation is 

that the small-cobble treatment provided greater substrate complexity, allowing for more 

species to coexist due to greater number of different micro-habitats (Downes et al., 

1998; Johnson et al., 2003; Kostylev et al., 2005). This latter mechanism is consistent 

with the results of the complexity experiment, which found a significant increase in 

Anomia simplex abundance with increasing substrate complexity after accounting for the 

increase in surface area that is associated with increasing complexity.  

This experiment showed that the size of cobble being used in the bio-collectors can have 

an impact on biodiversity monitoring, but this impact is relatively small. A failure to 

consistently use a standard range of cobble sizes could introduce some differences 

between animal assemblages that are not due to larval supply or local community 

assemblages. While the small cobble would maximize number and abundance of species 

sampled, these smaller cobble also markedly increase the weight of the bio-collectors. I 

would therefore recommend a mixture of the small- and medium-sized cobble used in 

this treatment, or a cobble size range of 7-17 cm in size. This would allow for a large 

amount of surface area and several layers of rock to fit in the bio-collector, while 

keeping the weight of the bio-collectors manageable for deployment and retrieval.  

4.5    Summary 

In summary, this study evaluates the effectiveness of cobble-filled bio-collectors to 

sample and monitor biodiversity of marine cobble-bottom habitats in areas of interest in 
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the Bay of Fundy (e.g., EBSAs), both for quantifying seasonal benthic recruitment as 

well as the presence of older mobile benthic species. It also confirms an appropriate 

deployment time to capture spring-summer settlement in the region, and identifies a 

standard size range of cobble to use based on consideration of monitoring goals and 

logistics. I recommend that future research efforts  use this sampling tool to establish 

biodiversity baselines in different EBSAs of the Bay of Fundy, while at the same time 

conducting analyses and potentially additional dedicated deployments to address 

outstanding practical and theoretical questions, such as the optimal sample size and 

spatial scale of study (based on variance in biodiversity) and the effects of 

environmental factors such as sea surface temperature, bottom temperature, wind-driven 

currents and large-scale oceanographic processes (e.g., NAO) on the diversity of cobble-

bottom marine invertebrate and fishes in southwest Bay of Fundy.  

 

 

 

 

 



 

150 

 

4.6    References 

Allan, J.D. (1975). The distributional ecology and diversity of benthic insects in Cement 

Creek, Colorado. Ecology 56: 1040-1053. 

Beck, M.W. (2000). Seperating the elements of habitat structure: independent effects of 

habitat complexity and structural components on rocky intertidal gastropods. Journal of 

Experimental Marine Biology and Ecology 249: 29-49. 

Chapman, M.G., Underwood, A.J. and Skilleter, G.A. (1995). Variability at different 

spatial scales between a subtidal assemblage exposed to the discharge of sewage and 

two control assemblages. Journal of Experimental Marine Biology and Ecology 189: 

103-122. 

Dean, R.L. and Connell, J.H. (1987). Marine invertebrates in an algal succession. II. 

Tests of hypotheses to explain changes in diversity with succession. Journal of 

Experimental Marine Biology and Ecology 109: 217-247. 

Downes, B.J., Lake, P.S., Schreiber, E.S.G. and Glaister, A. (1998). Habitat structure 

and regulation of local species diversity in a stony, upland stream. Ecological 

Monographs 68: 237-257. 

Fautin, D., Dalton, P., Incze, L.S., Leong, J.C., Pautzke, C., Rosenberg, A., Sandifer, P., 

Sedberry, G., Tunnell, J.W., Abbott, I., Brainard, R.E., Brodeur, M., Eldredge, L.G., 

Feldman, M., Moretzsohn, F., Vroom, P.S., Wainstein, M. and Wolff N. (2010). An 

overview of marine biodiversity in United States waters. PLoS ONE 8: e11914. 

doi:10.1371/journal.pone.0011914 

 Flecker, A.S. and Allan, D.J. (1984). The importance of predation, substrate and spatial 

refugia in determining lotic insect distributions. Oecologia 64: 306-313. 

Gaines, S., Roughgarden, J. (1985). Larval settlement rate: a leading determinant of 

structure in an ecological community of the marine intertidal zone. Proceedings of the 

National Academy of Sciences of the United States of America 82: 3707-3711. 

Hauser, A., Attrill, M.J. and Cotton, P.A. (2006). Effects of habitat complexity on the 

diversity and abundance of macrofauna colonising artificial kelp holdfasts. Marine 

Ecology Progress Series 325: 93-100. 

Hixon, M.A. and Menge, B.A. (1991). Species diversity: prey refuges modify the 

interactive effects of predation and competition. Theoretical Population Biology 39: 

178-200.   

Holt, A.R., Godbold, J.A., White, P.C.L, Slater, A., Pereira, E.G. and Solan, M. (2011). 

Mismatches between legislative frameworks and benefits restrict the implementation of 



 

151 

 

the ecosystem approach in coastal environments. Marine Ecology Progress Series 434: 

213-228. 

