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Abstract

Yersinia pestis is the bacterial agent of plague, a disease which has caused three
trans-continental pandemics through the Common Era. Y. pestis is currently present
in reservoir populations in Asia, Africa, North and South America and has recently
been identified as a re-emergent disease primarily due to increasing recorded cases
across Africa. Plague is a zoonotic disease, the bacterial agent of which (Y. pestis) is
transmitted and maintained primarily through rodent reservoir species and the
ectoparasites which feed on them. The Y. pestis zoonotic disease system is therefore
highly complex as the dynamics of the bacterium, vector and reservoir species can all

impact transmission and dissemination.

In this thesis | focus on the niche of Y. pestis at two opposing spatial scales,
macroecological and microbiological, and address three gaps in the literature across
these scales. Firstly the degree to which reservoir (mammalian host) species locations
dictate the distribution of Y. pestis compared to the environmental niche of Y. pestis
per se is debated and the transferability of such niches between regions is rarely
tested. | assess the niche differences between the Y. pestis at a continental scale
across native and invaded ranges, finding that biotic factors, in this case reservoir

species distribution, drive such differences.

Secondly Y. pestis has commonly been demonstrated to be a highly climatically
dynamic disease and subsequently correlations are regularly observed between
climatic variables and plague infection among human populations. The mediating
factor between these elements of the plague system is often assumed to be a
response of reservoir species to climate however the exact mechanisms driving this
correlation are poorly resolved. | therefore assess the role that reservoir species play
in mediating changes in human plague cases driven by climate perturbations, as has
regularly been hypothesised. | find that the response of reservoir species to climatic
conditions is highly variable and that even within a similar climatic regime the
response of reservoir species to climatic variation should not be assumed to be

homogeneous.



At the opposing end of the spatial scale much of the literature assumes that unlike
it’'s most recent ancestors Y. pestis is incapable of persisting independently of host
and vector species within the environment. Selected recent works have challenged
this assumption by suggesting that Y. pestis may be capable of surviving in soils.
However, little work has experimentally tested the survival of Y. pestis in “real world”
unsterilised soils or attempted to determine the impact of variables within the soil
such as moisture and temperature on Y. pestis survival. Through experimental
microbiology, | test the niche of Y. pestis within soil environments independent of
reservoir and vector species. Survival of Y. pestis within soils is an often suggested
mechanism to explain prolonged periods of quiescence but has yet to be fully
integrated into models of the complex plague transmission and maintenance system.
My work suggests that soil moisture is a key variable in enabling the persistence of Y.

pestis in soil environments.

Integrating findings from such disparate scales into a cohesive model of a complex
zoonotic disease system is a significant challenge which my work only begins to
address. This work is however necessary to avoid the erroneous transfer of
assumptions between scales and contexts, which is particularly relevant for plague
given the global breadth of distribution in varying environments. My work will
hopefully aid in contributing to a more holistic multiscale view of the Y. pestis disease

system.
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1 Introduction & literature review

1.1 Thesis rationale

Plague is a zoonotic disease caused by the gram-negative bacterial pathogen
Yersinia pestis. It has driven three pandemics throughout the Common Era which
caused millions of deaths and led to periods of societal reorganisation (Stenseth et
al., 2008). Plague, however, is not only a disease of historical importance but is
currently regarded as a re-emergent disease due to increasing human rates of
infection, primarily across Africa (World Health Organization, 2015). Plague is a
climatically dynamic disease capable of rapidly responding to climatic change across
the broad range of scales over which it functions and is also sensitive to
anthropogenic land use changes (Stenseth et al., 2006, McCauley et al., 2015, Cui et
al., 2020). It is therefore vital to gain an understanding of how all elements of the
plague disease system are affected by their environments, to mitigate and plan for

future risk.

Humans are not the primary reservoir of Y. pestis but are instead infected during “spill
over” events when infections within reservoir species, usually rodents, reach a
threshold level past which the likelihood of human infection increases (Samia et al.,
2011, Mahmoudi et al., 2020). Within reservoir populations, Y. pestis is transmitted
between individual hosts by vector species, usually fleas, which transmit the
bacterium through regurgitation of infected blood meals during feeding (Jarrett et
al., 2004). Following transmission through global shipping routes during the Third
Pandemic (1772 C.E — 1964 C.E.), permanent plague reservoirs were established
across North America, South America, Asia, and Africa (Stenseth et al., 2008, Cliff et
al., 2009, Xu et al., 2011). Y. pestis is now therefore distributed in a broad range of
reservoir and vector species across a range of environments (Mahmoudi et al., 2020).
Growing evidence also suggests that Y. pestis may be able to persist in the soils which
may explain periods of quiescence (where Y. pestis is not sampled from reservoir
species or vectors) observed in plague systems (Bertherat et al., 2007, Eisen et al.,

2008, Andrianaivoarimanana et al., 2013, Markman et al., 2018).
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Environmental factors can impact reservoir and vector species from a range of
differing habitats in a broad and varied manner. Monitoring of plague in the wild is
spatially heterogeneous and only a limited subset of reservoir species have been
monitored consistently through time (Davis et al., 2004, Bevins et al., 2012). Many
studies focus on bacteria-vector-reservoir species dynamics within a single region,
which contributes significantly to the understanding of plague within that system but
may have limited applicability in other regions (Kausrud et al., 2007, Savage et al.,
2011, Xu et al., 2015). This can lead to assumptions being made across a range of
reservoir species by using findings for one well-studied species to predict the
response of reservoir species more generally and further Y. pestis infection in human
populations (Kausrud et al., 2010, Xu et al., 2011). Studies often identify correlations
between climate and human plague records and infer host and vector reservoir
mechanisms which could mediate this correlation, however, these mechanisms may
not be applicable across all scales of study (Ben-Ari et al., 2010, Ben-Ari et al., 2011,
Schmid et al., 2015). Understanding plague dynamics at broader scales, across
multiple regions, will require the integration of multiple reservoir species, with

partially or non-overlapping distributions, into the plague system.

The survival of Y. pestis in soils represents a further knowledge gap. Until recently, V.
pestis has not been considered capable of surviving within the environment
independently of reservoir species and vector species (Hinnebusch et al., 2016),
suggesting that environment-plague relationships must be mediated by reservoir
species and vectors. However, a growing number of studies are suggesting that Y.
pestis may be capable of surviving within soil environments and potentially utilising
soil micro biota as vectors (Ayyadurai et al., 2008, Eisen et al., 2008, Boegler et al.,
2012, Markman et al., 2018), raising new possibilities for how environment influences

plague outbreaks and dynamics.

In the thesis, | investigate the role that multiple reservoir species may play in

mediating the effects of climate upon plague infection and further apply niche theory
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to survival of Y. pestis in soil environments, by experimentally testing the
fundamental environmental niche of Y. pestis in this environment. In Chapter 2, |
compare the environmental niche of Y. pestis between native and invaded regions,
and investigate the impact that biotic factors may have upon disease distribution
following introduction to novel environments. In Chapter 3 | test the hypothesis that
reservoir species niche dynamics mediated the heterogeneous response in human
plague cases to precipitation in China during the Third Pandemic. In Chapter 4 | test
the hypothesis that Y. pestis can survive in a viable state in soil environments for
prolonged periods. Each chapter represents an discrete area of investigation and is
supplemented with the necessary background for each study. A broad literature
review (Chapter Error! Reference source not found.) provides an overview of
previous research on plague ecology across the disparate scales investigated in this

thesis.

1.2 Plague in a modern and historical context

Y. pestis is capable of persisting in at least 351 mammalian species globally,
predominantly within arid to semi-arid regions (Mahmoudi et al., 2020). Of these
mammalian species rodents are by far the most important to the maintenance and
transmission of Y. pestis (Mahmoudi et al., 2020). Y. pestis is maintained in these
species through fluctuating enzootic/epizootic cycles leading to varying levels of
infection in reservoir species. | have used the term reservoir species to describe any
non-insect species which may host Y. pestis through infection and hence represent a
natural reservoir for the bacteria. | do not suggest that all species are permanent
reservoirs, but are capable of hosting Y. pestis, even if only for brief periods during
epizootics. Within reservoir species, Y. pestis is transmitted through exchange of
infected blood meals by insect vector species, most commonly fleas. Humans are also
susceptible to Y. pestis infection and plague is responsible for at least three
pandemics within the Common Era, as well as regular epidemic outbreaks in
geographic proximity to active host species populations (Stenseth et al., 2008, Valles

et al., 2020).
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The historic impact of plague on Eurasian societies is incredibly broad. For example,
the Second Pandemic, which includes the Black Death Period (1347-1351 C.E.),
devastated Eurasian populations from the fourteenth century onwards and persisted
in isolated areas into the nineteenth century (Bramanti et al., 2016, Green, 2020).
The impact of plague is not purely historical, with the World Health Organization
(WHO) classifying plague as a re-emergent disease due to increasing reported human
infection, largely across Africa, through the twentieth and early twenty first centuries,
coupled with persistence within host populations globally (Stenseth et al., 2008,
Mahmoudi et al., 2020). Madagascar, a country with an annual reported plague
infection that accounts for three quarters of the cases reported to the WHO annually,
suffered a primarily pneumonic plague epidemicin 2017, which led to 2,414 clinically
suspected cases from two urban foci around the cities of Antananarivo and
Toamasina (Randremanana et al., 2019). This was a large and unexpected outbreak
as most of the cases reported annually are bubonic and generally isolated to the rural
highlands where plague is endemic within mammalian host populations
(Randremanana et al., 2019). This highlights the immediate contemporary threat
posed by plague and the need for further research into both the distribution and

mechanisms of transmission to enable better prediction and risk mitigation.

Although Madagascar currently has the highest annual human plague cases of any
country with 200-700 cases annually (Randremanana et al., 2019), many countries
and regions maintain permanent enzootic plague reservoirs within wild mammal
populations. From 2010-2015 there were 3,248 human cases reported worldwide to
the WHO (World Health Organization, 2017), the majority of which were in Africa
(Stenseth et al., 2008). Away from Africa, there have been limited human outbreaks
reported across several South America countries since 2000 in Peru, Bolivia, Ecuador
and Brazil (Riviere-Cinnamond et al., 2018). Enzootic host populations are also
present in the USA (California and Colorado), where isolated human cases have been
reported, as well as across much of the Asian Steppe environment (China, Kyrgyzstan,
Kazakhstan, Russia, and Mongolia) where plague has been maintained through

enzootic and epizootic cycles for thousands of years (Valles et al., 2020).
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1.3 Plague Evolution and Epidemiology

Y. pestis is the most infamous member of the Yersinia genus. Yersinia is comprised of
fifteen species (Reuter et al., 2014) of rod-shaped, Gram-negative bacteria, which are
collectively members of the Enterobacteriaceae family. Three species are pathogenic
to humans, namely Yersinia enterocolitica, Yersinia pseudotuberculosis and Y. pestis
(Wren, 2003). Y. enterocolitica is an enteropathogenic (gastrointestinal tract)
bacteria found within soil environments and commonly infects a range of mammalian
and avian species with particularly high prevalence within domestic pig populations
(Fredriksson-Ahomaa et al., 2009). In humans, large outbreaks are driven by the
consumption of infected foods (Bottone, 1999). Y. pseudotuberculosis is, similarly, a
gastrointestinal tract pathogen also found widely within the environment (soil and
water) where it can survive for long periods through adaptation mechanisms enabling
survival in the soil under biotic and abiotic environmental conditions significantly
different from those encountered during its within-host life cycle (Buzoleva and
Somov, 2003). Y. pseudotuberculosis primarily causes gastrointestinal infection

following ingestion into the digestive system through infected food stuffs.

The transmission pathway of Y. pestis is significantly removed from the other Yersinia
species. It is primarily transmitted through the regurgitation of infected blood meals
from vector species (commonly fleas) into reservoir species while attempting to feed
(Jarrett et al., 2004). Rodent species show varying resistance and susceptibility to
infection which in combination with the effective dose that vector species can
provide determines the dynamics of Y. pestis transmission and infection within host-
vector-bacteria systems (Mahmoudi et al., 2020). Human infection can occur when
infected reservoir and/or vector species come into close geographical proximity with

human populations and share infected vectors (Stenseth et al., 2008).

Infection through transmission of Y. pestis via a blood meal from a vector most
commonly leads to bubonic infection in humans. This is where the bacterial load
migrates through the cutaneous lymphatics to the lymph nodes and subsequent rapid
multiplication of Y. pestis causes necrosis of the lymph nodes leading to the formation

of the titular bubo. Along with the formation of buboes the symptoms include sudden
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onset of fever, chills, and weakness. These symptoms typically take 2-8 days to
develop following initial infection (Inglesby et al., 2000). If untreated this can develop
into septicemic plague which is an infection of the blood, and in rare cases this can
occur without infection of the lymphatic system following a flea bite (primary
septicemic plague) (Roussos, 2002, Olson and Anderson, 2019). The final form of V.
pestis infection is pneumonic plague, which is an infection of the lungs. This can
develop like septicemic plague as a secondary infection following initial bubonic
infection and then can be rapidly transmitted though the production and
transmission of aerosolised droplets containing Y. pestis. The symptoms of
pneumonic plague are chest pain, dyspnea, cough, and hemoptysis, and this form of
Y. pestis infection is the most deadly with a mortality rate of 90% when untreated

compared to 40-60% for bubonic infection (Butler, 2013, Pechous et al., 2016).

Despite Y. pseudotuberculosis and Y. enterocolitica sharing similar infection pathways
and areas of environmental survival, Y. pestis and Y. pseudotuberculosis are in fact
much more closely related with approximately 97 % DNA sequence homology
compared to approximately 50 % between Y. pseudotuberculosis and Y. enterocolitica
(Wren, 2003, Fredriksson-Ahomaa et al., 2009). It therefore follows that Y. pestis and
Y. pseudotuberculosis diverged much later than Y. enterocolitica, with Y.
enterocolitica estimated to have diverged within the last 200 million years whereas
the former two diverged between 5700-6000 years ago (Spyrou et al., 2018, Demeure
et al.,, 2019). As the infection pathways and clinical symptoms suggest there are
several key genetic differences between Y. pestis and Y. pseudotuberculosis which aid
in understanding the functional differences between the two and their differing niche

preference and lifestyle.

Both species are capable of constructing biofilms which in this context are bacterial
colonies suspended within an extracellular matrix, synthesised by the Yersinia species
(Hinnebusch and Erickson, 2008). The extracellular matrix which supports the
bacteria within the biofilm is constructed of B-1,6-N-acetyl-D-glucosamine (GIcNAc).
For Y. pestis, biofilm is key to the vector transmission pathway as the formation

within vector species can lead to blockages of the vector midgut effectively leading
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to starvation preceded by frantic repeated feeding and hence transmission to
reservoir species (Hinnebusch et al., 1996). In Y. pseudotuberculosis the formation of
biofilms has been demonstrated in the laboratory upon the nematode species
Caenorhabditis elegans, this is strain dependent (Atkinson et al., 2011) and has been
hypothesised to aid with environmental survival (Sun et al., 2009). This has yet to be
reported in its natural environment. Nematodes are the most abundant animals on
earth and found commonly throughout soil environments therefore could potentially
play a key role in maintenance of Y. pestis in soil environments as could a range of
soil dwelling amebae species (Benavides-Montafio & Vadyvaloo 2017, Markmen et al

2018).

All pathogenic Yersinia species possess an extrachromosomal 70-kb virulence plasmid
which encodes all components of the Type three secretion system (T3SS). The T3SS
is a bacterial nanomachine analogous to a hypodermic needle which is composed of
structural elements, regulators and effectors known as Yersinia outer proteins (Yops).
The T3SS is responsible for the delivery of Yops into the host cells through its needle
like delivery structure which is made up of Yersinia secretion complex (Ysc) proteins.
Once inside mammalian host cells the Yops inhibit the phagocytic response of these
cells while also downregulating the inflammatory responses of macrophages and
hence enable the bacteria to persist in an extracellular state within the host (Fahlgren

et al.,, 2014).

The functional differences between Y. pestis and Y. pseudotuberculosis are due to
gene gain and gene loss events, which caused the transition from infection of host
species from the environment to infection via an infected blood meal from a vector
species (commonly, however, not solely flea species) (Sun et al., 2014). Using ancient
DNA (aDNA) and high-throughput DNA sequencing technologies the timing of these
gene loss and gain events can be estimated. Divergence began between 5700 and
6000 years ago with the acquisition of two virulence-associated plasmids pFra/pMT1,
which enables effective vector transmission and pPla/ pPCP1, which improves
survival in reservoir species (Hinnebusch et al., 2016, Demeure et al., 2019). These

acquisitions were further accompanied by the inactivation of the virulence-
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associated genes phosphodiesterases (pde) 2 and 3, and rcsA which respectively
enabled an increase in biofilm formation (Sun et al., 2014). The pFra/pMT1 plasmid
encodes the Yersinia murine toxin ymt, a phospholipase D that protects Y. pestis from
cytotoxic blood plasma digestion products inside the flea gut (Hinnebusch et al.,
1996). pPst/ pPCP1 encodes the plasminogen-activating protease (Pla) gene which
facilitates pulmonary infection in the host leading to haemorrhage and inhibits T-cell
defence (Lathem et al., 2007, Smiley et al., 2019, Wang et al., 2020). Prior to these
gene acquisition and loss events Y. pseudotuberculosis infection of a vector would
predominantly lead to mortality and in the rare case of survival Y. pseudotuberculosis
was restricted to the hindgut and therefore not transmissible through further blood
meals (Hinnebusch et al.,, 2016). Following these genetic and hence functional
changes Y. pestis could grow in higher numbers in the flea mid gut, forming a biofilm
blockage and therefore transmitting high titres of Y. pestis into the host as the flea

takes a blood meal.

1.4 Plague Ecology

1.4.1 Climatic constraints on Yersinia pestis

Both the distribution and transmission of Y. pestis are reliant on a broad range of
biotic and abiotic factors (). The third and most recent plague pandemic (Third
Pandemic) began in 1772 C.E. in Yunnan province China, following gradual initial
transmission Y. pestis spread to the South China coast and reached Hong Kong by the
start of the twentieth century, from which point plague was transmitted globally
through international shipping routes (Cliff et al., 2009). Following the global
dissemination of Y. pestis during the Third Pandemic Y. pestis established global
reservoirs within the 20°C summer isotherms (Cliff et al., 2009). Plague reservoirs
globally are more prevalent at high elevations, however, the elevation threshold
varies between regions (Eads & Biggins, 2021; Eisen et al., 2012; Giorgi et al., 2016;
Qian et al., 2014). Y. pestis distributions are driven by complex and varying systems

in which Y. pestis is maintained and transmitted across a range of scales.
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Table 1.1. Mechanisms through which climate can impact Y. pestis survival distribution and transmission, organized by mode of transmission and mechanism.

soil

however, transmission rate has experimentally been shown

to be low (<1%) (Boegler et al., 2012).

sterilised soils. Experimental

infection of scarified mice on
inoculated

nutrient rich soil

with Y. pestis.

determining climatic conditions
conducive to  survival of
bacterium in soil medium may aid

in explaining quiescent periods.

