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ABSTRACT

Reid, S.M., Bell, A.H.M., LeBaron, A., Schmidt, B.J., and Jones, N.E. 2023. Predicting
mussel species at risk distributions in southwestern Ontario rivers using spatial
distribution models and the Aquatic Ecosystem Classification method. Can. Manuscr.
Rep. Fish. Aquat. Sci. 3259: vii + 26 p.

By identifying relationships with abiotic and biotic factors, output from species distribution
models can help to identify the boundaries of aquatic species at risk critical habitat, direct inventories,
and define the spatial units for long-term population monitoring. In this study, we tested whether SDMs
can be developed from existing southern Ontario occurrence data for five mussel species at risk using
MaxEnt software, a program for modelling species distributions with presence-only species records.
Models were built using species presence and abiotic attribute data for the Ausable, Bayfield, Grand,
Thames, and Sydenham rivers. Abiotic attributes included: channel slope, riparian and catchment forest
cover, summer water temperature, surficial geology, and upstream catchment area. Attributes were
based on the provincial Aquatic Ecosystem Classification (AEC) scheme. Strongly supported
distribution models were developed for all five mussel species, with 2 to 4 influential predictor variables
being identified for each species. Predictors identified consistently across species as influencing habitat
suitability were summer water temperature and upstream contributing area. Other informative variables
(i.e., geology and tree cover) were only identified for more widespread species (e.g., Wavy-rayed
Lampmussel). The number of informative predictor variables for rarer species (e.g., Fawnsfoot) may
be limited by the small number of species records, which could be addressed through future inventories.
Incorporating the influence of anthropogenic stressors and host fish availability would also improve
MaxEnt models but does require the compilation of additional databases.
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RESUME

Reid, S.M., Bell, A.H.M., LeBaron, A., Schmidt, B.J., and Jones, N.E. 2023. Predicting
mussel species at risk distributions in southwestern Ontario rivers using spatial
distribution models and the Aquatic Ecosystem Classification method. Can. Manuscr.
Rep. Fish. Aquat. Sci. 3259: vii + 26 p.

En recensant les relations avec les facteurs abiotiques et biotiques, les résultats des modéles
de répartition des espéces peuvent aider a déterminer les limites de I'habitat essentiel des espéces
aquatiques en péril, a diriger les comptabilisations des stocks et a définir les unités spatiales pour le
suivi a long terme des populations. Dans le cadre de la présente étude, nous avons tenté de
déterminer si des modéles de répartition spatiale (MRS) peuvent étre élaborés a partir des données
d’occurrence existantes dans le sud de I'Ontario pour cing espéces de moules en péril a 'aide du
logiciel MaxEnt, un programme de modélisation des distributions d’espéces avec des
enregistrements d’espéces en présence seulement. Les modéles ont été créés au moyen des
données sur la présence des espéces et les déterminants abiotiques pour les rivieres Ausable,
Bayfield, Grand, Thames et Sydenham. Les déterminants abiotiques comprenaient : l'inclinaison du
chenal, la couverture forestiére riveraine et du bassin versant, la température estivale de I'eau, la
géologie de surface et la zone du bassin versant en amont. Les déterminants étaient fondés sur le
schéma provincial de classification des écosystemes aquatiques (CEA). Des modéles de distribution
solidement étayés ont été élaborés pour les cing espéces de moules, 2 a 4 variables prédictives
influentes ayant été recensées pour chaque espéce. Les prédicteurs recensés systématiquement a
I'échelle des espéces comme ayant une incidence sur les habitats propices étaient la température
estivale de 'eau et la zone contributive en amont. D’autres variables informatives (p. ex. la géologie
et le couvert arboré) n’ont été recensées que pour les espéces les plus répandues (p. ex. la lampsile
fasciolée). Le nombre de variables prédictives informatives pour les espéces plus rares (p. ex. la
troncille pied-de-faon) est peut-étre limité en raison du petit nombre d’enregistrements d’espéces, ce
qui pourrait étre traité dans le cadre d’exercices de comptabilisation des stocks a venir. L’intégration
de l'incidence des facteurs de stress anthropiques et de la disponibilité des poissons-hdtes
améliorerait également les modéles MaxEnt, mais exige la compilation de bases de données
supplémentaires.
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INTRODUCTION

Southwestern Ontario rivers support the greatest diversity of freshwater mussels in
Canada and provide a refuge for riverine mussel species at risk from the adverse impacts of
invasive dreissenid mussels. Understanding the spatial distribution of mussel species at risk is
essential for delineating critical habitat, designing long-term monitoring programs, and directing
on-the-ground recovery actions. However, given the large amount of riverine habitat in
southwestern Ontario and practical constraints facing surveyors (e.g., turbid and non-wadeable
habitats, securing permission to access private lands), sampling coverage is not extensive across
most watersheds. Often aquatic species at risk surveys are directed back to areas of previous
species capture. Therefore, gaps exist in the knowledge of species distributions, affecting
conservation planning decisions. Spatial-based approaches are needed to define and account for
these biases.

