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ABSTRACT: Freshwater mussels are the most imperiled taxa in North America. This study examined the utility of maximum
entropy (Maxent) modeling and spatial application to identify potential habitat for four endangered mussels in the Ohio
River basin in the USA: Pleurobema clava, Cyprogenia stegaria, Epioblasma torulosa rangiana, and Plethobasus cyphyus.
We compared occurrence data for each of these four mussel species to flow, geomorphic, buffer, and impairment data by
stream segment, as well as land cover, permeability, and impairments within their cumulative catchment. Maxent models
predicted between 0.2 and 1.3% of the basins to contain suitable habitat. Further, most suitable stream segments identified
by the model and also containing endangered mussels were >10 km. Within stream segments, microhabitat features like
substrate and bank stability may be important factors. However, catchment-scale geomorphic and land use conditions also
influence the distribution of aquatic species. Coarse-scale aquatic modeling, such as that described here, can help prioritize
site surveys and subsequent conservation and reintroduction measures.
Keywords: Maximum entropy, spatial modeling, Pleurobema clava, Cyprogenia stegaria, Epioblasma torulosa rangiana,
Plethobasus cyphyus, Ohio River
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INTRODUCTION

important ecosystem functions like sediment stabilization
and nutrient cycling. Unfortunately, this taxon is highly
imperiled; some 68% of freshwater mussel species are
vulnerable, and many have gone extinct. The four species
in this study were extirpated from the vast majority of their
historic range, and most of the remaining populations are
small and geographically isolated (NatureServe, 2009).

Project Overview
In 1973, the United States Congress and President
Richard Nixon passed the Endangered Species Act (ESA)
to protect critically imperiled species from extinction, and
the ecosystems upon which they depend. The ESA is
administered by the U.S. Fish and Wildlife Service (FWS)
for non-marine species.

Suitable habitat for freshwater mussels allows juveniles
to settle, has substrate firm enough for support but soft
enough for burrowing, is stable during floods, is wet during
droughts, delivers food and essential materials (oxygen,
calcium, etc.), provides favorable temperatures for growth
and reproduction, provides protection from predators,
and contains no toxic materials (Strayer, 2008). Rivers
and larger streams, if unimpaired, generally contain more
habitat niches and glochidial host fish than smaller streams.
They are also less likely to dry out than smaller streams.

NiSource Inc., a natural gas transmission and storage
company, operates a 25,000 km network of natural gas
pipelines through 14 states, extending from the Gulf
of Mexico to New York and the Great Lakes. NiSource
currently conducts up to 90 biological consultations per
year with FWS on more than 40 species covered by the
ESA that might be affected by normal pipeline operations
and maintenance. This permit-by-permit, year-by-year
approach is not only costly and time-consuming for the
company, but also ineffective in addressing the overall
habitat needs of the species.

According to FWS (2010) and NatureServe (2009), P.
clava inhabits small to medium-sized rivers and streams.
It is generally found in clean, coarse sand and gravel in
shallow riffles and runs with moderate current, in less than
0.5 to 1 m of water. C. stegaria inhabits the shoals and
riffles of medium to large streams and rivers, most often
in relatively deep water with sandy or gravelly substrates
and a moderate to strong current. E. torulosa rangiana
occurs in a wide variety of streams, preferring stream runs
or riffles with a bottom of firmly packed sand and fine to
coarse gravel, and swiftly moving, well-oxygenated water.
P. cyphyus occurs primarily in large rivers, where it has
been found in deep water (>2 m) with slight to swift currents
and mud, sand, or gravel bottoms; and shallow shoals with
moderate to swift currents over coarse sand and gravel.

NiSource and FWS decided the process needed rethinking.
Together with state agencies and The Conservation Fund,
an environmental and economic non-profit organization
that has protected more than 6.7 million acres of land,
they developed a multi-species habitat conservation plan
(MSHCP) covering future construction, operation, and
maintenance of NiSource’s natural gas pipelines and
ancillary facilities throughout its entire current footprint. If
approved, the MSHCP will cover all potentially affected
federally listed species over the next 50 years. It identifies
measures NiSource must take to avoid, minimize, and
mitigate potential impacts to these species. As part of
this process, we sought to identify suitable habitat for
conservation or reintroduction of five freshwater mussels,
four of these in the Ohio River basin: Pleurobema clava,
Cyprogenia stegaria, Epioblasma torulosa rangiana,
and Plethobasus cyphyus. All four of these species are
protected by the ESA, and covered by the MSHCP.

