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INTRODUCTION

Biological invasions by non-native species are an important

force of change in coastal marine ecosystems (Carlton, 2001;

Grosholz, 2002; Teck et al., 2010). The reported number of non-

native marine species has been increasing in many global regions,

driven largely by human-mediated spread through trade (Cohen

& Carlton, 1998; Kerckhof et al., 2007; Meyerson & Mooney,

2007). Although increasing in most places, non-native species

are not distributed uniformly across the globe. A key question is

whether habitats or locations with a low invasion load (consid-

ered here low non-native species richness) have a high resistance

to invasion. Low abiotic resistance and magnitude of propagule

pressure both affect the likelihood of establishment or invasion

success (Lonsdale, 1999; Rouget & Richardson, 2003; Lockwood

et al., 2005). For marine and estuarine systems, this

largely translates to (1) the presence of critical temperature,

salinity, depth and perhaps substrata to meet the physiological

requirements of a species and (2) opportunities for species

transfer especially via vessel movements, mariculture or other

vectors (Ruiz et al., 2000; Herborg et al., 2007).

To date, relatively few non-native species are reported from

high-latitude (polar and subpolar) marine systems (Barnes

et al., 2006; Aronson et al., 2007; Ruiz & Hewitt, 2009). This

pattern is illustrated along western North America, where there

is a steep decline in the documented number of non-native

species with increasing latitude from California to Alaska (Ruiz

et al., 2011). Over 250 non-native species of invertebrates and

algae are considered established in marine and estuarine waters

in California. Within western North America, most of these

species were first recorded in California, and many have spread

northward (Cohen & Carlton, 1995; Ruiz et al., 2011). In sharp
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ABSTRACT

Aim High-latitude regions host many fewer non-native species than temperate

ones. The low invasion loads of these colder regions may change with increases in

human-mediated propagule supply. We test the hypothesis that colonization by

non-native species that have already invaded temperate shorelines would be

precluded by environmental conditions if they were introduced to Alaska and

other high-latitude regions by shipping or other vectors.

Location Pacific coast of North America as well as coastal oceans world-wide.

Methods Using 16 habitat descriptors in ecological niche models, we

characterized the conditions throughout the native and introduced distributions

of four marine species (Amphibalanus improvisus, Carcinus maenas, Littorina

saxatilis and Styela clava) that have invaded multiple global regions to test the

extent to which suitable conditions for these species exist in Alaska and other

high-latitude regions under current and predicted future climate scenarios.

Results Models projected environmental match for all four species in many areas

beyond their present range limits, suggesting that Alaska and other high-latitude

shorelines are currently vulnerable to invasion by non-native species that occur in

lower latitudes.

Main conclusions Given current and possibly increasing human-mediated

species transfers and suitable environmental conditions that exist now and with

projected warming, policy and management efforts are urgently needed to

minimize invasion opportunities at high latitudes.

Keywords

Abiotic resistance, Amphibalanus improvisus, biological invasions, Carcinus

maenas, environmental niche model, Littorina saxatilis, Styela clava.
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contrast, < 15 non-native species are known from marine

waters in Alaska, most of which were only reported within the

past decade (Ashton et al., 2008; Lambert et al., 2010; Ruiz

et al., 2011; S. Cohen, personal communication). While this

overall spatial pattern of invasion could result partly from bias

in the existing literature, standardized field surveys of sessile

invertebrate communities found that non-native species rich-

ness decreased strongly with latitude across this range in

western North America (de Rivera et al., 2005a; G. Ruiz

unpublished data).

The paucity of high-latitude invasions may result from any

combination of (1) a low supply of non-native organisms

(propagules) relative to temperate regions; (2) a lack of

environmental conditions required physiologically for survival,

reproduction and growth; (3) lack of retention in advective

environments (e.g., Byers & Pringle, 2006); or (4) biological

interactions with resident communities that limit establish-

ment. The historical level of human activities in the coastal

zone at high latitudes has been minimal, suggesting that

opportunities for human-mediated species transfers have been

relatively low (Barnes et al., 2006; Ruiz & Hewitt, 2009). While

extreme temperatures likely create a significant barrier to

colonization in polar regions (Aronson et al., 2007), it is not

clear the extent to which this exists for invasion of subpolar

coastal waters, such as those in Alaska below the Arctic Circle.

In this study, we use projections from ecological niche

models to test whether abiotic conditions limit potential

northward range expansion and invasion of Alaska by non-

native species already established in western North America.

We are interested broadly in whether species that have invaded

temperate waters have the capacity to establish at high

latitudes. We focused on Alaska as a model to examine the

potential for such high-latitude invasions, especially given the

large pool (number) of non-native species already present in

adjacent southern regions (California–British Columbia). Our

analyses examine the potential range of four species, which are

established in western North America, and were selected to

include three distinct Phyla (four Orders) and represent a wide

spectrum of species traits (see Methods). We also evaluate the

effect on geographic distribution of a moderate increase in

seawater temperature, as may be expected from climate change.

