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ABSTRACT: Hemorrhagic disease (HD) of deer is caused by epizootic hemorrhagic disease virus
(EHDV) or bluetongue virus (BTV) and is considered one of the most important viral diseases of
white-tailed deer (Odocoileus virginianus). Despite evidence of changing patterns of HD in the
northeastern and upper midwestern US, the historical and current patterns of HD in the Great Plains
remain poorly described. We used results from an annual survey documenting HD mortality to
characterize historic and current patterns of HD in the northern and central Great Plains (North
Dakota, South Dakota, Nebraska, Kansas, and Oklahoma), US, between 1982 and 2020. Further, we
assessed temporal change using linear regression to determine change in annual reporting intensity
(percentage of counties in a state with reported HD) and change in reporting frequency (the number
of years a county or state reported HD) during each decade between 1982 and 2020. Across the 38-yr
study period, HD reports expanded northeast across latitude and longitude. Intensity of HD reports
significantly increased during this period for three (North Dakota, South Dakota, Kansas) of five
states examined. Frequency of reports also increased for all five states. Such changes in northern
latitudes might lead to increased deer mortality in regions where HD epizootics have been historically
less frequent. Understanding how patterns of HD are changing on the landscape is important when
considering future deer management in the face of other mortality factors.
Key words: Bluetongue virus, BTV, epizootic hemorrhagic disease virus, EHDV, Great Plains, HD.

INTRODUCTION

Hemorrhagic disease (HD) of white-tailed
deer (WTD, Odocoileus virginianus) is
caused by epizootic hemorrhagic disease virus
(EHDV) and bluetongue virus (BTV), which
may also cause disease in some other rumi-
nant species (Nettles et al. 1992). Both
EHDV and BTV are in the genus Orbivirus
(Reoviridae family) and are vectored by Culi-
coides biting midges (Stallknecht et al. 2002).
Currently, Culicoides sonorensis and Culicoi-
des insignis are the only confirmed vector
species for EHDV and BTV, but other Culi-
coides species are suspected vectors (McGre-
gor et al. 2022). Hemorrhagic disease is
considered one of the most important viral
diseases of WTD in North America (Stall-
knecht and Howerth 2004). Hemorrhagic dis-
ease in deer ranges from inapparent infection

to acute and fatal febrile disease typically
characterized by edema, effusion, and hemor-
rhage in multiple organs and tissues (Howerth
et al. 2001). Some deer may survive acute HD
infection to develop chronic sequelae, such as
cracked hoof walls or scarred ruminal papillae
(Couvillion et al. 1981).
Reports of cyclical WTD mortality events

consistent with HD have been documented in
the US since the late 1800s (Nettles and Stall-
knecht 1992), but it was not until the 1950s and
1960s that the viral causes of HD were con-
firmed (Shope et al. 1960; Stair et al. 1968). Fol-
lowing this, classical and molecular viral
diagnostics enabled long-term monitoring of
HD in the US and helped to characterize the
diversity of viruses responsible for outbreaks
(Stallknecht and Howerth 2004; Ruder et al.
2016). Annual HD surveillance indicates that

670

DOI: 10.7589/JWD-D-23-00021 Journal of Wildlife Diseases, 60(3), 2024, pp. 670–682
� Wildlife Disease Association 2024

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 17 Sep 2024
Terms of Use: https://bioone.org/terms-of-use

mailto:mgruder@uga.edu


EHDV-2 is the predominant virus causing HD
outbreaks among WTD in the US, but other
EHDV and BTV serotypes are commonly
involved with HD outbreaks in wild ruminants
(Ruder et al. 2016; Rivera et al. 2021).
Although severe disease associated with
EHDV and BTV infection is most commonly
reported in WTD, other wild ruminant species
commonly affected during outbreaks include
mule deer (Odocoileus hemionus), bighorn
sheep (Ovis canadensis), and pronghorn (Anti-
locapra americana; Howerth et al. 2001).
Clinical disease associated with HD in indi-