By identifying relationships with abiotic factors, species distribution models (SDM) can
help assess whether unsampled river reaches are likely to support mussel species at risk, and
therefore require targeted surveys to refine the delineation of critical habitats. Additionally, output
from SDMs can be used to define the spatial boundaries of sampling frames associated with long-
term population monitoring programs. It is also possible to use “stacked” single species
distribution model outputs (for multiple species) for the purpose of identifying important sub-
watersheds for multi-species recovery actions. Lastly, SDMs developed for primary and
secondary host fishes could be used to model the potential spatial overlap/co-occurrence of
mussel species at risk with host fishes.

In this study, we tested whether SDMs can be developed from existing mussel species at
risk occurrence data using MaxEnt software; a program for modelling species distributions with
presence-only species records. MaxEnt is based on the maximum-entropy approach for modelling
species niches and distributions (Phillips et al. 2006). The software uses a list of species presence
locations as input as well as a set of environmental predictors across a user-defined landscape
that is divided into grid cells. From this landscape, MaxEnt extracts a sample of background
locations that it contrasts against the presence locations. Presence is unknown at background
locations. The model expresses a probability distribution where each grid cell has a predicted
suitability of conditions for the species. In the United States, MaxEnt has been used to predict the
distributions of imperiled freshwater mussels based on host fish richness, anthropogenic
stressors, and abiotic reach and landscape-based variables (Campbell and Hilderbrand 2017,
Daniel et al. 2018). As MaxEnt can perform well with a small number of location records (Wisz et
al. 2008), the software is potentially suitable for modelling rare species that have limited
geographic distributions.

In this report, we present results of MaxEnt species distribution modelling for Fawnsfoot
Truncilla donaciformis (SARA status: Endangered), Rainbow (Cambarunio iris; SARA status:
Special Concern), Round Pigtoe (Pleurobema sintoxia; SARA status: Endangered), Threehorn
Wartyback (Obliquaria reflexa; SARA status: Threatened), and Wavy-rayed Lampmussel
(Lampsilis fasciola; SARA status: Special Concern). The five species represent a range of data
availability for modelling, from a small number of records for Fawnsfoot to the more common and
widespread Wavy-rayed Lampmussel. Predictor variables were identified from abiotic attributes
used in Ministry of Natural Resources and Forestry Aquatic Ecosystem Classification (AEC)
scheme (Jones and Schmidt 2017). Models were built using species presence and abiotic
attribute data for the Ausable, Bayfield, Grand, Thames, and Sydenham rivers. While the full
distributions of all study species in southern Ontario are not covered, the rivers represent
extensively surveyed systems and provide a suitable dataset to demonstrate and assess the
modelling approach. The project supports the following priority research and monitoring actions
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for southern Ontario mussel species at risk: (i) improve understanding of species distribution
patterns; (ii) characterize critical habitat; and (iii) establish population monitoring programs.

METHODS

MODELLING DATASET

We obtained freshwater mussel species occurrence data (live individuals and fresh shells)
from the Fisheries and Oceans Canada lower Great Lakes Unionid database. Species records
were primarily from visual/tactile timed-search (Metcalfe-Smith et al. 2000; Wright et al. 2020) and
guadrat surveys (Reid and Morris 2017; Sheldon et al. 2020). Surveys were largely limited to
wadeable habitats, although occurrence data does include recent sampling of non-wadeable
habitats along the lower Grand River (Reid and LeBaron 2020). The time period of records used
was 1997 to 2019. We removed duplicates and records without geographic co-ordinates from the
dataset. In total, 994 sampling events were included in the dataset (Figure 1). There were 40
sampling events with Fawnsfoot detections, 213 sampling events with Rainbow detections, 165
sampling events with Round Pigtoe detections, 83 sampling events with Threehorn Wartyback
detections and 275 sampling events with Wavy-rayed Lampmussel detections. A sampling event
was defined as an individual freshwater mussel survey at a given site. We verified the
correspondence of site geographic co-ordinates with AEC reach boundaries in ArcGIS®10.3.1
(Esri, Redlands, California).

