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Effect of Temperature Changes on Competitive and Predator-Prey Interactions in Coastal Epi-

Benthic Communities 

Joshua Pratt Lord, PhD 

University of Connecticut, 2014 

 

 Changes in temperature with global warming can facilitate biological invasions, cause 

species range shifts, alter community composition, and affect the growth rates and competitive 

abilities of many marine and terrestrial species. However, few studies take into account 

latitudinal variability in thermal responses or interactions between species. This dissertation 

focuses on the impact of temperature on predator-prey and competitive relationships in coastal 

epibenthic marine communities. Eastern oysters (Crassostrea virginica) are economically and 

ecologically important, but their relationship with a major predator, the oyster drill Urosalpinx 

cinerea, is not well understood. Three chapters of this dissertation quantify the effect that 

increased temperature has on oyster shell growth and metabolism, drill feeding, and oyster 

inducible defenses. I found that oysters produced thicker shells at experimentally and 

latitudinally warmer temperatures, and that oyster drills consumed 60% more oysters with just a 

4°C increase in seawater temperature above ambient conditions. Interspecific competition was 

assessed using marine epibenthic fouling communities, which are dominated by invasive species. 

Species’ growth responses to warmer temperature were positive in the northern portions of their 

latitudinal ranges and negative near the southern limits of their distributions, and I linked this 

thermal response to competitive outcomes. I also quantified the spread of invasive fouling 

species and found both summer temperature and commercial shipping to play a large role in the 

number of invasive fouling species in studied regions along both coasts of North America. 
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PREFACE 

 

 Each chapter of this dissertation stands alone, but the general introduction and conclusion 

tie together the overall theme of the work. More detailed introductions are present at the 

beginning of each chapter; this creates some repetition but facilitates publication while still 

showing the connection between sections1. All chapters describe effects of temperature on 

individual species or interspecific interactions, but each chapter focuses on a specific element of 

this: oyster inducible defenses (Chapter 1), oyster drill feeding (Chapter 2), changes in oyster 

shell thickness and metabolism with latitude (Chapter 3), fouling community thermal growth 

responses and competition (Chapter 4), and impact of temperature on invasive fouling species 

(Chapter 5). 

 

 

 

 

 

 

 

 

 

 
_______________________________ 
1 All chapters are formatted for the journals in which they are published, in press, or in review: 
Marine Biology (Chapters 1 and 3), Journal of Experimental Marine Biology and Ecology 
(Chapter 2), Ecology (Chapter 4), and Diversity and Distributions (Chapter 5). The introduction 
and general conclusions are formatted in the same way as Chapter 5. 
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Introduction 

 

  

 Climate change can cause localized extinctions, shifts in marine and terrestrial 

communities and is expected to strongly influence ecosystem dynamics, facilitate bioinvasions 

and cause species range shifts over the next 100 years (Loehle 1998, Sagarin 1999, Helmuth et 

al. 2002, Hansen et al. 2006, IPCC 2007, Herborg et al. 2009, Sorte and Stachowicz 2011). 

Coastal seawater temperatures are expected to rise 2-4°C in the northwest Atlantic and 1.5-3°C 

in the northeast Pacific ocean by 2100, which has particular significance for benthic communities 

because temperature is the primary factor driving latitudinal shifts in composition of these 

communities (Engle and Summers 1999, IPCC 2007). Many studies attempting to predict the 

impact of global warming on marine organisms have been conducted in a single location (e.g. 

Sagarin 1999, Dijkstra et al. 2011, Sorte and Stachowicz 2011) or have focused on a single 

species (e.g. Manzi 1970, Dame 1972, Amui-Vedal et al. 2007, Epelbaum et al. 2009, Saunders 

and Metaxas 2009). Harley et al. (2006) described two of the major goals of future climate 

research as incorporating community-levels effects and determining the influence of scale on 

responses to climate. Gilman et al. (2010) explained that studies on individual species do not 

incorporate interactions between species, and the authors propose a “community module 

approach” focusing on 2-6 strongly interacting species. In addition, many climate studies fail to 

establish causation with temperature changes because long-term or latitudinal results are largely 

correlative and do not incorporate experiments that could elucidate the mechanisms behind 

observed patterns (Somero 2012). To fill in these gaps, this work focused on the impacts of 

temperature on complex predator-prey and competitive interactions between species over a 
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latitudinal gradient. I examined the influence of temperature on the predator-prey relationship 

between the eastern oyster Crassostrea virginica and one of its major predators, the oyster drill 

Urosalpinx cinerea. I did this by measuring oyster growth rates and drill feeding rates at 

experimentally elevated temperatures. I also assessed community-level effects of increased 

temperature on the epibenthic fouling community, which is an ideal system for this type of work 

because it is space limited and driven by differential growth rates and competition between 

species (Sorte and Stachowicz 2011). 

 

1. Predator-Prey Interactions 

 The eastern oyster Crassostrea virginica is an economically and ecologically important 

species in estuaries along the east coast of the United States. Oysters are ecosystem engineers 

that provide refuge from predation for juveniles of many species, remove particulates from the 

water, and couple the benthic and pelagic environments (Coen et al. 2007). Eastern oysters are 

present over a wide geographic and temperature range, from New Brunswick to Brazil, although 

there can be some genetic differentiation between locations within this range (Dittman et al. 

1998). Oyster metabolism is strongly linked to temperature, as multiple studies have found 

higher metabolic rates at experimentally elevated temperatures within individual locations 

(Dame 1972, Shumway and Koehn 1982, Cranford et al. 2011). However, it has not been 

established how C. virginica or other oyster species respond metabolically to increased 

temperature in different parts of their geographic range.  

 Higher temperature also increases oyster shell growth, especially in juveniles that allocate 

all of their excess energy to growth (Dame 1972, Waldbusser et al. 2011). Shells of C. virginica 

are made of calcite, a softer, less dense, and less soluble form of calcium carbonate than 
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aragonite, and environmental factors exert control over the carbonate chemistry that limits shell 

production (Trussell and Etter 2001). Shell deposition can only occur when waters are 

supersaturated with calcium carbonate (CO3
2-); in addition, ion activity coefficients of calcium 

and carbonate ions decrease with higher salinity, leading to increased saturation state (Mook and 

Koene 1975, Mucci 1983). Precipitation is expected to increase and pH is expected to decrease 

with climate change, which could have detrimental effects on shell formation because lower pH 

and salinity both decrease saturation state (Waldbusser et al. 2011). However, warmer 

temperatures have a positive impact on shell deposition because the solubility of both forms of 

calcium carbonate decrease at higher temperatures, facilitating shell deposition and counteracting 

some of the negative influences of pH and low salinity (Mucci 1983, Morse and Mackenzie 

1990, Waldbusser et al. 2011). Decreased solubility of CaCO3 at warmer temperatures is a likely 

mechanism behind increased oyster growth rates at experimentally higher temperatures and 

could also lead to higher growth rates at lower latitudes (Dame 1972, Waldbusser et al. 2011). 

 Many shell-producing organisms also produce thicker shells in response to the presence 

of predators, a response referred to as an inducible defense (e.g. Trussell and Etter 2001, Trussell 

et al. 2003, Newell et al. 2007). In the presence of the blue crab Callinectes sapidus and the mud 

crab Rhithropanopeus harrisii, oysters C. virginica and C. ariakensis produced significantly 

thicker shells, highlighting the capacity of these oysters to invest in an inducible defense when 

exposed to predators (Newell et al. 2007).  

 One of the major predators of the eastern oyster C. virginica is the Atlantic oyster drill 

Urosalpinx cinerea, which uses a combination of physical (radula rasping) and chemical (viscic 

acid) techniques to drill holes in shells of prey (Carriker 1969). Unlike natissid gastropods which 

only drill in one specific location on prey shells (stereotypy), U. cinerea is a muricid gastropod, 
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which will drill on any available portion of the shell (Federighi 1931, Carriker 1969). In the 

1890s, this predator destroyed 90% of the oyster population in the major oyster producing 

location of Hampton Roads, VA, and caused over $1 million of damage to the oyster industry in 

Long Island Sound (Federighi 1931). It is native to the east coast of the United States and 

demonstrates direct development, meaning that it has internal fertilization and then produces 

eggs capsules that are cemented to rock or shell and from which juveniles eventually drill out 

and crawl away. The lack of a pelagic larval phase is not a typical characteristic for invasive 

species, but oysters are often transported great distances through the aquaculture industry, and U. 

cinerea or their egg capsules are often attached to oyster shells that are being transported 

(Carlton 1992, Eno et al. 1997). Therefore, oyster drills have been introduced in this manner to 

the west coast of the United States, Europe, and the Netherlands Oosterschelde estuary, a major 

source of European oysters (Carlton 1992, Eno et al. 1997, Faasse and Ligthart 2007, Buhle and 

Rueshink 2009). It is considered a threat to oyster aquaculture and to natural populations in these 

locations and has inhibited native oyster restoration efforts in Willapa Bay, Washington. 

 Oyster drills consume several shelled species of invertebrates, including barnacles, 

mussels, clams, snails, and oysters, with highest feeding rates during the summer months (Hanks 

1957, Carriker 1969, Franz 1971). They are dormant during the winter, with minimal food intake 

at temperatures lower than 10°C, indicating a strong temperature dependence in relation to 

feeding (Hanks 1957, Manzi 1970, Franz 1971). This species of drill prefers spat or juvenile 

oysters over adults, presumably because of their thin shells, and they can consume up to 200 spat 

per season, a number that could increase with global warming (Federighi 1931, Hanks 1957). 

Because of the strong effect of temperature on oyster drill feeding and on oyster growth and 
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metabolism, this predator-prey relationship was an ideal system to examine trophic shifts that 

could occur in response to increased seawater temperatures. 

 

2. Competitive Interactions 

 The impact of temperature on competitive and community-level interactions was assessed 

in the epibenthic fouling community, which is largely composed of tunicates, bryozoans, and 

sponges that grow on artificial substrates such as boat hulls, marina pilings, docks, and 

aquaculture equipment. These organisms have an extraordinary economic impact, as they can 

account for up to 30% of the costs in some shellfish aquaculture operations and over $21 million 

annually for the mollusk aquaculture industry (Adams et al. 2011). Ship hull fouling costs the US 

Navy alone over $15 million annually, or an estimated $1 billion over the next 15 years due to 

mitigation efforts and increased fuel costs associated with these species (Schultz et al. 2011). 

Fouling communities in most locations are dominated by invasive species that spread between 

marinas largely due to human-mediated transport via boat traffic and transport of aquaculture 

organisms and equipment (Molnar et al. 2008, Sorte and Stachowicz 2011). Invasive species in 

these communities have proliferated over the last 50 years, as several studies have reported large 

shifts in fouling communities resulting from increased abundance of these species (Sagarin 1999, 

Dijkstra et al. 2011, Sorte and Stachowicz 2011). Fouling communities are ideal systems to study 

competition and interspecific interactions as suggested by Gilman (2010) and Harley (2006) 

because they are space-limited, which enhances the importance of differential growth rate and 

competition in driving community composition (Sebens 1986, Sorte and Stachowicz 2011).  

 Dominant invasive species can numerically or physically outcompete native species, 

causing local extinctions, reducing overall species diversity, and homogenizing species pools 
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(Vitousek et al. 1996, Vitousek et al. 1997, Hejda et al. 2009). Global warming is likely to 

facilitate invasions as well, because introduced species are often more tolerant of a wide range of 

environmental variables than native species. Many of the same factors that make species 

successful invaders make them well-suited to deal with climate change (Helmuth et al. 2002, 

Sorte et al. 2011). Many invasive fouling species are competitively dominant, such as the 

colonial tunicate Diplosoma listerianum, which has overgrown and outcompeted native species 

for space after being recently introduced in the UK (Vance et al. 2009). Another colonial tunicate 

that has had a large ecological and economic impact is the encrusting tunicate Didemnum 

vexillum, which is native to Japan (Stefaniak et al. 2009). This species has carpeted benthic 

environments like cobble-bottom habitats that are typically uninhabited by colonial fouling 

species (Mercer et al. 2009). There are only a few species of snail that appear to prey on D. 

vexillum in its invaded range, further exacerbating its ecological impact (Carman et al. 2009).  

 The invasion of D. vexillum has recently included cold-water habitats on the west coast of 

North America such as Sitka, Alaska, where this species has become established (and 

quarantined) in a single harbor (Cohen et al. 2011). Beyond biodiversity concerns, D. vexillum 

can overgrow mussel, crab, and oyster aquaculture cages, and early eradication is much cheaper 

than mitigation when dealing with the spread of invasive species (Denny 2008, Dijkstra and 

Nolan 2011). Even solitary tunicates such as Ciona intestinalis can grow at such high densities 

that they cause breaking of rope lines or direct mussel mortality (Daigle and Herbinger 1999). 

The highest estimate of the cost of biofouling to the aquaculture industry is $3 billion per year 

(Fitridge et al. 2012).  

 While limited control of fouling tunicates and bryozoans can be exhibited by predators 

such as snails and sea urchins, temperature is likely to exert the strongest control on abundance 
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of these species (Lodeiros and Garcia 2004, Carman et al. 2009, Whitlatch and Osman 2009). 

Temperature can influence the reproductive timing of tunicates (Reinhardt et al. 2012) and can 

have positive or negative impacts on growth rates of different fouling species (Amui-Vedal et al. 

2007, McCarthy et al. 2007, Saunders and Metaxas 2009). Individual experiments with 

bryozoans Cryptosula pallasiana and Membranipora membranacea indicated higher growth 

rates at warmer temperatures (Amui-Vedal et al. 2007, McCarthy et al. 2007, Saunders and 

Metaxas 2009). However, all thermal growth experiments with fouling organisms such as 

tunicates, bryozoans and sponges have only been conducted in one location each. Therefore, 

‘species’ growth rates and responses to higher temperatures only represent results of experiments 

conducted in one location. They do not consider differential responses to temperature within 

species ranges, which would be useful to establish the mechanism behind latitudinal patterns 

(Somero 2012). 

 The overall goal of this dissertation was to determine the local and latitudinal-scale 

effects of increased temperatures on the relationships between strongly interacting species. The 

predator-prey relationship between the oyster C. virginica and oyster drill U. cinerea impacts 

population dynamics of both species, so understanding how temperature affects the link between 

these species is fundamental to predicting how both with respond to global warming. Chapter 1 

focuses on a laboratory experiment that shows an inducible shell thickening response by the 

oyster C. virginica in the presence of the predator U. cinerea. Chapter 2 describes changes in U. 

cinerea feeding rates and preference at experimentally elevated temperatures over the course of a 

feeding season. Chapter 3 looks at the larger scale connection between temperature and oysters, 

examining oyster shell thickness and metabolic response to increased temperature along a large 

latitudinal gradient. Chapter 4 presents results from fouling community growth experiments 
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conducted over a wide geographic range and links these results to shifting competitive outcomes. 

Chapter 5 describes the factors influencing species diversity and invasions in the fouling 

community, assessing the role of temperature in introductions and range expansions of invasive 

species. 
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Chapter 1 

 

Inducible defenses in the eastern oyster Crassostrea virginica Gmelin in response to the 

presence of the predatory oyster drill Urosalpinx cinerea Say in Long Island Sound
1 

 

Abstract 

 

The response of the eastern oyster Crassostrea virginica to the presence of the oyster drill 

Urosalpinx cinerea was examined from July to September 2011.  Several aspects of oyster 

growth were measured, including wet weight, shell weight and left (cupped) shell area for 

oysters collected near Groton, Connecticut (41.32036 N, -72.06330 W).  Wet weight and shell 

weight growth were significantly higher in the presence of the predator U. cinerea, while tissue 

weight showed no difference from the control.  The control group showed more shell area 

growth and a much lower ratio of shell weight growth to shell area growth.  Differences in shell 

weight to area ratio indicated that C. virginica dramatically shifted from lateral shell growth to 

shell thickening in the presence of U. cinerea.  This inducible defense has not been previously 

shown for C. virginica and could play an important role in the predator-prey interaction between 

these two species.   

 

Keywords:  phenotypic plasticity; size; growth; shell; prey response 

 
_______________________________ 
1Lord J.P. & Whitlatch R.B. (2012) Inducible defenses in the eastern oyster Crassostrea virginica 
Gmelin in response to the presence of the predatory oyster drill Urosalpinx cinerea Say in Long 
Island Sound. Marine Biology, 159, 1177–1182.  
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Introduction 

 Inducible defenses in response to predation occur in a variety of taxa, including terrestrial 

plants (Karban and Myers 1989), marine seaweeds (Van Alstyne 1988; Cronin and Hay 1996) 

and benthic invertebrates (e.g., Harvell 1986; Lively et al. 1986).  In most gastropods and 

bivalves, the shell is the primary defense mechanism and is often modified to defend against 

predators (Vermeij 1982; Palmer 1985; Appleton and Palmer 1988; Leonard et al. 1999; Trussell 

and Etter 2001).  Gnaus (1974) found that shell thickness decreased with increasing latitude due 

to elevated CaCO3 deposition rate and higher number of predators in tropical ecosystems.  In the 

intertidal zone of the eastern United States the invasive green crab Carcinus maenas has induced 

thicker shells in multiple prey species including the whelk Nucella lapillus (Vermeij 1982; 

Trussell et al. 2003), the blue mussel Mytilus edulis (Leonard et al. 1999), and the snail Littorina 

obtusata (Trussell and Etter 2001).  In sand flats of the southeast US, Busycon whelks induce 

changes in the shell growth of the clam Mercenaria mercenaria (Nakaoka 2000). These prey 

species display phenotypic plasticity in that individuals are able to alter their shell growth 

patterns, in some cases within a couple months (Leonard et al. 1999; Trussell and Etter 2001).   

 While several studies have focused on inducible shell defenses, few have examined the 

response to drilling predators and none have tested the shell plasticity of oysters.  The eastern 

oyster Crassostrea virginica is common in intertidal and shallow subtidal zones along the 

northwest Atlantic coast and plays a large part in estuarine ecosystems (Dame 1972).  It has great 

commercial importance in the eastern United States and Canada, where it is farmed as far north 

as the Gulf of Saint Lawrence in Canada (Singh and Zouros 1978).  Eastern U.S. populations 

have become genetically differentiated between estuaries including the Delaware River, James 

River, and Long Island Sound, where they grow to different sizes (Dittman 1998).  Oyster 
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growth and shell morphology is more variable than most bivalves, since their axes of growth are 

not well defined (Palmer and Carriker 1979).  The shells of oyster have high phenotypic 

plasticity, as they can alter shell growth patterns based on substrate, temperature, current, 

turbidity, and pollution, among other factors (Palmer and Carriker 1979, Polson et al. 2009).  

While growth varies with location and environmental conditions, C. virginica displays 

continuous growth throughout its life and size is closely tied to fitness (Singh and Zouros 1978).     

 A major predator of C. virginica is the oyster drill Urosalpinx cinerea, which can have a 

dramatic effect on oyster populations.  In 1894, U. cinerea destroyed 90% of C. virginica at 

oyster farms in Hampton Roads, Virginia, and resulted in one million dollars of damage to 

oysters in Long Island Sound (Federighi 1931).  The oyster drill has recently invaded both 

Europe and the west coast of North America and shown the ability to consume other oyster 

species found in these locations (Buhle and Ruesink 2009; Faasse and Ligthart 2009). While U. 

cinerea prefers to prey on oysters, it also consumes blue mussels (Mytilus edulis,) slipper limpets 

(Crepidula fornicata), barnacles (Balanus balanoides) and bivalves (Argopecten irradians, Mya 

arenaria) (Hanks 1957; Carriker 1969; Franz 1971; Pratt 1974; Ordzie and Garofalo 1980).  The 

oyster drill feeds preferentially on smaller oysters and those with thinner shells, although it can 

drill adult oysters (Federighi 1931; Buhle and Ruesink 2009).  The boring process is largely 

chemical and is facilitated by the application of viscic acid from the accessory boring organ 

(Carriker 1969).  It can take U. cinerea up to six days to drill an adult oyster, but by focusing 

primarily on smaller individuals, one drill can consume up to 200 oysters per year (Federighi 

1931).   

Despite the frequent co-occurrence of Crassostrea virginica and Urosalpinx cinerea, 

little is known about the non-lethal interactions between these species.  The goal of this study 
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was to assess the impact of predation stress on the growth patterns of C. virginica by measuring 

several aspects of C. virginica growth with and without the presence of U. cinerea.  Changes in 

shell thickness or the energy allocation between shell growth and tissue growth could affect the 

susceptibility of C. virginica to predation.  The eastern oyster has not been shown to have 

inducible defenses, but given the preference of U. cinerea for thin-shelled oysters, a shell 

thickening response could serve as an effective defense.  Therefore, we hypothesized that C. 

virginica exposed to U. cinerea for an extended period would produce thicker shells.  Since 

Nucella lapillus and Littorina littorea have both been shown to produce thicker shells at the 

expense of linear shell growth (Trussell et al. 2003), we also hypothesized that shell thickening 

in C. virginica would result in reduced lateral shell growth. 