Stressors to freshwater mussels include stream
channelization or impoundment, stream flow alteration and
instability associated with development, sedimentation and
siltation from construction or other activities, water supply
withdrawals, in-stream sand and gravel mining, acid mine
drainage, chemicals and other pollutants, loss of riparian
forest, and host fish blockages like dams. Inadequate
water flow and high-volume floods can kill or stress
mussels; drying is the greatest threat. Mussels are highly
sensitive to ammonia, copper, and other metals (Strayer,
2008), and prefer a pH between 7.0-8.3 (Thorp and Covich,
1991). Accumulations of sediments ≥0.6 cm can be lethal,

Overview of Freshwater Mussel Habitat
North America has the highest diversity of unionids
(freshwater mussels) in the world. They historically
occurred in dense multi-species assemblages, and provide
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Study Area

and concentrations of dissolved solids ≥600 mg/l can harm
individuals (NatureServe, 2009).

Location and Size
Habitat Modeling Approach

We performed this study in the Ohio River basin (Figure
1). By volume, the Ohio River is the largest tributary to the
Mississippi River, with a drainage area of 524,291 km2, and
a mean annual discharge of 8,150 m3/sec.

Hopkins (2009) compared the distribution of Quadrula
cylindrica, a freshwater mussel, to environmental variables
at multiple scales in the upper Green River system
in Kentucky. Variables included land use/land cover
composition and pattern, soil composition, geology, and
riparian buffer proportion. Boosted regression trees found
the most influential variables to be patch density at the
reach scale and soil composition at the riparian scale.

Geologic History
The Ohio River basin has been substantially altered by the
effects of multiple glaciations, and the modern structure
of the river was formed during the Illinoian glaciation. The
prominent physiography is one of eroded plateaus, thus
the predominant surface geologic deposits are colluvium
and residuum. Glacial tills, which cover about one-fifth of
the basin, are found in the northernmost area. The upper
Ohio basin contains mostly colluvium, while the lower Ohio
and most of the Tennessee basin contain residuum. The
Ohio River basin includes five physiographic provinces,
which together with lack of glacial effects in the southern
portions, has resulted in one of the most diverse aquatic
fauna in the world.

We used maximum entropy (Maxent) modeling, followed by
spatial application, to identify mussel habitat at the segment
and catchment scale. Maxent is a machine learning
technique that can be used to predict the geographic
distribution of animal or plant species or other entities of
interest. Maxent (Phillips et al., 2004; 2006) compares a
set of samples from a distribution over a defined space,
such as recorded locations of a particular species, to a set
of features, such as relevant environmental variables, over
that same space. Maxent estimates the spatial distribution
of the species (i.e., predicts suitable habitat) by assuming
nothing about that which is unknown (maximizing
entropy) but matching the relationships between recorded
occurrences and underlying variables.

Human Alterations
Once entirely forested, the basin is now only half forested,
with most occurring in headwater regions. Human
alterations currently cover 44% of the basin, with 9%
developed and the remainder agriculture. Agriculture occurs
predominantly in the lower-lying western portions of the
basin, taking advantage of the fertile glacial and residuum
based soils. The Ohio River was artificially deepened by
dams constructed to facilitate commercial navigation. Due
to the importance of the basin’s rivers for navigation, most
of the major metropolitan areas occur along the Ohio River
and its major tributaries.

Unlike other techniques like logistic regression, maximum
entropy modeling does not require reliable species absence
data, which are rarely available (Elith et al., 2006; Phillips
et al., 2006; Baldwin, 2009). Maxent can also produce
solutions with a small set of observations, although the
larger the number of observations, the more accurate
model output is likely to be. For example, Pearson et al.
(2007) reported significant predictive ability with sample
sizes as low as five, but cautioned that uncertainty might
be high in such cases. The benefit of additional locations
in Maxent appears to plateau around 50 (Hernandez et al.,
2006). Elith et al. (2006) found that Maxent was one of the
best of 16 different methods for modeling the distributions
of 226 species in 6 different regions. Similarly, Wisz et al.
(2008) found that Maxent was one of the best predictors
among 12 different models tested.

