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Abstract
Non-native species that become invasive threaten natural biodiversity and can lead
to socioeconomic impacts. Prediction of invasive species distributions is important
to prevent further spread and protect vulnerable habitats and species at risk (SAR)
from future invasions. The Chinese mystery snail, Cipangopaludina chinensis, native
to Eastern Asia, is a non-native, potentially invasive, freshwater snail now widely
established across North America, Belgium, and The Netherlands. This species was
first reported in Nova Scotia, eastern Canada in 1955, but was not found to be
established until the 1990s and now exists at high densities in several urban lakes.
Nonetheless, the presence and potential distribution of this species in Nova Scotia
remains unknown. Limited resources make it difficult to do a broad survey of
freshwater lakes in Nova Scotia, however a species distribution probability model
has the potential to direct focus to priority areas. We apply a random forest model
in tandem with a combination of water quality, fish community, anthropogenic
water use, and geomorphological data to predict C. chinensis habitat in Nova Scotia
(NS), Canada. All predicted probabilities of suitable C. chinensisi habitats in Nova
Scotia were > 50% and include Cape Breton Island, the Nova Scotia-New Brunswick
border, and the Halifax Regional Municipality. Suitable habitats predicted for
C. chinensis overlap with many SAR habitats, most notably brook floater mussel,
Alasmidonta varicosa, and yellow lampmussel, Lampsila cariosa. Our results indicate
that C. chinensis could become widespread throughout NS, appearing first in the
aforementioned areas of highest probability. Further research is required to test
C. chinensis ecological thresholds in order to improve the accuracy of future
species distribution and habitat models, and to determine C. chinensis impacts on
native freshwater mussel populations of conservation concern.
Key words: freshwater, mollusc, species distribution, species at risk, statistical model,
Bellamya, Viviparidae

