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Abstract

Viral haemorrhagic septicaemia virus (VHSV)
genotype IVb has been responsible for large-scale
fish mortality events in the Great Lakes of North
America. Anticipating the areas of potential
VHSV occurrence is key to designing epidemiological surveillance and disease prevention strategies in the Great Lakes basin. We explored the
environmental features that could shape the distribution of VHSV, based on remote sensing and
climate data via ecological niche modelling. Variables included temperature measured during the
day and night, precipitation, vegetation, bathymetry, solar radiation and topographic wetness.
VHSV occurrences were obtained from available
reports of virus confirmation in laboratory facilities. We fit a Maxent model using VHSV-IVb
reports and environmental variables under different parameterizations to identify the best model
to determine potential VHSV occurrence based
on environmental suitability. VHSV reports were
generated from both passive and active surveillance. VHSV occurrences were most abundant
near shore sites. We were, however, able to capture the environmental signature of VHSV based
on the environmental variables employed in our
model, allowing us to identify patterns of VHSV
potential occurrence. Our findings suggest that
VHSV is not at an ecological equilibrium and
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more areas could be affected, including areas not
in close geographic proximity to past VHSV
reports.
Keywords: Great Lakes, Maxent, niche modeling,
remote sensing, viral haemorrhagic septicaemia.

Introduction

The viral haemorrhagic septicaemia virus (VHSV;
genus Novirhabdovirus; family Rhabdoviridae) is
the causative agent of a globally significant infectious disease that has devastated wild and farmed
fish species in freshwater and marine ecosystems
since the mid-1900s (Horlyck et al. 1984; Meyers,
Short & Lipson 1999; Dale et al. 2009; Faisal
et al. 2012). In North American freshwaters,
VHSV genotype IVb emerged dramatically in the
Great Lakes basin since 2003, affecting more than
30 fish species to date (Cornwell et al. 2011; Frattini et al. 2011; Thompson et al. 2011; Faisal
et al. 2012). The Great Lakes are the largest freshwater body in the world and are also known for
their rich biodiversity and economic importance
for the northern region of North America (Mills
et al. 1993). However, the Great Lakes region has
shown its ecological fragility to biological
invasions, and specifically to VHSV-IVb since its
discovery in Lake St. Clair in 2003, St. Lawrence
River in 2004 and Lake Ontario in 2005 (Elsayed
et al. 2006; Groocock et al. 2007; Lumsden et al.
2007). In view of the wide host range of the virus,
pathogenicity, mortality rates, risk to farm-raised
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fish, and high dispersal potential, VHSV is considered one of the most serious pathogens of fish
worldwide (Skall et al. 2004; Dale et al. 2009;
Faisal et al. 2012).
Evidence suggests that VHSV is not distributed
at random in the landscape; in fact, the agent has
an environmental signature that can be detectable.
For instance, in vitro experiments show that
VHSV virions can only survive in specific ranges
of suitable temperature, pH, salinity and water
hardness (Hawley & Garver 2008). In this context, understanding the environmental range
required by the agent to persist may be the key to
predicting potential areas where ideal environmental conditions exist (Peterson 2006). In ecology,
estimating the set of environmental conditions in
which a pathogen population could persist (subject to other fine-scale conditions, such as host
presence) is termed ecological niche modelling
(Drake 2015). Ecological niche modelling is based
on the delimitation of the environmental space
used by organisms, including pathogenic agents
(Peterson 2014). According to Drake (2015), the
niche modelling process attempts to discriminate
between the environmental conditions occupied
and not occupied by the organism of interest in
the area of interest. This process provides a set of
areas with conditions tolerable by the organism
(Drake 2015). Thus, observed pathogen occurrence can be used to empirically estimate the ecological niche of the agent under natural (i.e.
detection in the field) or experimental conditions
(i.e. physiological tolerances in laboratory), allowing for posterior identification of areas environmentally suitable for the agent (Estrada-Pe~
na et al.
2014). Different methods exist to estimate ecological niches (Qiao, Soberon & Peterson 2015);
however, presence–background methods are preferred in view of their capacity to delimitate the
species’ environmental range in multiple environmental dimensions, their mathematical and computational feasibility and their biological realism
(Drake 2015). In view of these features, the ecological niche modelling approach can be used successfully to model areas for the occurrence of
pathogens at coarse scale, including those in
aquatic environments. For example, a recent study
explored the potential distribution of the waterborne bacterium Vibrio cholerae in marine ecosystems (Escobar et al. 2015b). In addition,
ecological niche modelling approaches have been
used also to successfully forecast the distribution
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of aquatic invasive organisms including the plants
Hydrilla verticillata (Peterson, Papes & Kluza
2003) and Codium fragile (Tyberghein et al.
2012), the fish common carp Cyprinus carpio and
tilapia Oreochromis niloticus (Zambrano et al.
2006), the golden mussel Limnoperna fortunei
(Oliveira, Hamilton & Jacobi 2010) and the
freshwater diatom Didymosphenia geminata
(Kumar et al. 2009). The distribution of freshwater parasites has been estimated at very fine scale
(i.e. parasites position along the gastrointestinal
tract) with consistent measurable patterns (Kennedy 2009). In general terms, however, the use of
ecological niche modelling at macroscale to anticipate aquatic pathogens distribution has been
poorly explored (Peterson 2014), but potential
exists in these methods considering the abilities of
niche modelling to successfully anticipate outbreaks of viral diseases of public health concern
(Peterson et al. 2006).
Among the main concerns of the distributional
ecology of VHSV is its capacity to mutate, spread
to novel geographic areas and infect novel host
species (Einer-Jensen et al. 2004; Thompson et al.
2011; Faisal et al. 2012). Modelling the suitable
habitat for VHSV is a novel and valuable
approach for anticipating future epidemics. As a
first exploration, we developed an ecological niche
model from VHSV detection reports, aimed to
identify potential areas for VHSV-IVb occurrence
within the Great Lakes region of North America
based solely on environmental constraints. In view
of the large number of novel fish host species
identified for VHSV in the Great Lakes, and the
lack of coevolutionary history of this recently
introduced virus with native fish in the region
(Peterson 2014), fish species were not included in
this exploratory modelling process, but could be
incorporated in the future as a finer scale variable.
Here, based on environmental factors, identification of non-sampled areas hosting ideal environmental conditions for VHSV outbreaks would be
the first step in the design of aggressive plans for
disease prevention and policy, as well as to guide
active epidemiological surveillance for management agencies.
Methods

