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HIGHLIGHTS

e Teratogenic agrichemical use (imida-
cloprid, chlorothalonil, and glyphosate-
based herbicides) increased regionally
in 1994-96.

e Vitality of Cervus canadensis calves
declined between 1990-92 and 1997-99
in central Wyoming.

o Calf/cow ratios in Alces alces declined in
central Wyoming beginning in the mid-
1990s.

e Reproductive abnormalities and under-
developed facial bones were discovered
in Odocoileus virginianus fawns in spring
1995.

e Similar abnormalities and reduced vi-
tality were found in Odocoileus virgin-
ianus  experimentally exposed to
imidacloprid.
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Major increasesin teratogenic agrichemicals
1993-94: 10-fold increase in chlorothalonil due to potato-blight outbreak (P=potato fields).
1994: major neonicotinoid insecticide, imidacloprid, newly registered.
1996: 4-fold increase in herbicides with release of Roundup® Ready crops.

ABSTRACT

Population declines were documented in multiple ruminant species in Montana and surrounding states starting in
1995. While weather, food sources, and predation certainly contributed, the declines were often attributed, at
least partly, to unexplained factors. Use of teratogenic agrichemicals, notably neonicotinoid insecticides, fun-
gicides, and glyphosate-based herbicides, massively increased regionally in 1994-96. The question explored in
this review is whether this vastly increased use of these teratogenic pesticides might have contributed to
observed population declines. We provide references and data documenting that specific developmental mal-
formations on vertebrates can be associated with exposure to one or more of these agrichemicals. These pesti-
cides are known to disrupt thyroid and other hormonal functions, mitochondrial functions, and
biomineralization, all of which are particularly harmful to developing fetuses. Exposures can manifest as
impaired embryonic development of craniofacial features, internal and reproductive organs, and
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musculoskeletal/integumental systems, often resulting in reproductive failure or weakened neonates. This paper
reviews: a) studies of ruminant populations in the region, especially elk and white-tailed deer, prior to and after
1994; b) published and new data on underdeveloped facial bones in regional ruminants; ¢) published and new
data on reproductive abnormalities in live and necropsied animals before and after 1994; and d) studies doc-
umenting the effects of exposures to three of the most applied teratogenic chemicals. While answers to the
question posed above are complex and insufficient evidence is available for definitive answers, this review
provides ideas for further consideration.

1. Introduction

This review was motivated by recognition, based on individual ob-
servations, subsequent investigations, and searching the scientific
literature, that a series of seemingly unrelated events that occurred in
the 1990s may have had profound effects on wild ruminants in the
western United States. The initial event was a discovery, in spring 1995
in the Bitterroot Valley of western Montana, USA (Fig. 1). Multiple in-
dividual ruminants with facial malformations were observed and
reproductive malformations were discovered in male white-tailed deer
(Odocoileus virginianus) fawns. This discovery and subsequent docu-
mentation and analyses of reproductive and facial abnormalities
through the 1990s and 2000s, were published by Hoy et al. (2002, 2011,
2015). An unrelated event was the release of 14 Gy wolves (Canis lupus)
into Yellowstone National Park in March 1995. Between 1994 and
1997-98, the winter counts of the population of northern Yellowstone
elk (Cervus canadensis, internationally known as Wapiti) declined by one
third (Eberhardt et al., 2010; Mosley and Mundinger, 2018); the 2013
winter counts indicated declines of more than 75% over two decades
(Fig. 2). The release of wolves was controversial from the onset, and the
decline in the elk population was widely blamed on the wolves (White
and Garrott, 2005), though most scientific investigations concluded that
unknown or unexplained factors were likely involved.

Another series of events, seemingly unrelated to deer, elk, wolves, or
Yellowstone National Park, occurred in the early-to mid-1990s that we
suggest provides important clues to understanding the decline in rumi-
nant populations in the region after 1994. In 1992-1993, summers were
cooler and wetter than normal nearly worldwide following the massive
eruption of Mt. Pinatubo in June 1991 (Self et al., 1996). The cool, wet
conditions contributed to outbreaks of the pathogenic fungus Phytoph-
thora infestans (late blight) in major potato-growing areas, spreading to
Idaho and eastern Washington by 1993-94 (Fry and Goodwin, 1997).
The consequent increase in the use of fungicides, notably chlorothalonil,
in Idaho, Washington, Oregon and, by 1996, Montana, was substantial
(Thelin and Stone, 2013; see also https://water.usgs.gov/nawqa/pns

p/usage/maps/about.php). Also in 1994, a neonicotinoid insecticide,
imidacloprid, was registered for use and has since become the most
heavily applied insecticide throughout the United States (U.S. National
Pesticide Information Center, http://npic.orst.edu/factsheets/imid
agen.html). Then in spring 1996, the introduction of Roundup® Ready
crops resulted in major increases, by thousands of metric tons, in the
already widespread use of glyphosate-based herbicides (GBHs) (USGS
National Water Quality Assessment).

In this review, we examine evidence that exposure to these three
kinds of teratogenic agrichemicals: chlorothalonil, imidacloprid, and
GBHs (e.g., Cerrizuela et al., 2020), in vastly increased concentrations
beginning in 1994, should be considered as possible factors that
contributed to the unique congenital malformations and increased
mortality in young of multiple ruminant species. We propose that failure
to thrive and the subsequent prenatal and neonatal mortality may have
contributed to declines in wild ruminant populations. As evidence, we
discuss experimental studies that report how exposure to these agri-
chemicals have been directly linked to a variety of congenital malfor-
mations, including facial and reproductive malformations in
white-tailed deer (Berheim et al., 2019).

The elk populations of the Greater Yellowstone ecosystem have been
frequently studied, with data available from both prior to 1994 and
after. Thus, Section 2 summarizes studies of elk populations in the re-
gion. In Section 3, we review observations and reports, which emerged
after 1994, of birth defects and declines in other ruminant populations in
western states. In Section 4, we discuss the specific kinds of agrichem-
icals for which use increased dramatically in the region in the mid-
1990s. These pesticides are known to disrupt thyroid and other hor-
monal functions, metabolic functions, and biomineralization, all of
which can be particularly harmful to developing fetuses [i.e., are tera-
togenic in affected animals (Cerrizuela et al., 2020)]. In Section 5, we
return to more recent observations of elk populations, and in Section 6,
ask why the effects of new and much higher pesticide exposures, espe-
cially the serious external congenital malformations, have been so
widely overlooked as possible contributors to documented declines of
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Fig. 1. Areas and locations in the west and central northern United States mentioned in the text. General regions of intensive agriculture are noted (P indicates major
potato-growing areas), as is the prevailing southwest wind direction influencing the Greater Yellowstone area (heavy dashed arrow). Data sources: https://pacific-ma
p.com/agriculture-and-industry-map-of-oregon.html; https://pacificmap.com/agriculture-and-industry-map-of-idaho.html; https://agr.mt.gov/Ag-in-the-Classroom,
www.agr.wa.gov/PestFert/natresources/AgLandUse.aspx; https://www.farmflavor.com/north-dakota/north-dakota-crops-livestock/north-dakota-agriculture-map/;
https://www.nass.usda.gov/Statistics_by_State/South_Dakota/Publications/County_Estimates/index.php.
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ruminants. While the topics posed above are complex and insufficient
evidence is available for definitive answers, our goals are to provide
ideas for further consideration and study.

2. Elk and other wildlife in the Greater Yellowstone region
2.1. Historical background

Yellowstone National Park was established in 1872, the first in the
United States. The park is located mostly in northwest Wyoming,
extending into southwestern Montana and east-central Idaho (Fig. 1).
Originally preserved for its unique hydrothermal activity and breath-
taking scenery, the park also attracts visitors from around the world to
see the amazing array of wildlife. These include grizzly bears (Ursus
arctos horribilis), black bears (Ursus americanus), wolves (Canis lupus),
American bison (Bison bison), elk (Cervus canadensis), pronghorn ante-
lope (Antilocapra americana), bighorn sheep (Ovis canadensis), mountain
goat (Oreamos americanus), moose (Alces alces), mule deer (Odocoileus
hemionus), and white-tailed deer (Odocoileus virginianus), as well as an
abundance of smaller mammals and birds. Many of these species are rare
outside of American and Canadian national, state or provincial parks.

Populations of several of the charismatic larger species have fluctu-
ated inexplicably in recent decades. For example, according to the 1994
winter count, the northern Yellowstone elk population was ~18,000. By
1997-98, the counts had dropped by about one third, to ~12,000. The
decline continued, with the elk population at ~8000 in 2004 (Eberhardt
et al., 2010; Mosley and Mundinger, 2018). By 2013, fewer than 4000
were recorded (Fig. 2).

