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INTRODUCTION

Ecological niche models (ENMs) have broad utility
in ecology, evolution, biogeography, and conservation
(Graham et al. 2004, Peterson 2006). Predicting and
understanding changes in species distributions has
become an increasingly important issue in eco logy
(Ruiz et al. 2000, Stachowicz et al. 2002, Diez et al.
2012), especially where the introduction of non-
 indigenous species (NIS) can lead to economic or eco-
system impacts (Bax et al. 2001, Occhipinti-Ambrogi
& Savini 2003, Jiménez-Valverde et al. 2011). While
considerable effort has focused on applying ENMs to

infer range shifts under current and future climates
for terrestrial species (Franklin & Miller 2009, Wiens
et al. 2009), fewer studies have been applied to mar ine
species (Robinson et al. 2011, Shackell et al. 2014), in
particular benthic, fouling species living in nearshore
coastal waters (Robinson et al. 2011, Tyberg  hein et al.
2012). The potential impacts of anthropogenic climate
change on ecosystem and economic services provided
by coastal marine environments is a global concern.
Epibenthic communities in nearshore coastal waters
are becoming increasingly dominated by NIS, and
there is increasing evidence that NIS in coastal waters
may be favored by warmer temperatures in some
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communities (Dukes & Mooney 1999, Occhipinti-Am-
brogi & Savini 2003, Dijkstra et al. 2011). Application
of ENMs to infer range shifts of species living in
coastal marine environments under climate change
has been hindered by the use of global climate models
that do not capture local (down-scaled) effects (Hel-
muth et al. 2002, Osmond et al. 2004, Cordero et al.
2011). Also, ENMs require higher-resolution envi -
ronmental data (i.e. <4−9 km) to accurately define im-
portant habitats that constrain species distributions in
the nearshore (Lowen et al. 2016), which up until re-
cently have not been readily available (Tyberghein et
al. 2012).

In the last decade, improvements in ENM algo-
rithms (Franklin & Miller 2009), in tandem with the re-
cent availability of increasingly detailed high-resolu-
tion environmental seascape and distributional data
(Tyberghein et al. 2012, Lowen et al. 2016), and high-
resolution seascape climate scenarios (e.g. Brickman
et al. 2016), have made it possible to more accurately
define potential shifts in species distributions in near-
shore marine waters under climate scenarios. Here
we estimated distributional changes using ENMs for
current and future climate scenarios for a guild of
closely related non-indigenous tunicates that consti-
tute part of the biofouling community in nearshore
coastal waters of the NW Atlantic (Dijkstra et al.
2007a,b, McKindsey et al. 2007, Sephton et al. 2011).
Specifically, we considered the colonial tunicates
Botryllus schlosseri (Pallas, 1766), Botrylloides vio-
laceus Oka, 1927, Diplosoma listerianum (Milne-Ed-
wards, 1841), and Didemnum vexillum Kott, 2002;
and the solitary tunicates Styela clava Herdman,
1881, Ciona intestinalis (Linnaeus, 1767), and Asci-
diella aspersa (Müller, 1776). These ubiquitous NIS
are considered particularly problematic as they dis-
rupt benthic ecosystem structure and function, as well
as bivalve aquaculture in temperate coastal waters
throughout the world (Dijkstra et al. 2007a, Carman et
al. 2010, Adams et al. 2011). Climate warming, in
combination with increased vessel traffic and com-
mercial transfers associated with the aquaculture in-
dustry, will likely increase the spread of these NIS
(Stachowicz et al. 2002, Meyerson & Mooney 2007),
but the extent to which this is the case is unknown.
Additionally, the distribution of potentially suitable
habitat in which they can currently establish in the
NW Atlantic has yet to be accurately quantified.

Based on expert identification, this guild of tuni-
cates was introduced into the NW Atlantic between
1970 and 1990, depending on the species under con-
sideration (Carlton 1989, Dijkstra & Nolan 2011). A
recent analysis of the genetic structure of Botryllus

schlosseri has identified a group native to the NW
Atlantic with evidence of a secondary introduction
from a NE Atlantic group (Yund et al. 2015). None-
theless, each NIS has had an equal opportunity to
spread and establish in suitable habitat in the NW
Atlantic seascape aided by anthropogenic vectors of
spread over the last 25 to 45 yr. These NIS are in
equilibrium within the NW Atlantic and are not
actively spreading on an invasion front. Botryllus
schlosseri, Botrylloides violaceus, S. clava, and C.
intestinalis have established stable, permanent pop-
ulations throughout the NW Atlantic as far north as
the Atlantic Canada subregion of the NW Atlantic
and are hereafter referred to as ‘established NIS’
(McKenzie et al. 2016). Diplosoma listerianum, A.
aspersa, and Didemnum vexillum, while established
farther south in the NW Atlantic, were only recently
and temporarily observed in Atlantic Canada around
the temperature anomaly of 2012 (Moore et al. 2014),
and are hereafter referred to as ‘recently detected
NIS.’ The distinction between these 2 groups is in
their geographic extent, that is between those spe-
cies that have established in Atlantic Canada and
those that have not. Each tunicate’s invasion success,
which is constrained by temperature limits for
growth, reproduction, and overwintering survival
and salinity thresholds for survival, varies among
species (Carver et al. 2006a,b, Clarke & Therriault
2007, Vercaemer et al. 2011, Lowen et al. 2012,
Deibel et al. 2014, Jofré Madariaga et al. 2014). Thus,
these tunicates may differ in their response (e.g.
range expansion or contraction) to variation in ocean
temperatures (e.g. Stachowicz et al. 2002, Epelbaum
et al. 2009, Grey 2011) and salinity (Carver et al.
2006a,b). Consequently, we explicitly considered
seasonal variations in temperature and salinity as
predictors in ENMs, based on high-resolution envi-
ronmental seascape data (Tyberghein et al. 2012,
Lowen et al. 2016) and high-resolution seascape cli-
mate scenarios (e.g. Brickman et al. 2016). Tempera-
ture and salinity affect the population dynamics of
almost all marine organisms (Therriault & Herborg
2008b, Tyberghein et al. 2012). Thus, the results of
our study have broader implications for delineating
shifts in the distribution of nearshore NIS in response
to climate change.