Our model workflow included three phases: (i)
collection and management of environmental variables and virus occurrence data, (ii) ecological
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niche modelling and (iii) projection of the model
to a geographic scenario (Fig. 1).
Environmental variables and occurrences
The choice of the region used for model calibration
is critical in ecological niche modelling (Barve et al.
2011); therefore, we focused on an area including
the Great Lakes ecosystem. The Great Lakes region
in the United States extends from Minnesota to
New York, and given the extension, geomorphology and physiography, the area is characterized by a
diversity of landscapes including bedrock cliffs, clay
bluffs, marsh wetlands, sand beaches and stream
mouths (Herdendorf 1990). Specifically, our study
area covered ~46 9 104 km2 and was situated
between 97.4° and 75.5° longitude and 39.6°
and 50.6° latitude which includes all the VHSV
geolocations of the Great Lakes available to us
(Fig. 2). As this area included both land and aquatic habitats, we used remote sensing imagery and
precipitation derived from climate stations as environmental variables to calibrate the model. Remote
sensing data were generated from the Moderate
Resolution Imaging Spectroradiometer (MODIS)
and the Shuttle Radar Topography Mission
(SRTM) sensors, capturing patterns of land surface
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temperature (LST), soil humidity in the form of a
topographic wetness index and bathymetry capturing patterns of the geomorphology and physiography of the Great Lakes basin (Herdendorf 1990),
and primary productivity as an index of vegetation
‘greenness’ or photosynthetic activity found in land
and water (LP DAAC 2009; GEBCO 2014; Hengl
et al. 2015). Precipitation variables were generated
from interpolation of climate stations on land (Hijmans et al. 2005). These 18 remote sensing and
four precipitation variables provided information
on landscape features and seasonality available in
the study area (Table 1). Variables were standardized to the same area extent (Fig. 2), file format
(ASCII) and spatial resolution (1 km) to fit with
modelling software requirements. Characteristics of
the individual Great Lakes (i.e. Lake Superior, Lake
Michigan, Lake Huron, Lake Erie and Lake Ontario) for these variables were extracted for their characterization. Characteristics of the geomorphology
of the Great Lakes was also explored from a Global
Relief Model based on SRTM 30+ and ETOPO
DEM at ~1-km resolution (Hengl et al. 2015),
average lake depth and values of water volume contained in each lake (NOAA 2000).
VHSV occurrences in the form of geographic
coordinates were derived from both active and

Figure 1 Workflow for the ecological niche modelling of the viral haemorrhagic septicaemia virus. The process is divided into three
steps: input data (left), ecological niche modelling (centre) and geographic visualization of the estimated niche (right). The input
process includes the generation of environmental variables of importance to the biology of the agent. These variables are then compressed to reduce their number and collinearity to reduce model overfitting. Input data also consider the occurrence of VHSV from
field conditions. Occurrences can be derived from samples collected from targeted research projects (active surveillance) or as
response of an evident outbreak (passive surveillance). The ecological niche model step considers delimitation of the species distribution on a multidimensional environmental space and can be developed using the NicheA software (Qiao et al. 2016). The ecological
niche is then transferred from the environmental space to the geographic space to identify those areas in which the suitable environmental conditions exist. Some data management processes require multivariate modelling (dashed line).
Ó 2016
John Wiley & Sons Ltd

3

Journal of Fish Diseases 2016

L E Escobar et al. Potential distribution of the VHSV

Figure 2 Viral haemorrhagic septicaemia
virus (VHSV) occurrences and study area
considered in this study. Location of
VHSV (red points) in the Great Lakes
region of the United States (white) and
Canada (grey).