Mode of | Mechanism Example Evidence of mechanism Additional evidence required Sources
transmission
Airborne Bacterial Aerosolized virulent Y. pestis may remain active for up to 5 | Experimental survival of Y. | Experimentally determine the | (Rose et al., 2003)
(Pneumonic) | survival days on certain surfaces, however, this is dependent on the | pestis suspended in PBS and BHI | impact temperature and
solution Y. pestis is maintained in. upon a range of surfaces. humidity may have upon survival
on surfaces
Human Malnourishment has a negative influence on the immunity | Primarily correlative however, | Case studies highlighting the | (Gamsa, 2006,
defences of an individual, with poverty driven malnutrition discussed | mechanistic links between | association of plague outbreaks | Andrianaivoarimanana
with particular reference to the 1910-1911 pneumonic | malnutrition and weakened | with  periods of climatic | etal., 2013)
epidemic in Manchuria (Gamsa, 2006) and recent | immunity is well established. perturbation and subsequent
prevalence in Madagascar (Andrianaivoarimanana et al., potential food shortages
2013). Initial outbreaks during the Black Death and the Third
Pandemic also occurred within highly stressed populations
likely to be suffering from food shortages. These food
shortages may in part be driven by climatic perturbations at
the time (Fell et al., 2020).
Telluric (Soil Bacterial Y. pestis biotype Orientalis can remain viable and fully | Experimental long-term | Environmental influence on Y. | (Ayyaduraietal., 2008,
dwelling) prevalencein | virulent after 40 weeks in soil (Ayyadurai et al., 2008), | persistence of Y. pestis in | pestis in soil is unknown, | Boegleretal., 2012)
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Vector-
borne

(Bubonic)

Vector

development

Seasonal temperatures influence the timing of vector
development. For example X .cheopis has a developmental
threshold of 12.36°C (Kreppel et al., 2016). The timing of
threshold influences  annual

these temperatures

development of vectors which further impacts Y. pestis.

Experimental investigation of

development  time  under

varying  temperature  and

relative humidity.

Similar  analysis  determining
developmental temperature and
humidity thresholds for a range
of vector species would provide
invaluable data for mechanistic

modelling of Y. pestis.

(Kreppel et al., 2016)

Vector The environmental niche as defined by climatic variables can | Species distribution models can | Further occurrence data is | (Adjemian et al., 2006)
geographic be constructed through correlative analysis and projected | be constructed wusing the | required across all vector species,
distribution into novel temporal and spatial regions to estimate past or | occurrence of vector species | presence of, Y. pestis in
future distributions and explanatory climate | association with each vector
variables. This has been | would also be hugely beneficial.
completed for 13 vector species
across California, however,
there is limited occurrence data
available (Adjemian et al.,
2006).
Bacterial Y. pestis has been found to be most efficiently transmitted | Transmission efficacy | Expansion to determining | (Schotthoefer et al.,,
transmission | via X. cheopis at temperatures of 23-30°C, with slight | experimentally determined | efficiency in differing host-vector | 2011)

efficiency

advantage at 23°C.

through exposing mice to
infected X. cheopis at varying
temperatures. (Schotthoefer et

al., 2011)

systems
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Risk of Host
Human

Contact

Low frequency extreme weather events may contribute to
increased contact between commensal rodents and
humans, as identified through a correlation in plague spread
velocity and wet conditions in China during the Third

Pandemic.

Analysis of plague occurrence
data from the Third pandemicin

China with climatic data

Inclusion of extreme weather
events in larger temporal and
spatial models (discussed in
Metcalf et al 2017 with regard to

disease modelling

(Xu et al.,

Metcalf et al., 2017)

2014,

Host Species

The environmental niche of host and vector species will

Environmental niche modelling

Expansion of environmental

(Holt et al., 2009)

geographic likely track climatic changes, this will lead to changes in the | of the plague reservoir from | niche modelling to further plague
distribution. | geographic range of Y. pestis. surveillance of  California | host and vector species. This
ground squirrel plague hosts | correlative approach, however,
(Holt et al., 2009). lacks/assumes the mechanisms
of transmission.
Population Population dynamics of host species proximal to Tian Shan | Correlation between European | Further analysis of the suggested | (Schmid et al., 2015)

dynamics of
reservoir

species

are suggested to have contributed to repeated

reintroduction of plague during the Black Death Pandemic.

plague reintroduction events
determined from 7711
georeferenced plague

occurrences and climate-driven
reintroductions  from  Asian

source regions.

mechanisms contributing to the
reintroduction events proposed

by Schmid et al. (2015)
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1.4.1.1 Bacterial climatic tolerance

Y. pestis is a gram negative, non-motile, rod-shaped bacterium and, depending on the
environment, it is either aerobic, facultatively anaerobic or a facultatively
intracellular pathogen. Fully virulent Y. pestis has been shown to survive on sterile
surfaces suspended in phosphate-buffered saline (PBS) solution, which matches the
ion concentration of the human body, for up to 48 hours and in brain heart infusion
(BHI), a nutritionally dense organic solution, for up to 120 hours (Rose et al., 2003).
Limited experimental and observational evidence also suggests that Y. pestis can
survive in a viable community in both sterile and non-sterile soils for extended
periods (40 weeks and 3 weeks respectively) (Ayyadurai et al., 2008, Eisen et al.,
2008). Such findings are counter to the previously prevailing hypothesis that,
following Y. pestis’ divergence from its most recent common ancestor (MRCA), the
soil dwelling enterobacteriaceae Yersinia pseudotuberculosis, its mechanism for
environmental survival became redundant given the new life cycle within hosts and
vectors and hence Y. pestis is no longer capable of survival within the environment

(Sun et al., 2014, Hinnebusch et al., 2016).

1.4.1.2 Vector species climatic tolerance

The temperature tolerance and hence thermal niche of Y. pestis is further determined
by vector species tolerances as vectors are required to maintain and transmit Y. pestis
within reservoir species populations. Vector species are insulated to a degree by their
mammalian host, but they must remain viable in the external environment to
reproduce and hence persist in a region. For example, Xenopsylla cheopis (Oriental
rat flea), is one of the most common vectors of Y. pestis. This species has a lower
temperature threshold of 12.4 °C, below which larval and pupal development are
inhibited (Kreppel et al., 2016). Further the transmission efficiency of Y. pestis from
vector species is influenced by temperature and hence dictates distribution.
Experimental testing has determined that X. cheopis has a maximum transmission
efficiency occurring at 23°C with no statistical decrease in efficiency up to 30°C ()
(Schotthoefer et al., 2011). X. cheopis is one of an array of vectors capable of
transmitting Y. pestis with multiple Xenopsylla species along with Ctenocephalides
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felis (Cat Flea) and multiple Synopsyllus species, all of which have varying climate
tolerances, transmission efficiency and preferred hosts (Krasnov et al., 2006).
Determining all these vectors’ thermal niches is a substantial task. Even using
correlative methods (Environmental niche models, ENMs) to determine the realised
climatic niche of these vector species is challenging as there are very limited spatial

data on the occurrences of these species (Adjemian et al., 2006).

1.4.1.3 Reservoir species climatic tolerance

There is a similarly broad range of reservoir species involved in the maintenance of
Y. pestis globally. The majority of Y. pestis reservoir species are rodents, however, a
wide taxonomic range of mammalian species are susceptible to infection, including
predators of infected rodent species, and domesticated animals (e.g. camels and
goats) (Christie et al., 1980, Holt et al., 2009). Y. pestis infection and hence presence
is predominantly maintained by key rodent species and the role of non-rodent
species (predators and domestic animals) in maintaining this presence requires
further research (Holt et al., 2009, Mahmoudi et al., 2020). Y. pestis persists in three
states within a reservoir population: quiescent (undetectable), enzoonotic (low levels
of detection, <2% of rodents captured infected), or epizootic (epidemic among
rodents in the region) (Davis et al., 2004, Xu et al., 2015, Mahmoudi et al., 2020).
During the first two states, the disease is isolated to only one key species, or may be
persisting in the environment, whereas in the third stage multiple host species are
infected (Mahmoudi et al., 2020). Investigations regularly focus on a single host
species as the dynamics of this primary host and associated vectors are often key to
the transition between each of the infection phases, however, interactions with
further species are likely common and seldom completely understood (Schmid et al.,
2012, Andrianaivoarimanana et al., 2013). Both host and vector densities are
fundamental in predicting plague prevalence, with climatic factors often positively
influencing both (Davis et al., 2004, Stenseth et al., 2006). Regional studies further
demonstrate geomorphological features such as soil type and topography influencing
direction of population expansion and hence plague movement (Wilschut et al.,
2013). Climate impacts each component of Y. pestis’ life cycle at varying temporal

and spatial scales, with each vector and host providing the potential for varying
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responses to climate. For this reason there are many possible mechanisms through
which climate can influence plague () and care should be taken to not extrapolate

expected responses to climate between different scales (Ben-Ari et al., 2011).

1.4.2 System-specific plague ecology

When investigating plague ecology in differing locations and at differing scales it is
incredibly important to note that mechanisms linking climate to Y. pestis presence
and abundance in vectors, hosts or humans are specific to the system under
investigation. Commonalities should not be assumed but interrogated and
projections of expected mechanisms from one system or scale to another challenged.
For this reason, macroecological studies of plague are rarer than those focused on a
single system and can be criticised for oversimplifying the system under investigation
as they often extrapolate findings focused on a single species across a spatial extent
far beyond the range of that species (Kausrud et al., 2010, Schmid et al., 2015). Here,
| summarise research of specific systems in which climate has been observed to
influence plague ecology and the differences and commonalities that can be drawn

from them.

1.4.3 Climatic drivers of plague ecology

One of most regularly studied geographical areas in plague ecology is East Kazakhstan
due to the availability of high temporal resolution reservoir and vector species data
recorded from 1949 C.E. to 1994 C.E (Dauvis et al., 2004, Heier et al., 2015). This region
to the southeast of Lake Balkhash (henceforth Pre-Balkhash) is inhabited by the
plague reservoir species Rhombomys opimus (great gerbil). Y. pestis persists in R.
opimus populations through vector transmission of fleas (mostly in the genus
Xenopsylla) and an estimate of the host and vector abundance has been recorded
throughout the sampling period. Further to the host and vector monitoring,
bacteriological tests (1955-1970) and serological tests (post-1970) were used to
identify Y. pestis antibodies in the host and vector populations (Davis et al., 2004,
Davis et al., 2007). The data for this region show Y. pestis progressing through each
state of infection with periods of enzootic and epizootic infection separated by
periods of quiescence. One of the first studies using this data identified that epizootic
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periods of transmission were triggered when host populations surpassed a certain
threshold, with either a one or two year lag between the host population and
epizootic transmission (Davis et al., 2004). Studies that followed identified key
climatic variables, specifically spring temperatures and summer precipitation, as
influencing gerbil and flea densities on an annual scale, suggesting that climate was
the driver of these epizootic periods (Stenseth et al., 2006). There are two
mechanisms by which climate is hypothesized to influence plague within this system
which are not mutually exclusive. The first mechanism is a hypothesized bottom-up
trophic cascade in which increased precipitation and/or warming during spring and
summer contributes to high R. opimus densities and subsequent epizootic periods
across the region due to increased primary productivity within their arid environment
(Kausrud et al., 2007). The second hypothesized mechanism relates to the population
dynamics of the vector population, which is predominantly influenced by
temperature. Spring warmth (early seasonal warming) has a positive impact on the
flea vector populations (predominantly Xenopsylla species) which are only active
above ~10°C () and a longer period of population growth results in a larger flea
density and thus a higher plague risk (Stenseth et al., 2006). Summer humidity further
correlates with flea burden (flea to host ratio), increasing plague prevalence. Both
mechanisms are influenced by the same climatic conditions compounding the
prevalence of Y. pestis within these populations under such conditions (Samia et al.,

2011).

A trophic cascade mechanism influencing plague outbreaks in human populations
was first suggested by Parmenter et al. (1999) in work focusing on plague infection in
New Mexico. They found that winter-spring precipitation functioned as a predictor
of risk for human plague infection and hypothesized that these climatic conditions
initiated a trophic cascade influencing both host and vector populations. Host
populations are expected to increase following an increase in primary productivity.
As Y. pestis persists in many host species within arid to semi-arid environments
(Mahmoudi et al., 2020), it is therefore logical that a broad application of this trophic
cascade mechanism, as observed in both New Mexico and Central Asia, may be

applied to plague (Bramanti et al.,, 2016). Vector populations increase as larval
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development and flea reproductive success are both influenced by increased soil
moisture in preceding years (Eads et al., 2020). Increased soil moisture in regions of
key host species (Cynomys ludovicianus & Cynomys gunnisoni) particularly at lower
depths (up to a max of 24 inches) show positive associations with plague presence,
however, soil moisture is influenced by soil taxonomy which varies both vertically and
horizontally highlighting the need for a large range of abiotic data when attempting
to understand potential heterogeneity in mechanisms between regional plague

systems (Pauling et al., 2021).

The trophic cascade mechanism described above is not a true “trophic cascade” as
first described in the literature, where a top-level predator indirectly impacts the
primary producers through preying on the herbivores which consume these primary
producers (Paine, 1980, Schmitz et al., 2000). This top-down trophic cascade has also
been suggested for plague systems with Y. pestis effectively acting as a predator and
influencing primary productivity through very high mortality rates in certain rodent
species (e.g. C. ludovicianus) (Stapp, 2007). There has, however, been no evidence to
support the top-down hypothesis. In contrast, evidence consistent with the bottom-
up hypothesis to varying degrees has been found across a range of plague systems.
In C. ludovicianus populations in Montana support has been found for the bottom-up
trophic cascade mechanism with precipitation correlating positively with plague
cases when an optimum temperature range (26.7—-35°C) was also achieved, however,
the same study also found no support for the trophic cascade mechanism in C.
ludovicianus populations in Colorado, which the authors suggested was due to
differences in landscape structure, climate, or characteristics of the data between the
study sights (Collinge et al., 2005). Furthermore, flea-borne transmission within C.
ludovicianus in Colorado does not drive epizootic infection and other mechanisms
(e.g. influence of further host species or a soil reservoir system) are required to
understand this system (Webb et al., 2006). A similar study was completed
investigating the validity of the bottom-up trophic cascade, and the links between
each taxonomic level, in Inner Mongolia (China) for two plague reservoir species,
Meriones unguiculatus (Mongolian gerbil) and Spermophilus dauricus (Daurian

ground squirrel) (Xu et al., 2014). For the M. unguiculatus system the hypothesis was
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supported but with caveats, as not all associations at different trophic levels were
positive, however, the link between climate and plague persisted (Xu et al., 2014).
For the S. dauricus system general support was found for a hypothesis with an
increase in resources mediated by climate leading to increased abundance of host
and vectors, however, this was not shown to directly influence plague prevalence.
This finding is consistent with Webb et al. (2006) as there appears to be a disconnect
in transmission within the plague system which cannot be explained when
investigating one species in isolation or without the influence of non-biotic

(environmental) reservoirs.

Studies investigating climatic influences on plague from a regional to continental
scale often focus on only one species in geographic isolation (eg. Rhombomys opimus
— Kazakhstan (Davis et al., 2004), Otospermophilus beecheyi — California (Holt et al.,
2009), Marmota himalayana — Tibetan Plateau (Qian et al., 2014)). However, this may
represent an overly simplistic model for Y. pestis maintenance through enzootic and
epizootic cycles (Webb et al., 2006, Xu et al., 2014). Such studies can be highly
informative within the range of the specific species selected, for example, through
identifying areas of high suitability for infected individuals of the selected species or
through projecting areas of transmission risk via the selected species into future
climate conditions (Holt et al., 2009, Qian et al., 2014). The applications of these
studies are, however, limited to the range of the selected species as the results may
not be representative of climate-reservoir-Y. pestis dynamics for other species across
a broader geographic range. Even within the range of one host species the potential
impact of other species should be considered. Salkeld et al. (2010) investigated
interactions of two North American reservoir species, C. ludovicianus and Onychomys
leucogaster and found that the presence of one species facilitated the transmission
of Y. pestis to the other. C. ludovicianus populations are extremely sensitive to Y.
pestis infection and during epizootics can suffer 100% mortality within a single coterie
(family burrow). This high mortality limits the spread as infected vectors are isolated
to a single burrow however O. leucogaster can act as an intermediate host and
facilitate transmission between coteries leading to large epizootics in the C.

ludovicianus populations (Salkeld et al., 2010). This example demonstrates the

26



importance of considering multiple hosts even within a geographical range of one key

reservoir species.

1.4.4 Environmental niche modelling of Y. pestis

Environmental niche modelling (ENM) methods have been used regularly in the
investigations of the niche of Y. pestis across the globe (Adjemian et al., 2006,
Neerinckx et al., 2008, Holt et al., 2009, Maher et al., 2010, Ben-Ari et al., 2012, Qjan
et al., 2014, Walsh and Haseeb, 2015). Previously, ENM and Species Distribution
Models (SDM) have often been used interchangeably, however, all (above) plague
niche studies state that they use ENM methods not SDM methods and this distinction
is important. The calculation of an ENM is a modelling exercise in which a selection
of commonly abiotic variables, such as annual and/or seasonal temperature and
precipitation variables are used to determine a species environmental niche within
hyperdimensional climate space through the abiotic variable values at locations
which the species occurs. This model is then projected into space providing a
geographical representation of the environmental niche which may also reflect the
species’ geographical distribution. This potential distribution will encompass the
abiotic conditions which the species, according to the occurrence data provided, may
inhabit and is likely close to the species’ realized niche (Peterson and Soberdn, 2012).
However the niche estimation produced by ENM methods may be an overestimation
of this realized niche as there are several factors, competition, predation, and
dispersal limitations such as dispersal ability and the presence of geographic barriers
which inhibit a species from inhabiting all available niche space and are absent from
ENM methods. An SDM on the other hand will include dispersal limitations and
therefore predicts species presence not just where environmental conditions are
suitable but further limits the niche prediction to areas which are accessible
(Peterson and Soberén, 2012). Dispersal limitations have rarely been included in
studies of plague’s niche, hence these studies may produce overestimates of the

realized niche (Mendes et al., 2020).

The Maxent algorithm (Phillips et al., 2006) is used consistently across several plague

ecology papers (cited above), however, the aims of these studies and hence the
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occurrence data used varies significantly. The realized niche of Y. pestis is influenced
by a combination of host and vector species and the interactions between these
species determine the eventual realized niche. Maher et al (2010) presented two
hypotheses for Y. pestis’ distribution (explored in Chapter 2), host niche hypothesis
(HNH), in which Y. pestis’ niche represents a mosaic of combined host (reservoir)
species niches and plague niche hypothesis (PNH), in which Y. pestis’ niche is dictated
by ecological conditions conducive to transmission and maintenance of Y. pestis
rather than purely the presence of a viable reservoir species. Their findings suggest
support for the plague niche hypothesis as Y. pestis infected species are sampled
within a subset of reservoir species localities which is common across reservoir
species, and they suggest that this niche is driven by the ecological requirements of
vector species. This highlights the three scales at which the niche operates
(bacterium, vector, and reservoir species) and the need to consider each when

attempting to estimate the overall niche.

Reservoir species occurrences, both independent of and co-occurring with Y. pestis,
are regularly used within ENMs to estimate the niche of Y. pestis. In regions of
elevated plague monitoring (selected high-risk areas) reservoir species are often
sampled and tested for the presence of Y. pestis. In these regions occurrence data of
infected reservoir species, which will likely represent a subset of the selected
reservoir species occurrences, are available. Y. pestis occurrence in an individual
reservoir species is determined either through serological testing or bacterial culture
from an infected individual. The niche of an infected reservoir species can then be
constructed, which will represent a subset of the reservoir species overall niche and
can be informative of the risk of infection through transmission from an identified
key species (Maher et al., 2010, Qian et al., 2014). This method provides estimates of
the niche of Y. pestis within a particular species (e.g. Marmota Himalayana, Qian et
al. (2014)) which can be used in regional risk management, but is reliant on the
assumption that the primary reservoir species in the region has been identified and
that transmission and maintenance of Y. pestis are not significantly influenced by
other species (Salkeld et al., 2010). Constructing the niche of species not commonly

considered to drive or maintain regional infection but still regularly sampled as
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infected (sentinel species), such as carnivores, can also be informative in planning
regional plague monitoring systems (Holt et al., 2009). To my knowledge only one
study has used ENM methods to produce estimates of the niche of vector species due
to the limited data available for such studies. This study highlighted environmental
conditions conducive to the occurrence of plague vectors and further suggested areas
of potential plague risk through the distribution of each vector’s niche (Adjemian et
al., 2006). ENM methods have also been used to estimate the niche of Y. pestis
independently of both reservoir and vector species, by using human infection data
with the aim of investigating the distribution of Y. pestis infection in humans (Ben-Ari

et al., 2010).