Habitat suitability at a landscape scale was based on the MNRF Aquatic Ecosystem
Classification (AEC). The AEC is a spatial data framework to classify all rivers and streams in
Ontario into ecologically homogenous units at several hierarchically nested spatial scales (Jones
and Schmidt 2017). The AEC summarizes climatic, geological, hydrological, and land cover
variables at four distinct spatial scales: reach contributing area (RCA), upstream catchment
(UCA), reach channel (RCh) (30 m raster), and upstream channel for the catchment (UCh) (30 m
raster) (Figure 2). AEC attributes have been used to successfully model Brook Trout (Salvelinus
fontinalis) and Brown Trout (Salmo trutta) in streams of the Ontario Mixedwood Plains Ecozone
(Jones et al. 2020). AEC attributes used as predictor variables of mussel species occurrence are
presented in Table 1 and Table 2.

We selected these eight AEC attributes as prior studies have explained landscape-level
mussel species distribution patterns in relation to: stream flow (Weber and Schwartz 2011,
Walters et al. 2015; Daniel et al. 2018), gradient (Cao et al. 2015), upstream catchment area
(Wenger et al. 2009), summer air temperature (Daniel et al. 2018), riparian vegetation and forest
cover (Wenger et al. 2009; Weber and Schwartz 2011), and geology (McRae et al. 2004; Weber
and Schwartz 2011). For predictor variables representing forest cover and surficial geology, we
combined AEC data layers to reduce the number of variables modelled. We recognize this set of
attributes is not an exhaustive list of relevant predictors but consider it to be sufficient for
evaluating presence-only modelling. Notably absent are fish host richness and variables that
represent anthropogenic stressors such as land use (agricultural and urban) and dams.

We converted each AEC layer to raster form using the polyline to raster tool in ArcGIS.
Raster grid size was 30 x 30 m with the same coordinate system as the AEC line layer: MNR
Lambert Conformal Conic. We snapped all rasters to the Provincial 30m DEM so the lines of the
AEC line layer were positioned in the middle of raster cells. By species, reaches with presences
were selected from the AEC line layer to create species-specific presence-only layers. We
calculated the centroids of these reaches and input into MaxENT. The number of reaches with
positive species detections were 20 for Fawnsfoot, 97 for Rainbow, 53 for Round Pigtoe, 27 for
Threehorn Wartyback, and 96 for Wavy-rayed Lampmussel.
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Prior to modelling, we assessed the correlation of predictor variable rasters using the
“layerstats” function in the R package “raster.” We used a variable inclusion threshold of <0.7 for
Pearson correlation coefficient values. The highest correlation was between RCh slope and RCh
temperature at -0.49. Therefore, all variables were used in MaxEnt models.

MAXENT MODELLING

Species distribution models were developed with MaxEnt Software (version 3.4.4) (Phillips
et al. [Internet]). For each species, we first modelled the influence of each predictor variable on
habitat suitability independently. Ten-fold cross validation was used, meaning that the data was
split differently 10 times with 90% dedicated to model training and 10% dedicated to testing. We
used the area-under-curve (AUC) of the receiver operating characteristic (ROC) as the primary
diagnostic output to assess individual variables. We only retained variables with an AUC >0.7 to
develop the final model (Phillips and Dudik 2008). AUC values at or below 0.5 indicate the model
is no more informative than expected from random chance.

To develop the final model for each species, we assessed the importance of retained
variables collectively using the following diagnostics: (i) percent contribution, (ii) permutation
importance, and (iii) jackknife tests (Phillips 2017). Jackknife tests produce three plots based on
regularized training gain, test gain, and AUC, all of which were considered. Selection of variables
was in part based on high percent contribution and permutation importance scores. Additionally,
jackknife test output identified variables that provided the most explanatory information alone, or
that was not already represented by other variables. We also used response curves to visually
assess variable suitability. In some cases, the shape of response curves for a variable in the full
model would differ dramatically from when run individually. In these cases, we removed variables
from full model development. For each species, suitable variables (based on diagnostics) were
run in a final comparison analysis. An AUC threshold of 0.7 was used to assess the performance
of final models. Final model structure was additive.