passive surveillance (Fig. 1). Active surveillance is
related to research and monitoring efforts focused
on identifying the agent in biological or environmental samples from guided surveys and routine
fish health inspection, while passive surveillance
is related to identification of the virus in
response to an outbreak—in other words, the
opportunistic analysis of dead or moribund fish
from field samples submitted to laboratories for
diagnosis (Fig. 1). Our VHSV occurrences were
collected from the Molecular Epidemiology of
Aquatic Pathogens-VHSV (MEAP-VHSV) database, containing the most extensive compilation
of VHSV geolocations in the Great Lakes region
from 2003 to 2013 (USGS 2013). Additional
occurrences were collected from scientific literature (Kane-Sutton et al. 2010; Cornwell et al.
2011, 2014; Eckerlin et al. 2011; Faisal & Winters 2011; Frattini et al. 2011; Faisal et al. 2012;
Millard & Faisal 2012) and official reports
(MDNR 2010; USGS 2013). Inclusion criteria
of occurrences were i) VHSV-IVb virus, confirmed by cell culture and/or quantitative PCR
and ii) availability of geographic coordinates of
sample location. We mitigated spatial pseudoreplication (Hurlbert 1984) and model overfitting (Peterson et al. 2011) by removing duplicate
occurrences at the same site (i.e. only one occurrence was retained from VHSV reports with
identical geographic coordinates).
Ecological niche modelling
To simplify our estimation of suitable environmental conditions where VHSV may occur in the
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long term, we based our analysis principally on
abiotic variables (e.g. temperature, precipitation,
bathymetry; i.e. abiotic favours of the species
niche, sensu Soberon & Peterson 2005), to identify areas with plausible positive population
growth (Holt 2009), in this case, given the presence of fish hosts. Unsuitable conditions were
defined as those that do not allow positive population growth of the species. We reduced the number and correlation of environmental variables via
a principal component analysis (PCA; Fig. 1) to
reduce overfitting of the ecological niche model
(Peterson et al. 2011). The PCA was developed
based on all the environmental variables
(Table 1), using the Spatial Analysis tool of the
ArcGIS software version 10.2 (ESRI 2015). The
correlation matrix revealed that 27% of the 231
pair comparisons between the 22 original variables
were correlated above r () 0.5 (Material S1). We
included the first components summarizing >95%
of the variation from the original 22 variables for
model calibration. The first three principal components summarized 96.54% of the overall information contained in the original 22 variables and
were highly influenced by bimonthly temperature,
primary productivity and bathymetry (Table 1).
These components were used to generate the multivariate environmental space used as background
for model calibration (Fig. 3). The multivariate
environmental space was able to capture geomorphological and physical features in the study area.
The resulting uncorrelated components were
employed to construct a multivariate environmental space, P, where the ecological niche model N
was estimated, assuming that N ⊆ P.
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Mean of annual Normalized
Difference Vegetation Index
Bathymetry
Mean potential incoming solar radiation
Maximum value of the daytime LST
Minimum value of the daytime LST
Mean value the daytime LST
Standard deviation of the daytime LST
Maximum value of the nighttime LST
Minimum value of the nighttime LST
Mean value the nighttime LST
Standard deviation of the nighttime LST
Topographic Wetness
Mean value of the daytime LST for Dec/Jan
Mean value of the daytime LST for Feb/Mar
Mean value of the daytime LST for Apr/May
Mean value of the daytime LST for Jun/Jul
Mean value of the daytime LST for Aug/Sep
Mean value of the daytime LST for Oct/Nov
Long-term precipitation Nov/Dec/Jan
Long-term precipitation Feb/Mar/Apr
Long-term precipitation May/Jun/Jul
Long-term precipitation Aug/Sep/Oct

NDVI

Bathymetry
Radiation
LST-md
LST-ld
LST-hd
LST-sdd
LST-hn
LST-ln
LST-mn
LST-sdn
Wetness
LST-12-1
LST-2-3
LST-4-5
LST-6-7
LST-8-9
LST-10-11
PP-11-1
PP-2-4
PP-5-7
PP-8-10

Variable

Abbreviation

30 arc-second
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
8-day, 1 km
Monthly, 30 arc-second
Monthly, 30 arc-second
Monthly, 30 arc-second
Monthly, 30 arc-second

16-day, 250 m

Original resolution

2009–2014
2012
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
2009
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
2011–2012
1950–2000
1950–2000
1950–2000
1950–2000

2005

Period

Table 1 Environmental variables used for the ecological niche modelling of viral haemorrhagic septicaemia virus (VHSV)

Metre
9*365/8 kWh/m2
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Index (9/10 + 10)
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Degree Celsius
Millimetres
Millimetres
Millimetres
Millimetres

Index (0–250)

Unit

Carroll, DiMiceli,
Sohlberg & Townshend (2005)
GEBCO (2014)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hengl et al. (2015)
Hijmans et al. (2005)
Hijmans et al. (2005)
Hijmans et al. (2005)
Hijmans et al. (2005)

Sources
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The ecological niche model (i.e. correlating
VHSV occurrences with environmental conditions) was generated using Maxent version 3.3.3.k
(Phillips, Anderson & Schapire 2006). Maxent is
a machine learning program that uses the principle of maximum entropy (Phillips, Dudik &
Schapire 2004). Maxent first analyses the data in
the geographic space and then in the environmental space. In geographic terms, Maxent searches
for the probability of occurrences across the grid
of the study area. Once cell probabilities are
assigned, Maxent generates an analysis in environmental terms via comparing the probability densities of cells with occurrences with the
environmental combination in each cell of the
grid (for a detailed explanation see Elith et al.
2011; Merow, Smith & Silander 2013). In Maxent, the fit of the ecological niche model with the
occurrences is strongly influenced by the regularization coefficient, penalizing the level of overfit
during model calibration. Considering the vast
number of configurations of ecological niches
(Qiao et al. 2015), the regularization coefficient
should be defined in each study case (Warren &
Seifert 2011); thus, we explored the fit of each
model under nine different coefficient values
above and below the default value 1 (i.e. 0.3, 0.5,
1, 1.5, 2, 2.5, 3, 3.5 and 4). We selected the regularization coefficient based on the Akaike
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information criterion score (AIC) corrected by
sample sizes (AICc) (Burnham, Anderson & Huyvaert 2011). AICc is the preferred metric to accurately identify the ecological niche model with
appropriate complexity and that best represents
the relative environmental suitability of a species
(here VHSV) in a specific calibration area (Warren & Seifert 2011). We ranked the AICc values
(i.e. Δi) to identify the model hypothesis with the
regularization coefficient generating the lowest
AICc, interpreted here as the model that generates
cell values (i.e. predictions) closer to cell values
with VHSV occurrence (i.e. observations). AIC
analyses were developed using the ENMTools
software version 1.4.3 (Warren, Glor & Turelli
2010). Specific settings in Maxent included regularization coefficient with best model fit (see
above), 1000 bootstrap replicates based on a random selection of occurrence points, 75% of occurrences for model calibration and 25% for model
evaluation of each replicate, and raw values of the
median replicate as model output. Maxent generates a continuous model output. Maps of prediction in the form of continuous values are useful
for qualitative exploratory analysis (Merow et al.
2013). Because Maxent predictions are based on
multivariate probability densities of predictors
across the study area (Elith et al. 2011), continuous predictions represent the environmental