Through this thesis | will build on the existing literature through using ENM methods
to investigate the impact of a large range of reservoir species in the context of the
invasion of a novel region (Chapter 2) and historical climate-plague dynamics
(Chapter 3). At the opposite end of the spatial scale, | will investigate the niche of Y.
pestis at a microbiological scale, through experientially testing the longevity of Y.

pestis within soil environments under differing moisture conditions (Chapter 4).
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2 The role of biotic factors in limiting the invasion of plague’s
pathogen (Yersinia pestis) in novel geographical settings

(This chapter has been published in the Journal of Global Ecology and Biogeography
— https://doi.org/10.1111/geb.13453

As such this work was contributed to by a range of authors whose contributions
were as follows.

Henry G. Fell, Adam C. Algar, Matthew D. Jones and Steve Atkinson designed the
research and drafted the manuscript. Henry G. Fell collected the data. Henry G. Fell
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2.1 Introduction

Yersinia pestis, the bacterial agent of plague, has caused three trans-continental
pandemics, led to millions of human fatalities, and repeatedly catalysed societal re-
organisation (Stenseth et al., 2008). However, its importance for human health is not
only historical; a large epidemic occurred in Madagascar in late 2017 leading to nearly
2,500 reported cases (Majumder et al., 2018). Given that all of the World Health
Organisation’s top emergent disease — like plague — are zoonotic, or caused by spill-
over from animals (World Health Organization, 2015), it is important to understand
what limits the geographical spread of pathogens, reservoirs, and reservoir species
outside periods of human epidemics. Ongoing climate change has led to multiple
vector-borne diseases expanding their ranges or intensifying within their current
distributions with further changes expected. For example, malaria has moved into
the East African highlands (Caminade et al., 2014), Borrelia burgdorferi, the bacterial
agent of Lyme disease, is expanding northward through Canada (Eisen et al., 2016),
and plague is predicted to intensify in the Balkhash region of Kazakhstan (Kausrud et

al., 2010).

While the spread of plague, and other zoonotic diseases, through human populations
depends on a range of epidemiological factors, predicting the likelihood, or risk, of
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these outbreaks requires understanding of the pathogen’s geographical distribution.
While the presence of a pathogen does not guarantee that animal to human
transmission will occur, absence of the pathogen ensures that it will not (Messina et
al., 2015). Like other zoonotic diseases, non-human plague maintenance is affected
by climate across a range of spatial and temporal scales (Ben-Ari et al., 2011).
However, its dynamics are not solely determined by direct climate effects, but also
depend on the dynamics of the pathogen, vectors and reservoir species, all of which
may be affected by changing climate (Kausrud et al., 2007, Ben-Ari et al., 2011). The
geographical distribution of Y. pestis may reflect both abiotic (e.g. climate) and biotic
(e.g. host and vector species) interactions. Disentangling these pathogen-host-
vector-climate relationships should improve predictions of the geographical spread
of plague under future environmental change and shed light on the role of abiotic
and biotic factors in determining species’ distributions, a long-standing and
fundamental goal of biogeography (Hutchinson, 1957, Soberdn, 2007, Blois et al.,
2013).

The fact that Y. pestis relies on both enzootic (maintenance) and epizootic
(amplifying) reservoir species for transmission and expansion has led to two
competing hypotheses to describe Y. pestis’ distribution (Maher et al., 2010). The
host niche hypothesis (HNH) suggests that the distribution of Y. pestis is determined
by the combined niches of host species, which define the limits of the host range. In
contrast, the plague niche hypothesis (PNH), proposes that the niche is independent
of host niches. Under this hypothesis, the distribution of Y. pestis will be limited by
environmental conditions (e.g. climate) and will fill only a subset of host ranges.
Through comparing the total range of host species to the plague-infected range of
host species across North America, Maher et al. (2010) found evidence for the PNH
over the HNH. However, recent work using environmental niche modelling has
contradicted this finding, suggesting that the strongest predictor of Y. pestis
distribution across North America is the distribution of Peromyscus maniculatus (deer
mouse), consistent with the HNH (Walsh and Haseeb, 2015). Further recent work
suggests that P. maniculatus is not even a maintenance species and may only be

infected with Y. pestis as a result of an endemic period within other reservoir species
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(Danforth et al., 2018). Thus, there is no consensus on whether the current
distribution of Y. pestis is determined primarily by reservoir species or its own
environmental niche. An unexplored possibility is that the hypotheses are not
mutually exclusive, and both contribute to Y. pestis’ distributional limits. Given the
large range of reservoir and vector species that are susceptible to Y. pestis (Gage and
Kosoy, 2005) and its near global distribution (Stenseth et al., 2008), it is also plausible
that the relative importance of different factors may vary geographically and with

spatial and temporal scale (Ben-Ari et al., 2011).

Y. pestis evolved in Asia from Y. pseudotuberculosis roughly 6,000 years before
present (BP) (Rascovan et al., 2019). It is enzootic within several host populations
across Asia and has caused plague epidemics in humans since at least 5000 BP
(Spyrou et al., 2018). Y. pestis was introduced to the west coast of the United States
at the beginning of the 20th century and rapidly spread eastwards (Adjemian et al.,
2007). Several human epidemics were recorded up until 1925 C.E., while Y. pestis
simultaneously established itself as a permanent presence within rodent reservoir
species (Gage and Kosoy, 2005). Plague initially spread at rates of up to 87 km per
year, but expansion halted at the 103™ Meridian in the 1950s and has remained static

since (Adjemian et al., 2007).

In this chapter, | test whether Y. pestis’ climatic niche differs between its native and
invaded regions and if so whether this difference can be explained by biotic factors. |
use information on Y. pestis’ current climatic niche in its native (Asia) and invaded
(North America) range to first test whether the native and invaded niche differ—
which is common in non-disease cross-continental invasions (Early and Sax, 2014)—
and then evaluate whether incorporating information on putative host distributions
can improve predictions of the American range. | find evidence that host distributions
limit plague's North American distribution, and that biotic factors are key both
independently and with abiotic factors to explain Y. pestis’ distributional limits in

North America.
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2.2 Materials and methods
2.2.1 Data acquisition

2.2.1.1 VYersinia pestis localities

Y. pestis occurrence records were extracted from two sources: Walsh and Haseeb
(2015) for the North America data and Cui et al. (2013) for the Asian data. The sample
sizes of the Y. pestis occurrence data across Asia and North America were 68 and 62
respectively. The American data includes all Y. pestis infection cases in animals, across
the USA from 2000-2015, reported through the Program for Monitoring Emerging
Diseases (ProMED), to a spatial resolution of 1km?2. It is unlikely that all plague
surveillance data for this period will have been reported through ProMed and hence
the data can only represent a subset of Y. pestis occurrences for this time. Further to
this, the North American data also include occurrences from domestic animals which,
although not responsible for plague maintenance in the wild, function as a proxy for
local plague infection due to the much higher sampling effort expended upon
domesticated animals. Most of the Central Asian data were from China between 1952
and 2006. Once again these data only represent a subset of plague occurrences
during this time and were initially selected to represent genetic diversity of Y. pestis
(Cui et al., 2013). All data were from reservoir or vector species, with human cases
removed. These datasets represent all the Y. pestis occurrences that | could access,
and | make the assumption that they are representative of Y. pestis niche. | consider

the potential for bias in these data to affect the conclusions in the discussion.

2.2.1.2 Host species localities.

| selected fifteen North America rodent species based on previous evidence
suggesting that they may influence Y. pestis’ North American distribution (Walsh and
Haseeb, 2015) or commonly co-occur with Y. pestis as a reservoir species (Maher et
al., 2010, Mahmoudi et al., 2020). Six of the species (Peromyscus maniculatus,
Otospermophilus  beecheyi, Cynomys gunnisoni, Neotamias townsendii,
Otospermophilus variegatus and Cynomys ludovicianus) were the most commonly
sampled rodent species co-occurring with Y. pestis (Maher et al., 2010) and have each

been hypothesised as species regionally or continentally important to Y. pestis
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distribution (Pauli et al., 2006, Hubbart et al., 2011, Mahmoudi et al., 2020). The nine
further species (Cynomys leucurus, Cynomys parvidens, Sciurus aberti, Sciurus griseus,
Sciurus niger, Neotamias amoenus, Neotamias dorsalis, Neotamias minimus and
Neotamias umbrinus) are all known reservoir species (Lowell et al., 2009, Mahmoudi
etal., 2020). Modelled distributions of these species are shown in Chapter 3 Appendix
Figure 2.5. These are all either enzootic (maintenance), epizootic (amplifying) or
resistant (P. maniculatus only) reservoir species (Gage and Kosoy, 2005). | do not
consider predators and scavengers as they are not considered a primary driver or
maintainer of Y. pestis (Savage et al., 2011), though more research in this area is

required (Salkeld and Stapp, 2006).

Species occurrence data for the fifteen host species were obtained from the Global
Biodiversity Information Facility (GBIF) (GBIF, 2019) and initially cleaned by removing
NA values and duplicates. Likely erroneous localities were identified and removed
through visual examination and comparison to previous literature for the species N.
amoenus, S. griseus, O. beecheyi, N. umbrinus, C. gunnisoni, C. ludovicianus, C.
leucurus, N. townsendii and N. minimus (Pizzimenti and Hoffmann, 1973, Sutton,
1992, Carraway and Verts, 1994, Miller and Cully Jr, 2001, Verts and Carraway, 2001,
Braun et al.,, 2011, Smith et al., 2016) (Chapter 3 Appendix, Figure 2.6). Due to
computational constraints, | limited the number of occurrences of each individual
species to 1500. Following Boria and Blois (2018), | randomly selected 1500
occurrences from across its range without replacement for subsequent modelling.
Treating each species separately, | thinned occurrence data so that occurrences were
separated by at least 10 km using the spThin package (Aiello-Lammens et al., 2015)
to increase computation speed while also addressing potential spatial sampling

biases.

2.2.1.3 Climate data

The 30 arc-second WorldClim dataset was aggregated to 10 km resolution (Hijmans
et al., 2005) to quantify climatic variation across North America (longitude -134.5° - -
4.0°, latitude 26.4° - 52.5°) and Asia (longitude 60.0° - 144.3°, latitude 7.1° - 54.3°).

This resource was constructed from data from the period 1950-2000, and therefore
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represents a time-averaged estimate of climate variables. Eight Worldclim climate
variables were selected for use by identifying uncorrelated climatic variables across
the research areas (Asia and North America). To avoid the inclusion of overly
correlated variables | ran pairwise correlation analysis on all climate variables across
both regions. Variables were retained if all pairwise correlation values were less than
0.8 in both the North American and Asian region. | also included precipitation of the
driest quarter as previous research has suggested a strong link between this variable
and Y. pestis maintenance in host species from varying localities (Neerinckx et al.,
2008, Holt et al., 2009, Ben-Ari et al., 2010, Kausrud et al., 2010). | validated the
variable selection through a literature review of biologically significant variables in
previous studies of climatic influence on Y. pestis (Neerinckx et al., 2008, Holt et al.,
2009, Ben-Ari et al., 2010, Kausrud et al., 2010, Walsh and Haseeb, 2015). The
selected variables were: mean diurnal range (BlO2), isothermality (BIO3), mean
temperature of wettest quarter (BIO8), mean temperature of driest quarter (BI09),
precipitation seasonality (BIO15), precipitation of driest quarter (BIO17),
precipitation of warmest quarter (BIO18) and precipitation of coldest quarter
(BIO19). All data cleaning and analysis was completed in the R statistical

programming environment (R Core Team, 2013).

2.2.2 Niche modelling

To quantify Y. pestis’ climatic niche in its native (Asia) and invaded (North America)
range, | fit environmental niche models in each region using the maxent algorithm
(Phillips et al., 2006). ENMeval (Muscarella et al., 2014) was used to tune the
regularisation multiplier and feature classes, with the linear, quadratic, hinge,
threshold and product feature classes included and the regularisation multiplier
ranging from 0.5 to 4 by 0.5 increments. | selected the best model for each region by
sorting on lowest omission rate, and selecting the model with the highest AUC
sequentially (Galante et al., 2018). | used the spatially structured partitioning method
checkerboard2 from the ENMeval package which splits the data into 4 bins based on
a nested checkerboard structure, models are then run iteratively using k-1 bins for
training with the remaining one for testing. | found that the best model varied when

the optimization was repeated due to variation in the random selection and
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subsequent partitioning of the background data, therefore this process was repeated
50 times and the most commonly selected best model was subsequently used. This
method enabled me to ensure that the regularisation multiplier and feature class
selected was suited to each species occurrence data and not a product of background
data selection and partitioning. The same approach as that described above was used
to model the potential distributions in the USA of the fifteen putative reservoir
species of Y. pestis for subsequent hypothesis testing (model settings and projections

shown in Chapter 3 Appendix Table 2.2 and Figure 2.5).

2.2.3 Hypothesis testing

2.2.3.1 Native and invaded niche similarity

The Asian Model (Table 2.1) was projected into North America and calculated the
niche overlap between the projected Asian Model (Asian-proj; Table 2.1) and the
North American model (N.am-obs; Table 2.1) using Schoener’s D. | used the identity
test and background test through ENMtools (Warren et al., 2008, Warren et al., 2010)
to test the null hypotheses that the Asian and North American climatic niches were
identical (identity test), and that niches do not differ more than expected by chance
given environmental differences between regions (background test). | further
completed multivariate environmental similarity surfaces (MESS) analysis to identify
areas of non-analogous climate in North America in comparison to the Asian

occurrences.

2.2.3.2 Biotic influences on the invaded niche

The extent to which potential host species distributions may be responsible for Y.
pestis' climatic niche difference in North America (see Results) was tested by
comparing the overlap between the N.am-obs model (Table 2.1) and a series of ENMs
of Y. pestis in North America that used the modelled distributions of putative
reservoir species and the projected Asian climatic niche as predictors (Table 2.1). If
host distributions are responsible for the observed differing niche in Y. pestis, then |
expect higher overlap between the N.Am-obs model and models using reservoir

species as predictors than between the N.Am-obs model and an ENM that included
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Table 2.1. Naming protocol and performance for models used to predict Y. pestis’ North American niche.
Predictors included in each model are given below, along with the accuracy of each model, calculated as the area
under the curve (AUC) of the receiver operating

Model name

Predictors

Mean AUC

Standard Deviation

Asian Model

N.Am-obs

Asian-proj
P.man.-only

Multi-host

Multi-host  (limited

selection)

Asia+P.man.

Asia+Multi-host

Multi-host, no P.man

Asia+Multi-host, no

P.man

Asian Worldclim variables at 10km resolution
(BIO2, BIO3, BIOS8, BIOY, BIO15, BIO17, BIO1S,
BIO19)

North American Worldclim variables at 10km
resolution (BIO2, BIO3, BIO8, BIO9, BIO15,
BIO17, BIO18, BIO19)

Model fit in Asia projected into North America
P. maniculatis suitability in North America

P. maniculatus, O. beecheyi, C. gunnisoni, N.
townsendii, O. variegatus, C. ludovicianus, C.
leucurus, C. parvidens, S. aberti, S. griseus, S.
niger, N. amoenus, N. dorsalis, N. minimus and
N. umbrinus distributions

P. maniculatus, O. beecheyi, C. gunnisoni, C.
ludovicianus, N. townsendii and O. variegatus
distributions

Projected Asian Model and the projected P.
maniculatis distribution

Projected Asian Model and the projected P.
maniculatus, O. beecheyi, C. gunnisoni, N.
townsendii, O. variegatus, C. ludovicianus, C.
leucurus, C. parvidens, S. aberti, S. griseus, S.
niger, N. amoenus, N. dorsalis, N. minimus and
N. umbrinus distributions

O. beecheyi, C. gunnisoni, N. townsendii,
variegatus, C. ludovicianus, C. leucurus,

parvidens, S. aberti, S. griseus, S. niger,

2 2 0o O

amoenus, N. dorsalis, N. minimus and
umbrinus distributions

Projected Asian Model and the projected
beecheyi, C. gunnisoni, N. townsendii,
variegatus, C. ludovicianus, C. leucurus,

parvidens, S. aberti, S. griseus, S. niger,

z 20 00O

amoenus, N. dorsalis, N. minimus and

umbrinus distributions

0.709

0.914

0.798
0.831
0.937

0.931

0.897

0.941

0.939

0.943

0.00276

0.00334
0.00277
0.00220

0.00162

0.00223

0.00307

0.00192

0.00280
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only the Asian-proj model as a predictor. Projecting the Asian niche into North
America and using this as a predictor in an ENM of North American Y. pestis allowed
me to evaluate the overlap between the North American and Asian niche in a manner
that is consistent with how | measured overlap from models using host species
distributions and also allowed the inclusion of both the Asian niche and host
distributions within the same model. If host distributions are not responsible for the
climatic niche difference in North America, then a greater overlap would not be
expected between the N.Am-obs and models using host distributions than with
models using only the Asian-niche projection. | fit models including all host species,
as well as models including only P. maniculatus distribution based on findings by
Maher et al. (2010). Models were also fitted that included fourteen reservoir species
and excluding P. maniculatus. Details on the predictors included in each model are

given in Table 2.1.

| fit ENMs of Y. pestis in North America using the projected Asian niche and host
distributions as predictors following the approach outlined above to select the
regularisation multiplier and feature classes. | also repeated the analysis using the
most commonly selected regularisation multiplier and feature class across all models
(Linear and Quadratic and regularisation multiplier of 0.5) to determine to what
degree the results are a product of varying model settings. To train each model,
spatially structured partitioning methods (checkerboard2) were used to split the
occurrence and background data into training and test sets. This partitioning resulted
in very slightly different model parameters (see Table 2.1) in each run due to the
variation in background localities and partitioning. To ensure this did not influence
subsequent analyses, | re-selected and partitioned the background data 100 times
and carried out all downstream analyses on these 100 model sets. After model fitting,
| computed the overlap of each Asian-niche and/or host distribution model (Table
2.1) with the N.Am-obs model using Schoener’s D. | further computed the niche
overlap of Asian-niche and/or host distribution models using thresholded
projections, using the specificity-sensitivity threshold (the threshold at which model
sensitivity and specificity are highest) applied to confirm that the results were not an

artefact of the continuous Maxent projections (Chapter 3 Appendix Figure 2.7).
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2.2.3.3 Geographical null modelling

Spatial autocorrelation of species’ occurrences and environmental variables can
create spurious associations in ENMs (Dormann et al., 2007). Thus, relationships
between Y. pestis occurrences and host species’ suitability maps could arise solely
because both are spatially structured. It could be that any spatially structured
predictor would have a significant effect on Y. pestis distribution and thus overlap,
even in the absence of a functional relationship (e.g. Fourcade et al. (2018)). To guard
against this, a null modelling procedure was used. Following Beale et al. (2008), Algar
et al. (2013) and Nunes and Pearson (2017), | generated a set of null occurrences for
each host species with the same number of points and the same degree of spatial
clustering as the observed species using the ‘fauxcurrence’ package (version 1.1.0) in
R (Osborne et al., 2021) (see Chapter 3 Appendix 2.5.3 Details of null modelling
algorithm). The algorithm also preserved spatial clustering of interspecies centroid
distances to account for the fact that host species may be found in similar
environments (Chapter 3 Appendix 2.5.3). | then modelled each host's null
distribution using Maxent as described for real species and used these modelled
distributions as predictors in models of Y. pestis occurrence. | then measured overlap
with N.am-obs. This null overlap value describes the expected overlap if a series of
spatially structured predictors, from anywhere in the study area, were used to predict
Y. pestis' distribution. This process was repeated 1000 times to get a null distribution
of Schoener’s D values for each model and compared the observed Schoener's D to

this null distribution, computing two-tailed P-values.