What could have caused such a decline in this elk herd? What also
should be asked is what may have happened in 1994 to cause several
distinctive, externally observable developmental malformations to
emerge among young of multiple vertebrate species in spring of 1995
and then again each spring through 2013? While answers to these
questions are complex, our discussion of studies from immediately
before and after 1994, as well as subsequent studies and extremely
pertinent new data, provide questions for further consideration.

The gray wolf (Canis lupus) was extirpated from the Yellowstone
ecosystem in the 1920s when the last native wolves were killed (Fischer,
1995). In January 1995, 14 Gy wolves from Canada were brought to the
park and released the last week of March, with another 17 released in
1996 (Smith et al., 2019). The wolves formed packs, mated, had pups,
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and their population subsequently increased faster than biologists had
predicted (Fischer, 1995; Boyce, 2018).

Elk in the greater Yellowstone ecosystem have been extensively
studied for at least a century (Fig. 2) (Middleton et al., 2013), and
wolves have had continuous surveillance since their release in 1995
(Boyce, 2018). Even though the wolf population increased quite rapidly,
there were never enough wolves to cause the rate and magnitude of
declines in elk and other wild ruminants in Yellowstone National Park or
the region (Boyce, 2018). However, immediately after their release in
Yellowstone, the wolves undoubtedly took advantage of the bountiful
food supply of dead and weakened ruminants they found in their new
habitat. This would have helped the wolves thrive, providing an
explanation for why their population initially grew so rapidly (Smith
et al., 2019).

2.2. Elk population studies

A crucial, multi-year study of elk calves was carried out near Jack-
son, in west-central Wyoming (Smith et al., 2006), south of Yellowstone
National Park (Fig. 1). In the first three-year study period, 145 neonatal
elk from three cohorts (1990, 1991, 1992) were -captured,
radio-instrumented, and monitored for survival. The elk calves were
reported as healthy and energetic, and joined the nurse herd at an
average of 12 days of age. After joining the herd, the calves were much
less susceptible to being caught by grizzly bears, black bears, coyotes
(Canis latrans), or mountain lions (Puma concolor), the predators at that
location and time. No calves older than 12 days of age were recorded as
killed by predation. By 30 days after birth, the survival curve for the
calves flattened at ~85%, with 22 recorded deaths (Smith et al., 2006).

For the second period of their study, the team captured and radio-
instrumented 153 neonates from three cohorts (1997, 1998, 1999).
Those calves, especially females, were smaller, gained weight more
slowly, and their blood chemistries indicated reduced nursing. The
calves were vulnerable to mortality, especially predation, as much as
four times longer than the calves monitored in 1990-92. For the
1997-99 cohorts, the survival curve flattened at ~72% by 60 days after
birth with 42 total deaths. The study concluded that postpartum con-
ditions for neonates had declined by the late 1990s. As a result, new-
borns grew more slowly, extending the time during which the calves
were vulnerable to mortality, particularly predation (Smith et al., 2006).

Thus, the neonatal elk calves captured and radio-instrumented in
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Fig. 2. Counts (circles) and fitted trend line for abundance of the northern Yellowstone elk herd, 1923-2015. Shaded area indicates uncertainty in the trend. Data are
from the Northern Yellowstone Cooperative Wildlife Working Group. Figure adapted from MacNulty et al. (2016) and information therein, with events described in

this review also noted.
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1997-99 exhibited reduced nursing, slower growth, and decreased ac-
tivity levels, resulting in nearly double the loss to predation compared to
those observed in the 1990-92 cohorts. Three of the non-predation
causes of death in the 1997-99 calves were attributed to difficult
births or heart defects. The authors suggested that the increased
neonatal mortality in the 1997-99 calves could have resulted from
cooler spring weather and slower greening of pastures. However, the
only neonatal deaths from emaciation and starvation were recorded in
1990 and 1991 (Smith et al., 2006).

The study by Smith et al. (2006) also noted that the decline in
neonatal-calf survival reduced the annual growth rate of the Jackson elk
herd by an annual increment of approximately 500 animals in a
pre-parturition herd of 11,000 elk. Moreover, mid-summer surveys of
calf/cow (adult-female) ratios in 1997-99 indicated a 39-45% greater
decline in neonatal survival even than measured among the
radio-instrumented calves. The research team suggested that increased
predation resulted from predator selection of inferior calves and
increased mortality of individuals with reduced first-week growth rates.
Those differences in the health and survival of newborn elk calves of the
same herd in the two study periods provide critically important infor-
mation regarding changes in neonatal vitality and survival.

No adequate explanations were given for the major difference in elk-
calf health and mortality between the two three-year intervals of the
study. What could have happened in the mid-1990s to cause such a
remarkable difference in the results? We suggest that answers to that
question are essential to understanding the declines in elk and other
ruminant populations in the years after 1994. When reading the con-
trasting results of the two assessment periods (1990-92 and 1997-99)
(Smith et al., 2006), we noted that the second study period occurred
following the massive increases in regional use of teratogenic
agrichemicals.

Other studies of elk populations in the Greater Yellowstone
Ecosystem reported high mortality and low calf/cow ratios in most years
after 1994 (White and Garrott, 2005; Barber-Meyer et al., 2008; Eber-
hardt et al., 2010; Middleton et al., 2013). A study from 1989 to 2009
compared survival rates of calves in the migratory herd with the resident
herd (Middleton et al., 2013). In the migratory herd, which summers
further west in the park, winter calf recruitment declined from 30 to 40
calves/100 cows in 1990-94 to 10-15 calves/100 cows in 2009. In the
resident elk herd, winter calf recruitment declined by roughly half be-
tween 1994 and 2002 (~40 calves to ~20 calves/100 cows), increasing
back to original ratios by 2009. Other studies also noted declines in
juvenile/cow ratios (Smith et al., 2006; Christianson and Creel, 2014;
MacNulty et al., 2016)). In 2003-04, the summer survival rate in Yel-
lowstone elk calves was less than half that found in a similar three year
study in 1987-1990 (Vucetich et al., 2005), despite a large forest fire
and a severe winter in 1988 (Fig. 2). Boyce (2018), based on their
2003-2005 study of elk calf survival and mortality, suggested that
adverse effects on the calves’ immune systems (e.g., low levels of gamma
gobulin) were possible factors that affected survival.

A subsequent study examined 33 years of data from twelve pop-
ulations of elk in southwestern Montana and northwestern Wyoming
before and after the wolves were released (Christianson and Creel,
2014). While substantial decreases in elk numbers occurred immedi-
ately after the wolves were released and expanded their territory, the
authors considered the additive effects of wolf predation on elk survival
to have been relatively weak. Moreover, there were no wolves in the
Jackson area where the Smith et al. (2006) study was conducted.

2.3. The wolf population in the yellowstone ecosystem

The wolf population increased rapidly following the release of 14
adults in 1995 and 17 in 1996. No wolves with birth defects were re-
ported in Yellowstone. By 1998, there were 112 wolves and by 2003
there were 174 wolves, with 59 surviving pups (Smith et al., 2019). The
population remained at that level through 2007 when there were 171
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wolves, with 64 surviving pups. Mange was detected in the population in
2007, with only 22 pups surviving in 2008; in subsequent years (to
2019), the number of surviving pups per year averaged around 31
(Smith et al., 2019; Smith). The overall population stabilized at around
100 wolves in ten or eleven packs. With a maximum of 20-22 elk killed
per adult wolf per year, a population of 70 adults and 30 pups would be
responsible for approximately 1500 elk deaths each year (Smith). If
reduced neonatal vitality and higher mortality had not been affecting elk
starting in the mid-1990s, sufficient numbers of calves should have
survived each year to maintain stable populations, even with increased
numbers of wolves and grizzly bears (Singer et al., 1997; Griffin et al.,
2011; Christianson and Creel, 2014).

In years prior to 1995, approximately 33 calves/100 cow elk were
reported in several studies (Singer et al., 1997; Vucetich et al., 2005;
Eberhardt et al., 2010). In spring 1995 and for almost two decades
thereafter, fewer than 20 calves/100 cows became the norm (Smith).
These decreases in calf survival are an example of what researchers have
referred to as “unexplained declines” (e.g., Middleton et al., 2013;
Christianson and Creel, 2014). One reason suggested for the failure of
elk cows to conceive was that being chased by wolves caused decreased
progesterone levels (Creel et al., 2007). However, disruption of pro-
gesterone levels and other endocrine functions in mammals can also be
caused by pesticide exposure (Bretveld et al., 2006; Kapoor et al., 2011),
which was not previously considered. In a study of neonatal elk-calf
mortality in 2003-2006, wolves reportedly caused 14-17% of the
elk-calf mortalities compared to 58-60% attributed to bears (Garrott
et al., 2009). Wild ruminants weakened perinatally typically die during
their first year, whether killed by predators or consumed after they die
(Singer et al., 1997).