vidual deer is variable, but general patterns of
infection and disease in WTD populations vary
predictably depending on the geographic region
(Stallknecht et al. 2002; Ruder et al. 2015). His-
torically, EHDV and BTV circulated broadly
between the latitudes of 35˚ S and 40–45˚ N in
areas with habitats and climatic conditions that
support Culicoides spp. vector populations
(Purse et al. 2005). In the US, geographic areas
may be described as having either epizootic or
enzootic disease patterns (Stallknecht et al.
2002). Regions with enzootic patterns are gen-
erally at more southern latitudes where EHDV
and BTV frequently circulate but reports of
HD in WTD are less common (e.g., 2–3-yr
cycles), because inapparent infections or mild
disease without mortality predominate (Couvil-
lion et al. 1981; Nettles et al. 1992). Regions
with epizootic patterns generally occur at more
northern latitudes where virus circulation is
intermittent, herd immunity is low, and intense
HD epizootics with high mortality occur infre-
quently (e.g., 8–10-yr cycle historically) (Stall-
knecht et al. 1996; Ruder et al. 2015; Stilwell
et al. 2021). These epidemiologic patterns have
been best characterized for states in the eastern
and southeastern US, ranging from enzootic
patterns throughout much of the coastal plain
physiographic region in the southeast, to epizo-
otic patterns in the upper midwest, northeast,
and Piedmont and Appalachian Mountain areas
in the southeast (Stallknecht et al. 1991; Nettles
and Stallknecht 1992; Stallknecht et al. 2002).
Over the last two decades northward expansion
of HD has occurred in parts of the northeastern

and midwestern US, highlighting the dynamic
nature of this disease system (Stallknecht et al.
2015; Casey et al. 2021). In addition to these
changing regional patterns, northward shifts in
latitude of reported HD have occurred within
individual states, such as Illinois (Boyer et al.
2007; Dorak et al. 2022). Much of the observed
regional variation in infection outcome is related
to differences in population immunity, includ-
ing previous exposure to the viruses, passive
antibody transfer to fawns, as well as genetic
factors influencing innate immunity (Stallknecht
et al. 1996; Gaydos et al. 2002a, b).
Sustained and long-term monitoring of HD

in wild ruminant populations by wildlife man-
agement agencies is important for understand-
ing epidemiological patterns in the US and how
cyclical variation in outbreaks might affect pop-
ulation dynamics and management goals. Given
the cyclical nature of HD in areas where deer
are immunologically naı̈ve to EHDV or BTV
infection (e.g., northern latitudes), it is difficult
to predict when outbreaks might occur. How-
ever, passive surveillance and outbreak investi-
gations have helped to identify new virus
serotypes (Ruder et al. 2017), novel patterns of
disease (Stallknecht et al. 2015; Dorak et al.
2022), and potential risk factors such as severe
drought (Christensen et al. 2020). Although
investigation of an EHDV-2 outbreak in West
Virginia revealed an estimated 20% mortality
rate in the affected WTD population (Gaydos
et al. 2004), questions remain regarding the
impact of more frequent HD outbreaks on a
population. Sustained monitoring of HD out-
breaks is fundamentally important for under-
standing the potential population impacts of
HD, especially in areas where deer populations
are immunologically naı̈ve and there is evidence
of northern expansion and increased frequency
and intensity of HD outbreaks (Stallknecht
et al. 2015; Dorak et al. 2022).
Historically, severe HD outbreaks have been

reported in parts of the Great Plains of the US,
including the states of North Dakota, South
Dakota, Nebraska, and Kansas (Stevens et al.
2015). However, HD in the Great Plains remains
poorly characterized. Describing historic and
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current patterns of reported HD is the first step
in recognizing changes in this disease system and
how HD patterns might change in the future.
Anecdotally, patterns of HD in this region may
be changing, similar to the documented northern
expansion and increased frequency and intensity
of HD in parts of the eastern US (Stallknecht
et al. 2015). The objectives of our study were
1) to broadly describe historic patterns of HD
in the Great Plains through the use of annual
survey data between 1982 and 2020; and 2) to
determine if patterns of reported HD changed
in frequency, intensity, or geographic distribu-
tion during this time period.

MATERIALS AND METHODS

Study area

The Great Plains encompasses approximately
2.17 million square kilometers across the US
states of Montana, Wyoming, Colorado, New
Mexico, Texas, Oklahoma, Missouri, Iowa, Min-
nesota, North Dakota, South Dakota, Nebraska,
Kansas, and Oklahoma (Zhu et al. 2011). The
Great Plains encompasses highly diverse habitats
and spans the latitudinal gradient that has been
significant in determining risk of HD outbreaks in
other states (Omernik 1987; Christensen et al.
2020; Casey et al. 2021). Our study focused on
the interior portion of the region that includes the
five states of North Dakota, South Dakota,
Nebraska, Kansas, and Oklahoma (hereafter
referred to as the Great Plains), because HD pat-
terns have yet to be described in this region (Sup-
plementary Material Fig. S1). Our study area
ranged from 33–49˚ N latitude and 104–96˚ W
longitude, including approximately 958,300 km2.