Locational Data
We received occurrence data for the four mussels from
state Natural Heritage Programs. They provided some
of this data in point form, and some in polygon. Spatial
accuracy varied; in many cases only close enough to
identify the occurrence stream segment and catchment.
15
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Figure 1. Major rivers and geologic deposits in the Ohio River basin. The inset shows
the location of the Ohio River basin in the USA.
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We converted polygon occurrence data to points, selecting
centroids, but constraining them to fall within the polygon.
We merged records from all states in the study area. We
omitted records with Poor viability (EO rank = “D”), Historical
records (H), Failed to find (F), Extirpated (X), records prior
to 1990, and subfossils.

we did not examine potential relationships at a local (reach
or microhabitat) scale. Instead, we focused solely on the
segment and catchment scales.
Table 1 lists the variables computed for each NHDPlus
stream segment. We obtained surficial geology units and
deposit types from Fullerton et al. (2004), compiled at a 1:1M
scale. We obtained karst data from Weary (2008), believed
accurate within 300 m. We obtained soil permeability from
CONUS-Soil (Miller and White, 1998), selecting the value
for the top layer of soil (0-5 cm; field [L1_PERM]). We
obtained land cover from the 2001 National Land Cover
Database (NLCD; U.S. Geological Survey; see Homer et
al. 2004). We obtained stream impairment data from the
EPA’s 303(d) list, selected only current impairments, and
lumped the causes into 9 categories. To identify impounded
stream segments, we identified NHDPlus segments that
intersected NHDPlus lakes, ponds, or reservoirs (not
wetlands). We did not notice any ponds that intersected
segments.

To reduce positional errors and spatial bias, we considered
stream segments as the unit of analysis for occurrence
data. We selected NHDPlus (Bondelid et al., 2007)
catchments that contained the species being modeled,
and used the centroid coordinates as the locations for the
Maxent models.

Reach Variables
We obtained streams, stream catchments, and flow data
from NHDPlus. The NHDPlus streams were digitized at
a 1:100K scale, corresponding to a horizontal accuracy
around 50 m. Because of spatial inaccuracies in the data,

Table 1. Variables computed within each NHDPlus catchment.
Variable

Definition

CAT_MAFLOWU

Mean Annual Flow - Unit Method (cfs)

CAT_MAVELU

Mean Annual Velocity - Unit Method (fps)

CAT_ELEV_CM

Mean segment elevation – smoothed (cm)

CAT_SLOPE1000

Mean channel slope (mm/m)

RCH_GEO_UNIT

Majority surficial geology unit within 60m of NHDPlus stream segment

RCH_DEP_TYPE

Majority surficial geology deposit type within 60m of NHDPlus stream segment

RCH_P_KARST60

Percent karst geology within 60m of NHDPlus stream segment

RCH_SOILPER60
RCH_PCTFORW60

Mean soil permeability within 60m of NHDPlus stream segment
Percent forest and wetland cover (from 2001 NLCD) within 60m of NHDPlus stream
segment

RCH_IMPOUNDED

Reach impounded? (yes/no)

RCH_AMMONIA

RCH_TOXIC_2

Reach listed as impaired for ammonia?
Reach listed as impaired for unknown - fish kills; chlorine; dioxins; fish consumption
advisory; mercury; metals (other than mercury); oil and grease; PCB’s; pesticides; pH;
radiation; salinity/TDS/sulfates/chlorides; taste, color and odor; total toxicity; toxic
inorganics; or toxic organics?
Reach listed as impaired for ammonia, unknown - fish kills; chlorine; dioxins; fish
consumption advisory; mercury; metals (other than mercury); oil and grease; PCB’s;
pesticides; pH; radiation; salinity/TDS/sulfates/chlorides; taste, color and odor; total
toxicity; toxic inorganics; or toxic organics?

RCH_PHYSICAL

Reach listed as impaired for flow alteration; habitat alteration; temperature?

RCH_SEDIMENT

RCH_BIOLOGIC2

Reach listed as impaired for sediment or turbidity?
Reach listed as impaired for algal growth; noxious aquatic plants; nutrients; organic
enrichment/oxygen depletion; pathogens?
Reach listed as impaired for unknown - impaired biota; nuisance exotic species; nuisance
native species?
Reach listed as impaired for unknown - impaired biota; nuisance exotic species; nuisance
native species; noxious aquatic plants?

RCH_OTHER_IMP

Reach listed as impaired for trash or unknown reasons?

RCH_ANYIMPAIR

Reach listed as impaired for any reason? (yes/no)

RCH_TOXIC_IMP

RCH_EUTROPHIC
RCH_BIOLOGIC
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Catchment Variables

We also calculated a Developed Land Cover Buffered
Flowpath Metric: the length in meters of forest or wetland
cells that a developed land cover cell flows through to reach
the nearest stream; and an Agriculture Buffered Flowpath
Metric; the length in meters of forest or wetland cells that
an agricultural land cover cell flows through to the nearest
stream. These metrics, which incorporate land cover,
topography and hydrology, can represent potential water
pollution loads better than simple land use percentages
or fixed buffer width metrics (Baker et al., 2006). We
summed the inverse buffer width (1 / (buffer flow length in
meters + 1)) for agriculture and developed land within each
cumulative catchment, representing non-point pollution
loading to the stream segment. Table 2 lists the variables
computed within each cumulative NHDPlus catchment.