Introduction
The Chinese mystery snail, Cipangopaludina (= Bellamya) chinensis (Gray,
1834), is a non-native, freshwater, gastropod native to Eastern Asia. The
species was introduced to North America in the 1890s via the Asian food
market and has since become widespread in natural environments in
Canada, the United States of America (USA), Belgium, and The
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Netherlands (U.S. Fish & Wildlife Services 2011; Collas et al. 2017a; Jokinen
1892; Matthews et al. 2017; McAlpine et al. 2016; Kingsbury personal
observation). It is suspected that C. chinensis is spreading through illegal
aquarium releases and accidental boat transfers between infected and
uninfected water bodies (Collas et al. 2017a, b; Matthews et al. 2017;
Rothlisberger et al. 2010). Cipangopaludina chinensis adults can survive more
than nine weeks of air exposure, making long range, over-land dispersal
possible (Unstad et al. 2013). Cipangopaludina chinensis reported occurrences
in continental North America suggest that this species is far more widespread
than currently documented.
Once introduced, C. chinensis presence may lead to blocked water pipes,
fouled beaches, altered nitrogen: phosphorus ratios which can elevate
eutrophication, and altered food webs through changes in bacterial
community composition (Chao et al. 1993; Collas et al. 2017b; Cui et al.
2012; Fang et al. 2001; Hanstein 2012; Harried et al. 2015; Xing et al. 2016).
Pressure on native mollusc species may also occur through competition for
resources (e.g. food, space, dissolved calcium). Female C. chinensis produce
large broods of live young. Estimates of > 100 offspring / female/ year have
been suggested (Haak 2015; Havel 2011; Stephen et al. 2013; Unstad et al.
2013). Being more resistant to predation than native molluscs due to large
size and the presence of a protective operculum “trapdoor” (Haak 2015;
Johnson et al. 2009; Karatayev et al. 2009; Olden et al. 2013; Plinski et al.
1978; Sura and Mahon 2011), C. chinensis can become established rapidly
within new water bodies. Although there is recognition in some provinces
that C. chinensis introduction to Canada should be of concern, the species
has not been identified by federal agencies as potentially invasive across the
country, due to lack of published data for Canada (McAlpine et al. 2016;
Schroeder et al. 2014).
It is difficult to manage C. chinensis once a population is established
because the species is resistant to typical species management techniques
such as heat (Burnett et al. 2018), desiccation (Unstad et al. 2013), and
chemical treatments (Haak et al. 2014). Therefore, it is important to predict
future C. chinensis distribution trends so as to proactively prevent
introductions, especially to vulnerable habitats where species at risk (SAR)
are present. Species distribution models (SDMs) are based on simulations
that predict a species future distribution using habitat variables from areas
of known species presences and real- or pseudo-absences (Hijmans and
Elith 2016; Jackson et al. 2000; Law and Kelton 1991). SDMs have become
important for freshwater ecosystem management as a means to predict
aquatic invasive species (AIS) introductions and spread (Rodríguez-Rey et
al. 2019; Drake and Bossenbroek 2009; Love et al. 2015; Phillips et al. 2004;
Robbins 2004; Václavík and Meentemeyer 2009). SDMs have been used to
predict the distributions of native species, rare species, marine ecosystem
assemblages, and to forecast plant dispersal (Baldwin 2009; Best et al. 2007;
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DeAngelis and Grimm 2014; Evans et al. 2011; Joy and Death 2004; Merow
et al. 2013; Mi et al. 2017; Phillips et al. 2004; Roberts et al. 2010). However,
modeling AIS distributions can be challenging because AIS monitoring
often excludes absence reports (Václavík and Meentemeyer 2009, 2012).
Other AIS modeling challenges include selecting the right model for the
species (Mi et al. 2017), choosing appropriate absence data (whether
choosing to use true-absences or pseudo-absence or a combination of the
two) (Václavík and Meentemeyer 2012), and balancing the assumptions
made to fit a model to the current known species distribution without
overfitting the model so that it prevents accurate prediction (DeAngelis
and Grimm 2014; Hijmans and Elith 2016; Jackson et al. 2000; Merow et al.
2013; Rodríguez-Rey et al. 2019). Cipangopaludina chinensis is particularly
difficult to accurately model because little is known about the species
ecological thresholds or biological needs (Kingsbury et al. in prep).
Previous studies have used either generalized linear models (glm), Ecopath,
or MaxEnt to predict C. chinensis distribution or environmental parameters
important for its invasion success. However, all the previous modeling
attempts for C. chinensis have been restricted to a single well-studied area
of Wisconsin, USA (Haak 2015; Haak et al. 2017; Latzka et al. 2015; Papes
et al. 2016) and may not translate to other geographic regions that are less
well monitored. Moreover, model type selection such as MaxEnt and glm,
are problematic when applied specifically to AIS because MaxEnt has been
misapplied (i.e. used to predict species distribution when MaxEnt is a tool
for assessing habitat suitability) and glms assume linear relationships in
data (Phillips et al. 2004; Richmond 2019). Finally, studies have yet to
combine water chemistry, physical environmental parameters, ecosystem
composition, and anthropogenic aquatic ecosystem interactions into one
statistically robust species distribution model. Perhaps, due to gaps in
freshwater monitoring data, or the limitations of models that tend to
overfit when extreme numbers of parameters are included (e.g. glm),
previous modeling attempts have been unable to incorporate multiple
parameter types. As demonstrated previously in conservation science
(Balden et al. 2020; Evans et al. 2011; Haungnadan et al. 2020; Maguire and
Mundle 2020; Mi et al. 2017; Pearman et al. 2020), random forest models
(RFMs) have the potential to be more accurate than other model types
currently used (e.g. TreeNet, glm, MaxEnt). Nonetheless, RFMs have yet to
become widely used for freshwater species, including invasive forms. A
new statistically robust predictive modeling approach using species specific
data is needed for more accurate predictions of C. chinensis distributions.
Random forest models (RFMs) build hundreds or thousands of decision
trees by random selection of variables from different database subsets in
various orders. Each tree is incorporated to build a “forest” that is resilient to
background noise, handles large datasets well, and allows for parameter-type
(e.g. water chemistry, ecosystem composition, etc.) variation (Breiman 2001;
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Koehrsen 2018). RFMs average predictions made by each tree in the forest
to give one prediction encompassing as many parameter interactions as
possible within that forest size (Breiman 2001; Koehrsen 2018). RFMs are a
collection of many individual regression trees, they do not assume linearity
and, therefore, can identify important variables for accurate predictions
(Breiman 2001). This model may be suitable for C. chinensis SDM as it can
incorporate a number of variables, leading to predictions that are more
robust, reliable, and flexible than other models.
Finally, RFM will indicate which model variables are highly correlated with
C. chinensis presence, suggesting the most important factors for C. chinensis
spread. This study aims to (1) predict suitable C. chinensis habitats in
Atlantic Canada using a random forest model approach to indicate future
distribution, (2) determine potential overlap between areas of high-probability
for C. chinensis invasion and SAR habitat, and more generally, (3) determine
the feasibility of using RFM for freshwater AIS distribution modeling.