Annual HD questionnaire

The reports of HD between 1982 and 2020
were obtained from a long-term (1982–present)
survey of all state wildlife management agencies
conducted by the Southeastern Cooperative
Wildlife Disease Study (SCWDS; Nettles et al.
1992; Ruder et al. 2016). This survey is completed
annually by state wildlife agency personnel in all
50 states who are responsible for the conservation
and management of deer populations in the US
(Ruder et al. 2016). The survey uses syndromic
surveillance to report HD based on characteristic

field signs and postmortem lesions associated
with HD in WTD populations, as well as diagnos-
tic testing of select mortality events. Data are col-
lected at the county level in a binary format of 1
or 0 to represent presence or absence of HD,
respectively, based on one or more of the four cri-
teria established at the inception of the survey in
1982. These criteria have remained consistent
throughout the entire study and include: 1) sud-
den and unexplained deer mortality that occurs
during late summer and early autumn; 2) nec-
ropsy-based diagnosis of HD based on lesions; 3)
isolation or molecular detection of EHDV or BTV
from postmortem tissues; and 4) observation of
deer with sloughing hooves (Nettles et al. 1992;
Ruder et al. 2016). Depending on the outbreak, a
report of HD in a county might involve a small
cluster of dead deer or potentially dozens to hun-
dreds of dead deer. For our project, the presence
of HD in counties was determined using the first
three reporting criteria, to focus on HD mortality.
The fourth criterion was excluded from the data
set because it focuses more on HD morbidity and
was less consistently used across all five states
over the 38-yr study period.

Virus detection data (criterion 3) was also com-
piled for other wild ruminant species in the study
area. These data, combined with criterion 3 for
WTD, help to corroborate the spatial and temporal
patterns of suspected HD (criteria 1 and 2) in
WTD for the Great Plains between 1982 and 2020.
Use of confirmatory diagnostic testing on all dead
wild ruminants during outbreaks is not possible, but
their use on a subset provides confidence in HD
reports based on criteria 1 and 2 during outbreaks.
Virus detections from postmortem tissues (e.g.,
spleen, lung, lymph node) were performed at
SCWDS, as described (Kienzle et al. 2017), or at
state or federal veterinary diagnostic laboratories,
and reported in the annual HD survey. Reported
virus detection data were organized by state, spe-
cies, serogroup, and serotype, along with the num-
ber of years the specific serotypes were reported.

Data analysis

We estimated the potential change in reported
HD patterns through data visualization, evaluation
of intensity, and frequency of HD reports. To visu-
ally observe potential changes in reported frequency
of HD trends in the Great Plains, we created
county-level maps split into four decades: 1982–
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1991, 1992–2001, 2002–2011, and 2012–2020. We
define a decade as a set of 9 yr, with the last set
resulting in 8 yr, 2012–2020. Reporting frequency
was defined as the number of years a county or state
reported HD within each of these four decades.

For our temporal analysis, we used linear
regression to estimate the change in HD report-
ing intensity from 1982-2020. We defined report-
ing intensity as the percentage of counties in a
state with reported HD each year (i.e., number of
counties with reported HD divided by total num-
ber of counties in the state 3 100). Representing
reporting intensity as a percentage provided a
scale for all counties across the Great Plains
states. Scaling the counties allowed us to compare
the temporal change in HD reporting intensity
from 1982 to 2020 for all five states without bias
towards states that have more counties than oth-
ers. For simplicity, we excluded virus detection
data (criterion 3) from wild ruminant species
other than WTD from statistical analyses, because
the data did not provide new county detections in
addition to counties where HD was reported in
WTD populations. Therefore, all statistical analy-
ses were conducted on WTD (deer) reports only.
Finally, we used linear regression over all coun-
ties, regardless of state, to determine a statistical
significance in change in HD reporting frequency
from 1982 to 2020 in the Great Plains.

For spatial analysis, we used generalized linear
mixed models (GLMM) with a binomial distribu-
tion to analyze changes in the probability of
detecting HD for the Great Plains (Johnson et al.
2006). We developed univariate and multivariate
models with independent variables of latitude,
longitude, and year to assess how the dependent
variable (HD report probability for a county each
year) changed over time. We included interaction
terms in the multivariate models to determine
how the probability of detecting HD changed rel-
ative to other independent variables. To account
for the numerical differences between the ranges
of the independent variables of time and location,
we centered and scaled latitude, longitude, and
year by standard deviation prior to running
models.