We first quantified the degree of range expansion
or contraction in each of these NIS from their current
and future predicted distributions in the NW Atlantic
under current and future climate scenarios. From
this, we were able to identify important shifts in
 species richness in this tunicate guild based on areas
where the distribution of recently detected and
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established NIS overlap under current and future cli-
mate. Species environmental tolerances derived from
the relative contribution of environmental predictors
to ENM performance and environmental thresholds
for species occurrence (a proxy for establishment in
ENMs) provided a necessary ecological context and
understanding for the observed differences in the
predicted NIS tunicate distributions (Phillips et al.
2004, Therriault & Herborg 2008a, Beazley et al.
2016, Lowen et al. 2016). Here, accurately predicting
a species distribution with well understood environ-
mental tolerances helps to build a detailed picture of
how shifts in prevailing environmental conditions
drive changes in the distribution of each species. Our
findings provide new insights as to the relative inva-
sive potential of an important NIS biofouling guild in
Atlantic Canada. We focus on identifying areas in
Atlantic Canada that are currently and are likely to
be most susceptible to future invasion by this guild of
tunicates, including areas where their distribution
overlaps to form NIS hotspots, and areas of potential
range expansion into previously uninvaded areas.

This information can in turn be used to focus devel-
opment of pre-emptive and targeted monitoring and
mitigation strategies (Therriault & Herborg 2008a).

MATERIALS AND METHODS

Species distributional data

Occurrence data, encompassing the 2002 to 2012
NW Atlantic extent of each species distribution, were
collated from the Fisheries and Oceans Canada bio-
fouling monitoring program (Sephton et al. 2011,
Simard et al. 2013) and USGS NIS survey records
(from 2005−2014). Established NIS (Botryllus schlos -
seri, Botrylloides violaceus, Styela clava, and Ciona
intestinalis [‘Type B’; Brunetti et al. 2015]) are widely
distributed in the NW Atlantic, and have established
extensive populations in Atlantic Canadian waters
(Carver et al. 2006a,b, Dijkstra et al. 2007a). In the
NW Atlantic, Botryllus schlosseri oc curs from 40.54 to
48.34° N (Fig. 1a), Botrylloides violaceus occurs from
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Fig. 1. Habitat suitability shifts between current and future (2075) climate scenarios, including confirmed occurrence loca-
tions, areas representing predicted species range expansion or contraction, and areas where no distributional change is pre-
dicted, shown for (a) Botryllus schlosseri, (b) Botrylloides violaceus, (c) Ciona intestinalis, and (d) Styela clava. The current
distribution of ecological niche model-predicted suitable habitat is represented by areas of no change plus areas of contrac-
tion, while future distributions are represented by areas of range expansion plus areas where no distributional change was 

evident. PEI: Prince Edward Island
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40.70 to 47.88° N (Fig. 1b), C. intestinalis occurs from
40.55 to 47.37° N (Fig. 1c), and S. clava occurs from
44.38 to 46.71° N (Fig. 1d). Recently detected NIS in
Atlantic Canadian waters include Diplosoma listeri-
anum, Didemnum vexillum, and Ascidiella aspersa
(Moore et al. 2014, Vercaemer et al. 2015). All of
these recently detected NIS have established in the
eastern USA extent of the NW Atlantic, but are not
yet widely established in Atlantic Canada (Moore et
al. 2014, Vercaemer et al. 2015). In the NW Atlantic,
Didemnum vexillum occurs from 40.84 to 45.35° N
(Fig. 2a), and Diplosoma listerianum and A. aspersa
occur from 41.30 to 44.40° N (Fig. 2b,c).

Environmental predictors

We selected environmental variables that are eco-
logically relevant to this guild of NIS, specifically
temperature and salinity (Carver et al. 2006a,b). Tem-
perature and salinity data were converted to 4 sea-
sonal climatological data layers (averaged across
2002− 2012), of 3 mo each, effectively corresponding
to winter (January to March), spring (April to June),
summer (July to September), and fall (October to De-
cember). Seasonal sea surface temperature (SST) and
sea surface salinity (SSS) were assembled at  spatial
resolutions interpretable to 1 km2 from Level 3 SST

climatological satellite data, including Ad vanced
Very High Resolution Radiometer data (AVHRR At-
lantic complied by Fisheries and Oceans Canada)
and global oceanographic climatological SSS com-
posites (Tyberghein et al. 2012). We used SST and
SSS at 1 km2 resolution to predict the distribution of
Botryllus schlosseri, Botrylloides violaceus, S. clava,
C. intestinalis, Diplosoma listerianum, and A. aspersa
in nearshore and shallow coastal waters where these
NIS are known to occur. Benthic temperature and
benthic salinity climatological data  layers were as-
sembled at spatial resolutions interpretable to 8 km2