2.3 Results

2.3.1 Native and invaded niche similarity

The identity test (Chapter 3 Appendix ) found that there was significantly less overlap
between the native and invaded niche of Y. pestis than expected under the null
hypothesis of identical niches (p-value = 0.01). The background test (Chapter 3
Appendix ) suggested that the native and invaded niche were significantly less similar

than expected given the geographic regions in which they reside (p-value = 0.01). In
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combination these results suggest that the current native and invaded niche are non-
identical and that the difference is not purely due to their differing geographic
regions. | constructed and projected models in both regions to identify factors that
contributed to this dissimilarity. Within Asia, the best fitting Maxent niche model for
Y. pestis had an AUC of 0.709, while in North America (N.Am-obs, Table 2.1) the
equivalent model had a mean AUC of 0.914 (individual species model and North
American settings shown in Chapter 3 Appendix Table 2.2 & Table 2.3 respectively).
The overlap between the native and invaded niche of Y. pestis had a Schoener's D
value of 0.497. The Asian model AUC was close to the AUC value of 0.7 above which
models are considered fair (Swets, 1988), while the model was also relatively simple
due to the singular linear feature. The Asian data did not include any occurrences in
south-eastern coastal China and this area was thus poorly represented in the
projected species distribution. Despite no occurrences in Kyrgyzstan and Kazakhstan,
regions of permanent plague reservoirs (Kausrud et al., 2007), the model predicted
plague’s presence in Kyrgyzstan and moderately in Kazakhstan but did not include

the Balkhash reservoir region (Kausrud et al., 2007).

The N.am-obs model showed the niche of Y. pestis generally falling into two regions,
California, where Y. pestis was introduced, and eastern Rocky Mountains up the
length of the USA through New Mexico, Colorado, Wyoming and Montana. The
model matches previous modelled distributions of plague in California as well as
records of Y. pestis within human populations across a similar period of sampling
(Holt et al., 2009, Kugeler et al., 2015). The differences between the native and
invaded niche were highlighted through projecting both into the alternative region
(Figure 2.1 a-d). The North American model poorly represented the Asian
distribution, primarily predicting Y. pestis presence adjacent to the Quighai-Tibet
Plateaux which is likely due to the altitude of North American occurrence points
within the Rockies. Meanwhile the Asian model substantially overpredicted Y. pestis
distribution in North America with the largest overprediction into midwestern
grasslands (Figure 2.1 ¢ & e). The Asian model performs better when predicting
distribution in California, however, consistently overpredicts elsewhere. MESS

analysis suggests that non-analogous climate in North America (with regards to Asian
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occurrences) is focused on the north western coast while California and the central
belt of North America where the Asian model predicts distribution (Figure 2.1 c) is an

area of more analogous climate (Chapter 3 Appendix Figure 2.10).

(a) - North American Model (b) - Asian Model

(c) - Asian Model, N. American Projection (d) - N. _American Mode, Asian Projection

g!‘ ) & ‘ 02
0 5001000 ;

Median niche
overlap
D = 0.497

Bl Asian Projection

DModeI Overlap
A .North American Model

Figure 2.1 Comparison of Yersinia pestis’ native and invaded niche. Y. pestis distribution models built within; (a)
the invaded North American region, (b) the native Asian region and (c-d) both models projected into the alternate
region. Differing projected distribution of Y. pestis across N. America using a model fitted in North America, and
a model fit in Asia and projected to North America. Colour scale shows model predicted niche suitably where 1 is
complete niche suitability. The Asian projection (“Asia-proj” in Table 2.1) over-predicts Y. pestis to the east of the
N. American model. For visualisation purposes, the figure uses the spec_sens threshold, which is the threshold at
which sensitivity and specificity are highest. The same pattern was observed using other threshold methods,
however spec_sens is one of the more conservative visualisations (Chapter 3 Appendix Figure 2.18). Mean niche
overlap values calculated using Schoener’s D (Schoener, 1968) were derived from 100 replicates of the models
with a random selection of background points leading to slight variation in predicted distribution. A scale bar (km)

is provided (a-d).
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2.3.2 Biotic influences on the invaded niche

To determine whether host distributions can explain Y. pestis' niche difference in
North America, | first projected the Asian-fitted model into North American climate
space and used the resulting suitability map as the only predictor to fit a Maxent
model to North American Y. pestis occurrences. This model (Asian-Proj, Table 2.1)
had an AUC of 0.798 which is above the 0.7 threshold which indicates a “good” model.
These two models also showed a low niche overlap (Figure 2.1 e) in geographic space
(Schoener's D=0.497). Next, to test whether putative host species can explain Y.
pestis’ North American distribution, | used the suitability maps of rodent species as
predictors in a series of Maxent models’ fitted to Y. pestis North American
occurrences (Figure 2.2 & Figure 2.3, Table 2.1, Chapter 3 Appendix Table 2.3 & Table
2.4). All models including hosts achieved a greater niche overlap than the Asian
projection alone (Figure 2.1 e and Figure 2.2). The model containing only P.
maniculatus performed moderately better (Schoener's D = 0.592) than the Asian
projection alone (Figure 2.2 a), while the model containing all putative host species
performed better again and produced the greatest niche overlap of any of the models
(Schoener's D =0.722) (Figure 2.2 b). The second highest niche overlap was achieved
by the model containing the Asian projection and the P. manicualtus model (Figure
2.2 c), however, | urge caution in interpreting these results by suggesting that P.
maniculatus is a key host species as it is possible its higher modelled suitability in the
western US, where the model tends to over-predict (Figure 2.2 a), reflects sampling
density as P. maniculatus has a broad North American range. In contrast, all other
models achieve greater niche overlap and show less overprediction to the west
(Figure 2.2 b-f). The model containing all host species, which showed the greatest
niche overlap values (Figure 2.2 b), performed well in the Californian region and the
southern Rockies, with the largest area of underprediction in the northern Rockies
(Montana and Wyoming). The models that contained both the Asian projection and
one or more host performed marginally worse than the equivalent models with only
reservoir species included. When | held model settings consistent across all models
(Chapter 3 Appendix Figure 2.11 & Figure 2.12), | found that the key result, that

including host distributions improved niche overlap remained. However, there were
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minor differences in terms of which host-model performed best. The Asia + P.
maniculatus model showed the greatest niche overlap followed by the multi-host
with a limited selection of host species. The optimized models are most likely to show

the most reliable results, however the major findings are robust to details in model

selection.
(a) (b)
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Figure 2.2. Differing projected distribution of Y. pestis across North America using a model fitted in North America
and: (a) a model with only P. maniculatus distribution included (“P.man only”), (b) a model with fifteen rodent
species (“Multi-host”), (c) a model fit in Asia and projected to North America with P. maniculatus distribution
included (“Asia+P.man”), (d) a model fit in Asia and projected to North America with fifteen rodent species
(“Asia+Multi-host”), (e) a model built with a limited selection of only six species based on co-occurrences with Y.
pestis (f) a model without P. maiculatus but including the fourteen further selected host rodent species and
(“Multi-host, no P.man”) and, (g) a model fit in Asia and projected to North America without P. maniculatus but

including the fourteen further host rodent species (“Asia+Multi-host, no P.man”).

43



Niche Overlap, Schoener’s D

0.75 —
— 2
0.70 i 9 ==
=
al + B3 T
0601 o ! HE
0.55 1 _é_'é‘
8 ¢ 9
050 | === ©
s o]
r T 1T 17 17 1T 1T 1
rrdl T R -
SEEREEE
.gsg§aaz:50.
< g3 Q2 LHS 2
B 7
. %Sg.gg
£z < I
3 =
2 5 p=
< +
< o
= K7
s <

Figure 2.3. Niche overlap values of the observed distribution models. Boxplots of the niche overlap values
(Schoener's D) produced through the 100 replicates of each niche model. Model descriptions are provided in

Table 2.1. Higher values of Schoener's D indicate greater niche overlap.

2.3.3 Geographical null modelling

Niche models based on null occurrences had lower AUC values than models based on
real data (Chapter 3 Appendix Figure 2.13), suggesting that the model fits are not
solely an artefact of spatially clustered occurrence data. Moreover, most of the
models had significantly greater overlap with the N.am-obs model than expected
from the null expectation (Figure 2.4). The two exceptions were the Asia + Multi-host
model (P = 0.993, Figure 2.4 c), and the Asia + Multi-host model excluding P.
maniculatus (P = 0.683, Figure 2.4 f). These results suggest that even randomly placed
sets of occurrence points can interact with the Asian-proj to produce relatively high
apparent overlap. However, the overlap (Schoener’s D) of these models was lower
than that when multi-hosts was used alone, a result which was significantly different
from the null expectation, indicating that the increase in overlap due to host
distributions (either from the complete or limited-set) is not an artefact of spatially
autocorrelated occurrences. Using consistent model settings | saw fewer results

retain significance (Chapter 3 Appendix Figure 2.12) which likely reflects the poorer
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performance of these sub-optimized models, but highlights the importance of
considering how model selection and parameterization influence the outcome of

environmental niche models.
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Figure 2.4. Null and observed overlap (Schoener's D) between Y. pestis' North American niche and the predicted
niche based on; (a) P. maniculatus and the Asian niche (Asia + P. man), (b) just a single host species distribution
(P.man-only), (c) multiple hosts and the Asian niche (Asia + Multi-host), (d) only multiple host species (Multi-
host), (e) Limited selection of multiple hosts (Multi-host limited) (f) multiple hosts with the Asian niche but
without P. maniculatus (Asia + Multi-host, no P.man) and (g) multiple host species without P. maniculatus (Multi-

host, no P.man). Histograms show the distribution from 500 null simulations and red lines show observed values.

2.4 Discussion

| found that the current environmental niche of Y. pestis in Central Asia differs from
the environmental niche in North America. Despite the presence of suitable climate
space, Y. pestis has failed to fill its potential range in central North America.
Incorporating information on mammalian host distributions greatly improved
concordance between the observed and predicted range edge in North America. This
indicates a role for biotic factors in limiting Y. pestis” North American distribution, at
least at broad continental scales; though the same may not be true at more regional
scales (Ben-Ari et al., 2011, Danforth et al., 2018). Including information on plague's
native climatic niche had mixed impacts on the models, improving one of the model’s
niche overlap while reducing the rest, suggesting that although both climatic and
biotic factors may interact to limit the spread of plague's pathogen in North America

biotic factors appear to have the larger impact. Further effects of host distributions

45



may be revealed by conducting targeted regional studies, while consideration of
vectors and their distributional limits as well as the impact of further biotic factors
such as soil and vegetation variables will provide a more complete picture of the

North American Y. pestis invasion (Adjemian et al., 2006).

The models allowed me to determine the impact that a subset of putative reservoir
species distributions had upon Y. pestis distribution and evaluate competing
hypotheses (plague niche, PNH, and host-niche, HNH) for the dominant factors
limiting Y. pestis’ niche in North America. Models using only host distributions (Figure
2.2 a & b) outperformed models based on the Asian-climatic niche, suggesting biotic
factors are responsible for the discrepancy between the Asian and North American
niche, as proposed by the HNH. Response curves from maxent models show positive
relationships linking host and Y. pestis occurrences for twelve of the fifteen selected
species (Chapter 3 Appendix Figure 2.14). This suggests that the three species that
showed negative response curves, Neotamias townsendii, Cynomys parvidens and
Sciurus niger, may not represent host species which drive Y. pestis infection at a
continental scale. A further species, Sciurus griseus, had a permutation importance
of 0 in the Asia + multi-host model. Each of these species may still be important
regionally or across a subset of their range. Removing these species had mixed impact
on empirical and null models suggesting further work is required to determine their
impact on Y. pestis distribution at a continental scale (Chapter 3 Appendix , Figure
2.16, Figure 2.17 and Table 2.4). Overall, | found that the combination of host species
that best explained Y. pestis distribution was sensitive to the model settings used
(compare Figure 2.3 and Chapter 3 Appendix Figure 2.11), highlighting the

importance of careful calibration of environmental niche models.

The role of P. maniculatus as a host species of Y. pestis is debated, with recent work
suggesting that it may represent a spill-over host and not drive transmission, at least
within California (Danforth et al., 2018). The null modelling results (Figure 2.4)
showed that models with P. maniculatus in isolation, or as one of two variables,
showed significantly greater niche overlap than the spatial nulls. Thus, the results,

like those of Walsh and Haseeb (2015), cannot eliminate P. maniculatus as an
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important North American host species, but nor can it confirm it drives transmission.
Given regional evidence suggesting P. maniculatus may only represent an overflow
host in some regions (Danforth et al., 2018) | urge caution in the use of P. maniculatus
as a driver of Y. pestis distribution, especially as with the optimized models, including
information on additional reservoir species provided improved overlap with Y. pestis’

North American distribution.

The constraining effects of host distributions on Y. pestis’ niche in North America
means that it is in disequilibrium with climate (sensu Araujo et al. (2005)) in its
invaded range. Given that host species limit Y. pestis’ niche in North America, it seems
likely that reservoir species also constrain Y. pestis’ climatic niche within Asia,
meaning it is probably in disequilibrium with climate in both its invaded and native
range, a situation that may be common for invasive species more broadly (Early and
Sax, 2014, Guisan et al., 2014). Conceptually, the differences in Y. pestis’ current
climatic niches in Asia and North America, therefore, reflects the relaxation of biotic
constraints as the pathogen is transmitted from its native region, only to be replaced
by novel biotic constraints in its invaded range. However, the constraints on the
native range have occurred in a different part of climate space than in the invaded
range, leading to an altered realized niche, driven by the change in host species from
its native to invaded region. Another possibility is that the Asian climatic niche has
expanded, either due to evolutionary change or relaxation of biotic constraints, since
Y. pestis’ introduction to the Americas, creating the appearance of reduction in niche
width in the Americas. While this possibility cannot be discounted, to explain the
results it would have had to occur in such a way as to coincidentally align with the
distributions of known host species, and thus | suggest limitation by biotic factors in
North America a more likely explanation. As both the native and invaded niches
incorporate biotic factors, the degree of niche underfilling (Strubbe et al., 2013,
Guisan et al., 2014) in North America is likely greater than detected here as the native

niche model likely failed to capture fundamental niche limits.

Could differences observed between the current native and invaded niches reflect

limiting factors other than host distributions and climate? Two alternative
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possibilities are a limited time for dispersal and founder effects. As recent invaders
often fail to fill their potential niche simply because they have had insufficient time
to do so (Strubbe et al., 2013), Y. pestis could thus be limited to its current range in
North America due to a lack of time to expand into viable climatic niche space further
east of its current extent. However, this explanation is unlikely as Y. pestis reached
its maximum eastern extent approximately 70 years ago and has remained static
since (Adjemian et al., 2007), suggesting an alternative - such as biotic factors - has

halted its eastward expansion.

Founder effects can induce fundamental niche changes as only a limited proportion
of genetic variation is retained in the invaded population (Pearman et al., 2008),
which can lead to invaders filling only a subset of the species' native niche (dos Santos
Ribas et al., 2018). Given that only one strain of Y. pestis (1.0RI1) was introduced to
North America (Morelli et al.,, 2010) | cannot discount this possibility, as | lack
sufficient data to quantify the climatic niche of the 1.0RI1 strain in its native range.
While | cannot discount founder effects, | suggest that it is unlikely that they would
manifest in such a way that they produce spurious correlations with host
distributions. Additionally, while | have focused on the pathogen and its host here,
the former's distribution will also reflect influences of the vector and thus a fuller
understanding of the effect of biotic factors on the pathogen’s distribution will

require data not just on reservoir species, but also the vector's niche and distribution.

The results suggest a role for host distributions in limiting the expansion of Y. pestis
in North America, but these findings must be interpreted cautiously due to the
limited data available for modelling. The predicted distributions are based on Asian
and North American occurrence data that only partially overlap in time (2000-2006),
with the Asian data collected over a longer time period. | therefore assume that the
Asian climatic niche has not undergone substantial change during this period. As
time-averaged climatic data was used (Hijmans et al., 2005), | also assume that
recent climate changes have not drastically altered the measurement of the climatic

niche.
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The North American data represent only a subset of plague cases recorded in animals
as these data were originally sourced through ProMED which may not represent all
plague surveillance data and may represent cases only investigated following human
infection (Cowen et al., 2006). Previous studies have utilised alternative data sources,
but these were inaccessible to us. There are also limitations of the Asian data, which
are biased towards China and were originally selected to represent the genetic
diversity of Y. pestis in China (Cui et al., 2013). While more complete data would
provide more certainty in the estimates of Y. pestis niche, there are two reasons why
a more extensive dataset is unlikely to change the major conclusion. Firstly, additional
data on Y. pestis' occurrence throughout Asia would expand, not contract, the
breadth of the Asian niche and increase the range of environment in which Y. pestis
could occur in North America, further reducing niche overlap. Similarly, including data
on Y. pestis’ distribution in other regions of the world, outside of China, in the
estimate of the non-Americas climatic niche would only expand the measured
breadth of the climatic niche and expand the potential distribution in the Americas.
Underestimation of the North American distribution of Y. pestis, possibly from a
reduced range of sampling years relative to the Asian data, could result in reductions
in observed overlap and thus it is possible that | have over-estimated the niche
difference in North America. However, the major area of under-filling is at the eastern
edge of Y. pestis' distribution and the expansion and recent stasis of this eastern edge
of the distribution is well described (Adjemian et al., 2007), suggesting that the
observed niche contraction is unlikely to be solely due to a sampling artefact.
Nonetheless, improved accessibility of existing Y. pestis distribution data, increased
surveillance of non-human associated cases and, just as importantly, increased
information on vector distribution and niches will all contribute to improved

understanding of the dynamics of Y. pestis invasions.

Predicting the geography of zoonotic diseases, past, present and future, depends on
understanding the factors limiting the geographic distribution of the pathogen. Here
| have shown that, as for many ecological invasions (Strubbe et al., 2013, Early and
Sax, 2014, Guisan et al.,, 2014), the climatic niche of Y. pestis has shifted after

introduction to a novel region, suggesting that environmental niche models based

49



solely on climate may not provide reliable predictions of zoonotic disease
distributions under rapid environmental change, particularly as they invade new
regions. This work suggests that reliable information on host distributions is more
important in predicting pathogen distributions than information on the climatic niche
of the pathogen itself. Thus, identifying potential reservoir species, and what
influences their distributions, is key to understanding the future geography of

emerging and established zoonotic pathogens.
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2.5 Chapter 3 Appendix

2.5.1 Supplementary tables

Table 2.2 Feature Class and regularisation multiplier of each host species model.