Model selection was not used for the temporal
linear regression for each state, but we used
Akaike information criterion corrected for small
sample size (AICc) for model selection to deter-
mine the top model for spatial changes in HD
patterns (Burnham and Anderson 2002). We used

our top spatial model to determine how patterns
of HD reports changed both for counties in the
Great Plains (excluding state boundaries) and for
each state. We ran the top model by each state to
account for reporting differences that may have
occurred between states between 1982 and 2020.
In the model used for all counties in the Great
Plains, state was used as a random effect to
account for the variation in annual HD reports
from all states (Gillies et al. 2006). All linear
regression and GLMM models were run using
the lme4 package in R version 4.0.3, and statisti-
cal significance was determined with P�0.05
(Bates et al. 2015; R Core Team 2022).

RESULTS

Over the 38 yr of the study, all states sub-
mitted HD reports for each county regardless
of HD status. In total, 1,262 county-level HD
reports were submitted between 1982 and
2020 across all five states. Counties with the
majority of HD reports followed a diagonal
pattern from southeast to the northwest cor-
ners of the region, similar to larger HD pat-
terns previously described by Stallknecht
et al. (2015; Fig. 1A). The counties where
EHDV and/or BTV was confirmed through
diagnostic testing (criterion 3) during the
entire study period are shown in Figure 1B,
revealing those counties in the study area
where virus confirmation was achieved
throughout the distribution of suspected HD
(criteria 1 and 2). Virus detections from WTD
and other free-ranging ruminant species
including mule deer, elk, bighorn sheep, and
pronghorn, are shown in Table 1.
Changes in report frequency and report

intensity varied for each state. Report fre-
quency increased for all states throughout the
decades, but Nebraska experienced a slight
decrease in report frequency between the
third and fourth decade (Table 2). Within the
five states, Oklahoma had the lowest reporting
frequency throughout all decades (Table 2).
South Dakota had the highest reporting fre-
quency in counties in the fourth decade. In
addition to observed increased report fre-
quency, our spatial map of reported HD by
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decade revealed the observed change in geo-
graphic distribution of reported HD for all
states (Fig. 2).

Reporting intensity also varied between the
states over the 38 yr. At the state level, North
Dakota, South Dakota, and Kansas had a sig-
nificant increase (P�0.05) in HD reporting
intensity, but reporting intensity in Nebraska
and Oklahoma did not significantly increase
from 1982 to 2020 (Fig. 3). South Dakota

experienced the largest increase in report
intensity, with a probability of 0.58, whereas
Oklahoma experienced the lowest increase in
reporting intensity, with a probability of 0.041
(Table 3). When all counties were combined,
reporting intensity did significantly increase
(P�0.05) from 1982 to 2020 for the Great
Plains region (Table 3). Overall, each state
experienced at least 1 yr without any counties
reporting HD, but North Dakota, South
Dakota, Nebraska, and Kansas experienced
peaks (�25%) in the percent of counties
reporting HD in some years, suggesting geo-
graphically large-scale outbreaks (e.g., 2012 in
North Dakota, South Dakota, Nebraska, and
Kansas; 2020 in North Dakota and South
Dakota; Fig. 3).
Lastly, our top spatial model suggested that

the probability of detecting HD through the
county-level reports increased in both latitude
and longitude from 1982 to 2020. Our top
spatial model included an interaction with all
three variables of year, latitude, and longitude
(Supplementary Material Table S1). Latitude
and the interaction of latitude and year were
not important predictors of spatial change in
HD reports, but longitude, year, the interac-
tions of latitude and longitude, and the three-
way interaction of year, latitude, and longi-
tude were significant predictors of changing
patterns of HD reports (Supplementary
Material Table S2). We observed an increase
in the probability of detecting HD through a
report for every 1.2˚ increase in longitude but
did not observe a significant change in the
probability of detecting HD through reports
in latitude (Fig. 4; Supplementary Material
Table S2).

DISCUSSION

Hemorrhagic disease in the Great Plains
generally followed the pattern of enzootic sta-
bility in the south transitioning to patterns of
epizootic mortality moving north. Consistent
with our observation of very few HD reports
in Oklahoma, deer populations in Oklahoma
have a high population immunity, evidenced