Materials and methods
Data collection:
Habitat parameter datasets were obtained from various sources (e.g.
Atlantic Data Stream, provincial government websites/databases, Boat
Launches Canada, Google Maps) for 343 freshwater bodies (i.e. lakes,
rivers, ponds, harbours, and bays) from six Canadian provinces: Nova
Scotia (NS) (n = 250), New Brunswick (NB) (n = 44), Prince Edward Island
(PEI) (n = 3), Ontario (ON) (n = 40), Alberta (AB) (n = 1), and British
Columbia (BC) (n = 5). We logged 36 parameters, including 3 that identified
sites (water body name, county name/station number, and data source),
2 that recorded spatial position (latitude and longitude), 17 water quality
parameters (e.g. salinity, alkalinity), 6 geomorphic features (surface area,
depths, shoreline development, and water body connectedness), 3 that
were reflective of human perturbation (stocking frequency indicated greater
recreational fishing pressures, number of public boat launches indicate
recreational use, and distance to a highway from a boat launch indicate
accessibility), and 2 that were indicative of current ecosystem make-up
(number of fish species recorded and number of invasive species). See
Supplementary material Table S1 for a list of data sources and Figure 1 for
a brief overview of the database. Surface area refers to the water body
surface area (km2). Depths reported both maximum depth (m) and mean
depth (m). Water body connectedness was ascertained by counting the
number of freshwater bodies directly connected to the water body in
question (e.g. Lake Banook in Dartmouth, NS has two water bodies directly
connected to it, Sullivan’s Pond and Lake Micmac, therefore, the number
of connected water bodies is 2).
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Figure 1. Data categories used to develop random forest models to predict Cipangopaludina chinensis distribution in Maritime
Canada. Data absences are the result of a lack of standardization in freshwater parameters collected across Canadian jurisdictions.
Note, the geomorphologic data is not included in this figure because the relatively large amounts of missing data lead to the
exclusion of these parameters from all models. The parameters along the y-axis are: name (name of water body), STN #/County
(the station number or county used to identify the water body), province, Lat (latitude in decimal degrees), Lon (longitude in
decimal degrees), Year (year of water sampling), Month (month of sampling), Day (day of sampling), Data Source (the source of data,
see Table S1), pH, Alkalinity, Hardness (water hardness), Ca (calcium concentration), Chlorophyll (chlorophyll-a concentration),
DO (dissolved oxygen concentration), TOC (total organic carbon concentration), T_P (total phosphorous concentration), T_N (total
nitrogen concentration), NO3+NO2 (nitrate plus nitrite concentration), NO3 (nitrate concentration), NH4 (ammonia concentration),
Cond (conductivity), salinity (salinity concentration), Na (sodium concentration), No stocking (number of annual fish stocking
events), No Fish_Species (number of fish species recorded), Dist Hwy (distance to nearest highway), No Boat Launches (number
of public boat launches), Invasives (number of known invasive species reported), CMS (known C. chinensis presence/absence).

As a means of quality assurance/quality control, each water body was
searched using Google Maps to ensure that the name and location data
were identical to the original dataset. Water bodies were excluded from the
database if the water body name and latitude/longitude data did not match,
if the given latitude/longitude did not align with any water body, or if it
was not possible to confirm the location and water body name. See Table S2
for a complete list of parameters recorded. To gather the data on each
parameter, multiple data sources were used and combined from the year
2000 forward. If multiple sources of information were available for a single
water body, the most recent data were used.

Training the model
RFMs were created to analyse water bodies with known C. chinensis
presence/absence (or pseudo-absences) and predict C. chinensis probability
of occurrence in water bodies where potential presence/absences were
unknown (Table 1). Of the 343 water bodies, 46 had C. chinensis
presence/absence data or pseudo-absence data which were used to train the
RFMs. Based on preliminary work, we found data on the model parameters
for 40 water bodies with known C. chinensis occurrences from ON (n = 21),
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Table 1. Twelve (numbered 1 through 12) random forest model (RFM) itinerations were generated using different combinations of
model formula (see footnotes) and datasets used to train and validate the models. Only RFM1 was unvalidated, all other models
were validated using subsets of the training datasets. Additionally, the RFM1–8 models were trained on unnormalized data (all
units retained). The models RFM9–12 were normalized, with all units converted to a scale of 0 to 1. For most models, all waterbodies
that had data were included, regardless the amount of data, while for RFM7, only waterbodies that had more than 50% of the
characteristics in the dataset were included. In regards to the Formulas 1–4 below, CMS is the verified presence/absence or pseudoabsence of Cipangopaludina chinensis; Lat is latitude; Lon is longitude; Ca is dissolved water calcium concentration; T_P is total
phosphorous concentration; T_N is total nitrogen concentration; Cond is conductivity; Na is water sodium concentration; No_Stocking
is number of times per year a water body is stocked with fish; No_Fish_Species is the number of reported fish species per water
body; Dist_Hwy is the distance to the nearest highway from a publicly accessible boat launch; No_Boat_Launches is the number of
publicly accessible boat launches per water body; Connected_Lakes is the number of freshwater bodies connected to the water
body in the dataset; and Invasives is the number of invasive species reported in each water body. Note that species labelled as
“invasive” are those identified as such by each respective province. Also, the number of recorded fish species varies depending on
the individual provincial desire to monitor, stock, or record the number of native fish species in freshwater bodies.
Model phase