 

Materials and methods 

 Crassostrea virginica were collected (n = 80) intertidally and subtidally between Jupiter 

Point and Bluff Point in Groton, Connecticut, USA (41.32036 N, -72.06330 W).  Urosalpinx 

cinerea were collected (n = 56) in the intertidal zone less than one kilometer from Avery Point, 

Groton, Connecticut.  Both species were collected on June 25, 2011 and were held in flowing 

seawater tables for 10 days in the University of Connecticut Avery Point Rankin Laboratory 

prior to the start of the experiment.  Epibionts were removed and oysters were individually 

labeled with Hallprint© shellfish tags super-glued to the side of the shells.  Oysters were 3-8 cm 

in length, with a mean length of 5.5 cm, wet weight of 24.4 grams, and dry shell weight of 15.7 

grams. 

 Several aspects of shell size were measured for C. virginica and U. cinerea on July 2nd 

and 3rd 2011 and again at the end of the experiment on September 4th and 5th 2011.  Wet weight 
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was measured on an electronic balance to the nearest 0.01g after specimens were patted dry with 

paper towels.  Immersed weight was also measured in order to estimate shell weight, using 

methods described by Palmer (1982).  A tray was suspended in a bucket of water from the 

electronic balance and then specimens were placed in this tray to measure immersed weight to 

0.01 g.  In order to estimate shell weight, 20 specimens of each species were sacrificed, tissue 

was dissected out, then shells were patted dry with paper towels and weighed.  Afterward, shells 

were placed in a muffle furnace at 500 °C for two hours to remove any remaining organic 

material and moisture.  Dry weight of the shells was then measured and two regressions were 

plotted, describing the relationships of both dry shell weight (DSW = 1.443 * immersed weight, 

r2 = 0.994) and wet shell weight (WSW = 2.071 * immersed weight, r2 = 0.992) to immersed 

shell weight.  Coefficients of determination were similar to those described by Palmer (1982) 

who detailed this immersed weight method.  The wet shell weight regression equation was used 

to estimate wet shell weight from immersed weight for all specimens before and after the 

experiment.  Wet shell weight was used because oyster total wet weight (shell + tissue) was 

measured, so wet shell weight allowed for the calculation of tissue growth.  In addition to these 

measurements, photos were also taken of the left side of the oysters before and after the 

experiment, allowing for the digital measurement of shell area in ImageJ© image analysis 

software.   

 The experimental units were 12 large round (2.25m diameter, 1m tall) mesocosms with 

flow-through seawater outside of the Rankin Laboratory.  Since the tanks were constantly 

supplied with raw seawater pumped out of Long Island Sound, oysters were not given additional 

food.  Because chemical predator cues were being tested, six mesocosms were randomly 

assigned to have predators (U. cinerea) and six were used as controls.  Oysters were kept in 
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small (12 cm diameter, 20 cm tall) cylindrical plastic containers with both ends cut out and 

replaced with 4 millimeter plastic mesh.   The predation treatment included four U. cinerea 

inside a smaller plastic cylinder with mesh ends within the prey container.  Since this smaller 

cylinder took up approximately 40% of the space in the container, predator treatments included 

three oysters per container and controls included five oysters per container.  This kept C. 

virginica density constant between treatments, accounting for the smaller volume and ensuring 

that oysters were not space-limited in the containers.  Predators were supplied with two live C. 

virginica within the predator cage to feed on each week, so that neither control nor predator 

treatments exceeded five oysters per container.  Two containers were placed in each of the 

mesocosms for a total of 12 containers for both the predator and control treatments.  

 Since the mesocosms were outdoors, the experimental organisms were exposed to natural 

light cycles and temperature fluctuations over the course of the experiment.  The experiment ran 

for a period of two months from July 4th to September 4th 2011.  Temperatures in 3 tanks of each 

treatment were elevated by immersion heaters (for an unrelated experiment) and were recorded 

with temperature probes connected to a computer but did not vary more than an average of one 

degree between tanks over the course of the experiment.  Containers rested on the bottom of each 

of the mesocosms and were kept clear of fouling algae by Littorina littorea snails that grazed 

freely within the mesocosms.   

 Once measurements were made after the end of the experiment, a one-way ANOVA was 

employed to compare differences in shell growth between containers and tanks within each 

treatment.  Two-sample T-tests (two-tailed) were run in Minitab© to compare differences in total 

growth, shell growth, shell area growth, and tissue growth between treatments. 
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Results 

 Comparisons of oyster wet shell weight growth showed no significant difference (Two 

sample t test, t78 = 0.19, p = 0.84) between heated and non-heated tanks.  An ANOVA comparing 

growth between all mesocosms of the same treatment revealed no significant differences in shell 

growth within control treatments (ANOVA, F(5,46) = 0.30, p = 0.83) and within predator 

treatments (ANOVA, F(5,28) = 0.80, p = 0.50).  Because of the lack of differences within 

treatments, data from all tanks were pooled to allow for a more powerful comparison of the 

effect of predation on C. virginica growth.  Underwood (1997) suggested that data from nested 

designs such as this can safely and effectively be pooled when the null hypothesis cannot be 

rejected even with an alpha critical value of 0.25.  Since p-values within treatments for the 

current experiment were found to exceed 0.50, we pooled the data from the different tanks within 

each treatment.  Eleven oysters died during the two month period of the experiment, two from 

the predator treatment (5.6%) and nine from the control treatment (15%).  An additional 7 

oysters from the control group were not included in the analysis because of data outliers (greater 

than three standard deviations from mean) due to very small changes in area over the course of 

the experiment, which resulted in extraordinarily high weight/area ratios that skewed the means.  

Therefore, for all analyses, the sample size for the predator treatment was 34 and for the control 

treatment was 46.   

 Significant differences were found between oysters in predator and control treatments in 

terms of shell weight growth and shell thickness, as well as total wet weight growth over the 

course of the experiment. Oysters exposed to U. cinerea predation stress increased their wet 

weight significantly more than the controls, with a predator-treatment mean increase of 1.137g 

(4.67% of initial weight) and control mean of 0.787 g (3.22%) (Two sample t test, t78 = 2.03, p = 
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0.046) (Fig. 1.1).  This increase was almost exclusively due to a significantly greater increase in 

wet shell weight for C. virginica exposed to predators (X ± SE = 0.818 ± 0.140 g, N = 34, 3.90% 

increase) compared to the control (X ± SE = 0.399 ± 0.086 g, N = 46, 1.90%) (Two sample t test, 

t78 = 2.67, p = 0.009) (Fig. 1.1).  Wet shell weight was used because it was measured in the same 

manner as total wet weight and thus could be directly used to calculate wet tissue weight.  The 

difference in dry shell weight between predator (mean = 0.570, 3.64% increase) and control 

(mean = 0.278, 1.78%) treatments was also highly significant (t78 = 2.67, p = 0.009).  There was 

no significant difference in tissue (non-shell) growth between the two treatments over the 

experimental period (control mean = 0.388g, predation mean = 0.319g, p = 0.50). 

 Despite the greater shell weight gain in the predator treatment, oysters in the control 

group displayed more lateral areal shell growth of the left side of the shell (predator mean = 1.10 

cm2, control mean = 1.44 cm2), but this difference was not significant with a critical value of 

0.05 (Two sample t test, t78 = 1.61, p = 0.11) (Fig. 1.2).  To estimate the amount of shell 

deposition allocated to thickening the shell, shell thickness was approximated as wet shell weight 

(g) per square centimeter of cupped (left) shell area.  Figure 3 shows significant differences in 

shell thickness (ratio of shell weight growth to shell area growth) between control (�� ± SE = 0.19 

± 0.24 g/cm2, N = 46) and predator (�� ± SE = 1.91 ± 0.71 g/cm2, N = 34) treatments (Two 

sample t test, t78 = 2.57, p = 0.012), with oyster exposed to predators demonstrating a 10-fold 

increase.  Similar results were found with thickness estimated from the ratio of dry shell weight 

growth to shell area growth, with a control mean of 0.14 g/cm2 and predator mean of 1.33 g/cm2 

(Two sample t test, t78 = 2.57, p = 0.012).  Variability shown in error bars of figure 3 was 

relatively high due to the inclusion of two variables: left shell area and shell weight, but did not 

adversely affect the significance of the results.  
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Discussion 

   The eastern oyster Crassostrea virginica showed a distinct response to predation stress 

induced by the oyster drill Urosalpinx cinerea.  The cue involved is likely chemical and not 

tactile because predator and prey were kept spatially segregated within experimental containers.  

It is unknown whether the chemosensory response of C. virginica was due solely to the presence 

of U. cinerea or was related to attacks on oysters within the predator cages.  The clam 

Mercenaria mercenaria changed shell growth patterns solely due to chemical cues of a Busycon 

whelk (not damaged conspecifics), so we predict that the response of C. virginica is also a result 

of chemical cues from the predator U. cinerea (Nakaoka 2000).  The response to a chemical cue 

is similar to those described for crab predator stress induction on mussels (Leonard et al. 1999) 

and snails (Vermeij 1982; Palmer 1985; Trussell and Etter 2001). 

 The presence of the predatory whelk U. cinerea caused an increase in the wet weight 

growth of C. virginica (Fig. 1.1), but the difference between the predator treatment and the 

control was entirely explained by shell weight growth patterns (Fig. 1.1).  Since there was no 

significant difference in tissue (non-shell) growth between predator and control treatments, it 

appears that the energy required to produce increased shell mass was not due to a change in 

allocation between shell and tissue growth.  If this had been the case, increased shell weight 

would have been accompanied by a decrease in tissue growth during the two month span of this 

study.  However, it is possible that tissue growth could show different long-term patterns with 

regard to shell deposition, since body growth is limited by the size of the shell (Trussell and Etter 

2001).    

The higher rate of C. virginica shell weight growth (Fig. 1.1) in the predator treatment 

indicates that calcification rate was likely not a limiting factor.  The fact that shell weight growth 
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increased without a corresponding decrease in tissue weight growth rate could be due to several 

factors beyond the scope of this study, including increased feeding rate, increased metabolism, 

changes in allocation to reproductive tissue, or other physiological changes that could enhance 

shell deposition rate (McIntosh and Townsend 1996; Schmitz et al. 1997; Turner et al. 2000; 

Peacor and Werner 2001).   

 Greater lateral shell growth in the control treatment (Fig. 1.2) is most likely due to the 

switch to shell-thickening processes in the predator treatment due to the perceived threat of U. 

cinerea predation.  Lateral shell growth in the absence of predators indicates that this is the 

typical summer growth pattern for C. virginica, which makes sense because lateral growth 

increases the volume of the oyster, unlike shell thickening.  This increased internal size allows 

for greater tissue growth, higher feeding rates and higher fecundity (Peters 1983; Sebens 1987; 

Arendt 1997).   

 Shell thickness was approximated from the ratio of shell weight to left shell area.  This is 

not a direct measure of thickness but does indicate the amount of shell material per unit area; 

since bivalve shells are deposited in accretionary layers shell density cannot be altered after 

layers are deposited.  Therefore, higher shell weight growth (Fig. 1.1) and lower shell area 

growth (Fig. 1.2) in predator-exposed C. virginica indicated a clear increase in interior shell 

deposition or shell thickness.  Even if there were a disparity in new shell deposit density between 

the two treatments, the ten-fold difference in shell weight growth to shell area growth ratio (Fig. 

1.3) is so large that small density alterations would not impact the overarching shift from lateral 

shell growth to shell thickening.  Given the two-month period of this study, it is unknown if C. 

virginica shell thickness would continue to increase with many months or years of exposure to 
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U. cinerea, or if there is an optimization of shell thickness after which there is little benefit to 

continued thickening with regard to U. cinerea predation.    

While the full extent and timing of C. virginica response to U. cinerea is unclear, it is 

clear that oyster inducible defenses allow it to produce thicker shells in response to the threat of 

predation by U. cinerea.  As with other types of phenotypic plasticity and inducible defenses, the 

ability of C. virginica to only produce more shell and thicker shell in the presence of predators 

provides several potential energetic advantages (Vermeij 1982; Appleton and Palmer 1988; 

Leonard et al. 1999; Trussell and Etter 2001).  By not always producing thick shells, the eastern 

oyster may be able to put more energy into lateral shell growth (Fig. 1.2) that rapidly increases 

the size of the organism and thus has many ecological benefits such as increased feeding rate and 

reproduction (Peters 1983; Sebens 1987).  Allocation of energy to processes other than shell-

thickening could allow for greater lateral shell growth directly or provide energy necessary for 

the growth of the mantle, which facilitates lateral shell extension (Ren and Ross 2001).  

Since oysters did not grow as much in terms of shell weight in the absence of predators, 

they may also be able to allocate more energy towards tissue growth, reproduction, feeding, or 

other non-defensive energetic costs.  Feeding rate could have other implications as well, as 

Bourdeau (2010) found that an inducible shell thickening response in a marine snail (Nucella 

lamellosa) was actually a behavioral response that resulted in decreased feeding in the presence 

of predators.  While oysters may alter feeding rates in response to the threat of predation, they do 

not need to move around to feed as snails do and feeding may not increase the threat of predation 

by a slow-moving drill (unlike snails with crab predation).  Since C. virginica in this experiment 

displayed a response to a drilling predator, the most probable reason behind increased shell 

thickness is that it may decrease mortality rate in an environment with exposure to U. cinerea.    
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 Since the presence of U. cinerea induced shell thickening and inhibited lateral shell 

growth, we predict that C. virginica populations in areas with high densities of U. cinerea would 

be smaller in terms of shell area than similar populations with few U. cinerea.  Calcification rate 

changes with temperature as well and several mollusks have been shown to grow shell faster in 

warmer temperatures, so it is possible that the inducible defenses of C. virginica change with 

latitude (Gnaus 1974; Trussell and Etter 2001; Kawai 2009; Miyaji 2010).  If this is the case, 

then environmental changes such as increased ocean temperatures or dissolved CO2 levels could 

impact the shell production of C. virginica and facilitate (warming) or inhibit (CO2) the ability of 

this oyster to produce thicker shells in response to the presence of predators such as U. cinerea 

(Dame 1972; Newell and Kofoed 1977; Gazeau et al. 2010; Thomsen and Melzner 2010).  

Recent invasion of Europe and western North America by U. cinerea highlights the importance 

of understanding prey response to this whelk, as multiple species of oysters will be exposed to 

this novel predation threat over the next several years as the distribution of U. cinerea spreads 

(Buhle and Ruesink 2009).     
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Figure Captions 

 

Figure 1.1. Comparison of wet weight and wet shell weight gain over a period of two months 

between C. virginica in the control treatment and those exposed to the predator U. 

cinerea.  Both wet weight and wet shell weight growth were significantly higher when 

oysters were exposed to predation (±SE bars) 

 

Figure 1.2. Comparison of left shell area growth over a period of two months between C. 

virginica in the control treatment and those exposed to the predator U. cinerea.  Oysters 

in the absence of U. cinerea grew more in terms of left shell area but not significantly 

more (p = 0.11) (±SE bars) 

 

Figure 1.3. Comparison of wet shell weight growth to shell area growth ratio between C. 

virginica in the control treatment and those exposed to the predator U. cinerea.  Oysters 

in the presence of U. cinerea for two months showed a ten-fold increase in this 

approximation of shell thickness and had a significantly higher wet shell weight growth 

to shell area growth ratio than oysters in the control group (±SE bars) 
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Figure 1.2 (see caption on p. 29) 
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Figure 1.3 (see caption on p. 29) 
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Chapter 2 

 

Impact of temperature and prey shell thickness on feeding of the oyster drill Urosalpinx 

cinerea Say
2 

 

Abstract 

 

Feeding rates and selection of the oyster drill Urosalpinx cinerea were investigated with several 

long term temperature alteration experiments. Oyster drill prey selection was assessed in terms of 

prey (oyster) size and shell thickness. Drills fed on oysters with thinner shells 86% of the time 

and selectively preyed on smaller (1g wet weight) oysters during colder months and larger (10g 

wet weight) oysters during warmer months. Analysis of U. cinerea seasonal feeding patterns 

showed virtually no feeding during winter months (January to March) and a significant increase 

to over 1 gram of prey tissue per week during summer (July to September). A nine month 

experiment compared feeding rates of U. cinerea at two different temperature levels: ambient 

seawater (control) and temperatures elevated 4°C above ambient.  Oyster drills showed a 60% 

increase in feeding rate in the warmer treatment, especially during late summer, fall and early 

winter. Both temperature manipulation and annual feeding experiments revealed a significant 

temperature dependence of U. cinerea feeding rates. Seasonal or long-term seawater temperature  

 

_______________________________ 

2Lord J. & Whitlatch R. (2013) Impact of temperature and prey shell thickness on feeding of the 
oyster drill Urosalpinx cinerea Say. Journal of Experimental Marine Biology and Ecology, 448, 
321–326.  
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changes related to climate change could strongly affect the predator-prey relationship between U. 

cinerea and its prey.  

 
Keywords: feeding; oyster; oyster drill; season; shell thickness; temperature 

 

 

Introduction  

 Climate change is expected to have a variety of impacts on marine coastal and estuarine 

communities as seawater temperatures increase, with many changes due to modified interactions 

between species (Gilman et al., 2010; Kordas et al., 2011; Stachowicz et al., 2002). Changes in 

temperature can affect community composition in multiple ways, both directly and indirectly. 

Mortality due to temperatures above the thermal limit of a species is a direct result and is 

especially common in intertidal habitats that are regularly exposed to thermal extremes (Helmuth 

et al., 2002). Reduced performance can also be a direct result of elevated temperatures, as 

metabolic stress may be induced. Indirect effects of temperature on communities can be tied to 

changes in growth rate, notably in calcifying organisms that increase growth rates due to 

decreased solubility of calcium carbonate in warmer waters (Morse and Mackenzie, 1990). This 

has been observed in groups of organisms including clams, oysters, barnacles and others (Dame, 

1972; Irie, 2005; Kanazawa and Sato, 2008; Kawai, 2009; Schöne et al., 2006). Feeding is also 

strongly related to temperature in a variety of organisms including stinkbugs (Mahdian et al., 

2006), zooplankton (Loiterton et al., 2004), fish (Elliott and Leggett, 1996), crabs (Sanchez-

Salazar et al., 1987), and sea stars (Pincebourde et al., 2008; Sanford, 1999). Changes in 

predation rate with temperature are well-documented in marine gastropods as well (Edwards and 

Huebner, 1977; Garton and Stickle, 1980; Hanks, 1957; Manzi, 1970). 
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 The predator-prey relationship between the eastern oyster Crassostrea virginica Gmelin 

and oyster drill Urosalpinx cinerea Say is relevant not only to oyster populations but to the 

oyster aquaculture industry and oyster restoration projects. Oysters are ecologically important 

ecosystem engineers that provide feeding habitat, larval hatcheries, sediment stabilization and 

benthic-pelagic coupling, among other valuable ecosystem services (Coen et al., 2007). Several 

species of crabs and oyster drills prey on C. virginica, which has evolved inducible defenses to 

ameliorate this predation threat. Eastern oysters produce thicker shells in the presence of 

predators including the blue crab Callinectes sapidus, mud crab Rhithropanopeus harrisii, and 

oyster drill U. cinerea (Lord and Whitlatch, 2012; Newell et al., 2007) and show a size-

dependent morphological response to the mud crab Panopeus herbstii (Johnson and Smee, 

2012). Presumably, thicker shells lead to lower predation rates similar to those observed for 

crabs in response to littorine snail inducible defenses (Trussell et al., 2003). Oysters can also 

produce thicker shells in response to elevated temperatures due to higher calcification rates in 

warmer water (Waldbusser et al., 2007). 

 The oyster drill U. cinerea is a major oyster predator throughout its range, which is 

rapidly expanding due to introductions facilitated by oyster transport. These drills can consume a 

wide array of prey including clams, scallops, mussels, slipper limpets and barnacles, but feed 

most notably on oysters (Carriker, 1969; Franz, 1971; Ordzie and Garofalo, 1980). Oyster drills 

have had a large historical impact on oyster populations, causing over $1,000,000 of damage to 

oysters in Long Island Sound in 1894 and destroying 90% of the oysters in Hampton Roads, 

Virginia, around the same time (Federighi, 1931). Their impact continues today on natural and 

artificial reefs, as they have been a factor inhibiting restoration of the Olympia oyster in Willapa 

Bay, Washington, USA (Buhle and Ruesink, 2009). The range of U. cinerea has expanded with 
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accidental introductions from its native range on the east coast of North America to include the 

west coast of North America, the United Kingdom, and the Netherlands (Carlton, 1992; Eno et 

al., 1997; Faasse and Ligthart, 2007). Oyster drills can consume multiple species of oyster 

including the Olympia (Ostrea lurida), eastern (C. virginica), Pacific (C. gigas), and flat oyster 

(Ostrea edulis) (Buhle and Ruesink, 2009). 

 A single Urosalpinx cinerea can consume up to 200 juvenile oysters (spat) in one season, 

with an average of one adult oyster per week during the summer (Federighi, 1931; Hanks, 1957; 

Manzi, 1970). Short-term experiments at constant experimental temperatures have resulted in 

higher feeding rates at warmer temperatures (Manzi, 1970). This suggests that drill feeding 

patterns may be altered by seasonal and long-term temperature changes as well. During winter 

along the northeastern US coast, U. cinerea move and feed very little (Carriker, 1969). The 

temperature below which feeding stops varies between studies but generally ranges from 6.5 to 

10°C (Carriker, 1969; Hanks, 1957). Similar temperature-related dormancy is displayed by other 

gastropods including the oyster drill Stramonita haemastoma (Garton and Stickle, 1980) and 

moon snail Polinices duplicatus (Edwards and Huebner, 1977). Since the coastal waters off New 

England are predicted to experience a 2-4°C increase in seawater temperature by 2100 (IPCC, 

2007), climate changes could result in longer feeding seasons for U. cinerea and these other 

gastropods. 

