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Climate change is likely to influence livestock production by increasing the prevalence of diseases, including
parasites. The traditional practice of controlling nematodes in livestock by the application of anthelmintics is,
however, increasingly compromised by the development of resistance to these drugs in parasite populations. This
study used a previously developed simulation model of the entire equine cyathostomin lifecycle to investigate the
effect a changing climate would have on the development of anthelmintic resistance. Climate data from six
General Circulation Models based on four different Representative Concentration Pathways was available for
three New Zealand locations. These projections were used to estimate the time resistance will take to develop in
the middle (2040-49) and by the end (2090-99) of the century in relation to current (2006-15) conditions under
two treatment scenarios of either two or six yearly whole-herd anthelmintic treatments. To facilitate comparison,
a scenario without any treatments was included as a baseline. In addition, the size of the infective and parasitic
stage nematode population during the third simulation year were estimated. The development of resistance
varied between locations, time periods and anthelmintic treatment strategies. In general, the simulations indi-
cated a more rapid development of resistance under future climates coinciding with an increase in the numbers of
infective larvae on pasture and encysted parasitic stages. This was especially obvious when climate changes
resulted in a longer period suitable for development of free-living parasite stages. A longer period suitable for
larval development resulted in an increase in the average size of the parasite population with a larger contri-
bution from eggs passed by resistant worms surviving the anthelmintic treatments. It is projected that climate
change will decrease the ability to control livestock parasites by means of anthelmintic treatments and non-drug
related strategies will become increasingly important for sustainable parasite control.

1. Introduction

Climate change is likely to influence livestock production globally
and challenge many existing production systems. The impacts on live-
stock could be direct such as heat stress on the animal, and/or indirect,
such as greater exposure to infectious diseases (Rojas-Downing et al.,
2017). Recent reports by the Intergovernmental Panel on Climate
Change (2019) and the Food and Agriculture Organization of the United
Nations (FAO, 2018) identified an increase in livestock diseases,
including parasites, as a result of changing climate to have a negative
impact on future food security. A common argument is that a rise in
global temperature will lead to increased occurrence and alterations in
the distribution of many infectious diseases (Epstein, 2001; Lafferty,
2009).
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In many parts of the world dynamics of parasite populations are
expected to change due to environmental conditions becoming more or
less suitable for the development, survival and transmission of their
infective stages (Hudson et al., 2006; Morgan et al., 2013; Pickles et al.,
2013; Rose et al., 2015). An increased exposure of domestic animals to
nematode parasite challenge will presumably put increased emphasis on
control measures, which today are largely dependent on the adminis-
tration of broad-spectrum anthelmintic drugs (Molento, 2009; Morgan
et al., 2012). Currently, however, a serious problem for the control of
nematode parasites is the development of resistance to these drugs, with
resistance now common worldwide in parasites of livestock (Eddi et al.,
1996; Van Wyk et al., 1999; Waghorn et al., 2006; Demeler et al., 2009;
Sales and Love, 2016; McKenna, 2018) and other grazing animals such
as horses (Peregrine et al., 2014). If parasite challenge increases
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Fig. 3. T ime for anthelmintic resistance (< 90% efficacy) to develop versus average daily numbers (year three) of encysted early third stage (EL3) larvae per horse
(top row) or third stage larvae (L3) in the herbage per m2 grazing area (bottom row) for three different locations (increasing latitude to left), when all animals receive
two treatments per year. Individual data points represent individual simulation results for different Representative Concentration Pathways and General Circulation
Models f or three time-periods of either 2006-2015 (circle), 2040-2049 (plus) or 2090-2099 (triangle). Inserts display the complete datasets for all three locations

with the same axis-limits.

indicated that this is likely to be more pronounced in some locations
than in others.

Studies on the effects of climate change on pathogens or parasites
predict a modification of occurrence and distribution range (Epstein,
2001; Lafferty, 2009; Molnar et al., 2013; Pickles et al., 2013). Overall,
studies largely indicate a shift of parasite distribution into areas where
climatic conditions are currently limiting. For parasitic nematodes with
direct lifecycles, which are dependent on environmental conditions for
the development and survival of their free-living stages, similar changes
are likely (van Dijk et al., 2010; Hoar et al., 2012; Morgan et al., 2013).
For example, predictions suggest an increase of infection pressure with
the ruminant parasite Haemonchus contortus in northern Europe, with an
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extended yearly transmission period compared to current climate con-
ditions (Rose et al., 2016). Other parasites, however, such as Ostertagia
ostertagi, benefit from the current climate in some locations and may
become adversely effected by predicted conditions, resulting in a drop of
infection pressure (Rose et al., 2015). Nevertheless, the current study
indicates that an increase in average temperature resulting in a longer
period where conditions are suitable for development of free-living
parasite stages will not only lead to a larger annual average parasite
population, but also to a more rapid development of anthelmintic
resistance. This will occur even if anthelmintic treatment intensity is
unchanged in response to the higher worm challenge.