Normalized? Datasets

Unvalidated

No

Validated

No

Validated

No

Validated

No

Validated

No

Validated

No

Validated

No

Validated

No

Validated

Yes

Validated

Yes

Validated

Yes

Validated

Yes

Verified Presence/Absence data from
ON & NS
Verified Presence/Absence data from
ON & NS
Verified Presence/Absence data from
ON & NS
Verified Presence/Absence data from
ON & NS
Verified Presence/Absence data from
ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
BC, AB, ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
BC, AB, ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
BC, AB, ON & NS
Pseudo-absence data from ON
Verified Presence/Absence data from
BC, AB, ON & NS
Pseudo-absence data from ON

RFM
Formula No.

RFM
Itineration

All waterbodies having data

1

RFM1

All waterbodies having data

1

RFM2

All waterbodies having data

2

RFM3

All waterbodies having data

3

RFM4

All waterbodies having data

1

RFM5

All waterbodies having data

2

RFM6

1

RFM7

2

RFM8

All waterbodies having data

2

RFM9

All waterbodies having data

1

RFM10

All waterbodies having data.

3

RFM11

All waterbodies having data.

4

RFM12

Waterbodies

Waterbodies with large
amounts (> 50%) of missing
data removed from dataset
Waterbodies with large
amounts (> 50%) of missing
data removed from dataset

1. CMS ~ Lat + Lon + pH + Alkalinity + Ca + T_P + T_N + Cond + Na + No_Stocking + No_Fish_Species + Dist_Hwy +
No_Boat_Launches + Connected_Lakes + Invasives
2. CMS ~ Lat + Lon + pH + Alkalinity + Ca + Cond + Na + No_Stocking + No_Fish_Species + No_Boat_Launches +
Connected_Lakes + Invasives
3. CMS ~ Lat + Lon + pH + Alkalinity + Ca + T_P + Cond + Na + No_Stocking + No_Fish_Species + No_Boat_Launches +
Connected_Lakes + Invasives
4. CMS ~ pH + Alkalinity + Ca + T_P + T_N + Cond + Na + No_Stocking + No_Fish_Species + Dist_Hwy + No_Boat_Launches +
Connected_Lakes + Invasives

BC (n = 5), and AB (n = 1). Generated models were coded as RFM#, the
number denoting the order in which each model was generated (RFM1,
RFM2,....RFM12). The NS C. chinensis presence data (n = 13) and true
absence data (n = 5) was kept separate for model validation (RFM 9–12) or
was mixed with the ON data which were randomly subdivided into
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training and validation sets (RFM 2–8). We followed the MaxEnt method
of selecting pseudo-absences, making our selection from a geographical
area that is limited to the region with the greatest number of known species
occurrences (in this case, ON). This allowed us to select water bodies with
estimated C. chinensis absences that could then be used to train our models
(Baldwin 2009; Phillips et al. 2004; Richmond 2019).
We semi-randomly selected 19 pseudo-absences from ON (in the
Kingston-Toronto area). The known presence points from Kingsbury et al.
(in prep.), were mapped using ESRIs ArcGIS (ArcMap 10.7). The species
presence points were aggregated (within a 35 km radius) and spatially
joined to the aggregate polygon (hereafter called the TK polygon) in order
to determine the area with the most reported C. chinensis presences. The
background data points from our water body database were loaded as a
layer (water bodies with unknown C. chinensis presence/absence). The
background points that fell within the TK polygon were selected and
exported into an Excel spreadsheet and randomly ranked. Points 1 through 30
were selected as potential pseudo-absence points. Points were excluded if,
when cross-checked with known C. chinensis presence, they were located
in water bodies with known populations. Hence, semi-randomness of
selected pseudo-absences was used to train our model. The final training
dataset, containing 27 presence points and 19 absence points (total n = 46),
was built from as many water bodies as possible.
Each model used different combinations of formulae (Table 1) and datasets
(i.e. different combinations of normalized or non-normalized data, Atlantic
Canada + ON data or Atlantic Canada + ON + AB + BC, and with/without
pseudo-absences). The error rates denoted in Table 2 are the out-of-bag
errors, which represent a percentage of trees within the forest that
incorrectly classified water bodies from the training or validation datasets.
The number of predictions made by each model (Table 2) vary depending
on the ability of that model to make predictions. Some models made fewer
predictions than others due to data not being normalized on a scale of 0
to 1 (i.e. models that were confused by variations in parameter magnitude),
model formulae including a significant number of parameters missing
large amounts of data, or the training dataset being relatively smaller than
that which was used to train models that produced a greater number of
predictions.