Model name

Feature Class

Regularisation

Multiplier

C. gunnisoni Linear, Quadratic, Hinge, 1.0
Product

C. leucurus Linear, Quadratic, Hinge, 4.0
Product

C. ludovicianus Linear, Quadratic, Hinge, 3.0
Product

C. parvidens Linear, Quadratic, Hinge, 2.0
Product

N. amoenus Linear 0.5

N. dorsalis Linear, Quadratic, Hinge, 1.0
Product

N. minimus Hinge 1.5

N. townsendii Linear, Quadratic, Hinge, 2.0

Product, Threshold

N. umbrinus Linear, Quadratic, Hinge 4.0

O. beecheyi Linear, Quadratic 35

O. variegatus Linear, Quadratic, Hinge, 2.0

Product, Threshold

P. maniculatus Linear 0.5

S. aberti Linear, Quadratic, Hinge, 1.0
Product

S. griseus Linear, Quadratic 0.5

S. niger Linear, Quadratic, Hinge, 0.5

Product
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Table 2.3 Feature Class and regularisation multiplier of each model used for overlap calculations

Model hame

Feature Class

Regularisation

Multiplier
Asian Model Linear 3.0
N.Am-obs Linear, Quadratic 1.0
Asian-proj Linear, Quadratic, Hinge, 0.5
Product, Threshold
P.man.-only Linear, Quadratic 1.5
Multi-host Linear, Quadratic, Hinge 4.0
Multi-host (Limited) Linear, Quadratic 0.5
Asia+P.man. Linear, Quadratic, Hinge 3.0
Asia+Multi-hosts Linear, Quadratic 0.5
Multi-host, no P.man Linear, Quadratic 2.5
Asia+Multi-host, no Linear, Quadratic 0.5
P.man
Multi-host, no neg Linear, Quadratic 0.5
cor
Asia+Multi-host, no Linear, Quadratic 2.5
neg cor
Multi-host, no neg Linear 0.5
cor, no P.man
Asia+Multi-host, no Linear, Quadratic, Hinge 3.0

neg cor, no P.man
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Table 2.4 Naming protocol and performance for supplementary models used to predict Y. pestis' North American
niche. Predictors included in each model are given below, along with the accuracy of each model, calculated as
the area under the curve (AUC) of the receiver operating characteristic, using known occurrences of Y. pestis in
North America. The mean AUC and standard deviation are calculated from 100 replicates of each model.

Model name Predictors Mean Standard

AUC Deviation (3

sig fig)
Multi-host, no P. maniculatus, O. beecheyi, C. 0.942 0.00254
neg cor gunnisoni, O. variegatus, C.
ludovicianus, C. leucurus, S. aberti,
N. amoenus, N. dorsalis, N.
minimus and N. umbrinus
distributions
Asia+Multi-host, Projected Asian Model and the 0.937 0.00192
no neg cor projected P. maniculatus, O.
beecheyi, C. gunnisoni, O.
variegatus, C. ludovicianus, C.
leucurus, S. aberti, N. amoenus, N.
dorsalis, N. minimus and N.
umbrinus distributions
Multi-host, no 0. beecheyi, C. gunnisoni, O. 0.941 0.00168
neg cor, no variegatus, C. ludovicianus, C.
P.man leucurus, S. aberti, N. amoenus, N.
dorsalis, N. minimus and N.
umbrinus distributions
Asia+Multi-host, Projected Asian Model and the 0.939 0.00201
no neg cor, no projected O. beecheyi, C.
P.man gunnisoni, O. variegatus, C.

ludovicianus, C. leucurus, S. aberti,
N. amoenus, N. dorsalis, N.
minimus and N. umbrinus

distributions
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2.5.2 Supplementary figures
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Figure 2.5 Projected distribution of all species used in the Multi-host models (Figure 2.2 a-f), C. gunnisoni
(Gunnison's prairie dog) , C. ludovicianus (Black-tailed prairie dog) , C. leucurus (White-tailed prairie dog), C.
parvidens (Utah prairie dog), N. amoenus (Yellow-pine chipmunk), N. dorsalis (Cliff chipmunk), N. minimus
(Least chipmunk), N. townsendii (Townsend's chipmunk), N. umbrinus (Uinta chipmunk), O. beecheyi (California
ground squirrel), O. variegatus (rock squirrel), P. maniculatus (North American Deer Mouse), S. aberti (Abert's
squirrel), S. griseus (Western gray squirrel) and S. niger (Fox squirrel). Each model was built using 8 Worldclim
variables (BIO2, BIO3, BIOS, BIO9, BIO15, BIO17, BIO18 and BIO19) and the colour scale represents predicted
niche suitability.
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Figure 2.6 Points removed based on previous literature from the species occurrence points sourced from GBIF
for N. amoenus, S. griseus, O. beecheyi, N. umbrinus, C. gunnisoni, C. ludovicianus, C. leucurus, N. townsendii
and N. minimus. All removed points are shown in red circle.
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Figure 2.7 Niche overlap (Schoener's D) values between the projected Asian mod (Asia-proj) inclusive and
exclusive of biotic factors and the North American model (N.Am-obs). Triangles are overlap values of threshold
models (using the spec_sens threshold at which the sum of the sensitivity (true positive rate) and specificity
(true negative rate) are highest). Boxplots represent the niche overlap values (Schoener's D) produced through
the 100 replicates of each niche model. Visualisations of further threshold projections are shown in Figure
2.16.
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Identity test
Y. pestis N. America vs. Y. pestis Asia
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Figure 2.8 Identity test results. The black dashed line represents the actual niche overlap score of the niche
comparisons between the native and invaded niche while the red shaded histograms represent 100 randomised
model runs, where occurrence points are randomly selected from the pooled native and invaded occurrences. D
is the niche overlap metric Schoener’s D. The niche overlap value is significantly smaller (p-value = 0.01) than the
null values indicating that the niches are non-identical. The niche overlap values recorded in this test and the
background test are not the same as the calculated niche overlap as they were constructed using the combined
Asian and North American regions which is a requirement for each test.
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Symmetric background test
Y. pestis N. America vs. Y. pestis Asia
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Figure 2.9 Background test results. The black dashed line represents the actual niche overlap score of the niche
comparisons between the native and invaded niche while the red shaded histograms represent 100 randomised
model runs, where occurrence points are randomly selected from background region. The niche overlap value is
significantly smaller (p-value = 0.01 in both cases) than the null values indicating that the niches are less similar

than expected given the difference in geographic regions in which they reside.
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Environmental similarity with Asian occurrences
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Figure 2.10 Multivariate Environmental Similarity surface plot. Increasing negative values indicate dissimilarity
from the reference data, which was the climate data extracted from the Asian occurrence points. Crosses
indicate North American occurrence points. Generally the North American occurences are clustered in the
areas of most analogous climate.
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Niche Overlap, Schoener’'s D
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Figure 2.11 Niche overlap values of the observed distribution models using the most selected optimization
settings across all models (Feature class = linear & quadratic, Regularisation multiplier = 0.5). Boxplots of the
niche overlap values (Schoener's D) produced through the 100 replicates of each niche model.
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Figure 2.12 Null and observed overlap (Schoener's D) for models with the consistent LQ 0.5 settings. The
overlap measured is between Y. pestis' North American niche and the predicted niche based on; (a) P.
maniculatus and the Asian niche (Asia + P. man), (b) just a single host species distribution (P.man-only), (c)
multiple hosts and the Asian niche (Asia + Multi-host), (d) only multiple host species (Multi-host), (e) Limited
selection of multiple hosts (Multi-host limited) (f) multiple hosts with the Asian niche but without P.
maniculatus (Asia + Multi-host, no P.man) and (g) multiple host species without P. maniculatus (Multi-host, no
P.man). Histograms show the distribution from 1000 null simulations and red lines show observed values.
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Figure 2.13 AUC values for the empirical and null models. Null model boxplots are in grey and the empirical
models are in black. There is only an empirical AUC for the North American model (N.am-obs) and the Asian
projection (asia_proj) as these were not simulated through the nulls.
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Figure 2.14 Univariate response curves from the Asia + Multi-host model. All variables show a predominantly
positive trend with the probability of plague presence apart from N. townsendii and C. parvidens and S. niger
which were removed in further supplementary models. S. griseus was further removed from these
supplementary models as the permutation importance of this species was zero. Each of these species was
retained in the primary “All species” models and was only removed in the supplementary models identified as
“No negative correlation species” (no neg cor).
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Figure 2.15 Null and observed overlap (Schoener's D) between Y. pestis' North American niche and the further
models with negatively correlated species removed, P. maniculatus removed and both removed. (a) Multiple
hosts and the Asian niche with negatively correlated species removed (Asia + Multi-host, no neg cor), (b)
Multiple hosts with negatively correlated species removed (Multi-host, no neg cor), (c) Multiple hosts with the
Asian niche, without P. maniculatus and the negatively correlated species (Asia + Multi-host, no neg cor, no
P.man”) and (d) Multiple hosts, without P. maniculatus and the negatively correlated species (Asia + Multi-host,
no neg cor, no P.man)
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Figure 2.16 Differing projected distribution of Y. pestis across North America using a model fitted in North
America and: (a) a model fit in Asia and projected to North America with only four positively correlated rodent
species, (Asia + Multi-host, no neg cor in Table 2.4), (b) a model with only four positively correlated rodent
species, (Multi-host, no neg cor in Table 2.4), (c) a model fit in Asia and projected to North America without P.
maiculatus distribution included and only the three remaining positively correlated rodent species,
(Asia+Multi-host, no neg cor, no P.man in Table 2.4) and (d) a model without P. maiculatus distribution

included and only the three remaining positively correlated rodent species, (Multi-host, no neg cor, no P.man
in Table 2.4).
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Niche Overlap, Schoener's D
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Figure 2.17 Niche overlap values of all the observed distribution models. Boxplots of the niche overlap values

(Schoener's D) produced through the 100 replicates of each niche model.
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Figure 2.18 Figure 2.1 replicated using all threshold methods. The same trend of eastward over-projection is
visible in using all threshold methods, apart from Kappa. The spec_sens threshold was selected as a
conservative estimate.
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Figure 2.19 Comparison of between-species KL divergence values for the inter (maroon) and inter-sep (light

blue) models in fauxcurrence. Each boxplot summarizes the KL divergence between the null and observed

between-species DPD across 1000 replicates for a single species and model.
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Figure 2.20 Four exemplar geographic null occurrences (black) empirical occurrences for Cynomys gunnisoni
(Red). Each symbol has varying occurrence localities but a near identical distribution of pairwise distances
(DPD) among occurrences.
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2.5.3 Details of null modelling algorithm

The ‘fauxcurrence’ package (version 1.1) was used to construct null occurrences in R
(Osborne et al., 2021). The approach builds on a previous family of methods (Beale,
Lennon, & Gimona, 2008; Algar, Mahler, Glor, & Losos, 2013) which iteratively
improve the similarity in spatial structure of an initially randomized set of null points
to that of a set of observed occurrences. Specifically, the method minimises the
Kullback-Liebler (KL) divergence between the distribution of pairwise distances (DPD)

among observed occurrences and the DPD among null occurrences.

When multiple host species are considered, spatial structuring can occur at two
different scales. Occurrences for a single species will be spatially clustered. However,
the range centroids of a set of host species may also be spatially clustered if the
reservoir species are found in similar environments. fauxcurrence allows both of
these levels of spatial structure (i.e. both within- and between-species distances) to
be accounted for. For each replicate, the “stg.1.only=TRUE” option was first used to
produce one randomized initial point for each species separated by between-species
distances which were within the observed ranges. Null points were then generated
for each species separately, using the point generated in the first step as a fixed seed
point (using the option: fix.seed.pts). The fixed seed point cannot be replaced during
the iterative procedure, so the approach guarantees that between-species distances
in the null model are similar to those in the observed dataset. KL-divergence was
considered to be sufficiently minimised when no improvement had occurred for 2000
iterations (option: div.n.flat = 2000). The above procedure was repeated to generate

1000 sets of host species occurrences.

When producing the initial point for each species, the package can consider either
one between-species DPD for each pair of species (options: inter.spp=TRUE,
sep.inter.spp=TRUE; referred to as the inter-sep model) or one between-species DPD
for each individual species (in this case, the DPD describes the distances between all
points of that species to all heterospecific points; options: inter.spp=TRUE,
sep.inter.spp=FALSE; referred to as the inter-sep model). 1000 replicates were

produced using each of these methods and compared the KL-divergence of the final
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nulls. This showed that the inter-sep model produced substantially smaller KL-
divergence values (Figure 2.19), so the inter-sep replicates were used as the final null
models. An example of the null distributions produced for the species Cynomys

gunnisoni can be seen in Figure 2.20.

To ensure the null model generation procedure was repeatable, the randomization
seed was fixed in the randomization seed in R before each iteration. This was
achieved by first generating a random integer (using the code: my.seed <-
sample.int(.MachineSinteger.max,1) in R) which was recorded and used to set the
seed for the R random number generator (using the code: set.seed(my.seed)). This
was done before producing the seed points for each null replicate, and then again
before producing each species’ full set of null points for each replicate. The random
seeds used are available in figshare
(https://doi.org/10.6084/m9.figshare.17025230.v1). By setting these seeds before
running fauxcurrence with the input data and options, the results can be reproduced

exactly.
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3 The role of reservoir species in mediating plague’s dynamic
response to climate.

3.1 Introduction

The distribution and dissemination of the plague bacterium Yersinia pestis is
inextricably linked to climate dynamics (Stenseth et al., 2006). Studies from across
plague’s near global distribution have observed climate can influence plague
distribution and dynamics at a range of scales (Kausrud et al., 2007, Ben-Ari et al.,
2010, Schmid et al., 2015, Kreppel et al., 2016). The observation that plague systems
respond to climate is consistent across all reservoir systems, however, the response
is far from homogenous (Ben-Ari et al.,, 2011, Xu et al.,, 2011). Heterogeneous
responses to climate are to be expected given the huge range of reservoir species,
vector species and environments in which Y. pestis persists (Stenseth et al., 2008,
Mahmoudi et al., 2020). The dynamics of reservoir species, vectors, and the
bacterium are all key elements in understanding the mechanisms which drive
epidemic and enzootic cycles (Ben-Ari et al., 2011, Xu et al., 2015, Cui et al., 2020).
Assumptions are often made about the ecological mechanisms that link climate to
the transmission of plague within human populations, based on the response of
selected reservoir species which may not be representative of the complex multi-
reservoir species system under investigation (Kausrud et al., 2010). In this work |
attempt to address one such assumption by using niche modelling methods to test
the hypothesis presented by Xu et al. (2011), that plague’s heterogeneous response
to climate (precipitation) across China during the Third Pandemic was driven by

differential responses of reservoir species to changing precipitation.

The complexity of plague systems increases as the spatial and temporal scale of the
system under investigation increases, therefore although mechanistic pathways
linking climate and Y. pestis’ responses are calculable at a narrow scale (e.g. one
reservoir species in one region) this becomes more difficult at larger scales (Ben-Ari
et al., 2011). When moving between local-scale or regional studies to much larger
continental or global scales the mechanisms observed at one scale seldom hold true

when applied to the other; this is known as the transmutation issue and is an area of
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continued investigation across macroecology (O'Neill, 1977, McGill, 2019). The range
of differing environments in which Y. pestis persists further confounds this issue.
Although generally Y. pestis is mostly found in reservoir species within arid to semi-
arid environments, these are not the only environments where Y. pestis persists. For
example within China Y. pestis reservoirs are found in both arid northern

environments as well as much wetter southern environments (Xu et al., 2011).

Y. pestis was incredibly active in the northern and southern reservoir regions during
the Third Pandemic in China. The Third Pandemic began in Yunnan province in 1772
C.E., but the initial spread was gradual, with cases outside of Yunnan only reported =
100 years later (Benedict, 1996). Cases across Yunnan and eventually the rest of
southern China began to increase from 1850 C.E. Y. pestis entered Hong Kong in 1894
C.E. and was subsequently transmitted globally through international shipping routes
and the peak in cases across China was reported shortly after that, at the turn of the
twentieth century (Ben-Ari et al., 2012). In northeast China the peak in plague
mortality was recorded from 1910-1920 C.E. and the Third Pandemic persisted across
China until the second half of the twentieth century with a final very large peak in
cases recorded immediately prior to the start of the plague control program around

1950 C.E. (Benedict, 1996, Ben-Ari et al., 2012).

During the Third Pandemic, the reservoir species that maintained Y. pestis inhabited
very different environments in North and South China. North China had a
predominantly arid to semi-arid environment, which is most common to Y. pestis
reservoir species, while South China is within the influence of the South Asian
Monsoon and thus experiences high annual precipitation (Ning and Qian, 2009).
Human plague records have revealed that plague intensity varied heterogeneously
across China during the Third Pandemic (Xu et al., 2011). Generally, across North
China plague intensity increased as wetness increased, whereas the opposite was
observed in South China with plague intensity correlating with dryness. In both
regions extreme precipitation events had the opposing impact, with extreme wetness
and dryness in North China correlating with decreased plague intensity and extreme

wetness and dryness in South China correlating with increased plague intensity (Xu
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et al., 2011). When comparing unlagged (henceforth contemporary) climate data to
plague intensity, Xu et al. (2011) found a hump-shaped relationship between plague
intensity and a dryness/wetness index in the North suggesting that extreme wetness
and dryness are detrimental to plague intensity. Plague intensity in the North was
observed to correlate with periods of heavy rainfall in the prior year. The opposite
response in contemporary and lagged data was observed across Southern China with
a U-shaped contemporary response and a correlation between high plague intensity
and dryness (Xu et al., 2011). In the North, extreme precipitation events may have a
detrimental impact on species though flooding of burrows, while in the south
extreme wetness may drive behavioural change in commensal rodents pushing them
into closer contact with humans to avoid flooding. This heterogeneous response to
extreme wetness may also be impacted by human population density differences as
larger human populations correlate with larger commensal rodent populations,
which could compound the impact extreme wetness may have in densely populated

areas such as Southwest China (Sun et al., 2019).

Xu et al. (2011) hypothesised that these results were driven by the response of
reservoir species to precipitation in each region. In the North, this is consistent with
a bottom-up trophic cascade, posited as a driver of plague epizootic cycles in some
regions (Collinge et al., 2005). This hypothesis proposes that reservoir species
populations, as well as the population of vector species, are positively impacted by
increased precipitation via increased primary productivity, leading to greater food
resources for reservoir species within these precipitation-limited environments. Xu
et al. (2011) further suggested that reservoir populations become decoupled from
this hypothesis in extreme precipitation scenarios, where the reservoir populations
may decrease due to increased mortality through the flooding of burrows. In
contrast, the trophic cascade mechanism is not consistent with the findings in South
China where dryness is observed to correlate with plague intensity. The exact
mechanism driving this correlation is still unknown. Rattus spp. which are more
common in the South, are human-commensal rodents whose populations have been
observed to correlate negatively with precipitation in this region (Chen, 1996).

Additional species, such as Microtus fortis, live on river and lake banks and are
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therefore highly sensitive to precipitation due to changing water levels, which may
partially contribute to the observed plague-dryness relationship (Zhang et al., 2010,
Xu et al., 2011). Further research is required on host and vector systems in this region
to determine the response of reservoir species to precipitation and the exact

mechanisms involved.

In the North, the correlation between precipitation and plague intensity observed by
Xu et al. (2011) is consistent with the prevailing trophic cascade hypothesis which is
regularly applied to plague systems, whereas in the South the mechanisms are much
harder to identify and are inferred from the findings of studies of individual species
across this region. Ideally the role of reservoir species in mediating the impact of
precipitation on plague intensity could be tested using temporal records of reservoir
species population sizes. However, such records are only available for the Pre-
Balkhash region of Kazakhstan and not across China therefore alternate methods
must be devised (Davis et al., 2004). In the absence of time-series of reservoir
population sizes, an alternative approach is to use data on climatic suitability of
reservoir species estimated from environmental niche models (ENMs). ENMs can be
used as a reasonable proxy for abundance, however, results should be interpreted
with caution (Weber et al., 2017, A. Lee-Yaw et al., 2021). These models can then be
hindcast to estimate responses of species to past climatic change. Hindcasting is the
projection of a model into past conditions, as opposed to forecasting where a model
is projected into estimated future conditions. In the context of niche modelling,
hindcasting is the projection of ENMs into historical climate space to estimate how
niche suitability may have varied under historic climate conditions. Hindcasting has
been used to investigate past species distributions and gain insight into extinctions
(Martinez-Meyer et al., 2004), areas of refugia (Svenning et al., 2008), and migration
pathways (Waltari and Guralnick, 2009). Species past distributions are incredibly
important in understanding both current distributions (Svenning et al., 2008,
Maiorano et al., 2013) and how species may react to changing climates. Literature in
this area generally focusses upon reconstructing species distributions many
thousands of years in the past with much research focussed on changes in

distributions which occurred prior to and following the Last Glacial Maximum
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(Nogués-Bravo, 2009). Hindcasting within recent history (e.g. the past 100-300 years)
may be used to test specific hypotheses rather than purely to construct the past
distribution of a species (Dobrowski et al., 2011). Here, | use ENMs and hindcasting
to test the hypothesis put forward by Xu et al. (2011) that plague’s heterogeneous
response to precipitation across China is driven by consistent differences in how host

species respond to precipitation.