Suitable environmental ‘match’ in high latitudes for the species

examined here would indicate that Alaska and other regions

are at risk to invasion, given sufficient propagule supply, and

suggest that management efforts to reduce human-mediated

dispersal to high latitudes deserve serious consideration. If

environmental mismatch, abiotic resistance, would prevent the

establishment, even under increased thermal regime, manage-

ment efforts may be more efficiently focused elsewhere.

METHODS

Study organisms

For our analyses, we selected four non-native marine species

that represent distinct taxonomic groups, are established in

coastal habitats in western North America and also differ in

their life history characteristics, habitat requirements and

native ranges. These species include the barnacle Amphibalanus

improvisus (Darwin, 1854), the crab Carcinus maenas (Linna-

eus, 1758), the snail Littorina saxatilis (Olivi, 1792) and the

tunicate Styela clava (Herdman, 1881). Importantly, each

species is morphologically distinctive and readily recognized,

providing confidence in the taxonomic identity of existing

records. Furthermore, these particular species also had enough

geographically referenced occurrence data, across many global

regions, for building credible models. The occurrence data

used in the models is given in Appendix S1.

Amphibalanus improvisus, the bay barnacle, is a filter feeder

that occurs across a wide range of salinities. It reproduces from

10–20�C and 2–40 PSU (Bousfield, 1955; Furman & Yule,

1991) and has planktonic larvae that, after around 18 days

(Lang & Marcy, 1982), settle on hard substrate, often in high

abundance. Its settlement on hard substrate has economic

impact as it fouls boat hulls and power plants (e.g., Gren et al.,

2009). It competes with native organisms in the recipient

ranges and has been implicated in a trophic cascade in the

Baltic (Kotta et al., 2006). Native to the western Atlantic, from

Argentina through Canada, A. improvisus has invaded the

north-east Atlantic, south-east Pacific, north-east Pacific and

north-west Pacific (Appendix S1). Its first established popula-

tion in western North America (north-east Pacific) was in San

Francisco Bay, California, in 1853. The species was detected

subsequently in Willapa Bay, Washington, and southern

Vancouver Island, British Columbia, in 1955, 102 years after

it established in California. The northernmost record in 2005

was Port Alberni, Vancouver Island, British Columbia

(49.2369� N latitude).

Carcinus maenas, the European green crab, has plankto-

trophic larvae that spend one to 2 months in the water

column. Adult green crabs occupy nearshore waters and

commonly occur in bays. It reproduces from 3–17 �C and

13–54 PSU (Broekhuysen, 1936). Native to the eastern Atlantic

from Mauritania to Norway, it has invaded six other regions:

north-west Atlantic, south-west Atlantic, south-east Atlantic,

south-west Pacific, north-west Pacific and north-east Pacific.

In many regions, it has a narrow latitudinal range (e.g.,

Argentina and South Africa, Australia, and Japan; Appen-

dix S1). Carcinus maenas can achieve high abundances and

have strong effects as a predator on benthic invertebrates

(Grosholz et al., 2000; de Rivera et al., 2011) and has been

designated as an aquatic nuisance species in the United States

(Grosholz & Ruiz, 2002).

In contrast to the A. improvisus invasion, the expansion of

C. maenas in the north-east Pacific has been rapid so far. First

reported to be established in San Francisco Bay, California, in

1990, the crab reached nearby Bodega and Tomales Bays to the

north, and Monterey Bay to the south, by 1993. It was reported

on Vancouver Island, British Columbia (increase of 11.65�
latitude), by 1999. Its north-east Pacific range extended all the

way north to Kyuquot Sound, British Columbia (to

50.03333� N latitude), by 2002 (Behrens Yamada & Gillespie,

C. E. de Rivera et al.
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2008), representing the known northern range limit along the

Pacific coast.

Littorina saxatilis, the rough periwinkle, produces crawl-

away young without a planktonic larval stage. It lives

throughout the littoral zone on hard substrate associated with

marshes and rocky shores, where it grazes biofilms and algae

from hard substrates. It occupies intertidal areas with salinities

from 5 to 35 and temperatures )2 to 35 �C (Reid, 1996;

Sokolova & Pörtner, 2003). While L. saxatilis has not had

reported impacts in its recipient range, grazing by congeners

along the Atlantic coast has been shown to greatly alter habitat

(Carlton, 1999). Native to both sides of the north Atlantic,

from Spain to Norway (to 80� N) and Chesapeake Bay,

Virginia to Canada (to 68.5� N), it has a more extensive

poleward range than the other species (Fig. S1:4). This snail

has been reported as introduced in a very narrow range in each

of the north-east Pacific and south-east Atlantic (Carlton &

Cohen, 1998).