 In order to test the impact of prey shell thickness and water temperature on U. cinerea 

feeding patterns, four hypotheses were tested: (1) U. cinerea will feed primarily on thin-shelled 

oysters; (2) drills will consume smaller oysters over larger oysters as described by Federighi 

(1931) regardless of seasonal changes in water temperature, (3) at temperatures elevated 4°C 

above seasonal ambient water temperatures, U. cinerea will consume more oysters than the 
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control; (4) at elevated temperature, U. cinerea will have a longer feeding season compared to 

control conditions. Addressing these hypotheses will provide insight into alterations in the 

predator-prey relationship between oysters and oyster drills and how they may be altered with 

changing climate. 

 

Materials and Methods 

Prey Shell Thickness 

In order to determine the effect of prey shell thickness on feeding of the oyster drill 

Urosalpinx cinerea, 200 oysters were collected near Jupiter Point, Connecticut, USA (41.31958 

N, 72.055828 W), in January 2012. All oysters were tagged with Hallprint® plastic shellfish tags, 

photographed, weighed on an electronic balance and weighed immersed in water. The immersed 

weight measurements were correlated with shell weights from 20 dissected oysters to establish a 

linear relationship between immersed weight and shell weight (shell weight = 1.544 x immersed 

weight) in order to estimate shell weights for live oysters (after Brookes and Rochette, 2007; 

Palmer, 1982). Photographs of the left (cupped) shell of the oysters were measured in terms of 

area using the image analysis program ImageJ (NIH). From these measurements, shell thickness 

was estimated by dividing shell weight by shell area; this estimation method has been found to 

accurately represent shell thickness in eastern oysters (Lord and Whitlatch, 2012). From 200 

measured oysters, individuals with the 50 thickest (mean 1.16 g/cm2) and 50 thinnest (mean 0.50 

g/cm2) shells were selected for this experiment. There was no significant difference in left shell 

area between the two groups (thick mean = 17.5 cm2, SE = 0.59, thin mean = 17.2 cm2, SE = 

0.38). 
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Oyster drills were collected intertidally at Avery Point, Groton, Connecticut, USA, in 

January 2012, with a mean weight of 1.61g and 2.13cm in length. Experiments were conducted 

in flowing seawater tanks at the University of Connecticut Avery Point Rankin Lab. One oyster 

drill was placed in each of 14 plastic containers (15cm diameter, 20 cm height) with ends made 

of 0.6 cm aperture plastic mesh, which allowed water to flow through the container. In each 

container, three thick-shelled and three thin-shelled oysters were haphazardly placed on the 

bottom with a single U. cinerea that had been starved for two weeks prior to the start of the 

experiment. Experiments ran from February 1 through June 6, 2012, with seawater temperatures 

ranging from 6°C in February to 15°C in June. During this time every container was checked 

weekly for oyster mortality. All dead oysters over the course of the experiment showed drill 

holes in their shell, definitively indicating the cause of mortality. Each week, oysters were added 

to the containers to maintain the ratio of 3 thick and 3 thin-shelled oysters for each drill to choose 

from. At the end of the experiment, the percent of total U. cinerea predation that occurred on 

thick and thin-shelled oysters was calculated individually for each container. Percentage data are 

not normally distributed, so percentages of thick and thin-shelled oyster predation were arc-sine 

transformed and then compared statistically with a paired t-test.  

 

Prey Size 

Oyster drill feeding was quantified at ambient seawater temperatures in a flowing 

seawater table in order to determine feeding rates over an entire year and to test prey size 

selection. One oyster drill was placed in each of 12 cylindrical mesh-ended containers (6cm 

diameter, 10 cm length) with 6 oysters. Drills were provided with a choice of three small (~1g 

wet wgt., 2 cm length) and three large (~10g wet wgt., 5 cm length) oysters from the start of the 
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experiment in February 2012 through the end of June, a five month experimental period for the 

size choice experiment. Feeding experiments were continued through January 2013 for a 

complete one year record of feeding rates, but only large oysters were used after June 2012. 

Experiments were checked weekly, with any dead oysters replaced with live oysters of similar 

size. This experiment was conducted solely in flowing seawater at ambient temperatures and the 

numbers of small and large oysters consumed was compared with a paired t-test. 

Temperature and Predation 

 This experiment assessed the impact of elevated temperature on U. cinerea feeding rates. 

Oyster drills were collected intertidally at Avery Point in Groton, Connecticut, and oysters were 

obtained from Fisher’s Island Oyster Farm. Experimental units were 16 cylindrical tanks (15 cm 

diameter, 30 cm height), each aerated and with an independent seawater supply from the flowing 

seawater system in the Rankin Lab at the University of Connecticut Avery Point. Each tank 

contained two drills and 5 oysters (~10g, 5 cm length), with an additional drill and three oysters 

in a small (6 cm diameter, 10 cm height) container with mesh ends within each tank. This 

smaller container was used in order to accurately quantify individual U. cinerea feeding rates. 

The isolated drills in small containers were the only ones used in the statistical comparison of 

feeding rates between temperature treatments, since drill-specific feeding rates could be 

quantified. There was no prey size component to this experiment in order to standardize feeding 

rates and drilling effort across treatments.  

Temperature was controlled with water baths surrounding the experimental tanks; control 

tanks were held in a large (1m x 2m) flowing seawater table at ambient seawater temperature. 

Elevated temperature tanks were kept in 30 cm x 50 cm insulated containers with 1000-watt 

aquarium heaters that used digital Aqualogic® temperature controllers to maintain water 
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temperatures at 4 °C above ambient seawater temperatures. The 4 °C interval was selected 

because it is the maximum ocean temperature increase expected in along the east coast of North 

America in the next 100 years and because it would push summer water temperatures above 

those occasionally experienced in the field. There was no water exchange with the heated or 

control water baths, so tanks remained independent, and only differentiated by the seawater 

temperature. Tanks were constantly aerated and water was changed daily in order to keep oysters 

alive until they were consumed by drills. 

 Temperature feeding experiments ran for seven months between June 15, 2012, and 

January 8, 2013. Tanks were checked weekly for predation from June-September, after which 

they were checked bi-weekly because U. cinerea feeding rates had slowed. Every time feeding 

was checked, shells of consumed oysters were removed and new oysters were placed in the 

experimental unit to maintain the same number of prey over the duration of the experiment. Shell 

wet weight was measured for consumed oysters and was converted to wet tissue weight through 

a linear regression between shell weight and tissue weight from 20 dissected oysters (tissue wt. = 

0.283 x shell wt). Therefore, feeding was measured in both number of oysters consumed per 

week and tissue weight of oysters consumed per week. Temperature was also recorded at every 

measurement interval in order to plot feeding rate as a function of temperature for both control 

and elevated temperature treatments. Since individual drills often did not feed for 1-2 weeks 

following consumption of a large oyster, feeding data were combined into one month bins for 

analysis of feeding patterns. This method more accurately captured feeding patterns and 

minimized excessive influence of zero values in each feeding and measurement interval. Feeding 

rates in heated and control treatments for each month were statistically compared with t-tests to 

test for increased feeding at warmer temperatures.   
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Results 

Prey Shell Thickness 

 During the four month experiment, oyster drills (U. cinerea) consumed a significantly 

higher percent of thin-shelled (86%) than thick-shelled (14%) oysters (Paired t-test, t = 6.50, p < 

0.001). A total of 45 oysters were drilled and eaten by U. cinerea and 38 of these individuals 

were in the thin shelled group, with only 7 thick-shelled oysters eaten over the course of the 

experiment.  

 

Prey Size 

Oyster drills showed a strong and significant selection of smaller oysters (~1g wet wgt.) 

from February 15 through May 16, 2012 (small mean consumption = 2.25 oysters (SE=0.37), 

large mean = 0.42 (SE=0.19)) (two-tailed paired T-test, T11 = -4.52, p < 0.001) (Fig. 2.1). No 

larger (~10g wet wgt.) oysters were consumed until water temperatures rose above 10°C in mid-

April, then U. cinerea fed on both prey sizes during late April and May (Fig. 2.1). As water 

temperatures rose above 15 °C in June, drills switched to preying primarily on larger oysters 

from June 6-27 (small mean consumption = 0.083 oysters (SE=0.08), large mean = 1.17 

(SE=0.24)) (two-tailed paired T-test, T11 = 4.17, p < 0.01) (Fig. 2.1). 

 Clear seasonal patterns were found over the course of the year-long U. cinerea feeding 

experiment, suggesting that feeding is linked to temperature (Fig. 2.2). Very little predation 

occurred over the winter (<0.05 g/week) when water temperatures were < 10 °C, but feeding 

increased slowly with increasing temperatures in the spring to a peak in the summer months (~1 

g/week) (Fig. 2.2). Feeding rates in spring and fall were similar and were between 0.15 and 0.5 g 
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of prey tissue per week, less than half of summer feeding levels (Fig. 2.2). Greater prey 

consumption occurred during July, August and September than the rest of the year combined.  

  

Temperature and Predation 

 Oyster drills in the elevated temperature treatment did not show a significant change in 

feeding over the first 3-4 months (May to August) of the experiment (T-tests for each month, p > 

0.2) (Fig. 2.3). However, U. cinerea showed a higher feeding rate in the elevated temperature 

treatment during the fall in September (T-test, T14 = -2.05, p = 0.030), October (T-test, T14 = -

1.55, p = 0.071), and December (T-test, T14 = -2.24, p = 0.021) (Fig. 2.3). The overall summer 

feeding rate was not significantly different (p > 0.4) between treatments, but fall showed 

significantly higher feeding in the heated treatment (control mean = 0.20 g tissue / week, heated 

mean = 0.36 g tissue / week) (T-test, T14 = -2.78, p = 0.007).  The largest difference between 

heated and control treatments occurred in the early fall, when control temperatures dropped 

rapidly but the heated treatment remained in the summer temperature range (Fig. 2.3). While the 

difference between treatments was highest in early fall, the percent increase in feeding from 

control to elevated temperatures was highest in early winter when U. cinerea displayed a five-

fold increase in feeding rate in the warmer treatment.  

The year-long feeding experiment at ambient seawater temperatures also showed little 

feeding at temperatures <10°C and strong temperature dependence of feeding (Fig. 2.4). When 

all bi-weekly data points were combined for the entire year, they highlighted a roughly linear 

relationship between temperature and feeding rate (feeding rate F = 0.509 + 0.062T, r2 = 0.80). 

Based on the strong relationship between temperature and feeding rate during all seasons for U. 

cinerea (Fig. 2.4), annual estimates of oyster consumption were made for oysters of different 
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sizes. These estimates were made from the regression between temperature and feeding rate 

(grams of prey tissue per week) using the established relationship between tissue weight and total 

wet weight. Annual oyster predation was predicted at current temperatures and at temperatures 

elevated 2 and 4°C (Table 2.1). Under present temperature conditions, a single U. cinerea can be 

expected to consume approximately 106 oyster spat per year, a number that would increase to 

137 and 169 per year with temperature increases of 2° and 4°C, respectively. An overall increase 

in feeding rate of 30% at +2°C and 60% at +4°C is predicted for the oyster drill (Table 2.1). 

 

Discussion 

 All of the experimental results provide insight into the feeding behavior of Urosalpinx 

cinerea and the mechanisms behind the predation patterns of this species. The first hypothesis, 

suggested by Federighi (1931) and by the evolution of inducible defenses (Lord and Whitlatch, 

2012; Newell et al., 2007), was that oysters with thinner shells are more susceptible to predation 

by U. cinerea. The hypothesis was supported by data from the shell thickness experiment which 

indicated a much higher predation rate on thin- than thick-shelled oysters.  This vulnerability 

could manifest itself as either a feeding preference by the predator or reduced drilling success as 

a result of thicker shells. The latter reason is more likely since U. cinerea prey selection is tied to 

prey respiratory metabolites, the production of which is size-dependent (Blake, 1960). Since thin 

and thick-shelled oysters were of similar sizes, they likely produced similar levels of metabolic 

byproducts that could attract drill predation. In addition, failed (partial) drill holes were common 

on thick-shelled oysters, indicating that drill attempts were made but that U. cinerea eventually 

aborted these attempts. However, this was not conclusive since oysters were field collected and 

thus had drill marks prior to the start of the experiment. In addition, thick-shelled oysters that 
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were rarely consumed and thus rarely replaced remained exposed to U. cinerea for much longer 

than thin-shelled oysters, confounding any counts of failed drill attempts. Regardless of the prey 

selection mechanism, the inducible shell-thickening defense shown by the eastern oyster 

Crassostrea virginica appears to be an effective defense against predation by drilling predators 

such as U. cinerea (Lord and Whitlatch, 2012; Newell et al., 2007). 

 The second hypothesis that oyster drills should select smaller over larger oysters appears 

to be season-dependent.  Drills fed solely on smaller oysters during the winter and early spring 

months, before switching to mainly larger oyster prey during late spring and summer (Fig. 2.1). 

This foraging pattern is likely a result of physiological changes with temperature, as U. cinerea 

is largely dormant during the winter months and feeds little during early spring (Fig. 2.2) 

(Carriker, 1969; Franz, 1971; Hanks, 1957). Slower winter-time metabolic rates likely reduce the 

ability of the drills to be active predators on larger oysters, as low drilling speeds could lead 

drills to give up before penetrating large prey. As temperatures increase, energetic demand and 

metabolic rate increase, allowing oyster drills to attack and consume larger prey.  

Increased metabolism probably increases drilling speed, decreases handling time and 

increases the energetic efficiency of feeding on larger prey, causing the spring-time switch from 

smaller to larger oysters (Fig. 2.1). While the summer predation on larger oysters (Fig. 2.1) may 

be due to high energetic demands, it is most likely a result of the higher prey shell surface area 

and higher levels of metabolites produced by larger oysters (Blake, 1960). The metabolites 

would attract U. cinerea and the higher surface area would skew predation towards larger oysters 

simply by increasing encounter rates. This metabolite and shell area difference would not be 

relevant in the winter months when drills are actively selecting smaller oysters either by avoiding 

larger oysters or by failed drill attempts. Regardless of the mechanism, there was a clear shift 
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from consuming solely small oysters during the winter to larger prey sizes in spring and summer. 

The larger oysters in this experiment were still fairly small relative to market-size or several-year 

old oysters, but they were 10-20 times larger than the smaller experimental oysters, so the size 

difference was substantial. This type of prey size switching is known to occur in some species of 

ants as well, which consume smaller prey under stressful environmental conditions that limit 

movement (Traniello et al., 1984). Lizards and fish can also change prey size preferences with 

season, either due to temperature or changes in prey densities (Avery and Mynott, 1990; Diaz 

and Carrascal, 1993; Werner and Hall, 1974).  

 Feeding rates of U. cinerea varied strongly with season and were most likely tied to 

changes in temperature, although reproductive cycles could play a minor role (Fig. 2.2) (Hanks, 

1957; Manzi, 1970). Little feeding occurred <10°C, a result that is similar to minimum feeding 

temperatures observed in other studies on this species (Carriker, 1969; Franz, 1971; Hanks, 

1957). None of these studies showed complete dormancy of the drill as was observed in the snail 

Polinices duplicatus which does not feed at all for four winter months (November-February), 

(Fig. 2.2) (Edwards and Huebner, 1977).  It should be noted, however, that Long Island Sound 

winter water temperatures (Jan-Mar) in 2012 were unusually warm and did not drop below 7°C. 

Mean winter water temperature over the past 15 years in Long Island Sound has varied between 

2.2° to 7.5°C. Since Carriker (1955) found that oyster drills became dormant when water 

temperatures were <6.5°C, it is possible that colder winter temperatures would have resulted in 

dormancy and a complete lack of feeding. 

The hypothesis that U. cinerea would have higher feeding rates at experimentally 

elevated temperatures during all seasons was partially supported from the temperature feeding 

experiments. There was a significantly higher feeding rate in heated (+4°C) than in the unheated 
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control treatments in late summer, fall, and winter, but not at the start of the experiment during 

late spring and early summer (Fig. 2.3). The lack of a difference between treatments from May to 

July could be related to the time it takes for the drills to fully acclimate to the elevated 

temperatures, although little is known about snail acclimation rates. Elevated U. cinerea feeding 

rates in late summer and fall in heated treatments relative to controls were pronounced, but the 

mechanism behind this pattern is unclear (Fig. 2.3). The difference in feeding rate was likely due 

increased metabolism, activity and metabolic demands at warmer temperatures. The strong 

temperature dependence shown by U. cinerea in year-long and temperature experiments (Figs. 2, 

3) is similar to patterns displayed by several other  temperate marine predators including green 

crabs (Sanchez-Salazar et al., 2007), sea stars (Sanford, 1999), and gastropods (Edwards and 

Huebner, 1977; Garton and Stickle, 1980). 

 The fourth hypothesis that U. cinerea would have a longer feeding season at higher 

temperature treatments was generally supported; the largest relative difference in feeding rate 

between heated and control treatments was in the winter. This occurred as drills in the control 

tanks slowed down feeding rates earlier than those in the heated treatment. However, feeding in 

the control group only stopped a few weeks before the heated group because of a fairly rapid 

ambient water temperature decline in winter. Therefore, the impact of feeding season length is 

small (1-2% of total change in feeding) relative to the large increase in feeding rates at elevated 

temperatures during the summer and fall. 

 Both annual feeding and temperature experiments showed a strong dependence of 

feeding rate on temperature, indicating that temperature is the primary control on U. cinerea 

feeding (Fig. 2.4). Most previous studies of feeding rates and temperature either quantified 

seasonal patterns (e.g. Edwards and Huebner, 1977) or manipulated temperature at constant 
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levels (e.g. Garton and Stickle, 1980; Sanford, 1999). This study provided both seasonal feeding 

patterns (Fig. 2.2) and long-term alteration of seawater temperatures relative to ambient 

temperatures (Fig. 2.3). Thermal response experiments that incorporated seasonal temperature 

fluctuations suggest that seawater temperature controls seasonal feeding patterns and could drive 

inter-annual variability in feeding rates as well due to the strong linear relationship between 

feeding and temperature (Fig. 2.4). Even small increases of 2°C or 4°C on a monthly or 

potentially even decadal scale can result in large increases in oyster drill feeding rates (Table 

2.1). Ocean temperatures along the Atlantic coast of northern North America are predicted to 

increase 2-4°C by 2100, so the feeding changes described and predicted by this study could be 

realized within 50-100 years (IPCC, 2007). An increase of 2°C or 4°C could result in a U. 

cinerea feeding rate rise of 30% or 60%, respectively (Table 2.1). This sharp increase in feeding 

rate with incremental temperature increase also occurs in the sea star Pisaster ochraceus, which 

showed a 25% increase in feeding with temperature change from 9°C to 12°C (Sanford, 1999).  

 Higher U. cinerea feeding rates predictably increase the estimated number of oysters 

consumed per year per individual oyster drill, including a rise from an average of 106 to 169 

juvenile oysters (spat) per year with 4°C higher temperatures (Table 2.1). It is unclear what 

precise effect this would have on oyster populations, but the impact could be felt in many 

locations, since U. cinerea is invasive in the UK, Netherlands, and on the west coast of the US 

(Carlton, 1992; Eno et al., 1997; Faasse and Ligthart, 2007). The range of this predator is still 

expanding and it has shown the ability to consume all species of oysters throughout its native and 

introduced range (Buhle and Ruesink, 2009; Eno et al., 1997; Faasse and Ligthart, 2007). Since 

U. cinerea impacts commercial oyster cultures and oyster restoration projects, changes in water 

temperature could have a strong impact on the ecological and economic impact of this species 
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(Buhle and Ruesink, 2009; Eno et al., 1997; Federighi, 1931). While future changes in climate 

could alter oyster characteristics such as growth rate and shell thickness, warmer temperatures 

will result in large increases in oyster drill feeding and alter the predator-prey relationship 

between these species. 
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Figure Captions 

 

 

Figure 2.1. Oyster size selection of oyster drills in prey size experiment. As temperature 

increased above 10°C, drills switched from preying solely on small oysters to both small and 

large, then eventually to solely large oysters. Asterisks indicate significant differences at p = 0.05 

based on paired T-tests for that date (±SE bars). 

 

Figure 2.2. Annual pattern of U. cinerea feeding, with monthly averages in terms of grams of 

prey tissue per week. Feeding rate increases sharply with temperature, to a maximum in summer 

months. The line indicates a two-month moving average of feeding rates, while bars show 

monthly averages (±SE bars). 

 

Figure 2.3. Oyster drill feeding rates (grams of prey tissue per week) in control and elevated 

temperature treatments for each month from May 2012 to January 2013. There is no significant 

difference in feeding rate between treatments during spring and early summer, but U. cinerea at 

elevated temperature treatments in September, October and December fed significantly more 

than controls. The line shows ambient seawater temperatures (control) over the course of the 

experiment (±SE bars). 