To test the hypothesis presented by Xu et al. (2011) the response of reservoir species
to precipitation must be tested. | apply an ENM approach which is well suited to
testing the hypothesis as | can assess the impact that precipitation may have upon a
broad range of species from across China using occurrence data, with contemporary
and historic climate data. Based on the hypothesis presented by Xu et al. (2011), |
made three predictions. Firstly, to test if precipitation drove the variation in plague
intensity response through impacting reservoir species, | predicted that precipitation
variables would be important in determining the species niche suitability with a
positive relationship between niche suitability and precipitation variables in the
North and the opposite in the South. Secondly, | predicted that the species niche
suitability would correlate with precipitation in differing directions for northern and
southern species through time. | predicted a positive correlation with precipitation in
northern species and a negative correlation in southern species. Thirdly, | predicted
that the niche suitability of northern species would increase during wet periods while
for southern species the niche suitability would increase during dry periods. All these
predictions were tested using ENM and hindcasting methods in combination with
historical climate data (ISIMIP) to estimate niche suitability of the selected reservoir

species during the Third Pandemic.
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3.2 Materials and methods
3.2.1 Data acquisition

3.2.1.1 Host species localities
A broad range of reservoir species were selected across China with distributions

ranging from one Chinese province to global coverage. The selection was based on
Mahmoudi et al. (2020) who identified plague reservoir species throughout the
world. To be selected, reservoir species had to be present in China or Tibet (30
species). This list of species was further supplemented by species in which Y. pestis
had been isolated and sequenced across China (Cui et al., 2013) (16 species). In total
38 species were initially selected as there was overlap in the species suggested
through the two sources; five of these species were subsequently excluded from the
analysis due to limited occurrence records (ten or fewer). Reservoir species were
predominantly from the order Rodentia, but also included Carnivora, Artiodactyla,
and Lagomorpha (Chapter 4 Appendix Table 3.5). The maintenance of Y. pestis in the
wild is predominantly driven by rodent species, however, Y. pestis has been identified
as present in a range of further species particularly predators, such as mustelids
(Meles leucurus, Mustela eversmanii, Mustela nivalis) (Salkeld and Stapp, 2006). The
exact role of predator species in the maintenance of plague is unknown and warrants
further investigation (Salkeld and Stapp, 2006). | therefore retained these species as
well as Artiodactyla, and Lagomorpha species to assess the potential impacts of

species across a broad range of niches.

Species occurrences were sourced from the Global Biodiversity Information Facility
(GBIF, full list of GBIF DIOs Chapter 4 Appendix Table 3.5) using the rgbif package
(Chamberlain and Boettiger, 2017). Occurrences were clipped to a broad Eurasian
extent (-10E, 150 W, 0'S, 80 N). Many of the species have a distribution much broader
than China (eg. Mus musculus, Rattus norvegicus) therefore, this broad Eurasian
extent was selected to avoid imposing bias upon the models by limiting the available
climate space to only the selected region of investigation (Feng et al., 2019). All
species occurrences were then examined to identify potentially erroneous
occurrences which | attempted to validate and if unsuccessful removed (Chapter 4

Appendix Table 3.5). All species occurrence data were thinned such that there was
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never more than one occurrence per cell of climate data (0.5° resolution, see below)
using the elimCellDups function in the enmSdm package (Morelli et al., 2020, Sillero
and Barbosa, 2021). Species with ten or fewer occurrence points were then excluded
(Microtus juldaschi, Alexandromys fortis, Neodon fuscus, Eothenomys eleusis and

Spermophilus alashanicus) which decreased the number of species to 33.

3.2.1.2 Historical climate data
| used the bias-corrected atmospheric climate simulation data produced through the

Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) as it covered the period
from the start of the Third Pandemic (1772 C.E.) until relatively recently (2005 C.E.)
and includes multiple climate scenarios for comparison. The ISIMIP project aims to
produce data which can be used to investigate the impacts of climate change across
a range of disciplines and scales and has produced several iterations of global climate
models (Warszawski et al., 2014). | used data from the ISIMIP2b project, specifically
two of the bias-corrected ISIMIP data sets based on differing global climate models
(GCMs), the National Oceanic and Atmospheric Administration (NOAA) geophysical
fluid dynamics laboratory GCM, henceforth GFDL and the Institut Pierre-Simon
Laplace GCM, henceforth IPSL. The resulting ISIMIP GCMs represent two different
climate scenarios and hence help capture the uncertainty in past climate variation
and reconstruction. The climatic variables included mean, max and min daily
temperature as well as total daily precipitation. Comparing the two scenarios across
China (split into northern and southern regions, discussed below), | observed (Error!
Reference source not found.) broader range in annual precipitation and marginally
higher median annual mean precipitation across the North in the GFDL scenario. In
the South there is very little variation in annual precipitation between the scenarios.
In both regions the mean near-surface air temperature is roughly 1 °C warmer in the

GFDL scenario.
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Figure 3.1. Comparison of mean annual precipitation and temperature values between the two climate scenarios

(GFDL & IPSL) between the two regions (North and South China). Boxplots are constructed from the mean annual
data for across all years in the ISIMIP data (1661-2005 C.E.).

For use in ENMs, climate data were converted into the 19 bioclimatic variables
(biovars) produced in the WorldClim data which are used near ubiquitously across
niche modelling (Fick and Hijmans, 2017). This required monthly minimum and
maximum temperature and total precipitation for each pixel, which was calculated
using the biovar function of the dismo package (Hijmans et al., 2017). Precipitation in
ISIMIP is in the form of precipitation flux (kg m= s) which requires conversion to
precipitation per day (mm/day) prior to conversion to monthly data for the biovar
calculation. To convert from precipitation flux to precipitation per day, the density of
water was assumed to be 1 kg L%, precipitation flux was subsequently multiplied by

86400 to convert to precipitation (mm) per day. As a check of this calculation the
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annual mean precipitation values across the combined North and South regions
(Error! Reference source not found.) were checked against current and past
precipitation records for China (Guo et al., 2020, Li et al., 2021). All variables were
then transformed from daily to monthly resolution and then used to calculate 19

annual biovars for each year in the data (1661-2005 C.E.).

3.2.2 Niche modelling

| constructed ENMs for each of the selected reservoir species using contemporary
climate data and then projected each of these models into historical climate space to
estimate the variation in each species niche suitability through time. The niche
models for the 33 selected reservoir species were fitted using the Maxent algorithm
(Phillips et al., 2006), implemented and tuned using the ENMeval package
(Muscarella et al., 2014). The block spatial partitioning method was used throughout,
which splits the occurrence data into four geographical bins of equal numbers (k), the
models are then tested using a k-1 holdout method with each of the bins. The block
method is recommended when a model is transferred across space or time (Wenger
and Olden, 2012, Muscarella et al., 2014). To construct a contemporary ENM for each
species | constructed a time averaged climate data set from the annual climate data.
| followed the WorldClim2 dataset and built a time averaged raster of each of the 19
bioclimatic variables across the 1970-2000 C.E. period (Fick and Hijmans, 2017). All
the niche modelling analysis, apart from the variable selection and the model
optimisation were completed in parallel across both climate scenarios. The variable
selection and model optimization for each species were completed using only the

GFDL scenario to limit the variation between scenarios attributable to model settings.

3.2.2.1 Variable selection

| selected a subset of the least correlated climate variables for constructing the
species ENMs (Sillero and Barbosa, 2021). As the hypothesis | am testing focuses on
the impact of precipitation, | ensured the inclusion of precipitation variables by
calculating the correlation of all precipitation and temperature values independently
across the selected China plague extent (CPE, Latitude 71.2 E, 135.1 E, Longitude 15.4
N, 54.6 N). The least correlated variables were identified for each variable type
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through pairwise correlation analysis and visualised through cluster dendrograms
and correlograms (Chapter 4 Appendix Figure 3.7). Four precipitation and four
temperature variables were selected to use consistently across all species and |
validated this selection against the variables selected for each species individually
using the same methods but without separating temperature and precipitation
variables. The eight most selected variables coincided with the independently

selected variables validating their use across all ENMs (Figure 3.2).
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Figure 3.2. Bioclimatic variables selected for use in ENM of all reservoir species. The colours indicate the variables
selected when temperature and precipitation variables were selected in isolation. The height of the bars is the
summed total that each variable was selected when precipitation and temperature where not selected for in

isolation.

3.2.2.2 Background selection

Background occurrences were selected from a rectangular buffer of 4 degrees around
each occurrence. Ten thousand background points were selected across each species
which given the limited extent of some of the species means that all pixels for some
species may have been sampled as background points, but no resampling was

completed.
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3.2.2.3 Model tuning

Table 3.1. Minimum niche overlap between each species with multiple best models selected through
optimization

Species Minimum Niche
overlap (D)

A. agrarius 0.98
C. erythraeus 0.97
M. eversmanii 0.92
M. leucurus 0.51
M. musculus 0.98
M. nivalis 0.93
M. unguiculatus 0.68
R. norvegicus 0.77
R. rattus 0.96
V. vulpes 0.96

| used the ENMevaluate function in the ENMeval package to tune the regularisation
multiplier and feature class of each of the models to determine the best model
settings for each species (Muscarella et al., 2014). The included feature classes were
linear (L), quadratic (Q), hinge (H), threshold (T) and product (P) feature classes (in
the following combinations L, LQ, LQH, H, LQHT, LQHTP) and the regularization
multiplier ranged from 0.5 to 4 in increments of 0.5. The best model for each species
was selected by sorting on the lowest average omission rate and highest AUC
sequentially (Galante et al., 2018). Based on previous findings (Fell et al. (2022),
Chapter 2) that the selection of the best model settings changed when optimization
was repeated due to variation in the random selection and subsequent partitioning
of the background data and marginal variation inherent in models produced using
Maxent, | replicated optimization 50 times (Sillero and Barbosa, 2021). A variation in
best model selection was observed for 10 of the species, notably those with large
Eurasian extents, as the background data in more range-restricted species will not
have varied due to the complete sampling of the available area (Figure 3.3). For each

of the 10 species, the niche overlap of all possible best settings was calculated to
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assess the variation in model prediction (). Niche overlap (Schoener’s D) was

generally very high across the different models for each species (> 0.9), apart from

for two species (M. leucurus and M. unguiculatus). Hence the modal settings were

used for all further analysis.
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Figure 3.3. Varying feature class and regularisation multiplier across repeated optimizations for reservoir species

where consistent settings were not selected through model optimization.

A final best model was then produced using the optimized settings and the results,

permutation importance and response curves for each variable were extracted for

further analysis. The response curves in combination with the permutation

importance of each variable provided the first opportunity to test the hypothesis that

host species’ response to precipitation drove the heterogenous response of plague.

The AUC values of these final models were calculated across the full Eurasian range

of each species and over the CPE which was used for hypothesis testing. The AUC of

each species was calculated across the CPE using the env.evaluate function within

the ENMtools package (Table 3.2) (Warren et al., 2021).
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3.2.2.4 Hindcasting across multiple climate scenarios

The niche models constructed for the contemporary climate period were then
hindcast into the annual historic climate space. There are four differing scenarios over
which | construct hindcast niche projections. All the niche modelling analysis, apart
from the variable selection and the model optimisation were completed in parallel
across both climate scenarios (GFDL & IPSL). The variable selection and model
optimization were completed using the GFDL scenario to limit the variation in the
models attributable to model settings. Within both scenarios | hindcast clamped and
unclamped versions of each model. Model clamping is the process which constrains
model features to remain within the range of the training data, which confines the
projection of an ENM to analogous climate space, limiting the uncertainty in model

extrapolation (Elith et al., 2010).

3.2.3 Hypothesis testing

To test the hypothesis, | compared the trend in species environmental niche through
time to the precipitation in the northern and southern regions. In line with Xu et al.
(2011), human plague data across China were used to define the northern and
southern regions (Figure 3.4). The North-South divide is located at 31°N with each
region encompassing the natural plague reservoirs in the North and South and the
divide placed in the central region where there are no natural plague reservoirs due

to extensive land cultivation and crop plantations (Xu et al., 2011).
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Figure 3.4 Distribution of human plague cases across China during the Third Pandemic (white crosses) with mean
annual precipitation between 1970-200 C.E and Chinese regional borders (white lines) The northern region is
bounded by a red box and the southern region is bounded by a yellow box.

3.2.3.1 Response curves

The response curves and permutation importance of the reservoir species ENMs
provided the first opportunity to test the hypothesis that reservoir species mediated
the response of plague intensity to precipitation. | established criteria to determine
if the response curves and permutation importance were consistent with this
hypothesis. For northern species the hypothesis predicts that niche suitability
increases during periods of elevated precipitation, with the opposite expected for
southern species. | therefore expected that modelled niche suitability would show a
positive trend with precipitation variables within the variable response curves and
that the precipitation variables would be important variables in the reservoir species
ENMs in the North with the opposite expected in the South. To be consistent with
the hypothesis both of the following criteria had to be met. Firstly at least one of the
two highest permutation importance variables must be a precipitation variable, and
secondly the high permutation importance precipitation variable must show the
expected response (positive in the North, negative in the South) dependant on which

region the species is from.
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3.2.3.2 Niche time series calculation

To transform the annual niche model projections into a time series comparable with
annual precipitation data the sum of the environmental niche suitability across all
pixels was calculated for each time step. Further, due to the CPE over which
environmental niches were predicted, several species with limited ranges were
predicted to occur with a high probability in regions that are assumed inaccessible,
either due to abiotic factors such as geographic distance and topographic barriers or
biotic factors such as predation or competition (Marmota baibacina). | therefore
imposed distance constraints on the range of ENM projections using a buffered
minimum convex polygon (BMCP) calculated from species occurrences. The BMCP
method was developed by (Mendes et al., 2020) and is an adaptation of minimum
convex polygon (MCP) method (Kremen et al., 2008). The MCP approach excludes
suitable pixels not encompassed by a minimum convex polygon, with interior angles
smaller than 180°, enclosing all occurrences of a species; the BMCP is the same as the
MCP but includes a buffer around the MCP area based on the maximum distance of
minimal pairwise distances between occurrences (Mendes et al., 2020). The BMCP
calculations were completed using the MSDM_Posteriori function in the MSDM
package (Mendes et al., 2020) (a visualisation of each method for several species can

be found in Chapter 4 Appendix
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3.2.3.3 Correlation analysis

Distribution time series for each species scenario and sum method were compared
to the mean annual precipitation variable calculated across each region (as well as
the regions combined). Each time series was standardized through z-score
transformation to enable the comparison of respective changes in niche distribution
between species. The correlation was then calculated between the standardised
summed annual suitability of each species and the mean annual precipitation across
each scenario region and method, with mean correlation values across each species
and region further calculated to attempt to identify the hypothesised trends (Table
3.3 and Chapter 4 Appendix Table 3.6, Table 3.7 & Table 3.8). The correlation statistics

were calculated with no lag and a 1-year lag period following Xu et al. (2011).

3.2.3.4 Impact of wet and dry periods

To investigate the specific impact that wet and dry periods may have had upon
reservoir species across either region | identified such periods within annual mean
precipitation in the North and South regions across both climate scenarios (Figure
3.5). Across each region | calculated a 15-year running average in annual mean
precipitation and identified the upper and lower quartiles of this data as wet and dry
periods respectively. Periods of less than three consecutive years were excluded due
to the inflated impact these periods could have when calculating summary statistics
across each period. The mean standardised suitability was then calculated across all
scenarios enabling trends during these periods to be identified. This data was
combined across both sum methods within each climate scenario to provide the

mean niche suitability across wet and dry periods.
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Figure 3.5. Identification of wet and dry periods across both climate scenarios. Blue indicates the wettest quartile
and orange indicates the driest quartile. Both annual (thin black line) and 15 year running average (thick black

line) mean annual precipitation shown.

3.3 Results

3.3.1 Niche modelling

3.3.1.1 Model performance

Species ENM’s generally performed well over the extent determined by their
respective buffered Eurasian range (species extent) (Table 3.2). The mean area under
the curve (AUC) of the receiver operating characteristic across the species extent
models and all climate scenarios (GFDL clamped, GFDL unclamped, IPSL clamped, IPSL
unclamped) was 0.811 well above the 0.7 threshold above which models are

considered fair (Swets, 1988). Two species fell below this this threshold, Niviventer
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andersoni and Rhombomys opimus. There was also little variation across the climate
scenarios with a maximum standard deviation in AUC for any species of 0.055
(Marmota baibacina), this shows a consistency of model performance despite
varying climate scenarios. | separately assessed the performance of each of the
models across the CPE study region. Greater variation across species’ mean AUC was
observed in the geographically limited region from very good predictions of 0.996 -
0.999 (Allactaga sibirica, Marmota sibirica, Meriones meridianus and Ochotona
dauurica) to poor predictions of 0.6 or less. Species with AUC values below 0.7 were
retained during hypothesis testing, however, subsequent results from these species
should be treated with caution. As AUC values do not provide direct information
regarding overfitting (Warren and Seifert, 2011), | further present the AUC difference
(difference between test and training AUC values) for all species across the species
extent (Chapter 4 Appendix Table 3.9). Across all the species 70% have a very low
AUC difference of less than 0.1 suggesting little overfitting for most of the species.
The highest AUC difference is for the species R. opimus (0.2), which although still low

may be suggestive of some overfitting for this species model.

Table 3.2. ENM performances across differing extents, region of each reservoir species and support for prediction
based upon response curves. AUC values provide an estimate of model performance across the species defined
extent (Species extent) and the China plague extent (CPE). A subset of the response curves are presented in .