In the north-east Pacific, Littorina saxatilis was first detected

in San Francisco Bay, California, in 1993 (Cohen & Carlton,

1998). Although it has increased its local distribution and

abundance in this bay (G. Ruiz, personal observation), it has

not yet been reported elsewhere along the coast. Although

Littorina saxatilis does not have a planktonic life stage, it may

spread by human-mediated dispersal or rare dispersal events

(e.g., rafting on current-transported items). Johannesson

(1988) suggested that such direct larval development (brood-

ing) and low adult mobility may enhance the likelihood of

establishing new populations.

Styela clava, the solitary club tunicate, has short larval

duration (<2 days). This sessile, filter feeder is a common

component of the sessile invertebrate (fouling) community in

the temperate areas it inhabits, colonizing ship hulls, pilings,

rock, and other hard substrata. It withstands temperatures of

)2 to 27�C and salinities 18–35 PSU (Lutzen, 1999; Davis &

Davis, 2008). Native to the north-west Pacific from China

through Russia, S. clava has spread to both coasts of North

America, Europe, Australia and New Zealand. It competes with

other sessile filter feeders in the recipient regions and can have

significant impacts on commercial shellfish (Lutzen, 1999;

LeBlanc et al., 2003). The species was first reported for the

north-east Pacific in 1933 in Newport Bay, California. It

invaded San Francisco Bay, California, by 1949. In 1993,

S. clava was detected in Coos Bay, Oregon, as well as further

north in the Strait of Georgia, British Columbia (49.35� N

latitude, an increase of 15.74� from Newport Bay).

Niche modelling

We used ecological (or environmental) niche modelling to

project the fundamental niche space for these organisms.

Environmental niche modelling is now a commonly used

modelling approach for determining the potential geographic

range of non-native species (e.g., Peterson et al., 2003; Roura-

Pascual et al., 2004; Therriault & Herborg, 2008; Herborg

et al., 2009; Ba et al., 2010), predicting changes in distribution

owing to climate change (Peterson et al., 2001), and estimating

distribution for conservation assessment (Anderson &

Martinez-Meyer, 2004). We built ecological niche models

using MaxEnt version 3.3.3a (Phillips et al., 2006; http://

www.cs.princeton.edu/~schapire/maxent/). Recent compari-

sons of techniques for predicting species distributions suggest

that MaxEnt is a useful modelling tool that performs better

than similar modelling techniques and generates projections

that are well supported by subsequent field validation (Lawler

et al., 2006; Elith & Leathwick, 2009). It requires data on the

presence of an organism as well as information about the

environmental conditions where the organism is found. The

statistics, components, mechanics and outputs of MaxEnt are

explained for ecological data in Elith et al. (2011). Briefly,

MaxEnt finds the probability distribution that is closest to

uniform (maximum entropy) for the geo-referenced environ-

mental parameters associated with the species occurrence

records. It then uses this distribution to identify the likelihood

of environmental suitability (degree of habitat and climate

match) of pixels within the occurrence regions and outside (see

Phillips et al., 2006 and Elith et al., 2011 for further explana-

tion).

We gathered geographically referenced global occurrence

records from the native and introduced ranges of the four

species from a synthesis of literature, collections and museum-

based records (NEMESIS 2008). We only included one

presence point for every 0.5� latitude grid, as this was the

spatial resolution of our environmental data (See Appendix S1

in Supporting Information, Fig. S1:1–4). We selected environ-

mental predictor variables that could be limiting for these

organisms, including 16 atmospheric, basin, geomorphic and

oceanic parameters (Table 1) obtained from coastal grids

in the Hexacoral Biogeoinformatics website (http://www.

kgs.ku.edu/Hexacoral/; Fautin & Buddemeier, 2008). Projec-

tions of Maxent are not strongly affected by correlation

between the covariates (predictor variables) (Elith et al., 2011).

These data, primarily derived from satellite readings, were

compiled by NASA and NOAA and covered oceans from

latitudes 59–75º S to 73–77º N (all areas except where there

was ice cover that prevented chlorophyll readings). The

software uses the minimum common set of pixels across all

of the environmental layers, and tidal range and run-off were

available for coastal grids only; therefore, the model automat-

ically constrained the predictions to the coastal grids. We set

the convergence threshold to 0.00001 and 500 iterations and

used a random seed for selecting training points. In each run,

the Maxent program randomly selected 50% of the presence

data for developing a model of environmental descriptors and

then used the remaining 50% of the data to test how well the

model predicted the other known occurrences. In addition to

the presence data (see Fig. S1:1–4), the models each used 7025

points (background plus presence), including over 6873

randomly selected background points (as there were no true

absence data), to determine the distribution for training. We

used 152 occurrences of A. improvisus, 135 of C. maenas, 91 of

L. saxatilis and 98 occurrences of S. clava to model the

High latitudes susceptible to marine invasion
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distribution; for each species, half of these presence data were

used for training and the remaining half for testing.