In addition to examining parameters at the segment scale,
we assessed parameters within each cumulative catchment
(i.e., the entire drainage to the end point of each stream
segment, not just the subsection adjacent to the segment)
using the NHDPlus Catchment Attribute Allocation and
Accumulation Tool (CA3T; Horizon Systems Corporation).
These included metrics like 2001 land cover, impervious
surface, tree cover, alluvium, karst areas, soil permeability,
and length of various stream impairments (Table 2). We
defined alluvium as surficial alluvial or glacial deposits of
primarily gravel or sand from Fullerton et al. (2004), chosen
because of relatively high permeability.

Table 2. Variables computed within each cumulative NHDPlus catchment.
Variable

Definition

CAT_AREA_KM2

Cumulative drainage area (km )

CAT_IBWA_KM

Cumulative sum of inverse buffer width from agriculture (1 / (buffer flow length in meters + 1))

CAT_IBWD_KM

Cumulative sum of inverse buffer width from developed land (1 / (buffer flow length in meters + 1))

CAT_TREE_HA

Cumulative sum of tree canopy area (ha)

CAT_TREE_PCT

Cumulative mean percent of tree canopy cover

CAT_IMPERV_HA

Cumulative sum of impervious cover area (ha)

CAT_IMPER_PCT

Cumulative mean percent of impervious cover

CAT_KARST_PCT

Cumulative mean percent of karst geology

CAT_LC01AGPCT

Cumulative area-weighted percent of agricultural land, from 2001 NLCD

CAT_LC01DEVPC

Cumulative area-weighted percent of developed land, from 2001 NLCD

CAT_LC01FORPC

Cumulative area-weighted percent of forests and wetlands, from 2001 NLCD

CAT_PERGEOPCT

Cumulative percent of surficial alluvium

CAT_PERM_AVG

Cumulative Soil Permeability – Average

CAT_AMMON_KM

Cumulative length of segments with ammonia impairment (km)
Cumulative length of segments with impairment for unknown - fish kills; chlorine; dioxins; fish consumption
advisory; mercury; metals (other than mercury); oil and grease; PCB’s; pesticides; pH; radiation;
salinity/TDS/sulfates/chlorides; taste, color and odor; total toxicity; toxic inorganics; or toxic organics (km)
Cumulative length of segments with impairment for ammonia, unknown - fish kills; chlorine; dioxins; fish
consumption advisory; mercury; metals (other than mercury); oil and grease; PCB’s; pesticides; pH;
radiation; salinity/TDS/sulfates/chlorides; taste, color and odor; total toxicity; toxic inorganics; or toxic
organics (km)
Cumulative length of segments with impairment for flow alteration; habitat alteration; temperature (km)

CAT_TOXIC_KM

CAT_TOXIC2_KM
CAT_PHYS_KM
CAT_SEDIM_KM
CAT_EUTROP_KM
CAT_BIOIMP_KM
CAT_BIOIMP2KM
CAT_OTHER_KM

2

Cumulative length of segments with impairment for sediment or turbidity (km)
Cumulative length of segments with impairment for algal growth; noxious aquatic plants; nutrients; organic
enrichment/oxygen depletion; pathogens (km)
Cumulative length of segments with impairment for unknown - impaired biota; nuisance exotic species;
nuisance native species (km)
Cumulative length of segments with impairment for unknown - impaired biota; nuisance exotic species;
nuisance native species; noxious aquatic plants (km)
Cumulative length of segments with impairment for trash or unknown reasons (km)
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Spatial allocation of variables

below the minimum length that contained occurrences of
the mussel, and thereby identified stream sections that met
both modeled habitat and length thresholds.

We prepared variables as continuous grids. To reduce the
file size below the Microsoft® Windows XP computational
limits, we resampled all variable grids to 90 m cells. We
then converted them to ASCII format for use in Maxent.
As before, we calculated all variables at the segment and
catchment scales.

RESULTS
Pleurobema clava
The Maxent model for P. clava had an average test AUC for
the replicate runs of 0.944. Table 3 estimates the relative
contributions of the environmental variables that contributed
at least 2% to the Maxent model of C. stegaria, and the
values associated with higher probabilities of presence.
We chose a reporting threshold of 2% because there was a
distinct break there between the top variables and the rest.
To determine the estimate, in each iteration of the training
algorithm, the increase in regularized gain was added to the
contribution of the corresponding variable, or subtracted
from it if the change to the absolute value of lambda was
negative. Variables were inter-related, and combined in a
variety of ways to create the model. Therefore, individual
variable contributions should be interpreted with caution.
The environmental variable CAT_PERGEOPCT had the
highest training and test gain when used in isolation, and
therefore appeared to have the most useful information by
itself. This variable also decreased the gain the most when
it was omitted, and therefore appeared to have the most
information that wasn’t present in the other variables. It
was closely followed by several other variables.