Model validation
A variety of validation methods were used. RFM1 was not validated as
all of the C. chinensis presence/absence data were used to train the model.
Although this provided an understanding of relative parameter importance
for C. chinensis establishment success in NS, it was not statistically reliable.
For this reason, we have chosen not to use RFM1 to represent predicted
Kingsbury et al. (2021), Aquatic Invasions 16(1): 167–185, https://doi.org/10.3391/ai.2021.16.1.11
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Table 2. Error rates, number of predictions and formula used to develop Random forest models used to predict Cipangopaludina
chinensis distribution in Maritime Canada. Model 9 (RFM9) was selected for use as it was able to predict presence/absence at the
greatest number of water bodies while maintaining relatively low training and validation error rates.
Model
RFM1
RFM2
RFM3
RFM4
RFM5
RFM6
RFM7
RFM8
RFM9
RFM10
RFM11
RFM12

Error Rate (Training)
18.92
24
24
24
15.62
21.88
27.78
27.78
10.87
8.7
10.87
28.26

Error Rate (Validation)
NA
25
60
40
33
22.22
100
42.86
13.16
7.69
13.16
7.69

Number of Predictions
43
44
168
142
44
162
43
141
169
46
142
46

Formula Used
1
1
2
3
1
2
1
2
2
1
3
4

probabilities in NS. RFM2–8 used the k-fold cross validation technique
(Al-Mukhtar 2019; Guillaumot et al. 2019). RFM9–12 were validated on
C. chinensis presence/absence data including BC, AB, ON, and NS data.
Validation error and the number of predictions each model was able to
make were considered when selecting the final model (RFM9).

Mapping predicted C. chinensis habitat suitability, species at risk (SAR),
and significant habitat
Model prediction probabilities were mapped using ArcGIS (Figure 2). The
predicted probabilities and their associated latitude/longitude were saved
as a csv file, imported into ArcMap, and categorized based on four
percentile groupings starting at the lowest predicted probability of 0.5
(50%). The predicted C. chinensis distribution was mapped separately from
the SAR and Significant Habitat maps (Figure 3) to maximize clarity when
comparing the geographic locations of each and to delineate the actual
distribution of SAR (current context) versus the predictions (future context).
SAR and significant habitat were compared to establish any areas within
regions of general overlap with predicted C. chinensis distribution.
Federally-recognized SAR in NS include Salmo salar (Atlantic salmon),
Thamnophis sauritus (eastern ribbon snake), Osmerus mordax (rainbow
smelt), Hydrocotyle umbellata (water pennywort), Coregonus huntsmanii
(Atlantic whitefish), Alasmidonta varicosa (brook floater mussel), Emydoidea
blandingii (Blandings turtle), and Lampsilis cariosa (yellow lampmussel).
SAR and significant habitat polygons were created based on species recovery
plans, point distribution, and geospatial files accessed through multiple
government organizations (see Table S3 for details). Note that our SAR
and significant habitat map only included freshwater aquatic habitats. Our
study focused only on aquatic species or semi-aquatic species (e.g. T. sauritus)
as these are the species predicted to be most impacted by C. chinensis
presence.
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Figure 2. Known and predicted distribution of Cipangopaludina chinensis in the Maritimes. Currently confirmed reports for C. chinensis
occurrences in the Maritimes are shown as black circles. Predicted C. chinensis distribution with probabilities are shown as red
circles. Crosses mark source data for development of random forest models. Cape Breton, the northeastern island in Nova Scotia,
had the high predicted probabilities and Digby, the southern tip, had the lowest.

Figure 3. Distribution of selected species at risk (SAR) habitat and significant habitat in Nova Scotia and New Brunswick. See
Table S3 for a list of various Government of Canada SAR conservation websites where the data for this map was obtained.
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Figure 4. Predicted probability of Cipangopaludina chinensis in 169 Nova Scotia (NS) water
bodies based on a random forest model. Each water body was given its own numeric identifier
(see Supplementary Materials for list of all lakes with its numeric identifier). All predicted
probabilities for NS suggest presence of C. chinensis with > 50% probability.