We built models from sampling all the occurrence data

(global presence data). These models met the 50-occurrence

record cut-off recommended for near-maximal accuracy in

species distribution models (Stockwell & Peterson, 2002).

These models consistently yielded better performance indica-

tors than exploratory models built from sampling occurrences

only from the native range or only from one established

invaded range. Because biotic constraints are typically consid-

ered to be greatest in native ranges (e.g., Keane & Crawley,

2002; Torchin et al., 2003), native-range-only models could be

based on a restricted, realized niche rather than, as assumed by

ecological niche models, the fundamental niche. The effects on

predictions of biotic interactions or of lack of dispersal to an

area with different environmental conditions are more likely to

be minimized by using multiple and complete ranges (Phillips

et al., 2006; Alexander & Edwards, 2010). Such models should

best meet the assumptions of ecological niche modelling and so

improve predictions of the geographic potential of invaders.

Maxent estimates which parameters contribute most to

model results by jackknife tests on each of a series of models

built with parameters singly and by excluding each parameter

sequentially. In assessing the contributions of the models, test

gain and area under the receiver operating characteristic curve

(AUC) better inform extrapolation than does training gain,

while training gain informs which parameters are most

important in predicting the training data.

We also examined how the geographic potential of the four

species would change given global warming, again using

MaxEnt. To align the input data with expected increases in

temperature, we used the program R to add the projected

zonal temperature increase for 2080–2099 relative to 1980–

1999 determined by Intergovernmental Panel on Climate

Change (IPCC) models on the zonal means over the ocean for

annual mean surface warming under the A2 scenario (Meehl

et al., 2007). For every 10º latitude mark, we took the value

from the IPCC plot and added it to the current values for that

latitude ±5º latitude. We added these latitudinally adjusted

temperature increases to the mean, maximum and minimum

sea surface and air temperature values. We did not change the

standard deviation of the temperatures. We used these

elevated temperatures along with the other environmental

variables (unchanged) and all available occurrence data. This

simplified model of global climate change identifies how

average projected temperature increases may affect the

potential range of these temperate species in high latitudes

and elsewhere.

A priori, we decided only to use models that had low error in

leaving out known areas of occurrence (omission) and in

falsely including areas that lack known occurrences (commis-

sion). In addition, a binomial test of omission for each model

evaluated whether the occurrence data used to test the model

provided significantly better-than-random agreement with the

model by comparing the number of test occurrence records

inside the predicted presence area – given a selected threshold

– and ones outside the predicted presence area to the

occurrence distribution from random predictions.

We used the ‘minimum training presence’ or ‘lowest

presence threshold’ as our threshold for this binomial test

and to explore projections of potential range. We used this as

our threshold because it is a conservative prediction, providing

the minimum predicted area with no omission of the known

training occurrence points (Pearson et al., 2007). We examine

minimum training presence as well as two additional thresh-

olds to account for different levels of omission that are useful

for different applications in the Supplementary material (see

Appendix S2), where we also present the cumulative logarith-

mic output of predicted probability world-wide.

RESULTS

Forecasted ranges and capacity for northward spread

All models projected environmental match in Alaska for each

of the four species, indicating that current environmental

conditions do not prevent colonization there (Figs 1–4). For

A. improvisus, our analysis indicated that suitable conditions

occur through to Prince William Sound and a few points north

of the Aleutian Islands (to 61.0–61.5º N). The potential ranges

of Carcinus maenas (to 61.0–61.5º N) and Littorina saxatilis

(to 64.5–65.0º N) extended further north and also include the

Aleutian Islands. The capacity for northward spread was

greatest for the periwinkle L. saxatilis, as it presently has the

Table 1 Environmental parameters used for niche modelling.

Data type Units*

12-month average air temperature �C DEM interpolated

Standard deviation of 12-month average air

temperature

�C DEM interpolated

Average min. monthly air temperature �C DEM interpolated

Average max. monthly air temperature �C DEM interpolated

Average monthly basin run-off m3

Max. bathymetry m, ETOPO2 value

Mean monthly sea surface temperature �C over 18 years

Average min. monthly sea surface temperature �C over 18 years

Average max. monthly sea surface temperature �C over 18 years

r average monthly sea surface temperature �C over 18 years

Annual mean salinity PSU

Max. monthly salinity PSU

Min. monthly salinity PSU

Average annual value of chlorophyll

a (1997–2000)

Colour value

Interannual cell r of chlorophyll a Colour value

Average max. amplitude of the tides m

*Explanation of units: ‘�C DEM interpolated’ = temperature, inter-

polated using a digital elevation model; ‘m, ETOPO2’ = metres relative

to mean sea level, derived from satellite global relief data (2-min grid of

this global DEM); PSU = practical salinity units (derived from

conductivity and equivalent to parts per thousand); colour value =

chlorophyll concentration estimated from the colour of the ocean.