Figure 3 Binary ecological niche model of
viral haemorrhagic septicaemia virus
(VHSV) in the environmental space.
VHSV occurrences representing 94
different environmental conditions (i.e.
points in the environmental space) allowed
a robust characterization of the
environments suitable for virus occurrence
(red polyhedron) and were used for model
calibration in Maxent. The ecological niche
model (green polyhedron generated based
on the available occurrences) shows
predictions in a broad range of the
environmental values resulting from
extrapolative estimations of the model. The
environmental background (grey points)
was generated using the first three principal
components from the original
environmental variables.
Ó 2016
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similarity to cells with occurrences. Thus, we
interpreted continuous predictions as an index of
environmental suitability for VHSV survival.
To reduce the influence of the sampling effort
on the model output and to capture the information in the form of an environmental range where
VHSV occurs (Drake 2015), we generated a binary model from the continuous surface, using as a
threshold the minimum value of predictions from
the occurrences used during model calibration.
This allowed us to capture the tolerance limits
(minimum and maximum) of environmental values from Maxent predictions (Peterson et al.
2011; Drake 2015). Once the final model was
converted to binary, we compared occurrences
with the model extent in a multidimensional environmental scenario. This analysis was conducted
with occurrences and the binary model in the software NicheA version 3.0 (Qiao et al. 2016).
NicheA compared the hypervolume of both the
model and the occurrences with an expected precision of 0.1. This allowed us to establish the level
of extrapolation provided by the model.
Model projection
We identified areas in P hosting the combination
of environments for N and explored the environmental conditions of the model and occurrences
based on the original values of the variables and
compared areas with virus occurrence vs. areas
predicted unsuitable. These analyses were conducted using NicheA and R (R Core Team
2015). We assume that environments outside N
have R0 < 1, meaning that the virus is unlikely to
spread further (Peterson 2014). The ecological
niche model was then transferred from the environmental space to the geographic space in order
to compare areas suitable and unsuitable for
VHSV occurrence. To generate a product useful
for management and surveillance purposes, we
went a step beyond classic printed maps in scientific manuscripts. Using ArcGIS, the continuous
model was converted to binary based on the minimum training presence threshold (Peterson et al.
2011). The binary model was (i) constrained to
water bodies found in the study area according to
a land water mask derived from MODIS and
SRTM Water Body Dataset (SWBD) at 250-m
resolution (LP DAAC 2009) and (ii) converted to
a KML file for broad access to the information by
the community. Spatial analyses and data
Ó 2016
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management were carried out using the software
ArcGIS version 10.2 (ESRI 2015).

Results

Environmental variables and virus occurrences
Lake Ontario was unique in some aspects when
compared with the other four Great Lakes (i.e.
Lake Superior, Lake Michigan, Lake Huron and
Lake Erie). For example, according to the characteristics of geomorphology, the water volume of
Lake Ontario according to NOAA (2000) was considerably below the expected values in a linear
regression model (Material S2). Reports of solar
radiation and topographic relief from NOAA
(2000) were similar in all Great Lakes, but Lake
Ontario differed, with considerably lower relief.
Average values of bathymetry of Lake Ontario were
slightly below the other Great Lakes, but these values fell in the range of depth contained in the other
lakes. Lakes Superior, Michigan, Huron and
Ontario had similar values of primary productivity,
while Lake Erie showed less primary productivity.
In terms of direct precipitation received by the lake,
Lake Superior showed less precipitation for winter
and spring, while Lake Huron was the driest during
summer. The westernmost Great Lake (i.e. Lake
Superior) had the lowest temperatures compared to
the eastern Great Lakes (i.e. Lake Ontario and Erie)
in terms of both LST at day and night. Lake Erie
showed the lowest variability of LST during day of
all the Great Lakes.
In terms of virus detections, we captured a total
of 189 occurrences (Material S3), resulting in 109
unique occurrences once duplicates were removed
from individual collection sites (Fig. 2). These
109 occurrences were used for model calibration
and then compared with 109 random points in
areas predicted unsuitable. Occurrences in the
geographic space represented 94 unique environmental conditions; thus, even when some occurrences were geolocated in different geographic
areas, they contained identical conditions (Fig. 3).
Furthermore, our sample size covered a considerable portion of the environmental background
included in the model.
Ecological niche modelling
The model provided ~360% more information
than the occurrences in terms of the hypervolume
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measured in the environmental space (Fig. 3),
resulting in a model with extrapolative prediction
following the fit with the data. The best model fit
resulted from a regularization coefficient = 1
(Table 2). Because low temperatures are linked to
VHSV disease outbreaks (Goodwin & Merry
2011), we focused on patterns of LST as indication of water temperature. The ecological niche
model reflected patterns of VHSV occurrence in a
broad range of temperatures and filled the gaps of
reports in the range of minimum LST measured
at night (LST-n) and extrapolated to temperatures
above and below observations (Fig. 4). According
to the model, VHSV may find suitable temperatures above those found in the study area; thus,
the model was restricted in predictions due to
limitations on the environmental values available
in the study area (Fig. 4). For instance, for the
minimum LST-n variable the model estimated a
range of temperature from 45 to 2 °C, but the
temperature for this variable in the study area ranged between 46 and 2 °C. Thus, the model did
not predict suitability in the lowest range of temperatures (i.e. 46 °C), but was truncated for
predictions above 2 °C as there were no cells with
values above 2 °C in the minimum LST-n variable (A panel in Fig. 4). On the other hand, the
entire study area had a range of maximum LST-n
between 10 and 33 °C, with the model predicting
VHSV occurrence between 11 and 33 °C; again,
the model was truncated to anticipate suitability
above values of temperatures outside the calibration area. According to the occurrences, an ideal
temperature for VHSV ranges from 1 to 10 °C
based on mean nighttime LST (B in Fig. 4) and
from 7 to 18 °C based on mean daytime LST
(data not shown). The range of LST measurement
(i.e. maximum LST-d minus minimum LST-d) at

