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Introduction

Human-mediated species introductions can result in phenotypic divergence between 

populations in the introduced and native ranges, which may have an important role in 

determining introduced species’ success and impacts (Reznick and Ghalambor 2001, 

Richards et al. 2006, Strayer et al. 2006, Carroll et al. 2007). -is can occur via several dif-

ferent mechanisms. Since introductions o/en begin with very small populations, intro-

duced populations are subject to founder e.ects and genetic dri/ (Wares et al. 2005, Keller 

and Taylor 2008). Alternately, multiple introductions can bring genotypes together in the 

introduced range that do not co-occur in the native range, potentially leading to novel 

phenotypes via intraspeci0c hybridization (Ellstrand and Schierenbeck 2000, Sloop et al. 

2009, Grosholz 2010). Faced with new environments in the introduced range, traits can 

adaptively evolve, o/en quite rapidly (-ompson 1998, Sakai et al. 2001, Maron et al. 

2004, Keller and Taylor 2008). Although adaptive change has been a more popular topic 

for study, stochastic mechanisms may ultimately be more important drivers of evolution-

ary change in introduced populations (Keller and Taylor 2008). Introduced species may 

also succeed due to trait plasticity, or may evolve increased adaptive plasticity post-

introduction (Richards et al. 2006, Latta et al. 2007). Initial phenotypic plasticity may ul-

timately lead to adaptive evolution of new trait values via genetic assimilation (Pigliucci 

and Murren 2003, Pigliucci et al. 2006, Lande 2009). While there is no clear consensus 

about the relative frequency and importance of these di.erent mechanisms for phenotypic 

divergence in the introduced range, most have been clearly demonstrated.
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Direct comparisons between native and introduced populations of a species under 

common conditions are key to detecting such trait divergence and understanding its con-

sequences (Hierro et al. 2005). Examining patterns of trait change in the introduced range 

and how they relate both to local environment and invasion history can provide insight 

into the factors that allow all species to expand their ranges and adapt to new conditions 

— or the factors that limit this ability. Although introduced species are o/en supposed to 

owe their success to broad environmental tolerances, closer examination has sometimes 

shown signi0cant variation in tolerances among introduced populations, with important 

consequences for the species’ impact or spread (Lee 2002, Facon et al. 2004). In addition, 

if species di.er in ecologically relevant ways between native and introduced ranges, they 

may be a moving target for management; predictions of impact or spread based on native 

range measurements may not apply. Increasingly, such comparisons are being made in 

terrestrial systems, especially among invasive plants (Callaway and Maron 2006, Richards 

et al. 2006), but most marine introduced species have not been examined to see whether 

they di.er from their native range counterparts (Grosholz and Ruiz 2003).

In this thesis, I present a comparison of populations of the muricid gastropod 

Urosalpinx cinerea from its native Atlantic and introduced Paci0c ranges, examining its 

responses to major abiotic and biotic environmental factors. Speci0cally, I assessed its 

ability to right itself across a range of winter temperatures (Chapter 1), and its behavioral 

responses to cues from potential introduced range predators (Chapter 2). -ese studies 

represent the 0rst phenotypic comparisons between introduced and native populations of 

U. cinerea, as well as the 0rst comparisons between U. cinerea living in di.erent parts of 

the introduced range. It was valuable to consider both an abiotic and a biotic environ-

mental variable, since any di.ering outcomes between the two variables could point the 

way to larger patterns (Reznick and Ghalambor 2001). In making these comparisons, I 

investigated whether there is evidence of phenotypic divergence that could re1ect under-

lying post-introduction evolutionary change. Establishing an evolutionary basis for any 

observed di.erences would require additional experiments, including raising multiple 
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generations of snails in captivity. However, testing 0eld-collected adults under common 

laboratory conditions, as I did here, is an important 0rst step.

Urosalpinx cinerea is native to the Atlantic coast of North America and was intro-

duced to the Paci0c coast in the late 1800s during e.orts to culture the Eastern oyster 

(Miller 2000). It appeared 0rst in San Francisco Bay, then in other California and Wash-

ington estuaries used for oyster culture (Cohen and Carlton 1995). A predator on many 

sessile and slow-moving intertidal and shallow subtidal species (Carriker 1955, Pratt 

1974a, Ordzie and Garofalo 1980b), U. cinerea was a signi0cant pest to commercial East-

ern oyster (Crassostrea virginica) 0sheries in its native range (Carriker 1955). In its intro-

duced range, U. cinerea is a key player in estuarine food webs (Kimbro et al. 2009) and in 

some cases may hinder restoration e.orts targeting the native Paci0c oyster Ostrea lurida 

(Buhle and Ruesink 2009). Because U. cinerea is likely subject to limited dispersal and 

high levels of local recruitment (Grosberg and Cunningham 2001), characteristics which 

increase the potential for local adaptation (Sanford et al. 2003), it is a good candidate 

study species for examining phenotypic divergence between native and introduced range 

populations. Adult U. cinerea move slowly, rely on internal fertilization, and have no 

swimming larval stage, instead depositing their embryos in benthic capsules from which 

o.spring emerge as crawl-away juveniles (Carriker 1955). In Chapter 1, I examined the 

righting response of U. cinerea at a range of temperatures, focusing on its ability to main-

tain this response at temperatures representative of winter conditions throughout its na-

tive and introduced ranges, which vary markedly. Evidence from the literature suggests 

that latitudinally separated populations of native range U. cinerea have di.erent minimum 

temperatures for biological functions such as feeding and reproduction (Cole 1942, Stau-

ber 1950, Manzi 1970, Carriker and van Zandt 1973). Studying the snail’s sensitivity to 

cold can also give clues as to how global warming may alter U. cinerea’s impacts in the in-

troduced range since the onset of cold winter water temperatures seems to be the major 

factor regulating U. cinerea’s seasonal activity patterns in the native range (Carriker 1955, 

Ganaros 1958, Carriker and van Zandt 1973).
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In Chapter 2, I compared snail behaviors in response to chemical cues from novel 

and familiar predators, and how ambient water temperature a.ects any responses. Sensi-

tivity to predator cues has been shown to be a target of selection that can result in locally-

adapted populations, such as in the freshwater gastropod Lymnaea stagnalis (Dalesman et 

al. 2007b). For U. cinerea, Kimbro et al. (2009) have suggested that its inability to recog-

nize novel introduced range predators limits the snail’s distribution within Tomales Bay, 

CA, but Grason and Miner (2012) found that U. cinerea from Willapa Bay, WA recognize 

and respond to chemical cues from the novel crab predator Cancer productus. -is raises 

the possibility that U. cinerea have acquired the ability to recognize novel crab cues in 

some parts of the introduced range, but not in others (Grason and Miner 2012). Aside 

from these two, no other studies have focused on U. cinerea’s sensory interactions with 

predators in either the native or introduced range, and no previous studies have made 

comparisons between the ranges. -ere is clear evidence that U. cinerea has fairly sophisti-

cated chemosensory abilities, at least with regard to feeding. Both adults and newly 

hatched juveniles use chemical cues to locate prey at a distance and to initiate attacks 

(Pratt 1974a, Rittschof et al. 1983, Williams et al. 1983, Rittschof and Gruber 1988), and 

adult snails can reportedly use chemical cues to distinguish remotely between starved and 

fed conspeci0cs (Pratt 1976).

Studying U. cinerea’s behavioral response to predator cues is particularly interesting 

because U. cinerea spans predator interaction gradients in both its native and introduced 

ranges that could result in local di.erences in sensitivity to various predators. A promi-

nent predator in both the native and introduced ranges is the European green crab, 

Carcinus maenas. Introduced to the mid-Atlantic region of North America in the early 

1800s, the green crab currently overlaps the northern two-thirds of U. cinerea’s native 

range, with coexistence times ranging from centuries to decades. Meanwhile, green crabs 

arrived in California in the 1980s, most likely in bait shipments from the Atlantic coast of 

North America (Cohen et al. 1995), but are abundant only in California bays (Behrens 

Yamada and Gillespie 2008). Meanwhile, introduced range U. cinerea’s patchy distribution 
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within the bays they inhabit may limit their exposure to native crab predators. For in-

stance, in Tomales Bay, CA, U. cinerea are most abundant in the upper portions of the bay 

where Cancer antennarius are least common and Carcinus maenas have been most com-

mon (Kimbro et al. 2009). In Willapa Bay, WA, Cancer sp. crabs occur at some sites with 

abundant U. cinerea, but are not known from others (Grason and Miner 2012). -us, both 

introduced and native range U. cinerea occupy habitats marked by varying lengths of co-

occurrence with green crabs, and di.erent suites of native crab predators.

Taken together, these studies emphasize the value of combining biogeographic com-

parisons with experimental approaches to explore the evolutionary and ecological dynam-

ics of biological invasions. -is is a powerful way to take advantage of the circumstances 

of an invasion to illuminate both fundamental aspects of ecology and the factors that 

make invasions successful and determine the scale of their e.ects on an ecosystem.
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1.

Temperature sensitivity of righting response in native 
and introduced 

Abstract

Anticipating the ecological consequences of anthropogenic climate change and biological 

invasions for marine ecosystems requires understanding how changing climate regimes 

a.ect ecologically relevant behaviors in introduced species. I compared the temperature 

sensitivity of righting response speed, a behavior related to overall movement and impor-

tant to surviving dislodgment and evading predators, between native and introduced 

populations of the predatory muricid gastropod, Urosalpinx cinerea. Such comparisons are 

essential to detecting whether introduced phenotypes have diverged from native range 

counterparts and have rarely been performed among marine species. Righting speed of 

from two native range bays (in Connecticut and Delaware, USA) and three intro-

duced range bays (in Washington and California, USA) was tested under three tempera-

ture treatments spanning winter conditions across much of its range (5°C, 10°C, 15°C) 

and at 20°C, a temperature previously identi0ed as optimal for feeding and reproduction 

in the native range. Snails took signi0cantly longer to right themselves as temperatures 

dropped from 20°C to 5°C, with the greatest temperature sensitivity in the interval from 

10°C to 5°C. However, there were no geographic di.erences, with snails from all regions 

responding similarly; therefore, local environmental conditions are likely to determine U. 

cinerea activity levels across seasons. Since the interval of greatest temperature sensitivity 

coincides with winter minimum water temperatures in the introduced range, warmer win-

ters brought on by global climate change could allow U. cinerea to be more active 

throughout the year, with potential concomitant impacts on native oysters and other prey 

species.
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1.1. Introduction

Ecosystems worldwide currently face the twin challenges of climate change and nonindi-

genous species introductions (Sala et al. 2000, Grosholz 2002, Walther et al. 2002, Root et 

al. 2003). Anthropogenic global warming is predicted to a.ect existing nonindigenous 

species populations in many ways, including altering their distributions and their impacts 

on local ecosystems (Hellmann et al. 2008, Rahel and Olden 2008, Walther et al. 2009). 

Understanding these e.ects hinges on knowing both how introduced species will respond 

physiologically to warming temperatures throughout their ranges, and the consequences 

of those responses for ecologically relevant traits.

-e temperature sensitivity of an introduced species’ metabolism and behaviors is 

one factor determining success in its new range, and becomes especially important when 

considering the problem of how introduced species will respond to climate change (Dukes 

and Mooney 1999, Stachowicz et al. 2002, Walther et al. 2009, Sorte et al. 2010). -e in-

troduction of species into novel environments can create conditions conducive to rapid 

evolution (Prentis et al. 2008, Whitney and Gabler 2008, Lee 2011), or new scope for plas-

tic trait expression (Buczkowski 2010). Such changes can be detected using comparisons 

of ecologically relevant traits between native and introduced populations of a species 

(Bossdorf et al. 2005, Hierro et al. 2005), but these comparisons have rarely examined the 

temperature sensitivity of traits in marine species. In general, phenotypic comparisons 

between native and introduced populations of marine species are still rare (Grosholz and 

Ruiz 2003). -is study is the 0rst to compare performance between native and introduced 

range populations of the predatory muricid gastropod, Urosalpinx cinerea (Say 1822), and 

the 0rst to measure temperature sensitivity among Paci0c coast U. cinerea.

