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Introduction

Parasitic worms present one of the most pervasive threats to
grazing livestock, and climate change has been implicated as
a driving force for recent increases in their intensity and
range (van Dijk et al., 2008; Kenyon et al., 2009; Fox et al.,
2011). Owing to the potential for climate driven disease
outbreaks to have food security, animal welfare and eco-
nomic implications (Moran et al., 2013), there is a need to
predict future parasite risk. At the coarse scale parasite dis-
tribution will be dependent on the species’ climate envelope,
and the survival and development of free-living parasite
stages are dependent on temperature and moisture levels
(Armour, 1980). Consequently, our first model focuses on
how changes in parasite development and survival affect
nematode outbreaks in livestock. However, such predictions
do not account for variations in transmission at the farm
level, and impacts of climate change on host physiology and
management should also be considered in development and
parameterisation of parasite models. By applying a second
mechanistic model which incorporates a number of addi-
tional elements of the system dynamics, we determine the
robustness of our findings to the inclusion of a number of
realistic farm-level processes.

Model development

A non-spatial, population level model is used to explore how
parasite intensity is influenced by changing key temperature-
sensitive parameters (development and survival of the parasite’s
free-living stages). This model also captures the basic pro-
cesses in helminth infections including host immunity, and
survival and development of the parasites in the host. All
simulations model a directly transmitted gastrointestinal
nematode of a managed ruminant population, in set stocking,
over one grazing season.
The first model highlights fundamental trends in outbreak

dynamics that result from changing larvae survival and
development rates. Although governed by basic rules,
transmission is a complex process, and it has been shown
that host grazing behaviour and spatial effects are also

important in outbreak dynamics (Fox et al., 2013). It is
therefore imperative to consider climate-sensitive elements
of transmission within the context of a wider system of
interacting processes. Consequently, a spatially explicit,
individual based, stochastic model was formulated to test the
robustness of predicted parasite patterns within the context
of farm-level processes. This model incorporates host grazing
behaviour, and spatio-temporal variation in resources, perceived
parasite risk and free-living parasite larvae.

Model predictions

Using parameter values representative of cattle grazing in a
temperate system (Fox et al., 2012), the models successfully
reproduces empirically observed parasite dynamics (Smith
and Grenfell, 1985; Roberts and Grenfell, 1991; Hilderson
et al., 1993). The outputs of the non-spatial, population level
model show that changes in temperature-sensitive para-
meters can lead to non-linear responses in outbreak patterns,
with distinct ‘tipping-points’ in nematode parasite burdens.
The spatially explicit, individual-based model demonstrated
that these non-linear responses are robust to the inclusion of
a number of realistic processes present in livestock grazing
systems. Although the qualitative patterns observed are
independent of which model is used, it remains important to
consider wider elements of the system. Our results show that
spatial distribution of parasites, over-winter survival of free-
living parasites, host grazing behaviour and host immunity
all influence the non-linear responses to changing larval
development rates and affect the magnitude of peak parasite
burdens under different climate change scenarios.

Discussion

Our results indicate that climate change can lead to non-
linear responses in infection dynamics, such that minor
alterations in temperature around critical thresholds could
cause dramatic shifts in outbreak intensity. This could lead to
an increase in the frequency and geographic range of
pathological cases for pathogens that are currently wide-
spread but at low incidence levels. The relationship between
survival and development of the parasites’ free-living stages,† E-mail: Naomi.Fox@sruc.ac.uk
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over-winter larval survival, larval distribution on pasture and
behavioural characteristics of the host are all pivotal deter-
minants of outbreak intensity.
Although the indicative patterns observed are indepen-

dent of model complexity, this work highlights the need for
models which incorporate wider elements of the system as
changes in livestock management will influence outbreaks in
a changing climate. For example, our results show that
availability of larvae at the start of the grazing season has a
large impact on parasite burdens. The timing and magnitude
of infective larvae availability will shift as rising temperatures
and CO2 levels, and a decrease in ground frosts will lead to
changes in grass growth and an increased growing season
(NFU, 2005; UKCP09, 2009).
Our results demonstrate that, within the parasite’s climate