FIGURE 1. (A) Map showing the total years hem-
orrhagic disease (HD) was reported in white-tailed
deer (Odocoileus virginianus) by county between
1982 and 2020 in the Great Plains states of (from
north to south) North Dakota, South Dakota,
Nebraska, Kansas, and Oklahoma, USA. Shading cor-
responds to the number of years HD was reported in
each county during the 38-yr study period. County-
level reports of HD were collected for each state
annually based upon three specific criteria: 1) sudden
and unexplained deer mortality that occurs during
late summer and early autumn, 2) necropsy-based
diagnosis of HD based on lesions. and 3) isolation or
molecular detection of EHDV or BTV. (B) Map
showing county reports of HD between 1982 and
2020 (gray) and those counties that reported confir-
mation of epizootic hemorrhagic disease virus
(EHDV) or bluetongue virus (BTV) by laboratory
testing (red) 1982–2020. Inset map of the USA shows
the five states in the study area.
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by high EHDV or BTV antibody prevalence
with minimal HD mortality (Kocan et al.
1987). Moving north, the percent of counties
with reported HD increased in Kansas, espe-
cially in the most recent decade (Table 2).
Similar to Oklahoma, a pattern of enzootic
stability has been identified in western Kansas
(Flacke et al. 2004). However, Kansas appears

to be an epidemiological transition state, with
evidence of enzootic stability in the western
counties transitioning to epizootic mortality in
the east (Flacke et al. 2004). In our study,
most Kansas counties reporting HD were pri-
marily in the eastern half of the state (Figs. 1
and 2). Patterns of epizootic mortality intensi-
fied moving north from Kansas into Nebraska

TABLE 1. Diversity of epizootic hemorrhagic disease virus (EHDV) and bluetongue virus (BTV) detections in
free-ranging wild ruminants from the Great Plains of the USA, including North Dakota, South Dakota,
Nebraska, Kansas, and Oklahoma, between 1982–2020. For each state, the virus detected is presented followed
by the years detected. Tissue samples from free-ranging ruminant mortality events were collected by state wild-
life management agency personnel during suspected hemorrhagic disease outbreaks and submitted for labora-
tory confirmation. Viral diagnostics (reverse transcriptase PCR and orbivirus isolation and neutralization) were
performed at either the Southeastern Cooperative Wildlife Disease Study (University of Georgia, Athens,
Georgia, USA), National Veterinary Services Laboratories (US Department of Agriculture, Ames, Iowa, USA),
Michigan State University (East Lansing, Michigan, USA), North Dakota State University (Fargo, North
Dakota, USA), or the South Dakota State University (Brookings, South Dakota, USA).

State Speciesa EHDV or BTV serotype (years detected)

North Dakota White-tailed deer BTV-17 (1987, 1988); EHDVb (1988, 2013, 2017,

2020); EHDV-2 (1987, 1988, 2018–2020)

Mule deer EHDVb (2017); EHDV-2 (2018, 2020)

Elk EHDV-2 (2020)

Pronghorn EHDVb (2017); EHDV-2 (2020)

South Dakota Bighorn sheep BTVb (2016); EHDV-2 (1997)

White-tailed deer BTVb (1988); BTV-3 (2012); BTV-13 (2012);

BTV-17 (2013); EHDVb (2016); EHDV-1

(2013, 2016); EHDV-2 (2007–2008, 2011–

2013, 2015–2017, 2019–2020); EHDV-6

(2011–2013)

Mule deer EHDV-2 (2020)

Elk BTV-13 (2012); EHDV-2 (2012–2013)

Pronghorn BTV-11 (2013); BTV-17 (2016); EHDV-2 (2017)

Nebraska Bighorn sheep BTVb (2020); BTV-17 (2020); EHDV-2 (2019)

White-tailed deer BTVb (2019); BTV-17 (2016); EHDVb (2018,

2020); EHDV-2 (2016–2018, 2020); BTV-5

(2020)

Mule deer BTV-17 (2016); EHDV-1 (2016); BTVb (2018);

EHDV-2 (2018)

Pronghorn BTV-17 (2016)

Kansas White-tailed deer BTVb (2020); BTV-17 (2000, 2003, 2006, 2011);

EHDVb (2019–2020); EHDV-1 (2012, 2017);

EHDV-2 (1994, 1998, 2000–2009, 2011–2013,

2015–2019); EHDV-6 (2017)

Mule deer BTV-17 (2020); EHDVb (2019)

Pronghorn BTV-1 (2020)

Oklahoma White-tailed deer BTVb (2012); EHDVb (2012)

a White-tailed deer (Odocoileus virginianus), mule deer (Odocoileus hemionus), elk (Cervus canadensis), pronghorn (Antilocapra amer-
icana), and bighorn sheep (Ovis canadensis).

b Serotype not determined.
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where HD reports have remained relatively con-
sistent from 1982 to 2020, although Nebraska
experienced peaks in mortality similar to the
other four states (Fig. 3). In South Dakota over
the past decade there is evidence of increasing
outbreak intensity, as the percentage of counties
reporting HD increased from 11.2% to 32.2%
(Table 2). Furthermore, we showed an increase
in the geographic distribution of reported HD
in South Dakota, which was corroborated by
postmortem diagnostic data (i.e., virus detec-
tions), from 1982 to 2020 (Table 1).