Numerical support for our suggestion that wolves were not major
contributors to declines in elk populations is based upon how many elk
are known to be killed and eaten by an adult wolf. Yellowstone wolf
researcher, Doug Smith, was quoted as follows: “Over the course of a
year, an average wolf will kill—mostly with other pack members—and
consume 16 to 22 elk a year” (Thuermer, 2017, p. 1). Thus, the most elk
14 wolves would likely have killed in the first year after their release in
late March 1995 was ~300. And, as noted above, a population of 70
adult wolves and 30 pups likely would be responsible for approximately
1500 elk deaths each year (Smith).

3. Observations of other ruminant species

Long-term trends reported by state game departments from prior to
1995 through 2013 noted that the number of juveniles/100 adult fe-
males in wild ruminant herds decreased starting in 1995-1996 (Vuce-
tich et al., 2005). Studies of neonatal white-tailed deer indicate that
fawns with adverse health issues or in poor condition are targeted by
predators (Mech, 2007; Carstensen et al., 2009). Reports of birth defects
and declines in other ruminant populations in western states also
emerged after 1994. Affected taxa include mule deer (Hutto, 2013;
Ellenberger and Byrne, 2015; Hansen, 2020), pronghorn antelope
(White et al., 2007), bighorn sheep (Enk et al., 2001), mountain goat
(Koeth, 2008) and white-tailed deer (Hoy et al., 2002, 2011).

Similar declines were documented in moose populations in Montana
and Wyoming (Nadeau et al., 2017), associated with reduced survival of
young. For example, the moose population in the Jackson, Wyoming
area also declined after 1995. The moose calf/100 cow ratios declined
from a 1963-1993 average of 48 calves/100 cows to a 1998-2003
average of 34:100 (Brimeyer and Thomas, 2004). That study concluded
that the reason for reduced calf production was low pregnancy rates and
low twinning rates. Importantly, this decline occurred in the general
area of the definitive study of neonatal elk calves (Smith et al., 2006).

Mule deer often share elk habitat. The Mule Deer Working Group for
the Western Association of Fish and Wildlife Agencies (Hansen, 2020)
reported that mule-deer populations throughout Wyoming declined
after the early 1990s. Fawn productivity, on average, decreased
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statewide by about 15%, and since 2000, mule-deer populations have
declined by an estimated 42%.

The decline of the bighorn-sheep herds in the Canyon National
Recreation Area and Pryor Mountain wild horse range east of Yellow-
stone National Park on the southern Montana/northern Wyoming
border provides another example (Kissell et al., 1996). Following the
release of new sheep in 1973, with growth rates near maximum poten-
tial of 20% per year, the population grew to an estimated peak popu-
lation of about 211 animals in 1993 and 1994, then began to rapidly
decrease in 1995 and 1996. One hypothesis for the decline was that
stressed bighorn sheep are apparently more susceptible to pneumonic
Pasteurellosis than those not stressed (Kraabel and Miller, 1997).

Scientists concerned with wild ruminant populations should consider
that the species with the above referenced declines began being born
with an increased prevalence of uniquely underdeveloped facial bones
beginning in 1995 (Hoy et al., 2011).

3.1. White-tailed deer

White-tailed deer on the Lee Metcalf National Wildlife Refuge in the
Bitterroot Valley in western Montana (Fig. 1) were assessed in the winter
of 1991-92 by Bart O’Gara, Ph.D., a wildlife biologist at the University
of Montana. The purpose was to document birth defects and any other
adverse health issues that might be associated with the overpopulation
of white-tailed deer on the refuge at that time. The only health issue
found among the 100 deer examined was one older doe with pneumonia.

Table 1
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No malformations of any kind were found, including on examined fe-
tuses. The sex ratio on 32 fetuses collected was 16 M/16F (O’ Gara,
1992). This study provided crucial background data to compare with
adverse health issues and unique birth defects documented on
white-tailed deer born in spring of 1995 and thereafter (Hoy et al., 2002,
2011, 2015) (Table 1).

While working with wildlife in Montana (Fig. 1) for three decades
prior to 1995, the lead author and a wildlife-biologist collaborator (Hoy
et al.,, 2002, 2011), who worked for Montana Department of Fish,
Wildlife and Parks from 1965 through 2000, had observed only one
mammal with a birth defect. Beginning in 1995, birth defects were
frequently observed, the most common were male reproductive mal-
formations and disrupted craniofacial development (Hoy et al., 2002,
2011). Many of the white-tailed deer fawns and other newborn rumi-
nants necropsied after being found dead, also had an inflamed or un-
derdeveloped thymus, damaged lungs, and an enlarged right-heart
ventricle (Hoy et al., 2015; Hoy, 2017).

On male white-tailed deer born in 1995 through 2018, malformed or
underdeveloped genitalia were commonly observed (Hoy et al., 2002,
2011; Stone et al., 2019). These anomalies include unformed or mal-
formed testicular hemiscrota, ectopic testicles, and underdeveloped
penile sheaths (Fig. 3). A previously unreported testicular hemiscrotal
condition results when one hemiscrotum occurs directly forward of the
other, rather than side by side (bilateral) (Fig. 3f,g,h). The forward
misplacement of the inguinal lymph node and consequent forward
condition of the spermatic cord, usually on the left, results in this

Data on facial characteristics of 1063 hunter-harvested adult, mostly male wild ruminants examined from 2006 to 2022. *2019-22 data are provided both separately

and combined, the latter for ease of comparison with data from 2012 to 2015.

Species common name Years Number examined Normal bite % Underbite % Overbite % Maloclusion total %
C. canadensis 2006-11 46 23 50% 17 37% 6 13% 23 50%
Elk or Wapiti 2012-15 47 32 68% 14 30% 1 2% 15 32%
2016-17 25 20 80% 4 16% 1 4% 5 20%
2018-19 17 16 94% 1 6% 0 0% 1 6%
2019-20 22 18 82% 4 18% 0 0% 4 18%
2020-21 35 27 77% 3 9% 5 14% 8 23%
2021-22 23 17 74% 4 17% 2 9% 6 26%
2019-22* 80 62 78% 11 14% 7 9% 18 23%
Total 215 153 71% 47 22% 15 7% 62 29%
O. hemionus 2006-11 61 20 33% 37 61% 4 7% 41 67%
Mule Deer 2012-15 45 11 24% 33 73% 1 2% 34 76%
2016-17 39 16 41% 23 59% 0 0% 23 59%
2018-19 27 17 63% 10 37% 0 0% 10 37%
2019-20 41 17 41% 23 56% 1 2% 24 59%
2020-21 36 19 53% 14 39% 3 8% 17 47%
2021-22 33 19 58% 9 27% 5 15% 14 42%
2019-22* 110 55 50% 46 42% 9 8% 55 50%
Total 282 119 42% 149 53% 14 5% 163 58%
O. virginianus 2006-11 44 24 55% 11 25% 9 20% 20 45%
White-tailed 2012-15 60 25 42% 29 48% 6 10% 35 58%
Deer 2016-17 40 27 68% 11 28% 2 5% 13 33%
2018-19 39 28 72% 7 18% 4 10% 11 28%
2019-20 51 33 65% 13 25% 5 10% 18 35%
2020-21 58 37 64% 7 12% 14 24% 21 36%
2021-22 32 20 63% 5 16% 7 22% 12 38%
2019-22* 141 90 64% 25 18% 26 18% 51 36%
Total 324 194 60% 83 26% 47 15% 130 40%
A. americana 2006-11 48 13 27% 30 63% 5 10% 35 73%
Pronghorn 2012-15 39 11 28% 27 69% 1 3% 28 72%
Antelope 2016-17 26 6 23% 20 77% 0 0% 20 77%
2018-19 7 3 43% 3 43% 1 14% 4 57%
2019-20 38 10 26% 26 68% 2 5% 28 74%
2020-21 30 9 30% 19 63% 2 7% 21 70%
2021-22 24 6 25% 18 75% 0 0% 18 75%
2019-22* 92 25 27% 63 68% 4 4% 67 73%
Total 212 58 27% 143 67% 11 5% 154 73%
Bison bison 2018-20 16 8 50% 5 31% 3 19% 8 50%
American Bison 2020-22 14 9 64% 3 21% 2 14% 5 36%
Total 30 17 57% 8 27% 5 17% 13 43%
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Fig. 3. Male white-tailed deer genitalia showing penile sheath conditions from normal to extremely short and a variety of scrotal shapes and conditions from normal
to no hemiscrota formed.