Maxent model
We used Maxent version 3.3.2, and used 10-fold crossvalidation, which split the locational data ten times into
different sets with 90% of points for training and 10% for
testing. Based on experience with other data sets, we used
Maxent’s default settings, except we used all possible
variable relationships (linear, quadratic, product, threshold,
and hinge). We set the output format to logistic.
Maxent output includes the receiver operating characteristic
(ROC) curve, which in this case tells the user how well the
model distinguished occurrences from random locations.
The area under the ROC curve (AUC) should be as close
to 1.0 as possible; an AUC of 0.5 indicates predictivity no
better than random chance.

Spatial Maxent application
We converted Maxent ASCII output to a percentile grid.
Then we selected the Maxent threshold that captured the
highest proportion of known occurrences, while including
the least area of catchments. Generally, this corresponds
to maximum sensitivity plus specificity, but we examined
a number of thresholds. We identified the majority Maxent
value within each NHDPlus catchment. Then, we selected
those catchments corresponding to Maxent values above
the test maximum sensitivity plus specificity threshold, and
grouped these into spatially contiguous sections. From
these, we selected those groupings that also contained
catchments with Maxent values greater than the most
parsimonious threshold.

The logistic threshold corresponding to maximum test
sensitivity plus specificity was 0.1837, which captured
93% of test points, 90% of training points, and 4.98%
of area on average (p<0.001). Other reported Maxent
thresholds captured fewer test points on average and, in
most cases, more area. Comparing Maxent output to P.
clava occurrences, a threshold of 0.22 appeared more
parsimonious (Table 7).
We identified all NHDPlus catchments with Maxent values
>0.1837, and grouped these into spatially contiguous
sections. From these, we selected those groupings that
also contained catchments with Maxent values >0.22.
We then selected those NHDPlus segments within those
catchments, and calculated the length of these contiguous
sections using Hawth’s Tools. The shortest continuous
stream section with these model values and containing

We then selected the NHDPlus segments within those
catchments, and calculated the length of these contiguous
sections using Hawth’s Tools (http://www.spatialecology.
com/htools/tooldesc.php). We compared the length of
each stream section above the Maxent threshhold to
actual presence of the mussel. We filtered out sections
19
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Epioblasma torulosa rangiana

P. clava was 4.4 km. Rounding down to one significant
digit, we selected NHDPlus segments within stretches of
modeled suitable habitat >4 km. These totaled 442 km
(0.4% of the Ohio River basin).

The Maxent model for E. torulosa rangiana had an
average test AUC of 0.923. Table 5 estimates the relative
contributions of the environmental variables that contributed
at least 3% to the Maxent model of E. torulosa rangiana,
and the values associated with higher probabilities of
presence. The environmental variable CAT_MAFLOWU
had the highest training gain when used in isolation, and
therefore appeared to have the most useful information by
itself. This was followed by CAT_TREE_HA, CAT_AREA_
KM2, CAT_IMPERV_HA, CAT_MAVELU, CAT_IBWD_
KM, and CAT_IBWA_KM (gain >1.5). The environmental
variable CAT_SLOPE1000 decreased the training gain
the most when it was omitted, and therefore appeared to
have the most information that wasn’t present in the other
variables.

Cyprogenia stegaria
The Maxent model for C. stegaria had an average test AUC
of 0.967. Table 4 estimates the relative contributions of the
environmental variables that contributed at least 3% to the
Maxent model of C. stegaria, and the values associated
with higher probabilities of presence. The environmental
variable CAT_TREE_HA had the highest training and test
gain when used in isolation, and therefore appeared to have
the most useful information by itself. This was followed by
CAT_MAFLOWU, CAT_IBWA_KM, CAT_AREA_KM2, and
CAT_IBWD_KM (gain >2.0). The environmental variable
CAT_KARST_PCT decreased the gain the most when it
was omitted.

The logistic threshold corresponding to maximum test
sensitivity plus specificity was 0.1836, which captured
92% of test points, 93% of training points, and 6.89%
of area on average (p=0.0013). Other reported Maxent
thresholds captured <90% of test points on average, or
>30% of area. Comparing Maxent output to E. torulosa
rangiana occurrences, a threshold of 0.40 appeared more
parsimonious (Table 7).