Although frequency of reported HD increased
over the four decades, the geographic distribu-
tion of HD also changed in the Great Plains.
Unlike northern expansion of HD previously
observed in states east of the Great Plains

(Stallknecht et al. 2015; Christensen et al. 2020;
Dorak et al. 2022), our findings indicated that
HD has expanded longitudinally in an eastern
direction from 1982 to 2020 (Fig. 4). Hemor-
rhagic disease has been reported in North
Dakota during all four decades of the study
period, therefore we could not observe signifi-
cant change in reported HD relative to latitude
alone, but both visual observation and linear
regression suggest that counties reporting HD
have expanded eastward and northward across
the Great Plains (Fig. 2).
While not investigated in our study, the over-

all shift in the distribution, intensity, and fre-
quency of reported HD for the Great Plains
may be related to recent changes in climate
conditions (i.e., increasing annual temperatures)

TABLE 2. Total positive county reports of hemorrhagic disease (HD) in white-tailed deer (Odocoileus virginia-
nus) in Oklahoma, Kansas, Nebraska, South Dakota, and North Dakota, USA, by decade, submitted to the
Southeastern Cooperative Wildlife Disease Study (SCWDS) between 1982 and 2020. The study period was
divided into four decades: 1982–1991 (1), 1992–2001 (2), 2002–2011 (3), and 2012–2020 (4). County-level
reports of suspected or confirmed HD were collected for each state annually based on three specific criteria:
1) sudden and unexplained deer mortality that occurs during late summer and early autumn, 2) necropsy-based
diagnosis of HD based on lesions, and 3) isolation or molecular detection of epizootic hemorrhagic disease
virus or bluetongue virus. Positive county reports represent the number of counties with reported HD in each
decade. The total potential reports represent the number of opportunities to report HD in each state by
decade (number of counties multiplied by number of years).

State (number of counties) Decade Positive county reports Total potential reports Percent positive counties

North Dakota (53) 1 16 530 3.0%
2 17 530 3.2%
3 39 530 7.4%
4 37 477 7.8%

South Dakota (66) 1 71 660 10.8%
2 83 660 12.6%
3 74 660 11.2%
4 191 594 32.2%

Nebraska (93) 1 74 930 8.0%
2 101 930 10.9%
3 164 930 17.6%
4 111 837 13.3%

Kansas (105) 1 12 1050 1.1%
2 23 1050 2.2%
3 59 1050 5.6%
4 157 945 16.6%

Oklahoma (77) 1 2 770 0.3%
2 10 770 1.3%
3 6 770 0.8%
4 15 693 2.2%
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and subsequent impact on vector populations
and virus transmission (Purse et al. 2005). Tem-
perature impacts vectorial capacity by dictating
vector developmental rates, biting rates, and
virogenesis (Mullens et al. 2004). As tempera-
ture increases between 27 C and 30 C, the Culi-
coides generation time and extrinsic incubation
period decreases, resulting in more infected
adult Culicoides on the landscape (Wittman
et al. 2002). In regions with patterns of epizootic
mortality such as North Dakota and South
Dakota, changing climatic variables may
enhance vectorial capacity (Sleeman et al. 2009;
Salley et al. 2016). Although we acknowledge
that certain climate components such as tem-
perature and moisture influence vector-virus
interactions, further research is warranted to
understand how habitat in relation to climate
impacts HD reports in the Great Plains.
A noteworthy change in HD reporting inten-

sity and frequency in the Great Plains occurred
between South Dakota and North Dakota. In
the northeastern US, the effect of latitude was
significant in predicting HD mortality relative to
drought index, but reported HD generally
decreased north of 40˚ N latitude (Stallknecht
et al. 2015; Christensen et al. 2020). Similar to
the trend of reduced HD reporting frequency at
northern latitudes, HD reporting frequency and

