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ARTICLE INFO ABSTRACT

Keywords: Anthelmintic resistance is widespread in equine cyathostomin populations across the world, and with no new
Cyathostomin anthelmintic drug classes in the pharmaceutical pipeline, the equine industry is forced to abandon traditional
Simulation parasite control regimens. Current recommendations aim at reducing treatment intensity and identifying high
Anthelmintic resistance strongylid egg shedders in a targeted treatment approach. But, virtually nothing is known about the effectiveness
Eﬁiﬁz of these recommendations, nor their applicability to different climatic regions, making it challenging to tailor

sustainable recommendations for equine parasite control. This study made use of a computer model of the entire
cyathostomin life-cycle to evaluate the influence of climate and seasonality on the development of anthelmintic
resistance in cyathostomin parasites. Furthermore, the study evaluated the impact of recommended programs
involving selective anthelmintic therapy on delaying anthelmintic resistance development. All simulations
evaluated the use of a single anthelmintic (i.e., ivermectin) over the course of 40 model years. The study made
use of weather station data representing four different climatic zones: a cold humid continental climate, a
temperate oceanic climate, a cold semi-arid climate, and a humid subtropical climate. Initially, the impact of
time of the year was evaluated when a single anthelmintic treatment was administered once a year in any of the
twelve months. The next simulations evaluated the impact of treatment intensities varying between 2 and 6
treatments per year. And finally, we evaluated treatment schedules consisting of a combination of strategic
treatments administered to all horses and additional treatments administered to horses exceeding a pre-
determined fecal egg count threshold. Month of treatment had a large effect on resistance development in colder
climates, but little or no impact in subtropical and tropical climates. Resistance development was affected by
treatment intensity, but was also strongly affected by climate. Selective therapy delayed resistance development
in all modelled scenarios, but, again, this effect was climate dependent with the largest delays observed in the
colder climates. This study is the first to demonstrate the value of cyathostomin parasite refugia in managing
anthelmintic resistance, and also that climate and seasonality are important. This modelling exercise has allowed
an illustration of concepts believed to play important roles in anthelmintic resistance in equine cyathostomins,
but has also identified knowledge gaps and new questions to address in future studies.

Selective therapy

1. Introduction be the first indication of developing anthelmintic resistance (Sangster,

1999), a hypothesis supported by recent studies in which shortened

Anthelmintic resistance in equine cyathostomin parasites has be-
come extremely common throughout the world, with reports of re-
sistance to all three of the currently available anthelmintic classes
(Peregrine et al., 2014). Of most concern are recent reports of reduc-
tions of cyathostomin egg reappearance periods (ERP) following
treatment with ivermectin or moxidectin (Lyons et al., 2008, 2011;
Geurden et al., 2014; Tzelos et al., 2017), which in light of widespread
resistance to the other classes have become the mainstay of cyathos-
tomin control throughout the world. A shortening of the ERP is likely to
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ERPs following ivermectin or moxidectin treatment were associated
with survival of luminal, fourth-stage larvae (Lyons et al., 2009, 2010;
Bellaw et al., 2018).

Cyathostomins infect virtually every grazing horse across the planet
and are responsible for a severe disease syndrome known as larval cy-
athostominosis (Love et al., 1999). Because of the increasing levels of
anthelmintic resistance, numerous authors have emphasised the need to
move away from the traditional frequent calendar-based treatment
approach to more surveillance-based treatment strategies in order to
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preserve the efficacy of the currently available anthelmintic compounds
(Herd, 1990; Duncan and Love, 1991; Gomez and Georgi, 1991; Kaplan
and Nielsen, 2010). Despite these recommendations, strategies com-
monly employed for parasite control in domestic horses continue to
involve frequent whole-herd treatments with broad spectrum anthel-
mintics applied at regular intervals year-round (Relf et al., 2012; Salle
and Cabaret, 2015; Robert et al., 2015; Rosanowski et al., 2016; Becher
et al., 2018; Nielsen et al., 2018). While it is commonly believed that
such treatment regimens are largely responsible for the reduced an-
thelmintic efficacy levels reported today, it remains unknown how ef-
fective the recommended surveillance-based strategies are likely to be
in reducing further development of resistance.