RESULTS

Robust habitat suitability models were developed for all five mussel species at risk (overall
AUC values >0.83). When run individually for each species, two to six variables were identified
as important predictors of habitat suitability (Table 3). At the upstream catchment area spatial
scale, important predictors were area (all species), combined tree cover (three species) and mean
overburden thickness (three species). Combined tree cover was just below the AUC threshold of
0.7 for Wavy-rayed Lampmussel. At the reach contributing area scale, the contributions of gravel
(Wavy-rayed Lampmussel) and sand (Fawnsfoot and Round Pigtoe) to surficial geology were
identified as important predictors. At the reach channel scale, important predictors were channel
slope (three species) and summer water temperature (all species). Except for Wavy-rayed
Lampmussel, some variables were dropped from full models due to dramatic changes in response
curve shape (Figure 3).

For all five species, summer water temperature and upstream catchment area were
retained in full MaxEnt models (Figure 4). Although important across all species, the relative
influence of summer water temperature and upstream catchment area varied for each species
(Table 4). Jackknife test output from the Fawnsfoot and Round Pigtoe MaxEnt models indicates
that summer water temperature was the important informative predicator on its own, and when
other variables were included in the model. Upstream catchment area was the important
informative predictor on its own for Threehorn Wartyback, and when other variables were
included. Jackknife test output indicates that upstream catchment area was the maost informative
predictor of Rainbow and Wavy-rayed Lampmussel habitat suitability on its own, but that summer
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water temperature provided the most additional information when other variables are included in
the model. For summer water temperature, the shape of the relationship with habitat suitability
was the same for all five species. Suitability improved linearly as summer water temperature
increased from ~16-19 °C up to an asymptote of ~25 °C (Figures 5-8). Response curves for
upstream catchment area were similar for Fawnsfoot, Threehorn Wartyback, and Round Pigtoe;
increasing rather linearly to an asymptote ~6750 km2. For Rainbow and Wavy-rayed Lampmussel,
the relationship was unimodal with suitability greatest between 2000 and 3000 km?2,

Additional predictors were only included in models for Rainbow (gravel - surficial geology),
Round Pigtoe (tree cover) and Wavy-rayed Lampmussel (gravel - surficial geology and
overburden thickness). For Rainbow, the relationship between habitat suitability and percent
contribution of gravel to surficial geology in the reach contributing area was unimodal with highest
values at intermediate values of 30 to 50% (Figure 6). Jackknife test results indicate that gravel
provides the most information not already contributed by other predictors. The response curve for
tree cover in the upstream catchment area was unimodal for Round Pigtoe with highest habitat
suitability values at relatively low values of 10 to 15% (Figure 7). For Wavy-rayed Lampmussel,
response curves for gravel (highest at 50 to 60%), and mean overburden depth in the upstream
catchment (highest at 40 m) were also both unimodal (Figure 8). For Round Pigtoe and Wavy-
rayed Lampmussel, the influence of these predictors on habitat suitability was less than summer
water temperature and upstream contributing area.

To illustrate the potential application of MaxEnt modelling output, habitat suitability maps
for each species and for all five species combined are provided by Figures 9 to 14. Overall, maps
predict suitable mussel habitats are present along reaches upstream and downstream of known
locations. In some cases, suitable habitat is predicted in watersheds where the species has not
been detected (e.g., Wavy-rayed Lampmussel in the Bayfield River). For Round Pigtoe and Wavy-
rayed Lampmussel, a few occupied AEC segments were classified with low suitability: upper
Thames River and lower Grand River, respectively. Compared to the other species, the amount
of suitable habitat predicted outside known occupied reaches was greatest for Rainbow.

DISCUSSION

Patterns of river mussel distribution have been studied over a wide range of spatial scales
from field studies of micro-habitat associations (Allen and Vaughn 2010) to regional-scale studies
testing island biogeography theories (Sepkoski and Rex 1974). In this study, we used MaxEnt
software to produce geographic models of habitat suitability for five mussel species at risk across
five southwestern Ontario rivers. AEC attributes identified consistently across species as
influencing habitat suitability were summer water temperature and upstream contributing area.
Other informative AEC attributes (geology and tree cover) were only identified for the three more
common species. The coupling of the AEC scheme with MaxEnt modelling presents an alternative
to the current approach of critical habitat delineation that is based on identifying Aquatic
Landscape Inventory Software (ALIS) layer segments occupied by species at risk. Additionally,
habitat suitability scores developed for multiple mussel species can be combined to assist in fine-
scale identification of “conservation hot-spots.” The current approach, informed by species
richness estimates, ranks conservation status at the tertiary watershed scale (Staton and
Mandrak 2006).