Species Mean SD Mean SD Region Response curves
AUC AUC (CPE) conform to
(Species predictions
extent)
Allactaga sibirica 0.805 0.007 0.999 0.001 N No
Apodemus agrarius 0.824 0.010 0.789 0.034 N+S -
(Eurasian)
Apodemus chevrieri 0.866 0.016 0.908 0.028 S No
Callosciurus 0.952 0.001 0.824 0.057 S No
erythraeus
Cricetulus 0.760 0.011 0.991 0.001 N No
barabensis
Dipus sagitta 0.851 0.002 0.992 0.002 N No
Eothenomys 0.821 0.018 0.762 0.020 S No
melanogaster
Marmota baibacina 0.724 0.056 0.539 0.031 N Yes
Marmota caudata 0.893 0.007 0.945 0.044 N Yes (GFDL) /
No (IPSL)
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Marmota 0.805 0.000 0.481 0.028 N + S (Tibetan -

himalayana Plateau)
Marmota sibirica 0.763 0.010 0.998 0.001 N No
Meles leucurus 0.730 0.035 0.554 0.204 N Yes
Meriones 0.776 0.000 0.996 0.001 N No
meridianus
Meriones 0.893 0.017 0.974 0.012 N No
unguiculatus
Micromys minutus 0.908 0.007 0.468 0.024 N+S -
Microtus fortis 0.771 0.016 0.786 0.065 N+S -
Mus musculus 0.766 0.020 0.482 0.041 N+S -
(Eurasian)
Mustela eversmanii 0.744 0.020 0.957 0.011 N No
Mustela nivalis 0.871 0.015 0.485 0.074 N No
Niviventer 0.621 0.018 0.930 0.034 S Yes
andersoni
Ochotona dauurica 0.858 0.019 0.979 0.010 N No
Pseudois nayaur 0.901 0.007 0.751 0.008 N + S (Tibetan -
Plateau)
Rattus losea 0.856 0.004 0.583 0.199 S No
Rattus nitidus 0.906 0.006 0.461 0.038 S No
Rattus norvegicus 0.816 0.031 0.625 0.020 N+S -
(Eurasian)
Rattus rattus 0.893 0.002 0.706 0.035 S (Mostly) No
Rattus tanezumi 0.859 0.006 0.734 0.066 S No
Rhombomys 0.674 0.005 0.948 0.044 N No
opimus
Spermophilus 0.791 0.019 0.980 0.019 N No
dauricus
Spermophilus 0.739 0.019 0.718 0.028 N No
erythrogenys
Tscherskia triton 0.863 0.030 0.870 0.017 N Yes
Urocitellus 0.814 0.015 0.878 0.108 N No
undulatus
Vulpes vulpes 0.864 0.002 0.622 0.158 N+S -
(Eurasian)

3.3.2 Hypothesis testing

3.3.2.1 Response curves
According to my criteria (3.2.3.1) only four species’ response curves were consistent

with the predictions in showing the expected response to precipitation in either
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region with a sufficient (15t or 2" highest) permutation importance (Table 3.2 & ).
These species were M. baibacina, M. leucurus, N. andersoni and T. triton, all of which
apart from N. andersoni inhabited the Northern region. Two of these species (N.
andersoni & M. baibacina) had poor model performance (<0.7 AUC) over either the
species or CPE. One species (M. caudata) met the criteria in the GFDL model but not
in the IPSL model. Across the remaining species, the direction of response to the
precipitation variables was counter to the predicted response (see A. chevrieri, R.
nitidus and R. opimus, ). Over 33 species and the two climate scenarios, GFDL and
IPSL, no variation was observed between clamped and unclamped results. Overall

only 9 of the 66 models (14%) fulfilled my criteria.
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Figure 3.6 Permutation importance and response curves for select species. The polar bar chart represents the
permutation importance of the precipitation (blue) and temperature variables. In the variable response curves
for the precipitation variables (red line) are on the right with the blue ticks showing the variable values at the
occurrence points. (Figure continued on subsequent pages)
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Figure 3.6 continued

3.3.2.2 Niche time series correlation

| did not find the expected correlation when species niche suitability results were
combined across a region when comparing against both contemporary and 1-year
lagged annual precipitation. For the summed contemporary niche suitability time
series in the North, 9 of the 17 species (53%) showed the predicted positive mean
correlation with annual precipitation across all climate scenarios (Table 3.3). Of these
9 species only one (M. caudata) had a standard deviation larger than the mean across
the climate scenarios suggesting the direction of correlation varied across the
scenarios; this is consistent with the response curve results which varied for M.
caudata depending on the climate scenario. The northern species with response
curves which conformed to the predictions showed consistency between methods
through positive correlations with precipitation (M. baibacina, M. leucurus and T.
triton). The remaining northern species showed a negative correlation with
precipitation with two species (R. opimus and M. meridianus) showing a moderate
negative correlation (<-0.4). The split in positive and negative correlation across the
region meant there was near zero mean correlation across all Northern species (r = -

0.017) and a large standard deviation (0.296) highlighting the varied correlation.
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In the South only two of the species had the predicted negative correlation with
annual precipitation (N. andersoni and A. chevrieri). N. andersoni was the only
Southern species consistent with the response curve results. The remainder of the
Southern species showed a moderate to strong mean correlation with annual
precipitation (r = 0.371-0.629). The standard deviations of the mean values for these
species were all much lower than the mean correlation values suggesting a consistent
trend across all climate scenarios. The strong and consistent positive correlations led
to an overall mean correlation across all species of r = 0.313 in the South, counter to
the hypothesis’ predictions. The standard deviation was larger than this mean value

(0.361) due to the positive and negative correlations.

Species classified as both northern and southern, either due to a broad Eurasian
extent or distribution in central China, all showed a positive correlation with
precipitation. Two of the species with the broadest range (M. musculus and R.
norvegicus) had standard deviation values larger than their mean suggesting
variation across the scenarios. The combined North and South region showed a small
positive mean correlation across all scenarios (r = 0.192). Across all species the high
agreement in correlation direction across the scenarios and low standard deviation
across most reservoir species suggests a good agreement between the two climate

scenarios.

The results for the spatially constrained (BMCP) niche models are consistent with the
unconstrained models (Chapter 4 Appendix Table 3.6). Generally, there were
marginally weaker correlations across all species when compared to the
unconstrained models (Table 3.3). For three species (A. chevrieri, M. caudata and M.
himalayana) there was a change in correlation direction. In M. caudata and M.
himalayana the mean correlation is less than the standard deviation across the
scenarios. The change in correlation direction for A. chevrieri, limits the negatively

correlated (conforming to the hypothesis) species in the South to only one (N.

Table 3.3. Correlation of reservoir species niche suitability values through time (summed) and annual precipitation
values. Correlation was compared across two climate scenarios each with clamped and unclamped model
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versions. Red-green colour scale was applied with red representing the lowest (most negative values) and green
representing the highest (most positive values) correlations. Reservoir species are grouped by region.

Sum correlation with annual precipitation
GFDL NO IPSL NO Mean by
Region Species GFDL CLAMP| CLAMP |IPSL CLAMP| CLAMP | Mean | SD Region SD

Allactaga sibirica -0.207 -0.207 -0.096 -0.096 | -0.152 | 0.064
Cricetulus barabensis -0.049 -0.049 -0.054 -0.054 | -0.051 | 0.002
Dipus sagitta -0.379 -0.379 -0.308 -0.308 | -0.343 | 0.041
Marmota baibacina 0.527 0.527 0.369 0.369 | 0.448 | 0.091
Marmota caudata -0.032 -0.032 0.123 0.123 | 0.045 |0.089
Marmota sibirica -0.215 -0.215 -0.170 -0.170 | -0.192 | 0.026
Meles leucurus 0.234 0.224 0.072 0.090 | 0.155 |0.086
Meriones meridianus -0.562 -0.562 -0.410 -0.410 | -0.486 | 0.088

North Meriones unguiculatus 0.207 0.217 0.014 0.039 | 0.120 |0.108| -0.017 |0.296
Mustela eversmanii 0.429 0.429 0.181 0.186 | 0.306 (0.141
Mustela nivalis 0.071 0.079 0.044 0.044 | 0.060 |0.018
Ochotona dauurica 0.089 0.089 0.019 0.114 | 0.078 |0.041
Rhombomys opimus -0.613 -0.613 -0.360 -0.360 | -0.486 | 0.147
Spermopbhilus dauricus -0.373 -0.373 -0.074 -0.074 | -0.223 (0.172
Spermopbhilus erythrogenys -0.183 -0.183 -0.184 -0.184 | -0.183 ( 0.001
Tscherskia triton 0.465 0.003 0.599 0.599 | 0.417 |0.283
Urocitellus undulatus 0.162 0.465 0.073 0.073 | 0.193 |0.186
Apodemus chevrieri -0.061 -0.061 -0.206 -0.206 | -0.133 | 0.084
Callosciurus erythraeus 0.400 0.379 0.503 0.470 | 0.438 | 0.058
Eothenomys melanogaster 0.514 0.514 0.417 0.417 | 0.465 | 0.056

South Niviventer andersoni -0.475 -0.475 -0.322 -0.322 | -0.399 | 0.088 0313 | 0361
Rattus losea 0.541 0.541 0.717 0.717 | 0.629 |0.101
Rattus nitidus 0.591 0.591 0.650 0.650 | 0.621 |0.034
Rattus rattus 0.384 0.362 0.374 0.365 | 0.371 |0.010
Rattus tanezumi 0.570 0.570 0.451 0.451 | 0.510 | 0.069
Apodemus agrarius 0.164 0.132 0.300 0.284 | 0.220 |0.084
Marmota himalayana 0.070 0.070 0.195 0.195 | 0.133 |0.072
Micromys minutus 0.195 0.179 0.515 0.508 | 0.349 |0.188

North & Microtus fortis 0.258 0.258 0.165 0.165 | 0.211 |0.053 0192 |0.150
South Mus musculus -0.032 -0.046 0.214 0.218 | 0.089 (0.147
Pseudois nayaur 0.411 0.411 0.117 0.117 | 0.264 |0.170
Rattus norvegicus -0.074 -0.069 0.241 0.238 | 0.084 |0.180
Vulpes vulpes 0.084 0.024 0.332 0.315 | 0.189 |0.158

andersoni). The mean correlations across the regions show little change, the North
was almost neutral (r =-0.014) but was outweighed by the standard deviation (0.245),
the South was slightly more positive (r = 0.347) due to the change in correlation
direction of A. chevrieri and the combined region was still weakly positive (r = 0.145)
but is now outweighed by the standard deviation (0.159). Across the two modelling
methods (spatially constrained and non-spatially constrained) the variation in

correlation between clamped and unclamped is negligible for most species, however,
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two species, T. triton and U. undulatus in the GFDL scenario show more variation
(Sum, SD = 0.327 & 0.214, BMCP Sum, SD = 0.090 & 0.074 respectively) suggesting
that in the GFDL scenario, these species are both projected into non-analogous

climate space.

Following Xu et al. (2011), | completed the correlation analysis between the niche
time series and climate data from the year prior (Chapter 4 Appendix Table 3.7 &
Table 3.8). Generally, all correlations are weaker in the lagged version, the direction
of correlation is maintained for the majority of species. In the few cases where a
change in correlation direction occurs (O. dauurica, M. leucurus, U. undulatus A.

agrarius, M. fortis & M. hamalyana), the correlation is consistently weak (|r| < 0.1).

3.3.2.3 Wet and dry period niche analysis

Across the Northern wet periods in both climate scenarios, 44% of the species
showed increased mean niche suitability, however, only 15% of the species had an
increased mean niche suitability greater than 0.1 (Table 3.4), suggesting a weak
response that thus supplies weak evidence consistent with the prediction of
increased niche suitability during wet periods in the North and dry periods in the
South. As the mean niche suitability values were standardised, this represents an
increase of mean niche suitability of 0.1 standard deviations, highlighting the
generally limited variation in mean niche suitability in many species through periods
of high and low precipitation. The mean niche suitability increased for more species
in northern dry periods where 59% of species had an increased mean niche suitability
and for 35% of the species this increase was greater than 0.1. The species with the
greatest standardised niche probability increase during the wet periods were M.
baibacina (GFDL climate scenario), M. eversmanii (GFDL climate scenario), U.
undulatus (GFDL climate scenario) and M. nivalis (Both scenarios). Each of these
species also showed consistency across investigation method as they showed a
positive correlation with annual precipitation in the North as expected given the

initial prediction (Table 3.3).
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In the southern region 31% of the species showed an increased mean niche suitability
during the identified dry periods, as predicted, but only one species (N. andersoni)
had an increase of greater than 0.1. This species conformed to the hypothesis
predictions through each method. As in the North under the alternate precipitation
scenario | find a much larger proportion of species with increased mean niche
suitability, with 87.5% showing an increase while 56% of species had an increase in

mean niche suitability greater than 0.1.

There was generally high agreement in directional change (increase or decrease
above the mean) across the two climate scenarios with 83% of species agreeing
across each scenario (81% when the species found in both the northern and southern
regions are included). A further small percentage (9%) of the species under all
scenarios had a standard deviation greater than the mean niche suitability, effectively
suggesting that the niche suitability during wet or dry periods overlapped with the
mean variation in climate scenario predictions. This was due to the difference in

clamped and unclamped niche projections.
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Table 3.4. Mean standardised niche suitability of reservoir species through wet and dry periods. Mean and
standard deviation values were calculated across periods identified as wet or dry and a red-green colour scale is
applied with red representing the lowest (most negative values) and green representing the highest (most positive
values). Reservoir species are grouped by region.

Mean niche suitability
Wet Dry
GFDL IPSL GFDL IPSL

Region Species Mean SD Mean SD Mean SD Mean SD
Allactaga sibirica -0.154| 0.007| -0.119| 0.000f 0.216| 0.012| 0.104( 0.003
Cricetulus barabensis -0.094| 0.004| -0.061| 0.029] 0.038| 0.000f 0.071 0.020
Dipus sagitta -0.132| 0.005| -0.052| 0.011] 0.242| 0.006| -0.146( 0.001
Marmota baibacina 0.317| 0.000( 0.051] 0.022f -0.274( 0.090| 0.006| 0.162
Marmota caudata 0.043| 0.036f 0.011] 0.026] 0.236( 0.031] 0.066| 0.056
Marmota sibirica -0.139| 0.001} -0.113| 0.039] 0.196| 0.032| 0.088| 0.057
Meles leucurus 0.044| 0.004| -0.149] 0.007| 0.004( 0.006| -0.267| 0.002
Meriones meridianus -0.351| 0.010| -0.098| 0.016f 0.261 0.063| -0.059| 0.007
North | Meriones unguiculatus 0.050( 0.009| -0.013| 0.004] -0.091| 0.009| -0.068| 0.007
Mustela eversmanii 0.288| 0.002| -0.066( 0.001} -0.134| 0.001| -0.132( 0.003
Mustela nivalis 0.138| 0.012f 0.353] 0.013] 0.162( 0.009| -0.011| 0.008
Ochotona dauurica 0.040| 0.002f -0.075] 0.039] 0.075( 0.012] 0.101| 0.025
Rhombomys opimus -0.271| 0.041| -0.054| 0.046] 0.326] 0.091| -0.136 0.016
Spermophilus dauricus -0.166| 0.001| -0.063| 0.017} 0.346( 0.009| 0.018| 0.028
Spermophilus erythrogenys -0.072| 0.013 0.023] 0.021] 0.238( 0.006| 0.135| 0.031
Tscherskia triton 0.046| 0.049( 0.097| 0.025] -0.105( 0.186| -0.258| 0.107
Urocitellus undulatus 0.101| 0.023( 0.020] 0.019) -0.232| 0.116] 0.073| 0.015
Apodemus chevrieri 0.185| 0.046 0.132] 0.025] -0.116( 0.010| 0.014| 0.049
Callosciurus erythraeus 0.142| 0.003| 0.239( 0.013} 0.001| 0.013| -0.130| 0.006
Eothenomys melanogaster 0.030| 0.001| 0.356( 0.001} -0.172| 0.000( -0.063| 0.004
south Niviventer andersoni 0.115| 0.001| -0.054( 0.042] 0.075| 0.001| 0.149( 0.055
Rattus losea 0.092| 0.004f 0.291| 0.024] -0.282( 0.020| -0.123| 0.007
Rattus nitidus -0.054| 0.029| 0.078 0.016] -0.158| 0.004| -0.286( 0.012
Rattus rattus 0.046| 0.004f 0.269| 0.003] 0.039( 0.009| -0.234| 0.003
Rattus tanezumi 0.118| 0.000f 0.242] 0.000] -0.101 0.000| -0.062| 0.000
Apodemus agrarius -0.033| 0.008| 0.174| 0.003| 0.279| 0.015| -0.077( 0.002
Marmota himalayana 0.182| 0.003| 0.046] 0.072| -0.229( 0.033| -0.124| 0.129
Micromys minutus 0.141| 0.003f 0.262| 0.001| 0.037( 0.007| -0.259| 0.005
North & |Microtus fortis -0.156| 0.011| 0.158| 0.008( 0.094| 0.001| 0.044( 0.031
South  pus musculus -0.031| 0.001| 0.030( 0.003| 0.187| 0.007| -0.152( 0.002
Pseudois nayaur 0.153| 0.067| 0.022| 0.034( -0.138| 0.134| -0.003| 0.121
Rattus norvegicus -0.017| 0.001( 0.084| 0.001| 0.171( 0.001] -0.174| 0.004
Vulpes vulpes 0.148| 0.077( 0.171] 0.012| -0.045( 0.236| -0.254| 0.014
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3.4 Discussion

Using three differing methods based upon ENMs, | have found minimal evidence
consistent with the hypothesis that in China during the Third Pandemic the
heterogeneous response of plague intensity to precipitation was mediated by
reservoir species. In contrast to predictions, | found no consistent positive correlation
between reservoir species niche suitability and precipitation in North China. In South
China, | predominantly found positive, instead of negative correlations between
reservoir species niche suitability, counter to the prediction. Species niche suitability
was found to be no higher during periods of increased precipitation in the North or
decreased precipitation in the South as predicted and in fact the opposite was
observed with generally niche suitability increasing in the North in dry periods and

decreasing in the South during wet periods.

Certain species did perform as predicted under all investigation methods, specifically
M. baibacina in the North and N. andersoni in the South. Both species have been
identified as reservoir species (Mahmoudi et al., 2020), M. baibacina is a key host in
the Tian Shen region (He et al., 2021) and there is little further literature on the role
of N. andersoni in plague maintenance in Yunnan. However, there is no further
evidence to suggest that these species were key to infection and transmission during
the Third Pandemic or that they may have had a disproportionately large impact on
plague transmission compared to other species. The results therefore suggest that
further elements of the plague system aside from reservoir species, such as human
population movement (Xu et al., 2014), or an element of reservoir species ecology
not captured in the models (eg. Behavioural or biotic factors) may have mediated the

observed heterogeneous response of plague intensity to precipitation across China.

3.4.1 Insights from modelling approach
The modelling approach used provided several insights prior to the use of the model

predictions for hypothesis testing. Variable selection, prior to the selection of equal
precipitation and climate variables showed a limited selection of precipitation
variables (Biovars 12-19) comparable to temperature variables (Biovars 1-11) when

strongly correlated variables are removed (Figure 3.2). Only one precipitation
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variable was selected for four species (A. sibirica, A. agrarius, O dauurica and T. triton)
suggesting that across the range of these species precipitation variables were
unimportant to defining the niche or co-varied with temperature variables. With
many of the remaining species, only two precipitation variables were selected,
suggesting a similar lack of importance or co-variation with temperature variables.
Therefore, even when precipitation variables are maintained in the model, co-
variation between variables may limit the interpretation of certain variables as
biologically relevant to the species niche. The inclusion of potentially co-varying
variables may also explain the permutation importance of several variables in species

models having no contribution (See . T. triton and R. nitidus).