C. E. de Rivera et al.
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most restricted distribution on the eastern Pacific coast

(occurring only in San Francisco Bay, as shown in Appen-

dix S1) and our models projected high environmental match

in most temperate areas up to 65� latitude (Fig. 3, Appen-

dix S2 Fig. S2.3). Potential distribution further north was

most restricted for the tunicate Styela clava (to 58.5–

59.0º N) as suitable environmental conditions only extended

to north-western Canada and a few areas of south-eastern

Alaska; however, conditions were suitable for it at higher

latitudes in other parts of the world (see Appendix S2 Fig. S2.4

for map).

On a global scale, the suitability of Alaskan waters is not

unique, as other high-latitude areas also offer environmental

match for these species (see Appendix S2, Figs S2.1–S2.4).

Moreover, our analyses projected that the potential ranges for

all four species include new global regions (coastlines) as well

as expanded regional distributions. Environmental match was

projected for A. improvisus world-wide from 55º S to 60º N

latitude and even includes the 69.5–70º N cell in Norway.

Suitable abiotic conditions occur north and south of the

present distributions of C. maenas. The potential range of

L. saxatilis extends north of the Arctic Circle in several areas,

reaching 70º N latitude in Greenland and Europe (Svalbard)

and 72.5–73º N in Russia, and south to the tip of South

America. Compared with the other three species, S. clava had

the most restricted potential range yet would find suitable

abiotic conditions in eight distinct coastlines, three not yet

invaded by it, and could reach 65.5º N in Norway.
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Amphibalanus improvisus

0 590 1180 km295
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Current

Figure 1 Map of the geographic potential of Amphibalanus

improvisus for the west coast of northern North America projected

onto NAD1983 Alaska Albers Equal Area Projection (false easting:

0.000000, false northing: 0.000000, central meridian: -154.000000,

standard parallel 1: 55.000000, standard parallel 2: 65.000000,

latitude of origin: 50.000000). The current non-native distribution

along the coast is indicated by a broad, stippled polygon, while the

potential distribution of the species predicted by the Maxent

model, using a threshold that minimized the training presence, is

plotted in black.
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Figure 3 The geographic potential of Littorina saxatilis projected

onto NAD1983 Alaska Albers Equal Area Projection. See Fig. 1

caption for explanation of the shading.
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Figure 4 The geographic potential of Styela clava projected onto

NAD1983 Alaska Albers Equal Area Projection. See Fig. 1 caption

for explanation of the shading.
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Figure 2 The geographic potential of Carcinus maenas projected

onto NAD1983 Alaska Albers Equal Area Projection. See Fig. 1

caption for explanation of the shading.
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Potential effects of climate change

Warming across latitudes is forecasted to nudge poleward the

limits for these species, with large potential range shifts for all

four species (Figs 5–8). Our models predicted that the largest

northward shifts in Alaska, given warming, would occur for

A. improvisus (to the 68.5–69.0º N cell) and L. saxatilis (to

70.0–70.5º N on the west coast of North America). Geographic

potential would also expand for C. maenas (to 64.5–65.0º N

cell) and S. clava (to the 61.0–61.5º N cell) on the west coast of

North America. Given warming, the potential global range was

projected beyond the Arctic Circle for all four species (see

Appendix S2, Figs S2.5–S2.8): A. improvisus (to 71–71.5 N in

Norway), C. maenas (to 71–71.5 N in Norway), L. saxatilis (to

76–76.5 N in Novaya Zemlya, Russia) and S. clava (to 71.0–

71.5 N in Norway). None of the species projections showed

large poleward increases in the Southern Hemisphere given

warming.

Evaluation of models and parameters

The predictions of the models met our a priori requirements

for forecasting because of their low error rates, as indicated by

low omission and high AUC (here the receiver operating

characteristic curve is based on presence versus random rather

than presence versus absence, Phillips et al., 2006). Using the

binomial test of omission for all potential thresholds of
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Overlap

0 590 1180 km295

Figure 5 The geographic potential of Amphibalanus improvisus

given the annual mean surface warming predicted by the Inter-

governmental Panel on Climate Change A2 scenario projected

onto NAD1983 Alaska Albers Equal Area Projection. Pixels

predicted to be suitable for the species given present conditions are

shaded light grey, pixels predicted to be suitable given warming are

shaded dark grey, and pixels predicted to be suitable under either

scenario are shaded black.
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Figure 7 The geographic potential of Littorina saxatilis given