a) Straight side view of adult genitalia with a normal-length (7 cm) bilateral scrotum (blue arrow) containing both testicles. In a side view of a normal scrotum, only
one hemiscrotum is visible. The penile sheath (black arrow) is normal in length at 6.9 cm. The deer was killed in early summer, out of breeding season. A normal
adult penile sheath ranges from 4.5 cm to 7.5 cm in length; on a normal full-term fetus the penile sheath typically exceeds 2.3 cm

b) Genitalia of an adult male after the external skin was carefully removed, showing the normal-length penile sheath (black arrow) and normal length (6.2 cm),
bilateral testicles (blue arrow). This bilateral position of the testicles, while hanging straight down away from the heat of the body is the normal configuration for a
ruminant scrotum.

c) Normal genitalia of an unhaired fetus: bilateral scrotum (blue arrow) and a normal-length penile sheath (black arrow). Mammal genitalia form during early fetal
development and the genitalia configuration at birth is permanent unless altered postnatally.

d) Genitalia of a yearling with only one hemiscrotum formed, containing the right testicle (blue arrow). The left testicle is completely ectopic. The penile sheath
(black arrow) is somewhat short.

e) Genitalia of an adult in which bilateral testicles were horizontal in an ectopic position (blue arrow) between the outer skin and the body wall resulting in a short
bump in the skin of the groin area. The penile sheath (black arrow) is extremely short.

f) Genitalia of an adult with a scrotum formed by the left testicle dropping into a position directly forward of the right testicle during fetal development, resulting in
the hemiscrota being in a misaligned position and tipped backward (blue arrow), causing testicles, especially the right testicle, to be partly ectopic and affected by the
heat of the body. The penile sheath (white arrow) is within normal range.

g) Genitalia of an adult with the left testicle in a horizontal position directly forward of the horizontal right testicle (blue arrow) with both ectopic against the body,
resulting in a bizarre-looking scrotum. The penile sheath (black arrow) was within normal range.

h) Genitalia of an adult with a misaligned scrotum (blue arrow) similar to the misaligned condition shown in (f), except the testicles are located away from the body
wall. The penile sheath (white arrow) is short.

i) Genitalia of a yearling with both testicles horizontal between the external skin and the body wall (blue arrow) with no hemiscrota formed on the external skin. The
penile sheath (black arrow) is extremely short (1.7 cm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Photos of male elk genitalia showing a) a normal bilateral scrotum and b) a tipped bilateral scrotum. ¢) Misaligned hemiscrota on a hunter-killed bull elk, the
only dead male elk available for the authors to examine and photograph.
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configuration of the scrotum to be formed on the fetal skin (Hoy et al.,
2002, 2015). From 1995 and each year thereafter, in substantial pro-
portions of males with hemiscrota either bilateral (normal position,
Fig. 3a,b,c) or misaligned (Fig. 3e-i), the entire scrotum was extremely
short or not formed on the external skin (Fig. 3d,e,i). When the testicles
descend into a horizontal ectopic position between the skin and the body
wall, usually making a short bump in the skin of the groin area, such
placement results in heat-damaged sperm and infertility (Guillette and
Guillette, 1996; Hamilton et al., 2016).

The observed reproductive malformations were documented by
multiple measurements of the genitalia on 254 male white-tailed deer
from January 1996 through March 2000 (Hoy et al., 2002). Reproduc-
tive malformations were also documented on other mammals (e.g.,
Fig. 4); the most common being unusual placement of the testicles
resulting in misshapen hemiscrota, as well as extremely short penile
sheaths on multiple rodent species and both white-tailed and mule deer
(Hoy et al., 2015). Again, these congenital reproductive malformations
were first documented on young born in 1995 (Hoy et al., 2002).

Another anomaly was the skewed sex ratio found on accident-killed
white-tailed deer fawns born in western Montana (Hoy et al., 2002).
From spring 1996 through spring 2000, 315 examined fawns included
185 males (59%) and 130 females (41%). On 330 fawns examined from
2001 to 2010, the sex ratio was 184 males (56%) to 146 females (44%).
If all wild ruminant populations similarly had fewer females born, the
subsequent lack of adult females to produce normal numbers of young
could have contributed to the population declines reported from 1995
through 2013 (Enk et al., 2001; Ellenberger and Byrne, 2015; Nadeau
et al., 2017; Hansen, 2020).

Unique craniofacial malformations also were first noted on both
sexes of wild and domestic ruminants in spring of 1995. From January
1996 through December 2010, the facial anatomy of dead ruminants
was quantitatively documented (Hoy et al., 2011). The bite from the
extreme anterior of the dental pad to the top of the middle incisors and

-
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the width of the dental pad and width of the lower incisors were
measured on 1061 white-tailed deer that were accident killed or died of
natural causes, in addition to smaller samples of hunter-harvested wild
ruminants (Hoy et al., 2011). The most common malformation observed
was malocclusion of the incisors with the dental pad, resulting from the
mismatch in the length of the mandible (lower jaw) and the maxilla
(upper jaw). This malocclusion type, medically referred to as brachyg-
nathia superior and commonly known as underbite, occurs when the
lower jaw is normal in length and the premaxillary bone is underde-
veloped (Schutte & van den Ingh, 1997). This malformation on rumi-
nants results in the incisors being forward of, and usually somewhat
wider than, the dental pad on the anterior of the underdeveloped pre-
maxillary bone, and often tipped forward (Fig. 5, see also Appendix A).
On mammals with both upper and lower incisors (equines, canids, etc.)
that exhibit this malformation, the lower incisors are forward of the
upper incisors (Hoy et al., 2011) (Fig. 5h). The malformation in mam-
mals results from underdevelopment of the upper facial bones (e.g.,
Allen, 1995; Schutte & van den Ingh, 1997); on bird species the normal
length lower bill is longer than the abnormally short upper bill (Handel
et al., 2010; Handel and van Hemert, 2015). Prior to the study of mal-
occlusions on wild ruminants beginning in 1996 (Hoy et al., 2011), only
a few scattered reports of brachygnathia superior (underbite) were
found in case studies (e.g., Barrett and Chalmers, 1975; Rollor, 1993).

The facial-bone malformation that results from the underdevelop-
ment of the portion of the lower jaw forward of the premolars is referred
to as mandibular brachygnathia, brachygnathia inferior, or overbite
(Hoy et al., 2011). Overbite is more readily apparent than underbite to a
casual observer (see Appendix A).

3.2. Observations of anomalies on other species

In addition to populations of elk and white-tailed deer, mule-deer
populations also declined in several western states after 1994,

Fig. 5. Photographs of ungulate heads, skulls or mouths exhibiting underdeveloped upper facial bones and underbite; medically termed brachygnathia superior.
a) Elk calf (Cervus canadensis) with severe underbite; the premaxillary bone is underdeveloped, thus short and narrow (see also Appendix A).

b) Mule-deer fawn (Odocoileus hemionus) with a severe underbite, crooked teeth, and incisors much wider than underdeveloped dental pad.

¢) Newborn white-tailed deer (Odocoileus virginianus) with severe underbite and incisors much wider than underdeveloped dental pad (see also Appendix A).

d) Domestic goat (Capra aegagrus hircus) with severe underbite and incisors much wider than the underdeveloped dental pad.

e) Skinned head of hunter-killed adult-male pronghorn antelope (Antilocapra americana) with underbite, narrow dental pad and overgrown lower incisors, all with
distinctive round tops from lack of wear. Because the incisors do not contact the dental pad, the teeth do not experience normal wear. Underbite can be determined in

an adult ruminant by examining the lower incisors.

f) Cleaned skull of an adult-male bighorn sheep (Ovis canadensis) with an underdeveloped premaxillary bone and consequent underbite, similar to the hunter-killed

antelope (e).

g) Bison calf (Bison bison) in Yellowstone National Park showing the short, underdeveloped upper facial bones. The lower lip is forward of the upper lip, denoting an
underbite. In calves with a normal premaxillary bone, the nose pad is prominently forward of the lower lip (see Appendix B).
h) Newborn foal (Equus caballus) with underbite to illustrate that species other than ruminants were affected.
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attributed to non-survival of fawns (Unsworth et al., 1999). The same
unique developmental malformations began to be observed and docu-
mented on mule deer, as well as other wild and domestic animals
(Schutte & van den Ingh, 1997; Hoy et al., 2002, 2011). Heads of
hunter-harvested game animals were received and examined between
2006 and 2022 by co-author GTH, a wildlife biologist and experienced
taxidermist. Underdeveloped facial bones resulting in malocclusion,
including either underbite or overbite, were found on 62 of 215 elk
(29%), 154 of 212 pronghorn antelope (73%), 163 of 282 mule deer
(58%), 130 of 324 white-tailed deer (40%), and 13 of 30 bison (44%)
(Table 1). Underbite was also documented on 10 of 19 male bighorn
sheep (53%) killed because of a pneumonia outbreak in western Mon-
tana in 2009.