 

Figure 2.4. Linear relationship between U. cinerea feeding rate and water temperature, with data 

from annual feeding experiments. Feeding rates were very low below 10°C but then increased 

linearly with temperature. 
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Table 2.1. Measured and potential feeding rates of U. cinerea at different temperatures. Based on 
temperature experiment results shown in figure 3, weekly feeding rates and annual feeding rates 
(total number of oysters) were calculated at 0, 2 and 4 °C above current ambient seawater 
temperatures in Long Island Sound. 
 

Temperature 
(above ambient) 

Experimental Feeding Potential Consumption (per year) Percent 
Increase Rate (g/wk) Annual (yr) Spat (1g) 3g oyster 5g oyster 

Current (0 °C) 0.38 19.9 oysters 106 35 21 N/A 
2 °C 0.50 25.8 oysters 137 46 27 29.9% 
4 °C 0.61 31.7 oysters 169 56 34 59.8% 
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Figure 2.1 (see caption on p. 53) 
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Figure 2.2 (see caption on p. 53) 
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Figure 2.3 (see caption on p. 53) 
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Figure 2.4 (see caption on p. 53) 
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Chapter 3 

 

Latitudinal patterns of shell thickness and metabolism in the eastern oyster Crassostrea 

virginica along the east coast of North America
3 

 

Abstract 

 

The goal of this study was to quantify growth and metabolic responses of oysters to increased 

temperatures like those that will occur due to global warming. Impact of temperature on eastern 

oyster (Crassostrea virginica) shell growth and metabolism was investigated by sampling 24 

sites along the eastern North American seaboard ranging from New Brunswick, Canada, to 

Florida, USA, in March and August 2013. There was a positive correlation between oyster shell 

thickness and site temperature. At southern sites, shells were up to 65% thicker than at the 

northernmost site, likely due to higher precipitation of CaCO3 in warmer water. This was 

supported by laboratory experiments showing that thicker shells were produced in response to 

temperatures 2, 4, and 6°C above ambient seawater temperatures (8-14°C) in Connecticut, USA. 

Field experiments with oyster respiration were conducted during winter and summer at 13 sites 

to compare responses to thermal stress with latitude. Respiration rates were much higher during 

summer than winter, but the combination of summer and winter data fell along the same 

exponential curve with respect to temperature. At all sites, temperature-specific metabolic rates  

 
_______________________________ 
3Lord J. & Whitlatch R. (2014) Latitudinal patterns of shell thickness and metabolism in the 
eastern oyster Crassostrea virginica along the east coast of North America. Marine Biology, in 
press. 
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at elevated temperatures were lower than predicted, indicating significant seasonal 

acclimatization by C. virginica. 

 

Keywords:  oyster; shell growth; metabolism; respiration; temperature; shell thickness 

 

 

Introduction 

 To predict impacts of climate change on individual species, it is vital to understand how 

the link between temperature and physiology changes on a seasonal and latitudinal basis. In 

species with large geographic ranges, there are often morphological and physiological 

differences among populations that can lead to differential responses to elevated temperatures 

(Dittman et al. 1998). Variability among populations over a large geographic range can thus 

complicate attempts to predict species-specific metabolic responses to climate change (Jansen et 

al. 2007; Cherkasov et al. 2009). Morphological changes in response to temperature over a 

latitudinal range are especially complex in estuarine habitats, where changes in water 

temperature on a latitudinal and seasonal basis are accompanied by variation in salinity, food 

availability and other environmental factors (Brown and Hartwick 1988; Irie 2005; Schöne et al. 

2006; Waldbusser et al. 2011). Calcifying organisms display a particularly complex reaction to 

environmental conditions since calcification rates change based on factors such as temperature, 

salinity, pH, nutrients, and calcium carbonate (calcite and aragonite) saturation states (Morse and 

Mackenzie 1990; Dissard et al. 2010). For example, in Mytilus edulis, a temperature increase 

from 4 to 20°C more than doubles calcification rates (Malone and Dodd 1967). It is therefore 

necessary to integrate experimental data with large-scale geographic patterns in order to assess 
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the impact of latitudinal temperature gradients on metabolism and morphology and to predict the 

influence of climate change (Jansen et al. 2007). 

 In marine ectotherms, such as oysters, metabolic rate is positively correlated with 

temperature (e.g. Newell et al. 1977; Shumway and Koehn 1982; Haure et al. 1998; Jihong et al. 

2004; Mao et al. 2006; Pernet et al 2008). Temperature varies with latitude and season, so 

oysters and other species with broad distributions have intraspecific variations in metabolic rates 

on a spatial and temporal basis. Previous studies relating temperature to metabolism have 

measured responses to changes in temperature at one site (Shumway and Koehn 1982; Boucher 

and Boucher-Rodoni 1988; Mao et al. 2006; Martin et al. 2006) or measured in situ metabolic 

rates along a geographical temperature gradient (Dittman et al. 1998; Jansen et al. 2007). Some 

species, such as the bivalves Mytilus edulis and Macoma balthica, reduce their metabolism in 

summer due to temperatures above their breakpoint temperature (maximum respiration rate), 

while other mollusks, such as Crassostrea gigas and Crepidula fornicata, display their highest 

metabolic rates during the summer (Boucher and Boucher-Rodoni 1988; Mao et al. 2006; Martin 

et al. 2006).  

 For calcifying organisms, shell growth and calcification patterns are also affected by 

seawater carbonate chemistry, which is dependent on temperature and salinity (Morse and 

Mackenzie 1990; Ferguson et al. 2008; Waldbusser et al. 2011). Shell growth varies with 

temperature seasonally (Kanazawa and Sato 2008; Waldbusser et al. 2011), latitudinally (Irie 

2005), and on a climatological scale (Schone et al. 2006; Miyaji 2010). Temperature can impact 

the defensive abilities of calcifying organisms such as mollusks by altering shell strength or shell 

thickness, affecting vulnerability to crushing (crabs) or drilling predators (gastropods) (Nicol 

1967; Palmer 1992; Trussell and Etter 2001). Large-scale patterns of shell thickness can also be 
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affected by biological factors such as predator density, which can induce shell-thickening in 

intertidal snails including Nucella lapillus, Littorina obtusata and L. littorea (Trussell and Etter 

2001; Trussell et al. 2003), clams including Mercenaria mercenaria (Nakaoka 2000), and oysters 

including Crassostrea virginica and C. ariakensis (Newell et al. 2007; Lord and Whitlatch 

2012).  

 The eastern oyster, Crassostrea virginica, increases calcification rates and shell growth 

rates at higher temperatures (Dame 1972; Waldbusser et al. 2011). The metabolism of C. 

virginica from Long Island Sound, USA is also strongly temperature dependent (Shumway and 

Koehn 1982). Studies of metabolic rates of marine invertebrates typically use oxygen 

consumption (VO2) as a proxy (Jansen et al. 2007). Species such as C. virginica that have 

temperature-dependent metabolism and shell growth will be affected by predicted 2–4 °C 

increases in global ocean temperature by 2100 (Pachauri and Reisinger 2007).  

 Changes in growth and metabolism of eastern oyster populations may have large 

ecological and economic impacts, since oysters are a commercially important species throughout 

their range and are ecosystem engineers (Coen et al. 2007). Oysters not only filter estuarine 

water and play a large role in benthic-pelagic coupling, but oyster reefs provide feeding habitat 

and refuge from predation for several benthic and pelagic species (e.g. Grabowski et al. 2005; 

Coen et al. 2007; Stunz et al. 2010). In order to predict future climate-induced changes in oyster 

populations and in oyster distribution it is necessary to understand the way that oyster shell 

characteristics and metabolism respond to increased temperatures along a latitudinal gradient. 

 The goals of this study were to determine the effect of temperature on C. virginica 

metabolism and shell growth by testing the responses of oysters to experimentally elevated 

temperatures in the laboratory, and in the field at sites spanning a wide latitudinal range. We 
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tested metabolic responses and measured shell thickness on both local and latitudinal scales 

because experimentally-determined thermal effects on shell growth and metabolism are often 

generalized for an entire species, despite large variability among populations and along a 

latitudinal gradient (Dame 1972; Singh and Zouros 1978; Shumway and Koehn 1982; Dittman et 

al. 1998; Jansen et al. 2007; Waldbusser et al. 2011). We tested three main hypotheses in this 

study: (1) oysters from the northeastern US would show increased growth rates when grown in 

warmer laboratory conditions since they live far from the southern range limit of the species, (2) 

shell thickness would increase from north to south because warmer temperatures result in lower 

solubility of calcium carbonate, which facilitates shell deposition and (3) southern C. virginica 

populations would be more stressed by elevated temperatures during the summer than northern 

populations since they are closer to the upper temperature limit for the species, i.e. ~36°C 

(Galtsoff 1964). We also quantified the density of a major oyster predator, the oyster drill 

Urosalpinx cinerea, in order to test if predator density affects shell thickness over a large 

geographic range. We conducted field surveys and experiments at 24 sites over a large latitudinal 

gradient (26–47° N) along the east coast of North America, enabling us to assess the role of 

temperature in describing and predicting large scale patterns in C. virginica metabolism and 

morphology. 

 

Materials and methods 

Laboratory experiments 

 All laboratory experiments were conducted in the J. S. Rankin Jr. Seawater Research 

Laboratory at the University of Connecticut, Avery Point. Oysters were provided by Fisher’s 

Island Oyster Farm, where they were grown in brackish Ocean Pond and then in an open ocean 
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environment on Fisher’s Island, New York. They were tagged with Hallprint® shellfish tags 

super-glued to the left valve (cupped side of the shell). Oysters were kept in 20, 25-L flow-

through seawater tanks, each connected to a heat exchanger that controlled the temperature of the 

flowing seawater. Each tank was fed by a separate seawater hose that coiled through a heat 

exchanger, so all water sources were independent and supplied seawater at approximately 1 L 

min-1. Aqua Logic® digital temperature controllers with temperature probes in the experimental 

tanks turned the heaters on and off in order to regulate the temperature of the heat exchangers 

and produce the desired temperature outflow in each experimental tank. Temperature controllers 

were precise to within 1°C and were used to create four temperature treatments of five tanks 

each: control (ambient seawater temperature), +2°C above ambient, +4°C above ambient, and 

+6°C above ambient. Temperatures in the tanks were further monitored by HOBO® data loggers 

which recorded water temperature every hour for the three month duration of the experiment. 

Ambient seawater temperatures increased from 8°C at the start of the experiment to 14°C by the 

end and elevated temperature treatments went up accordingly. 

 Each of the five tanks in the control treatment contained 10 small (1 cm long) and 10 

large (6 cm long) oysters (total 50 per size class), with no significant differences in size among 

treatments at the start of the experiment. Each of the elevated temperature treatment tanks 

contained 5 large and 5 small oysters (5 tanks per treatment = 25 per size class per treatment). 

Twice as many oysters were used in the control treatment to account for the possibility of food 

limitation; under food-limited conditions control oysters should display thicker shells than in 

other treatments (Brown and Hartwick 1988). Oysters were obtained in December 2011, stored 

in flowing ambient seawater temperature tanks for one month, and then transferred to the 

experimental tanks for three months from January to April 2012. Prior to the start, and at the end 
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of the experiment, all oysters were weighed in air (wet weight) and weighed in water (immersed 

weight) as in Palmer (1982) in order to estimate the shell weight of live oysters. The immersed 

weight correlates linearly with shell weight (Fig. 3.1).  A regression was then determined by 

dissecting and weighing the shells of 20 non-experimental oysters, and used to convert immersed 

weight to shell weight (Palmer 1982). All oysters were also photographed before and after the 

experiment and the area of the left valve was measured with the image analysis software ImageJ 

(NIH). These data were used to determine growth rates in terms of shell weight, shell thickness, 

shell area, and tissue weight for C. virginica at different temperatures over the three month 

experimental period. In order to control for variability in the initial size of the oysters, all growth 

rates were calculated as new growth divided by initial size in the unit being measured. Shell 

growth differences were quantified with ANOVA tests between treatments, with Tukey-tests for 

pairwise comparisons. 

  

Latitudinal patterns in shell thickness 

 Oyster shells were collected from natural populations in 24 different intertidal locations 

along the east coast of North America, from the northernmost end of the range of C. virginica 

(New Brunswick, Canada) to south Florida (Fig. 3.2, Table 3.1). To assess changes in shell 

morphology with latitude, shell thickness was determined to be the most useful measure of 

morphological differences, since growth rates could not be determined over short sampling 

intervals and shell lengths and weights tend to be highly variable (Palmer and Carriker 1979). 

Shell thickness was inferred from shell weights (from dissected oysters) divided by surface area 

of the left valve (measured via photograph analysis). This was compared with actual maximum 

shell thickness, determined by measuring shell thickness of longitudinal cross sections with 
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digital calipers for 171 oysters (~10 from each site sampled in March) to the nearest 0.1mm. 

There was a strong correlation between inferred thickness (g cm-2) and measured shell thickness 

(mm) indicating that this inferred thickness estimates actual shell thickness (Regression ANOVA 

F1,169 = 323.37, r2 = 0.66, p < 0.001) (Fig. 3.3). While shell thickness was not measured directly, 

the same method was used for all 24 sites and for laboratory experiments and was an accurate 

measure of the amount of shell material deposited by oysters per square centimeter of left valve 

area. Differences in inferred shell thickness between sites were analyzed by comparing 

residuals from a common regression in order to account for size-based differences in shell 

weights. A regression between left valve shell area (from photographs and image analysis) and 

shell weight was created from a pooled dataset including all oysters from all 24 sites. Residuals 

were then calculated as the difference between each actual oyster shell weight and the 

regression-predicted shell weight for that oyster. This method reduced variability in inferred 

thickness comparisons and eliminated concerns that between-site variability could be dependent 

on the size of C. virginica sampled at each site.  

 At each site, 17 C. virginica were collected haphazardly along a 25-m transect, weighed 

on an electronic balance accurate to 0.01g, and photographed for measurement of shell area. 

Oysters were then dissected, with wet tissue and wet shell weights measured separately on an 

electronic balance in order to determine the relative amounts of shell and tissue. Some oysters at 

each site were excluded from analysis if they had broken or damaged shells that would influence 

measurements of area or weight, but at least 12 oysters were dissected and measured at all sites.  

 Several other abiotic and biotic measurements were made at each site to determine 

possible correlations with oyster shell morphology. Water temperature and dissolved oxygen 

levels were measured with a YSI® Ecosense DO200A dissolved oxygen and temperature meter, 
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and salinity was measured with a refractometer. Average annual seawater temperature estimates 

for each region were obtained from the NOAA National Oceanographic Data Center, which 

provides monthly temperature data for the USA coast. Surveys for oyster drills (Urosalpinx 

cinerea and Eupleura caudata) were conducted in order to assess correlations between predator 

density and shell growth patterns. At each site one 15-m transect was run parallel to the shoreline 

through the center of the oyster bed in the area from which oysters were collected. Oyster drills 

within 0.5 m on either side of this transect (1-m wide swath) were counted; loose oysters and 

rocks were turned over to search for drills, but surveys were otherwise non-destructive. 

 

Latitudinal patterns in respiration 

 Respiration experiments were conducted at 11 sites in March 2012 and 13 sites in August 

2012, (Table 3.1, Fig. 3.2). At each site, 30 C. virginica were collected and placed (left valve 

downward) in haphazard order into closed 355-mL glass jars with in- and out-flowing air tubing. 

These closed chamber respirometers were placed in coolers filled with seawater; 15 chambers in 

a cooler at ambient seawater temperature, and 15 chambers in a cooler at seawater temperature 

elevated 3 °C above ambient. Chambers were aerated for 45 min so oysters could acclimate 

before the experiment, after which the air tubes were capped, sealing the chamber. Using closed 

chambers to measure bivalve respiration is common and effective (Buxton et al. 1981; Shumway 

and Koehn 1982; Vedpathak et al. 2011), and laboratory experiments confirmed a strong 

correlation between field respirometer and Strath-Kelvin respirometer results (regression 

ANOVA, F1,28 = 578.9, p < 0.0001, r2 = 0.954) (Fig. 3.4).  

Experiments were conducted for two hours during the winter and 30 minutes during the 

summer due to dramatically increased respiration rates during warmer months. At the end of the 
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experimental period, the lids of the respirometer chambers were removed and dissolved oxygen 

levels in each chamber measured with a YSI® Ecosense DO200A dissolved oxygen (DO) meter 

in ml L-1. Each treatment had two control chambers that went through the same aeration and 

experimental process but did not contain oysters, so oxygen consumption (VO2) for each oyster 

was measured as control DO level minus experiment DO level in ml L-1. Each oyster was 

weighed on a digital balance and tissue weight was estimated from regressions between wet 

weight and tissue weight that were created from dissected oysters at each site. To compare 

respiration between oysters of different sizes, VO2 for each oyster was corrected to mean dry 

tissue weight (0.88 g) using the allometric equation VO2 = mass0.8 (from Bougrier et al. 1995) as 

in Lannig et al. (2006). Therefore, all respiration measurements are in units of ml O2 L
-1 h-1 0.88 

g-1 tissue. Statistical analyses were conducted using SAS® and Minitab®.  

 

Results 

 Shell growth and metabolic patterns of Crassostrea virginica varied with temperature in 

both laboratory and field experiments. Strong latitudinal gradients were found in shell thickness, 

while respiration rate varied with both latitude and season. 

 

Laboratory experiments 

 Differences within treatments were not significant (p > 0.4), so data points (small and 

large oysters) within each treatment were pooled (Underwood 1997). Shell weight of large 

oysters was significantly greater in +4°C treatments than in control or +2°C treatments (Tukey 

test, p < 0.05). Shell growth in the +6°C treatment was significantly higher than in all other 

treatments. (Tukey test, p < 0.05: ANOVA for difference between treatments, F(3,111) = 21.07, p < 
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0.001) (Fig. 3.5A). Small oysters showed a similar pattern of shell weight growth, with 

significantly more shell production at 4°C and 6°C above ambient temperature (ANOVA, 

F3,116=6.90, p < 0.001, Tukey test for treatment comparisons, p < 0.05) (Fig. 3.5C). Inferred shell 

thickness showed a comparable pattern for both large (ANOVA, F(3,107) = 8.63, p < 0.001) and 

small (ANOVA, F(3,115=5.23, p < 0.01) oysters, with individuals in +4°C and +6°C treatments 

producing significantly thicker shell than those in ambient and +2°C treatments for both size 

classes (Tukey tests, p < 0.05) (Fig. 3.5B, D). Control oysters did not produce thicker shells than 

other treatments despite having twice the number of oysters per tank, suggesting that food 

limitation was not the mechanism driving observed shell growth patterns. 

 Both large and small oysters showed significant but non-directional differences in tissue 

growth between treatments (ANOVA, small F(3,117) = 10.4, p < 0.001, larger F(3,110) = 9.21, p < 

0.001). Mean tissue weights for small oysters in each temperature elevation treatment were: 

control, 0.13; +2°C, 0.06; +4°C, -0.05; +6°C, -0.02, and for large oysters were: control, 0.01; 

+2°C, 0.17; +4°C, 0.02; +6°C, -0.11. Differences in large and small oyster lateral shell growth 

(shell area) were not significantly different between cooler (control, 2°C) and warmer (+4, 6°C) 

temperature treatments (small cool �� ± SE = 0.39 ± 0.45 cm2; small warm 0.38 ± 0.27 cm2; 

larger cool 1.36 ± 0.48 cm2; larger warm 1.18 ± 0.51 cm2). 

 

 Latitudinal patterns in shell thickness 

 Inferred shell thickness increased significantly with increasing average annual 

temperature (regression ANOVA, F(1,22) = 22.9, r2 = 0.51, p < 0.001) (Fig. 3.6, Table 3.2). The 

difference between minimum and maximum shell thickness values was 64.7%, with higher shell 

thickness at warmer sites to the south. Because latitude displayed strong collinearity with site 
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temperature, it was not included as a second variable in a multiple regression. Site salinity did 

not add significantly (ANOVA, variables added-in-order test, F = 0.97, p > 0.3) to the regression 

model that included temperature, and was not considered to be a major driver of shell thickness 

patterns. There was also no correlation (p > 0.3) between shell thickness and oyster drill (U. 

cinerea + E. caudata) density at each site. While the effect of temperature cannot be separated 

from that of latitude, temperature is likely to be a major driver underlying oyster shell growth 

patterns. 

 

Latitudinal patterns in metabolism 

 Respiration rates were strongly correlated with temperature and not with any other 

environmental factor measured. Respiration rates showed an exponential increase with water 

temperature for both March and August experiments (regression ANOVA on log-transformed 

data, F(1,22) = 59.4, r2 = 0.73, p < 0.001) (Fig. 3.7, Table 3.2). There was an approximately five-

fold increase in respiration rates from March to August at all latitudes and temperatures, 

indicating a strong seasonal difference in metabolism superimposed on latitudinal differences 

(Fig. 3.7). Dissolved oxygen (DO) levels were at 100% prior to all experiments due to air supply 

during 45-min acclimate period, and even in the warmest treatment (heated, MacArthur Beach, 

Florida) dropped to an average of 73%. Few chambers at any site had DO levels drop below 

60%, the minimum level used in previous studies (Mao et al. 2006). 