We recently developed a computer model which captures the entire
cyathostomin lifecycle, covering the free-living stages in the environ-
ment (Leathwick et al., 2015) as well as the parasitic stages within the
horse (Leathwick et al., 2019). Subsequently, this model was expanded
to include anthelmintic treatments and genetic mechanisms re-
presenting anthelmintic resistance (Sauermann et al.,, unpublished
data). Here, we make use of this model to evaluate the effect of the time
of year on resistance development, when treatments are administered
in different climatic zones. Furthermore, we examine commonly em-
ployed parasite treatment strategies, as well as some of the re-
commended alternatives, with special emphasis on the development of
anthelmintic resistance.

2. Materials and methods
2.1. The model

The derivation of the model for the dynamics of cyathostomins in
horses, and the incorporation of genetics for anthelmintic resistance,
have been described previously (Leathwick et al., 2015, 2019; Sauer-
mann et al., unpublished data). Briefly, the model replicates the dy-
namics of cyathostomin life-history stages both on pasture and in the
host. Eggs passed onto pasture in faeces from infected horses develop
through two pre-infective stages (L1/L2) to become infective third stage
larvae (L3) which, in the presence of moisture, then migrate onto
herbage to become available for ingestion by a host. Development and
survival rates for these stages are determined by temperature and
moisture. The performance of the free-living stages model was tested
against published data sets (Leathwick et al., 2015). Once ingested, a
proportion of L3 migrate into the tissues of the large intestine and en-
cyst as early L3s (EL3). These undergo a variable period of arrested
development which is controlled by the presence of adult worms in the
lumen and the host’s recent exposure to ingested L3, before resuming
development as late L3s (LL3s) and moulting to the fourth larval stage
(L4) in the mucosa. Following migration into the intestinal lumen,
further advancement to the adult stage is restricted by the presence of
adult worms and the L4s die off over time if they are prevented from
developing to the adult stage (Leathwick et al., 2019).

For all simulations described here, it was assumed that resistance is
the result of a single mutation in one gene, which is represented by
three genotypes, a homozygous susceptible (SS), a homozygous re-
sistant (RR) and a heterozygote (RS) with an initial resistance (R) gene
frequency of 10~ *. For simplicity, only one anthelmintic is utilized
(representing ivermectin) for which the efficacy was assumed to be
99%, 50% and 5% against the SS, RS and RR genotypes, respectively,
against both adult worms and luminal L4, with no efficacy against any
of the mucosal stages. The efficacies against SS stages were based on
data in Klei and Torbert (1980); Klei et al. (2001), and Lyons et al.
(1980). For every simulation the output of interest was the time (in
model years) until the efficacy fell below 90% for a period of at least 30
days. The calculation of efficacy was based on the R-gene frequency of
the pasture L3 population as outlined elsewhere (Sauermann et al.,
unpublished data), where the number of L3 in each resistance genotype
is used to calculate the proportion which would be killed with the
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anthelmintic.

The model consists of a single population of free-living parasites (on
pasture) but allows for multiple parasitic worm populations. All simu-
lations assumed a group of 10 horses with an age structure chosen to
mimic the typical overdispersed distribution of strongyle egg count
levels observed in equine populations; 1, 2, 4, 6, 10, 14, 15, 16, 18, and
20 years of age. Note that, in the model, age is used as a proxy for horse
immune status, which influences a number of parameters (Leathwick
et al., 2019) including egg count levels. Thus, the ten horses in each
simulation represent a range in immune status, between that of a one
year old to a mature, immune competent horse. This remained un-
changed, assuming the age structure of the herd stayed consistent
throughout the 40 year simulation period.