day sites with VHSV occurrence is usually smaller
when compared to areas unsuitable for VHSV
(t = 14.78; df = 128; P < 0.001; Fig. 5a),
resulting in VHSV occurrences in areas with less
seasonal temperature variation. We found that
vegetation surrounding sites of VHSV occurrence
may be an important determinant for viral presence; the 1-km cells with VHSV occurrences had
less primary productivity in the form of NDVI
values than areas predicted unsuitable for the
agent
(t = 12.38;
df = 128;
P < 0.001;
Fig. 5b). Additionally, VHSV was often reported
in water bodies with low depth (bathymetry,
t = 12.38; df = 128; P < 0.001; Fig. 5c).
In general terms, VHSV was influenced by seasonal temperature variation and was restricted by
temperature ranges (Fig. 6). VHSV suitability was
found in temperatures close to zero degree during
winter while unsuitable conditions were found in
cold (<0 °C) and hot areas (~25 °C). Low precipitation, resulting in low run-off, showed an effect
on non-suitability for VHSV in winter; however,
seasonality of VHSV suitability was less evident
when compared to temperature.
Model projection
The continuous model showed specific areas of
high suitability (Fig. 7), discriminating from areas
with environmental conditions non-similar to
areas with VHSV occurrence. For instance, broad
areas of environmental suitability were found
across all Lake Erie, southern portions of Lake
Michigan, and Lake Winnebago in Wisconsin,
most of Georgian Bay and Saginaw Bay in Lake
Huron in the United States, and Lake Nipissing
in Canada. Green Bay of Lake Michigan and Lake
St. Clair also have high environmental suitability

Table 2 Regularization coefficients based on 109 single occurrences of the viral haemorrhagic septicaemia virus
Regularization
1
2
1.5
2.5
3
3.5
4
0.5
0.3

Log likelihood
1440.94
1468.67
1456.18
1481.37
1485.71
1489.9
1492.27
1410.84
1378.61

Parameters

AIC

AICc

BIC

Δi

26
16
25
11
9
10
9
50
84

2933.88
2969.35
2962.37
2984.73
2989.42
2999.80
3002.54
2921.67
2925.22

2951
2975.26
2978.03
2987.46
2991.24
3002.04
3004.35
3009.6
3520.22

3003.86
3012.41
3029.65
3014.34
3013.64
3026.71
3026.76
3056.24
3151.3

0
24.26
27.03
36.46
40.24
51.04
53.35
58.6
569.22

AIC, Akaike information criterion; AICc, AIC bias correction based on sample size; BIC, Bayesian information criterion; Δi, information distance to
the best model.
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(a)

(b)

(c)

Figure 4 Distribution of viral haemorrhagic septicaemia virus occurrences in terms of nighttime land surface temperature. Minimum (a), mean (b) and maximum (c) value of land surface temperature of the nighttime series data according to the available
occurrences (red line), ecological niche model of Maxent (green line) and background values of the study area (blue line). Frequency
of pixels with each temperature values is in log10 scale. Notice that Maxent extrapolates temperature values from field observations.

Figure 5 Presence and absence of viral haemorrhagic septicaemia virus (VHSV) according to abiotic variables. Presence of VHSV
occurrences (left bar) contrasted against areas predicted as absent by the model (right bar). Temperature in the form of range value
the 8-day MODIS nighttime LST time series data (a), primary productivity in the form of NDVI (b) and underwater depth of lakes
in the form of bathymetric values (c) were compared. Vertical thin lines are bars of standard error of the mean.

for VHSV establishment (see Material S4). The
southern coast of Lake Superior in the USA and
the northern coast of Lake Superior and Lake Winnipeg in Canada have ideal environments, suggesting that suitable conditions may exist for VHSV
establishment in such water bodies. As expected,
rivers were predicted to have suitability to support
VHSV occurrence (Material S5). An interesting
pattern was found around Lake Ontario, with high
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suitability values around the entire shoreline and in
small water bodies surrounding the lake (e.g. Finger
Lakes in New York, USA), but low suitability in
areas throughout the central area of the lake. This
pattern could be linked to the greater depth of this
lake, compared with, for example, Lake Erie, which
is shallower and shows high suitability throughout
the entire area of the lake (Fig. 7). Alternatively,
the pattern may be influenced by the higher
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Figure 6 Seasonal occurrence of viral haemorrhagic septicaemia virus. Top: mean seasonal land surface temperature of the daytime
series data. Bottom: mean seasonal precipitation from long-term series data. Red lines denote locations where VHSV is present. Grey
line denotes areas predicted absent of VHSV according to the ecological niche model. Vertical thin lines are bars of standard error
of the mean.