Intergovernmental Panel on Climate Change-predicted warming

(A2 scenario) projected onto NAD1983 Alaska Albers Equal Area

Projection. See Fig. 5 caption for explanation of the shading.
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Figure 8 The geographic potential of Styela clava given Inter-

governmental Panel on Climate Change-predicted warming (A2

scenario) projected onto NAD1983 Alaska Albers Equal Area

Projection. See Fig. 5 caption for explanation of the shading.
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Projection. See Fig. 5 caption for explanation of the shading.
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predicting presence, the models fared very well (P always

< 0.001). With our selected threshold, training omission rates

were 0 and test omission rates were very low for all species

(from 0.015 to 0.082, P < 0.001 for all). All the models had

high average AUC values for the test data (A. improvisus:

0.879 ± 0.018, C. maenas: 0.931 ± 0.009, L. saxatilis:

0.904 ± 0.016, S. clava: 0.943 ± 0.008) despite being based

on relatively large ranges in the available space. Therefore,

these Maxent models had strong predictive power, providing

high confidence that they were suitable for estimating the

potential range of these marine non-native species.

For all species, inclusion of mean, maximum, or minimum

monthly sea surface temperature, and for some species and

stage of models, mean or maximum air temperature, contrib-

uted more than the other parameters to the training gain, test

gain and the AUC of the models (see Appendix S2,

Table S2.1). For each model, no single variable contained a

substantial amount of useful information not already con-

tained in the other variables, but most gain was lost from the

exclusion of mean run-off (A. improvisus and L. saxatilis for

training models), tidal range (C. meanas training model) and

mean chlorophyll (A. improvisus test model; Appendix

Table S2.1).

DISCUSSION

These ecological niche model projections indicate that the

current environmental conditions along the coastline of Alaska

and many other high-latitude areas would not prevent

successful invasion by non-native marine species with distri-

butions now restricted to lower latitudes. Three of the four

species examined – Amphibalanus improvisus, Carcinus maenas

and Littorina saxatilis – had high potential to colonize much of

the south-eastern coast of Alaska and often much more

northern habitat. Littorina saxatilis had the most extensive

potential northern distribution, reaching 62º N in Alaska as

well as 65� on the west side of the Bering Sea. Moreover, all

species except C. maenas have thus far only colonized a

fraction of the potential continental margins (e.g., eastern

versus western N. America) that have suitable environmental

conditions for them. These projections identify potential

distribution given adequate propagule pressure, retention of

planktonic larvae and low biotic resistance.

While the known northern range on this coast of three of

these four species is along Vancouver Island, two main factors

argue against a conclusion that they cannot disperse further

north. First, arrival of all three species to their current northern

range limit is recent. Two of the species were first found in

their northernmost locations this decade, with A. improvisus

taking over 100 years to disperse up-coast (recorded at its

current limit in 2005) and C. maenas being detected there in

2002. The third species, S. clava, has only been in its

northernmost point since 1993, taking 60 years to reach this

location. Second, further northward spread may go undetected

for some time. While there can often be a lag-time in detecting

new invasions, this is likely dependent to some extent on

search effort. Given the extensive areas and apparent low

search effort north of Vancouver Island (including south-east

Alaska), detections of range expansions in this region may be

especially prone to long lag-time.

This study focused on testing the hypothesis that the

environment excludes colonization by a subset of temperate

species that have invaded the north-east Pacific. While the

results from the environmental niche models strongly suggest

that environmental factors are not limiting for these species,

we did not evaluate other factors that also affect the risk of

invasion. It appears that many non-native species are spreading

northward along western North America, after their initial

detection in California (Sorte et al., 2010a; Ruiz et al., 2011).

However, the likelihood that these and other non-native

marine species spread to high-latitude waters depends partly

on the frequency and intensity of species transport.

Considerable opportunity exists presently for delivery of

non-native species northward, including to Alaska, through

human-mediated transfer. A variety of human activities result

in the unintended dispersal of coastal organisms, increasing the

number of invasions to recipient regions (Cohen & Carlton,

1995; Carlton, 1999; Ruiz et al., 2000). Among these, shipping

remains an important vector, moving large numbers of

organisms in ballast tanks and on underwater surfaces

(Fofonoff et al., 2003). Although vessel movement and asso-

ciated ballast water delivery to Alaska was historically low

relative to other global regions, this is no longer the case, with

over 7000 vessel arrivals in 2004 and > 4 million metric tons of

ballast water discharged into Alaska in 2004–2005 (McGee

et al., 2006; Miller et al., 2007; Ruiz & Hewitt, 2009). Both

vessel arrivals and ballast water discharge are strongly dom-

inated by coastwise traffic, arriving further south from

California through Washington, a source for many non-native

species already present in North America. Moreover, the level

of shipping and other human activities associated with

invasions is expected to increase further, especially as polar

waters warm (Ruiz & Hewitt, 2009). A next step to evaluate the

likelihood of invasion by a given species involves integrating

models based on environmental parameters with information

on the strength of vectors operating from potential source

regions, as has been done for some other non-native species

(e.g., Herborg et al., 2009) and habitats (Keller et al., 2010).