 While oysters displayed higher respiration rates at sites with higher temperatures and at 

experimentally elevated temperatures within sites (Fig. 3.7, 5), responses to elevated 

temperatures were lower than expected based on the exponential temperature-respiration curve 

established in control treatments (Fig. 3.8). The elevated temperature treatments tested 
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acclimation to local water temperatures by exposing oysters to temperatures 3°C above their 

local level. Respiration rates in the elevated treatment were lower than predicted by the control 

function at all latitudes and during both summer and winter as shown by the significant 

difference in control and elevated regressions with temperature (General linear model with log-

transformed data, group difference F1,44 = 4.61, p = 0.037) (Fig. 3.8, Table 3.2).  

 

Discussion 

 Several temperature-related patterns emerged from both laboratory-controlled and 

latitudinal thermal gradient studies, highlighting the role of temperature as a driver of large-scale 

patterns in oyster growth and metabolism. Our hypothesis that oysters from Long Island Sound 

would display increased growth rates at experimentally elevated temperatures was supported by 

growth data from a three-month experiment exposing C. virginica to flowing seawater 

temperature 2°C, 4°C, and 6°C above ambient temperatures. This is not novel in itself and has 

been shown by other researchers (e.g. Dame 1972), but the added shell thickness component in 

this experiment is valuable. The observed increase in shell thickness and weight growth rates at 

+4°C and +6°C was likely a result of the lower solubility of calcium carbonate, specifically 

calcite, at higher temperatures which facilitates shell deposition (Burton and Walter 1987; Morse 

and Mackenzie 1990; Gazeau 2010). This pattern has been observed in several species of 

calcifying organisms including oysters, cowries, and barnacles (Schone et al. 2006; Kawai 2009; 

Waldbusser et al. 2011). Higher shell growth rates at warmer temperatures could also be due to 

increased metabolic rates, which could accelerate the processes involved in shell deposition, but 

this scenario would be accompanied by higher somatic tissue growth, which was not observed. 

Shell and tissue growth rates could have been limited by food availability in the tanks due to the 
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high filtration rates of oysters, but this effect would be the same for all of the treatments and 

would not explain the patterns found.  

Oysters can filter large volumes of water (5 L h-1 g-1 dry mass) (Newell 1988) so it is 

possible that C. virginica in flowing seawater tanks were food-limited, especially in the control 

treatment that had twice the number of oysters. While oysters often produce thicker shells at low 

food concentration, clearance rates estimated by Riisgard (1988) at 28°C suggest that the highest 

total clearance rate in any treatment should be 20 L h-1 and water was supplied at 60 L h-1(Brown 

and Hartwick 1988). Our shell growth experiments were conducted in winter at temperatures of 

8-20°C, depending on treatment, which would cause even lower feeding rates. In addition, there 

were significant differences in shell deposition between +2°C, +4°C, and +6°C treatments, which 

each had the same number of oysters, making it unlikely that the number of control oysters 

influenced results. Increased shell growth at warmer temperatures indicates that shell deposition 

rates are higher under these conditions, irrespective of the allocation to shell thickness or lateral 

growth. These results show a strong effect of temperature changes on shell growth patterns for 

oysters from a single population and suggest that temperature could be a mechanism behind 

latitudinal patterns in shell morphology. 

Previous studies on calcifying species (Nicol 1967; Pytkowicz 1969; Graus 1974; 

Trussell and Etter 2001; Waldbusser et al. 2011) support our finding that oyster shell thickness is 

greater at lower latitudes, with a 65% increase from north to south. Inferred shell thickness 

(correlated with actual thickness) showed a strong negative correlation with latitude and a 

positive correlation with temperature (Table 3.2, Fig. 3.6). The 65% increase in shell thickness 

from north to south shows a large latitudinal gradient that is likely due in part to temperature-

induced increases in shell deposition rate. Oysters do increase calcification rates (Waldbusser et 
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al. 2011) and shell growth rates (Fig. 3.5) at experimentally elevated temperatures, supporting 

the hypothesis that these latitudinal patterns are temperature related. Increased shell thickness at 

warmer latitudes has also been reported for littorine snails in the Northwest Atlantic and cowries 

in the Northwest Pacific (Trussell and Etter 2001; Irie 2005). These studies hypothesize that the 

impact of water temperature on shell deposition is driving latitudinal thickness patterns, an idea 

that is supported by laboratory results for C. virginica (Fig. 3.5) (Waldbusser et al. 2011). 

Shell deposition rates are inferred from shell thickness patterns but cannot be definitively 

established without growth data at all sites, which would require either long-term experiments or 

aging of specimens -- both beyond the scope of this study. Latitudinal shell thickness patterns 

corresponded well with laboratory temperature experiments, but collinearity between latitude 

and temperature makes it difficult to establish causation on a large geographic scale. Increasing 

predation intensity toward the equator has been proposed as a mechanism behind latitudinal 

patterns in shell morphology for some mollusks and cannot be ruled out for C. virginica 

(Vermeij and Veil 1978). Eastern oysters can increase shell thickness as an inducible defense in 

response to crab (Rhithropanopeus harrisii and Callinectes sapidus) and oyster drill (Urosalpinx 

cinerea) predators (Newell et al. 2007; Johnson and Smee 2012; Lord and Whitlatch 2012). 

Whereas surveys in the present study ruled out U. cinerea and E. caudata density as a factor 

impacting large-scale shell thickness patterns, predators such as crabs or other species of oyster 

drills (e.g. Stramonita spp.) tend to increase in abundance to the south and could impact C. 

virginica morphology.  

The final hypothesis that populations of southern C. virginica would be more stressed at 

experimentally elevated temperatures during the summer than northern oysters was not 

supported by experimental respiration data, as oysters showed similar thermal responses at 



 

 

74 
 

 

warmer and cooler sites during summer and winter (Fig. 3.8). The oxygen consumption 

measurements in the present study were brief, and provide snapshots of respiration responses to 

thermal stress at two different times of year across latitudes. As such, there may be longer-term 

differences in acclimation capacity between seasons that were not captured by these experiments. 

Respiration rates (proxy for metabolism) were strongly and exponentially related to temperature 

during both March and August sampling seasons, as expected based on previous work on 

thermal responses of oysters (Shumway and Koehn 1982) (Fig. 3.7). As a result, respiration rates 

were up to five-fold higher during summer than winter, indicating large seasonal swings in 

metabolic rate of C. virginica. Since oysters play a large and active role in estuaries in terms of 

filtration and benthic-pelagic coupling, high seasonal variability in metabolic rate indicates 

seasonal shifts in the ecological influence of oyster reefs (Coen et al. 2007). Seasonal 

acclimatization plays a role as well, as evidenced by lower-than-expected respiration rates at 

elevated temperatures at all sites (Fig. 3.8).  

While respiration rates in elevated temperature treatments were generally higher than the 

ambient temperature controls, they fell consistently below the regression between control 

temperature and respiration rate. This means that the temperature-specific respiration rates were 

higher for control than elevated treatments at all latitudes, suggesting relatively finely tuned 

acclimatization in C. virginica. Seasonal acclimatization, or the adjustment to natural seasonal 

changes in temperature, may allow oysters to gradually adjust their metabolic rate based on 

seasonally shifting water temperatures (Gatten et al. 1988). This would explain the higher 

temperature-specific respiration rates in control treatments, as oysters were acclimatized to that 

specific temperature and could not fully acclimate in elevated temperature treatments (Fig. 3.8). 

The fact that oysters from all latitudes responded similarly to temperatures elevated 3°C above 



 

 

75 
 

 

their local seasonal maximum suggests a high level of local adaptation or acclimatization. The 

large degree of seasonal and latitudinal acclimatization displayed by C. virginica suggests that 

studies conducted at one location or point in time (e.g. Dame 1972; Buxton et al. 1981; 

Shumway and Koehn 1982; Hummel et al. 2000; Mao et al. 2006) should take a cautious 

approach when attempting to draw broad conclusions about the metabolic response of a species. 

 Adaptation or even acclimation was not directly measured during this study since it took 

place over a short period of time, but a few conclusions can be drawn about the latitudinal 

metabolic patterns. The latitudinal compensation hypothesis described by Levinton (1983) 

suggests that populations could evolutionarily shift their temperature-metabolism curve to 

optimize performance under local environmental conditions. This does not appear to be the case 

for C. virginica, as oxygen consumption at all sites fell along a similar exponential curve related 

to site temperature (Fig. 3.7). In addition, populations over a latitudinal gradient responded 

similarly to experimental temperature increases (Fig. 3.8), suggesting a low degree of adaptation 

to local temperatures. Metabolic rates increased concomitantly with site temperature as expected 

from previous studies (Shumway and Koehn 1982), so there also does not appear to be any type 

of counter-gradient variation in metabolic rate (Levins 1969). The overall pattern of oxygen 

consumption with latitude appeared to be well-constrained by site temperature alone, which 

explained over 60% of the variability in temperature between sites. However, there are several 

factors that can influence oyster feeding and metabolism (reviewed by Cranford et al. 2011), so 

temperature is likely to be just one of several factors (e.g. food availability) that influence 

respiration rate. 

 In conclusion, we demonstrated that temperature can exhibit strong control on oyster 

shell growth and deposition in a controlled setting. Ocean temperature may also be a major 
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driver of latitudinal patterns in shell thickness, as we observed a strong correlation between 

temperature and inferred shell thickness at 24 sites over 21 degrees of latitude on the east coast 

of North America. Latitudinal differences in metabolic rates were highly correlated with site 

temperature, but oysters showed a significant level of seasonal acclimatization to local water 

temperatures. Growth experiments and shell thickness surveys suggest that warmer temperatures 

resulting from climate change will likely cause increases in both oyster shell growth and shell 

thickness across latitudes. The strong positive correlation between seawater temperature and 

shell thickness may be caused by decreased solubility of calcium carbonate in warmer water, 

facilitating shell deposition with global warming. We illustrate that oyster metabolic rates, 

acclimatization, and shell deposition vary widely with latitude and season and that differences in 

temperature may be one of the major mechanisms underlying this variation. 
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Figure Captions 

 

Figure 3.1 Linear regression between actual measured shell weight and immersed weight of live 

C. virginica. 

 

Figure 3.2 Sampling locations for C. virginica studies in March and August 2012. Open 

diamonds represent sites sampled only in March; open circles, in August; filled diamonds both 

March and August. See Table 3.1. Latitude onright margin. 

 

Figure 3.3 Linear regression between inferred C. virginica shell thickness (log) and measured 

shell thickness (log). 

 

Figure 3.4 Linear regression between C. virginica oxygen consumption measured in closed 

chamber and Strath-Kelvin respirometers. 

 

Figure 3.5 Laboratory C. virginica growth results (control, +2, +4, and +6 °C treatments). Large 

oyster growth measured in terms of wet shell weight (A) and inferred shell thickness (B). Small 

juvenile oysters showed similar shell weight (C) and thickness (D) patterns (±SE bars). Letters 

indicate significant differences between groups. 

  

Figure 3.6 Differences in C. virginica shell thickness with average annual temperature (n = 24); 

annual temperature data from NOAA NODC. Shell thickness displayed as residual calculated 

from a regression between shell weight and left shell area.  
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Figure 3.7 Metabolism of C. virginica at all sites during both March (n = 11) and August (n = 

13) experiments at ambient seawater temperatures. Respiration rate is exponentially related to 

site temperature (Table 3.2). 

 

Figure 3.8 Respiration responses of C. virginica exposed to ambient and +3°C elevated seawater 

temperatures at each site. Examples of site pairs (ambient and heated from same site) highlighted 

by letters:  (a) Damariscotta River in winter, (b) Fort Pierce in summer, and (c) Tybee Island in 

summer. 
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Table 3.1. Site details for all 24 sites sampled in March (winter) or August (summer) 2012. 

Winter and summer temperatures refer to measurements taken at each site; if a site was not 

sampled in that season, then temperatures are taken from average local SST for that month 

(asterisk next to satellite data) (from www.nodc.noaa.gov). Site labels refer to site locations shown 

in Figure 1. Sites at which metabolism experiments were conducted are indicated along with 

experiment timing in the metabolism experiment column.  

 

Site Name Site 

Label 

Metab 

Expt 

Latitude 

N to S 

Salinity Temperature (°C) 

Winter Summer 

Miramichi, NB NB Winter 47.22 30 *-1.0 *15.0 

North Point, PEI PEI  47.05 30 *0.0 *16.0 

Damariscotta River, ME DR Both 44.03 27 7.9 17.0 

Sippiwissett Marsh, MA SM Winter 41.57 25 6.0 *22.3 

Quissett Harbor, MA QH Summer 41.57 24 *11.9 24.3 

Newport, RI RI Summer 41.47 25 7.5 21.0 

Groton, CT CT Winter 41.33 27 6.0 *22.0 

Eastern Shore 1, VA ES1 Both 37.62 26 16.7 30.7 

Eastern Shore 2, VA ES2  37.61 24 15.6 30.8 

Chesapeake Bay, VA CB Summer 37.46 24 *9.0 25.0 

Rachel Carson 1, NC RC1  34.71 27 16.9 26.5 

Rachel Carson 2, NC RC2  34.71 25 17.1 26.5 

Rachel Carson 3, NC RC3 Both 34.71 25 17.1 26.5 

Oyster Landing, SC OL Summer 33.35 25 18.6 34.2 

Clambank Landing, SC CL  33.34 27 18.2 32.7 

Folly Beach, SC FB Both 32.66 20 17.9 30.0 

Tybee Island, GA TI Both 31.99 24 16.8 30.7 

West Tybee, GA WT  31.99 22 *16.8 30.7 

Marshes of Glynn, GA MG  31.15 23 21.0 27.2 

Pumpkin Hill, FL PH Both 30.48 16 19.7 29.7 

Butler Park, FL BP  29.79 24 20.6 27.2 

Crescent Beach, FL HB Both 29.76 27 20.9 26.7 

Fort Pierce, FL FP Summer 27.46 27 *23.0 29.4 

MacArthur Beach, FL MB Both 26.83 25 24.6 31.2 
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Table 3.2. Summary of statistical results for regressions between shell morphology or 

metabolism and site temperatures or locations. All F and P values are from regression ANOVA 

tables calculated in Minitab® and indicate significant correlations between all variables shown. 

Coefficients of determination (R2) show that these relationships explain a considerable amount of 

data variability, though much geographic variability is evidently due to other unknown factors. 

 

X Y Function R
2
 N F P 

Latitude Shell Thickness (resid) Y = 0.18 – 0.0052X 0.48 24 20.5 < 0.001 

Site Temperature Shell Thickness (resid) Y = -0.10 + 0.006X 0.51 24 22.8 < 0.001 

Site Temperature Log Respiration Y = -1.01 + 0.040X 0.73 24 59.4 < 0.001 

Elevated Temperature Log Respiration (elev) Y = -1.46 + 0.049X 0.72 24 55.6 < 0.001 
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Figure 3.1 (see caption on p. 83) 
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Figure 3.2 (see caption on p. 83) 
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Figure 3.3 (see caption on p. 83) 
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Figure 3.4 (see caption on p. 83) 
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Figure 3.5 (see caption on p. 83) 
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Figure 3.6 (see caption on p. 83) 
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Figure 3.7 (see caption on p. 83) 
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Figure 3.8 (see caption on p. 83) 
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Chapter 4 

 

Predicting competitive shifts and responses to climate change based on latitudinal 

distributions of species assemblages
4
 

 

Abstract 

 

Many terrestrial plant and marine benthic communities involve intense competition for space as 

a means to survive and reproduce. Superior competitors can overwhelm other species 

numerically with high reproductive rates, indirectly with high growth rates that facilitate space 

acquisition, or directly with competitive overgrowth. To assess how climate change could affect 

competitive interactions, we examined latitudinal patterns in species growth rates and 

overgrowth competition via field surveys and experiments with marine epibenthic communities. 

Epibenthic fouling communities are dominated by invasive tunicates, bryozoans and other 

species that grow on docks, boats and other artificial structures. Fouling communities are space-

limited, so growth rate and overgrowth competition play an important role in shaping abundance 

patterns. We experimentally assessed temperature-dependent growth rates of several tunicates 

and bryozoans in eight regions spanning the US east and west coasts. Several species displayed 

positive growth responses to warmer temperature in the northern portions of their latitudinal 

ranges, and vice versa. We used photo surveys of floating docks at 20 harbors in each region to 

compare communities and overgrowth competition. There was a strong correlation across species  

_______________________________ 
4Lord J. & Whitlatch R. Predicting competitive shifts and responses to climate change based on 
latitudinal distributions of species assemblages. Ecology, in review. 
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and regions between growth rate and competitive ability, indicating that growth plays an 

important role in competitive outcomes. Because growth rates are typically temperature-

dependent for organisms that compete for space, including terrestrial plants, fungi, algae, 

bacteria, and sessile benthic organisms, global warming could affect competitive outcomes. Our 

results suggest that these competitive shifts can be predicted by species’ relative growth rates and 

latitudinal ranges.  

  

Keywords: competition, growth, climate change, fouling, benthic ecology, invasive species, 

tunicates, bryozoans 

 

 

Introduction 

 Global warming is likely to alter community composition in many terrestrial and marine 

systems because of range shifts, differential responses to thermal stress, and changes in 

competitive interactions between species. Alterations of community structure are difficult to test 

experimentally because of the complexity of most systems and because of the number of 

competitive and predator-prey interactions between species. As a result, most predictions of 

responses to global warming test thermal tolerance of individual species (e.g. Chamaille-Jammes 

2006, McCarthy et al. 2007, Koopmans & Wijffels 2008, Zani 2008, Epelbaum et al. 2009) 

either through laboratory experiments (e.g. Koskela et al. 1997, Amui-Vedal et al. 2007, Stoner 

et al. 2010, Lord & Whitlatch 2013) or by sampling along a latitudinal temperature gradient (e.g. 

Lonsdale & Levinton 1985, Houde 1989, Doorslaer & Stoks 2005, Parra et al. 2009). These 

studies provide valuable information about species-specific responses to warmer temperatures 
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but do not address interspecific interactions that will also play a large role in determining 

community-level responses. 

 Several publications on impacts of global warming emphasize the need for studies that 

focus on species groups (Gilman et al. 2010), interspecific interactions (Davis et al. 1998, Harley 

et al. 2006, Sorte & Stachowicz 2011) and that incorporate large-scale thermal experiments 

(Somero 2012). Relationships between species are not the only thing complicating the 

assessment of community responses to global warming, as growth rates within species vary not 

only with climate but also with season and latitude (Tanabe & Oba 1988, Houde et al. 1989, 

Parra et al. 2009). Species can respond differently to increased temperature in disparate parts of 

their latitudinal range, often displaying either latitudinal compensation (i.e., higher maximum 

growth or metabolic rate in northern portion of their distribution) or local adaptation (i.e., shifts 

in optimum temperatures) (Levinton 1983, Conover & Present 1980, Yamahira & Conover 2002, 

Doorslaer & Stoks 2005). Competition between species also does not remain static with 

changing conditions, as competitive outcomes can be influenced by altitude (Schob et al. 2013), 

salinity (Pennings et al. 2003), nutrient limitation (Tilman 1976), temperature (Chu et al. 1978, 

Nedwell & Rutter 1994, Milazzo et al. 2013) or other stressors. 

 We set out to test latitudinal changes in competition and thermal responses because 

changes in growth with temperature (thermal performance curves) can be used to predict 

competitive shifts (Widden 1984, Wilson 1984, Deutsch et al. 2008, Clusella-Trullas et al. 2011, 

Milazzo et al. 2013). Differential growth responses to temperature have been cited as a common 

mechanism driving changes in competition between species in several groups of organisms 

including bacteria (Nedwell & Rutter 1994), plants (Chu et al. 1978), and corals (Johannes et al. 

1983). Growth rate is particularly relevant to competition in systems in which space is limiting 
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and there are few dominant species, so thermal effects on growth would be expected to alter 

competitive interactions in these systems. The impact of growth on competition is commonly 

studied in terrestrial plants where fast growth rates allow individuals or clones to outcompete 

other species for space and light (e.g. Chu et al. 1978, Goldberg & Landa 1991, Clay et al. 1993, 

Loehle 1998, Aerts 1999). In the marine realm, sessile epibenthic invertebrate communities 

compete in a similar fashion to terrestrial plants, as they are space-limited and compete at the 

edges of clones or colonies (Sebens 1982).  

 Marine epibenthic fouling communities are primarily composed of sessile marine 

invertebrates such as sponges, tunicates, and bryozoans, many of which have encrusting colonies 

that compete for space via overgrowth competition (Sebens 1986, Nandakumar et al. 1993, Bell 

& Barnes 2003, Lindeyer & Gittenberger 2011). Because fouling community species have short 

lifespans, these communities do not have a climax stage, as in terrestrial plant communities 

(Sutherland & Karlson 1977). Nevertheless, they serve as effective study systems for growth and 

competitive effects because they are largely two-dimensional and are space limited (Sorte & 

Stachowicz 2011). These communities can be influenced by predation (Whitlatch & Osman 

2009), wave exposure (Janiak et al. 2013), flow (Maughan & Barnes 2000) and other factors, but 

on a latitudinal scale, temperature is the overriding factor driving community composition (Engle 

& Summers 1999). Fouling communities are often dominated by non-native species, so 

differences in thermal responses between natives and non-natives could cause a shift in the 

range, abundance, and competitive dominance of non-native fouling species (Sorte & 

Stachowicz 2011). 