The logistic threshold corresponding to maximum test
sensitivity plus specificity was 0.1926, which captured
96% of test points, 93% of training points, and 4.68%
of area on average (p<0.001). Other reported Maxent
thresholds captured fewer test points on average and, in
most cases, more area. Comparing Maxent output to C.
stegaria occurrences, a threshold of 0.40 appeared more
parsimonious (Table 7).

We selected all NHDPlus segments with Maxent values
>0.40, and added connecting segments with values
>0.1836. The shortest continuous stream section with
these model values and containing E. torulosa rangiana
was 1.34 km. Most such sections were >10 km. We
selected NHDPlus sections within stretches of modeled
suitable habitat >1 km. These totaled 676 km (0.2% of the
Ohio River basin).

We identified all NHDPlus catchments with Maxent values
>0.1926, and grouped these into spatially contiguous
sections. From these, we selected those groupings that
also contained catchments with Maxent values >0.40.
We then selected those NHDPlus segments within those
catchments, and calculated the length of these contiguous
sections. The shortest continuous stream section with
these model values and containing C. stegaria was 12
km. Rounding down to one significant digit, we selected
NHDPlus sections within stretches of modeled suitable
habitat >10 km, made manual additions where this
automated procedure missed part of the high valued
sections, and manual subtractions of tributaries that should
not have been included. These totaled 1245 km (1.3% of
the Ohio River basin).

Plethobasus cyphyus
The Maxent model for P. cyphyus had an average test AUC
of 0.952. Table 6 estimates the relative contributions of the
environmental variables that contributed at least 3% to the
Maxent model of P. cyphyus, and the values associated
with higher probabilities of presence. The environmental
variable CAT_IBWD_KM had the highest training and
test gain when used in isolation, and therefore appeared
to have the most useful information by itself. This was
closely followed by CAT_IMPERV_HA, CAT_TREE_HA,
CAT_MAFLOWU, and CAT_AREA_KM2 (gain >1.5). The
20
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Table 3. Individual contributions of variables that contributed >2% to the Maxent model of P. clava, and values
associated with higher probabilities of presence.
Variable
CAT_PERGEOPCT
CAT_MAFLOWU
CAT_SEDIM_KM

Percent
contribution
37.3
25.7
4.7

RCH_GEO_UNIT

3.2

CAT_PHYS_KM
CAT_EUTROP_KM
CAT_TREE_HA
CAT_TOXIC_KM

3.0
3.0
2.8
2.4

RCH_DEP_TYPE

2.3

RCH_IMPOUNDED
RCH_PCTFORW60

2.2
2.1

Values associated with P. clava presence
Peak ~30-50%
Peak ~100,000 cfs
0, with rapid suitability dropoff as this increases
Outwash deposits, ice-contact deposits, and glacial-lake deposits;
ice-contact sand and gravel; outwash sand and gravel; channel and
flood-plain alluvium; loamy solifluction deposits, colluvium, and
decomposition residuum
0, with rapid suitability dropoff as this increases
0, with rapid suitability dropoff as this increases
Peak ~100,000 ha
0, with rapid suitability dropoff as this increases
Glaciofluvial (outwash) deposits; ice-contact deposits; solifluction
deposits; catastrophic glacial outburst-flood deposits
Not impounded
100%, with suitability dropoff below this

Table 4. Individual contributions of variables that contributed >3% to the Maxent model of C. stegaria, and
values associated with higher probabilities of presence.
Variable
CAT_TREE_HA
CAT_IBWA_KM
RCH_GEO_UNIT
CAT_PERM_AVG
CAT_KARST_PCT

Percent
contribution
48.3
19.5
5.5
4.2
3.0

Values associated with C. stegaria presence
~4.5 M ha, but also a peak <1 M ha.
Peak ~8000 km
Channel and flood-plain alluvium; alluvial, outwash, ice-contact, and
glacial-lake deposits
Peak 70-75 µm/hr
Peak ~45-55%, with rapid decline <~8%

Table 5. Individual contributions of variables that contributed >3% to the Maxent model of E. torulosa
rangiana, and values associated with higher probabilities of presence.
Variable

Percent
contribution

CAT_MAFLOWU
CAT_PERGEOPCT

26.8
18.1

RCH_DEP_TYPE

15.1

CAT_SEDIM_KM

12.2

CAT_ELEV_CM

5.3

RCH_GEO_UNIT

4.2

CAT_TREE_HA

3.1

Values associated with E. torulosa rangiana presence
On the order of 100,000 cfs
10-40% surficial alluvium
Stream segments through solifluction deposits, glaciofluvial
deposits, and glacial outburst-flood deposits
Close to zero; rapid decline as sediment-impaired stream length
increased
~250-350 m
Outwash deposits, ice-contact deposits, and glacial-lake deposits;
loamy solifluction deposits, colluvium, and decomposition
residuum; channel and flood-plain alluvium
~1E6 ha
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variable RCH_IMPOUNDED decreased the gain the most
when it was omitted, and therefore appeared to have the
most information that wasn’t present in the other variables.