Unimodal habitat suitability relationships are expected for water temperature and riverine
mussel species (Miller et al. 1987). As the physiological processes of mussels are constrained by
water temperature, abnormally cold temperatures can limit growth and inhibit reproduction during
spring and summer. Extreme maximum summer water temperatures (especially during low-flow
events) can be physiologically stressful or result in mussel die-offs (Gates et al. 2015). Daniel et
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al. (2018) found annual air temperature to be an important predictor of habitat suitability for host
fishes, and for Rainbow and Wavy-rayed Lampmussel across Michigan rivers. The relationship
was unimodal for both mussel species. In our study, summer water temperature was a strong
predictor of mussel species at risk habitat suitability for all species. However, the relationship was
largely linear, likely reflective of lack of extreme water temperatures (i.e., >35 °C) near or above
the upper thermal tolerance limits of most species. Although not addressed in this study, air and
water temperatures are known to influence the distribution of fishes in southwestern Ontario
watersheds (Sharma and Jackson 2007; Chu et al. 2008); and therefore can be expected to have
an indirect influence on mussel species distributions.

Upstream catchment area provides an index of stream size and flow volume, which are
habitat characteristics well understood to be correlated with mussel species richness and shifts
in species distributions (Strayer 2008; Haag 2012). Compared to headwater areas, lower reaches
in watersheds are typified by a greater diversity of habitats, greater flow permanence and diversity
of host fishes. In Michigan and Texas rivers, flow volume was frequently identified (through
MaxEnt models) as influencing habitat suitability of mussel species (Walters et al. 2017; Daniel
et al. 2018). Daniel et al. (2018) found median flow volume to be an important predictor of habitat
suitability of eight species also found in Ontario rivers, including Rainbow, Round Pigtoe and
Wavy-rayed Lampmussel. In Michigan, species-response relationships were positive for Round
Pigtoe and negative for Rainbow and Wavy-rayed Lampmussel. In our study, there were positive
linear relationships between upstream catchment area and habitat suitability for Fawnsfoot,
Round Pigtoe, and Threehorn Wartyback. Habitat suitability for Rainbow and Wavy-rayed
Lampmussel was unimodal and greatest at intermediate upstream catchment sizes, reflective of
the concentration of distribution records further upstream than the other three species.

Surficial geology has a strong influence on water clarity and temperature, riverbed
(substrate) composition, channel morphology, and flow regimes. All these characteristics have
been used to explain variation in mussel species richness, abundance, and occurrence of
individual species at watershed and regional spatial scales (Strayer 1983; Arbuckle and Downing
2002; Weber and Schwartz 2011; Cao et al. 2015). The composition of the southwestern Ontario
surficial geology is spatially complex, with marked differences in the types of glacially deposited
materials that locally influence habitat conditions (Chapman and Putnam, 2007). For example,
the Sydenham River and the lower reaches of the Grand and Thames rivers flow through
landscapes where silts represent a substantial contribution to the surficial geology; these reaches
are characterized by poor water clarity and finer riverbed materials. For two of our study species,
variables linked to surficial geology are predicted to influence habitat suitability. For Rainbow and
Wavy-rayed Lampmussel, the landscape-level association with gravel is consistent with
described habitat associations at the local (or instream) level (Metcalfe-Smith et al. 2005; Bouvier
and Morris 2010). Overburden thickness (important for Wavy-rayed Lampmussel) represents
groundwater recession, and has been found to influence the distribution of trout species in
southern Ontario watersheds (Jones et al. 2020). Thick deposits of overburden contain large
amounts of groundwater and maintain flow volume during periods of drought. In contrast, thin
veneers of overburden may not have much water to supply during dry periods (Buttle et al. 2004;
Buttle and Eimers 2009). During such conditions, freshwater mussels are vulnerable to be killed
by desiccation, heat and/or mammalian predation (Strayer 1983).