Research into the possible consequences of global warming commonly focuses on 

thermal limits to survival (Helmuth et al. 2002, Stillman 2003, Kuo and Sanford 2009) and 

critical temperatures for respiration (Portner and Knust 2007) since these factors interact 

with warming to drive range shi/s and threaten the survival of stenothermal species (Fre-
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derich and Portner 2000, Peck et al. 2004, Portner and Knust 2007). Equally important, 

however, are sub-lethal temperature limitations on ecological functions such as locomo-

tion, feeding, and reproduction (Peck et al. 2004). Within the existing ranges of eury-

thermal species, the interplay between varying climate and the temperature sensitivity of 

behavioral traits can cause signi0cant shi/s in ecological interactions (Sanford 1999). In 

this study, I compared the temperature sensitivity of righting response speed between na-

tive and introduced populations of U. cinerea. Righting response, the time required for a 

snail to right itself from an inverted position, is a biological function important to survival 

in marine gastropods and other invertebrates, since swi/ re-orientation and attachment to 

the substrate is critical to escaping predation and recovering from wave-driven dislodg-

ment (Kleitman 1941, Lawrence 1975, Peck et al. 2004, Ubaldo et al. 2007). Righting re-

sponse integrates physiology and behavior, and has been used in the past as a proxy for 

ecologically relevant activity levels in U. cinerea (Carriker 1955, Carriker and van Zandt 

1973).

Urosalpinx cinerea is a eurythermal species, capable of surviving at temperatures be-

low 0°C and above 30°C (Carriker 1955), but its ecological functions are temperature sen-

sitive and more narrowly constrained (Cole 1942, Carriker 1955, Hanks 1957, Manzi 

1970). As a result, in the native range, U. cinerea has a markedly seasonal life cycle (Car-

riker 1955), ceasing spawning, feeding, and even movement when ambient water tempera-

tures drop in autumn, and remaining inactive and buried in sediment until temperatures 

rise again in spring (Carriker and van Zandt 1973).

Given that U. cinerea has been resident in the introduced range for 50–100 genera-

tions (depending on site; (Cohen and Carlton 1995)) and that the introduced range cli-

mate di.ers from the native range climate, U. cinerea’s sensitivity to temperature in its in-

troduced range may have diverged from the response seen in the native range. Past work-

ers frequently reported that ecological dormancy is triggered at di.erent temperatures 

among U. cinerea from latitudinally separated regions in the native range, with northern 

snails having lower minimum temperatures for reproduction, feeding, and activity than 
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snails from southern sites (Cole 1942, Stauber 1950, Carriker 1955, Hanks 1957, Shick 

1972, Carriker and van Zandt 1973). However, no past research ever included common 

garden experiments establishing whether native range U. cinerea evolved cold tolerance as 

its range expanded northwards from its mid-Atlantic origins (Carriker 1955). Winter 

temperatures in Paci0c coast bays are likely warmer than in the northern native range, the 

most probable source of the Paci0c coast U. cinerea (Miller 2000). If indeed northern U. 

cinerea gained costly cold temperature tolerance as their range expanded northwards, this 

tolerance might have been lost among snails introduced into warmer Paci0c coast bays. 

Losses of costly traits have been widely observed in a variety of taxa over similar time 

scales under relaxed selection pressure (Lahti et al. 2009).

I hypothesized that introduced U. cinerea living in bays with warmer winter tempera-

tures than those found in the northern native range might be more sensitive to decreasing 

water temperatures. By measuring the speed of the righting response at a range of tem-

peratures in adult U. cinerea collected from bays on both the Atlantic and Paci0c coasts of 

North America and held under common laboratory conditions, I asked: (a) how snails 

from each region responded to cooling ambient temperature; (b) over what interval right-

ing speed was most sensitive to decreasing temperature; (c) whether populations from dif-

ferent regions showed di.erent patterns of response; and (d) how the patterns of response 

related to ambient temperature regimes at the source sites. Since global warming might 

increase winter temperatures, measuring the temperature sensitivity of a trait important to 

survival and possibly indicative of underlying metabolism may help predict whether 

warming would cause temperatures to cross some threshold relevant to ecological func-

tion.
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1.2. Methods

1.2.1. Collections

Collection Sites

Snails were collected during the summer of 2007 from 0ve embayments, two on the Atlan-

tic coast of North America (Mystic River estuary, CT, a sub-embayment of Long Island 

Sound; Delaware Bay, DE) and three on the Paci0c coast (Willapa Bay, WA; Tomales Bay, 

CA; San Francisco Bay, CA). Within each of the Paci0c coast embayments, collections 

were made during the summer months (June–September) at two sites at least 5 coastwise 

kilometers apart. Atlantic coast Urosalpinx cinerea used in this study were collected during 

May and September from one site in each bay (Table21.1).

Urosalpinx cinerea were 0rst recorded from San Francisco Bay in 1890, from Tomales 

Bay in 1935, and from Willapa Bay in 1948 (Cohen and Carlton 1995). -ese bays repre-

sent almost the entire latitudinal extent of U. cinerea’s Paci0c coast range (it also occurs in 

Humboldt Bay, Puget Sound, and Boundary Bay; Carlton 1979, Cohen and Carlton 1995). 

Although U. cinerea has been reported as established in Newport Bay, CA (Cohen and 

Carlton 1995), the last records are at least 25 years old and a search in 2007 showed no 

evidence of continued presence (J.C. Blum, unpublished data).

On the Atlantic coast, U. cinerea occurs from the Gulf of St. Lawrence to southeast-

ern Florida (Cohen and Carlton 1995), but occurrences north of Massachusetts are highly 

localized and probably represent human-mediated range extension via oyster transport 

(Carriker 1955). -e most likely source of the U. cinerea introduction to the Paci0c coast 

were sites in Long Island Sound and greater New York Bay (Carriker 1955, Miller 2000). 

However, since there was extensive oyster transport between Chesapeake Bay, Delaware 

Bay, and New York and New England embayments for ~100 years preceding U. cinerea’s 

introduction to the Paci0c coast (Carriker 1955, Miller 2000), the original U. cinerea in-

troduction may well have included mixed stock from throughout the region. U. cinerea 

from Long Island Sound and Delaware Bay were included in this study to re1ect the puta-
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tive source of Paci0c introductions; extensive studies of U. cinerea from these areas have 

been conducted over the past century by many workers (Stauber 1950, Carriker 1955, 

Manzi 1970, Rittschof et al. 1983, Rittschof and Gruber 1988).

Collecting Methods

A shoreline transect at the tidal height near the approximate center of U. cinerea’s 

intertidal vertical distribution at each site was searched at low tide until ~200 adult snails 

had been collected. Adult snails were identi0ed as those with shell height 3 20 mm (Car-

riker 1955), except where there were not su4cient snails of this size, in which case the 

cuto. was decreased to the maximum value that still yielded su4cient numbers; this oc-

curred at the two San Francisco sites and the Connecticut site.

A/er collection, snails were sexed, individually marked, and measured. Per site mean 

shell heights for snails used in this study are given in Table21.1. Snails were maintained in 

a closed system at 20°C on a diet of juvenile mussels (Mytilus californianus) for three to 

0ve months before testing, and individuals were randomly drawn from this pool for use in 

experiments.

1.2.2. Source Temperature Regimes

Information on the ambient temperature regime for each source location was obtained for 

as many recent years as possible from publicly available data collected by nearby oceano-

graphic data buoys or sensor stations. In general, sensors were located 1m below MLLW 

and recorded temperatures every 15 minutes. Data sources, time periods and sensor loca-

tions are given in Table21.2. Data for Connecticut and Delaware were recorded by buoys 

maintained by NOAA’s National Ocean Service (National Weather Service 2009).

In Willapa Bay, the Washington Department of Ecology provided temperature data 

from buoys located in the main channel at Oysterville and Naselle; the latter was used to 

characterize the National Wildlife Refuge site (Washington State Department of Ecology 

2009).

11
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Table 1.1: Collection sites. 

Em
baym

ent
Site Location

Coordinates
Code

M
ean Shell 

Height ± SD 
(m

m
)

Native Range
Native Range
Native Range
Native Range

M
ystic River Estuary / 

Long Island Sound
Foot of M

ain Street, N
oank, CT

 
41° 19' 30"N

 
71° 59' 4.56"W

CT-N
22.2 ± 2.4

D
elaware Bay

Ferry term
inal, Lewes, D

E
 

38° 46' 56.2794"N
 

75° 7' 6.96"W
D

E-L
19.8 ± 3.9

Introduced Range
Introduced Range
Introduced Range
Introduced Range

W
illapa Bay

W
illapa N

ational W
ildlife Refuge 

H
eadquarters boat ram

p
 

46° 24' 51.4794"N
 

123° 56' 11.3994"W
W

B-N
26.9 ± 3.6

O
ysterville Sea Farm

s, O
ysterville, W

A
 

46° 33' 1.08"N
 

124° 1' 30.3594"W
W

B-O
20.9 ± 2.4

Tom
ales Bay

Tom
asini Point, Tom

ales Bay State Park
 

38° 7' 43.32"N
 

122° 51' 53.28"W
TB-T

24.9 ± 2.6

Shell Beach, Tom
ales Bay State Park

 
38° 6' 58.3194"N

 
122° 52' 17.76"W

TB-S
22.9 ± 2.3

San Francisco Bay
D

um
barton !shing pier, D

on Edwards San 
Francisco Bay N

ational W
ildlife Refuge

 
37° 30' 37.8"N

 
122° 6' 41.04"W

SF-D
20.3 ± 1.4

Seal Slough breakwater (southern side), San 
M

ateo, CA
 

37° 34' 19.2"N
 

122° 17' 34.8"W
SF-S

21.2 ± 1.5
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Table 1.2: Sources of oceanographic data used to determ
ine am

bient tem
perature regim

es at collection sites.

Em
baym

ent
Recording Station

Date Range
Coordinates

Corresponding Site

Native Range
Native Range
Native Range
Native Range
Native Range

M
ystic River Estuary / 

Long Island Sound
!

am
es River Bridge, N

ew London, CT, 
Station N

LN
C3-8461490

1995–2009
 

41°21'18" N
 

72°5'12" W
CT-N

D
elaware Bay

Ferry term
inal, Lewes, D

E, Station 
LW

SD
1-8557380

1997–2009
 

38°46'54" N
 

75°7'12" W
D

E-L

Introduced Range
Introduced Range
Introduced Range
Introduced Range
Introduced Range

W
illapa Bay

N
aselle River, Buoy W

PA008 
1997–2005

 
46° 27' 49.32" N

 
123° 56' 21.12" W

W
B-N

O
ysterville, Buoy W

PA006 
1997–2005

 
46° 32' 42.00" N

 
123° 58' 41.88" W

W
B-O

Tom
ales Bay

Tom
asini Point station 

1987–1995
 

38° 6' 58.3194"N
 

122° 52' 17.76"W
TB-T

San Francisco Bay
D

um
barton "shing pier, D

on Edwards San 
Francisco Bay N

ational W
ildlife Refuge

1990–2009
 

37° 30' 37.8"N
 

122° 6' 41.04"W
SF-D

San M
ateo Bridge

1989–2007
 

37° 35' 4.00" N
 

122° 14' 59.00" W
SF-S



For San Francisco Bay, temperature data were recorded by USGS San Francisco Bay 

sensors (U.S. Geological Survey 2010). Data from San Mateo Bridge were used to ap-

proximate temperatures at the nearby Seal Slough collection site, while the USGS instru-

ment at Dumbarton Pier was used for the Dumbarton Pier collection site. As there is no 

current continuous monitoring program in place for Tomales Bay, I used a publicly avail-

able long-term temperature dataset collected as part of the Biogeochemical Reactions In 

Estuaries (BRIE) study from 1987 to 1995 (http://lmer.marsci.uga.edu/tomales/; (Smith 

and Hollibaugh 1998)). -e 16 km station was used to characterize average temperature 

regimes for both Shell Beach and Tomasini Point. -ese data were available as 1-day aver-

ages binned from readings taken every 30 minutes.

1.2.3. Temperature Treatments

Seven snails per site were randomly assigned to one of three lowered temperature treat-

ments (15°C, 10°C, or 5°C), or to a control treatment that remained at the 20°C holding 

temperature (overall, n2=2224 snails). For each treatment, snails from each site were kept 

separately in submerged, 1ow-through containers within a common, static 75 liter tank 

with constant 0ltration and air supply. Treatment tanks were situated in a controlled-

temperature room that was kept at least 5°C colder than the lowest desired tank tempera-

ture at any given time, with temperatures in each tank maintained with aquarium heaters 

connected to electronic temperature controllers. -e Control tank occupied a laboratory 

whose ambient temperature was set to maintain ~20°C water temperature in the tank. For 

the lowered temperature treatments, all treatment tanks started at 20°C. Water tempera-

ture was then decreased by 1°C per day in all three tanks until a target temperature had 

been reached. At that point, water temperature was held at the target for 5 days, and at the 

end of this time all snails were assayed for righting response. If necessary, temperature de-

creases then resumed at 1°C per day until the next target was reached. Once a treatment 

tank reached its ultimate treatment temperature, it was held there and re-assayed a/er 14 

and 23 days at that temperature. -erefore, snails in each treatment were assayed a/er 5, 
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14, and 23 days at their treatment temperature, as well as a/er 5 days at any preceding tar-

get. Snails in the Control treatment were assayed each time any other assays took place. 