Robinson et al. (2011), however, argue that it is more

important for models of marine invasions to incorporate

biotic interactions than anthropogenic transport because

dispersal may not be as limiting in marine systems as terrestrial

ones.

The probability of northern dispersal likely varies across the

four species examined here. The barnacle and the crab,

B. improvisus and C. maenas, could each be transferred to

Alaskan ports via ballast water and also could spread by

currents because of their relatively long-lived planktonic larvae.

Prince William Sound, for example, has a high volume of

ballast water from vessels arriving from areas that have been

invaded by A. improvisus and C. maenas as well as many other

non-native species with planktonic larvae, San Francisco Bay,

High latitudes susceptible to marine invasion
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Puget Sound and Los Angeles area ports (Ruiz & Hewitt,

2009). Hull fouling of commercial and recreational vessels is a

more likely vector for the tunicate S. clava, which otherwise

has fairly restricted movement because of its short larval

duration. This also provides a transfer mechanism for

A. improvisus, as barnacles are a common constituent of

biofouling assemblages. Although less well documented, aqua-

culture and live trade may also offer opportunities for transport

of some of these species. Because it is a direct developer, the snail

L. saxatilis likely has low propagule pressure to uncolonized

regions but could disperse by rafting on algae and may have a

higher per capita chance of establishment than a congener with

planktonic larvae (Johannesson, 1988).

Opportunity for northward spread and establishment may

also be enhanced as the potential suitable range expands with

warming high-latitude waters (Ruiz & Hewitt, 2009; Walther

et al., 2009; Sorte et al., 2010b). Our analysis has begun to

explore how warming could affect forecasts of these marine

species, using a coarse approach to the complex effects and

repercussions of global climate change. When 1.5–7.0 �C was

added to the temperature variables, with the larger increases at

higher latitudes following the IPCC mapped predictions

(Meehl et al., 2007), the potential ranges expanded poleward

in both hemispheres, although especially in the Northern

Hemisphere. In addition, while models based on present

conditions projected suitable conditions adjacent to and

beyond already colonized areas, environmental match

increased in these areas following temperature change. As

warming occurs, abiotic resistance is likely to decrease in areas

presently at the edge of thermal tolerances for these species,

reducing the propagule pressure needed for the successful

establishment of invading species (Lockwood et al., 2005).

Thus, probability of invasion is likely to increase with warming

even without an increase in delivery of propagules. Modelling

potential range shifts owing to global climate change is clearly

an area that deserves more attention. Mean temperature (air

and sea surface (SST)) and mean chlorophyll were important

parameters to include for extrapolated projections of A. im-

provisus (areas not yet colonized or temporal changes such as

global warming scenarios). For C. maenas, maximum monthly

SST was most important to include. Mean and minimum

monthly SST were most important for projecting suitability for

L. saxatilis and mean monthly SST for S. clava. Additional

factors are also likely important in determining distribution,

but these can be undervalued in the models because of the lack

of global, and typically even coastwide, data at a fine enough

scale to be useful for projecting potential occurrence. Including

all 16 parameters in the models allows (1) larger-scale trends

from individual as well as interacting parameters to be

incorporated into the projections and (2) multiple measures

that may each be biologically relevant (e.g., maximum and

minimum as well as mean temperature). In addition, the

correlation between the predictor variables, while not decreas-

ing sensitivity, does decrease the ability for clear interpretation

about the relative contribution of each. Therefore, while

temperature is likely limiting, as indicated by these models,

we discourage interpretation that other factors are not impor-

tant.

In this study, the coarse (0.5º) scale of the environmental

data allows the estimation of environmentally caused potential

future range limits but does not consider other potential

influences on distribution. This coarse scale fails to incorporate

microhabitats of high ecological relevance that may serve as

refugia in an otherwise inhospitable climate such as warm or

algal-rich shallow water reaches of bays and estuaries that

experience radiant heating over shallow flats. Because of the

inability to address refugia habitats at a half degree scale, the

projections are likely conservative, underestimating the

potential ranges and suitable colonization sites of the modelled

organisms. The projections are useful despite this limitation

because they inform us that the organisms, even without use/

consideration of important microhabitats, could expand their

ranges much further towards the poles. Managers responsible

for likely refugia beyond the projected limits should keep this

caveat in mind and monitor such warmer or high retention

habitats.