Our MaxEnt modelling pilot study was limited to a small number of species and abiotic
predictor variables that could be easily extracted from the AEC. Accuracy of mussel SDM could
be improved by including information on fish hosts and anthropogenic stressors. Local presence
of mussel species at risk can be expected to be directly (via survival of glochidia) and indirectly
(via dispersal) constrained by the availability of suitable host fishes (Strayer 2008; Haag 2012).
In southwestern Ontario, a regional-level congruence exists between host fish and mussel
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community structure (Schwalb et al. 2013). Daniel et al. (2018) found host fish richness in
Michigan rivers to be the second most important variable in MaxEnt models for eight mussel
species (which included Ontario species: Black Sandshell (Ligumia nasuta), Deertoe (Truncilla
truncata), Elktoe (Alasmidonta marginata), Rainbow, Round Pigtoe and Wavy-rayed
Lampmussel). Inclusion of a fish host variable in future Ontario models would require: (i) a fish
occurrence database that corresponded to AEC segments (as done by Schwalb et al. using
Aquatic Landscape Inventory Software (ALIS) segments), or (ii) a fish host metric that was
predicted based on a landscape-level SDM (as done by Daniel et al. 2018).

Landscape-level variation in mussel species distributions has been attributed to
anthropogenic stressors such as: agriculture (Daniels et al. 2018), impervious cover and urban
development (Wenger et al. 2009; Daniels et al. 2018), density of dams (Weber and Schwartz
2011), and pollution (Weber and Schwartz 2011). Generally, these factors have a negative effect
on mussel species richness and distribution of sensitive species. In this study, MaxEnt modelling
did not directly investigate the influence of stressors on the distribution of mussel species at risk.
Although, we expect that forest and riparian cover is negatively correlated with AEC landcover
attributes: agricultural and rural, and community and infrastructure. As with fish hosts, the
inclusion of stress-related predictor variables requires the development of new metrics to augment
the AEC. At the sub-watershed scale, watershed health reports developed by Conservation
Authorities (CAs) provide an index of surface water quality. As well, a provincial stress index for
Ontario watercourses that includes measures of ecological integrity is being developed (N. Jones
pers. comm). Existing information on the barriers to fish movement and dams could be adapted
to create indices of river fragmentation and flow regulation. The MNRF Ontario Dam Inventory
(ODI) is a location-based inventory of medium and large dams. The ODI does not contain location
information on small dams and water control structures and it would need to be augmented with
other data sources (e.g., CAs) or field surveys.

While MaxEnt modelling is relatively robust to small sample sizes (i.e., data quantity),
results are sensitive to the quality of presence-only data. Species occurrence records suffer from
sources of error that may affect the performance and reliability of MaxEnt models, such as:
inaccurate spatial locations, biased sampling, and species misidentifications (Aubry et al. 2017).
The two primary mussel species at risk survey protocols used in southern Ontario rivers differ in
their sampling design, study objectives, and method of collecting mussels. We expect that the
risk of imperfect species detection at sampling sites will differ between protocols. Species
occurrences are more likely to be underreported from sites surveyed by only the timed-search
method, as species detection may require substrate excavation (Reid and Morris 2017) or multiple
repeat surveys (Reid 2016).

Additionally, presence-only SDM methods require a random (i.e., unbiased) or at least
representative sample of points from the landscape. Sampling sites were widely distributed across
our study watersheds (see Figure 1). However, several field data collection practices likely violate
this requirement, such as: (i) repeating historical mussel surveys, (ii) targeted site selection based
on prior knowledge of local species richness, and (iii) targeted sampling of wadeable habitats.
Models built with biased data may correspond more to a model of mussel survey effort than a
model of actual species distribution (Phillips et al. 2009). Suitability of AEC segments will be over-
estimated for those environments that have been sampled more intensively and underestimated
for those sampled less frequently (Guillera-Arroita et al. 2015). As sampling of small watercourses
and non-wadeable habitats along larger watercourses has been limited, the degree to which
associated environmental conditions are under-represented by MaxEnt output is not known.
However, it is reasonable to expect that such bias exists for study species (such as Fawnsfoot
and Threehorn Wartyback) more associated with deeper, non-wadeable habitats.



Our study demonstrates the potential for MaxEnt modelling to (i) identify factors
influencing the landscape-level distribution of mussel species at risk in southwestern Ontario
rivers, (ii) enhance critical habitat mapping with the inclusion of habitat suitability scores, and (iii)
identify stream and river reaches with potentially suitable conditions to support undocumented
mussel species at risk populations. As with any modelling approach, robust results are dependent
on a sufficiently large set of data collected in a manner consistent with statistical assumptions.
The breadth of habitat suitability measures for rarer species (e.g., Fawnsfoot and Threehorn
Wartyback) could be increased by identifying a greater number of occupied AEC segments
through targeted inventories of: (i) adjacent unoccupied AEC segments and (ii) hon-wadeable
reaches that represent suitable habitat conditions (Reid and LeBaron 2020, Fisheries and Oceans
Canada 2020). Segment attributes easily obtainable through the AEC do not encompass the full
range of abiotic and biotic factors expected to influence mussel species distributions.
Incorporating the influence of anthropogenic stressors and host fish availability into MaxEnt
models would require compilation of additional databases.
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Figure 1. Distribution of mussel species at risk survey records (n = 994) across five southwestern Ontario watersheds (Ausable,
Bayfield, Grand, Thames, and Sydenham). Time period for the surveys is 1997—2019. Source: Fisheries and Oceans Canada Lower