intensity increased at a smaller rate in North
Dakota versus South Dakota, potentially related
to the effect of local climate conditions on vecto-
rial capacity. Populations of C. sonorensis (a con-
firmed vector of EHDV and BTV), were found
during 2002 in regions of western North Dakota,
western South Dakota, and Nebraska where
soils are nonglaciated and annual evaporation
exceeds annual precipitation (Schmidtmann
et al. 2011). Whether C. sonorensis populations
have since expanded into areas east of the Mis-
souri River, or whether other resident Culicoi-
des spp. are responsible for transmission of
EHDV and BTV in eastern North Dakota and
South Dakota remains unclear because of the
paucity of Culicoides surveillance in the region.
Other Culicoides spp. that are suspected vectors
of EHDV and BTV and could play a role in the
region include Culicoides stellifer, Culicoides
paraenesis, Culicoides venustus, and Culicoides
haematopotus, among others (McGregor et al.
2022). Regardless of the underlying factors
involved, the differences in reported HD inten-
sity and frequency between South Dakota to
North Dakota might demarcate the northeastern
boundary of HD in the Great Plains and chang-
ing climatic conditions might continue to shift
the leading edge of HD in a northeasterly
direction.

FIGURE 2. Maps showing reports of hemorrhagic disease (HD) grouped by decade between 1982 and 2020
for the Great Plains states of (from north to south) North Dakota, South Dakota, Nebraska, Kansas, and Okla-
homa, USA. Shaded counties represent those counties where HD was reported at least once during the
decade. County-level reports of HD were collected for each state annually based upon three specific criteria:
1) sudden and unexplained deer mortality that occurs during late summer and early autumn, 2) necropsy-based
diagnosis of HD based on lesions, and 3) isolation or molecular detection of epizootic hemorrhagic disease
virus or bluetongue virus. Inset map of the USA shows the five states in the study area.
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As climate continues to change, vector–virus
interactions and their impact on HD morbidity
and mortality in northern deer populations will
also change. Continued surveillance is essential
for monitoring such impacts, understanding
their drivers, and anticipating implications for
deer management. One notable HD outbreak

occurred in 2012 across most of the Midwest,
impacting both free-ranging and domestic
ruminant species (Stevens et al. 2015; Ruder
et al. 2015). Data from our study clearly show
prominent peaks of HD reports during 2012,
in Kansas, Nebraska, and South Dakota, con-
sistent with that outbreak (Fig. 3). The 2012

FIGURE 3. Graphs showing reporting intensity of hemorrhagic disease (HD) between 1982 and 2020 for
the Great Plains states of (from north to south) North Dakota, South Dakota, Nebraska, Kansas, and Okla-
homa, USA. County-level reports of HD were collected for each state annually based upon three specific crite-
ria: 1) sudden and unexplained deer mortality that occurs during late summer and early autumn, 2) necropsy-
based diagnosis of HD based on lesions, and 3) isolation or molecular detection of epizootic hemorrhagic dis-
ease virus or bluetongue virus. The percentage of counties with reported HD in each state (A–E) or for all five
states combined (F) represent the reporting intensity for each year in the study. Ninety-five percent confidence
intervals are represented by the shaded area in each panel. The states of North Dakota, South Dakota, and
Kansas had significant increases (P,0.05) in HD reporting intensity from 1982 to 2020 as determined by linear
regression.

TABLE 3. Results of linear regression analysis to determine change in annual hemorrhagic disease reporting
intensity for white-tailed deer (Odocoileus virginianus) in Great Plains states of the US from 1982 to 2020. Lin-
ear regression was run separately for each state to account for reporting bias between different state wildlife
management agencies. All counties were combined for linear regression with state as the random effect to
account for state variation in reporting effort. Shown are coefficient estimates 6 standard error (SE), P-values,
and 95% confidence intervals (CI). Statistical significance of P�0.05.

USA state Estimate6SE Pr(.|z|) Lower 95% CI Upper 95% CI

North Dakota 0.23560.115 0.048 0.002 0.468

South Dakota 0.57860.255 0.029 0.061 1.094

Nebraska 0.14760.241 0.545 �0.341 0.635

Kansas 0.46860.102 4.81e-05 0.262 0.674

Oklahoma 0.04160.027 0.138 �0.014 0.095

All Counties 0.96060.105 0.007 8.41e-02 0.507
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Midwest HD outbreak was predominantly
attributed to EHDV-2, and the severe drought
conditions and high temperatures during the
summer months probably contributed to the
intensity of the outbreak (Stevens et al. 2015).
Given that the Great Plains encompasses a gra-
dient of different climate conditions, consider-
able changes in climate might affect how
vector-borne diseases, such as HD, present on
the landscape. Thus, it is plausible that HD
may become an increasingly common mortality
factor among some deer populations.
One important aspect of the complex HD

system is host diversity and how different
hosts for EHDV or BTV affect HD distribu-
tion on the landscape. Although WTD are
considered a primary host for EHDV and
BTV in North America, other free-living spe-
cies such as mule deer, elk, and pronghorn
also are frequently involved in outbreaks in
the Great Plains (Howerth et al. 2001). Fur-
thermore, livestock hosts for EHDV and