Results
The final model (RFM9) predicted 169 of 279 NS water bodies to have a > 50%
likelihood of suitability for C. chinensis distribution (Figure 4). Among the
models generated, none were able to provide predictions for water bodies
in NB or PEI (NB predictions: 0/44, PEI: 0/6). The model results listed in
Table 2 therefore include only predictions among the 250 NS water bodies
examined. Lack of model ability to make predictions for NB or PEI, may be
because parameters measured in these provinces did not adequately match
parameters used to train the model in terms of data availability, or perhaps
due to small sample size. This would appear to be the result of a lack of
standardization in freshwater parameters reported across jurisdictions.
Three regions with the highest probability of C. chinensis distribution
include (a) Cape Breton, NS (the north-eastern Nova Scotian island), (b)
along the NS-NB border, (c) and the Halifax Regional Municipality (HRM)
(Figure 2). The lowest predicted probability, at 51.6%, is located at the tip
of Digby, NS (the south-western edge of NS) on the Bay of Fundy, where
high salinity is expected. The highest predicted probability of
C. chinensis invasion was 85.2% at Lake Ainslie, NS in Cape Breton. Water
bodies in northern NS typically have a higher pH and alkalinity than
elsewhere in NS and have a higher probability of C. chinensis presence,
whereas water bodies in southern NS tend to be acidic and dystrophic and
not support calcium-bearing invertebrates. It is important to note that all
models (RFM1–12) followed similar trends (Figure 5).
Kingsbury et al. (2021), Aquatic Invasions 16(1): 167–185, https://doi.org/10.3391/ai.2021.16.1.11
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Figure 5. Violin plots comparing each of twelve random forest models (RFM) developed
(RFM1–12) to predict Cipangopaludina chinensis distribution in Maritime Canada. The x-axis
lists RFM developed along with sequential numbering (e.g. RFM1, RFM2). The y-axis shows
the predicted probability (0–1) of water bodies in the dataset having suitable habitat for C. chinensis.
See Table 1 for the list of the RFM equations and parameters. Note that RFM5 and RFM6
included pseudo-absence data and data were not normalized in these models. We selected RFM9
to represent the model predictions seen in RFM1–12 because RFM9 contained data from a
national context, data were normalized, the training error and validation error were relatively
low and similar, and RFM9 was able to make the largest number of predictions (n = 169) of all
models developed.

The most important predictive parameters for C. chinensis distribution
in NS are the number of fish species present, alkalinity, presence of other
invasive species, number of publicly accessible boat launches, and number
of connected freshwater bodies (Figure 6). Longitude and latitude are also
considered relatively important parameters for the model, but we found
national datasets were biased with high proportion of ON reports. Sodium
concentration, dissolved calcium concentration, conductivity, pH, and
stocking frequency were found to be relatively less important for predicting
C. chinensis distribution. Multiple areas with high probability of C. chinensis
distribution were identified in regions supporting habitat for SAR (Figure 3),
especially the two freshwater mussel species (brook floater and yellow
lampmussel) and Atlantic salmon. Habitats for other species (pennywort,
Blanding’s turtle, eastern ribbon snake, and the Petite Rivière Watershed
which is inhabited by Atlantic whitefish) had low-predicted probability of
suitable habitat for C. chinensis.

Discussion
The predicted presence of C. chinensis in NS was highest in areas with high
alkalinity, neutral pH (7–8), high recreational fishing and boating, other
invasive species already present in the watershed, and lower fish diversity.
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Figure 6. The importance of selected parameters to the preferred random forest model used to
predict the distribution of Cipangopaludina chinensis in Nova Scotia. The higher mean decrease
gini, the more important the variable in predicting C. chinensis presence in Nova Scotia. The
parameters along the y-axis are: No Fish_Species = number of fish species recorded; Lon =
longitude; Invasives = number of known invasive species reported; Lat = latitude; No Boat
Launches = number of public boat launches; Na = sodium; Ca = calcium concentration; Cond =
conductivity; No stocking = number of annual fish stocking events. Mean decrease gini stems
from the gini impurity which is used in decisions trees to determine the importance of random
selected variables to correctly split/subset the data. Because RFMs are multiple decision trees
which makes a forest, the mean decrease gini is the average of each tree’s gini impurity for each
parameter. Gini impurity is the measure of probability of misclassifying C. chinensis absence if
each variable were introduced to the prediction model formula..