from a numerical climatological model (GLORYS2V1)
adapted to the NW Atlantic by Fisheries and Oceans
Canada. Benthic temperature and salinity data at
8 km2 resolution were used to predict the distribution
of Didemnum vexillum, which is the only NIS under
study known to commonly occur in deeper waters
(50−100 m) where it fouls hard bottom substrate (in-
cluding scallop beds) in offshore areas. Future (i.e.
2075) climatological seasonal temperature and salin-
ity data layers matching the resolution of either the
surface (1 km2) or bottom layers (8 km2), were derived
from a numerical model of projected monthly anom-
alies in the NW At lan tic (NEMO RCP 85 2075 at
5 km2 resolution; Brick man et al. 2016). All resultant
current and future (i.e. 2075) climatological data lay-
ers were converted to ASCII grid with a WGS84

Fig. 2. As in Fig. 1, but for (a) Didemnum vexillum, (b) Diplo-
soma listerianum, and (c) Ascidiella aspersa
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global stereographic projection and a uniform land
mask applied. Extrapolation of predictions based on
SST and SSS to deeper water was allowed (up to
50 m) to aid in site selection and assessment of risk of
fouling artificial structures (e.g. offshore aquaculture
operations in the future).

Model fitting procedure and evaluation

Species distributions were predicted by maximum
entropy modeling (MaxEnt) (Phillips et al. 2004), a
machine learning algorithm that mathematically pre-
dicts the potential distribution of a species using
 cli ma tic and geographic variables and species occur-
rence data (e.g. Phillips et al. 2006). Recent improve-
ments in the tuning and evaluation of the MaxEnt
ENM algorithm to prevent overfitting to the data
have made it a preferred choice of ENM algorithms
for transferring predictions through space and time
into unsampled environments (Brown 2014, Mus-
carella et al. 2014). We used MaxEnt to correlate our
species occurrence locations, often called presence-
only data, and our environmental predictors (sea sonal
temperature and salinity) within the study  sea scape.
From our seascape, MaxEnt extracted a sample of
background locations that were contrasted against
our presence locations to delineate the multidimen-
sional range of environmental conditions that deter-
mine relative occurrence in each NIS. The number of
background points was set to 100 000. Maximum iter-
ations in model runs were set to 1000 to allow for
model convergence (Phillips et al. 2004). Sea scape
domains encompassed the following spatial extents:
longitude −73 to −52 decimal degrees (DD) and lati-
tude 52 to 39 DD. Occurrence records were widely
distributed (>100 000 km2), which re duces the proba-
bility of spatial autocorrelation (SAC) between obser-
vations and inflated estimates of ENM performance
(Phillips et al. 2004, Mateo et al. 2010; but also see
Fortin & Dale 2009). Sampling effort was also rela-
tively uniform across the seascape, further reducing
the probability of SAC. Nonetheless, SAC, likely aris-
ing from clustering of samples around favorable habi-
tat as determined by Moran’s I-distance plot, was evi-
dent in the original distributional data.

A number of methods have recently been devel-
oped to address SAC in MaxEnt during model evalu-
ation (reviewed by Dormann 2009, Brown 2014, Mus-
carella et al. 2014). The most effective methods
in clude spatial filtering of occurrence records, intro-
duction of background selection via bias files, and
geographically structured cross validation to ensure

that models are evaluated with spatially independent
data (Brown 2014, Muscarella et al. 2014). After spa-
tially rarefying occurrence data (as in Brown 2014),
and selecting background sample locations accord-
ing to a ‘bias surface’ based on a kernel density esti-
mate that weights the selection of background points
according to sample bias (Brown 2014), we employed
replicated geographically structured cross validation
(package EnmEval in R).

During geographically structured cross validation,
the occurrence data are spatially partitioned into
training and test datasets for each of 10 folds or re -
plicates with test data used to calculate the accuracy
of predicted distributions (Muscarella et al. 2014).
This procedure was repeated iteratively (package
EnmEval in R) to balance goodness-of-fit with model
complexity (e.g. by ‘tuning’ and subsequently defin-
ing optimal model settings). In this way, we could
select models that did not exhibit overfitting to the
data. We ensured that predictors were restricted to
the minimal and most informative ones required to
accurately predict the distribution and for which pro-
jections were available to alleviate issues with over-
fitting. These approaches are desirable when trans-
ferring models across space or time (e.g. responses to
climate change or spread of invasive species), as in
the present study. Overfitting occurs when a model is
overly complex, and can lead to underestimation of
suitable conditions in novel locations or climates.