Great Lakes Unionid database.
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Figure 2. The four scales of AEC landscape summary that were derived using Arc Hydro layers
with black polygons/lines illustrating each scale: a) reach contributing area, b) upstream
catchment area, c) reach channel, and d) upstream channels.
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Figure 3. Examples of shifts in response curve shape when predictor variables are modelled
independently (upper) or in combination with other variables in the full MaxEnt model (lower).
The diagnostic approach was used to exclude suspect variables from full model development.
The x axis represents the range of values associated with each predictor variable. The y axis is
the probability of suitable conditions (as given by logistic output function) with all other variables
set to their average value over the set of presence localities.
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Figure 4. Jackknife test output for AEC predictor variables included in full MaxEnt models for
Fawnsfoot, Rainbow, Round Pigtoe, Threehorn Wartyback, and Wavy-rayed Lampmussel.
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Figure 5. Habitat suitability relationships (i.e., response curves) for Fawnsfoot and Threehorn Wartyback and summer water
temperature (upper graphs) and upstream catchment area (lower graphs).
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Figure 6. Habitat suitability relationships (i.e., response curves) for Rainbow and summer water temperature (upper left graph),
upstream catchment area (upper right graph), and gravel (lower graph).
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Figure 7. Habitat suitability relationships (i.e., response curves) for Round Pigtoe and summer water temperature (upper left graph),
upstream catchment area (upper right graph), and tree cover (lower graph).
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Figure 8. Habitat suitability relationships (i.e., response curves) for Wavy-rayed Lampmussel and summer water temperature (upper
left graph), upstream catchment area (upper right graph), gravel (lower left graph), and overburden depth (lower right graph).
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Figure 9. Habitat suitability across southwestern Ontario rivers for Fawnsfoot based on the full MaxEnt model. Locations of past
species detections (1997-2019) are identified with green dots ().
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Figure 10. Habitat suitability across southwestern Ontario rivers for Rainbow based on the full MaxEnt model. Locations of past
species detections (1997-2019) are identified with green dots (#).

19



Round Pigtoe
N reaches = 53

Suitability

0.000-0.173
—— 0.173-0.346
— 0.346 - 0.519
— 0.519-0.692
0.692 - 0.866
Reach Presences

Figure 11. Habitat suitability across southwestern Ontario rivers for Round Pigtoe based on the full MaxEnt model. Locations of past
species detections (1997-2019) are identified with green dots ().
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Figure 12. Habitat suitability across southwestern Ontario rivers for Threehorn Wartyback based on the full MaxEnt model. Locations

of past species detections (1997-2019) are identified with green dots ().
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Figure 13. Habitat suitability across southwestern Ontario rivers for Wavy-rayed Lampmussel based on the full MaxEnt model.
Locations of past species detections (1997-2019) are identified with green dots ().
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Figure 14. Combined habitat suitability across southwestern Ontario rivers for five mussel species at risk based on scores summed
across full MaxEnt models.
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Table 1. Description of seven Aquatic Ecosystem Classification (AEC) attributes used as predictor variables to model mussel species
at risk distributions in five southwestern Ontario watersheds. Scale acronyms: RCA = reach contributing area; RCh = reach channel,
UCA = upstream catchment area.