Our analysis does not address any biotic resistance to

invasion or variability in the quality and availability of food

resources, as that will require a much finer-grain analysis that

also can incorporate the effects of predation or competition on

habitat use. Clearly, biotic interactions are important to

consider when predicting distribution (de Rivera et al.,

2005b). We follow Guisan & Thuiller (2005) and Mackey &

Lindenmayer (2001) in recommending creation of a hierarchy

of models that together capture processes that function at

different spatial scales. These can, most simply, progress from

coarse-scale prediction of latitudinal range limits to estuaries

or parts of coastlines and finally to distribution within estuaries

or coastal areas. Considering biotic factors is also an important

and possible subsequent step, one modelled at a finer

resolution, once abiotic match has been projected at a coarse

resolution. In contrast to our findings, Compton et al., 2010

suggested that Carcinus maenas individuals genetically similar

to the southern European subpopulation are unlikely to invade

northern areas. They base this suggestion on environmental

match with the southern European population, which lives in

warmer waters than its northern European counterpart. Four

potential arguments suggest that northward colonization may

not be as limited, however, as Compton et al. proposed. First,

niche modelling projections of the west coast distribution of

C. maenas built from the entire native range (east Atlantic)

greatly outperform those built from the source of the east

Pacific invasion, the north-west Atlantic invaded range (de

Rivera et al., 2007a). Second, there is good evidence from

plants that introduced populations commonly evolve quickly

to conditions similar to ones experienced somewhere in the

native range of the species as a whole rather than just the

source subpopulation (Alexander & Edwards, 2010). Third,

from plants to vertebrates, climatic niche space has been

demonstrated to shift upon colonization of a distinct region

(Broennimann et al., 2007; Rodder & Lotters, 2009; da Mata

et al., 2010; Medley, 2010). Similarly, fourth, experimental

C. E. de Rivera et al.

8 Diversity and Distributions, 1–12, ª 2011 Blackwell Publishing Ltd



evidence on temperature tolerances of C. maenas from central

California, USA, versus Vancouver Island, BC, Canada,

subpopulations of the north-eastern Pacific invasion suggest

local thermal adaptation to the colder water in the north

(Kelley et al. in review).

Ecological niche models provide an efficient technique for

formally assessing the possibility of invasion to coastlines. The

models explored here produced useful forecasts of potential

future spread. They had low errors based on internal and

external checks. They rarely missed predicting environmental

match for existing populations. More generally, niche models

offer three main advantages over other methods. They are

relatively quick to execute and they often yield similar results

to more labour-intensive approaches. For example, models

from the temperature-dependent survival and development of

C. maenas larvae produced identical projections but were

highly labour-intensive to develop (de Rivera et al., 2007b).

Second, niche models provide internal assessment of the

output, which boosts confidence in forecasts over informal

comparisons between occurrences and surrounding environ-

mental conditions. Unlike niche models, informal comparisons

do not evaluate model performance in projecting present

occurrence as well as potential occurrence. Third, ecological

niche models incorporate information from multiple variables

and integrate data over time, whereas other approaches are

often univariate. For example, projections based only on

temperature in established ranges forecasted narrower distri-

butions for C. maenas in North and South American ranges

than we observed (Carlton & Cohen, 2003). While there was

good general concordance in regional predictions, our fore-

casts likely differed because more environmental parameters

were used, including more (17) variables such as temperature

maximum, minimum, averages and standard deviation.

This paper highlights the high potential for range expansion

and invasion of Alaskan and other high-latitude coastal waters

by non-native species established in more temperate areas,

suggesting also that management strategies to reduce human-

mediated propagule supply may prevent future invasions and

deserve serious attention. Given the large pool of non-native

species along western North America, any effective manage-

ment strategy must address the risk of coastwise transport,

which appears to be increasing (McGee et al., 2006; Ruiz &

Hewitt, 2009). Shipping and live trade (including aquaculture,

live bait and live seafood) historically have been the dominant

vectors for human transfers (Ruiz et al., 2000), and both

should be evaluated for potential efforts to reduce uninten-

tional transfers to Alaskan waters. Similarly, areas with

potentially high propagule pressure from these vectors should

be prioritized for monitoring (e.g., commercial ports, marinas

for leisure craft, aquaculture facilities), and the vectors

themselves should be evaluated to minimize unintentional

transfers. An obvious area for consideration is management of

ships’ ballast water, focused especially on coastwise traffic as a

major source that has not been addressed in Alaska (McGee

et al., 2006; however, see recent restrictions by U.S. Environ-

mental Protection Agency). Future models could include this

layer to predict the probability of invasion. More broadly, an

opportunity now exists to prevent the extent of invasions and

associated impacts seen in many other coastal regions around

the globe. A comprehensive plan is urgently needed to

minimize propagule supply and to implement strategies to

detect and respond to invasions that pose significant risk of

high impacts to the unique nearshore marine and estuarine

communities of Alaska and other high-latitude coastlines.
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