We employed several methods to improve trans-
ferability, including clamping during training and
checking the degree to which predictions developed
in model training are projected into novel environ-
ments using Multivariate Environmental Similarity
Surfaces (MESS analysis). Clamping in MaxEnt
constrains environmental layer values in the projec-
tion environment that fall above or below the range
of values in the native region to the maximum or
 minimum values of the native region, respectively.
Clamping thereby alleviates problems that can arise
from making predictions outside the range of cli-
matic data used in the model from the native region
(‘non-analog’ climates). The MESS approach, pro-
posed by Elith et al. (2011), assists in revealing
whether there is possible model-predicted novel
habitat (extrapolation) (i.e. into environments out-
side the bounds encountered during model train-
ing). Projecting predictions to novel environments
should be interpreted with caution, especially if
models exhibit overfitting. MESS outputs along the
coastal shelf implied that novel habitat was rarely
encountered, and only around St George Banks,
Newfoundland.
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Following geographically structured cross valida-
tion, accuracy of predicted distributions was verified
using sensitivity (i.e. proportion of actual presences
that are accurately predicted) and specificity (i.e.
proportion of actual absences that are accurately pre-
dicted), as well as false positive and false negative
rates (Miller 2009, Merow et al. 2013, Basher et al.
2014). We also estimated the true skill statistic (TSS)
(i.e. sensitivity + specificity − 1). TSS varies from −1 to
+1; negative values or those near 0 indicate distribu-
tions that are no better than random, while values of
+1 represent perfect agreement between observed
and modeled distributions. Highly accurate models
tend to exhibit a TSS generally ≥0.85 (Silva et al.
2014), sensitivity or specificity >0.85, and omission
(false positive rate) and commission errors (false neg-
ative rate) <10% (Franklin & Miller 2009). These
accuracy metrics are indirectly estimated from Max-
Ent’s test and background predictions, are unbiased
by prevalence of occurrence points or size of study
region, and are more appropriate than the area under
the curve for models built with pseudo-absences
(Barbet-Massin et al. 2013).

Based on NIS-specific ecological tolerances esti-
mated from the environmental predictors, the final
ENM map was produced by applying the calculated
model to all cells in the study region using a logistic
link function to yield a relative probability of occur-
rence between 0 and 1 (Phillips et al. 2004). In essence,
we predicted an index of distributional persistence of
each NIS within the seascape under both current and
future climate scenarios. For example, during anom-
alous seasons or years, a species could spread, settle,
and survive as long as conditions re main favorable,
but more average years would result in the die-
off/loss of these populations, and they would not per-
sist in a location.

Distribution changes and identification of
 distributional overlap

Continuous probability MaxEnt outputs for both
present and future climate scenarios were reclassified
to binary ENMs (presence or absence) using values
obtained from the 10th percentile training presence
threshold. MaxEnt’s 10th percentile (presence value)
is pertinent if presence records were collected over
long time periods or where species are ephe meral
(Davies & Guinotte 2011). Distributional changes be-
tween pairs of binary ENMs (i.e. current and future
for each NIS tunicate) were estimated using the ENM
toolkit (Brown 2014). The output includes a map of

range contraction, range expansion, or no change in
distribution, and corresponding shifts in distributional
area (km2). The total number of species in a grid cell
was calculated to determine areas of distributional
overlap within this tunicate guild.

Environmental drivers and tolerances

Environmental drivers (e.g. how salinity and tem-
perature shape the distribution of each species) were
determined from the relative contribution of predic-
tors to model performance, and predicted tempera-
ture and salinity thresholds for occurrence. MaxEnt
provides the percent contribution of each variable to
the final model, thereby providing information on the
performance of each variable in the model in terms of
how important each variable is at explaining the spe-
cies distribution (Phillips et al. 2004). Predicted lower
temperature and salinity tolerances for occurrence
were also estimated from response curves generated
by MaxEnt.

RESULTS

Species distributions and distributional overlap

NIS-specific ENMs exhibited high predictive utility
for delineating the distribution of each tunicate
under current and future climate. Each species distri-
bution was accurately predicted at a TSS >0.85, sen-
sitivity >0.85, and false positive rate <10%. Over -
fitting, which influences the accuracy of projected
distributions, was not apparent. Predicted changes in
NIS distributions between current and future (2075)
climate scenarios are shown in Figs. 1 & 2. The cur-
rent distribution of ENM-predicted suitable habitat is
represented by areas of no change plus areas of con-
traction and known occurrences, while the future
distribution of suitable habitat is represented by
areas of range expansion plus areas where no distri-
butional change was evident in predictions. The
southern latitudinal extent of all NIS extends to about
41° N under current climate in the modeled seascape
(i.e. model domain), while current northern distribu-
tional limits differ considerably among NIS (Figs. 1 &
2). For example, the current predicted distribution of
Botryllus schlosseri and Botrylloides violaceus en -
compasses multiple sites within the Gulf of St. Law -
rence and Newfoundland at latitudes greater than
47° N (Fig. 1a,b). All other established NIS, including
Styela clava and Ciona intestinalis, are currently pre-
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dicted to be distributed up to and including the gen-
eral extent of Prince Edward Island, but not as far
north as Newfoundland (Fig. 1c,d). The current dis-
tributional extent of recently detected NIS in Atlantic
Canada is predicted to be much more re stricted
(Fig. 2) than that of established NIS (Fig. 1). Conse-
quently, there are relatively few areas in Atlantic
Canada where recently detected and more estab-
lished NIS are predicted to overlap, which is re -
flected in the predicted relative distribution of tuni-
cate species in a given location (Fig. 3a). For
example, Mahone Bay and the southern tip of Nova
Scotia (see inset, Fig. 3a) are the only areas where

the ranges of re cently detected and established NIS
are predicted to overlap in Atlantic Canada. These
areas, particularly Mahone Bay, currently exhibit the
highest predicted species richness within this tuni-
cate guild in Atlantic Canada.