sampling density in Lake Ontario, which may allow
for differentiation of shorelines from internal lake
areas, as described in more detail below. Another
interesting feature was areas of high suitability adjacent to Eastern Lake Ontario, in areas that are not
within the lake itself but that have high density of
other water bodies. To the Northeast of Lake
Ontario, this included the Saint Lawrence Seaway,
and towards both the Northeast and Southeast,
these areas appeared to have larger tracts of small
lakes.
When the continuous model was converted to
binary based on the minimum training presence
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threshold to capture the entire environmental
range (Material S4), we found that more water
bodies have environmental conditions appropriate
for VHSV occurrence as a consequence of the
ecological plasticity of this virus. The binary map
allowed us to visualize water bodies with VHSV
suitability that were difficult to perceive in a continuous model; thus, we identified several lakes
and rivers with low suitability, but with values
above the selected threshold (Material S4). The
binary map of VHSV environmental suitability is
also available as supplementary material for use
with user-friendly software (e.g. Google Earth;
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Figure 7 Continuous ecological niche
model of viral haemorrhagic septicaemia
virus (VHSV). Suitability index of Maxent
denoting areas of high (red) and low
(green) environmental suitability for VHSV
potential occurrence.

Material S4). When the binary map was constrained to important water bodies according to
the USGS water mask (LP DAAC 2009),
neglected lakes and specific portion of rivers susceptible to infection were identified, allowing a
finer identification of areas susceptible to VHSV
invasion (Materials S4 and S5). The binary map
also allowed us to have a good picture of the magnitude of the expansion potential of VHSV given
the range of environmental conditions tolerable by
the pathogen.
Discussion