In 1995 and thereafter, livestock owners in western Montana re-
ported pre- and neonatal domestic animals, including sheep (Ovis aries),
goats (Capra hircus), beef and dairy cattle (Bos taurus), and horses (Equus
caballus), born with similar malformations and adverse health issues to
those observed on wild ruminants (Hoy et al., 2002, 2011). In the late
1990s in western Canada, foals tested for thyroid-hormone disruption
during fetal development were born with underbite, weakness at birth,
and crooked leg bones (Allen et al., 1998). In Mexico, bovine calves,
especially Bos indicus, were reported by a veterinarian to be born with
malocclusion of the jaws, some with widely spaced lower incisors (Saiz
Pineda, 2018). In domestic animal heads examined by co-author GTH
between 2018 and 2022, 32 (56%) of 57 exhibited malocclusion. Thus,
birth defects, especially the underdeveloped facial-bone abnormalities,
should be of concern in the livestock industry.

4. Teratogenic pesticides as potential causes of birth defects and
mortality

The first three years (1990-92) of the Jackson-area neonatal elk-calf
study (Smith et al., 2006) occurred immediately prior to unprecedented
increases in regional use of three major kinds of agrichemicals (i.e.,
1994-96). Those pesticides now are recognized among the most
important environmental teratogens, as they are produced and used on
massive scales worldwide and are known to have profound effects on
embryonic development of vertebrates (Cerrizuela et al., 2020, and
references therein). In summer of 1994, the newly registered imidaclo-
prid, a neonicotinoid insecticide, began being applied to fields in states
to the west of both Yellowstone National Park and the elk-study area
near Jackso n, with use rapidly increasing from none prior to 1994, to
widespread heavy application by 2014 (USGS National Water Quality
Assessment). Also beginning in 1994, the outbreak of late blight in po-
tato fields in nearby Idaho, as well as in Oregon and Washington (Fry
and Goodwin, 1997; Henderson et al., 2007) (Fig. 1), resulted in sub-
stantially increased use of fungicides (e.g., USGS National Agricultural
Research Service, 1998). Use remained high through 2001, declining
somewhat thereafter, but remaining higher than 1993 usage. Then, in
1996, the release of genetically modified Roundup® Ready seeds
resulted in a four-fold increase in the use of glyphosate-based herbicides
(GBHs) throughout the USA between 1996 and 2000 (e.g., National
Agricultural Research Service, 1998; Benbrook, 2012). Many of the
chemicals now widely used have been shown to disrupt a range of
crucial biological processes from intracellular and hormonal functions to
feeding efficiency and nutrient availability (Swanson et al., 2014; Gore
et al., 2015; Leemans et al., 2019; Cerrizuela et al., 2020).

Hundreds of studies have explored how low-dose exposure to
endocrine-disrupting chemicals can interfere with hormone-system
functions in vertebrates, including humans. For example, a Web of Sci-
ence search (May 25, 2023) using the topics “endocrine disruption” and
“pesticide” returned >1000 references since 1993, many dealing with
wildlife and humans. Effects of specific interest include disruption of sex
hormones in adults of both sexes and failure of females to become
pregnant (e.g., Diamanti-Kandarakis et al., 2009; Sharma and Goyal,
2014; and references therein).
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Other consequences of exposure can include impaired embryonic
development of the brain, eyes, heart, lungs, thymus, reproductive or-
gans, and musculoskeletal/integumental systems (Diamanti-Kandarakis
et al., 2009). Smith et al. (2006) likely were unaware of the unprece-
dented new regional use of chlorothalonil, imidacloprid, and GBH pes-
ticides during the years between their monitoring intervals. Those three
groups of teratogenic agrichemicals were applied in massive amounts
upwind of the study area for three years before and throughout the
second neonatal elk study period. Most importantly, the observed dif-
ferences in the health and survival of newborn elk calves in the two
study periods (Smith et al., 2006) are consistent with documentation
that other vertebrate species were similarly affected (Rolland, 2000;
Gibbons et al., 2015).

Moreover, the range of symptoms observed in the 1997-99 elk calves
(Smith et al., 2006) and on other vertebrate young are consistent with
the consequences of exposure to thyroid hormone-disrupting chemicals
reported in reviews of field studies on wildlife (Rolland, 2000; Gibbons
et al.,, 2015). Symptoms consistent with thyroid-hormone disruption
(Caux et al., 1996; Rolland, 2000; Diamanti-Kandarakis et al., 2009;
Raman, 2014; Sharma and Goyal, 2014; Gibbons et al., 2015; Ibrahim
et al., 2015) began being observed in multiple vertebrate species at the
same time that unprecedented amounts of hormone-disrupting agri-
chemicals (Raman, 2014; USGS National Water Quality Assessment,
2023) began being applied on multiple crops. Exposure to imidacloprid
has been experimentally shown to cause the distinctive birth defects in
white-tailed deer (Berheim et al., 2019) that were observed in wild deer
in western Montana beginning in spring of 1995, as well as failure to
thrive and mortality, as reported in newborn cervids in Wyoming (Smith
et al., 2006). Do observations and documentation that profound birth
defects began being observed during the spring immediately after the
first widespread use of imidacloprid prove that it was responsible?
Obviously, it does not, but it strongly suggests that more testing of an-
imals, plants and surface water should be considered, especially
following the results of the published experimental study on effects of
imidacloprid exposure in white-tailed deer (Berheim et al., 2019).

4.1. Fungicides

Beginning in 1994, the outbreak of late blight in potato fields of
nearby Idaho, as well as in eastern Oregon and Washington (Fig. 1),
resulted in the tenfold increase in use of fungicides (e.g., Fry and
Goodwin, 1997; National Agricultural Research Service, 1998; Hen-
derson et al., 2007; Raman, 2014). Chlorothalonil (2,4,5,6-tetra-
chlorosophthalonitrile), with trade names Daconil, Bravo and others, is
a broad-spectrum fungicide widely used in agriculture, especially by
potato, tomato, wheat, and barley growers, and on lawn grass and turf
farms (Raman, 2014). This chemical is most toxic when inhaled and has
deleterious effects on many organisms and the environment in general
(Caux et al., 1996; Raman, 2014, and references therein), in part
because the main metabolite is far more toxic and hormone disrupting
than the parent fungicide (Zhang et al., 2016).

Cyanide molecules, which chlorothalonil contains, have been shown
to be especially damaging to exposed prenatal ruminants (Soto-Blanco
and Gorniak, 2004). Symptoms of exposure to organochlorine pesti-
cides, such as chlorothalonil or 2,4-D, include disruption of calcium
metabolism and thyroid-hormone function (Jayaraj et al., 2017, and
references therein). Chlorothalonil alone is extremely toxic to fish and
amphibians at low concentrations, as well as to invertebrates such as
insects, earthworms, and microorganisms (Zhang et al., 2016, and ref-
erences therein). Spray drift and atmospheric deposition of chlor-
othalonil in rain and snow has been shown to contaminate growing
plants and surface waters over extensive areas (Caux et al., 1996; Jayaraj
et al., 2017).

In laboratory studies, exposure to chlorothalonil caused loss of em-
bryos in mammals, as well as causing kidney and liver damage, genetic
damage, and cancer of the kidneys (Oruc, 2010; Jayaraj et al., 2017).
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Damage to the liver and kidneys can interfere with an exposed animal’s
ability to detoxify and excrete other toxins to which it is exposed. Thus,
synergy with other pesticides in the environment likely results in greater
injury to the internal organs. For example, unusually high mortality was
reported in several vertebrate species in summer and fall of 1994, and
multiple previously unreported and uncommon birth defects were found
in young animals born in spring of 1995 (Hoy et al., 2002, 2011, 2015;
Hoy, 2017). Most importantly, these adverse health issues were
observed following the increase in use of chlorothalonil and other fun-
gicides began for the control of potato blight (National Agricultural
Research Service, 1998).

4.2. Neonicotinoids

Insect-control measures in agriculture utilize a huge variety of
chemicals, many of which disrupt normal cellular functions in exposed
vertebrates, with adverse effects on reproduction and neonatal devel-
opment (e.g., Ngoula et al., 2012; Thompson et al., 2020). Imidacloprid,
a neonicotinoid insecticide, was newly registered and began being used
in summer of 1994 (Gibbons et al., 2015; USGS National Water Quality
Assessment) on fields in Oregon, Washington, and Idaho, directly up-
wind of Montana and Wyoming, including the Greater Yellowstone re-
gion. By 2014, imidacloprid was the most used insecticide throughout
the United States and the rest of the world (Gibbons et al., 2015).