The distribution of each tunicate is predicted to shift
northwards in the 2075 climate scenario, albeit at
varying degrees (Figs. 1 & 2). One important conse-
quence of this predicted northward range expansion
into Atlantic Canadian waters by recently de tected
NIS is that their distributions (Fig. 2) are predicted to
overlap with established NIS (Fig. 1) at more locations
than at present, as reflected by an increase in species

richness within this tunicate guild be-
tween current (Fig. 3a) and future cli-
mates (Fig. 3b). A second result of the
predicted northward range shift is that
the potential distribution of established
NIS is ex tended further into New-
foundland, in cluding Notre Dame Bay,
as well as coastal sites off Bay of Is-
lands, Fortune Bay, and Placentia Bay
(Fig. 3b); the ranges of up to 4 tunicate
species overlap in these areas (Fig. 3b).
Of the recently detected NIS, only
Didemnum vexillum is predicted to ex-
tend its potential distribution into New-
foundland, namely within Placentia
Bay alongside Botryllus schlosseri and
Botrylloides violaceus.

Shifts in species distribution also af -
fect predicted area occupied (km2).
These relative changes, mapped in
Figs. 1 & 2, are quantified in Fig. 4.
The predicted area occupied by re -
cently detected NIS hardly changed
be tween current and future climate
scenarios (Fig. 4a) after accounting for
range expansion and contraction
(Fig. 4b). In comparison, the total area
occupied by the more established NIS
increased considerably. The net area
occupied by established NIS is pre-
dicted to more than double by 2075
(Fig. 4a) after accounting for range ex-
pansion and contraction (Fig. 4b).
Northward range expansion by dis-
tance (km) was evident in all NIS
(Fig. 4c). Overall, there was no clear
distinction in northward range expan-
sion between recently detected and
established NIS; Diplosoma listeri-
anum exhibited the greatest north-
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Fig. 3. Species richness within the studied tunicate guild, based on the total
number of species predicted to establish in each grid cell under (a) current and 

(b) future (2075) scenarios
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ward range expansion followed by C. intestinalis, As-
cidiella asper sa, Botrylloides violaceus, Botryllus
schlosseri, S. clava, and Didemnum vexillum (Fig. 4c).

Environmental drivers and tolerances

Predictor variable importance and lower tempera-
ture and salinity thresholds for occurrence provide
an ecological context for observed and predicted
species distributions. Predictor variable importance
was evenly split between summed temperature and
summed salinity after combining seasons for all NIS
with the exception of C. intestinalis, where summed
temperature accounted for 62% of model perform-
ance, and salinity accounted for 38% of model per-
formance (Table 1a). Of the seasonal temperature
predictors, spring, fall, and winter temperature were
important drivers of Botryllus schlosseri, Botrylloides
violaceus, C. intestinalis, Diplosoma listerianum, and
A. aspersa, whereas summer temperature was the
single most important temperature driver of Didem-
num vexillum and S. clava distributions. Spring and
fall salinity were also important drivers of each spe-
cies distribution (Table 1a). For Diplosoma listeri-
anum, S. clava, and A. aspersa, fall salinity was a par-
ticularly important predictor variable, accounting for
up to 48% of model performance (Table 1a).

Established NIS were also more strongly associ-
ated with colder spring and fall temperatures than
recently detected NIS. For example, lower tolerance
limits in spring (based on thresholds in occurrence)
ranged from a low of −1°C for Botryllus schlosseri to
1–2°C for Botrylloides violaceus, S. clava, and C.
intestinalis versus 4–5°C for the recently detected
NIS (Table 1b). Lower tolerance limits for established
NIS in winter ranged from −1°C for Botryllus
schlosseri and S. clava, to 1°C for Botrylloides vio-
laceus and C. intestinalis (all established in Atlantic
Canada) versus 3–5°C for recently detected NIS in
Atlantic Canada (Table 1b). This suggests that com-
pared with established NIS, recently detected NIS
require relatively warmer waters during the spring
and fall for successful establishment and increased
warming to make more of the available habitat suit-
able for establishment in Atlantic Canada. There was
no clear distinction in summer threshold tempera-
tures for recently detected and established NIS. Sum-
mer threshold temperatures increased from a low of
8°C for Didemnum vexillum to 10°C for Botryllus
schlosseri, Botrylloides violaceus, and C. intestina lis,
and up to 15–16°C for Diplosoma listerianum, S.
clava and A. aspersa (Table 1b). Lower tolerance lim-
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Fig. 4. Distributional changes for tunicate species, as de-
fined by (a) current and future (2075) area (km2) of suitable
habitat and (b) range expansion, contraction, or no change
in the area of suitable habitat (km2). (c) Northward range 

expansion expressed in km
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its in the fall were similar for all NIS and ranged from
9–11°C. Salinity tolerances of NIS ranged from 18–
28 psu (Table 1b). Botryllus schlosseri was the most
tolerant of low salinities based on a threshold for
establishment or occurrence of 18 psu, followed by C.
intestinalis and S. clava at 22–23 psu, and Botryllo -
ides violaceus, Diplosoma listerianum, and Didem -
num vexillum at ~25 psu, and finally A. aspersa at
28 psu (Table 1b).