BTV, such as cattle and sheep, are common in
the Great Plains, are often sympatric with
wild ruminants, and are known to affect popu-
lations of certain Culicoides species (Hardy
and Price 1952; Ruder et al. 2015; McGregor
et al. 2022). Although wild ruminant species
often suffer severe or fatal disease, cattle
infected with EHDV and BTV typically
develop inapparent or mild disease. Both
domestic and wild ruminant species are verte-
brate hosts defining this disease system, and
the presence and movement of susceptible
livestock species may potentially influence the
occurrence and movement of EHDV and
BTV on the landscape (Rivera et al. 2021). To
understand the complexities of this vector-
borne disease system involving multiple rumi-
nant hosts and multiple viruses, future
research and surveillance efforts should incor-
porate both domestic and free-living ruminant
hosts, as well as Culicoides spp. vectors. Spe-
cifically, long-term studies that spatially and

FIGURE 4. Probability of detecting hemorrhagic disease (HD) through county-level reports relative to lati-
tude (A) and longitude (B) for the Great Plains area of the USA between 1982 and 2020. County-level reports
of HD were collected for each state annually based upon three specific criteria: 1) sudden and unexplained
deer mortality that occurs during late summer and early autumn, 2) necropsy-based diagnosis of HD based on
lesions, and 3) isolation or molecular detection of epizootic hemorrhagic disease virus or bluetongue virus. Lati-
tude and longitude ranges in the graphs represent the geographic boundaries of the Great Plains. Colored lines
denote the probability of detecting HD through reports for the respective year. Shaded areas represent 95%
confidence intervals, and lines represent the linear regression for the years 1982 (red), 2001 (blue), and 2020
(green). Years were selected to denote the probability of detecting HD at the beginning, middle, and end point
of the study. Latitude or longitude is represented on the x-axis and the probability of detecting HD through a
county report is represented on the y-axis.
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temporally combine investigations of free-liv-
ing ruminant mortality; serological testing of
harvested free-living ruminants; serologic and
virologic testing of sentinel livestock; and
Culicoides spp. surveillance across diverse
land and animal use settings, would collec-
tively help inform the understanding of orbi-
virus epidemiology in the Great Plains and
elsewhere.

To our knowledge, no other HD data set
exists for a similar length of time and spatial
coverage. The HD survey relies on the contin-
ued participation of state wildlife manage-
ment agency personnel, but we acknowledge
certain levels of bias exist within the data set.
Disease events in wildlife may be difficult to
observe, thus potentially leading to underre-
porting of events such as HD. The HD survey
primarily captures outbreaks with mortality,
but small-scale mortality in dense vegetation
or where humans are not present, for exam-
ple, may not be detected. In enzootically sta-
ble regions, virus transmission events do not
result in significant morbidity or mortality,
and these inapparent infections are therefore
not accounted for in this survey (e.g., in Okla-
homa). Further, reports of HD were received
across the 38-yr period from independent
sources that could not be standardized
between states (Stallknecht et al. 2015). Nev-
ertheless, reliability of these data is made pos-
sible by the diligence and continued support
of state agency personnel, well-characterized
and consistent field signs and necropsy lesions
of HD in WTD, consistent criteria for report-
ing HD by state agencies, the relative visibility
of deer to the public, and the value of deer as
a natural resource (Ruder et al. 2016). The
validity of our survey is further supported by
lack of outlier reports in areas with patterns of
epizootic mortality (e.g., northeast US); con-
sistency in spatial and temporal reporting of
HD during outbreaks regardless of state bor-
ders; and through confirmatory diagnostics
throughout the study (criterion 3; Stallknecht
et al. 2015). Given the duration and consistent
case criteria, this survey provides unique
opportunities to study spatial and temporal

changes in patterns of HD that short term
projects could not capture.
The general pattern of increase in the fre-

quency and intensity of reported HD in parts of
the central and northern Great Plains, and the
significant latitude and longitude interaction
supports the concept that conditions have
changed in favor of HD outbreaks from 1982 to
2020. Additionally, our finding that counties
reporting HD expanded eastward in North
Dakota and South Dakota suggests that this
region may represent the leading edge of HD in
the northern Great Plains. Continued monitor-
ing of EHDV and BTV in the multihost system
of the Great Plains is important to document
future changes in the face of changing climate.
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