Climate data were chosen to represent four different Koppen-Geiger
climatic zones (Menne et al., 2015); i.e., a cold humid continental cli-
mate (cold winters/mild summers, Dickinson, ND, USA), a temperate
oceanic climate (mild winters/summers, Muencheberg, Germany), a
humid subtropical climate (mild or no winters/ hot and humid sum-
mers, high rainfall, St. Leo, FL, USA), and a hot/cold semi-arid climate
(hot summers/cold winters, low rainfall, Pecos, TX, USA. Climate data
were sourced through the National Centers for Environmental In-
formation (www.ncdc.noaa.gov) and Deutscher Wetterdienst (www.
dwd.de). For each climate zone a dataset consisting of daily max-min
temperatures ('C) and rainfall (mm) covering a period of 10 years was
sourced, and used as input data for the model, repeated four times to
allow for a total simulation period of 40 years.

2.2. Comparison of treatment strategies

The anthelmintic treatment strategies evaluated were divided into
three categories;

1 A single anthelmintic treatment administered once a year in any
month of the year in each of the four contrasting climatic zones.

2 Treatment frequencies of six, four and two times a year (spring/
autumn or summer/winter treatments) in the same four climates.

3 Evaluation of strategies with three possible treatment occasions in a
year (April, June, and August) as generally outlined in current
guidelines for equine parasite control (Nielsen et al., 2016). In one
scenario, all horses received a treatment in August, while treatments
in April and June were applied selectively based on strongyle egg
counts. Alternatively, all horses were treated in April and August
with the June treatment being egg count based. These were com-
pared to scenarios, where all horses received treatment once, twice
or three times during the year. For the selective treatments, two
strongyle egg count thresholds were evaluated; 300 and 600 EPG.
These scenarios were evaluated in all four climates described above
and the number of individual treatments administered under these
scenarios is outlined in Table 1.

3. Results

3.1. A single treatment administered at different times of the year in
different climate zones

All of the climatic regions evaluated demonstrated within year
differences in the rate at which resistance developed depending on
which month of the year the single treatment was administered (Fig. 1).
However, the differences between months were more pronounced in
cold, temperate, and hot/cold semi-arid climates than in the humid
subtropical climate. In general, treatments administered during winter
in the colder climates were less selective for resistance than those given
at other times of year.
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Table 1

The number of anthelmintic treatments administered in the simulations eval-
uating strategies consisting of a combination of strategic treatments applied to
all horses, and selective treatments administered to horses exceeding a stron-
gyle fecal egg count threshold. Two different treatment thresholds (300 and 600
strongyle eggs per gram) were evaluated for four different climatic data sets
(North Dakota, Germany, Texas, and Florida).

Treatment Strategic Selective Total
threshold” treatments treatments treatments
Strategic treatments for all horses
April, June, NA 1200 0 1200
and August
April and NA 800 0 800
August
August NA 400 0 400
Two strategic treatments (April, August) and one selective treatment (June)
North Dakota 300 800 56 856
600 800 0 800
Germany 300 800 62 862
600 800 0 800
Texas 300 800 52 852
600 800 0 800
Florida 300 800 70 870
600 800 12 812
One strategic treatment (August) and two selective treatments (April, June)
North Dakota 300 400 126 526
600 400 10 410
Germany 300 400 143 543
600 400 10 410
Texas 300 400 131 531
600 400 6 406
Florida 300 400 176 576
600 400 38 438

@ Strongyle fecal egg count thresholds given in eggs per gram (EPG) applied
for selective anthelmintic therapy.
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3.2. Frequency of treatment

All simulations demonstrated an effect of treatment frequency on
the rate of resistance development (Fig. 2), with more annual treat-
ments leading to a faster development of resistance, regardless of the
climate zone. Furthermore, when only two treatments were adminis-
tered each year, the timing of these influenced the rate of resistance
development, particularly in the colder climates. Spring and autumn
treatments were generally more selective for resistance than treatments
administered in summer and winter.

3.3. Recommended strategies including selective treatment

Selective therapy (i.e., leaving a proportion of horses untreated) had
minimal impact on delaying resistance development if the evaluated
scenario included a treatment of all horses in April, whereas scenarios
with a selective treatment in April had a substantially slower devel-
opment of resistance in the colder climates. Generally, a treatment
threshold of 600 EPG always slowed resistance development compared
to a threshold of 300 EPG (Fig. 3). However, as with other treatment
strategies there was an effect of climate, with differences between
strategies being less pronounced in the subtropical climate and more
pronounced in the cold and temperate climates (Fig. 3).