envelope, peak parasite burdens remain heavily dependent
on the host’s immune response. Heat stress directly affects the
immune response of sheep and cattle (Sevi and Caroprese,
2012), and has been identified as a threat to livestock pro-
duction under climate change (Harle et al., 2007; Gale et al.,
2009). These changes in host immune response could have
substantial impacts on future parasite burdens. Livestock
grazing behaviour also changes under heat stress (O’Brien
et al., 2010), and our results demonstrate that temperature
driven changes in host grazing will affect parasite dynamics.
This highlights the need for predictive models to consider
wider elements of the livestock systems that are also likely to
be concurrently affected by climate change.
Livestock husbandry and management will be influenced

by climate change as adaptation and mitigation strategies
will be required to help negate the economic and welfare
implications of climate change on livestock (e.g. heat stress).
A range of adaptation approaches have already been pro-
posed, for example provision of shade (Berman and Horovitz,
2012) and sprinklers (Avendaño-Reyes et al., 2006) to reduce
heat stress. However, increased shade and moisture aid larval
survival for temperate parasites, which can lead to non-linear
increases in parasite risk. Hence, the consequences of adopt-
ing such adaptation approaches on parasite intensity should
be considered.
There is a need for process based predictive models

to incorporate changing livestock management, and the
framework developed here will also allow the efficacy of
potential control strategies to be explored. There is currently
strong reliance on anthelmintics; however, their efficacy
is diminishing and resistance is rife (Abbott et al., 2007).
Strategies to lower the dependence on chemicals and
manage the spread of resistance will consequently need to
be adopted. Through incorporating wider elements of the
transmission process, there is potential for models to predict
which of the panoply of control strategies would be effective
under specific climate change scenarios. For example, by
understanding how climate change will affect availability of
infective larvae and timings of host grazing seasons, optimal
grazing strategies could be explored to ensure hosts encounter
sufficient levels of larvae for trickle infection to initiate an
immune response, but avoid deleteriously high challenges.

Given the uncertain nature of climate change projections, the
robustness of control strategies should be tested to identify
those that are effective over the broadest range of potential
climate scenarios. Novel areas for manipulation and control
could also be explored in such models, potentially identifying
leverage points where changing management could have
substantial impacts on changing parasite risks.

Conclusions

Our work highlights that dramatic changes in parasite
burdens can result from small changes in climatic conditions
around critical thresholds. Our results are applicable to a wide
range of significant host–parasite systems, as our models
incorporate fundamental elements of parasite transmission
that are common to a wide range of macroparasites in
managed grazing systems. In addition to direct impacts of
climate change on parasite transmission, climate will also
drive changes in livestock management, and necessitate
uptake of mitigation and adaptation strategies that will have
a compounding effect on future parasite risk. By developing
predictive models with a broader view of the livestock system,
we can identify potential risks and highlight opportunities for
control.
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Further information

The LiveM International Livestock Modelling and Research
Colloquium was hosted by the Basque Centre for Climate
Change (BC3) at the Maritime Museum in Bilbao, Spain
between 14 and 16 October 2014. LiveM is the livestock and
grassland modelling theme of the EU knowledge hub Modelling
European Agriculture with Climate Change for Food Security
(MACSUR). The MACSUR project is a pilot knowledge hub
started by FACCE-JPI in 2012. It provides an opportunity to
explore the role and potential of multi-disciplinary networking
structures to address complex regional and global issues. More
information on MACSUR and the LiveM theme can be found at
www.macsur.eu, with PDFs of slides from conference pre-
sentations available through the conference website (http://
www.livem2014bilbao.com/).

References
Abbott KA, Taylor PM and Stubbings LA 2007. Sustainable worm control
strategies for sheep. 2nd edition. Sustainable Control of Pasrasites in Sheep,
National Sheep Association, Malvern, UK, 1–48.

Armour J 1980. The epidemiology of helminth disease in farm animals. Veter-
inary Parasitology 6, 7–46.

Avendaño-Reyes L, Alvarez-Valenzuela FD, Correa-Calderón A, Saucedo-
Quintero JS, Robinson PH and Fadel JG 2006. Effect of cooling Holstein cows
during the dry period on postpartum performance under heat stress conditions.
Livestock Science 105, 198–206.