DISCUSSION

Predictions of potentially suitable habitat in Max-
Ent were a good fit to current distributional data.
When projected to future climate scenarios, our ENM
can provide novel insights into the future distribu-
tions of each NIS. Established NIS which are cur-
rently more widely distributed than recently de -
tected NIS are predicted to expand their range in a

broader range of nearshore temperature and salinity
micro-climates than recently detected NIS. These
temperature and salinity microclimates are predicted
to undergo considerable change (warming and cool-
ing, higher and lower salinities) by 2075 within the
NW Atlantic (Brickman et al. 2016). The magni -
tude of these changes is not uniformly distributed
through out the seascape (Brick  man et al. 2016).
Salinity is predicted to de crease by 0.5 to 1 psu, with
a few notable areas of exception. Negligible changes
in salinity in and around Cape Cod and abrupt shifts
in salinity during the spring and winter from 1.5 psu
in the northern Gulf of St Lawrence to −1.5 psu in the
southern gulf and western Northumberland Strait
are predicted. Temperature is generally predicted to
increase by 1 to 1.5°C, although areas of the
Northumberland Strait may warm by up to 3°C in the
spring, while coastal waters in eastern Newfound-
land will experience no discernible warming or cool-
ing (Brickman et al. 2016). The potential distribution
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                                                                         Established                                               Recently detected
                                                                Botryllus    Botrylloides  Styela       Ciona           Didemnum   Diplosoma   Ascidiella
                                                                schlosseri     violaceus     clava    intestinalis         vexillum    listerianum    aspersa

(a) Percentage contribution
Temperature (°C)

Spring                                                         17                 21               6               27                       8                  41                37
Summer                                                       2                   2               32               2                       43                  0                  0
Fall                                                              21                 19               7               21                       2                   1                  3
Winter                                                         13                 13               5               11                       2                  14                16

Total temperature                                        53                 56              49              62                      56                 56                56

Salinity (psu)
Spring                                                         22                 23               1               17                      28                  0                  2
Summer                                                       1                   3                2                3                       16                  0                  1
Fall                                                              21                 16              48               5                        0                  43                40
Winter                                                          3                   2                1               13                       0                   1                  1

Total salinity                                                 47                 44              51              38                      44                 44                44

(b) Lower tolerance limits
Temperature (°C)

Spring                                                         −1                  2              1.5              1                        4                   5                  5
Summer                                                      10                 10              15              10                       8                  15                16
Fall                                                              10                 10              11              11                       7                  10                11
Winter                                                        −1                  1               −1              1                        3                   5                  3

Overall salinity (psu)                                   18                 25              23              22                      25                 25                28

(c) Lower tolerance limits (Literature)
Minimum observed temperature              −11,2               −11            −28            NA                     313                NA              NA
Minimum salinity                                       141,2               201           188,9         1910,11              20–246,13           185              1812

Minimum reproductive temperature      111,3,4              111            148          6−810                11−147             155              1412

Table 1. Characterization of how seasonal temperature and salinity shape potential distributions of established and recently de-
tected non-indigenous species, as defined by (a) percentage contribution of seasonal temperature and salinity to ecological niche
model performance; (b) lower tolerance limits for establishment, based on seasonal temperature and salinity tolerances; and (c)
lower tolerance limits based on literature. Literature references in (c) are 1Carver et al. (2006b), 2Dijkstra et al. (2008), 3Deibel et
al. (2014), 4Lowen et al. (2012), 5Mackenzie et al. (2011a), 6Daniel & Therriault (2007), 7Valentine (2009), 8Clarke & Therriault
(2007), 9Davis et al. (2007), 10Carver et al. (2006a), 11Vercaemer et al. (2011), 12Mackenzie et al. (2011b) and 13Miller (2016). 

NA: anecdotal evidence only
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of recently de tected NIS tunicates is generally pre-
dicted to shift northwards with no net expansion in
the area of potentially suitable habitat by 2075. Any
expansion of potentially suitable habitat to the north
is offset by a contraction of suitable habitat to the
south (e.g. in the Gulf of Maine and Long Island
Sound regions). By 2075, the area of suitable habitat,
following a northward expansion of their range, is
projected to more than double for established NIS. In
terms of northward spread, the potential distribution
of established NIS is extended further into New-
foundland as far as Notre Dame Bay (for Botryllus
schlosseri) where an important mussel industry has
established (McKenzie et al. 2016). Didemnum vexil-
lum is also predicted to extend its potential distri -
bution into Newfoundland, but is constrained to the
relatively warmer waters found in Placentia Bay, a
biologically sensitive area (McKenzie et al. 2016).

An important consequence of these projected shifts
in each NIS distribution is an expansion of areas
where the distributions of recently detected and
established NIS overlap to form NIS biodiversity
hotspots by 2075 within Atlantic Canada. In particu-
lar, warming of the Northumberland Strait, Gulf of St
Lawrence, and entrance to the Strait of Canso re -
sulted in an expansion of potentially suitable habitat
in these areas in which many or all of the NIS tuni-
cates could establish by 2075. An increase in NIS
 biodiversity could prove disruptive to bivalve aqua-
culture and sensitive ecosystems in these areas
(Ramsay et al. 2008, Wong & Vercaemer 2012, Car-
man et al. 2016). How shifts in prevailing environ-
mental conditions drive distributional changes and
why some species have relatively greater invasive
potential in terms of expanding their range can be
explained, at least in part, by the ecological tolerance
of a species (Miller 2009). Key environmental drivers
of each species distribution included spring, summer,
or fall temperature, and spring salinity. Ecologically,
the importance of spring, summer, or fall temp -
erature reflects constraints on the length of the grow-
ing season imposed by physiological tolerances for
 survival, development, growth, and reproduction
(Lowen et al. 2012, Cockrell & Sorte 2013, Harris et
al. 2017). Temperature limits for growth, reproduc-
tion, and overwintering survival and salinity thresh-
olds for survival vary among species (Carver et al.
2006a,b, Clarke & Therriault 2007, Vercaemer et al.
2011, Lowen et al. 2012, Deibel et al. 2014, Jofré
Madariaga et al. 2014), as predicted in ENM. Conse-
quently, these NIS differ in their responses (e.g.
range expansion or contraction) to variation in ocean
temperatures.