We then selected those NHDPlus segments within those
catchments, and calculated the length of these contiguous
sections. The shortest continuous stream section with
these model values and containing P. cyphyus was 3.3
km. Rounding down to one significant digit, we selected
NHDPlus sections within stretches of modeled suitable
habitat >3 km. These totaled 860 km (0.8% of the Ohio
River basin). Reaches >10 km were preferable.

The logistic threshold corresponding to maximum test
sensitivity plus specificity was 0.2751, which captured
91% of test points, 94% of training points, and 2.65%
of area on average (p<0.001). Other reported Maxent
thresholds captured fewer test points on average and, in
most cases, more area. Comparing Maxent output to P.
cyphyus occurrences, a threshold of 0.39 appeared more
parsimonious (Table 7).

Figure 2 maps predicted suitable catchments for P. clava,
C. stegaria, E. torulosa rangiana, and P. cyphyus. The map
depicts the number of predicted habitat co-occurrences.
Only a small section of the Tippecanoe River in northern
Indiana was predicted to contain suitable habitat for all four
species. The Tippecanoe, the Allegheny river in northwest
Pennsylvania, and a section of the Green River in Kentucky
were predicted to contain habitat for three species.

We identified all NHDPlus catchments with Maxent values
>0.2751, and grouped these into spatially contiguous
sections. From these, we selected those groupings that
also contained catchments with Maxent values >0.39.

Table 6. Individual contributions of variables that contributed >3% to the Maxent model of P. cyphyus, and
values associated with higher probabilities of presence.
Variable

Percent
contribution

CAT_IBWD_KM

33.3

CAT_TREE_HA
CAT_PERM_AVG

15.9
11.6

RCH_DEP_TYPE

7.1

RCH_P_KARST60
RCH_IMPOUNDED
CAT_KARST_PCT

4.6
4.5
3.5

Values associated with P. cyphyus presence
0 and 4,000-11,000; this was probably a geographic correlation with
other variables
0 and >5E6 ha
~60-70 µm/hr
Primarily sheetwash alluvium and catastrophic glacial outburst-flood
deposits; secondarily Eolian deposits and solution residuum
Strong peak at 100%
Unimpounded
~50%

Table 7. Maxent thresholds compared to focal species occurrences.
Species
P. clava
C. stegaria
E. torulosa rangiana
P. cyphyus

Percent of species
occurrences above this
threshold
93 (n=54)
93 (n=54)
94 (n=82)
94 (n=82)
88 (n=40)
90 (n=40)
95 (n=59)
95 (n=59)

Maxent value
threshold
>0.22
>0.1837
>0.40
>0.1926
>0.40
>0.1836
>0.39
>0.2751
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Percent of Ohio
basins above this
threshold
1.7
2.2
0.7
1.5
0.2
0.6
0.7
1.0
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Figure 2. Predicted suitable catchments for Pleurobema clava, Cyprogenia stegaria, Epioblasma
torulosa rangiana, and Plethobasus cyphyus in the Ohio River basin. The map depicts the number of
predicted habitat co-occurrences. Only one small section of the Tippecanoe River in northern Indiana
was predicted to be suitable for all four species.
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DISCUSSION

listed mussels were >10 km. Stream lengths we identified
between 1-10 km should be considered less suitable than
lengths >10 km. As with terrestrial species, small, isolated
areas of habitat (e.g., suitable sections <1 km long) may
only support small, inbred populations that may be doomed
to local extinction.

Based on available survey and environmental data in
the Ohio River basin, the Maxent model predicted about
0.4% of stream and river length to be suitable habitat for
Pleurobema clava, 1.3% for Cyprogenia stegaria, 0.2% for
Epioblasma torulosa rangiana, and 0.8% for Plethobasus
cyphyus.

We compared Maxent output to mussel locations identified
by state aquatic biologists in interviews. The vast majority
(>90%) of streams and rivers identified by the biologists
as containing P. clava, C. stegaria, E. torulosa rangiana,
or P. cyphyus were identified as suitable habitat for those
species by the Maxent models. However, the Maxent
models also predicted suitable habitat in many streams that
lacked the species. There are many potential explanations
for this discrepancy.