Sites were assayed in a randomly determined order each time. Only the 23-day assay re-

sults, where the snails had the greatest opportunity to acclimate to the lowered tempera-

tures, are presented here.

1.2.4. Righting Response Assays

During an assay, snails from a given population were placed together into a large, 1at-

bottomed dish 0lled with seawater at the treatment temperature. -ese righting arenas 

1oated at the surface of the treatment tanks, so that the water temperature stayed constant 

throughout the assay. Each snail was initially positioned with its aperture 1at against the 

bottom of the dish, then rotated ~100° around the columellar axis to rest on the side of the 

body whorl opposite the aperture and allowed to right itself using its foot. -e “1ipped 

position” was chosen a/er several pre-experiment trials to determine an orientation that 

would be stable for the majority of snails, given variation in shell shape and wear. For 

snails whose unusual shell shape made the standard 1ipped position unstable, a small 

cloth-wrapped hair elastic was used as a prop to stabilize the snail in the 1ipped position. 

Each snail was 1ipped and allowed to right itself three times during an assay, with a 

minimum of 1 minute between righting and re-1ipping. Each assay was videotaped con-

tinuously at 30 frames per second using a digital camera on a tripod mounted above the 

assay arena. Assays were ended a/er a per-snail maximum of 45 minutes, whether or not 

the snail had succeeded in righting itself three times.

Righting time data were collected by watching the videos and measuring the length 

of time (±0.1 seconds) from the start frame (when a snail was secured in the 1ipped posi-

tion and the experimenter’s 0ngers had released the shell) until the end frame (when the 

snail had subsequently completed the righting process). Data were collected only from the 

23-day assays in each lowered temperature treatment, to allow time for acclimation. Data 
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were collected from the last Control assay, since this one would be most conservative if 

time spent in the experiment had caused an overall decrease in snail responsiveness.

1.2.5. Statistical Analysis

Since righting response is used in this study as a measure of physiological performance, 

and non-righting-related snail behaviors (e.g., startle responses, reaching for substrate in 

the wrong direction) tended to interfere with the righting process, per-snail minima were 

selected from the three righting attempts in each assay; all subsequent analyses were per-

formed on these minimum values. -e relationship between log-transformed righting 

time and treatment was modeled as a generalized linear mixed e.ects model using a 

gamma distribution and a log link function, with Bay and Treatment as 0xed factors and 

Site and Snail as random factors. Snails were nested within Sites, and Sites within Bays. 

Snail shell height was used as a covariate. -is model was 0t using the !"#$%&'())(* pro-

cedure in Version 9.13 of the SAS System for Windows, and the 0xed factors were tested 

for signi0cance using Wald F tests, while means were separated using Tukey’s 567 test 

(82=20.05). Results were visualized using the ++,-./0 package (Wickham 2009) for R (R 

Development Core Team 2009).

Separate linear regressions were performed on the log-transformed righting times for 

each site (Table21.3). To determine if source environment predicted low temperature per-

formance, the slopes returned by these regressions were then regressed against two indices 

of environmental conditions in the source location: minimum winter water temperature, 

and number of days below 10°C. To investigate whether the environmental distance from 

the putative genetic origin of the introduced U. cinerea populations was related to low 

temperature performance, the slopes of the temperature–righting time relationships for 

the six introduced range sites were regressed on the di.erence between each site’s envi-

ronmental index value and a mean index value across all native range sites (since intro-

duced range U. cinerea may have genetic roots in both Long Island Sound and mid-
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Atlantic estuaries). -ese analyses were performed in R 2.10.1, using the -1 function to 0t 

the linear models.

To examine the sensitivity of the righting response to temperature, the Q9: tempera-

ture coe4cient was calculated for each 5°C interval, based on least-squares mean righting 

times across all bays (output from the generalized linear mixed model described above). 

Q9: is a unitless quantity representing the factor by which a rate changes if temperature is 

increased by 10 degrees. Here, it was calculated as:

where R9 and R; are righting rates (12/2righting time) at temperatures T9 and T;, respec-

tively, with T;2>2T9.

1.3. Results

1.3.1. Source Temperature Regimes

Water temperature data from the various collection sites revealed that winter tempera-

tures are lowest at the native range sites (Mystic River and Delaware Bay), warmest at the 

California introduced range sites (Tomales and San Francisco Bays), and intermediate in 

Willapa Bay (Figure  1 ). Summer temperatures were similar between the native range 

and the California introduced range sites, but somewhat cooler in Willapa Bay.

-e distribution of daily temperatures at the native range sites was broadly similar. In 

both Delaware Bay and Long Island Sound, the lower quartile of observed daily tempera-

tures began below 0° and ended between 5° and 10°C, while the upper quartile began at or 

above 20°C and extended above 25°C (Figure21.2). On the Paci0c coast, temperature dis-

tributions fell into a narrower range at all sites, with most daily temperatures falling be-

tween 5° and 25°C. Temperature regimes at the California sites were warmer overall than 

in Washington; the median observed daily temperature at the California sites fell between 

15° and 20°C, while in Willapa Bay it fell between 10° and 15°C. California sites had simi-

lar proportions of days above 20°C as the native range sites.
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Figure 1.1: Monthly mean water temperatures at collection sites. See 
Table21.1 for details on site locations.
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1.3.2. Righting Response

No Urosalpinx cinerea died during the course of the experiment. During the assays re-

ported here, 5 snails (out of 224 total) failed to right themselves at all within 45 minutes, 

and 4 snails only righted themselves twice (therefore their recorded minimum righting 

times are out of two tries). An additional 5 snails whose righting times were at least 3 

standard deviations greater than the treatment means were removed prior to analysis. 

-ese outlier snails came from the following treatment–site combinations: 5°C/WB-N; 

10°C/CT-N, SF-S; 15°C/SF-D; 20°C/CT-N. Reviewing the video data con0rmed that the 

outlier snails’ recorded righting times were not in1ated due to slow performance of the 

1ipping maneuver. In all cases, the actual 1ipping motions occurred at a normal rate for 

the treatment, but were delayed either by a startle reaction (with accompanying period of 
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Figure 1.3: Righting time (log scale) of Urosalpinx cinerea across 
temperature treatments. Boxes indicate inter-quartile range, 
while central crossbars indicate the median.
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subsequent inactivity) during the process of 1ipping, or by simply waiting for a long time 

before extending the foot and beginning to 1ip.

Lowered temperature treatment had a strong, signi0cant e.ect on righting time 

across all bays, while source embayment did not signi0cantly a.ect righting time across 

the di.erent temperatures (Table21.3; Table21.4; Figure 1.3). Although mean snail height 

varied among populations (Table21.1), inclusion of shell height as a covariate did not alter 

the results. Each decrease in temperature resulted in signi0cantly slower righting times 

(Table21.5; Figure 1.3), and the magnitude of the e.ect was considerable. At the coldest 

temperature tested, U. cinerea took on average over 3 minutes to successfully right them-

selves, as compared to less than 45 seconds at the warmest temperature (Figure 1.3). 

Righting response was most sensitive to temperature in the coldest interval, while righting 

response across the two warmer intervals showed similar, lower temperature sensitivity 

(Q9: for 5–10°C:25.18; Q9: for 10–15°C:22.00; Q9: for 15–20°C:22.32). Variation in righting 

times due to source site nested within source embayment was only a small proportion of 

the overall variation (Table21. ).

Table 1.3: Results of generalized linear mixed model of righting time.

Covariance Parameter EstimatesCovariance Parameter EstimatesCovariance Parameter EstimatesCovariance Parameter EstimatesCovariance Parameter Estimates
Covariance Parameter EstimateEstimate Standard Error
Site (Bay) 0.0200.020 0.019

Snail (Site) 0.0000980.000098 0.0057

Residual 0.0940.094 0.011

Tests of Fixed E!ectsTests of Fixed E!ectsTests of Fixed E!ectsTests of Fixed E!ectsTests of Fixed E!ects

E!ect
dfdf

F Value P > FE!ect Numerator Denominator F Value P > F

Bay 4 3 0.09 0.98

Treatment 3 143 232 <0.0001

Bay < Treatment 12 143 1.24 0.26
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Table 1.4: Results of linear regressions of log-transform
ed righting tim
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6.08
-112
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5.7403
0.83

10.17
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6.34
-134
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0.91
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Although minimum winter temperature and number of days below 10°C for each 

source site varied widely (Table21. ), variation in the shape of temperature responses 

among sites was not related to either minimum winter temperature (adjusted R=2=2–0.16, 

P2=20.87) or days below 10°C (adjusted R=2=2–0.16, P2=20.99). Similarly, temperature re-

sponses of snails from introduced range sites were not correlated with the di.erence be-

tween native and introduced range minimum winter temperatures (adjusted R=2=2–0.25, 

P2=20.99) or days below 10°C (adjusted R=2=2–0.25, P2=20.96).

Table 1.5: Comparison of least-squares mean righting times among 
temperature treatments; signi0cance of mean separations calculated 
using Tukey’s HSD. 

Temperature 
(°C)

Mean Righting 
Time (seconds)

Mean comparisons 
(P, " = 0.05)

Mean comparisons 
(P, " = 0.05)

Mean comparisons 
(P, " = 0.05)

5 194.9 vs 5

10 87.2 <0.0001 vs 10

15 58.7 <0.0001 <0.0001 vs 15

20 39.6 <0.0001 <0.0001 <0.0001

1.4. Discussion

Urosalpinx cinerea populations tested in this study have been separated for at least 50 gen-

erations and exposed to di.erent ambient temperature regimes, yet the overall pattern of 

their response to temperature was very similar. -is study was not designed to explicitly 

test for contemporary evolution, but the results could indicate that there has not been 

enough time or enough selective pressure for local adaptation to occur in the introduced 

range. Both these data and previous reports on U. cinerea temperature responses record 

plenty of individual variation (Carriker 1955, Hanks 1957, Ganaros 1958, Manzi 1970); 

although the role of plasticity was not usually explored, this suggests that lack of variation 

may not explain the absence of divergence in thermal responses. While there are many 

examples in the literature of adaptive trait change in introduced populations of various 
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species (Bossdorf et al. 2005, Prentis et al. 2008, Whitney and Gabler 2008), in many other 

cases no change has been recorded (-ébaud and Simberlo. 2001). Keller and Taylor 

(2008) further point out that stochastic forces, rather than selective ones, may be most 

important in producing phenotypic changes in introduced populations. Genetic bottle-

necks are unlikely to have featured strongly in U. cinerea’s introduction to the Paci0c 

coast, since they arrived among the tens of millions of pounds of oysters that were trans-

ported live from the Atlantic coast over the course of 40 years and planted in Paci0c coast 

bays (Miller 2000). 

Speedy righting ability is likely important to escaping from predators and avoiding 

being swept away by waves, so the observed decrease in performance with decreasing 

temperature may have consequences for U. cinerea’s survival and persistence in di.erent 

parts of its range (Figure21.3). As righting response was most sensitive to temperature 

change between 5°C and 10°C, small changes in winter temperature may signi0cantly in-

1uence the snail’s performance. It may also indicate a potential handicap for the spread of 

introduced U. cinerea, which currently tend to occur in relatively warm and sheltered ar-

eas within Paci0c bays. Typical water temperatures at the mouths of those bays and on the 

outer coastline range between 10°C and 15°C (Figures21.1,21.2); Paci0c coast U. cinerea in 

these experiments took on average between 1 and 1.5 minutes to right themselves at these 

temperatures, and therefore might be at greater risk of dislodgment-driven mortality in 

such conditions. Native range sites get as cold and even colder in winter, but U. cinerea 

there reportedly overwinter buried in sediment or in other subtidal shelter, concentrating 

their feeding and reproductive activities during the warm summer months (Carriker and 

van Zandt 1973). Snails clearly could not use this overwintering strategy year-round in the 

consistently cool environments found at the mouths of Paci0c bays, and it is not known 

whether introduced U. cinerea in the inner portions of Paci0c bays bury themselves or re-

treat to subtidal shelters during colder months. However, in this study, U. cinerea were 

tested in still water and in the absence of predation threat, so it is possible that cold tem-

perature righting behaviors might change under di.erent risk scenarios. Further studies 
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more directly examining the ecological consequences of temperature-dependent righting 

performance in U. cinerea would be informative.