 Growth rates at multiple temperatures within one site have been established for several 

fouling species (Bell & Barnes 2003, McCarthy et al. 2007, Bullard & Whitlatch 2009, Mercado-
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Molina & Yoshioka 2009, Saunders & Metaxas 2009, Janiak et al. 2013). While these data 

provide useful thermal performance curves they do not incorporate latitudinal changes in thermal 

responses for a given species. Other studies on marine epibenthic communities catalogue 

changes in community composition over time then correlate this with corresponding increases in 

temperature over the same period (Sagarin et al. 1999, Sorte & Stachowicz 2011, Trowbridge et 

al. 2013). Data on range shifts and species distributions over time do not show causation without 

physiological experiments that establish the mechanism behind shifts in species assemblages 

(Somero 2012). Water temperatures are expected to increase 2-4 °C in the northwestern Atlantic 

and 1.5-3°C in the northeastern Pacific by 2100, so changes in temperature-dependent growth 

rates and competitive abilities will strongly influence changes in community composition 

(Hansen et al. 2006, IPCC 2007). 

 The goal of this study was to determine how responses to warmer temperatures vary 

within and between species and locations by testing thermal growth responses of several fouling 

species at several locations over a large latitudinal range. In addition to thermal experiments, we 

conducted extensive surveys of abundance and competitive overgrowth at 160 sites on the east 

and west coasts of North America in order to correlate differential growth responses to 

temperature with latitudinal changes in competitive interactions. We included several interacting 

species from the fouling community in these experiments and surveys because the impact of 

global warming on interspecific interactions is important to understand when predicting 

community responses to warming (Davis et al. 1998, Gilman et al. 2010, Sorte & Stachowicz 

2011). Because a goal of the project was to explore the possibility that temperature-dependent 

growth rates were the mechanism behind changes in community composition along a latitudinal 
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gradient, the thermal response experiments were necessary to indicate causation for temperature 

or factors correlated with it (Somero 2012). 

 We tested two hypotheses with these thermal experiments and field surveys of fouling 

communities. First, we hypothesized that individual species would respond positively (higher 

growth rate) to experimentally elevated temperatures in the northern portion of their latitudinal 

ranges and negatively in the southern parts of their ranges. Most species have thermal 

performance curves that have a peak or optimum temperature (Topt) somewhere near the middle 

of their latitudinal range, so performance (growth) should increase with elevated temperature 

below Topt and decrease above Topt (Deutsch et al. 2008, Clusella-Trullas et al. 2011). Second, 

we hypothesized that changes in proportionate growth rates (ratio of growth rates between 

species pairs) with latitude would result in competitive shifts towards faster growing species. 

This could then be used to predict community responses to climate change or to new invasions 

based on the growth and competitive changes with temperature for each species. 

 

Methods 

 To test the thermal growth responses of fouling species in different parts of their range, 

we conducted experiments and surveys in 8 regions, 4 on each coast of the United States. The 

regions from north to south on the east coast were Maine (ME), Connecticut (CT), North 

Carolina (NC), and Florida (FL), and on the west coast were Alaska (AK), Oregon (OR), San 

Francisco (SF) and San Diego (SD) (Fig. 4.1). Regions were chosen to include broad ranges of 

seawater temperatures on each coast, with sites over a wider geographic range on the west coast 

of North America because of its shallower latitudinal thermal gradient (Hickey & Banas 2003, 

Shearman & Lentz 2010). Differences in mean summer seawater temperature were obtained 
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from the NOAA NODC Coastal Water Temperature Guide 

(http://www.nodc.noaa.gov/dsdt/cwtg/) and were approximately 10°C between Maine and 

Florida and 9°C between Alaska and San Diego. Both thermal experiments and surveys were 

conducted in all of these regions.   

 

Thermal Experiments 

 Thermal experiments were conducted in flow-through seawater systems at laboratories in 

8 different locations, 4 on each coast of the US during summer 2013 (Table 4.1, Fig. 4.1). Dates 

were chosen to generally coincide with maximum seawater temperature at each site while still 

conducting all experiments within one summer (dates and seawater temperatures are listed in 

Table 4.1). On the east coast, facilities included Darling Marine Center (Walpole, ME), 

University of Connecticut Avery Point (Groton, CT), Duke University Marine Laboratory 

(Beaufort, NC), and Smithsonian Marine Station (Fort Pierce, FL). On the west coast, 

experiments were run at the Sitka Sound Science Center (Sitka, AK), Oregon Institute of Marine 

Biology (Charleston, OR), Bodega Bay Marine Laboratory (Bodega Bay, CA), and Scripps 

Institution of Oceanography (La Jolla, CA).  

 Collaborators at each location suspended sets of PVC settlement plates (10cm x 10cm) 

0.5m below the sea surface from floating docks 4 weeks (±2 days) before the start of an 

experiment (Table 4.1). These panels are commonly used to collect new sponge, bryozoan, 

barnacle and ascidian recruits (e.g. Bullard & Whitlatch 2009, Sorte & Stachowicz 2011). 

Settlement panels at each location were populated with whatever larvae recruited and grew 

during the 4 week collection period. At the start of each experiment, panels were collected in the 

field, placed in seawater-filled coolers, and 20 panels with visually similar communities were 
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selected. Upright colonial and solitary species and barnacles were removed in order to focus on 

encrusting colonial species, and each panel was photographed before the three week 

experimental period. Percent cover at the start of the experiment varied from 5-50% with region, 

but did not differ between treatments. Changes in colony size were due solely to growth, not 

competition with other colonies because of the ample open space available at the start of the 

experiment and short experimental period. The few space-limited colonies were excluded from 

the analyses.  

 At each location, treatments consisted of control containers kept at ambient seawater 

temperature conditions and heated containers experimentally elevated 3°C above ambient 

conditions for 3 week periods. The experimental setup consisted of a flowing seawater reservoir 

that was supplied by the flowing seawater system and maintained constant head pressure for 10 

flexible vinyl hoses in order to stabilize flow rates. Each hose supplied a tall rectangular tank 

(11cm x 11cm x 25cm tall) which contained two PVC settlement panels populated by epifaunal 

colonies obtained from the field. Tanks in the heated treatment (5) were mostly submerged in a 

warm water bath heated by a Process Technologies Smartone® 1000 watt aquarium heater. Water 

temperatures were maintained at 3°C above ambient by a temperature controller that had a 

temperature probe in one of the heated experimental tanks. Temperature was monitored with 

Hobo® pendant data loggers in the control and heated treatments, showing that heated tanks 

stayed within ±1°C of the intended 3°C difference between treatments. Control tanks were not 

submerged in a water bath, so they maintained the ambient seawater temperature of the flowing 

seawater system. The reservoir and hose system supplied each tank with flow of approximately 

one liter per minute, so each tank had a water residence time (complete flushing) of 3 minutes. 



 

 

103 
 

 

The relatively high flow rates and raw seawater supply ensured adequate food conditions for the 

fouling organisms during the course of the experiment. 

 Panels were removed from tanks and photographed after 3 weeks. The area of each 

colony was measured at the start and end of each experiment using ImageJ® 

(http://imagej.nih.gov/ij/). Individual colony growth rates were calculated as proportional 

increase in size (final area / initial area) in three weeks. To compare the responses to increased 

temperature between species and sites, growth rates at elevated temperatures were divided by 

control growth rates at each site for each species. To compare the thermal growth responses of 

species with different latitudinal ranges, all sites in the latitudinal range of each species were 

provided with a value from 0 to 1, with 0 being the southern tip of the distribution and 1 being 

the northern tip. Latitudinal range positions were calculated as:  [(site latitude – minimum range 

latitude) / (maximum range latitude – minimum range latitude)]. Latitudinal range data were 

mostly compiled from the Smithsonian NEMESIS database, with additional data obtained from 

Karlson and Osman (2012) and Stanford SeaNet (http://seanet.stanford.edu/). This latitudinal 

range position ratio allowed for a comparison of species’ responses to experimentally elevated 

temperatures in the same relative positions within their ranges.  

 This same experimental method was used in experiments in Connecticut at the University 

of Connecticut Avery Point during February, April, and June 2013. Exposing fouling species to a 

wide array of temperatures (from 8°C in winter to 22°C in summer) over the course of the year 

allowed for a comparison of responses to increased temperature on a seasonal basis. Thermal 

performance curves from these experiments were then compared with those from latitudinal 

experiments in order to assess similarities between seasonal and latitudinal differences in 

temperature. 
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Competition Surveys 

 To assess interspecific competitive interactions along a latitudinal gradient, we conducted 

photo surveys, with an underwater digital camera, of fouling communities growing on floating 

docks at 155 marinas. Marinas that had floating docks and were within 200 km north and south 

of each experiment were selected from satellite photos, with at least 16 survey sites in each 

region (Table 4.1). Temperature and salinity were measured at each site, and sites with salinities 

above 25 were classified as marine locations (Table 4.1). These marine sites were used for 

interspecific competitive analysis. At each marina survey site, at least 30 photos were taken over 

the side of the floating dock at haphazard intervals; the communities were not visible until the 

researcher was lying face down on the dock, so the locations of the photos were unbiased by 

species present. Photos were taken 0.25m away from the substrate (sides of the dock), so photos 

contained approximately the same area. All surveys were conducted within 3 weeks after the 

experiment start dates in each region (Table 4.1). 

 Images were compiled with the image cataloguing program Daminion® and each image 

was digitally tagged with the species present. At least 400 photos were analyzed within each 

region, with competitive interactions pooled for each region.  In each photograph, each instance 

of one species clearly overgrowing another was classified as a ‘win’ for the overgrowing species 

and a ‘loss’ for the species being overgrown (as in Barnes & Clarke 1998, Bell & Barnes 2003). 

Wins were given two points, losses 0, and apparent stand-offs were classified as ‘ties’ and each 

species was given one point.  Competitive scores could then be calculated for each species 

against all other species or against any subgroup of its competitors.  
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 Because species assemblages, and therefore pools of potential competitors, were different 

in each region, competitive scoring was broken down into species pairs. All competitive 

interactions within each region pooled together in order to make comparisons of species pairs. 

For example, the percent of interactions in which the tunicate Diplosoma listerianum overgrew 

(competitive win) the tunicate Botrylloides violaceus (competitive loss) was compared between 

different regions. Latitudinal position ratios were calculated for each species in each region in 

the same manner as for the growth experiments. Competitive scores or winning percentages for 

pairs of species were plotted against relative growth rates of the paired species, using growth 

rates from thermal experiments in each region. This provided a measure of the impact of growth 

rate on competition and allowed for comparison of potential competitive shifts with changes in 

proportionate growth rates for each pair of species.  

 

 

Results 

Thermal Experiments 

 Growth rates were established at local ambient temperatures and at experimentally 

elevated temperatures at all 8 sites for a total of 19 species.  Growth rates in control and heated 

temperature treatments were established in at least 3 regions for four species of tunicates: 

Botrylloides violaceus (6 sites), Botryllus schlosseri (5 sites), Diplosoma listerianum (4 sites), 

and Didemnum vexillum (3 sites). Increased growth rate was characterized as a positive response 

to elevated temperature while decreased growth was considered a negative response. The 

magnitude of growth rate change differed between species and regions; for example, B. violaceus 

nearly doubled its growth rate in heated treatments in Alaska (Fig. 4.2D), while D. listerianum 
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displayed a much weaker response in Maine, the northern edge of its range (Fig. 4.2G). 

However, species generally responded positively to temperature increases (3°C) in the northern 

portions of their latitudinal range and negatively towards the southern portion of their ranges 

(Fig. 4.2).  

 For all species and sites combined, there was a strong positive correlation between 

latitudinal position ratio and the percent change in growth rate in heated treatments (Pearson 

correlation coefficient (r) = 0.796, F1,17 = 29.4, p < 0.001) (Fig. 4.3). Species in the southern, 

warmer portions of their ranges (latitudinal position ratio near 0) showed a negative growth 

response to experimentally elevated temperatures, while in the northern part of their ranges, 

species displayed a distinctly positive response (Fig. 4.3). This means that in northern portions of 

their ranges, species grew faster at warmer temperatures (compared to control), and towards 

southern edges they grew slower at warmer temperatures. Because of the short length of the 

experiments, mortality at all sites was low (< 5%) and did not differ by treatment, so 

experimental temperatures altered growth rate but did not increase to lethal levels. 

 Thermal performance curves (TPCs) were created for all 4 species that settled on panels 

in at least 3 regions and thus were included in those thermal experiments (Botryllus schlosseri, 

Botrylloides violaceus, Diplosoma listerianum, Didemnum vexillum) (Table 4.2, Fig. 4.4). 

Species showed similar responses to seasonal and latitudinal changes in temperature, based on 

the latitudinal experiments in 8 regions and the 4 seasonal sampling periods in Connecticut. 

Therefore, TPCs based on growth rate were created from combined seasonal and latitudinal 

datasets for each species, fit with Gaussian curves in Sigmaplot®, and are shown in figure 4. The 

species with the southernmost range was D. listerianum, which had the TPC shifted furthest to 

the right (higher temperature) (Fig. 4.4). The species with the northernmost range was B. 
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violaceus, which had the TPC shifted furthest to the left (colder) out of the four species (see 

Table 4.2 for equations, fit statistics, and thermal optima) (Fig. 4.4).   

 

Competition Surveys 

 Using competitive interactions between pairs of species in different regions minimized 

bias based on varying species assemblages between regions. There were large differences in 

competitive outcomes within species pairs based on region. For example, the tunicate Botryllus 

schlosseri (BS) has a more southerly distribution than Botrylloides violaceus (BV), and the 

overgrowth percentage for BS over BV in Maine was 59%, rising up to 70% in the warmer 

waters of Connecticut (Table 4.3). The sub-tropical species Diplosoma listerianum (DL) ‘won’ 

59% of interactions with BV in Maine, and 83% in Connecticut, an increase of 24% from north 

to south (Table 4.3). Of the 8 species pairs for which at least 15 competitive interactions were 

scored at multiple sites, 7 showed a competitive shift toward the warmer-water species at the 

more southern site. The only exception was a 3% decrease in competitive score between D. 

listerianum and B. schlosseri in Maine and Connecticut, although these species have only 

slightly different latitudinal ranges on the east coast of the US.  

 To determine the relationship between growth and competitive outcomes, proportionate 

growth rates were calculated as the growth rate of one species divided by the growth rate of 

another species at the same site. Using all sites and species pairings for which growth and 

competition data were available, there was a strong correlation between proportionate growth 

rate (natural log) and competitive score or overgrowth proportion (Pearson correlation 

coefficient (r) = 0.836, F1,11 = 25.5, p < 0.001) (Fig. 4.5). A species with a higher growth rate at a 

given site was more likely to overgrowth the slower growing species (Fig. 4.5). 
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Discussion 

 This study focused on the potential effect of global warming on growth and competition 

in marine epibenthic fouling communities along a latitudinal gradient on the east and west coasts 

of the United States. Significant differences in thermal responses between species and within 

species along a latitudinal thermal gradient were found. Temperature appears to be the primary 

factor driving changes in growth rate over a seasonal and latitudinal gradient for these species in 

these space-limited habitats. Changes in growth rate affected competitive outcomes and suggests 

that warming climates could cause shifts in competition and community composition in fouling 

communities and other marine and terrestrial systems where growth rates strongly influence 

competition and percent abundance patterns (e.g. bacteria (Nedwell & Rutter 1994), plants 

(Goldberg & Landa 1991), and coral (Johannes et al 1983)). 

 The hypothesis that species would show positive growth responses to elevated 

temperatures in the northern parts of their latitudinal ranges and negative responses in the 

southern portions of their ranges was supported by the results from the large-scale thermal 

experiments (Figs. 4.2, 4.3). These results are consistent with previous studies of ectotherm 

thermal performance curves, demonstrating increasing growth with temperature until a thermal 

optimum and decreasing growth above this temperature (Deutsch et al. 2008, Clusella-Trullas et 

al. 2011) (Table 4.2, Fig. 4.4). There was a strong linear relationship between latitudinal range 

positions (i.e. northern or southern portions of a species’ latitudinal range) and responses to 

experimentally elevated temperatures (3°C) across all species studied. Species near their 

southern range limits displayed a maximum of over 60% reduction in growth with 3°C 

temperature increase, while species near their northern range limits showed up to an 80% 

increase in growth rate with a 3°C  increase in temperature (Fig. 4.3). While there was a 
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consistent and predictable growth response with respect to latitudinal position, responses to 

elevated temperatures varied widely across sites and between species within sites. These 

differential responses to warmer temperatures are what could drive changes in competitive 

outcomes and alter community composition with global warming. 

 The second hypothesis that competitive outcomes would shift along with proportionate 

growth rates (ratio of growth rates between two competing species) was also supported by data 

from the competition surveys and thermal experiments. Faster growing species (relative to their 

paired competitor) displayed drastically higher rates of competitive overgrowth (Fig. 4.5), which 

is the major mechanism of competition in the fouling community (Sebens 1986, Nandakumar et 

al. 1993). This is similar to competition for light in terrestrial plant communities, where growth 

rate is often a strong driver of competitive outcomes, though nutrients play a large role as well 

(Chu et al. 1978, Goldberg & Landa 1991, Wilson & Tilman 1991). Not only did faster growing 

species outcompete slower growers (Fig. 4.5), competition within species pairs also shifted with 

latitude based on ranges of the two species (Table 4.3). Competitive outcomes favored warmer 

water species along the latitudinal temperature cline from colder to warmer sites (Table 4.3). 

Most of the species included in this study were non-natives, as fouling communities in most 

locations are dominated by non-native species (Lambert & Lambert 1997). The prevalence of 

non-natives in these habitats suggests that they are superior spatial competitors to native species, 

but not enough native species were present at sites included in this study to make direct 

comparisons. Nonetheless, thermal growth experiments show regions in which specific non-

native species benefit from increased temperatures (Fig. 4.2), so species such as B. violaceus will 

likely increase in abundance in the northern portion of their range as seawater temperatures rise. 
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 With ocean temperatures expected to increase 2-4°C along the east coast and 1.5-3°C 

along the west coast of the US by 2100, the 3°C experimental increase in temperature provides 

insight into future responses of species to global warming (IPCC 2007). While these short-term 

experiments did not take long-term adaptation to warmer temperature into account, the use of a 

latitudinal cline in temperature allowed for experimentation with populations that could be 

adapted to local thermal conditions. While some tunicates can show genetic differentiation even 

on the scale of meters because of limited larval dispersal (Yund & O’Neal 2000), seasonal and 

latitudinal experiments showed a similar response to temperature within species for all seasons 

and latitudes (Fig. 4.4). There was no apparent local adaptation (shift of TPCs) or latitudinal 

compensation (higher maximum growth rate at colder sites) within any of the 4 species that were 

included in experiments in at least 3 locations (Fig. 4.4) (Levinton 1983, Lonsdale & Levinton 

1985, Doorslaer & Stoks 2005). One possible explanation for this could be the primary dispersal 

mechanism for many fouling species; they are often transported between harbors on ship hulls 

which could act as a significant source of gene flow and lead to homogenized populations 

(Stoner et al. 2002).  

 By including a suite of interacting species as suggested by several publications on global 

warming (Harley et al. 2006, Gilman et al. 2010, Sorte & Stachowicz et al. 2011), this study 

provides information about differential responses of species assemblages to warmer temperatures 

at multiple sites (Figs. 4.2, 4.3). The strong linkage between growth rates and competitive 

outcomes over a latitudinal gradient (Fig. 4.5) suggests that changes in temperature will cause 

shifts in competitive interactions as temperatures increase and that altered growth rates will be 

the primary mechanism behind these shifts. The robust correlation between latitudinal position 

within a species’ range and its response to warmer temperatures (Fig. 4.3) should be able to 
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provide greater predictive power as to the direction of competitive shifts with global warming. In 

addition, the linkage between latitudinal range position and response to temperature (Fig. 4.3) 

could allow for predictions of the competitive abilities of newly introduced species under present 

and future ocean temperatures. By incorporating multi-species thermal experiments into an 

examination of competition over a large geographic range, this study quantified the thermal 

growth mechanism behind competitive shifts and thus facilitated prediction of changes in 

community composition with latitudinal and climate-related increases in temperature. 
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Figure Captions 

 

Figure 4.1. Map of North America showing 8 regions in which competition surveys and thermal 

experiments were conducted. Triangles are individual survey sites, with at least 15 survey sites in 

each region. 

 

Figure 4.2. Fouling species growth rates under control and heated conditions in different parts of 

their ranges; (A) Botryllus schlosseri on west coast of the United States, (B) B. schlosseri on the 

east coast, (C) Hydroides spp. on the east coast, (D) Botrylloides violaceus on the west coast, (E) 

B. violaceus on the east coast, (F) Distaplia occidentalis on the west coast, (G) Diplosoma 

listerianum on the east coast, (H) Didemnum vexillum on the east coast, (I) Watersipora 

subtorquata on the west coast. Growth rates are expressed as percent increase in colony size over 

3 week experimental period (+/- SE). Letters indicate significant differences within plots. 

 

Figure 4.3. Correlation between latitudinal position ratio and growth rate changes in response to 

experimental temperature elevation (3°C). Latitudinal position ratio describes where each species 

is in its latitudinal range, with 0 being the southern edge of the range and 1 the northern edge. 

Species displayed negative growth responses to increased temperature in the southern part of 

their ranges and positive responses in the northern part of their ranges. Included data are just for 

encrusting tunicates and bryozoans for which control and heated growth rates were established. 