A comparison of mean pasture third stage larval (L3) counts for
model years 1, 5, 10, 20 and 40 is presented for the evaluated scenarios
in the four different climates in Fig. 4. In general, a reduction of L3
counts was observed during initial years, but counts increased as re-
sistance developed in all scenarios and all four climates. We also noted
a substantial difference between climates.

4. Discussion

The development of this model has allowed, for the first time, an
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Fig. 1. Time (model years) for efficacy to decline below 90% (left Y-axes) when a single anthelmintic treatment (ivermectin) is administered to all horses once a year
(bars) and the corresponding monthly percentage development of cyathostomin eggs to infective third stage larvae (L3) on pasture (black line, right Y-axes)
replicated for weather data from A) North Dakota, USA B) Germany, C) Texas USA, and D) Florida, USA.
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Fig. 2. Time (model years) for efficacy to decline below 90%
in contrasting climates: North Dakota (black), Germany
(dark grey), Texas (light grey, and Florida (white) using the
following anthelmintic treatment scenarios; treatments in
spring and autumn (March and September) each year,
treatments in summer and winter (June and December) each
year, 4 treatments each year and 6 treatments each year.
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Fig. 3. Time (model years) for efficacy to decline below 90% when anthelmintic treatments are given to horses following recommended approaches in four different
climates. The scenarios evaluated were divided into schedules with three (black columns), two (grey columns) or one treatment (white columns) administered to all
horses. The following scenarios were modelled: Treating all horses in April, June, and August (3), treating all horses in April and August (2), Treating all horses in
April and August with treating those exceeding a strongyle fecal egg count threshold in June (2 + 1) of either 300 or 600 eggs per gram of feces (EPG), treating all
horses once per year in August (1), and treating all horses in August, while treating those exceeding a strongyle fecal egg count threshold of either 300 or 600 EPG in
April and June (1 + 2). All scenarios were replicated for weather data from A) North Dakota, USA B) Germany, C) Texas USA, and D) Florida, USA.

investigation of the impact of different variables and treatment regimes
on the development of anthelmintic resistance in cyathostomin para-
sites. Perhaps not surprisingly the results showed that treatment fre-
quency was linked to the speed at which resistance developed.
However, the results also indicated that reducing the number of annual
treatments from six to four, while continuing to treat all horses, is likely
to have only a minimal benefit in slowing resistance development.
Currently, many horse owners are struggling to achieve even this
modest level of reduction in the number of treatments administered
(Robert et al., 2015; Becher et al., 2018; Nielsen et al., 2018). To
achieve significant gains in slowing resistance development the model
indicated that number of annual treatments as low as two may be ne-
cessary if all horses are still to be treated on every occasion.

10

At relatively low treatment frequencies, it appeared that timing of
treatment (i.e., month of the year) became an important consideration
in certain climates. The model outputs demonstrated how resistance
development can be significantly confounded by climate and season-
ality patterns and the timing of a single treatment had a large impact on
the development of resistance in three of the evaluated climates. In
climates with a pronounced seasonality, such as North Dakota,
Germany, and Texas, resistance was generally slower to develop when
treatments were applied during winter and early spring (Fig. 1). These
periods coincided with low rates of development of eggs to infective L3
on pasture, suggesting that worms surviving treatment at these times
make a smaller contribution to subsequent pasture contamination.
Furthermore, the one-year maximum life span of adult worms also
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Fig. 4. Mean pasture counts per hectare of third stage cyathostomin larvae (L3) for Years 1 (white), 5 (striped), 10 (gray), 20 (checkerboard), and 40 (black) during
the simulations. Data are presented for all evaluated scenarios of three (Apr-Jun-Aug), two (Apr-Aug) and one (Aug) yearly treatment occasions, with fecal egg count
treatment thresholds of 0, 300, and 600 strongyle eggs per gram. All scenarios were replicated for weather data from A) North Dakota, USA B) Germany, C) Texas