Species that are more strongly associated with
colder temperatures and lower salinities (i.e. estab-
lished NIS) are predicted to be the most prevalent in
Atlantic Canada currently, and exhibit the greatest
potential to expand their range under future climate.
These ENM predictions are corroborated by aquatic
invasive species (AIS) monitoring data (Sephton et
al. 2011), as well as experimental field and laboratory
 ob servations summarized in Table 1c. Established
NIS may sexually reproduce at colder temperatures
(thereby extending their growing season), and survive
colder winters than recently detected NIS (Davis et al.
2007, Valentine 2009, Deibel et al. 2014; Table 1c).

Of the established NIS, Botryllus schlosseri is pre-
dicted to be the most widely distributed, and one of
the most prevalent NIS under current and future cli-
mate. Botryllus schlosseri exhibits broad tolerances
for both salinity (as supported by Dijkstra et al. 2008)
and temperature, attributes that result in predicted
establishment in both colder and lower-salinity waters
than all other NIS under study. Other established NIS
(Ciona intestinalis, Botrylloides violaceus, and, to a
lesser extent, Styela clava) are predicted to undergo
substantial range expansion relative to their current
distribution by 2075. These NIS are considered par-
ticularly problematic in terms of disrupting sensitive
ecosystems and bivalve aquaculture (Therriault &
Herborg 2008a,b). As with Botryl lus schloss eri, the
remaining established NIS are generally predicted to
establish in colder waters than recently detected NIS
in ENM, but unlike Botryllus schlosseri, they cannot
establish in brackish waters (Carver et al. 2006a,b), as
predicted.

Recently detected NIS require warmer seasonal
temperatures to survive the winter, a relatively
longer growing season to complete development and
establish self-sustaining populations, and higher
salinities in which to establish compared with estab-
lished NIS. Of the recently detected NIS, Didemnum
vexillum is the most problematic (Dijkstra & Nolan
2011). Didemnum vexillum is predicted to be less
constrained by colder summer temperatures than
both Diplosoma listerianum and Ascidiella aspersa in
ENMs. Experimental work supports these predic-
tions, as both Diplo soma listerianum and A. aspersa
are unable to sexually reproduce below 15°C versus
11 to 14°C for Didemnum vexillum (Valentine 2009).
Didemnum vexillum is currently predicted to estab-
lish at several locations in Atlantic Canadian waters,
and may threaten bivalve aquaculture and sensitive
ecosystems within Atlantic Canada in the future (i.e.
within the Northumberland Strait and Placentia Bay
by 2075).
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Our findings imply that existing, already established
NIS in Atlantic Canada pose a greater risk to sensitive
ecological communities and bivalve aquaculture than
recently detected NIS in Atlantic Canada. However,
recently detected NIS are predicted to expand their
range into Atlantic Canada by 2075, and other high-
risk NIS currently constrained to slightly warmer wa-
ters in the Gulf of Maine, such as the Asian shore crab
Hemigrapsus sanguineus, may likewise expand their
range northward in the future. Temporary range ex-
pansion during anomalously warm years (e.g. 2012
and 2016) could serve as a predictor of future NIS in-
troductions and help to ground truth our projections.
Projected warming by 2075 closely matched anom-
alous warming during 2012 in the model domain
when Diplosoma listerianum and A. aspersa were de-
tected in Lunenburg, Nova Scotia (Moore et al. 2014).
Neither species persisted into 2014 (D. Sephton pers.
comm.), as predicted under current climate ENMs,
but by 2075 their persistence is predicted, rather than
a temporary range expansion.

Whether ENM predictions are accurately projected
through space and time into unsampled locations de-
pends on (1) whether an organism is in equilibrium
with its environment (Cianfrani et al. 2010); (2) omis-
sion of important predictors, including predictors re-
lated to the abiotic and biotic environment (Miller
2009), and (3) inclusion of spatial predictors at the
wrong spatial scale (Lowen et al. 2016). ENMs rely on
the assumption that species distributions are at equi-
librium with environmental conditions within a region
(Miller 2009). If this assumption holds, species occur-
rence should be predictable from measures of the en-
vironment (Dobrowski et al. 2011). If intro duced spe-
cies have spread to habitats that represent the full
extent of their fundamental niche in their introduced
range (i.e. representative habitat), their potential dis-
tributions under current and future climates will be
accurately predicted, sometimes more so than native
species (Menuz et al. 2015). The NIS under study here
have occupied our ENM domain for 25 to 45 yr (Carver
et al. 2006a,b, Dijkstra et al. 2011). Thus, given that
they are effectively dispersed considerable distances
via natural and anthropogenic vectors (Therriault &
Herborg 2008a, McKenzie et al. 2016) and since a con-
siderable amount of time has elapsed since their es-
tablishment, it is assumed that each species has spread
and established in representative habitat throughout
the NW Atlantic model domain. Omission of predic-
tors, including abiotic and biotic factors, can also in-
fluence the accuracy of ENM predictions and result in
over- or underpredictions of species distributions
(Miller 2009). Temperature and salinity constrain and

shape the distribution of many temperate ectotherms,
including a suite of problematic NIS in near-shore
coastal waters (Ty berg hein et al. 2012). Using high-
resolution temperature and salinity data that accu-
rately captured important nearshore temperature and
salinity microclimates resulted in highly accurate pre-
dictions of NIS distributions (Lowen et al. 2016).