 

Figure 4.4. Thermal performance curves for the 4 tunicate species that were used in growth 

experiments in at least 3 sites: (A) Botrylloides violaceus, (B) Botryllus schlosseri, (C) 
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Didemnum vexillum, (D) Diplosoma listerianum. All curves are shown on the same plot in (E) in 

order to highlight differences in changes in growth rate with temperature. Peaks for D. vexillum 

and D. listerianum are approximately 10°C above B. schlosseri and B. violaceus, with D. 

listerianum warmest overall and B. violaceus coolest.  

 

Figure 4.5. Correlation between competitive score (‘winning percentage’) and natural log of 

proportionate growth rate, or the ratio between the growth rates of two competing species. Each 

point represents average outcomes (‘winning percentage’) for a pair of species at an individual 

site. Species with high proportionate growth rates were very successful competitors compared to 

species with low growth rates. Labels indicate paired sites and correspond to detailed site and 

species information shown in Table 4.3. Species pairs 7 and 8 do not show two sites because 

growth rate data was not available for both species. 
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Table 4.1. List of regions in which thermal experiments and competitive surveys were conducted 
during May-August 2013. Experiment start dates, control and heated temperatures for 
experiments in each region, and the number of survey sites. The number of survey sites with 
salinities >25 are listed in parentheses. 
 
Location Experiment 

Start Date 
State Control 

(ambient) 
(°C) 

Heated 
(°C) 

# Survey 
Sites (high 

salinity) 
Darling Marine Center August 9 ME 18.5 21.5 20 (19) 
University of Connecticut Avery Point August 6 CT 21.8 24.8 18 (10) 
Duke University Marine Lab May 22 NC 23.7 26.7 22 (13) 
Smithsonian Marine Station May 20 FL 29.3 32.3 21 (10) 
Sitka Sound Science Center July 15 AK 12.0 15.0 16 (16) 
Oregon Institute of Marine Biology July 11 OR 13.0 16.0 19 (16) 
Bodega Marine Lab June 18 CA 14.5 17.5 20 (18) 
Scripps Institution of Oceanography June 14 CA 18.3 21.3 19 (19) 

 

  



 

 

120 
 

 

Table 4.2. Equations and fit statistics for Gaussian curves fit to growth responses to temperature 
for four tunicate species shown in Figure 4.  
 
Species Gaussian Curve (y = growth rate, x = °C)  Peak (°C) R2 
Botryllus schlosseri y = 2.27 * (e ^ { [-(x-15.50)2] / (2*6.492)}) 14.9 0.60 
Botrylloides violaceus y = 2.28 * (e ^ { [-(x-14.83)2] / (2*4.822)}) 14.9 0.72 
Diplosoma listerianum y = 12.3 * (e ^ { [-(x-22.93)2] / (2*4.232)}) 21.8 0.93 
Didemnum vexillum y = 3.93 * (e ^ { [-(x-22.37)2] / (2*9.392)}) 22.0 0.80 
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Table 4.3. Competitive scores (‘winning percentage’) for pairs of species at multiple sites shown 
in Figure 5. Southerly species had higher competitive scores in warmer regions within species 
pairings than more northerly species. (ME=Maine, CT=Connecticut, OR=Oregon, SF=San 
Francisco, SD=San Diego). 
 
Species 1 
(warmer range) 

Species 2 
(colder range) 

Pair 
# 

Colder 
Site A 

Warmer 
Site B 

Sp. 1 win %   ∆ 

A B 

Botryllus schlosseri Botrylloides violaceus 1 ME CT 0.59 0.71 0.12 

Botryllus schlosseri Diplosoma listerianum 2 ME CT 0.11 0.08 -0.03 

Botryllus schlosseri Watersipora subtorquata 3 SF SD 0.96 0.81 0.15 

Didemnum vexillum Botrylloides violaceus 4 ME CT 0.69 0.81 0.12 

Didemnum vexillum Diplosoma listerianum 5 ME CT 0.33 0.17 0.16 

Diplosoma listerianum Botrylloides violaceus 6 ME CT 0.59 0.83 0.24 

Botrylloides violaceus Watersipora subtorquata 7 SF SD 0.92 0.65 0.27 

Botrylloides violaceus Watersipora subtorquata 8 OR SD 0.91 0.65 0.26 

 

 

 

 

  



 

 

122 
 

 

Figure 4.1 (see caption on p. 117) 
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Figure 4.2 (see caption on p. 117) 
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Figure 4.3 (see caption on p. 117) 
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Figure 4.4 (see caption on p. 117) 
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Figure 4.5 (see caption on p. 117) 
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Chapter 5 

 

Influence of seawater temperature and shipping on the spread and establishment of 

invasive marine fouling species
5
 

 

Abstract 

 

We quantified the extent to which seawater temperature and shipping control introduction, 

establishment, and spread of invasive fouling species on both local and continental scales. Photo 

surveys of epibenthic fouling communities were conducted at 160 marinas over a broad 

geographic range on the east and west coasts of the US. All native and introduced species in each 

photo were identified, and percent cover of all abundant species was calculated for each site. 

Similarity was computed between paired sites to quantify the spread of introduced species 

between harbors and understand the mechanisms by which these invasions occur. Native species 

richness was positively correlated with mean summer seawater temperature, whereas introduced 

richness displayed a parabolic relationship with a peak at 20°C. Temperature and commercial 

shipping traffic explained 66% of variability in the number of introduced species in 16 sub-

regions on Atlantic and Pacific coasts of the US. Similarity of species assemblages was not 

correlated with distance between sites. Shipping apparently drives species introductions but 

temperature controls which species can become established. Many fouling invasions are still in 

progress, as recent invaders (<25 yrs) are still spreading within their present geographic range in  

_______________________________ 
5Lord J. & Whitlatch R. Influence of seawater temperature and shipping on the spread and 
establishment of invasive marine fouling species. Diversity and Distributions, in review. 
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a dispersal process not linked to climate. Even established introduced species did not exclude 

native species and did not homogenize species pools, which appear to be stochastic and unrelated 

to distance between sites. 

 

Keywords: Fouling, invasive species, temperature, climate change, connectivity, diversity 

 

 

Introduction 

 Invasive species can impact diversity and ecosystem function in many types of marine 

and terrestrial environments (Dukes & Mooney 1999, Stachowicz et al. 1999, Hejda et al. 2009, 

Vance et al. 2009). They can reduce diversity of native assemblages because introduced species 

are often competitively dominant and environmentally tolerant, which provides them with an 

advantage in heavily disturbed or dynamic environments (Dukes & Mooney 1999). While 

dominant species that can reduce diversity are often introduced, native species with similar 

characteristics can also cause reductions in species diversity (Houlahan & Findlay 2008).  Both 

competitive dominance and biological invasions can be affected by climate change, which can 

make communities more susceptible to the influence of introduced species (Dukes & Mooney 

1999, Sorte & Stachowicz 2011). Introduced species are likely to become more prevalent with 

global warming due to higher environmental tolerances; characteristics that make species 

successful invaders (tolerance of wide array of environmental conditions, high growth rate) also 

make them less susceptible to global warming (Helmuth et al. 2002).  

 Climate change is expected to increase coastal seawater temperatures by 2-4°C in the 

northwest Atlantic Ocean and 1.5-3°C in the northeast Pacific by 2100 (IPCC 2007), which 
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could cause shifts in benthic marine communities. Seawater temperature is the primary 

mechanism underlying latitudinal changes in benthic community composition, and is a proposed 

cause for latitudinal patterns in marine and terrestrial diversity (Pianka 1966, Rohde 1992, Engle 

& Summers 1999, Tittensor et al. 2010). Climate change has been linked to range expansion and 

range shifts with latitude in several groups of organisms including terrestrial plants and benthic 

marine communities (Sagarin 1999, Pauli et al. 2007, Dijkstra et al. 2011, Sorte & Stachowicz 

2011). These climate-induced range shifts are particularly relevant to introduced species, because 

it allows new dominant, thermally tolerant species to gain a foothold in new environments, 

where they are exposed to novel assemblages and can negatively impact biodiversity and 

ecosystem function (Vitousek et al. 1996). 

 Marine epibenthic fouling communities are mostly composed of sessile marine 

invertebrates (tunicates, bryozoans, sponges) that typically proliferate on artificial hard substrates 

such as docks and aquaculture equipment but can live on natural hard substrates as well. Fouling 

communities are highly invaded systems that are space-limited and are controlled by competition 

between species, making them ideal systems to study the spread and impact of introduced 

species (Sebens 1986, Altman & Whitlatch 2007, Sorte & Stachowicz 2011, Karlson & Osman 

2012). Both disturbance (physical or biological) and increases in temperature can facilitate the 

establishment and increased abundance of introduced fouling species (Altman & Whitlatch 2007, 

Sorte & Stachowicz 2011). Geographic ranges are established for many fouling species (Karlson 

& Osman 2012), and range expansion in benthic communities is often used to measure 

community responses to increased seawater temperatures (Sagarin 1999, Dijkstra et al. 2011, 

Sorte & Stachowicz 2011). In terms of growth rates, individual fouling species respond 

positively to increased temperature in the northern portion of their latitudinal ranges and 
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negatively in the south (Lord & Whitlatch in review). This suggests that responses to global 

warming will be context-dependent, even within species, and provides a potential mechanism 

behind climate-induced shifts in community composition.  

 Mechanisms behind range shifts and spread of introduced species are not well 

understood, in part because introduced species are not ubiquitous even within their current 

geographic ranges. Therefore, attempts to link increased abundance of introduced fouling species 

to long-term increases in temperature are complicated by factors including range shifts, new 

introductions, and the spread of introduced species within their current geographic range 

(Dijkstra et al. 2011, Sorte & Stachowicz 2011). In order to understand and mitigate the spread 

of introduced fouling species, it is important to determine the factors influencing the spread and 

establishment of these species, not just in terms of range expansion but also within the limits of 

their range. Establishing which species are likely invaders and quantifying the importance of 

human-mediated and natural modes of dispersal is vital to limiting the impact of these species 

(Hulme et al. 2009).  

 The overall goal of this project was to gain insight into the mechanisms behind not just 

introduction, but also spread and resulting abundance of introduced species on local and 

continental scales. International shipping and aquaculture are typically the main vectors for 

marine introduced species transport, leading to introductions in novel environments, but less is 

known about what enables introduced species to persist and spread within their invaded range 

(Molnar et al. 2008). We conducted surveys of marine epibenthic fouling communities living on 

docks at 160 marinas along the east and west coasts of the United States and compared similarity 

of species assemblages between sites and regions in order to assess the potential degree of 

population connectivity and dispersal on small (< 100 km) and large (1000+km) scales. Since 
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temperature is a proposed cause for higher diversity and warmer temperatures can facilitate 

invasion (Pianka 1966, Rohde 1992, Tittensor et al. 2010, Sorte & Stachowicz 2011), we 

hypothesized that the warmest regions would have the highest species richness and most 

introduced species. Because commercial shipping vessels are a major vector for marine invasions 

(Molnar et al. 2008), especially for fouling species, we also hypothesized that sites with the 

highest commercial shipping traffic would have higher diversity of introduced species than lower 

shipping traffic sites at similar seawater temperature regimes. Determining the drivers of native 

and introduced species diversity and assessing similarity between species assemblages at 

different sites facilitates an understanding of the mechanisms behind the introduction and spread 

of marine introduced species across different geographic scales. 

 

Methods 

 Photo surveys were conducted on floating docks at 160 marinas to assess relative 

abundance, percent cover, and species richness for native and introduced fouling species. 

Surveys were conducted in 8 regions on Atlantic and Pacific coasts of the US and were centered 

around marine laboratories that served as bases of operations. Regions included Maine (Darling 

Marine Center), Connecticut (University of Connecticut Avery Point), North Carolina (Duke 

Marine Laboratory), Florida (Smithsonian Marine Station), Alaska (Sitka Sound Science 

Center), Oregon (Oregon Institute of Marine Biology), central California (Bodega Marine 

Laboratory), and southern California (Scripps Institution of Oceanography). Surveys were 

conducted at marinas with floating docks within 100 km north and south of each laboratory, and 

individual sites were selected by harbors or marinas that both had floating docks and allowed 

researchers access to them. All marinas voluntarily allowed access to their docks, where 
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temperature was measured with a digital thermometer and salinity was measured with a 

refractometer. Longer-term temperature and salinity data for each site were obtained from the 

NOAA National Buoy Data Center (NBDC) and National Oceanographic Data Center (NODC) 

for the nearest recording location to each site. Photo surveys were conducted at 20 sites in each 

region, but only the 10 highest salinity sites in each region (80 total sites) were used for the 

analysis in order to minimize salinity-induced variability (Table 5.1, Fig. 5.1).  

 Photos of the sides of floating docks were taken with a 12 megapixel digital camera in 

waterproof housing, 0.25m from the side of each dock for an area of approximately 1/16 m
2 per 

photo. Photo locations were haphazardly selected and were unbiased because each photo location 

was chosen before lying down above the side of the dock to take the photo. As such, there was 

no prior knowledge of the organisms in each photograph. All photos were taken by the same 

researcher in order to standardize the photography method. At each site, 40 locations were 

selected and photographed 3 times each in order to ensure photo clarity. Photos were transferred 

to the computer and initially analyzed in the photo software Daminion©, with which each 

photograph was digitally tagged with identities of all species present. This allowed sorting by 

sites and regions based on the presence or absence of species in each photograph, henceforth 

referred to as occurrence data. All species were identified and tagged by the same researcher 

based on the Smithsonian NEMESIS database (http://invasions.si.edu/nemesis/index.jsp), 

Stanford SeaNet database (http://seanet.stanford.edu/), as well as information from local field 

guides and experts in each region. The majority of organisms (88%) were identified to species, 

while others were identified to the lowest taxonomic level based on morphological 

characteristics (e.g. sponges Haliclona spp., Halichondria spp.).  



 

 

133 
 

 

 Percent cover estimates were conducted using point counts for 20 randomly selected 

photos from each of the 80 sites. Point counts were conducted in the photo analysis program 

JMicroVision©, which randomly selected 75 points for identification in each photograph. 

Moving averages were used to ensure that photos were not under-sampled, and percent estimates 

levelled out by 50 points, showing that 75 points per photograph was sufficient to accurately 

represent the assemblage in those photographs. Similarity values were computed from percent 

cover data between all 8 regions (∑ �site 1i
�
��	 
  site 2i), which were used to create a dendrogram 

in Minitab©. Species used in percent cover and occurrence analyses were classified as native or 

introduced based primarily on the Smithsonian NEMESIS database, supplemented by literature 

descriptions of native ranges for each species. Most introduced fouling species are considered 

pests, so they are henceforth referred to as invasive species. In order to compare differences 

between and within geographic regions, each region was divided geographically into two sub-

regions (north and south) (Table 5.1).  

 Mean summer temperatures (June-August) obtained from the NOAA NDBC 

(http://www.ndbc.noaa.gov/) and NODC (http://www.nodc.noaa.gov/) were used for statistical 

analysis instead of those measured directly at each site to provide a more accurate estimate of 

typical summer conditions and reduce variability due to tides and short-term weather patterns. 

Heterogeneity or β-diversity within sites (β-site) was calculated as: (mean number of species per 

photograph / total species in site). β-diversity within regions (β-region) was calculated as: (mean 

number of species per site / total species in region). Connectivity was inferred from Jaccard’s 

similarity index (shared / total species) and was calculated pairwise for all sites on each coast (as 

in de Juan et al. 2013).  
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 Shipping data for each sub-region was calculated as the sum of commercial trade for all 

major ports in that sub-region, and commercial shipping data for 2012 were obtained from the 

US Army Corps of Engineers, Waterborne Commerce Statistics Center (http://www.iwr.usace.ar 

my.mil/About/TechnicalCenters/WCSCWaterborneCommerceStatisticsCenter.aspx). The spread 

or extent of each abundant (in at least 3 regions) species was calculated as the percent of sites at 

which each species was present within its geographic range. To make pairwise comparisons 

between manageable numbers of sites, each of the 10 sites within each region were ordered north 

to south, with the 1st, 4th, 7th, and 10th site chosen from each region. This allowed for latitudinal 

comparisons between 16 relatively evenly distributed sites on both the Atlantic and Pacific 

coasts, hereafter referred to as distributed sites.  

 

Results 

 Occurrence data quantified the presence or absence of all species in each sub-region and 

showed a significantly positive but weak correlations between mean summer temperature (MST) 

and total species richness (regression ANOVA, F(1,14) = 6.92, r2 = 0.33, p = 0.02). Native species 

richness displayed a strong positive linear relationship with MST (regression ANOVA, F(1,14) = 

27.39, r2 = 0.66, p < 0.001) (Fig. 5.2A), while invasive species richness did not (regression 

ANOVA, F(1,14) = 0.12, r2 = 0.01, p = 0.74). Invasive species richness instead showed a parabolic 

relationship with MST (2nd order polynomial regression ANOVA, F(2,13) = 13.00, r2 = 0.56, p < 

0.001) (Fig. 5.2B, Table 5.2). Invasive species richness was positively correlated with 

commercial shipping traffic (log10) broken down by sub-region (regression ANOVA, F(1,14) = 

13.62, r2 = 0.49, p = 0.002) (Fig. 5.3). The best fit for invasive species richness was a multiple 

linear regression incorporating both MST and commercial shipping traffic, as this explained 
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more variance than either factor did individually (multiple linear regression ANOVA, F(2,13) = 

12.53, r2 = 0.66, p = 0.001). Highest numbers of invasive species existed in sub-regions with 

high shipping volume and intermediate MST (e.g. sub-regions in New England, southern 

California), with a peak at approximately 20°C (Fig. 5.4). The proportion of invasive species 

(invasive richness / total richness) for each sub-region was also best explained by this model 

including both MST and shipping (multiple linear regression ANOVA, F(2,13) = 27.42, r2 = 0.81, 

p < 0.001). Major global shipping routes and traffic levels are shown in Figure 5.5, with the 

highest number of routes into the United States coming from temperate locations in Europe 

(from Kaluza et al. 2010).  

 Occurrence data were used to quantify presence or absence of abundant species at all 

sampled sites within their latitudinal ranges, and native species occurred at an average of 53.6% 

(N = 10) of sites within their ranges. Invasive species introduced to the US greater than 25 years 

ago were present at 67.6% (N = 14) of sites within their ranges, compared to 27.9% (N = 4) for 

those introduced within the last 25 years (Fig. 5.6). Species introduced within the last 25 years 

were tunicates Didemnum vexillum (to the west coast), Polyandrocarpa zorritensis, Symplegma 

reptans, and bryozoan Tricellaria inopinata. Percent occurrence for recent invaders was 

significantly lower than both established invaders (T-test, T16 = -3.15, p = 0.006) and native 

species (T-test, T12 = -2.24, p = 0.044) (Fig. 5.6). Of 8 species that were present at over 70% of 

sites within their range, only 1 was native and 7 were invasive species introduced at least 25 

years ago.  

 Beta-diversity or heterogeneity calculated at both site (between photos) and region 

(between sites) scales displayed a weak relationship with regional species richness, but there 

were no significant (p > 0.15) relationships between β-site or β-region and shipping, temperature, 
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species richness, or the number of invasive species (Table 5.3). Similarity between regions was 

calculated from percent cover data and the resulting dendrogram showed that sites grouped more 

based on temperature regime than coast, as Maine and Connecticut were most closely linked to 

San Francisco and San Diego (Fig. 5.7). Florida and North Carolina grouped out on a separate 

branch and were less than 50% similar to any other sites (Fig. 5.7).  

 Similarity from occurrence data at pairs of 16 distributed sites per coast displayed a large-

scale negative log relationship with distance on both the east (Logistic regression ANOVA, F1,118 

= 117.97, p < 0.001) and west coast (Logistic regression ANOVA, F1,118 = 118.01, p < 0.001) 

(Fig. 5.8A, 5.8B). On the local scale (< 100 km) there was no relationship between distance and 

similarity for the distributed sites on either coast (R2 < 0.01, p > 0.7) (Fig. 5.8C, 5.8D). 

Similarity in percent cover data within regions was also uncorrelated with distance between sites, 

with a coefficient of determination (R2) of 0.02 for all regions combined.  

 

Discussion 

 Diversity of invasive marine fouling species appears to be controlled largely by mean 

summer temperatures (MST) and commercial shipping volume. The positive relationship 

between temperature and native species richness followed the general ecological pattern of 

higher diversity with higher temperature, possibly a result of greater seasonal stability in warmer 

regions or one of several other debated hypotheses (Pianka 1966, Rohde 1992, Tittensor et al. 

2010) (Fig. 5.2A). Invasive species diversity did not follow this pattern and instead displayed a 

parabolic relationship with MST, with a peak in diversity near a mean summer temperature of 

~20°C (Fig. 5.2B). The number of invasive species was also positively related to commercial 

shipping traffic (Fig. 5.3) and the largest shipping centers in the United States (NY/NJ, Los 
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Angeles) have summer temperatures of ~20°C (Fig. 5.4). Large shipping centers such as Miami, 

FL, had much lower numbers of invasive species, possibly because many European Atlantic 

ports are in temperate climates more similar to CT and ME. It is likely that long-term shipping 

patterns from other temperate ports are the cause of this invasion peak at 20°C, rather than a 

preference of invasive species for these temperatures (Fig. 5.5). 