Imidacloprid disrupts normal nerve transmission and is more toxic to
insects and other invertebrates than to vertebrates because it binds more
effectively to the receptors of invertebrate nerve cells (Gibbons et al.,
2015, and references therein). Imidacloprid is a systemic insecticide,
which means that plants take it up from the soil or through the leaves,
and it spreads throughout the plant’s stems, leaves, fruit, and flowers.
When insects consume treated plants, they ingest the insecticide, which
damages their nervous systems, causing mortality (summarized from U.
S. National Pesticide Information Center and references therein). Many
studies have shown how damaging the highly water-soluble imidaclo-
prid can be to insects, even at very low doses (e.g., Ngoula et al., 2012;
Bishop et al., 2018; Thompson et al., 2020). Multiple studies have shown
how immune suppression from exposure to neonicotinoids has resulted
in outbreaks of infectious diseases in bumblebees, honeybees, and
importantly for this review, several vertebrate species (Mason et al.,
2013, and references therein).

Despite assumed lower sensitivity in vertebrates, neonicotinoids
have been implicated in population declines of small vertebrates [e.g.,
Mason et al., 2013; Gibbons et al. (2015); Burke et al. (2018); Mikoli¢
and Karaconji (2018); Mineau and Callaghan (2018); Zeid et al. (2018).
Indeed, neonicotinoids pose special threats to mammalian hormone
systems (Burke et al., 2018; Mikoli¢ and Karaconji, 2018; Berheim et al.,
2019). A review by Oakes et al. (2018) examined how nicotine alters the
homeostasis of the renin-angiotensin system, which regulates blood
pressure, as well as fluid and electrolyte balance in mammals, and thus is
important in regulating renal, autonomic, cardiovascular, and pulmo-
nary functions. Recent reviews (e.g., Houchat et al., 2020; Cos-
tas-Ferreira and Faro, 2021) have discussed the findings of multiple
effects of neonicotinoid insecticides on mammalian cholinergic
functions.

Herbivorous mammals are exposed by directly ingesting plants and
drinking water containing systemic insecticides such as imidacloprid
and other neonicotinoids, causing concentration in the spleen (Berheim
et al.,, 2019). Testing of spleens for imidacloprid in Minnesota
white-tailed deer, which began in 2019, reported 94% testing positive
for neonicotinoids in 2021 (Hagen, et al., 2019). This extremely high
prevalence of exposure in white-tailed deer suggests that other grazing
animals, both wild and domestic, would likely test positive for neon-
icotinoids at similar prevalence. Most concerning for people, a 2022
study of pregnant women found that neonicotinoid insecticides and
their metabolites can pass through the human placenta unimpeded,
exposing the fetus when the mother is exposed (Zhang et al., 2022).
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Those toxins very likely can do the same in other pregnant mammals.

Genital malformations and intersex variation can be caused by
exposure to anti-androgenic or endocrine-disrupting chemicals, or both
simultaneously (Lyons, 2008; Rich et al., 2016; Conley et al., 2018). In
their review, Mikoli¢ and Karaconji (2018) concluded that imidacloprid
is an endocrine disruptor; exposure can alter essential reproductive
functions by affecting hormone levels. As such, it can also cause repro-
ductive organ disruption and suppression of function that may result in
infertility. Pre-natal exposure to imidacloprid caused in-utero develop-
mental neurobehavioral deficits that can cause long-term effects lasting
into adulthood (see also Burke et al., 2018).

In March 2019, 25 years after imidacloprid was registered for use, a
ground-breaking study on captive white-tailed deer was published that
clearly demonstrated the effects of imidacloprid on a large mammal
species (Berheim et al., 2019). The study showed experimentally that
concentrations of imidacloprid detected in the spleens of does (adult
female deer) and fawns were directly related to the probability of
mortality. Fawns with congenital defects, including underdeveloped jaw
bones and reproductive malformations, had higher levels of imidaclo-
prid in their spleens than normal fawns. As imidacloprid levels
increased, fawn survival, jaw-bone lengths, body weight and organ
weights decreased, including the weights of genital organs of does and
fawns. Berheim et al. (2019) also reported higher concentrations of
imidacloprid in many of the spleens collected and tested from 367
hunter-harvested and accident-killed North Dakota white-tailed deer
(Fig. 1) than in the spleens of their experimentally-exposed deer. From
chemical analyses of spleens of white-tailed deer, both does and fawns,
Berheim et al. (2019) found that free thyroxine levels and spleen size
decreased as imidacloprid concentrations in the spleen increased. These
key findings show that, in mammals, the spleen is an important organ for
testing neonicotinoid levels. In addition, behavioral observations indi-
cated that imidacloprid levels in the spleens were correlated with
decreased activity levels in both does and fawns. Those findings are
completely consistent with the decreased activity levels and higher
mortality rates reported in the Jackson-area elk calves in the 1997-99
cohort (Smith et al., 2006), three years after imidacloprid began being
used on crops in states directly upwind of the elk study area.

4.3. Glyphosate-based herbicides (GBHs)

The phosphonate, N-(phosphonomethyl)glycine, known as glypho-
sate, is a broad-spectrum, systemic herbicide and crop desiccant, with
antibiotic characteristics. Originally patented as a metal chelator,
glyphosate binds to the soluble cations of essential minerals such as
calcium, iron, manganese, and zinc (Ca2*, Fe*, Mn2*, Zn?") in soils,
thereby reducing their availability for uptake by plants (Zobiole et al.,
2010, and references therein). Glyphosate also was patented as an
antibiotic that stimulates populations of oxidant microorganisms and
suppresses reducing microorganisms in the soil (Van Bruggen et al.,
2018). This activity also decreases the availability of reduced-state ions
of micronutrients that are essential to plants (e.g., Eker et al., 2006;
Huber, 2007; Johal and Huber, 2009). Lower micronutrient concentra-
tions in plants decreases their availability to grazing animals (Harding,
1999). Glyphosate’s antibiotic action also can alter gut microbes,
resulting in malnutrition and damage to the immune system, causing
affected organisms to be more susceptible to parasites and diseases (e.g.,
Samsel and Seneff, 2013; Mesnage et al., 2021).

An essential metal ion of concern is Mn?*, which is required for
normal growth, development and cellular homeostasis, notably for bone
formation, fat and carbohydrate metabolism, and calcium absorption
(Tuormaa, 1996; Rondanelli et al., 2021). Manganese deficiency in an-
imals can result in adverse effects including growth alterations, skeletal
abnormalities, reproductive defects, ataxia, and impaired lipid and
carbohydrate metabolism; Mn?t deficiencies also are associated with
neurodegenerative diseases (Bowman et al., 2011; Samsel and Seneff,
2015). Because the major repositories for Mn?t in the cells are the
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mitochondria, exposure to GBH can impair mitochondrial function
(Peixoto, 2005), which is essential to all metabolic processes, including
embryonic development (Silver et al., 2021). Symptoms of manganese
deficiency in beef calves include failure to thrive, inability to get up and
follow the mother, and underdeveloped facial bones (Staley et al.,
1994).

Exposure to GBH has been reported to disrupt development of the
head, eyes, and brain by impairing retinoic-acid signaling in vertebrates
(Paganelli et al., 2010). Exposure to GBH resulted in multiple changes in
uterine development of deliberately exposed postnatal lambs, with
adverse consequences for uterine differentiation and functionality
(Alarcon et al., 2019, 2020). Ingaramo et al. (2020) reviewed studies on
glyphosate and GBH, discussing how exposure to continuous low doses
adversely affects the reproductive tracts of female ruminants and acts as
an endocrine disrupter to reduce fertility.

Reproductive toxicity as a result of exposure to very low amounts of
GBH has been reported in many studies since glyphosate began being
used as an herbicide (e.g., Romano et al., 2010, 2012; Jarrell et al.,
2020). In a review of GBH formulations and reproductive toxicity in
animals, the effects of GBHs and their ingredients on the reproductive
health of females across a range of vertebrate species included failure to
become pregnant, prenatal mortality, and neonatal abnormalities (Jar-
rell et al., 2020). Thus, such exposures to GBHs are also consistent with
the decrease in Yellowstone-region elk populations and low calf/100
cow ratios documented by Smith et al. (2006) and others, as well as the
reported congenital malformations and adverse health effects on rumi-
nants in western Montana (Hoy et al., 2002, 2011, 2015).