Doubtless other factors interact to further constrain
the distributions of these species. For example, tem-
perature and salinity anomalies or perturbation events
could be considered that either disrupt (e.g. fresh-
water runoff; Carver et al. 2006a,b, Jofré Mada ri aga
et al. 2014) or enhance (e.g. warm water masses) NIS
invasive potential. Predictions of area for establish-
ment would undoubtedly be further refined after in-
clusion of suitable substrate type at an appropriate
resolution (i.e. in meters rather than kilometers).
However, delineation of suitable from unsuitable bot-
tom type is complicated by the presence of natural or
artificial fouling substrate (rocks, boulders, kelp, eel
grass, artificial structures) de tect able at a resolution
of tens of meters punctuating broader areas (kilome-
ters) where bottom type is  otherwise unsuitable (i.e.
soft bottom).

Biotic interactions, both among native species and
NIS, have been under-studied and may constrain NIS
ranges. Whether competitive interactions could con-
strain the distribution of NIS in the present study is
debatable if the species can co-exist within the pre-
dicted resolution of their distributions. Successional
mechanisms of species co-existence provide a com-
monly invoked explanation of species diversity in
sessile species assemblages that is often overlooked
in the NIS and ENM literature (Noda 2009, Edwards
& Stachowicz 2010). As with many other co-occurring
sessile organisms that compete for space and food,
this guild of NIS tunicates may co-exist through suc-
cessional dynamics (Edwards & Stachowicz 2010).
For example, a guild of non-native colonial tunicates
that compete for space and food has been shown to
be structured by their life-history traits along a suc-
cessional competition−colonization continuum (Shea
et al. 2004, Edwards & Stachowicz 2010). Coexistence
then occurs when the disturbance regime randomly
leaves localities vacant in space and time, thereby
ensuring a mosaic of successional states within a spa-
tial-temporal landscape (Shea et al. 2004, Noda 2009,
Edwards & Stachowicz 2010). In other words, compet-
itive exclusion would only occur within ephemeral
patches at very fine spatial/temporal scales (meters
and months), but will not occur for species at the spa-
tial resolution of our ENM predictions (kilometers),
where the species co-exist.
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Differences in length of pelagic larval duration and
subsequent potential for dispersal among our study
species in relation to hydrographic or other physical
barriers could also influence ENM predictions if dis-
persal is constraining or facilitating the observed dis-
tribution of each species (Collin et al. 2013). This is
especially true where an invasive species has only
recently established and is likely restricted in its
potential to disperse naturally due to small or frag-
mented populations or lack of dispersal vectors and
opportunities (Robinson et al. 2005). Our study spe-
cies have established and are widely dispersed in the
model domain, largely through anthropogenic vec-
tors (Therriault & Herborg 2008a,b, McKenzie et al.
2016), which in turn helps to generate more reliable
predictions of distribution in ENM (Robinson et al.
2005). Predation can also constrain NIS distributions,
but is unlikely to impact our predictions in the NW
Atlantic where predation is not expected to be a lim-
iting factor (Deibel et al. 2014). Predation on non-
indigenous tunicates in other areas of the world, for
example the sea anemone Anthothoe albocincta in
New Zealand and Australia, may constrain their dis-
tribution (Atalah et al. 2013).

Inclusion of high-resolution current and future cli-
matology that accurately captures important micro-
climate influencing species distributions also im -
proves ENM transferability (Lowen et al. 2016).
Previous studies employing ENMs to determine cli-
mate-induced shifts in species distributions used cli-
mate projections from downscaled global climate
models (Tyberghein et al. 2012, Loder et al. 2015).
These simulations are generally too coarse to capture
patterns of fine-scale climate variation associated
with coastal upwelling in the NW Atlantic. Coastal
upwelling may limit future increases in coastal tem-
peratures, compromising the ability of coarse-resolu-
tion climate models to provide realistic scenarios of
future climate limiting the species living in these
coastal ecosystems (Loder et al. 2015). The recent
availability of increasingly detailed high-resolution
environmental seascape data (Tyberghein et al.
2012, Lowen et al. 2016, M. Greenlaw pers. comm.)
and high-resolution seascape climate scenarios (e.g.
Brickman et al. 2016) allows for more accurate delin-
eation of shifts in the distribution of nearshore NIS in
response to climate change. The identification of spe-
cific areas that are currently susceptible to NIS estab-
lishment or that represent areas of predicted range
expansion in the future (2075) will help to focus pre-
emptive and targeted monitoring and mitigation
strategies in Atlantic Canada (Therriault & Herborg
2008a,b, Pape  et al. 2011). Ultimately, our findings

imply that recently detected NIS in Atlantic Canada
may not necessarily pose a greater risk than NIS that
have already established in Atlantic Canada.
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