 The large role of shipping traffic in fouling community invasions is expected, as it is the 

primary vector of marine bioinvasions (Molnar et al. 2008). Strong temperature dependence of 

invasive species diversity underscores the role that temperature plays in structuring communities 

and is especially relevant with regard to climate change (Engle & Summers 1999, Helmuth et al. 

2002). Shipping appears to control the introduction of invasive species into new locations, but 

temperature appears to determine which species are able to survive in that location. Increased 

temperature due to climate change could allow warmer-water species that are already being 

introduced to persist in new areas. Temperature controls not only survival but growth, 

reproduction, and competitive ability of native and invasive fouling species (Reinhardt et al. 

2012, Lord & Whitlatch in review). Therefore, increased seawater temperatures of 2-4°C by 

2100 could allow a warmer-water suite of species to become established, overgrow and 

outcompete species that are adapter to colder water (IPCC 2007).  

 While warmer temperatures may lead to new introductions and increased abundance of 

invasive species, studies linking temperature to higher prevalence of invasive species may be 

confounded by the normal dispersal process of invasive species within their current geographic 

range. There was no significant difference between the percent occurrence of native and 

established invasive species at sites within their present ranges (both over 50%, Fig. 5.6), but 

recent invaders (< 25 years) were only found at 28% of potential sites. This is an apparent gap 



 

 

138 
 

 

between potential and presently introduced sites for recent invaders, which appear to take longer 

than 25 years to spread to all sites that have suitable water temperatures and other environmental 

conditions. Therefore, studies that cite climate as a mechanism for increased abundance of 

invasive fouling species should not include any recent invaders (< 25 yrs) that are dispersing 

within their suitable range, or they risk falsely attributing normal or invasion-related processes to 

global warming (Dijkstra et al. 2011, Sorte & Stachowicz 2011). 

 Large-scale similarity patterns were due more to shifting temperature regimes than to 

distance between sites, as Maine, Connecticut, San Francisco, and San Diego were most closely 

linked based on assemblage similarity (Fig. 5.7). While there was a negative log relationship 

between similarity and distance (Fig. 5.8A, 5.8B), this did not hold on intermediate or local 

scales, as there was no relationship between similarity and distance within regions or scales of 

100 km (Fig. 5.8C, 5.8D). The differences in similarity over large (100+ km) distances was 

likely due to shifts in temperature regime; sites further than 100km apart can have different 

temperature conditions that could favor different suites of species.  

 The lack of a relationship between distance and similarity on local scales raises questions 

about local dispersal mechanisms of fouling species. If there was high amounts of mixing 

between sites, similarity values would be consistently close to 1, but they instead are highly 

variable and approximately 0.5 (Fig. 5.8C, 5.8D). This also rules out natural dispersal, which 

would show higher similarity for nearby sites in both the distributed sites and within regions, 

which did not occur. Most fouling organisms such as tunicates, bryozoans, and sponges have 

short-lived larvae and limited larval dispersal that can be restricted to meters (Grosberg 1987). 

Therefore, currents and other oceanographic conditions are unlikely to be influencing natural 

dispersal of these species on the 100 km scale. Sites even a few km apart appear to be reasonably 
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isolated, with seemingly random human-mediated “introduction” events bringing new species 

into each site. Local boat traffic or aquaculture activity may play a role in these smaller-scale 

dispersal patterns and may be responsible for many of these local transfers of species between 

sites.  

 Invasive species can reduce diversity and homogenize species pools in some systems, but 

there was no evidence of this in fouling communities. Invasive species make up 19-58% of the 

diversity in all locations studied (Table 5.2), so species richness in fouling communities has a 

large invasive component in all locations (Vitousek et al. 1996, 1997). There was no relationship 

between invasive species richness and heterogeneity, and even competitively superior fouling 

species rarely eliminate native species (Lord & Whitlatch in review). The lack of 

homogenization of species pools even in a highly invaded system like fouling communities is 

likely due to the lack of competitive exclusion in this system. Fouling communities are relatively 

ephemeral systems, with continuous replacement of the short-lived adult phase and no classical 

succession structure, so dominance rarely lasts more than a season (Sutherland & Karlson 1977, 

Sutherland 1981).  

 Strong temperature dependence of fouling community composition suggests that these 

communities are sensitive to future temperature increases due to global warming. Invasive 

species diversity in this system is strongly linked to both commercial shipping and site 

temperature, so changes in temperature could allow warmer-water species that are introduced by 

shipping or aquaculture to become established. However, the normal spread of invasive species 

within their present geographic range should not be confused with global warming-induced 

increases in abundance of these species, particularly for recent invaders. With a greater 

understanding of invasion vectors (shipping), factors allowing establishment (temperature), and 
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growth and competition (Lord & Whitlatch in review), it may be possible to predict future 

invasions and range expansions, as well as the impact and spread of these species after they 

become introduced. 
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Figure Captions 

 

Figure 5.1. Map of marina sites at which photo surveys were conducted during summer (May-

August) 2013. Surveys were conducted in 4 regions on each coast, with 20 sites per region. 

 

Figure 5.2. Relationship between mean summer seawater temperature (MST) and species 

richness for native (A) and invasive (B) species. Both east and west coast sites show positive 

linear relationship with MST for native species and a parabolic relationship for invasive species. 

 

Figure 5.3. Positive linear relationship between invasive species richness and commercial 

shipping volume for both coasts of the USA. 

 

Figure 5.4. Three-dimensional surface plot of relationship between invasive species richness 

(per site) and mean summer seawater temperature (MST) and commercial shipping at all 80 sites 

included in analysis (10 region-1). Highest number of invasive species at high shipping volume 

and intermediate temperatures (approximately 20°C). 

 

Figure 5.5. Map of annual global shipping traffic, with majority of traffic to northeastern USA 

from temperate location in Europe (Fig. from Kaluza et al. 2010; Fig. 5.1, page 2). 

 

Figure 5.6. Proportion occurrence of native and invasive species at sites within their present 

geographic range. Recent invaders were present at significantly lower proportion of sites than 
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established invaders and native species, so will likely continue to spread with their range. Letters 

indicate significant differences (p < 0.05). Error bars ±SE. 

 

Figure 5.7. Dendrogram of similarity between regions based on percent cover data from surveys 

at 10 sites within each region. ME, CT, SF, and SD were most closely linked, despite being on 

separate coasts. 

 

Figure 5.8. Relationship between similarity and distance between sites, based on occurrence 

(presence / absence) data at 16 distributed sites per coast of the USA. Similarity displayed a 

negative log relationship with distance on the continental scale for both the east (A) and west 

coast (B). There was no relationship between similarity and distance between sites on the local 

scale on the east (C) or west coast (D).  
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Table 5.1. Sampling dates and site characteristics for all 80 sites included in the analysis. 

 
East Coast West Coast 

R SR Site °C S Date Lat R SR Site °C S Date Lat 

ME 1 Journeys End Marina 15.7 29.3 8/10 44.11 AK 9 Auke Harbor 14.8 15.8 7/22 58.38 

ME 1 Darling Marine Center 18.5 29.3 8/10 43.93 AK 9 Andrews Marina 14.9 15.8 7/22 58.38 

ME 1 Freeport Brewer Mar 18.4 28.8 8/11 43.82 AK 9 Aurora Harbor West 11.8 18.8 7/22 58.30 

ME 1 Strouts Point Wharf 18.3 30.5 8/11 43.82 AK 9 Harris Harbor 11.6 18.8 7/22 58.30 

ME 1 Harpswell Landing 21.8 29.8 8/12 43.83 AK 10 Harbor Drive 14.9 25.8 7/13 57.05 

ME 1 Wottons Wharf 19.9 30.8 8/12 43.85 AK 10 Katlian Street 14.8 25.8 7/13 57.05 

ME 2 Spring Point Marina 18.1 28.8 8/11 43.65 AK 10 Eliason Harbor 14.6 23.8 7/14 57.06 

ME 2 Abner Point Seafood 18.4 30.6 8/12 43.73 AK 10 Cove Marina 15.1 21.8 7/14 57.12 

ME 2 Cape Ann Marina 19.1 30.3 8/15 42.61 AK 10 Islandview Resort 15.4 29.8 7/14 57.11 

ME 2 Hampton River Marina 16.5 30.8 8/15 42.90 AK 10 Lincoln Street 15.3 20.8 7/14 57.05 

CT 3 Wickford Shipyard 24.7 29.3 8/20 41.57 OR 11 Hatfield Marina 12.5 31.1 7/26 44.62 

CT 3 Point Judith Marina 23.6 29.8 8/20 41.39 OR 11 Joe Ney Docks 12.6 31.8 7/26 43.34 

CT 3 Taylor Marina 22.0 30.8 8/24 41.75 OR 11 Charleston Inner E 11.9 30.8 7/29 43.34 

CT 3 Onset Bay Marina 21.2 31.8 8/24 41.74 OR 11 Charleston Inner W 13.4 29.8 7/29 43.34 

CT 4 Port Niantic 22.9 28.3 8/19 41.33 OR 11 Charleston Shipyard 15.5 31.8 7/30 43.34 

CT 4 Spicers Marina  21.9 29.3 8/23 41.32 OR 11 Charleston Outer S 10.8 30.8 7/30 43.35 

CT 4 Gwenmore Marina 24.1 28.3 8/23 41.35 OR 11 Charleston Outer N 10.8 30.8 7/30 43.35 

CT 4 Dons Dock 22.5 30.3 8/23 41.34 OR 12 Citizens Dock S 16.3 30.3 7/25 41.75 

CT 4 Shennecossett Yacht 21.8 27.8 9/5 41.32 OR 12 Citizens Dock N 16.3 30.3 7/25 41.75 

CT 4 UConn Avery Point 21.8 27.8 9/5 41.32 OR 12 Crescent Public Dock 17.3 34.8 7/25 41.75 

NC 5 Duke Marine Lab 23.7 33.3 5/25 34.72 SF 13 Spud Point Marina 16.2 31.1 6/17 38.33 

NC 5 Spooner Creek  25.4 32.1 5/27 34.73 SF 13 SF Yacht Club 17.3 27.3 6/26 37.87 

NC 5 Pivers Island 23.8 31.3 5/28 34.72 SF 13 Sausalito Yacht Harbor 17.5 27.3 6/26 37.86 

NC 5 Morehead City Yacht 23.7 31.8 5/28 34.72 SF 13 SF Yacht Harbor 17.5 28.3 6/26 37.81 

NC 5 Portside Marina 23.1 32.8 5/28 34.72 SF 13 Sequoia Marina 23.8 29.1 6/26 37.50 

NC 5 Anchorage Marina 25.0 31.3 5/28 34.70 SF 13 Harbor Marina North 22.2 27.8 6/27 37.91 

NC 6 Beach House Marina 23.5 32.8 5/27 34.43 SF 14 Breakwater Cove 14.8 30.3 6/27 36.61 

NC 6 Basin Road 26.2 20.8 5/27 34.04 SF 14 Elkhorn Yacht Club 18.3 29.8 6/27 36.81 

NC 6 Holden Beach Marina 25.2 30.0 5/29 33.92 SF 14 Santa Cruz Harbor 15.5 29.8 6/27 36.97 

NC 6 Blue Water Point 26.6 30.4 5/29 33.92 SF 14 Pillar Point Harbor 16.9 31.0 6/27 37.50 

FL 7 Harbour Isle Marina 29.7 33.5 6/3 27.46 SD 15 Long Beach Marina 21.5 30.8 7/1 33.75 

FL 7 South Causeway Park 29.3 34.3 6/3 27.46 SD 15 Pacific Yacht Harbor 20.7 30.8 7/1 33.77 

FL 7 Stan Blum Ramp 29.4 33.3 6/3 27.48 SD 15 Holiday Harbor 21.6 30.3 7/1 33.72 

FL 7 Vero Beach Marina 30.2 25.8 6/3 27.66 SD 15 Redondo Beach 23.0 30.3 7/1 33.85 

FL 7 Ocean Club 28.5 32.8 6/4 28.41 SD 15 Island Packers 20.1 30.5 7/2 34.24 

FL 7 Christenson Launch 30.1 30.8 6/4 27.93 SD 15 Anacapa Isle 20.2 30.3 7/2 34.17 

FL 7 Sebastian Inlet  28.4 25.3 6/5 27.87 SD 16 Seaforth Landing 19.0 33.8 6/14 32.76 

FL 8 Lake Park Harbor 29.6 24.8 6/2 26.79 SD 16 Mission Bay Yacht 19.0 33.8 6/15 32.78 

FL 8 Riviera Beach Marina 28.2 27.3 6/2 26.77 SD 16 Campland 23.0 33.3 6/15 32.79 

FL 8 John Pennekamp Park 27.0 37.8 6/9 25.12 SD 16 Chula Vista Yacht 26.7 33.1 7/5 32.62 
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Table 5.2. Mean summer temperature (MST) and native and invasive species richness for each 
sub-region (8 / coast). 
 

Sub-
region 

MST 
(°C) 

Species Richness Ratio 
(I / T) Total Invasive Native 

ME N 15.0 19 9 10 0.474 

ME S 14.9 17 8 9 0.471 

CT N 19.3 23 11 12 0.478 

CT S 20.3 22 10 12 0.455 

NC N 24.9 22 5 17 0.227 

NC S 27.6 18 4 14 0.222 

FL N 26.5 37 9 28 0.243 

FL S 29.3 26 5 21 0.192 

AK N 10.4 3 1 2 0.333 

AK S 12.4 16 6 10 0.375 

OR N 12.7 19 7 12 0.368 

OR S 14.0 18 10 8 0.556 

SF N 13.4 24 14 10 0.583 

SF S 14.3 23 12 11 0.522 

SD N 18.3 30 16 14 0.533 

SD S 21.5 30 16 14 0.533 
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Table 5.3. Diversity, shipping, and species richness for each of 8 regions (4 per coast). β-site 
values describe heterogeneity within sites, while β-region values show heterogeneity within 
regions. Higher β-values indicate more connectivity (less heterogeneity). 
 

Region β-site β-region Shipping 
(log) 

MST 
(°C) 

Invasive 
Richness 

Total 
Richness 

Proportion 
Invasive 

ME 0.465 0.425 7.488 14.93 11 18 0.611 

CT 0.496 0.544 8.151 19.79 11 24 0.458 

NC 0.368 0.423 6.999 26.25 3 24 0.125 

FL 0.296 0.333 7.441 27.88 7 37 0.189 

AK 0.390 0.350 5.894 11.39 6 15 0.400 

OR 0.387 0.385 6.292 13.33 12 25 0.480 

SF 0.344 0.441 7.634 13.84 16 29 0.552 

SD 0.415 0.402 8.148 19.93 17 34 0.500 
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Figure 5.1 (see caption on p. 143) 
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Figure 5.2 (see caption on p. 143) 
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Figure 5.3 (see caption on p. 143) 
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Figure 5.4 (see caption on p. 143) 
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Figure 5.5 (see caption on p. 143) 
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Figure 5.6 (see caption on p. 143) 
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Figure 5.7 (see caption on p. 143) 
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Figure 5.8 (see caption on p. 143) 
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General Conclusions 

  

 This dissertation examined the role that temperature plays in structuring communities and 

investigated the mechanisms behind shifts in predator-prey and competitive interactions. 

Previous climate research had established many species-specific growth responses to temperature 

(oysters Dame 1972; tunicates McCarthy et al. 2007; bryozoans Amui-Vedal et al. 2007, 

Saunders and Metaxas 2009), but many studies cited the need to assess how species interactions 

would be affected by global warming and climate change (Harley et al. 2006, Gilman et al. 2010, 

Somero 2012). In addition, studies that found changing community composition as a result of 

range shifts and increasing abundance of invasive species have been conducted in one 

geographic location, rendering them unable to differentiate causation between global warming 

and continued dispersal of invasive species within their present range (Sagarin 1999, Dijkstra et 

al. 2011, Sorte and Stachowicz 2011). The primary goals of this dissertation were:  (1) quantify 

the impact of increased temperature on predator-prey and competitive interactions, and (2) 

compare thermal growth and metabolic responses to temperature over a wide geographic range 

to assess the context-dependency of responses to global warming. 

 One of the ways that eastern oysters are able to defend themselves from predation is 

through inducible defenses including producing thicker shells, which they have been shown to do 

in response to crushing predators like the blue crab Callinectes sapidus and mud crab 

Rhithropanopeus harrissii (Newell et al. 2007). The present study was the first to show that the 

eastern oyster Crassostrea virginica also produces thicker shells in the presence of drilling 

predators such as the predatory oyster drill Urosalpinx cinerea (Chapter 1). Oyster drill feeding 

had been quantified on a seasonal scale (Hanks 1957, Manzi 1970), but it is valuable to 
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understand how feeding rates respond to experimentally elevated temperatures along with 

seasonal variability. Chapter 2 quantified a 60% increase in drill feeding at temperatures elevated 

just 4°C above ambient seawater temperatures for 8 months, indicating that this species is likely 

to have more of an ecological impact with warmer temperatures in Long Island Sound. A 

necessary link was also established between drill feeding and oyster shell thickness, as drills 

preferentially (86%) consumed thinner-shelled oysters, highlighting the importance of the oyster 

inducible shell-thickening response (Chapter 1, 2). Temperature is known to control metabolic 

rate in oysters (Shumway and Koehn 1980, Cranford et al. 2011), and Chapter 3 highlighted this 

pattern and also showed that oyster responses to increased temperature varied with latitude, 

meaning that results of thermal metabolic experiments in one location should not be extrapolated 

to an entire species’ range. 

 Increased temperatures also facilitated production of thicker shells in oysters in both 

laboratory experiments and in surveys conducted along the east coast of the United States 

(Chapter 3). This was likely due to the decreased solubility of calcium carbonate at higher 

temperatures, which allows oysters to more easily deposit calcite shells, potentially decreasing 

their susceptibility to predation (Chapter 2, 3) (Morse and Mackenzie 1990). This work suggests 

that oyster may be able to enhance their inducible response to predation in warmer temperature 

because of the increased capacity to deposit shell material, though further research on this 

subject is required. At warmer temperatures, C. virginica produced thicker shells (Chapter 3) and 

U. cinerea consumed far more oysters (Chapter 2), suggesting that oysters may reach a size or 

thickness refuge from oyster drill predation earlier in life. This would enhance survival of 

intermediate and large oysters, but even increased shell production will leave juvenile oysters 

(spat) vulnerable to the thermally-increased predation rate of U. cinerea. Therefore, it is expected 
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that with global warming, adult oysters will experience lower predation rates by drilling and 

crushing predators, but that juvenile oysters may be subject to increased predation pressure as a 

result of higher predator feeding rates. 

 As with oysters, growth rates of fouling organisms have been established, although 

usually in one location for each species (Amui-Vedal et al. 2007, McCarthy et al. 2007, Saunders 

and Metaxas 2009, Vance et al. 2009). Growth rates actually vary widely within species’ ranges 

(Chapter 4), so measuring a single ‘species’ growth rate is not realistic. Temperature-dependent 

shifts in responses to experimentally elevated temperatures were observed across all fouling 

species studied, suggesting that responses to global warming may vary in a predictable manner 

depending on species’ range position. Species in the northern portions of their latitudinal ranges 

displayed positive growth responses to increased temperature, while species near the southern 

end of their range responded negatively (Chapter 4). This not only allows for site-specific 

predictions of responses to global warming, but also enables prediction of shifts in competitive 

interactions, as changes in relative growth rates of species pairs were strongly correlated with 

competitive outcomes (Chapter 4). No previous research has focused on comparing growth rates 

of fouling species between different locations, and the thermal experiment component provided 

the capacity to identify the mechanism behind community-level responses to global warming. 

 Thermally-dependent growth rates and competitive outcomes provide information about 

community-level interactions after a species becomes established, but did not assess the impact 

of newly introduced or invasive species in these communities (Chapter 4). Research presented in 

Chapter 5 quantified the importance of commercial shipping traffic in introducing invasive 

species on a continental scale, while it was clear that whether or not a species becomes 

established in a new location is temperature-dependent. On large scales (100+ km), fouling 
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communities are controlled largely by both introductions of invasive species and by thermal 

regime, which controls which species can survive in each region (Chapter 5). On smaller scales 

(< 100 km) there is a large degree of stochasticity in species assemblages, with high levels of 

heterogeneity (low connectivity) and little importance of natural dispersal between sites. 

 This dissertation defined temperature-dependent growth rates for over 15 fouling species 

on a latitudinal scale, but the most important element was using these individual and species-

level characteristics like growth, feeding, and metabolism to predict temperature-induced shifts 

in predator-prey and competitive interactions. Results from the predator-prey relationship 

between oysters and oyster drills highlighted the importance of testing thermal effects on more 

than just one species, and further experiments with inducible defenses and with other oyster 

predators would enhance the value of this. Fouling community surveys and experiments allowed 

for prediction of both the spread of invasive species within their ranges and the shift in 

competitive interactions with climate change. Species growth rates are important in defining 

competitive and predator-prey interactions, and the influence that temperature has on these 

relationships depends on physiological responses and latitudinal ranges of all species involved. 

Long-term predictions of shifts in community assemblages and abundance of individual species 

should take into account both interspecific interactions and latitudinal variability in species’ 

thermal responses, as both can influence reactions to climate change at the individual, species, 

and community level.   
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