-e pattern of temperature sensitivity observed in this study generally matches the 

results of previous work on U. cinerea from the northern portion of its native range. In the 

only study of its type conducted on U. cinerea, Shick (1972) found that oxygen consump-

tion was most sensitive to temperature in the coldest intervals tested (2.5–7.5°C, 7.5–

12.5°C) and relatively insensitive to temperature over warmer intervals (12.5–17.5°C, 

17.5–22.5°C) for snails from Massachusetts, Virginia, and North Carolina. Almost all Q9: 

values in the coldest intervals were greater than 2.5 and ranged as high as 10, while Q9: in 

the warmer intervals was less than 2 (Shick 1972). -is roughly matches the results pre-

sented here, where righting time was most sensitive between 5°C and 10°C, while sensitiv-

ity over the two warmer intervals was consistently lower. In ectotherms, temperature sen-

sitivity that increases steeply as temperatures fall may re1ect an evolved strategy for over-

wintering, where by not preventing biological processes from slowing, they reap the bene-

0ts of decreased energetic costs during a season when resources are sparse (Hochachka 

1991).

Comparison with previous studies also o.ers some possible insight into the connec-

tion between righting time and other temperature-sensitive traits. In Carriker’s (1955) re-

view of the numerous published and unpublished accounts of U. cinerea biology then 

available, the lower temperature limit for feeding among U. cinerea in northeastern bays 

falls between 8°C and 12°C, and Hanks (1957) reports 7.5°C for Long Island Sound U. cin-

erea. -e correspondence between these reports and the consistent pattern of temperature 

sensitivity I observed for righting response in native and introduced populations suggests 

that U. cinerea across the introduced range could have similar temperature thresholds for 

important ecological functions as U. cinerea in the northern native range. Although U. 

cinerea poses a threat to native oyster (Ostrea lurida) restoration on the Paci0c coast 

(Grosholz et al. 2007, Buhle and Ruesink 2009), no studies have been done to determine 

the temperature sensitivity of feeding or reproduction in introduced populations. Such 
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studies would be useful to pursue, and the work presented here might help target key 

ranges of temperatures to investigate. If the pattern observed here — consistent tempera-

ture sensitivity across widely separated regions — holds true for ecologically relevant traits 

other than 1ipping, then fundamental aspects of U. cinerea ecology could vary across dif-

ferent local environments. For example, in the more southerly portions of the introduced 

range, where 85–98% of days in each year are likely to have an average temperature above 

10°C (Figure21.2, TB-T, SF-S and SF-D), U. cinerea might spend a greater proportion of 

each year actively moving and feeding, and consequently the impact of U. cinerea preda-

tion might be increased. Since U. cinerea is a generalist predator (Carriker 1955), such an 

outcome could have wide-ranging food web impacts and would be of concern to native 

oyster restoration e.orts. -erefore, future work might examine how foraging behavior 

depends on temperature in di.erent parts of the introduced range. Similarly, if the tem-

perature sensitivity of U. cinerea reproduction is consistent across the native and intro-

duced range, then California egg capsules might be able to survive the winter and adults 

might enjoy an extended reproductive season, while Paci0c northwest U. cinerea might 

have more seasonal phenology. In the native range, U. cinerea embryos held at 10°C for 

almost 3 months develop very slowly, but can complete development with considerable 

survivorship if water temperatures subsequently increase (Ganaros 1958). Global warming 

could exacerbate these e.ects by increasing winter minimum temperatures (Stachowicz et 

al. 2002). -is possibility could be investigated via comparative demographic studies in 

embayments that experience di.erent temperature regimes, such as Willapa Bay and San 

Francisco Bay, as well as studies determining the temperature requirements for game-

togenesis and larval development in Paci0c coast U. cinerea.

Finally, the fact that U. cinerea activity was most sensitive to temperature increases in 

the lowest interval tested implies that small increases in winter average temperatures, such 

as are predicted to occur due to anthropogenic global warming, could have signi0cant ef-

fects on U. cinerea’s activity levels. -ese results highlight the need for more investigations 

of how behavioral performance is a.ected by warmer winter water temperatures in ma-
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rine systems. If the temperature sensitivity results in this study do correlate with sensitiv-

ity of other traits as hypothesized above, then warmer winters might result in an extension 

of U. cinerea’s annual period of ecological activity in the northern native range. In the in-

troduced range, where winters are already milder, further winter warming could open the 

door to year-round activity, increased predation, and faster population growth.

In conclusion, in one of the few studies comparing an ecologically relevant pheno-

type between native and introduced populations of a marine species, I showed that despite 

divergent climate regimes and considerable residence times for even the youngest popula-

tions, sensitivity to temperature was consistent among populations. -is implies that 

variation in local environmental conditions is the most important predictor of perform-

ance in a trait relevant to survival — and, possibly, overall success and ecological impact 

— across U. cinerea’s introduced range.
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2.

Detection of predation risk cues in Urosalpinx cinerea 
from the native and introduced ranges

Abstract

Determining the factors governing the success of introduced predators is key to predicting 

and managing their impacts. By exploring how an introduced predator uses cues to detect 

predation risk from top predators in the introduced range, and by comparing individuals 

from the native and introduced range, we can gain insight into the roles of predator rec-

ognition and naïveté in introductions. -is study measured cue recognition in the preda-

tory gastropod Urosalpinx cinerea, and examined how snails collected from several popu-

lations in the native and introduced ranges responded to chemical cues from two crab 

predators and injured conspeci0cs. Both native and introduced range U. cinerea re-

sponded to Cancer antennarius and Carcinus maenas kairomones, and to conspeci0c 

alarm cues. -is is the 0rst report of native range individuals of an introduced species 

demonstrating a pre-existing ability to recognize chemical cues from an introduced range 

predator with which they had no prior experience. U. cinerea may have bene0tted from 

similarity between their native community and the resident community in their intro-

duced range, as they were capable of recognizing ostensibly unfamiliar crab predators, 

possibly by relying on common cues or on generalization from predators U. cinerea 

evolved with in their native range. -e ability to avoid disadvantages of novelty may aid 

the successful establishment of many introduced species.

2.1. Introduction

Introduced predators can substantially a.ect native prey populations, causing extensive 

changes in native communities (Catling et al. 1999, Croll et al. 2005, Salo et al. 2007, Kurle 
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et al. 2008). However, observed impacts are not consistently high and can be negligible 

(Elton 1958, Grosholz et al. 2000, Ross et al. 2003). Predicting and managing the impacts 

of introduced predators, a major challenge for invasion biology (Parker et al. 1999, Sih et 

al. 2010), depends on determining the factors governing their success. While it may seem 

most natural to think of an introduced predator’s success in terms of interactions with 

species it preys on, introduced predators themselves can be the prey of top predators en-

countered in the introduced range. -erefore, one important factor in1uencing an intro-

duced predator’s success is its ability to detect threats from introduced range top predators 

(Sih et al. 2010), since naïveté to predator threat cues generally has severe consequences 

for populations of the species being preyed upon (e.g., Gamradt and Kats 1996, Li et al. 

2011, Wanger et al. 2011).

Introduced predators may acquire the ability to recognize introduced range top 

predators through learning or adaptation (Ferrari et al. 2007, Ferrari et al. 2010, Sih et al. 

2010). Alternatively, introduced predators may arrive already using cues in ways that al-

low them to detect threats from ostensibly novel top predators (Ferrari et al. 2010, Sih et 

al. 2010). Relying on general threat cues is one way for introduced predators to overcome 

top predator novelty. However, an introduced predator that relies on speci0c cues still 

might escape a novelty disadvantage if top predators in its introduced range produce cues 

similar to those produced by its native range enemies (Sih et al. 2010).

It is not yet clear which of these alternatives is most common, since there are rela-

tively few studies examining introduced predators’ ability to detect cues produced by in-

troduced range top predators. -e post-introduction acquisition of an ability to recognize 

novel top predator cues has been reported in three introduced cray0sh (Hazlett et al. 2002, 

Gherardi et al. 2011), but there are not any con0rmed cases of an introduced predator ar-

riving with a pre-existing ability to recognize cues from top predators encountered in the 

introduced range. However, in some cases there has not been enough information avail-

able to establish whether or not an introduced predator’s capacity to recognize introduced 

range top predators was present prior to introduction (Pearl et al. 2003, Grason and Miner 
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2012). An e.ective approach for di.erentiating between these scenarios is to compare 

how individuals from both the introduced and native range respond to introduced range 

top predator cues under common conditions. Comparisons between native and intro-

duced populations provide essential context for evaluating introduced species perform-

ance (Hierro et al. 2005), yet are infrequently made, especially in marine systems (Vermeij 

et al. 2009).

Studies that employ native–introduced range comparisons to explore introduced 

predators’ cue use and their degree of naïveté to introduced range top predators can pro-

vide insight into the potential for biotic resistance by the local community (deRivera et al. 

2005, Carlsson et al. 2009, Li et al. 2011). -ey can also be useful in predicting the ex-

pected balance of consumptive and non-consumptive e.ects experienced by introduced 

predators (Preisser et al. 2005, Sih et al. 2010). -is information can help shape manage-

ment strategies for existing introductions (Sih et al. 2010), as well as suggest tactics for 

responding to new introductions of the same predator in other regions.

-e Atlantic oyster drill Urosalpinx cinerea (Say 1822) is a major predator of shell0sh 

and other sessile invertebrates in its native range (Carriker 1955, Pratt 1974a, Peterson 

1979) as well as in its Paci0c coast introduced range. In the introduced range, heavy U. 

cinerea predation has been cited as a factor impeding the restoration of the threatened 

Olympia oyster Ostrea lurida (Kimbro et al. 2009, Koeppel 2011). In the habitats where U. 

cinerea occurs on the Paci0c coast, the principal local predators include two species of na-

tive rock crabs, Cancer antennarius and Cancer productus, and the recently introduced 

European green crab, Carcinus maenas. -e rock crabs are reported from all the Paci0c 

coast embayments where U. cinerea is found (Garth and Abbott 1980, Carroll and Winn 

1989), but the green crab only occurs in signi0cant numbers in central California bays 

(Behrens Yamada and Kosro 2010, deRivera et al. 2011; E.D. Grosholz, pers. comm.). U. 

cinerea occur patchily within Paci0c coast bays (J.C. Blum pers. obs.; Grosholz et al. 2007, 

Buhle and Ruesink 2009, Koeppel 2011), and it has been suggested that U. cinerea’s naïveté 
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to native crab cues controls the snail’s distribution in some parts of its introduced range 

(Kimbro et al. 2009).

Waterborne chemical cues are commonly used by a range of gastropod species to 

trigger both behavioral and plastic morphological defenses (Appleton and Palmer 1988, 

Trussell and Nicklin 2002, Trussell et al. 2003, Ferrari et al. 2010). Gastropods may rely on 

speci0c chemical cues emitted by predators themselves (kairomones), or on alarm cues 

emitted by attacked or damaged conspeci0cs (Dalesman et al. 2007a, Ferrari et al. 2010, 

Grason and Miner 2012). It is well established that U. cinerea depends on chemical cues 

when foraging for its own prey (Carriker 1955, Wood 1968, Pratt 1974a, Rittschof and 

Gruber 1988), but no studies have investigated how U. cinerea might use olfactory cues to 

detect predator threats in its native range. Although Rittschof et al. (1983) tested whether 

cues from some native range predator species were attractive to newly hatched juvenile U. 

cinerea, their study was not designed to detect defensive or evasive responses; unsurpris-

ingly, the hatchlings were not attracted to the predators.

In the introduced range, Kimbro et al. (2009) found that Cancer antennarius were 

e.ective predators of U. cinerea from Tomales Bay, CA, yet the snails did not appear to 

recognize the rock crabs as a threat. -e Tomales Bay U. cinerea also seemed not to re-

spond to Carcinus maenas, although green crabs were ine.ective predators of the large 

adult snails used in the study. In contrast, Grason and Miner (2012) found that chemical 

cues from Cancer productus and from injured conspeci0cs each consistently elicited hid-

ing behavior among U. cinerea from Willapa Bay, WA. -is could indicate that U. cinerea 

have acquired novel crab cue detection abilities in some parts of the introduced range, but 

not in others (Grason and Miner 2012). However, crabs are common intertidal and shal-

low subtidal predators in U. cinerea’s native range (Gosner 1971, Peterson 1979), so it is 

also possible that introduced U. cinerea arrived able to recognize a cue shared among re-

lated crab species or able to generalize between native range and introduced range crab 

cues (Ferrari et al. 2007, Ferrari et al. 2010). -e contrasting reports from Willapa and 

Tomales Bays could then re1ect a secondary loss of this ability in some parts of the intro-
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duced range (Blumstein et al. 2004, Dalesman et al. 2007b). To distinguish among these 

scenarios, it is crucial to compare cue detection ability between snails across the intro-

duced and native range.