Changes in the Southland region were notably larger than those
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predicted in the more northerly (generally warmer) regions. The large
increase in EL3 in Southland reflects the increase in larval ingestion due
to the much better development of eggs on pasture. In the model the EL3
population is strongly influenced by the number and seasonal pattern of
larvae on pasture (Leathwick et al., 2019) while the adult worm burden
remains relatively constant. EL3 populations are known to be highly
seasonally variable between animals and can reach enormous numbers
(Nielsen et al., 2010). Thus the large effect in Southland likely reflects
the fact that the initial average population sizes of the free-living
herbage L3 and parasitic EL3 were lower than in the northern loca-
tions and, therefore, showed a larger increase under climate change, i.e.
the more severe winters typical of this region were initially more
limiting to parasite development and survival. By the end of the century
the RCP8.5 climate prognosis for Southland specifies that the number of
days per year with a minimum temperature of below 0 °C will change
from currently 37 to 7 and for days with a maximum temperature above
25 °C from 7.6 to 24 (Ministry for the Environment, 2018), and days
with a freeze-thaw cycle, causing increased mortality of infective larvae
in terms of the model mechanics, will on average reduce from currently
23.4 to 5.7 (Table 1). The predicted milder Southland winters with less
cold day events will create environmental conditions more suitable for
the free-living parasite stages for a longer part of the year and give any
worms that survive treatment a greater opportunity to successfully
produce viable infective stage offspring (Leathwick et al., 2019). It fol-
lows then that the increased rate of development in anthelmintic resis-
tance is linked to the changes in parasite dynamics, as shown in Fig. 3.

This may stand in contrast to some current perceptions about the role
of the free-living parasite population as a source of refugia, e.g that in
practice an increase of the rate resistance develops is mainly due to a
greater treatment frequency and that an increase in the size of the free-
living population size should increase the refugia capacity counteracting
the development of resistance. However, any parasite on pasture is only
in refugia, if it successfully develops to the adult stage and produces
viable offspring, otherwise it does not contribute to the population ge-
netics and must be disregarded in terms of refugia. The increase in
average pasture contamination over a 12-month period observed in the
current simulations reflects improving conditions for the development
of infective stage larvae. This applies to all genotypes equally. Under
anthelmintic treatment the reproductive advantage to surviving adult
worms is greater because the period over which eggs successfully
develop is longer, hence there is a shift of successful reproduction in
favour of resistant genotypes. Under the more favourable projected
climate conditions and unchanged management regimes, the ratio of the
reproductive rate of susceptible versus resistant parasites will shift to-
wards the resistant parasites and the refugia capacity of the free-living
parasite population will decrease.

As with previous studies (Leathwick et al., 2019) there was an as-
sociation between treatment frequency and the development of
anthelmintic resistance (Fig. 1), with resistance developing faster under
six annual treatments than under two. With more anthelmintic treat-
ments the proportion of resistant adult parasites in the host is increased
as is the time over which no susceptible eggs are passed onto pasture.
Furthermore, with an extended transmission period these resistant adult
worms also have a higher likelihood to reproduce successfully to
infective stage offspring, thereby escalating development of anthel-
mintic resistance. Because adult worm burden increases with the num-
ber of infective stage larvae ingested (Leathwick et al., 2019), higher
survival and therefore numbers of free-living stages on pasture also in-
creases the number of adult worms available to be selected for resistance
by anthelmintic treatments. This can be seen in the positive relationship
between the time resistance took to develop and the number of parasitic
EL3 (as a measure for the parasitic phase) or free-living L3 population
(as a measure for the free-living phase and reproductive success)
(Fig. 3).

The likely dilemma ahead will be that if parasite populations, in
many areas, are going to increase in size under climate change, horse
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owners and veterinarians are likely to respond by increasing the number
of administered anthelmintic treatments, thereby making an already
increasing problem of anthelmintic resistance, even worse. It is widely
accepted that higher usage of anthelmintic drugs never has nor ever will
constitute a sustainable solution, but only results in a faster selection for
resistance (Kaplan and Vidyashankar, 2012). The solution will be to find
ways in which parasite populations can be managed without more
frequent administration of anthelmintic products. Mitigation strategies,
that need to be explored and/or implemented (Cooper et al., 2015),
include communication of revised and evidence based management
strategies, e.g maintaining an adequate parasite refugia (Barnes et al.,
1995; Kaplan and Nielsen, 2010; Miller et al., 2012;Leathwick et al.,
2012) and utilize selective treatment (Gomez and Georgi, 1991; Nielsen
et al., 2019), ensuring the current resistance status is identified and
effective treatments are used, including combination products (Leath-
wick et al., 2009; Dobson et al., 2011; Bartram et al., 2012; Leathwick,
2012; Miller et al., 2012), avoiding unnecessary use of drugs, e.g long
acting anthelmintics or prophylactic applications without evidence of
necessity (Sutherland et al., 1997; Leathwick et al., 2009, 2015).

In conclusion, the study indicated that climate change will influence
both the level of parasitism and development of anthelmintic resistance,
however, the scale will vary with the magnitude of climate change and
between climatically different locations. The results suggest that the
changing environmental conditions in temperate climates will further
lessen the ability to sustainably control livestock parasites merely by
means of anthelmintic treatment. Non-drug related parasite control
strategies will be increasingly necessary with predicted climate changes.
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