This is in line with the results from social network models of C. chinensis in
Nebraska lakes (Haak 2015; Haak et al. 2017) and classification tree and
maximum entropy models of C. chinensis in Wisconsin, USA (Latzka et al.
2015; Papes et al. 2016). Predicted C. chinensis distribution for NS was high
(> 50%) throughout the entire province. Previous research has indicated
that C. chinensis can tolerate a range of pH values (Haak 2015), salinity
concentrations (personal observation), dissolved calcium levels (Haak
2015; Latzka et al. 2015), water temperatures (Burnett et al. 2018), and
nutrient concentrations (personal observation). Cipangopaludina chinensis
is a habitat generalist and an opportunistic feeder, and is therefore adaptable
to a variety of environments (Ricciardi 2013). In Atlantic Canada, most
freshwater bodies are at risk of C. chinensis establishment, especially given
ongoing anthropogenic disturbance to wetland habitat and climate change
leading to range expansion in potential AIS (Bellard et al. 2013; Lassuy and
Lewis 2013; Lozon and MacIsaac 1997; Pyšek et al. 2010; Ricciardi 2007;
Spear et al. 2013). Many studies have predicted that NS may become a
“hot-spot” for invasive species in the future, highlighting the importance of
developing effective SDMs for AIS (Barbosa et al. 2013; Bellard et al. 2013;
Gallardo et al. 2015; González‐Moreno et al. 2015; Lowry et al. 2013; Pyšek
et al. 2010; Robbins 2004; Spear et al. 2013).
The principal means of C. chinensis introductions to Atlantic Canada is
thought to be chiefly boater transfers and aquarium releases (McAlpine et
al. 2016). The distribution of C. chinensis across multiple locations within
the Shubenacadie watershed suggests that this species may also be spreading
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naturally. Our own observations of juvenile C. chinensis in laboratory
cultures demonstrate that juveniles may be carried and spread via water
currents. Even though it is likely that many of the initial C. chinensis
introductions are the result of aquarium releases, it is reasonable to
conclude that natural dispersal is now a pathway for the continued spread
of C. chinensis within NS watersheds. Unfortunately, there is a large
temporal-gap (~ 1955–1990) in C. chinensis occurrence data for NS, so it
has been impossible to track distributional change within the province,
except to some degree over the past two decades, and even then, data is
patchy. Cipangopaludina chinensis continues to be sold in Canada in the
water garden and aquarium trade. For regions where models predict high
probability for future distribution, strong provincial and federal regulations
need to be enacted for boater cleaning (e.g. clean-drain-dry programs).
Legally preventing the sale or release of C. chinensis is of utmost importance.
For regions with established C. chinensis populations, including the NS-NB
border and HRM, and where our model has predicted especially high
probability of continued C. chinensis spread, containment of existing
populations must be ensured. Active programs of public education and
boater awareness may help in this regard. Furthermore, additional modeling
approaches may improve predictability by including distance to urban
areas, where C. chinensis is likely to be sold, and proximity to established
C. chinensis populations. Such data may help reveal further information
about the pathways by which C. chinensis has spread.
C. chinensis cannot be effectively managed through culling, drawdowns
(Unstad et al. 2013), or chemical treatments (Haak et al. 2014). Our best
model indicates that ecosystem composition (defined by number of fish
species and number of invasive species known to inhabit a water body),
alkalinity, and presence of publicly accessible boat launches were relatively
important in predicting C. chinensis presence. Hence, as already mentioned,
the importance of public education and boater clean-drain-dry programs
(Matthews et al. 2017; Rothlisberger et al. 2010). Increasing public involvement
through citizen science programs can assist in species monitoring and can
increase awareness of the threats that non-native species present to water
bodies. Such approaches have been identified as essential elements in
C. chinensis monitoring and control (Kingsbury et al. submitted). Previous
public involvement in AIS management and prevention has slowed the
spread of zebra mussels (Dreissena spp.) in North America, and helped
prevent Asian carp (Cyprinus carpio), invasion of the Great Lakes (Fisheries
and Oceans Canada 2019a; Meyers 2016). A better understanding of how
humans impact and enable C. chinensis establishment in North America is
required so that critical pathways of introduction can be targeted (Barbosa
et al. 2013; Gallardo et al. 2015; González‐Moreno et al. 2014; Lassuy and
Lewis 2013; Lozon and MacIsaac 1997; Pyšek et al. 2010; Robbins 2004;
Spear et al. 2013).
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The predicted C. chinensis distribution in NS is concerning because it
frequently overlaps with SAR occurrence and significant habitat for these
species. In particular, the predicted habitat overlap between C. chinensis
and yellow lampmussel is of special concern. Nova Scotia supports only