Variation in the abiotic environment can substantially alter aquatic prey’s recognition 

of and response to cues signaling predation risk (Ferrari et al. 2010). -is can potentially 

shi/ the balance of consumptive and non-consumptive e.ects on prey, reducing anti-

predator behaviors and increasing mortality from predation (Ferrari et al. 2011). For an 

introduced predator, such extrinsic environmental e.ects on its interaction with local top 

predators might create constraints on the introduced predator’s overall success or impact, 

but to my knowledge this has not been previously studied in marine systems. -e e.ect of 

abiotic environmental variation on predator–prey interactions may be substantial in estu-

aries, where water conditions such as salinity, pH, and temperature can vary considerably 

both temporally and spatially (Conomos 1979, Largier et al. 1997, -om et al. 2003). 

-ere is some evidence that molluscan anti-predator behaviors may be sensitive to low 

temperatures (Ordzie and Garofalo 1980a, Jacobsen and Stabell 1999), and cooler water 

temperatures signi0cantly decrease the speed at which U. cinerea is able to carry out cer-

tain critical behaviors (see Chapter 1).

In this context, I compared cue detection among U. cinerea from regions across their 

introduced and native ranges to examine the role predator recognition and naïveté have 

played in U. cinerea’s invasion history. I quanti0ed how U. cinerea movement is a.ected 

over short timescales by the presence of alarm cues from crushed conspeci0cs and preda-

tor cues from two introduced range crab species, and how U. cinerea responded when pre-

sented with a choice between cue-laden and cue-free environments. I also investigated 

whether water temperature a.ects U. cinerea’s response to predation risk cues. -is is the 

0rst study comparing cue responses between U. cinerea from the native and introduced 

range, and between U. cinerea from di.erent regions of each range. It is also the only study 

I am aware of to examine the e.ect of abiotic environmental conditions on anti-predator 

behavior in an introduced marine predator.
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2.2. Methods

2.2.1. Study System

All experiments used a common set of threat cue sources, including two species of crab 

predators and conspeci0c alarm cues that might signal predation by any crushing preda-

tor. -e two crab species used were Cancer antennarius and Carcinus maenas. Cancer an-

tennarius is a rock crab native to the Paci0c coast of North America, and is common in 

low intertidal and shallow subtidal habitats. Carcinus maenas, the European green crab, is 

native to northern Europe. It was 0rst introduced to the Atlantic coast of North America 

in the early 1800s and to California in the 1980s (Carlton and Cohen 2003), and is com-

mon from mid-intertidal to shallow subtidal habitats.

Urosalpinx cinerea has co-occurred with the two crab species for di.erent lengths of 

time in di.erent portions of its range (summarized in Figure22.1). Carcinus maenas was 

introduced to U. cinerea’s native range along the Atlantic coast of North America almost 

100 years before U. cinerea was 0rst introduced to the Paci0c coast of North America 

(Carriker 1955, Miller 2000, Carlton and Cohen 2003), but Carcinus maenas populations 

took nearly 200 years (and separate introduction events) to spread to its current extent 

along the Atlantic coast of North America, overlapping approximately two-thirds of U. 

cinerea’s native range (Roman 2006, Blakeslee et al. 2010). However, the earliest Carcinus 

maenas introductions were reported from New York Harbor and Long Island Sound 

(Carlton and Cohen 2003), the same regions that are the likely source of Paci0c coast U. 

cinerea introductions (Miller 2000).

Once introduced to the Paci0c coast of North America, U. cinerea were separated 

from Carcinus maenas for 50–100 years, depending on region. Green crabs were intro-

duced to California in the 1980s, overlapping with U. cinerea in San Francisco and 

Tomales Bays (Cohen et al. 1995). Green crabs expanded to Washington during an El 

Niño event in 1998, but remain rare in Willapa Bay and are not as yet established in Puget 

Sound (Behrens Yamada and Gillespie 2008).
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Figure 2.1: History of Urosalpinx cinerea’s coexistence with Carcinus maenas and 
Cancer antennarius in regions of its native and introduced range.
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2.2.2. Urosalpinx Collections

I examined U. cinerea from three sites in the native range: Narragansett Bay, RI; Long Is-

land Sound (CT); and Delaware Bay, DE, and three sites in the introduced range: Willapa 

Bay, WA; Tomales Bay, CA; and San Francisco Bay, CA (Table22.1).

Recirculating/No Choice Experiment

Approximately 160 U. cinerea per site were collected from Narragansett Bay and from 

Tomales Bay (site TB-S, Table22.1) during the summer of 2006. Adult snails (3 ~20mm) 

were picked up by hand at low tide along low intertidal transects at each site, and main-

tained in 1owing seawater (TB-S snails) or a static, outdoor tank (RI snails) on a diet of 

Mytilus californianus. Individuals were randomly drawn from these pools for use in the 

Recirculating/No Choice (>/?!) experiment.

Flow-through/Choice Experiment

During the summer of 2007, Atlantic coast collections of U. cinerea were made in Mystic 

River estuary, CT (a sub-embayment of Long Island Sound) and in Delaware Bay. On the 

Paci0c coast, snails were collected from Willapa Bay, Tomales Bay, and San Francisco Bay. 

Collections occurred at two sites at least 5 coastwise km apart within each bay, except for 

Delaware Bay, where snails were collected from only one site (Table22.1).

Snails were collected as described in Section 1.2.1, and were sexed, individually 

marked, and measured. -ey were maintained at 20° C on a diet of juvenile mussels (Myti-

lus californianus), and individuals were randomly drawn from this pool for use in the 

Flow-through/Choice (@A/!) experiment.

2.2.3. Crab Collections

For the >/?! experiment, Cancer antennarius were collected from Bodega Harbor, a small 

inlet of Bodega Bay, CA, and Carcinus maenas were collected from Tomales Bay, CA and 

Bodega Harbor. For the @A/! experiment, Cancer antennarius were collected from Bodega 
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Harbor, while Carcinus maenas were collected from the Seadri/ Lagoon in Stinson Beach, 

CA, an arti0cial lagoon connected to Bolinas Lagoon via a managed intake and out1ow.

2.2.4. Recirculating/No Choice Experiment

Apparatus Design

Trials were conducted in small recirculating systems at 14°C, the approximate temperature 

of ambient seawater in the sea tables and tanks where U. cinerea were being held. For each 

treatment, 0ltered seawater was pumped from a sump bucket containing the cue source 

into the experimental arena, and then drained back into the sump bucket (Figure22.2a). 

-e experimental arenas were 42 cm diameter plastic circular pans with 6 cm tall outer 

walls. Two holes were tapped 3 cm up the outer wall at opposite sides of each pan and 0t-

ted with plastic nozzles connected via plastic tubing to each sump bucket. Small aquarium 

pumps (Marineland Penguin 1140 powerheads), were used to pump water from the sump 

bucket through the in1ow tubing, while the out1ow tubing drained via gravity.

Cue Treatments

-e cue treatments used in this experiment were: (a) Cancer antennarius (1 crab); (b) 

Carcinus maenas (1 crab); (c) crushed conspeci0cs (5 U. cinerea whose shells were broken 

and bodies injured using tin snips); or (d) seawater only (“No Cue”).

Snail Sources

-e U. cinerea used in this experiment came from two collection sites, Narragansett Bay, 

>B, and the AC-6 site within Tomales Bay, !D.

Trial Procedure

For each trial, three replicate snails from each site were randomly assigned to each treat-

ment. -e order in which the snails participated in the trial was randomized. A single 

complete round of trials (12 snails per site) was considered a block, and there were 10 

blocks (240 total snails). New crabs and crushed conspeci0cs were used for each block and 
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the experimental equipment was thoroughly cleaned between blocks. -e Cancer anten-

narius used in this experiment had a mean carapace width of 8.3cm (1.6cm 67), while the 

Carcinus maenas used had a mean carapace width of 7.6cm (0.37cm 67).

At the start of a trial, a snail was placed at the center of an arena, facing into the in-

1ow current. -e snail’s position was then recorded every 5 minutes for the next 45 min-

utes using a centimeter-scale polar grid printed on the 1oor of the arena. All four treat-

ments were run at the same time for any given trial. A/er each trial, the arena was wiped 

with a paper towel to remove snail mucus trails. If snails reached the arena’s outer wall 

during a trial, they typically climbed it and then continued to move, traveling around the 

circumference of the arena. In these cases, I continued to record the snail’s position on the 

wall relative to the radial grid lines. -us measurements of the total distance a snail trav-

eled during a trial were not constrained by the size of the arena, although these measure-

ments were conservative for snails that reached the outer wall since I did not track their 

vertical movement. However, the arena walls were short enough that snails primarily 

moved along the walls in one dimension.

2.2.5. Flow-through/Choice Experiment

Apparatus Design

-is experiment used a modi0ed Y-maze apparatus modeled a/er the one used by Camp-

bell et al. (2001). During an experimental run, aged seawater 1owed by gravity (controlled 

with a stopcock) from a head tank into two smaller stimulus chambers, one of which con-

tained an eEuent source. From there, small aquarium pumps fed water into the assay 

chamber (405 < 80 < 50 mm) in opposing directions, draining through a perforated plate 

in the center of the chamber (Figure22.2b). Dye tests showed that the two water streams 

(cue-bearing and cue-free) did not mix until directly over the drain holes.
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-e various chambers were connected using silicone tubing, and 1ow rate into the 

assay chamber was controlled using Omega FL–2023 1ow meters set at 5 gallons per hour 

(~5.25 mL/s). U. cinerea exhibit positive rheotaxis and tend to follow currents upstream 

even in the absence of any attractants (Rittschof et al. 1983). Since increasing current ve-

locity stimulates U. cinerea movement at lower velocities but inhibits it at higher velocities 

(Rittschof et al. 1983), I used data from cue-free pilot trials to choose the above 1ow rate, 

which best balanced snail responsiveness with water throughput.

-ree apparatuses were constructed and run simultaneously for each trial, one for 

each cue treatment.

Cue Treatments

Cue treatments used in this experiment were similar to those used in the >/?! experi-

ment: (a) Cancer antennarius (1 crab), (b) Carcinus maenas (1 crab), and (c) crushed con-

speci0cs (20 U. cinerea whose shells were broken and bodies injured using tin snips).

Snail Sources

U. cinerea from Long Island Sound, Delaware Bay, Willapa Bay, Tomales Bay, and San 

Francisco Bay were used in this experiment. Due to limited snail availability, snails from 

di.erent collection sites were pooled within bays. For the same reason, Delaware Bay U. 

cinerea were not included in one experimental run (10°C run — see below).

Trial Procedure

At the beginning of a trial, one snail from a given bay was placed on each drain plate per-

pendicular to the water 1ow. To control for turning bias (Marko and Palmer 1991), snail 

headings were alternated based on a randomly determined initial heading such that 50% 

of all snails tested faced each direction. Snail position was recorded every 5 minutes for 20 

minutes using a printed half-centimeter grid on the bottom of the assay chambers. No 

snails ever reached the end of a chamber during any trial, so measurements of distance 
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traveled were not constrained by chamber size. A/er each trial, the interior surfaces of the 

arena were wiped with an algae scrubber to remove snail mucus trails.

!"#$%"& '(#

Initially, 10 blocks of trials were run at 20°C with no cue source in any of the stimu-

lus chambers, to test for any inherent bias in the apparatus (10 blocks; 5 bays; 150 snails 

tested). Snails from each bay were randomly assigned to each apparatus such that there 

was one replicate snail per combination of bay, apparatus, and block. -e order in which 

snails participated in the Control run was randomized. During a single block of trials, 

snails from each bay were tested simultaneously and the order of bays was randomized. 

-e Control run was conducted in a laboratory whose air temperature was set to maintain 

20°C water temperature in the equipment.

)*+,%-.,#$/& '(#0

-e experiment was repeated with cue sources, both at 20°C (10 blocks; 5 bays; 150 

snails tested) and at 10°C (9 blocks; 4 bays; 108 snails tested). -ese temperatures re1ect 

average summer and winter water temperatures U. cinerea experiences in the introduced 

range (see Figures 1.1, 1.2).

Before the start of an experimental run, snails from each bay were randomly assigned 

to each treatment such that there was one replicate snail per combination of bay, treat-

ment, and block. -e order in which these snails participated in the experimental run was 

randomized. During a single block of trials, snails from each bay were tested simultane-

ously and the order of bays was randomized. New crabs and crushed conspeci0cs were 

introduced for each block and the experimental equipment was cleaned between blocks. 