In addition to direct effects, Kubsad et al. (2019) showed that a very
low, short-term exposure to glyphosate in gestating female rats resulted
in transgenerational effects. They documented pathologies in the F2
(grand-offspring) and F3 (great-grand offspring), including prostate
disease, obesity, kidney disease, ovarian disease, and parturition (birth)
abnormalities. The authors recommended that the generational toxi-
cology of glyphosate be considered in causes of diseases in future gen-
erations. In the many generations of animals since those first exposed to
glyphosate in the 1970s, with subsequent exposure constantly esca-
lating, generational toxicology and transgenerational effects of glypho-
sate should be of utmost consideration in protecting the health of all
animals, including humans.

4.4. Combinations of endocrine-disrupting chemicals

Numerous studies suggest simultaneous exposure to multiple
chemicals such as GBH and other heavily used pesticides can adversely
disrupt pre- and post-natal cellular processes (e.g., Rolland, 2000; Dia-
manti-Kandarakis et al., 2009; Gore et al., 2015, and references therein).
Such exposure has the potential to induce metabolic disorders by dis-
turbing the physical process of energy absorption in the intestine and
energy storage in the liver, adipose tissue and skeletal muscle in humans
and other mammals, thereby disrupting energy regulation (He et al.,
2020). Thus, GBH and imidacloprid, when working synergistically with
other pesticides, additives, or metabolites, can contribute to the
disruption of mitochondrial functions [also associated with Mn?" defi-
ciency (see Tuormaa, 1996; Bowman et al., 2011; Rondanelli et al.,
2021), discussed previously], resulting in the reduced physical activity
observed in exposed animals (e.g., Smith et al., 2006; Berheim et al.,
2019).

Pesticide mixtures also can induce congenital defects of reproductive
organs. For example, shortened anogenital distance, delayed puberty
and extreme genital malformations were found on male rats exposed in
utero to doses of a dilute mixture of phthalates and pesticides below
which none of the individual chemicals had been shown to produce an
effect (Conley et al., 2021). Although chlorothalonil and GBH were used
in the region prior to 1995, two male reproductive malformations, un-
derdeveloped penile sheath and misaligned hemiscrota, were first re-
ported on mammals following the registration and extensive use of
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imidacloprid (Hoy et al., 2002).

Also, regarding birth defects and infertility, GBH and a primary ad-
ditive, polyethoxylated alkylamines (POEA), disrupted the functions of
the Sertoli cell line (TM4) in experimental studies with immature mice
(Vanlaeys et al., 2018). Formulations of GBH induced transmembrane
(TM4) mitochondrial dysfunction, disruption of cell-detoxification sys-
tems, lipid-droplet accumulation, and mortality, even at
sub-agricultural exposures. Because Sertoli cells are essential for testic-
ular development and the normal onset of spermatogenesis, disturbance
of their function likely contributes to the disruption of reproductive
function demonstrated in prepubertal mammals exposed to GBH.
Glyphosate and 2,4-D formulations are well known as androgen-active
substances that can decrease serum-testosterone concentrations
(Romano et al., 2012). Genital malformations and intersex variation can
be caused by exposure to anti-androgenic or endocrine-disrupting
chemicals, or both simultaneously (Lyons, 2008; Rich et al., 2016;
Conley et al., 2018; Mikoli¢ and Karaconji, 2018).

Weather fronts passing over heavily sprayed fields, bare in winter,
carry pesticide-laden dust that is deposited over western North America
in rain and snow (e.g., Davidson and Knapp, 2007; Hageman et al.,
2010; Usenko et al., 2010). Consequently, all organisms downwind of
fields with high usage are exposed to toxic mixtures of pesticides that
continuously contaminate air, surface water, soil, and foliage. Mixtures
of pesticides found in surface waters worldwide are persistent and more
toxic than individual compounds, causing adverse effects on non-target
organisms at low concentrations (de Souza et al., 2020).

Human newborns are, of course, non-targets of pesticides, but are
similarly affected. For example, infants born in major wheat-producing
states in the USA suffered significantly higher incidences of circulatory
and respiratory malformations in rural counties with high proportions of
wheat acreage (Schreinemachers, 2003). Musculoskeletal and integ-
umental anomalies were also elevated in the high wheat-producing
counties, as was infant mortality in males from congenital anomalies.
Infants conceived during April-June, the time of herbicide application,
showed increased risk of such malformations (Schreinemachers, 2003).
Highly significant correlations between the increase in glyphosate ap-
plications and the increase in 22 human diseases have been documented
(Swanson et al., 2014). That paper also reported that the amount of
glyphosate applied to crops increased fourfold between 1996 and 1999.

Another study (Gerona et al., 2022) found glyphosate in the urine of
99% of 187 pregnant women; higher maternal glyphosate levels in the
first trimester were associated with lower birth weight percentiles and
higher neonatal intensive-care unit admissions. This groundbreaking
study augments growing research linking glyphosate to birth defects,
miscarriage and infertility in animals (e.g., Hoy et al., 2015, and refer-
ences therein). An interesting comparison is that the Wyoming elk calves
born in the 1997-99 study period, especially female calves, had a higher
rate of mortality and those that survived took four times as long to
become strong enough to join the nurse herd compared with those in the
1990-92 cohort (Smith et al., 2006).

5. Recent fluctuations in yellowstone elk populations

Returning to the elk populations in the northern Yellowstone region,
by 2005 counts had declined to approximately 7,000, one third that in
1994 (Smith et al., 2019). Continued decline resulted in a population of
<4000 elk in 2014 (Mosley and Mundinger, 2018). Thus, between 1994
and 2014, the resident population decreased by more than 75%, a
decline that could not be explained by weather, predation, or human
harvest. An average population of 130 wolves over the last 25 years
would be unlikely to kill the maximum number of 20-22 elk per wolf per
year, since they also eat other prey (Smith et al., 2019). Horne et al.
(2019) reported that only 28% of elk-calf mortality was caused by
wolves compared to 45% by mountain lions. Predation by grizzly bears
was also found to cause higher calf mortality than predation by wolves
(Garrott et al., 2009). Malnutrition accounted for 9% of adult-cow
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mortality and 10% for calves, with smaller calves and older cows being
preferentially selected by the wolves. Of 29 elk directly observed to have
been killed by wolves, 9 were calves and 20 were older individuals
(Smith et al., 2019). If the elk population had continued to have the
1990-92 survival rates of calves, especially female calves, the northern
Yellowstone elk population should have remained relatively stable at
~10,000 elk, despite natural predation and the park’s difficult winters.

In 2015, the resident Yellowstone elk population began recovering
and by 2018 exceeded 7,500, although calf production remained below
20 juveniles/100 cows in 2018 and 2019 (National Park Service News
Release, 2019, National Park Service). As of January 2023, there were
108 wolves in 9 packs living in Yellowstone, though Treves and
Santiago-Avila (2023, and references therein) suggested that recent laws
in adjoining states allowing wolf-killing could have serious conse-
quences for the viability of wolf populations in the region.

A declining prevalence of underbite (brachygnathia superior) has
been documented since 2014 on hunter-harvested elk, white-tailed deer
and other wild ruminants from Montana (Table 1). The average in-
cidences of underbite of 30% for adult elk and 48% for adult white-tailed
deer during the period from 2012 to 2015, declined to 4% on elk and
16% on white-tailed deer in 2021-2022. Mule-deer underbite preva-
lence declined from a high of 73% in 2012-2015, to 27% in 2021-2022.
Beginning in 2014 and continuing through at least 2018, the sex ratio on
accident-killed white-tailed deer fawns was significantly skewed in favor
of females, averaging 35 M to 65F/100 fawns (Stone et al., 2019). Why
the prevalence of underbite declined and the sex ratio began to favor
females remains unknown. An increase in female ruminants, in addition
to fewer or less severe birth defects, would likely result in higher
numbers of viable young.

Considering the trend of declining severity of birth defects after two
decades (1994-2014), in the context of genetic responses in wildlife
populations elsewhere in the world, generates an interesting question.
Could environmental conditions that strongly selected against females
most sensitive to endocrine disruption result in altered populations less
sensitive to endocrine disruption, especially in females? One example of
rapid selection in recent decades is the remarkable increase in tuskless
female elephants in Mozambique (Poole and Granli, 2022; Campbell--
Staton et al., 2021) in response to 15 years of intense ivory poaching.
Other examples include genetic changes in feral dogs and other species
exposed to radiation in the area around Chernobyl after 25 years (Spa-
tola et al., 2023). One possible clue in the case of birth defects in ru-
minants is the change in sex ratios from favoring males to favoring
females. Endocrine disruption that weakens mostly female neonates
would strongly select for females least susceptible. Endocrine disruption
that renders some proportion of males sterile might have less impact on
sex ratios initially, as there are generally excess males in a ruminant
population. Ultimately, however, selection for fertile males should also
emerge.