three populations of yellow lampmussel, the species distribution in Canada
is restricted to NS and NB, and the species is believed to be in decline
(Fisheries and Oceans Canada 2010a). Although the protective measures in
place at some yellow lampmussel habitats in NS appear to be robust (e.g.
Pottle Lake is a municipal water supply and has many restriction on use),
and may decrease the likelihood of C. chinensis introduction, other sites are
less well protected (e.g. Blacketts Lake). The yellow lampmussel is sensitive
to changes in water quality (Fisheries and Oceans Canada 2010) and
sedimentation and eutrophication (Sabine et al. 2004). In the Saint John
River system, NB, C. chinensis and yellow lampmussel have already been
shown to overlap in distribution (Sabine et al. 2004; McAlpine et al. 2016),
although any impacts on the latter are unknown. From our model, the
most notable areas of concern are yellow lampmussel habitat in Cape
Breton, brook floater habitats in northern and northwestern NS, the
Shubenacadie Watershed connecting HRM and the Bay of Fundy, and the
St. Mary’s River in Guysborough County, where predicted C. chinensis
distribution is high (> 70%). The SAR mussel populations are of concern
because, should C. chinensis densities become sufficiently high, this may
directly impact mussel populations through competition for food and
calcium necessary for shell development. As an example, the Shubenacadie
Watershed, parts of which are already occupied by C. chinensis, has great
historical and economic importance for NS, and is at high risk of expanded
C. chinensis occupation. Within this watershed, Shubenacadie Grand Lake
is predicted to have an 84.2% likelihood of future C. chinensis presence.
At high densities, C. chinensis can be considered an ecosystem engineer
as it alters habitat to C. chinensis benefit. C. chinensis prefers diatoms as
food and C. chinensis presence encourages the growth of diatoms over other
algal forms (Gonzalez et al. 2008; Olden et al. 2013). Cipangopaludina chinensis
alters nitrogen:phosphorous ratios leading to higher concentrations of
chlorophyll-a, which can lead to eutrophication (Bobeldyk 2009).
Furthermore, filter feeding C. chinensis are likely to be in direct competition
with mussel species for food resources (Olden et al. 2013). Other SAR are
also considered to be sensitive to water quality changes, including Atlantic
salmon, eastern ribbon snake, rainbow smelt, and water pennywort
(COSEWIC 2014; Fisheries and Oceans Canada 2010b, 2016, 2019b; Parks
Canada 2012). Alterations in water chemistry or food web structure may
negatively impact other species that rely on aquatic ecosystems, including
Atlantic whitefish and brook floater mussel (COSEWIC 2009; Fisheries
and Oceans Canada 2018). Of the eight SAR listed and mapped in our study,
only one, Blandings turtle, is at low risk of being affected by C. chinensis
presence in NS. The Blandings turtle is apparently less sensitive to changes
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in water quality or impacted by habitat perturbation than the other species
we considered in our analysis (Parks Canada 2010). Conversely, Kejimkujik
National Park and National Historic Site, where the NS population of
Blandings turtles is concentrated, showed relatively low probabilities for
future C. chinensis occurrence (generally < 70%), due to the acidic water
chemistry (pH 4–5) of many of those dystrophic lakes. Further research is
required to determine the probable consequences of C. chinensis presence
for each SAR in NS, although we suggest that the best strategy is to prevent
C. chinensis introductions and to protect the critical habitats of SAR.

Conclusion
The non-native and potentially invasive freshwater mollusc, C. chinensis,
currently has a limited, although widespread, distribution throughout
Atlantic Canada. Our RFM predicted, with > 50% probability, C. chinensis
establishment throughout NS, with the highest predicted probability in
northern-NS, the Halifax Regional Municipality (HRM), and near the NSNB border. When SAR habitat is compared with predicted C. chinensis
distribution, overlaps with SAR habitat were identified. Most concerning is
potential overlap that C. chinensis may have with the yellow lampmussel, a
mussel species of conservation concern in Canada. Further research is
needed to define the ecological thresholds of C. chinensis and to identify
the manner in which human factors influence the distribution of this
species across its non-native range. Although our model was successfully
applied to NS, we were not able to make any predictions for NB or PEI.
This was likely due to a lack of standardization in freshwater parameters
reported across jurisdictions. Future modelling exercises for AIS in Canada
would benefit from greater conformity across provinces in the collection
and reporting of water quality and other parameters important to SDMs.
Due to the high probability of expanding C. chinensis range in Atlantic
Canada, and the potential negative impacts this species may have on SAR,
it is important that C. chinensis be recognized as potentially invasive in
Canada and managed as such.
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