-e Cancer antennarius used had a mean carapace width of 7.8cm (1.1cm 67) for the 20°C 

run and 8.8cm (1.3cm 67) for the 10°C run. -e Carcinus maenas had a mean carapace 

width of 6.9cm (0.31cm 67) for the 20°C run and 6.8cm (0.35cm 67) for the 10°C run.

-e 10°C run was conducted in a cold room, while the 20°C run was conducted in a 

laboratory whose air temperature was set to maintain 20°C water temperature in the 
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equipment. U. cinerea used in the 10°C run were acclimated to the lower temperature by 

stepping down the temperature of their holding tanks by 2°C per day from a starting tem-

perature of 20°C. Upon reaching 10°C, they were then held at that temperature for 14 days 

prior to the beginning of the run.

2.2.6. Statistical Analysis

Analyses were carried out in R 2.10.1 (R Development Core Team 2009), using the +-1 

function to 0t models and the packages 234 (version 1.2–7, Meyer et al. 2006, Zeileis et 

al. 2007, Meyer et al. 2009) and ++,-./0  (version 0.8.8, Wickham 2009) to visualize 

results.

Binary responses

I used logistic regression to determine how the factors of source range and cue treatment 

(or apparatus, for the @A/! Control run) a.ected certain binary response variables: 

whether snails moved at all and, given that they did move, whether they reached the outer 

wall of the arena (>/?!), or moved toward or away from the cue source (@A/!). Since >/?! 

snails would be most likely to reach the arena wall if they moved in a given direction 

steadily and relatively quickly during a trial, achieving this goal was used to di.erentiate 

wandering movement from more directed movement that might be involved in 1eeing. 

-e source range factor had two groups, Native and Introduced. For the >/?! experiment, 

these groups simply corresponded to the two source bays (Narragansett Bay, >B and 

Tomales Bay, !D), while in the @A/! experiment, source bays in each range were grouped 

together. -us the @A/! Native Range group included snails from Long Island Sound and 

Delaware Bay, while the Introduced Range group included snails from Willapa Bay, , 

Tomales Bay, , and San Francisco Bay, .

For each response, a set of logistic models was considered: a model where the prob-

ability of observing the response was constant across all groups, models including the ef-

fect of each predictor alone, a model including the additive e.ects of both predictors on 
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the probability of observing the response, and a model including interacting e.ects of 

both predictors. Models were 0t to grouped data and goodness-of-0t was assessed by 

comparing a model’s deviance statistic to a F2 distribution with n – p degrees of freedom, 

where n is the number of groups and p is the number of parameters, intercept included. 

Likelihood-ratio tests were used to test the signi0cance of particular model terms.

As a general guideline, group sizes are considered large enough for 0tting two-factor 

logistic models when 80% of expected counts are greater than 5 (Agresti 2002). Where my 

data did not meet this guideline, I only 0tted the relevant one-way models, allowing inves-

tigation of individual gross e.ects but not additive or interactive combinations. -is was 

only necessary in the analysis of the direction snails moved during the @A/! experiment. 

For the Control run, there were only su4cient numbers of moving snails to 0t one-way 

models of the e.ect of Range and Apparatus on direction moved. For both the 20°C and 

10°C experimental runs, I 0tted only one-way models for the e.ect of Range and Treat-

ment on direction moved. -e 10°C data, where the smallest numbers of snails moved, 

were also borderline insu4cient for 0tting the one-way Treatment model (2 of the 6 ex-

pected counts were just under 5, at 4.8 and 4.4).

Continuous responses

To examine the e.ects of source range and cue treatment (or apparatus, for the @A/! Con-

trol run) on the total distance snails traveled in both experiments, I modeled the distance 

moved in any direction among those snails that moved at all as a generalized linear model 

with a Gamma response distribution and identity link function. In the @A/! experiment, I 

treated source bay as a subsample of Range, averaging across the distances moved in each 

Block < Treatment < Bay combination (for the Control run, each Block < Apparatus < Bay 

combination). Likelihood-ratio tests were employed to evaluate the support for the vari-

ous possible individual and combined e.ects of the two predictor factors.
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2.3. Results

2.3.1. Recirculating/No Choice Experiment

Probability of moving

67.5% of Urosalpinx cinerea (162 snails) moved at some point during the trials; snails in 

the two crab cue treatments moved in over 70% of trials, while in the Crushed Conspeci0c 

treatment only 43–50% of snails moved (Figure22.3a). Treatment was the primary factor 

in1uencing the probability that U. cinerea moved during trials. Both the overall e.ect of 

Treatment and the e.ect of Treatment within Range were signi0cant (Table22.2a). 
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Figure 2.3: Recirculating/No Choice: Probability of moving. Mosaic plots depicting 
predicted (in parentheses) and observed counts of Urosalpinx cinerea from the 
native or introduced range that moved during a 45 minute trial when exposed 
to various cue treatments in test arenas with recirculating water !ow. 

(a) Observed data with predictions based on constant probability model. 
(b) Expected values based on best model (Moved ~ Treatment).
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Conspeci"cs (CC), and No Cue (NC). Dashed lines indicate a value less than 
expected based on the model predictions. Shading represents the Pearson 
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-e presence of crab cues resulted in a 2 to 2.5–fold increase in a snail’s odds of moving 

(Table22.2b, Figure22.3b), and the e.ects of the two crab treatments were very similar. In 

contrast, Crushed Conspeci0c cues halved the odds of a snail moving during a trial rela-

tive to the No Cue treatment (Table22.2b). Although the con0dence intervals on the e.ects 

of the Cancer antennarius and Crushed Conspeci0c treatments included 1 (representing 

no e.ect relative to the cue-free treatment), the weight of evidence suggests that these ef-

fects are meaningful.
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Table 2.2: Recirculating/No Choice: Probability of moving. 
a. Top: Goodness-of-!t for models of whether Urosalpinx cinerea from the native and introduced range moved 
during a 45 minute trial when exposed to various cue treatments in test arenas with recirculating water "ow. 
Bottom: Results of likelihood ratio tests comparing nested models relating whether Urosalpinx cinerea moved to 
source range (R) and cue treatment (T).

Code Model Deviance df P > !2

m0 Moved ~ 1  23.48 7 0.0014

mR Moved ~ Range 21.58 6 0.0014

mT Moved ~ Treatment 2.46 4 0.65

mR+T Moved ~ Range + Treatment 0.37 3 0.95

mR!T Moved ~ Range # Treatment  (saturated model) 0 0

Likelihood Ratio Test " Deviance " df P > !2

mR vs m0  (gross Range e"ect) 1.90 1 0.17

mR+T vs mT  (net Range e"ect) 2.09 1 0.15

mT vs m0  (gross Treatment e"ect) 21.02 3 <0.001

mR+T vs mR  (net Treatment e"ect) 21.21 3 <0.0001

b. Predicted probabilities and relative e$ects (expressed as odds ratios) for the one-factor model relating cue 
treatment to whether Urosalpinx cinerea moved during a 45 minute trial in test arenas with recirculating water 
"ow.

Group Probability of 
moving Odds Ratio (95% CI)Odds Ratio (95% CI)

Treatment Cancer antennarius 0.78 2.1 (0.94, 4.8)

Carcinus maenas 0.82 2.6 (1.1, 6.1)

Crushed Conspeci!cs 0.47 0.51 (0.24, 1.1)

No Cue 0.63 — —



Probability of reaching an arena wall

40% of U. cinerea that moved also reached the outer wall of the arena during a trial. Range 

clearly in1uenced whether or not moving U. cinerea reached the arena wall during a trial: 

both the overall e.ect of Range and the net e.ect of Range a/er adjusting for Treatment 

were signi0cant (Table22.3a). Introduced Range snails reached the wall more frequently 

than Native Range snails (54% of the time for all Introduced Range snails and 28% of the 

time for all Native Range snails; Figure22.4a).
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Figure 2.4: Recirculating/No Choice: Probability of reaching an arena wall. Mosaic plots 
depicting predicted (in parentheses) and observed counts of Urosalpinx cinerea 
from the native or introduced range that reached the arena wall during a 45 
minute trial when exposed to various cue treatments in test arenas with 
recirculating water !ow. 

(a) Observed data with predictions based on constant probability model. 
(b) Expected values based on best model (Reached Wall ~ Range).
Cue treatments are Carcinus maenas (CM), Cancer antennarius (CA), Crushed 
Conspeci"cs (CC), and No Cue (NC). Dashed lines indicate a value less than 
expected based on the model predictions. Shading represents the Pearson 
residual for that observation relative to the model prediction.
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Table 2.3: Recirculating/No Choice: Probability of reaching arena wall. 
a. Top: Goodness-of-!t for models of moving native and introduced range Urosalpinx cinerea’s chance of 
reaching the test arena wall during a 45 minute trial when exposed to various cue treatments in recirculating 
water "ow. Bottom: Results of likelihood ratio tests comparing nested models relating reaching the arena 
wall to source range (R) and cue treatment (T).

Code Model Deviance df P > !2

m0 Reached Wall ~ 1  19.03 7 0.0081

mR Reached Wall ~ Range 7.53 6 0.27

mT Reached Wall ~ Treatment 12.46 4 0.014

mR+T Reached Wall ~ Range + Treatment 0.36 3 0.95

mR!T Reached Wall ~ Range # Treatment  (saturated model) 0 0

Likelihood Ratio Test " Deviance " df P > !2

mR vs m0  (gross Range e"ect) 11.50 1 <0.001

mR+T vs mT  (net Range e"ect) 12.10 1 <0.001

mT vs m0  (gross Treatment e"ect) 6.57 3 0.087

mR+T vs mR  (net Treatment e"ect) 7.17 3 0.067

b. Top: Goodness-of-!t for models pooling across cue presence. Bottom: Results of likelihood ratio tests 
comparing nested models relating reaching the arena wall to source range (R) and cue presence (C).

Code Model Deviance df P > !2

m0 Reached Wall ~ 1  17.92 3 <0.001

mR Reached Wall ~ Range 6.43 2 0.040

mC Reached Wall ~ Cue Presence 12.05 2 0.0024

mR+C Reached Wall ~ Range + Cue Presence 0.03 1 0.87

mR!C Reached Wall ~ Range # Cue Presence  (saturated model) 0 0

Likelihood Ratio Test " Deviance " df P > !2

mR vs m0  (gross Range e"ect) 11.50 1 <0.001

mR+C vs mC  (net Range e"ect) 12.02 1 <0.001

mC vs m0  (gross Cue Presence e"ect) 5.88 1 0.015

mR+C vs mR  (net Cue Presence e"ect) 6.40 1 0.011



How Treatment in1uenced whether moving snails reached the outer wall was less 

clear. For snails from a given range, those in the No Cue treatment reached the wall infre-

quently (15% of the time for Native Range snails and 33% of the time for Introduced 

Range snails), while those in the three cue treatments reached the wall at frequencies that 

were noticeably higher (Figure22.4a). A Treatment-only model was clearly rejected 

(Table22.3a), and while including a Treatment term along with Range substantially de-

creased model deviances, it did so at the cost of 3 degrees of freedom, so the e.ect of 

Treatment was not quite signi0cant at 82=20.05 (Table22.3a, P = 0.067). -erefore, with a 4-

level Treatment factor, the model including only Range (Figure22.4b) best balanced 0t and 

parsimony.

However, when the treatments where any cue was present were grouped together 

(Figure22.5a), there was support for both Range and Cue Presence (no cue vs any cue) as 

signi0cant factors in1uencing the likelihood that U. cinerea reached the outer wall of the 

arena during a trial. For the re-grouped data, the additive Range + Cue Presence model 

(Figure22.5b) 0t best, both single factor models were rejected, and the e.ects of Range and 

Cue Presence were both signi0cant (Table22.3b).

For both ways of grouping the data, the best model estimated a 3-fold e.ect of Range 

on the probability of a snail reaching the wall. -e one-factor Range model favored when 

considering each treatment separately estimated that snails from the Introduced Range 

were 3.0 times (GHI2!B: 1.6–5.9 times) more likely to reach the arena wall than snails from 

the Native Range, while the two-factor Range + Cue Presence model estimated that Intro-

duced Range snails were 3.2 times (GHI2!B:21.7–6.3 times) more likely to reach the wall. 