The Great Lakes basin has suffered from biological invasions since the early 1800s (e.g. sea lamprey, Petromyzon marinus, in the 1930s; Mills
et al. 1993). Eurasia has been the principal source
of diverse invasive species for the Great Lakes,
including aquatic plants, fishes, algae, molluscs,
oligochaetes, crustaceans, bryozoans, cnidarians,
flatworms and pathogens (Mills et al. 1993). In
general, invasive species of concern in the region
are mainly aquatic plants and fish, resulting in a
disturbed biotic community (Mills et al. 1993).
Introduced pathogens of aquatic organisms have
also been reported for the Great Lakes including
furunculosis (Aeromonas salmonicida), microsporidia (Glugea hertwigi) and salmonid whirling disease (Myxobolus cerebralis; Mills et al. 1993). The
introduction of VHSV was likely due to translocation into the Great Lakes from natural or humanassisted movement of wild marine fish or water
off the East Coast of North America (Elsayed
Ó 2016
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et al. 2006; Bain et al. 2010; Phelps et al. 2013).
While the known number of introduced pathogens into the Great Lakes appears to be lower
than the number of invasive fish, the devastating
effects of VHSV on a broad range of native fish
species is unprecedented (Kim & Faisal 2011; Faisal et al. 2012). Emerging infectious diseases in
wild animals are an important threat not only for
local biodiversity, but also for potential spillover
events from wild animals to aquatic livestock and
farmed fish. VHSV mortalities for native fish may
be comparable with the devastating effects of the
white-nose syndrome (Pseudogymnoascus destructans) on native bats of North America (Blehert
et al. 2009) and chytridiomycosis (Batrachochytrium dendrobatidis) in amphibians worldwide (Fisher, Garner & Walker 2009). From a
commercial perspective, VHSV viruses from elsewhere in the world have generated millions of dollars in losses for fish farms from spillover of the
virus from wild fish and adaptation to farmed fish
(Einer-Jensen et al. 2004; Raja-Halli et al. 2006;
Dale et al. 2009; Garver et al. 2013; Munro et al.
2015).
The use of ecological niche modelling in water
bodies is usually restricted to marine ecosystems
due to the availability of variables for oceans (e.g.
Tyberghein et al. 2012; Do Amaral et al. 2015),
and its application in freshwater is not as
advanced as in terrestrial studies (Horning et al.
2010). In view of the limited availability of environmental variables for freshwater ecosystems, ecological niche models on freshwater systems are
usually based on predictions using data from
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climate stations around lakes (e.g. Gallardo, Zu
Ermgassen & Aldridge 2013; Zengeya et al.
2013). However, such models often fail to accurately capture the environmental conditions in the
central areas of the lakes, lack the necessary spatial
resolution and also suffer from high spatial autocorrelation (Peterson 2014). Here, we applied
recent satellite derived environmental variables
from values captured on top layers of water and
land, to capture patterns of abiotic factors in and
surrounding the water bodies in the Great Lakes
basin.
Satellite imagery data are in its infancy to
describe variables (e.g. temperature) across the
water column in freshwaters through large study
areas such as used here. However, land surface
temperature may provide robust patterns of surface temperature in water bodies with less spatial
autocorrelation than that from interpolations of
climate stations (Escobar & Peterson 2013).
Besides temperature, freshwater ecosystems require
different model designs than those applied to
niche modelling in terrestrial habitats. For example, topography is usually a confounding factor in
ecological niche modelling in terrestrial ecosystems
due to its strong association with temperature;
thus, topography is usually avoided during model
calibration when modelling terrestrial organisms
(Peterson et al. 2011). Here, we included bathymetry data derived from geomorphology information in view of the importance of the water
column depth on the distributional ecology of
aquatic organisms (Ruby, Greenberg & Hastings
1980) and its ability to explain temperature stratification (Hondzo & Stefan 1993). Water depth
results from the lakes’ topography; thus, our
model considered bathymetry and other variables
associated with the land morphology (e.g. Wetness
Index). This variable may have limited accuracy
due to the spatial resolution, but variables characterizing hydrodynamics of freshwaters associated
with water depth are limited (but see Nekouee
et al. 2015). Additionally, considering the important effects of run-off on nutrient supplies in lakes
and its consequent effects on biotic communities
(Schindler & Nighswander 1970), we included
precipitation in our analyses. Precipitation plus
temperature, allowed us to explore temporal patterns of suitability that may provide information
on the seasonality of ideal conditions for VHSV.
Our results suggest that VHSV often occurs in
shallow waters; however, this pattern may be
Ó 2016
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influenced by sampling bias, considering that dead
fish could be more often reported and/or sampled
near lakeshores due to waves generated by boats or
wind, even if fish are infected in central areas of
lakes and due to easiness in active surveillance in
the shore (see pictures in Fig. 1). Indeed, we found
a high representation of VHSV occurrence in
coastal and limited reports in centre areas of lakes
(Fig. 2). Thus, the water depth pattern should be
considered with caution in view of the nature of
our data. Yet, environments predicted suitable for
VHSV appear to be consistent and predictable in
space and time (Figs 3 & 6). In fact, our ecological
niche model exploration revealed that coastal areas
in important water bodies of the Great Lakes basin
would suffer VHSV outbreaks if susceptible fish
species occur at critical densities when the virus is
present. While small and medium water bodies are
currently VHSV-free in northern (e.g. southern
Canada) and western (e.g. Minnesota, USA)
areas of the Great Lakes region, invasion is feasible in these areas in ecological terms (Material
S4). We could expect VHSV to be reported to a
broader extent in the short term, at least for
Lake Superior, Lake Michigan, Lake Huron and
Georgian Bay considering their connection with
areas currently positive for VHSV. Suitability
was detected in southeaster of our study area, in
the Appalachian Basin in south-western Pennsylvania, in response to geology, land morphology
and moisture availability of the area, predicted
given the extrapolation of the model (Fig. 4),
but when a mask of water bodies was used in
our binary map (Fig. S3), only the areas linked
to the Susquehanna River remained suitable.
Temperature was a key factor limiting the
potential areas for VHSV distribution in the
Great Lakes region, as revealed by the temperature
values captured from remote sensing variables.
The strong effect of temperature on VHSV-IVb
has been reported previously in laboratory conditions (e.g. Vo et al. 2015). Experimentally, suitable temperatures reported for VHSV-IVb ranged
from 10 to 18 °C (Goodwin & Merry 2011), 10
to 20 °C (Winton, Kurath & Batts 2007) and 4
to 20 °C (Vo et al. 2015). These values are similar to our findings of 1 to 18 °C based on available occurrences solely and temperature data
collected via daytime satellite imagery, suggesting
that remote sensing data could be a valuable
source of information to characterize field conditions potentially associated with the presence of
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infectious agents, especially when our abilities for
experimentation in laboratory facilities are limited.
The continuous (Fig. 7) and binary maps of
environmental suitability (Material S4) identified
in detail areas where VHSV occurrence would be
expected considering abiotic conditions. Findings
of high suitability were consistent with the areas
with high sampling effort, especially in the eastern
portion of the Lake Ontario where high virus
detection and disease impact have been reported
previously (Groocock et al. 2007; Lumsden et al.
2007; Bain et al. 2010; Eckerlin et al. 2011;
Cornwell et al. 2012a,b, 2014). The ability of the
ecological niche model to capture the environmental signature of VHSV at a landscape scale
supports the idea of potential model transferability
from the Great Lakes to other water bodies with
potential for VHSV invasion, for example Lake
Baikal in southern Siberia, with a latitude similar
to that used in this study (Fig. 2). Our niche
modelling exploration revealed areas with high
suitability for VHSV occurrence allowing identification of priority areas for monitoring; areas currently without VHSV reports would be of high
interest to develop future active surveillance, local
awareness, and may be candidate areas to develop
permanent monitoring based on sentinel fish. Our
results can inform fish management plans for an