USA, and D) Florida, USA.

means that the resistant adult worms surviving treatment will be ap-
proaching their natural senescence in winter and so will soon be re-
placed by a newly developing adult worm population. This is likely to
explain why resistance developed more quickly when treatments were
administered during spring months in the two colder climates. Adult
worms surviving treatments applied early in the year will be able to
pass eggs onto pastures over the course of the entire grazing season. In
contrast, in a subtropical climate offering year-round favourable con-
ditions for cyathostomin transmission with limited or no seasonality,
the time of the year had limited, if any, influence on the rate of re-
sistance development. Again, this could be because of a less synchro-
nized pattern with adult parasites establishing and being replaced over
the course of the entire year. Regardless of the mechanism, the model
outputs indicated that in some climatic regions, the timing of anthel-
mintic treatments may be worthy of consideration as a simple way for
reducing the rate of resistance development.

A combination of one or two strategic treatments administered to all
horses and one or two selective treatments administered to horses ex-
ceeding certain egg count levels had vastly different outcomes de-
pending on whether all horses were treated in April or only selectively
treated (Fig. 3). In the three climates with more pronounced seasonality
(North Dakota, Germany, and Texas), resistance development was
substantially delayed when selective treatments were carried out in
spring (April), compared to the scenarios where all horses were treated
in April. As discussed above, treatments administered early in the
parasite transmission season will have a large impact on resistance
development as surviving worms will live through the entire grazing
season and contaminate the environment with resistance gene alleles.
This suggests that selective therapy should be encouraged for spring
treatments, whereas strategic treatments (administered to all horses)
appear better suited for autumn treatments, where pasture con-
tamination by the end of the grazing season is declining and adult worm
burdens approaching the end of their life span. It is also worth noting
that there were little or no benefits from practicing selective therapy,
when the lower treatment threshold (300 EPG) was applied. This
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suggests that a treatment threshold in this range could be too low to be
helpful. However, this needs further investigation before any conclu-
sions can be drawn. Furthermore, it is also important to consider that
several of the evaluated treatment scenarios provided limited apparent
benefit in terms of reduction of pasture infectivity, and that there were
substantial differences between climates (Fig. 4). This illustrates the
complexity of equine parasite control; achieving a meaningful reduc-
tion in cyathostomin infection pressure without accelerating the de-
velopment of anthelmintic resistance. Clearly, more work is needed in
order to identify the balance between a necessary level of anthelmintic
therapy protecting equine health and strategies aiming to reduce and
delay anthelmintic resistance.

Three treatments a year administered to all horses led to resistance
more quickly in the colder climates compared to Texas and Florida. This
can also be explained by the less pronounced seasonality in those latter
climates (Fig. 1), which means that parasite transmission happens year-
round with ample opportunity for parasites to complete their life cycle
without drug exposure. In contrast, three treatments had a larger im-
pact in climates with shorter parasite transmission seasons. In other
words, three treatments a year in North Dakota translated to higher
treatment intensity than three treatments a year in a subtropical cli-
mate. It is also worth noting that selective therapy did not offer much
benefit in those warmer climates for the scenarios evaluated. This seems
to suggest that the lack of pronounced seasonality makes it challenging
to devise a sustainable parasite control program and more work is
needed to identify useful treatment strategies for this type of climate.
Pasture management aiming at reducing infection pressure may be
more important in these climates, and this should be evaluated in future
studies.

In summary, this study has demonstrated that climate can be an
important variable in resistance development, especially in climates
with pronounced seasonality. The model suggested that treating all
horses twice a year offered a marked reduction in the rate of resistance
development compared to treating horses four or six times a year, but
the timing of these (two) treatments in relation to climate was
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important. Finally, the model offered some insight into the possible
value of currently recommended treatment regimens, where horses
receive a combination of strategic treatments administered to all horses
and selective treatments based on fecal egg count levels. However, re-
sults suggested that the effects are highly dependent on how treatments
are carried out in the spring, and that these may differ largely between
climates. Further studies — both in the field and with simulations - are
needed to evaluate these findings further.
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