-e Range + Cue Presence model also estimated that the presence of cues had a similar 

magnitude e.ect, increasing a snail’s probability of reaching the arena wall by almost 3-

fold (Cue Present odds ratio:22.9; GHI2!B:21.3–7.1).
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Distance traveled

Among U. cinerea that moved at all, average distances traveled were consistently greater 

for Introduced Range snails, regardless of cue treatment (Figure22.6). A one-factor model 

including only Range best explained the distance U. cinerea moved during a trial 

(Table22.4), with Introduced Range U. cinerea moving an estimated 10.2 cm (GHI2!B:25.66–

15.4 cm) farther than Native Range snails, which traveled a mean of 12.4 cm 

(GHI2!B:210.4–14.8 cm). Since this Range-based di.erence in distance traveled appeared 

both when cues were present and absent, it seems most likely that the Tomales Bay snails 

were simply able to sustain greater speeds than the Narragansett Bay snails, possibly due 
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Figure 2.5: Recirculating/No Choice: Probability of reaching an arena wall. Mosaic plots depicting 
predicted (in parentheses) and observed counts of Urosalpinx cinerea from the native or 
introduced range that reached the arena wall during a 45 minute trial when exposed to 
various cue treatments in test arenas with recirculating water !ow.  

(a) Observed data with predictions based on constant probability model.
(b) Expected values based on best model (Reached Wall ~ Range + Cue Presence).
Dashed lines indicate a value less than expected based on the model predictions. 
Shading represents the Pearson residual for that observation relative to the model 
prediction.



to site-speci0c di.erences in snail condition (e.g., age or parasite load). Within Range, 

snails traveled similar distances in the three cue treatments and slightly less far under No 

Cue conditions, although there was a great deal of overlap.

Table 2.4: Recirculating/No Choice: Distance traveled. Results of likelihood ratio tests 
comparing nested models relating the distance moved by Urosalpinx cinerea from the 
native and introduced ranges to source range and cue treatment.

Likelihood Ratio Test " Deviance " df P > #2

Distance ~ Range x Treatment vs 
Distance ~ Range + Treatment 0.16 3 0.97

Distance ~ Range + Treatment vs 
Distance ~ Treatment 16.41 1 <0.0001

Distance ~ Range vs
Distance ~ 1 14.50 1 <0.0001

Distance ~ Range + Treatment vs 
Distance ~ Range 4.35 3 0.11

Distance ~ Treatment vs
Distance ~ 1 2.44 3 0.33
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Figure 2.6: Recirculating/No Choice: Distance traveled. Mean distance moved by Urosalpinx 
cinerea from a native range site (Narragansett Bay, #$) and an introduced range 
site (Tomales Bay, %&) during a 45 minute trial when exposed to various cue 
treatments in test arenas with recirculating water !ow. Error bars indicate 
bootstrapped 95% con"dence intervals.



2.3.2. Flow-through/Choice Experiment

Control Run (20°C)

57% of all U. cinerea (84 snails) moved at some point during the Control run. -ere was 

no Apparatus- or Range-based in1uence on probability of moving or distance traveled. 

Across all groups, snails moved an estimated constant mean distance of 5.3 cm 

(GHI2!B:24.3–6.6 cm; Figure22.7a). Apparatus did not a.ect the direction snails moved 

while running the experiment without any cue sources present, but the e.ect of Range 

was signi0cant (J2deviance2=24.52, J df2=21, P2=20.03). Among snails that moved at all, 

those from the Introduced Range were biased in favor of moving in the “Toward” direc-

tion (direction labels here refer to the location of cue sources in the experimental runs), 

while snails from the Native Range showed no directional bias (estimated probability of 

moving in the “Away” direction:232.7% [GHI2!B:221.0%–46.1%] for Introduced Range 

snails and 56.3% [GHI2!B:239.1%–72.5%] for Native Range snails).

Experimental Runs (20°C and 10°C)

1%"2/2-&-$3 "4 ."5-#6

At 20°C, 41% of all U. cinerea (62 snails) moved at some point during the run, and a 

single-factor model including only Treatment best explained the snails’ probability of 

moving (Table22.5a). Snails exposed to Carcinus maenas cues moved 58% of the time 

(Table22.5b), while exposure to Crushed Conspeci0c cues decreased a snail’s odds of mov-

ing by almost 4-fold, and exposure to Cancer antennarius cues decreased the odds of mov-

ing by over 2-fold (Table22.5b). Since U. cinerea in the Carcinus maenas treatment moved 

with similar probability as snails in the cue-free Control run, while snails exposed to Can-

cer antennarius and crushed conspeci0c cues were more likely than not to stay still 

(Table22.5b), it seems reasonable to take these results as indicating diminished movement 

in response to cues from crushed conspeci0cs and Cancer antennarius, but not Carcinus 

maenas. -ese patterns were consistent between Ranges (Figure22.7a).
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At 10°C, 43% of all U. cinerea (46 snails) moved during the trials. In contrast to the 

20°C run, here the most movement was in the Cancer antennarius treatment, where 52–

78% of snails moved at some point, compared to 35–40% of snails in the Crushed Con-

speci0c and Carcinus maenas treatments (Figure22.7c). However, support for the signi0-

cance of this trend was weak, likely because there were fewer moving snails at 10°C, de-

spite the proportion being similar to the 20°C run. 
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Table 2.5: 20° Flow-through/Choice: Probability of moving. 
a. Top: Goodness-of-!t for models of whether Urosalpinx cinerea from the native and introduced range 
moved during a 20 minute trial when exposed to various cue treatments in test chambers with one-way 
water "ow and temperature held at 20° C. Bottom: Results of likelihood ratio tests comparing nested 
models relating whether Urosalpinx cinerea moved to source range (R) and cue treatment (T).

Code Model Deviance df P > !2

m0 Moved ~ 1 11.02 5 0.051

mR Moved ~ Range 10.12 4 0.038

mT Moved ~ Treatment 1.34 3 0.72

mR+T Moved ~ Range + Treatment 0.37 2 0.83

mR!T Moved ~ Range # Treatment  (saturated model) 0 0

Likelihood Ratio Test " Deviance " df P > !2

mR vs m0  (gross Range e"ect) 0.90 1 0.34

mR+T vs mT  (net Range e"ect) 0.96 1 0.33

mT vs m0  (gross Treatment e"ect) 9.68 2 0.0079

mR+T vs mR  (net Treatment e"ect) 9.75 2 0.0077

b. Predicted probabilities and relative e$ects (expressed as odds ratios) for the one-factor model relating 
cue treatment to whether Urosalpinx cinerea moved during a 20 minute trial in test chambers with one-
way water "ow and temperature held at 20°C.

Group Probability of moving (95% CI)Probability of moving (95% CI) Odds Ratio (95% CI)Odds Ratio (95% CI)

Treatment Crushed Conspeci!cs 0.28 (0.17, 0.41) 0.28 (0.12, 0.64)

Cancer antennarius 0.38 (0.25, 0.52) 0.44 (0.20, 0.98)

Carcinus maenas 0.58 (0.44, 0.71) —
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Figure 2.7: Flow-through/Choice: Probability of moving 
Mosaic plots depicting predicted (in parentheses) and observed 
numbers of Urosalpinx cinerea from the native and introduced ranges 
that moved when exposed to various cue treatments during a 20 
minute trial in test chambers with one-way water !ow. 
(a) 20°C. Observed data with predictions based on constant prob-

ability model. U. cinerea from Long Island Sound, Delaware Bay, 
Willapa Bay, Tomales Bay, and San Francisco Bay.

(b) 20°C. Expected values based on best model (Moved ~ Treat-
ment). 

(c) 10°C. Observed data with predictions based on constant prob-
ability model. U. cinerea from Long Island Sound, Willapa Bay, 
Tomales Bay, and San Francisco Bay.

Cue treatments were Carcinus maenas (CM), Cancer antennarius 
(CA), or Crushed Conspeci"c (CC). Dashed lines indicate a value 
less than expected based on the model predictions. Shading 
represents the Pearson residual for that observation relative to the 
model prediction.



-e model including only Treatment had the lowest deviance with the greatest num-

ber of degrees of freedom (deviance2=22.33, df2=23, P2=20.51), but the constant probability 

model was not rejected (deviance2=27.85, df2=25, P2=20.16), and the e.ect of the Treatment 

term was not quite signi0cant at 82=20.05 (gross Treatment e.ect: J2deviance2=25.52, J 

df2=22, P2=20.063; net Treatment e.ect: J2deviance2=25.59, J df2=22, P2=20.061).

7-%,8$-"# ."5,9

At both 20°C and 10°C, neither Range nor Treatment signi0cantly a.ected whether 

snails moved away from the cue source, but overall directional bias di.ered between the 

temperatures. Snails moved away with an estimated probability of 56.5% (GHI2!B:244.0%–

68.3%) at 20°C, and 37.0% (95%CI:224.0%–51.3%) at 10°C. -us there was a bias toward 

the cue source during the 10°C run, but no apparent bias in either direction during the 

20°C run. However, since Introduced Range snails showed a bias in the “Toward” direc-

tion during the Control run when no cue sources were present, it seems unlikely the bias 

at 10°C demonstrates meaningful attraction to cues.

7-0$/#8, $%/5,&,9

As in the Control run, the distribution of distances moved was positively skewed at 

both experimental temperatures: most U. cinerea that moved did not go very far, while a 

few snails traveled greater distances. At 20°C, Range, but not Treatment, signi0cantly in-

1uenced distance moved (Figure22.8b; Table22.6). Introduced Range U. cinerea were esti-

mated to move on average 2.6 cm less far (95%CI:21.0–4.6 cm) than Native Range snails, 

which traveled a mean of 5.8 cm (95%CI:24.4–7.6 cm).

At 10°C, models 0t with two outlying points removed (see Figure22.8c) showed no 

signi0cant e.ect of Range or Treatment on distance moved. However, snails traveled less 

far at 10°C than in the warmer-temperature runs, with an estimated constant mean dis-

tance moved of 1.9 cm (95%CI:21.5–2.4 cm).
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Figure 2.8: Flow-through/Choice: 
Distance traveled. 

Mean distances moved by Urosalpinx cine-
rea during a 20 minute trial in test cham-
bers with one-way water !ow and constant 
temperature. 

(a) Control. 
U. cinerea from Long Island 
Sound, Delaware Bay, Willapa Bay, 
Tomales Bay, and San Francisco 
Bay. Ambient temperature was 
20°C. No cue source was present 
in any experimental apparatus.

(b) 20°C. 
U. cinerea from Long Island Sound, 
Delaware Bay, Willapa Bay, 
Tomales Bay, and San Francisco 
Bay. 

(c) 10°C. 
U. cinerea from Long Island Sound, 
Willapa Bay, Tomales Bay, and San 
Francisco Bay.

Open dots (◦) represent Native Range 
snails; solid dots (●) represent Introduced 
Range snails. Error bars indicate boot-
strapped 95% con"dence intervals. Open 
triangles (△) represent outliers removed 
from 10°C plot (Native Range, Cancer 
antennarius treatment)



Table 2.6: Flow-through/Choice, 20°C: Distance traveled. Results of likelihood ratio tests 
comparing nested models relating how far Urosalpinx cinerea from the native and intro-
duced ranges moved to source range and cue treatment.

Likelihood Ratio Test " Deviance " df P > #2

Distance ~ Range x Treatment vs 
Distance ~ Range + Treatment 0.60 2 0.41

Distance ~ Range + Treatment vs 
Distance ~ Treatment 3.91 1 <0.001

Distance ~ Range vs
Distance ~ 1 3.77 1 <0.001

Distance ~ Range + Treatment vs 
Distance ~ Range 0.37 2 0.58

Distance ~ Treatment vs
Distance ~ 1 0.22 2 0.72

2.4. Discussion

2.4.1. How did Urosalpinx respond to risk cues?

Urosalpinx cinerea from the native range are able to recognize cues from an introduced 

range crab predator with which they have no prior experience. In two di.erent 1ow envi-

ronments, U. cinerea from three native range regions — Narragansett Bay (>/?! experi-

ment), Long Island Sound (@A/! experiment), and Delaware Bay (@A/! experiment) — 

altered their behavior when exposed to chemical cues from Cancer antennarius. -e Can-

cer antennarius used in these experiments were collected from areas where U. cinerea does 

not occur and were not fed U. cinerea prior to or during the experiments, so the results are 

best explained by native range U. cinerea detecting Cancer antennarius kairomones rather 

than any sort of conspeci0c alarm cue or digestive cue (Ferrari et al. 2010). -is suggests 

that introduced U. cinerea may have arrived on the Paci0c coast of North America “pre-

adapted” to the local predator regime, able to detect threats from ostensibly novel preda-

tors. Sih et al. (2010) hypothesized that the ability to circumvent novelty disadvantages 

may be a necessary precondition for successful establishment of introduced predators, but 
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this is the 0rst study that I am aware of experimentally demonstrating an apparently pre-

existing ability to recognize introduced range predator cues among native range individu-

als of an introduced species.