6. Human-altered ecosystems

After spending years in the Yellowstone ecosystem trying to find
causes for the decline in the elk population, Middleton et al. (2013)
concluded that no single factor could explain the decline. In 2014,
Middleton told a reporter, “The elk population in Yellowstone is at the
mercy of a much larger, human-altered ecosystem” (Wilcox, 2014, p. 6).

Among the factors associated with “human-altered ecosystems” are
frequently changing exposures to multiple agrichemicals (Hoy et al.,
2015; Berheim et al., 2019). Plants directly uptake systemic herbicides
and insecticides into the foliage that ruminants consume (e.g., Klich
et al.,, 2020). Contaminated foliage ingested by grazing animals has
resulted in measurable levels of pesticides in their organs (e.g., Berheim
et al., 2019), especially the most used insecticide, imidacloprid, which
has been experimentally shown to induce birth defects and mortality in
white-tailed deer.

Analogous “issues” associated with endocrine disruption by
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anthropogenically produced chemicals have been recognized and re-
ported many times over the past 75 years. The harmful effects of
exposure to cyanide-based and organophosphate pesticides have been
known for decades. Rachel Carson (1962) warned the world about the
consequences of endocrine-disrupting pesticides in her book Silent
Spring, for example, citing studies of chemical caponization of roosters.
Colborn et al. (1996) described in detail how hormone-disrupting
chemicals impact reproduction in both humans and wildlife in Our
Stolen Future. Numerous more recent reviews (e.g., Krimsky, 2000;
Mason et al., 2013; Lushchak et al., 2018; Sonne et al., 2020; Thompson
et al., 2020; many more) have further revealed the serious long-term
effects of low doses of teratogenic agrichemicals on non-target organ-
isms, including humans (e.g., Gray, 1992; Colborn et al., 1993; Schrei-
nemachers, 2003; Hoy et al., 2015; Gerona et al., 2022; many more).

For individuals who have worked closely with domestic animals and
wildlife for many decades, birth defects such as facial and reproductive
deformities are readily apparent (e.g., Hoy, 2017; Berheim et al., 2019).
Why have these anomalies not been more widely recognized in the
nearly three decades since they began? Most likely, the statement
attributed to Nobel Laureate Albert Szent-Gyorgyi (1972): “Discovery is
seeing what everybody else has seen and thinking what nobody else has
thought” seems to apply here. Wildlife biologists in Yellowstone Na-
tional Park certainly have seen bull bison that have little or no visible
scrotum, but either never noticed or, if they did, never thought to ask
“Why?”

Unfortunately for the affected wildlife, unless quite severe, underbite
is visually subtle (Appendices Ab, Ae, Bc) and has been largely over-
looked, as have male reproductive malformations. Most individuals,
even researchers, likely do not recognize the conditions as being
congenital malformations. In the ecological realm, such phenomena are
known as “Shifting Baselines” (e.g., McHarg, 1992; Pauly, 1995; Pap-
worth et al., 2009). Modern farmers and ranchers may notice facial
abnormalities, weak bones, and undescended testicles in their livestock,
but not realize that such features were rarely seen a half-century ago. In
addition, the tendency to consider birth defects in livestock and wildlife
to be genetic, or as some deficiency in agricultural husbandry, reduces
the probability that such abnormalities will be reported, let alone
considered to be environmentally induced.

The primary purpose of this paper is to ask specific questions about
the possibility that, beginning in 1994, the explosive increase in use of
certain agrichemicals, which are now widely recognized as teratogenic,
impacted wildlife in western states of the US. In doing so, we have
provided both published evidence and new data that multiple ruminant
species experienced specific health conditions and population declines
that appear to be consistent with teratogenic exposures. Our recom-
mendations are to consider these possibilities for domestic animals and
wildlife. We further recommend that wild ruminants captured alive or
examined dead, be checked for facial anomalies such as underbite,
overbite, and other craniofacial defects. Male mammals similarly
available for inspection should be examined for external reproductive
malformations, including ectopic testicles, misaligned, short, or absent
hemiscrota, and an abnormally short penile sheath on species with that
organ (e.g., deer and rodents). Additional studies of the effects of
exposure to agrichemicals, especially the most heavily used, well-
known, teratogenic pesticides, including neonicotinoids such as imida-
cloprid, fungicides such as chlorothalonil, and glyphosate-based herbi-
cides, any two of those, or all simultaneously, on ruminant species could
indicate if increased exposure to those pesticides might contribute to
declines in ruminant populations, both wild and domestic. When
experimental studies of live ruminants are undertaken, we further sug-
gest that domestic livestock such as goats are far easier and more hu-
mane to work with than wildlife.

7. Conclusions

The discovery of reproductive and craniofacial abnormalities in



J.A. Hoy et al.

white-tailed deer fawns born in western Montana in spring 1995, and
quantitative documentation thereof; observations and work with other
wildlife and domestic animals in which especially craniofacial abnor-
malities quite abruptly became common, including birds with abnor-
mally short upper bills; and regularly visiting Yellowstone National Park
each spring and autumn and noting that some bull bison had anoma-
lously small scrotums; stimulated the question “What is causing these
malformations and why did they appear in the mid-1990s?” The coin-
cidental release of wolves into Yellowstone Park in 1995 and 1996,
followed by the subsequent decline of elk populations and widespread
public assumption that wolves were to blame, generated the question:
“Might wildlife in the Yellowstone region be experiencing abnormalities
that contributed to population declines?” That question led to research
into publications and technical reports, especially multi-year studies, on
wildlife in the Greater Yellowstone region.

In researching and publishing on the reproductive and craniofacial
abnormalities, the issue of endocrine disruption naturally emerged,
along with the question “What happened in the mid-1990s that could
have resulted in substantial increases in regional exposures to endocrine
disruptors in wildlife populations?” That question led to reports of
massive increases in regional use of three teratogenic agrichemicals in
the mid-1990s.

In this review, we explored the following questions: a) Were massive
increases in regional use of teratogenic agrichemicals in the mid-1990s
associated with the onset of craniofacial and genital malformations in
white-tailed deer and other wild ruminants beginning in 1995? b) Might
massive increases in exposure to such chemicals starting in the mid-
1990s have contributed to documented declines in vitality and sur-
vival of juvenile elk in the greater Yellowstone region between the early
and late 1990s?

Exposures to endocrine- and metabolic-disrupting agrichemicals are
known to cause congenital fetal hypothyroidism, birth defects, abnor-
mally weak newborns, and other health issues, with consequent increase
in mortality in both juveniles and adults. Specifically, experiments with
white-tailed deer found that, as imidacloprid levels increased, fawn
survival, jawbone lengths, body weight and organ weights decreased,
including the weights of genital organs of does and fawns.

Imidacloprid has been found to concentrate in the spleen of an
exposed mammal. A straightforward way to investigate the prevalence
of exposure is to collect and test spleens of hunter-harvested and
accident-killed wildlife, including both predator and prey animals, as
well as spleens from slaughtered domestic animals. Craniofacial ab-
normalities and malformations of male genitalia could be reliably
recorded at hunting-management check stations by personnel trained to
recognize and document such abnormalities.

If exposure to teratogenic agrichemicals was one factor in regional
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declines in wild ruminants between 1994 and 2014, are increasing
amounts of those same teratogenic substances in the air, water, soil, and
on plants still contributing to birth defects and mortality in vertebrates?
If so, even if selection occurs in wildlife for genotypes most resistant to
endocrine disruption, the effects of ubiquitous teratogens on the health
of domestic ruminants and other animals, including humans, will likely
continue and possibly accelerate.
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Appendix A. Facial features, including malocclusion types, in two species of Cervidae photographed live: a-c) Odocoileus virginianus
(white-tailed deer) and d-f) Cervus canadensis (elk). a, d) normal bite (the anterior of the lower lip is touching the posterior of the upper
lip, indicating that the incisors meet the dental pad); b, e) brachygnathia superior (underbite) occurs when the lower jaw is normal in
length and the premaxillary bone is underdeveloped, so the incisors extend forward of the dental pad (see also Fig. 5c, f) brachygnathia
inferior (overbite) occurs when the lower jaw is underdeveloped and shorter than normal. Note that underbite is less likely to be
recognized by the casual observer, but is more likely to impact nutrition because mothers may not tolerate nursing and, if the affected
calf survives to feed on vegetation, grazing is less efficient because the incisors don’t meet the dental pad

Appendix B. Bison calves (Bison bison): a, b) calves with normal facial development with superimposed lines illustrating the near-90° angle between face
and the base of the nosepad/mouth; c¢) bison calf with short, underdeveloped upper facial bones with lines illustrating that the angle between the face and
nosepad/mouth is ~135°
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