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, 

J.H., Lodge, D.M., Loreau, M., Naeem, S., Schmid, B., Setala, H., Symstad, A.J., 

Vandermeer, J. and Wardle, D.A. (2005). Effects of biodiversity on ecosystem 

functioning: a consensus of current knowledge. Ecological Monographs 75: 3-35.  

Horne, J.K. and Schneider, D.C. (1995). Spatial variance in ecology. Oikos 74: 18-26. 

Johnson, M.P., Frost, N.J., Mosley, M.W., Roberts, M.F. and Hawkins, S.J. (2003). The 

area-independant effects of habitat complexity on biodiversity vary between regions. 

Ecology Letters 6: 126-132. 

Kostylev, V.E., Erlandsson, J., Ming, M.Y. and Williams, G.A. (2005). The relative 

importance of habitat complexity and surface area in assessing biodiversity: Fractal 

application on rocky shores. Ecological Complexity 2: 272-286. 

Laurila-Pant, M., Lehikoinen, A., Uusitalo, L. and Venesjarvi, R. (2015). How to value 

biodiversity in environmental management? Ecological Indicators 55: 1-11.  

Minshall, G.W. and Minshall, J.N. (1977). Microdistribution of benthic invertebrates in 

a Rocky Mountain (USA) stream. Hydrobiologia 55: 231-249.  

Nobre, A.M. (2011). Scientific approaches to address challenges in coastal management. 

Marine Ecology Progress Series 434: 279-289.  

Palumbi, S.R., Sandifer, P.A., Allan, J.D., Beck, M.W., Fautin, D.G., Fogarty, M.J., 

Halpern, B.S., Incze, L.S., Leong, J., Norse, E., Stachowicz, J.J. and Wall, D.H. (2009). 

Managing for ocean biodiversity to sustain marine ecosystem services. Frontiers in 

Ecology and the Environment 7: 204-211.  

Roberts, D.E. (1996). Patterns in subtidal marine assemblages associated with a deep-

water sewage outfall. Marine and Freshwater Research 47: 1-9.  

Ruiz-Frau, A., Edward-Jones, G. and Kaiser, M.J. (2011). Mapping stakeholder values 

for coastal zone management. Marine Ecology Progress Series 434: 239-249.  

Ruttenberg, B.I. and Granek, E.F. (2011). Bridging the marine-terrestrial disconnect to 

improve marine coastal zone science and management. Marine Ecology Progress Series 

434: 203-212.   

Terlizzi, A., Anderson, M.J., Fraschetti, S. and Benedetti-Cecchi, L. (2007). Scales of 

spatial variation in Mediterranean subtidal sessile assemblages at different depths. 

Marine Ecology Progress Series 332: 25-39. 



 

152 

 

Thrush, S.F. and Dayton, P.K. (2010). What can ecology contribute to ecosystem-based 

management? Annual Review of Marine Science 2: 419-441.    

Townsend, M., Thrush, S.F. and Carbines, M.J. (2011). Simplifying the complex: an 

‘Ecosystem Principles Approach’ to goods and services management in marine coastal 

ecosystems. Marine Ecology Progress Series 434: 291-301.    

Wahle, R.A, Wilson, C., Parkhurst, M. and Bergeron, C.E. (2009). A vessel-deployed 

passive postlarval collector to assess settlement of the American lobster Homarus 

americanus. New Zealand Journal of Marine and Freshwater Ecology 43: 465-474.  

Wise, D.H. and Molles, M.C. (1979). Colonization of artificial substrates by stream 

insects: influence of substrate size and diversity. Hydrobiologia 65: 69-74 

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Jackson, 

J.B.C., Lotze, H.K., Micheli, F., Palumbi, S.R., Sala, E., Selkoe, K.A., Stachowicz, J.J. 

and Watson, R. (2006). Impacts of biodiversity loss on ocean ecosystem services. 

Science 314: 787-790.  

 

 

 

 

 

 

 

 

 

 



 

153 

 

Appendix A 

The criteria for merging/splitting taxa were as follows: 

1)      If there was confidence that only one taxa was present at lower taxonomic levels 

then higher taxa (e.g., family) were merged with lower taxa (e.g., species) entries.  

a.    If not confident that only one taxa present at lower levels but the 

proportional abundance of the higher level taxa was less than 10% taxa were 

merged 

2)      If several taxa were found or were suspected to be at lower taxonomic levels then: 

a.       Lower taxa (species) were merged with higher taxa (family) entries if 

proportional abundance was below 50%. 

b.      Higher taxa were split into lower taxa entries (based on the abundance ratio 

of occurring taxa) if proportional abundance was below 50%. 

c.       Higher taxa were removed entirely (e.g., Amphipoda) to preserve lower taxa 

(e.g., species) if the proportional abundance was below 10%. and the taxa were 

more than 2 taxonomic levels removed from each other. 
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