Berman A and Horovitz T 2012. Radiant heat loss, an unexploited path for heat
stress reduction in shaded cattle. Journal of Dairy Science 95, 3021–3031.

Modelling livestock parasite risk under climate change

33

https://doi.org/10.1017/S204047001400048X Published online by Cambridge University Press

www.macsur.eu
http://www.livem2014bilbao.com/
http://www.livem2014bilbao.com/
https://doi.org/10.1017/S204047001400048X


Fox NJ, Marion G, Davidson RS, White PCL and Hutchings MR 2012. Livestock
helminths in a changing climate: approaches and restrictions to meaningful
predictions. Animals 2, 93–107.

Fox NJ, Marion G, Davidson RS, White PCL and Hutchings MR 2013. Modelling
parasite transmission in a grazing system: the importance of host behaviour and
immunity. PLoS One 8, e77996.

Fox NJ, White PCL, McClean CJ, Marion G, Evans A and Hutchings MR 2011.
Predicting impacts of climate change on Fasciola hepatica risk. PloS One 6,
e16126.

Gale P, Drew T, Phipps LP, David G and Wooldridge M 2009. The effect of
climate change on the occurrence and prevalence of livestock diseases in Great
Britain: a review. Journal of Applied Microbiology 106, 1409–1423.

Harle K, Howden S, Hunt L and Dunlop M 2007. The potential impact of climate
change on the Australian wool industry by 2030. Agricultural Systems 93,
61–89.

Hilderson H, Vercruysse J, de Graaf DC, Bastiaensen P, Fransen J and Berghen P
1993. The presence of an early L4 larvae population in relation to the immune
response of calves against Ostertagia ostertagi. Veterinary Parasitology 47,
255–266.

Kenyon F, Greer AW, Coles GC, Cringoli G, Papadopoulos E, Cabaret J and
Jackson F 2009. The role of targeted selective treatments in the development of
refugia-based approaches to the control of gastrointestinal nematodes of small
ruminants. Veterinary Parasitology 164, 3–11.

Moran D, Wreford A, Evans A, Fox N, Glenk K, Hutchings M and Wall E 2013.
Assessing the preparedness of England’s natural resources for a changing climate:
assessing the type and level of adaptation action required to address climate risks in
the ‘vulnerability hotspots’. Committe on Climate Change. Adaptation Sub-
Committee Progress Report, Committee on Climate Change, London, UK, 1–192.

NFU 2005. Agriculture and climate change. Retrieved August 15, 2009, from
www.nfuonline.com

O’Brien MD, Rhoads RP, Sanders SR, Duff GC and Baumgard LH 2010. Metabolic
adaptations to heat stress in growing cattle. Domestic Animal Endocrinology 38,
86–94.

Roberts MG and Grenfell BT 1991. The population dynamics of nematode
infections of ruminants: periodic perturbations as a model for management. IMA
Journal of Mathematics Applied in Medicine and Biology 8, 83–93.

Sevi A and Caroprese M 2012. Impact of heat stress on milk production,
immunity and udder health in sheep: a critical review. Small Ruminant Research
107, 1–7.

Smith G and Grenfell BT 1985. The population biology of Ostertagia ostertagi.
Parasitology Today 1, 76–81.

UKCP09 2009. UK climate projections. Retrieved October 10, 2014, from http://
ukclimateprojections.defra.gov.uk

van Dijk J, David GP, Baird G and Morgan ER 2008. Back to the future: developing
hypotheses on the effects of climate change on ovine parasitic gastroenteritis from
historical data. Veterinary Parasitology 158, 73–84.

Fox, Davidson, Marion and Hutchings

34

https://doi.org/10.1017/S204047001400048X Published online by Cambridge University Press

www.nfuonline.com
http://ukclimateprojections.defra.gov.uk
http://ukclimateprojections.defra.gov.uk
https://doi.org/10.1017/S204047001400048X

	Modelling livestock parasite risk under climate�change
	Introduction
	Model development
	Model predictions
	Discussion
	Conclusions
	Acknowledgement
	ACKNOWLEDGEMENTS
	References