Variable (AEC attribute) Scale Variable unit Raw AEC layers combined

RCA sand RCA Proportion of area (0-1) RCA_Geology MRD128mat_sand
RCA_Geology MRD128mat_sand_gravelly
RCA_Geology MRD128mat_sand_silty

RCA gravel RCA Proportion of area (0-1) RCA_Geology MRD128mat_gravel
RCA_Geology_MRD128mat_gravel_sandy

RCh July temperature RCh Celsius No combination

RCh slope RCh degrees No combination

RCh tree cover RCh Proportion of area (0-1) RCh_Landcov_12UplandTreed

RCh_Landcov_13DeciduousTreed
RCh_Landcov_14MixedTreed
RCh_Landcov_15ConiferousTreed
RCh_Landcov_17HedgeRow

Upstream catchment area UCA  km? No combination
UCA overburden? UCA metres No combination
UCA tree cover UCA Proportion of area (0-1) pArea_UCA_Landcov_12UplandTreed

pArea_UCA_Landcov_13DeciduousTreed
pArea_UCA_Landcov_14MixedTreed
pArea_UCA_Landcov_15ConiferousTreed
pArea_UCA Landcov_17HedgeRow
1. areas with thick overburden materials such as moraines contain relatively coarse glaciofluvial and glaciolacustrine deposits, and provide substantial groundwater
inputs to streamflow
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Table 2. Summary of median values of eight Aquatic Ecosystem Classification (AEC) attributes used as predictor variables to model
mussel species at risk distributions in five southwestern Ontario watersheds. Medians were calculated using values for AEC

segments occupied by each mussel species at risk. Minimum and maximum values are provided in parentheses.

Variable Fawnsfoot Rainbow Round Pigtoe J\Zﬁsgggl Wavy-rayed Lampmussel
RCA sand 0.54 (0, 1) 0.21 (0, 0.99) 0.33(0,1) 0.26 (0, 1) 0.26 (0, 0.99)

RCA gravel 0(0,0.33) 0.06 (0, 0.69) 0 (0, 0.53) 0(0,0.13) 0.27 (0, 0.87)

RCh July temperature 24.1 (20.7, 25.3) 22.3 (18.7, 24.6) 23.8 (20.4, 25.3) 23.9 (20.7, 25.3) 23.1(18.9, 24.6)

RCh slope 0.001 (0, 0.003) 0.002 (0, 0.005) 0.001 (0, 0.007) 0.001 (0, 0.003) 0.002 (0, 0.007)

RCh tree cover

Upstream catchment area
UCA overburden

UCA tree cover

0.19 (0, 0.62)
4001.5 (5.4, 6714.2)
37.9 (6.5, 42.5)
0.07 (0.04, 0.09)

0.16 (0, 0.93)

440.2 (31.1, 6460.4)
33.6 (11.9, 59.7)
0.046 (0.02, 0.11)

0.24 (0, 0.65)
1142.8 (82, 6714.2)
36.3 (16.8, 61.8)
0.068 (0.05, 0.12)

0.13 (0, 0.62)
4155.5 (5.4, 6793.4)
34.6 (6.5, 42.5)
0.067 (0.04, 0.09)

0.10 (0, 0.93)

1115.9 (45.7, 6063.5)
35.5 (15.3, 59.1)
0.045 (0.025, 0.083)
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Table 3. Comparison of mean AUC values for individual predictor variables among five mussel species at risk. Variables with AUC
values 2 0.7 are highlighted in bold.

Variable Fawnsfoot Rainbow Round Pigtoe  Threehorn Wartyback Wavy-rayed Lampmussel
RCA gravel 0.635 0.675 0.439 0.642 0.763
RCA sand 0.713* 0.641 0.729* 0.583 0.655
RCh July temperature 0.954 0.800 0.924 0.960 0.891
RCh slope 0.825* 0.615 0.760* 0.837* 0.624
RCh tree cover 0.597 0.626 0.647 0.407 0.560
Upstream catchment area 0.925 0.881 0.946 0.946 0.909
UCA overburden 0.490 0.678 0.733* 0.769* 0.704
UCA tree cover 0.831* 0.614 0.808 0.846* 0.696

* denotes variables with AUC>0.7 but excluded from comparison analyses due to response curve inconsistencies and poor performance in jackknife tests

Table 4. Summary of diagnostics output (AUC, percent contribution PC and permutation importance Pl) used to develop full MaxEnt
models. The most influential variables are underlined.

Fawnsfoot Rainbow Round Pigtoe \tharretye/ggcr:rll C/Z?nvgr_r:?s“sagl
Variable PC Pl PC Pl PC Pl PC Pl PC Pl
RCA gravel 30.1 20.2 27.7 10.3
RCh July temperature 36.9 96.9 62.8 73.4 39 75 24.5 95.5 49.7 75.5
Upstream catchment area 63.1 3.1 7.1 6.4 50.4 2.6 75.5 4.5 21.4 6
UCA overburden 1.3 8.1
UCA tree cover 10.6 224
Overall Model AUC 0.957 0.831 0.952 0.969 0.929
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