effective use of funding and reduce non-informed
opportunistic sampling strategies.
Statistical models summarizing the environmental distribution of pathogens of fish species have
an enormous potential to increase our understanding on both the spatial epidemiology of fish diseases and spatial ecology in lake ecosystems,
especially when applied to disease prevention and
freshwater biogeography. Thus, ecological niche
modelling is a key tool to respond to questions
related to the evolutionary history of host–pathogen coevolution under a landscape-ecology
approach (Escobar et al. 2014). The model
showed low suitability in the central area of Lake
Ontario (Fig. 7), but high suitability around the
shorelines. The latter is consistent with previous
reports of VHSV occurrence in coastal areas of
the same lake with prevalence reaching ~28%
(Cornwell et al. 2012a,b). The non-continuous
suitability predicted in Lake Ontario may be result
of the impact of the bathymetric complexity of
this lake (Material S2). Another plausible explanation is overfitting of the model to the abundant
VHSV occurrences reported in coastal and shallow
Ó 2016
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water in this lake and surrounding water bodies,
resulting in ability to resolve differing suitability
between the coast and the central areas of the
lake. This idea is supported by the extensive
surveillance efforts in the coasts of Lake Ontario
(Cornwell et al. 2012a).
We also attempted to identify plausible effects
of primary productivity on virus prediction, considering that the distribution of other rhabdoviruses has been successfully forecasted using
ecological niche modelling calibrated using primary productivity data (e.g. Escobar et al. 2015a).
However, while several sources of primary productivity exist for terrestrial and marine areas (Res
et al. 2011; Tyberghein et al. 2012), we were
unable to find data on primary productivity in
freshwaters of the study areas at fine scale (i.e.
phytoplankton). Thus, we explored the vegetation
index NDVI representing photosynthetic activity
– as this variable may provide patterns of vegetation surrounding sites with VHSV reports. NDVI,
however, may fail to capture low spectral reflectance from primary productivity in water.
We assessed the regularization coefficient for the
best model fit on the association of occurrences
and the environmental variables employed and
found that regularization parameter 1 generated
the best model performance in terms of model fit
and model complexity. This finding provides
empirical information needed to verify Maxent
performance based on different regularization
coefficients (Dudik, Phillips & Schapire 2007).
Here we also mitigated model overfit by elimination of duplicate occurrences and resampling
occurrences by cell, but in the future a more rigorous alternative reducing the number of occurrences based on spatial autocorrelation might
provide even less redundant information during
modelling calibration (Peterson 2014).
During early stages of the VHSV-IVb invasion,
dramatic mortality events were reported across the
Great Lakes region between 2005 and 2008
(Elsayed et al. 2006; Groocock et al. 2007; Lumsden et al. 2007). More recently, the epidemiological status of VHSV appears to be in a declining or
stable stage (Cornwell et al. 2012b; Throckmorton
et al. 2015). However, our suitability maps suggest
that novel areas may be affected by the virus if
translocation is allowed by anthropogenic or natural
movement of the virus between lakes. Future
research at fine scale should aim to determine if
VHSV can be detected across the entire geographic
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distribution of host species in infected lakes. Additionally, water flow may have important effects on
pathogen distribution (Foreman et al. 2015), but
complexities associated with characterization of
water flow limit the availability of such variables at
coarse geographic scale (but see Nekouee et al.
2015). Thus, our model is static, assuming that
environmental patterns captured by the remote
sensing time series data are consistent and not
strongly influenced by flow. Inclusion of water flow
information in pathogen dispersal is an issue that
deserves future exploration. Additionally, water
flow may have a critical role in VHSV dispersal to
VHSV-free areas (VHSV Expert Panel and Working Group 2010). For example, the Mississippi
river is connected to many water bodies in the
Great Lakes region, making this river a potential
VHSV superspreader in view of its high connectivity outside the region. Also Lake Michigan could be
‘hyperconnected’ to other water bodies through the
Chicago canals. Assessing how water body connection may impact Great Lakes VHSV dispersal
would provide information on the plausible routes
of infection to guide control strategies. Boat movement, baitfish commercialization and fish stocking,
and connection of rivers, among other factors, may
be relevant for anticipating how VHSV could
increase its dispersal capacity in the Great Lakes
region (Phelps et al. 2014). For example, Brockmann & Helbing (2013) compared air traffic vs.
geographic distance to explore which of these variables explain human pathogens spread at coarse
scales. Authors found that passenger flow is more
important than the spatial distance between
infected and disease-free areas. In this context,
human-driven virus transport, more than geographic distance between water bodies, may be a
key component in VHSV epidemics, but such phenomena have not been explored in detail.
Finally, our results showed extended environmental suitability to areas where VHSV is currently absent, including water bodies in
Minnesota, Lake Winnipeg and northern areas of
Lake Superior. This suitability suggests areas
where VHSV could be able to survive. The truncation of model predictions due to limitation of
environmental values available in the study area
represents an important challenge on the macroecology of VHSV. We found that (i) more areas
could be predicted suitable if the study area
increases (Fig. 4a) and (ii) suitable areas were
found beyond the current distribution of the
Ó 2016
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virus. Under this scenario, VHSV appears to be in
ecological non-equilibrium (Guisan & Thuiller
2005). Invasive species tend to expand their distribution to all the environmentally suitable areas if
abiotic interaction and movement barriers do not
limit their invasion dispersal. An invasive species
reaches ecological equilibrium when the species
occupies all the invadable environments. For
VHSV, the equilibrium state is uncertain considering (i) the early stage of its invasion (i.e. ~2003;
Elsayed et al. 2006), (ii) the discovery of vast
number of hosts species affected (Williams &
Jackson 2007); (iii) the broad environmental
range; and (iv) the truncation of the model due to
environments not available in the study area (e.g.
Fig. 4). In fact, one of our assumptions was violated: we assumed that the environmental space
was larger with respect to the VHSV niche. Our
exploration suggests that VHSV may find suitable
environmental conditions that are not present in
our study area. Fine-scale patterns of environmental suitability associated with population growth
(infection rates) still need theoretical and empirical consideration (Drake 2015). Thus, continued
proactive management efforts and early identification of VHSV outbreaks are warranted. Other
fine-scale factors with potential importance in
VHSV outbreaks deserve exploration including
toxic chemicals, presence of dreissenids and composition of the fish community at a given site,
among others. This will allow understanding the
factors triggering disease emergence at local scale.
Conclusion

Viral haemorrhagic septicaemia virus will likely continue to be a threat for fish in the Great Lakes region.
While we did not consider the presence of susceptible
fish species in our model, the expansion of the virus
to water bodies currently free of infection would
occur in the future if susceptible hosts exist with
appropriate densities, environmental conditions are
suitable and the virus breaches geographic barriers to
arrive to the VHSV-free area. Seasonality and connectivity of water bodies should be a topic of high
importance to anticipate and prevent VHSV spread
to virus-free areas. VHSV invasion process is currently static, but more areas could be reported
infected considering the suitable conditions found
beyond areas already reported VHSV positive (Escobar et al. 2014). Thus, VHSV has the potential to
interact with novel geographic ranges, environmental
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conditions and host species to yield more ecological
surprises.

Cornwell E.R., Getchell R.G., Groocock G.H., Walsh M.G.
& Bowser P.R. (2012b) Low prevalence of VHSV detected
in round goby collected in offshore regions of Lake Ontario.
Journal of Great Lakes Research 38, 575–579.
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