Top predictive variables for the four mussels included
catchment geology type, stream flow, measurements
of drainage area (e.g., tree area), stream impairments
like sedimentation and impoundment, soil permeability,
and riparian forest cover. Geology type was a consistent
predictor, and can influence both hydrology and water
quality. Alluvial deposits, karst, and other permeable
geologic formations can increase groundwater flow into
streams. Arbuckle and Downing (2002) found that mussel
density and species richness are higher in streams with
high fractions of alluvial deposits. Such streams are more
stable, with greater groundwater recharge and lower surface
runoff, especially in agricultural watersheds (Arbuckle and
Downing, 2002).

First, not all mussel occurrences may be known. Sampling
is often opportunistic. Second, we lacked data on host
fish occurrences. Third, we had only 303(d) listings to
indicate point source pollution. This data may have been
insufficient.
Fourth, our analyses were limited to coarse-scale variables
at the segment and catchment scale. Within stream
segments, microhabitat features like substrate and bank
stability may be important factors. Nicklin and Balas (2007)
found that mussel densities >1 per m2 in the middle Allegheny
River, PA, were found in largely “optimal” microhabitat: at
sites with >50% instream cover (stable habitat), 0-25% fine
sediment surrounding gravel and larger rocks, at least 3
of 4 velocity/depth regimes present (including riffles and
pools >0.5m deep), and little to no enlargement of islands
or point bars and <10% of the bottom affected by sediment
deposition. They found no mussels in poor or marginal
physical habitat.

P. clava, C. stegaria, and E. torulosa rangiana preferred
large streams and mid-sized rivers. P. cyphyus occurred
more often in large or mid-sized rivers. In general,
headwater streams are more prone to drying out than
larger streams. Consistent with FWS (2010), impounded
streams seemed to provide poor habitat. Because they
contained distinct mid-range peaks, we suspect that the
variables correlated with drainage area, such as tree
area and drainage from agriculture or development, were
geographically correlative, not causative.
At least three of the mussels (P. clava, C. stegaria, and E.
torulosa rangiana) occurred more often in stream segments
with riparian forest and wetland cover. This is consistent
with other studies such as Morris and Corkum (1996), who
found that Ontario rivers with riparian forest contained
much more diverse mussel assemblages than those
without. Rivers without riparian forest were dominated by a
single tolerant species.

Fifth, we lacked data indicating historic perturbations. Toxic
spills or other acute disturbances may have extirpated a
species from a particular stream reach, and even if the
habitat recovered, the species may not have been able to
recolonize.
Finally, Maxent only models habitat suitability. According
to Strayer (2008), habitat is only one of several factors
influencing the distribution and abundance of mussels.
The others include dispersal barriers and rates, availability
of fish hosts, food availability, predators like muskrats

We applied a spatial filter to model output from Maxent,
selecting only modeled suitable habitat >1-10 km,
depending on the species. Most suitable stream sections
identified by the model and also containing federally
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(Ondatra zibethicus), and parasites and diseases. Strayer
(2008), however, thought habitat and host availability might
be the most important factors.

Homer, C., C. Huang, L. Yang, B. Wylie and M. Coan. 2004.
Development of a 2001 national land cover database for the
United States.
Photogrammetric Engineering and Remote
Sensing 70: 829-840.

Management actions such as conservation and
reintroduction should be preceded by stream surveys. But
we hope that the coarse-scale modeling described here
can help prioritize such surveys, and also emphasize the
importance of catchment-scale geomorphic and land use
conditions to aquatic organisms like freshwater mussels.
The Conservation Fund used modeling results, species
occurrences, known species needs and stressors, and
input from FWS and state biologists to develop “decision
trees” to prioritize potential mussel mitigation projects
under the MSHCP.

Hopkins, R. L. 2009. Use of landscape pattern metrics and
multiscale data in aquatic species distribution models: a case
study of a freshwater mussel. Landscape Ecology 24:943-955.
Miller, D. A. and R. A. White. 1998. A conterminous United States
multi-layer soil characteristics data set for regional climate and
hydrology modeling. Earth Interactions 2:1-26. Data downloaded
from http://www.soilinfo.psu.edu/index.cgi?soil_data&conus.
Morris, T. J., and L. D. Corkum. 1996. Assemblage structure of
freshwater mussels (Bivalvia: Unionidae) in rivers with grassy and
forested riparian zones. J. N. Am. Benthol. Soc. 15(4):576-586.
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