It seems likely that native range U. cinerea’s recognition of the novel introduced range 

predator Cancer antennarius may result from generalizing an innate or learned ability to 

recognize cues from native range crab predators. -e blue crab Callinectes sapidus and 

larger xanthid mud crabs are dominant predators on the Atlantic coast oyster reefs and 

sheltered nearshore areas that make up the bulk of U. cinerea’s historical habitat (Carriker 

1955, Gosner 1971, Peterson 1979, Rodney and Paynter 2006). Additionally, juveniles of 

the rock crab Cancer irroratus can be abundant in shallow estuarine habitats in Southern 

New England (Reilly and Saila 1978), and adults migrate into the lower Chesapeake Bay in 

fall and winter (Haefner and Engel 1975). -erefore, native range U. cinerea are likely to 

be at risk of predation from a variety of crabs, possibly including at least one species 

closely related to Cancer antennarius. Minnows and larval frogs that have been condi-

tioned to recognize the kairomones of one predator can generalize this response to novel 

species closely related to that predator, and, in the case of the frogs, also to distantly re-

lated species if perceived risk during conditioning is high (Ferrari et al. 2007, Ferrari et al. 

2009). Similarly, for some freshwater snails, phylogenetic relatedness and history of sym-

patry both a.ect which alarm cues the snails innately recognize, with snails responding to 

alarm cues from both closely related snail species and some distant species with which 

they co-occur (Dalesman et al. 2007a). -ese sorts of generalized responses could come 

about due to related taxa producing chemically identical cues, or due to 1exibility in prey 

species’ reception of relatively similar signals (Ferrari et al. 2007), but the chemistry in-

volved has yet to be worked out (Ferrari et al. 2010). -at U. cinerea seem to either rely on 

cues shared across related crab taxa or be prone to generalizing between similar crab cues 

0ts with the theory that prey which cannot easily escape their predators should favor gen-

eral over speci0c cues, since the cost of failing to respond will be higher than that of re-

sponding unnecessarily (Sih et al. 2010). Slow moving U. cinerea would seem to have few 
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defenses against fast, dexterous crabs other than avoidance. -e results of this study also 

align with the previous report that introduced range U. cinerea from Willapa Bay, WA 

recognize and respond defensively to chemical cues from the introduced range crab 

predator Cancer productus (Grason and Miner 2012). In demonstrating that U. cinerea 

from Tomales Bay (>/?!, @A/! experiments), San Francisco Bay (@A/! experiment), and 

Willapa Bay (@A/! experiment) responded to chemical cues from Cancer antennarius, this 

study extends what is known about U. cinerea predator recognition in the introduced 

range both geographically and taxonomically. While these results can’t rule out the possi-

bility that U. cinerea in Willapa Bay have evolved a unique ability to recognize Cancer pro-

ductus since their introduction, that hypothesis now seems less likely.

However, my results are at odds with the work by Kimbro et al. (2009) that showed 

no response by Tomales Bay U. cinerea to Cancer antennarius or Carcinus maenas. Here, 

Tomales Bay U. cinerea responded to Cancer antennarius cues under both recirculating 

and 1ow-through conditions, and responded to Carcinus maenas cues in at least recircu-

lating conditions. One cause of this disparity could be that cues were more concentrated 

in the small volume, long residence time >/?! experiment than in the Kimbro et al. meso-

cosms. In this case, the Kimbro et al. study may have been more realistic, since cues in 

laboratory test arenas can be arti0cially high (Dickey and McCarthy 2007), a phenomenon 

that has been implicated in mismatches between the strength of trait-mediated interac-

tions measured in the lab and in the 0eld (Winkler and Van Buskirk 2012). On the other 

hand, my study’s frequent observations of isolated, focal snails made over a short timespan 

might also have been more sensitive to subtle responses than the methods used by Kimbro 

et al., where the positions of 0/een or twenty undi.erentiated snails were recorded inter-

mittently over several days. -eir results could also have been a.ected by behavioral 

trade-o.s between risk and hunger (Ferrari et al. 2010), or by U. cinerea responding to 

increased conspeci0c density with greater risk tolerance (Roberts 1996). Grason and 

Miner (2012) did not 0nd evidence for density dependence in U. cinerea’s response to 

predation risk, but they did not allow snails to interact directly with each other as did 
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Kimbro et al. Future studies of anti-predator responses in U. cinerea might consider com-

bining the short term, detailed behavioral observations used here with a longer term focal 

snail approach as used by Grason and Miner, with attention paid to intraspeci0c interac-

tions and the naturalism of predator cue concentrations.

Urosalpinx cinerea seem to employ more than one defensive strategy, and might 

switch between them depending on the perceived degree of risk. Two modes of behavior 

were observed here in response to threat cues: (1) an escape or refuge-seeking response, 

where snails moved more than when no cues were present, tending to crawl toward and 

up the walls of their container; and (2) a shelter-in-place response, where snails moved 

less o/en than when no cues were present. -ese patterns of behavior fall within the range 

of known gastropod anti-predator responses, which frequently include 1ight, moving out 

of the water, sheltering under structure, or decreasing overall movement (Paine 1969, 

Pratt 1974b, Schmitt 1981, McKillup 1982, Rochette et al. 1996). In the >/?! experiment, 

crab cues seemed to elicit refuge-seeking behavior, while conspeci0c alarm cues elicited 

shelter-in-place behavior—although the minority of snails exposed to alarm cues that did 

move seemed to exhibit refuge-seeking behavior, traveling just as far as snails exposed to 

crab cues and reaching the outer wall at similar frequencies. Meanwhile, in the @A/! ex-

periment, only shelter-in-place type behavior was observed, but here it occurred in re-

sponse to both a crab cue and to alarm cues. It should be adaptive for prey to tailor their 

mode of response to di.erent types of risk (Ferrari et al. 2010, Sih et al. 2010), and species 

across a variety of systems vary their behaviors in response to di.erent combinations of 

predator cues and alarm cues (Phillips 1977, Turner 1996, Dalesman et al. 2007b). In this 

case, crushed conspeci0cs signal actual predation events, and therefore might imply a 

more imminent danger than crab odors alone. Indeed, alarm cues elicited the strongest 

long term hiding behavior Grason and Miner (2012) observed in U. cinerea.
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2.4.2. Does environmental context a!ect cue detection?

Flow environment

In contrast to the Cancer antennarius results, U. cinerea’s response to Carcinus maenas 

varied between the >/?! and @A/! experiments, pointing to a possible role for threat sensi-

tivity in U. cinerea’s anti-predator behavior. Fish, frog larvae, and mosquito larvae have all 

been shown to tailor the intensity of their anti-predator behavior to cue concentration 

(Jachner and Rydz 2002, Mirza et al. 2006, Zhao et al. 2006, Ferrari et al. 2008), and such 

threat sensitivity should generally be adaptive when the costs of unnecessary responses are 

su4ciently high (Ferrari et al. 2010). U. cinerea from both ranges recognized Carcinus 

maenas cues in the >/?! experiment, but snails exposed to Carcinus maenas cues in the 

@A/! experiment seemed to behave largely as they did when no cues were present, perhaps 

because of the reduced cue concentration under 1ow-through conditions. -at U. cinerea 

seemed to respond to Cancer antennarius and conspeci0c alarm cues under both 1ow re-

gimes might indicate that the overall risk associated with these cues is higher or more 

consistent, with U. cinerea therefore responding to them at lower concentration thresholds 

than for green crab cues. On the other hand, Cancer antennarius may have simply pro-

duced greater concentrations of cue per crab since they tend to be larger than Carcinus 

maenas. Since this study did not explicitly control cue concentration or evaluate the de-

gree of threat posed by di.erent predators, it can only hint in this direction. However, 

prey species that confront multiple predators may be most sensitive to the predators that 

pose the greatest risk (Dalesman et al. 2007b), and there is some evidence that green crabs 

may not be important predators of adult U. cinerea (Kimbro et al. 2009).

When U. cinerea had a choice between cue-laden and cue-free 1ows, snails showed 

no sign of avoiding threat cues. -is contrasts with results from the Campbell et al. (2001) 

study whose apparatus design inspired the one used here; in that study, echinoderms 

clearly moved into a cue-free 1ow when the cue-laden one contained conspeci0c alarm 

cues. Due to the design of the @A/! apparatus, U. cinerea which did move away from the 

cue-laden 1ow would almost immediately 0nd themselves in a cue-free 1ow environment, 
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e.ectively turning o. the threat signal. -is could have muted avoidance responses, or it 

might have activated a trade-o. between the need for prey to acquire information about 

predators and to avoid predation (Ferrari et al. 2010), causing U. cinerea to prefer to re-

main in range of the cue signal. For example, some 0sh prefer shelters that provide access 

to predator cue signals, choosing refuges nearby a cue source in slow moving water and 

more distant refuges in faster currents (Wisenden et al. 2010); in 0eld settings, 0sh may 

also preferentially move from upstream to downstream of a predator (Wisenden et al. 

2010). On the other hand, alarmed U. cinerea might simply move in any direction in the 

hopes of 0nding refuge. Given that crab predators move much faster than U. cinerea, it is 

not clear that there would be much advantage to snails in trying to identify the location of 

a crab and move away from it.

Temperature

-ere was no evidence that cooler water temperatures inhibited U. cinerea’s ability to de-

tect threat cues, but they might interfere with the snails’ ability to carry out an e.ective 

response. Snails in the 10°C @A/! run moved just as o/en on average as snails in the 20°C 

run — in both cases, substantially less o/en than when cues were absent — but snails that 

moved at 10°C did not manage to crawl very far. -is is consistent with the results from 

Chapter 1, where cooler temperatures resulted in much slower righting times. -us at 

10°C, a typical winter temperature in U. cinerea’s introduced range, the snails’ ability to 

deploy an avoidance response might be limited, restricting them to relying on a shelter-in-

place strategy. -e e.ect of seasonal temperature shi/s on the e.ectiveness of U. cinerea 

anti-predator behaviors merits further investigation. Old reports from the native range 

suggest that U. cinerea su.ered elevated predation when oyster beds were dredged in the 

winter due to compromised ability to escape predators (Carriker 1955), and there is evi-

dence from other Atlantic coast molluscs that seasonal cold temperatures reduce the e.ec-

tiveness of their anti-predator behaviors (Ordzie and Garofalo 1980a).
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2.4.3. Future Work

-e results of this study point to a few avenues for future research. To fully understand 

how predator interactions a.ect the impact of introduced range U. cinerea, it will be im-

portant to measure the e.ectiveness of the observed snail responses against predators (Sih 

et al. 2010), and to make tests in natural environments (Ferrari et al. 2010), where the de-

tails of an escape response (for instance, whether snails seek refuge out of water or under 

rocks) are more apparent and relevant. An introduced species might still be vulnerable to 

novel predators if its defensive behaviors are a poor match for the predators’ foraging be-

haviors (MacDonald and Harrington 2003).

-e implications of cue generalization in aquatic predator–prey interactions are just 

beginning to be worked out, especially in invertebrates, and little is known about the de-

gree of phylogenetic conservation of many predation threat cues (Ferrari et al. 2010). U. 

cinerea seems to present an interesting case in which to consider the mechanisms of gen-

eralization and its role in species introductions. Future studies along these lines should 

include U. cinerea from both the Mid– and South Atlantic Bights, since local predator re-

gimes vary latitudinally in the native range. It would also be interesting to examine U. cin-

erea responses to additional native and introduced range predators. Sea stars, in particu-

lar, deserve attention; in the northern part of U. cinerea’s native range, they may be more 

important intertidal and shallow subtidal predators than crabs (Carriker 1955), while 

their abundances are very low inside some Paci0c coast estuaries (J.C. Blum pers. obs.).

2.4.4. Conclusion

Urosalpinx cinerea appear to have been in a position to bene0t from the similarity be-

tween their native community and the resident community in their Paci0c coast intro-

duced range, having arrived in the introduced range already capable of recognizing osten-

sibly novel crab predators, likely because of their history with crab predators encountered 

in their native range. -e case of U. cinerea therefore seems to at least partially follow the 

prediction that introduced predators will have the greatest impact when the introduced 
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range community is similar to their native community, but lacks a species similar to the 

introduced predator (Sih et al. 2010). It remains to be explored to what extent U. cinerea 

lacks analogs in the introduced range community, and what novelty advantages it may en-

joy, especially with regards to its predation on Olympia oysters. -is work highlights the 

importance of comparing between the introduced and native range when considering the 

role of introduced species traits in the success and impacts of introductions, and illustrates 

how the study of introduced predators can provide more general insight into the roles that 

information and novelty play in predator–prey interactions.
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