3.4.2 Correlation analysis

Just over half of the Northern species showed the predicted positive correlation
between niche suitability and precipitation. This is consistent with the bottom-up
trophic cascade mechanism regularly applied to plague systems (Collinge et al., 2005,
Stenseth et al., 2006, Kausrud et al., 2007, Xu et al., 2015). However while it suggests
a link between precipitation and reservoir species dynamics, the subsequent increase
in Y. pestis transmission and hence plague intensity has to be assumed and therefore
is an area in need of further investigation. The remaining northern species showed a
negative correlation between precipitation and niche suitability suggesting that these
species are not influenced by a bottom-up trophic cascade. However, alternate
mechanisms may mediate the impact of precipitation on plague intensity through
these species. For example, a population decline mediated by climate may increase
the vector load per individual host (Schmid et al. 2015). This would facilitate
increased transmission within the reservoir as well as drive transmission to alternate
reservoir species (Reijniers et al., 2014). Therefore, although my findings do not
support the trophic cascade mechanism as a driving transmission for all species in
North China, alternate mechanisms across the diverse range of species may have
differing impacts on reservoir dynamics yet still facilitate an increase in plague

intensity.
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In the South only two species conformed to predictions, with the majority of species
showing a positive correlation between precipitation and niche suitability. While this
does not match my predictions, it is potentially still consistent with the “U” shaped
response to precipitation observed in South China (Xu et al., 2011) where very wet
periods correlate with increased plague intensity. However, this “U” shaped response
is difficult to falsify as the opposite response in plague intensity is expected under
wet and very wet conditions and the boundaries between these conditions are likely
spatially heterogeneous. As in the North, my findings suggests that there is not a
homogenous response from reservoir species to changes in precipitation, and thus
the mechanism driving plague transmission through such species is unlikely to be
consistent across a broad range of species. Moving forward from these findings, a key
goal should be to determine which species are most important to the transmission of
Y. pestis, particularly at the initiation of epidemics. This should draw together the
large-scale correlative methods utilised here and mechanistic methods applied to

individual species of interest (Kausrud et al., 2007, Xu et al., 2015)

3.4.3 Wet and dry period analysis

Very few species conformed to the initial predictions of high niche suitability during
wet periods in the North and high niche suitability during dry periods in the South. In
fact, the greatest niche suitability values were observed under the opposite
precipitation regimes than predicted. Were the results representative of extreme
precipitation conditions (see below), to conform to the hump and “U” shaped
response of plague intensity to precipitation observed by Xu et al. (2011), | would
expect relatively symmetric results across the wet and dry periods, which | do not
observe. The positive niche suitability observed across the majority of southern
species during wet periods shows some support for the “U” shaped southern
response as plague intensity was high during southern wet periods. However, my
findings are counter to the mechanism Xu et al. (2011) suggest for the high plague
intensity during wet to very wet periods as they suggest that this increase is primarily
due to a behavioural response whereas my results suggest increased niche suitability
during these periods. As many of the southern species, particularly the Rattus spp.

are commensal rodents closely associated with human habitation and crops their
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response to climatic variation may be partially independent of their climatic niche
and instead relate to land use factors such as the distribution of agricultural land and
the response of such land to climatic variables e.g. crop failure (McCauley et al.,

2015).

Wet and dry period analysis likely fails to explicitly capture the extreme wet and dry
conditions which Xu et al. (2011) identify as having opposing responses in plague
intensity to more moderate wet and dry conditions. Although across China the ISIMIP
data has been found to simulate extreme continuous multiday rainfall well (Yuan et
al., 2017), the conversion to annual climate variables will likely partially mute the
impact of extreme weather within the data. | therefore suggest that they identified
wet and dry periods are representative of moderate not extreme precipitation and
subsequently the climate data over which the niche models are hindcast will not
represent extreme conditions. This suggests that the results are valid in testing the
general trends observed by Xu et al. (2011), Northern wet-plague correlation and
Southern dry-plague correlation, but not the hump and “U” shaped correlations

observed when extreme precipitation conditions are included.

The results suggest either that, the reservoir mechanisms proposed to mediate the
connection between precipitation and plague intensity are not correct in either
region or, alternatively, the species | observe conforming to the hypothesis have a
disproportionate impact on plague intensity. A third and likely alternative is that the
environmental conditions impacting each species are not consistent across all
reservoir species but vary and that the scale of impact each species may have upon
plague transmission is also not consistent and may fluctuate spatio-temporally. A
further fourth alternative which has not been explored in this work is that human
movement, transmission and population dynamics may contribute to the

heterogeneous response to precipitation (Xu et al., 2014).

3.4.4 Methodological considerations
The hindcasting methodology used in this work followed many of the recommended

practices suggested to improve the reliability of hindcasting predictions however
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there are further practices which | was not capable of addressing. The reliability of
hindcasting ENM projections can be influenced by a range of factors such as the niche
stability of the species or the variation in climate conditions between the time period
the model was constructed in and projected into. The BMCP method limited species
predicted suitability based upon the current distribution of each species assuming
that the dispersal ability of each species has not changed throughout the period of
projection. This assumption is unlikely to be valid for all species, particularly species
which may be impacted by changes in land use (eg. Commensal rodents) which can
strongly impact plague reservoir dynamics and distribution (Miao et al., 2013,
McCauley et al., 2015). To assess the impact of non-analogous climate upon my
models all analyses were completed in duplicate using clamped and unclamped
models. This enabled me to identify variation in model predictions due to non-
analogous climate. | found very little variation due to clamping across most niche
models, however, variation was observed in two species results (T. triton and U.
undulatus) which is attributable to the difference between clamped and unclamped
niche projections. Therefore it is unlikely that projection into non-analogous climate

space has affected the overall conclusions, drawn from the remainder of the species.

It is recommended to use multiple climate scenarios when hindcasting ENMs to
confirm that results are not an artefact of the scenarios used (Nogués-Bravo, 2009).
Agreement in results between the climate scenarios was high across the correlation
and wet-dry period analysis, however, variation was observed in the response curves
with permutation importance of bioclimatic variables varying between the climate
scenarios. The limited variation in results between climate scenarios is consistent
with the limited time period of hindcasting, in comparison to the majority of

hindcasting studies (Nogués-Bravo, 2009).

The niche stability of all species has been assumed throughout this work. Given the
relatively short time-span over which the models were projected, in comparison to
much longer time periods commonly covered in hindcasting studies (Nogués-Bravo,
2009, Maiorano et al., 2013), the need to address niche stability in this work is

relatively unknown. An initial attempt to address the potential instability of species
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niches’” was made through multi-temporal calibration of the models however the
results were inconclusive and hence the method was not used (Chapter 4 Appendix
3.6.3 Attempted multi-temporal calibration). If the rapid recent morphological
adaption of commensal rodent species (over the past 100 years) (Pergams and
Lawler, 2009) has driven changes in these species niche (Van Valen, 1965) then the
assumption of niche stability for species key to the transmission of Y. pestis may not
be appropriate. Future work should focus on investigating the stability of the niche
of key reservoir species as, if these species have highly dynamic and rapidly
fluctuating niches this should be factored in to both hindcasting and forecasting of
zoonotic disease distributions. Inclusion of eco-physiological data would provide
further validation of the niche models and hindcast projections. Further, disease
specific data such as species susceptibility to infection could improve the estimates

of disease distribution calculable using reservoir species data.

3.4.,5 Limitation of modelling approach
Poor model performance for some species across both the species specified extent

and the CPE suggest that the climate variables used throughout the ENMs may not
be the most important in determining the niche of several of the reservoir species.
Poor model performance over the species extent could be indicative of a missing
variable which informs the species niche. As many of the selected species are
burrowing rodents, a key aspect of the species niche may be dictated by soil variables
which is not accounted for in models; this may partially explain the poor performance
of the R. opimus model (Wilschut et al.,, 2015). Across the CPE, poor model
performance could be attributed to two main factors: limited dispersal ability and a
geographical bias in occurrence points towards Europe. M. baibacina, a species with
a limited range, predicting a high probability of distribution across a broad range of
China which is inaccessible to the species due to a combination of abiotic and biotic
factors not captured in the models, such as geographic distance or competition.
Several of the species have a broad Eurasian range with most occurrences located
within Europe compared to a limited number across China (M. minutus, M. musculus,

M. nivalis, R. nitidus and V. vulpes Chapter 4 Appendix
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). For these species the Eurasian extent models perform well, however, the limited

proportion of test and training data in China inhibited their performance across this
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area. The alternative method of selecting only species occurrences from across the
investigation region (CPE) would produce “better” (higher AUC) models across this
region but would be less representative of the species niche given the bias sub-setting

of the data.

3.5 Conclusion

My findings suggest that reservoir species dynamics do not mediate the
heterogeneous response of plague intensity across China to precipitation as
hypothesised (Xu et al., 2011). The results suggests that assuming consistent host
dynamics in a region is an oversimplification of the highly complex plague
transmission system and that mechanisms should not be assumed based on studies
of individual species. Although | found two species which conform to the hypothesis
predictions (M. baibacina and N. andersoni) | do not suggest that these species had
an inflated impact upon plague intensity but instead suggest that diverse and
interrelated responses of reservoir species may drive the observed response. The
findings suggest that the impact of further factors such as behavioural response to
climatic change as well as vector and human population dynamics should be
investigated to understand the drivers of the observed heterogeneous response. The
methods represent a novel and simple (comparative to mechanistic approaches)
means of investigating a complex zoonotic system and counter to regional and
species-specific mechanistic models, patterns can be easily assessed over large
spatial and temporal extents and a broad range of reservoir species, however, the
relative simplicity of this approach has limitations. Such disease systems therefore
represent an ideal scenario to test hybrid mechanistic-correlative models where
physiological data relating to reservoir species as well as vectors could be combined
with correlative methods and a balance between data requirements and the
simplification of such systems could be struck (c.f. Kearney et al. (2010), Redding et

al. (2016)).
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3.6 Chapter 4 Appendix

3.6.1 Supplementary tables

Table 3.5 Chinese reservoir species sourced from Mahmoudi et al., (2021) and Cui et al., (2013). An asterisk next
to the species indicates ten or less occurrence points were available through GBIF and the species was

subsequently removed from the analysis.

Species Order Source GBIF DOI Location of removed erroneous
data points (Bounding box x,x,y,y)
Alexandromys Rodentia Mahmoudietal. (Notfound within GBIF) -
fortis* (2020)
Allactaga sibirica Rodentia Cuietal. (2013), https://doi.org/10.1546 40,50, 40,60 (Central Asia),
Mahmoudietal. 8/dl.xj3ajx 100,130, 20,30 (South China)
(2020)
Apodemus agrarius  Rodentia Mahmoudietal. https://doi.org/10.1546 -10,10, 0,20 (West Africa)
(2020) 8/dl.fgbacu
Apodemus chevrieri  Rodentia Cuietal. (2013), https://doi.org/10.1546 -10,0, 0,20 (West Africa)
Mahmoudietal. 8/dl.44fckb
(2020)
Callosciurus Rodentia Mahmoudietal. https://doi.org/10.1546 60,90, 15,25 (India)
erythraeus (2020) 8/dl.y4958a
Cricetulus Rodentia Mahmoudietal. https://doi.org/10.1546 0,75, 50,80 (West Russia),
barabensis (2020) 8/dl.wn2yjf 20,30, 100,150 (South China)
Dipus sagitta Rodentia Mahmoudietal. https://doi.org/10.1546 0,50, 20,40 (East Africa)
(2020) 8/dl.zsxjca
Eothenomys Rodentia Cuietal. (2013), https://doi.org/10.1546 -
eleusis* Mahmoudietal. 8/dl.ajgygj
(2020)
Eothenomys Rodentia Mahmoudietal. https://doi.org/10.1546 -10,0, 0,20 (West Africa)
melanogaster (2020) 8/dl.pk7s7b
Marmota baibacina  Rodentia Cuietal. (2013), https://doi.org/10.1546 -
Mahmoudietal. 8/dl.ggdww5
(2020)
Marmota caudata Rodentia Cuietal. (2013), https://doi.org/10.1546 -
Mahmoudietal. 8/dl.edyx9b
(2020)
Marmota Rodentia Cuietal. (2013), https://doi.org/10.1546 -
himalayana Mahmoudietal. 8/dl.w99q4r
(2020)
Marmota sibirica Rodentia Cuietal. (2013), https://doi.org/10.1546 125,150, 20,40 (Japan)

Mahmoudi et al.

(2020)

8/dl.thtbau
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Meles leucurus

Meriones

meridianus

Meriones

unguiculatus

Micromys minutus

Microtus fortis

Microtus juldaschi*

Mus musculus

Mustela eversmanii

Mustela nivalis

Neodon fuscus*

Niviventer

andersoni

Ochotona dauurica

Pseudois nayaur

Rattus losea

Rattus nitidus

Rattus norvegicus

Rattus rattus

Rattus tanezumi

Carnivora

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Carnivora

Carnivora

Rodentia

Rodentia

Lagomopha

Artiodactyla

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Cui et al. (2013),
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.

(2020)

Mahmoudi et al.
(2020)
(Cuietal., 2013)

Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.

(2020)

https://doi.org/10.1546
8/dl.h862ak

https://doi.org/10.1546
8/dl.zhkuku

https://doi.org/10.1546
8/dl.9m9hbs

https://doi.org/10.1546
8/dl.xesm4r
https://doi.org/10.1546
8/dl.qujxzu
https://doi.org/10.1546
8/dl1.x98mfq
https://doi.org/10.1546
8/dl.82gk7w

https://doi.org/10.1546
8/dl.6rédan

https://doi.org/10.1546
8/dl.x3v5nz
https://doi.org/10.1546
8/dl.xhrxvj

https://doi.org/10.1546
8/dl.gm7w4p
https://doi.org/10.1546
8/dl.anzd7b
https://doi.org/10.1546
8/dl.unykvs
https://doi.org/10.1546
8/dl.qad8vj
https://doi.org/10.1546
8/d1.6ubg65
https://doi.org/10.1546
8/dl.rm8wv5
https://doi.org/10.1546
8/dl.acx9hv
https://doi.org/10.1546
8/dl.h25ynz

-4,4, 0,4 (South Atlantic)

-4,4, 0,4 (South Atlantic)

-10,10, 0,10 (South Atlantic)

95,130, 20,30 (South China)

-1,1 0,5 (South Atlantic)
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Rhombomys opimus

Spermophilus

alashanicus*

Spermophilus

dauricus

Spermophilus
erythrogenys

Tscherskia triton

Urocitellus
undulatus

Vulpes vulpes

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Rodentia

Carnivora

Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Mahmoudi et al.
(2020)
Cui et al. (2013),
Mahmoudi et al.

(2020)

https://doi.org/10.1546
8/dl.w3yvey
https://doi.org/10.1546
8/dl.eepgmt

https://doi.org/10.1546
8/dl.ted62t

https://doi.org/10.1546
8/dl.kd4c49
https://doi.org/10.1546
8/dl.fkhdnk
https://doi.org/10.1546
8/dl.rur2wc
https://doi.org/10.1546
8/d1.sff7b6

-10,10, 0,10 (South Atlantic)
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Table 3.6 Correlation of reservoir species niche suitability values through time (BMCP summed) and annual
precipitation values. Correlation was compared across two climate scenarios each with clamped and unclamped
model versions. Red-green colour scale was applied with red representing the lowest (most negative values) and

green representing the highest (most positive values) correlations. Reservoir species are grouped by region.

BMCP Sum correlation with annual precipitation
GFDL NO IPSL NO Mean by
Region Species GFDL CLAMP| CLAMP |IPSL CLAMP| CLAMP | Mean | SD Region | SD

Allactaga sibirica -0.187 -0.187 -0.084 -0.084 [ -0.135 | 0.060
Cricetulus barabensis -0.048 -0.048 -0.043 -0.043 | -0.046 | 0.003
Dipus sagitta -0.361 -0.361 -0.296 -0.296 | -0.328 | 0.038
Marmota baibacina 0.376 0.376 0.285 0.285 | 0.330 |0.052
Marmota caudata -0.058 -0.058 0.055 0.055 | -0.002 | 0.065
Marmota sibirica -0.111 -0.111 -0.098 -0.098 | -0.104 | 0.007
Meles leucurus 0.233 0.223 0.070 0.088 | 0.153 [0.086
Meriones meridianus -0.464 -0.464 -0.308 -0.308 [ -0.386 | 0.090

North Meriones unguiculatus 0.204 0.213 0.012 0.037 | 0.116 |0.107| -0.014 |0.245
Mustela eversmanii 0.430 0.430 0.183 0.187 | 0.307 |0.142
Mustela nivalis 0.068 0.074 0.022 0.023 | 0.047 |0.028
Ochotona dauurica 0.097 0.097 0.024 0.122 | 0.085 |0.043
Rhombomys opimus -0.446 -0.446 -0.290 -0.290 | -0.368 | 0.090
Spermophilus dauricus -0.355 -0.355 -0.120 -0.120 [ -0.238 [ 0.136
Spermophilus erythrogenys -0.224 -0.224 -0.190 [ -0.190 | -0.207 | 0.019
Tscherskia triton 0.322 0.195 0.375 0.375 | 0.317 |0.085
Urocitellus undulatus 0.272 0.377 0.120 0.120 | 0.222 |0.126
Apodemus chevrieri 0.113 0.113 0.017 0.017 | 0.065 [0.056
Callosciurus erythraeus 0.400 0.379 0.503 0.471 | 0.438 |0.058
Eothenomys melanogaster 0.523 0.523 0.412 0.412 | 0.467 |0.064

south Niviventer andersoni -0.363 -0.363 -0.244 [ -0.244 | -0.303 | 0.069 0347 | 0305
Rattus losea 0.530 0.530 0.708 0.708 | 0.619 |0.103
Rattus nitidus 0.577 0.577 0.643 0.643 | 0.610 |0.038
Rattus rattus 0.384 0.362 0.374 0.365 | 0.371 |0.010
Rattus tanezumi 0.570 0.570 0.451 0.451 | 0.510 |0.069
Apodemus agrarius 0.164 0.132 0.300 0.284 | 0.220 | 0.084
Marmota himalayana 0.016 0.016 -0.082 -0.082 | -0.033 [ 0.056
Micromys minutus 0.195 0.179 0.515 0.508 | 0.349 |0.188
North & Microtus fortis 0.223 0.223 0.158 0.158 | 0.191 |0.038

South Mus musculus -0.032 -0.046 0.214 0.218 | 0.089 (0.147 0145 0.159
Pseudois nayaur 0.152 0152 | -0.015 | -0.015 | 0.068 |0.096
Rattus norvegicus -0.074 -0.069 0.241 0.238 | 0.084 |0.180
Vulpes vulpes 0.084 0.024 0.332 0.315 | 0.189 |0.158
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Table 3.7 Correlation of reservoir species niche suitability values through time (summed) and lagged (1 year)
annual precipitation values. Correlation was compared across two climate scenarios each with clamped and
unclamped model versions. Red-green colour scale was applied with red representing the lowest (most negative
values) and green representing the highest (most positive values) correlations. Reservoir species are grouped by

region.
Sum correlation with annual precipitation
GFDLNO IPSL NO Mean by
Region Species GFDL CLAMP | CLAMP (IPSL CLAMP | CLAMP | Mean | SD Region | SD
Allactaga sibirica -0.157 -0.157 -0.029 -0.029 | -0.093 | 0.074
Cricetulus barabensis -0.106 -0.106 -0.080 -0.080 | -0.093 | 0.015
Dipus sagitta -0.097 -0.097 -0.069 -0.069 | -0.083 | 0.016
Marmota baibacina 0.122 0.122 -0.008 -0.008 | 0.057 [0.075
Marmota caudata 0.089 0.089 0.015 0.015 | 0.052 | 0.043
Marmota sibirica -0.149 -0.149 -0.095 | -0.095 | -0.122 | 0.031
Meles leucurus -0.112 -0.111 0.007 0.008 | -0.052 | 0.069
Meriones meridianus -0.215 -0.215 -0.024 | -0.024 |-0.119 | 0.110
North Meriones unguiculatus 0.007 0.014 -0.013 -0.014 | -0.001 | 0.014| -0.029 |0.086
Mustela eversmanii 0.109 0.107 0.071 0.070 | 0.089 |0.022
Mustela nivalis 0.117 0.116 0.066 0.068 | 0.092 |0.028
Ochotona dauurica -0.115 -0.115 -0.060 -0.040 | -0.083 | 0.039
Rhombomys opimus -0.152 -0.152 0.014 0.014 | -0.069 | 0.096
Spermophilus dauricus -0.140 -0.140 -0.017 -0.017 | -0.078 | 0.071
Spermophilus erythrogenys -0.022 -0.022 0.019 0.019 | -0.002 | 0.024
Tscherskia triton 0.040 -0.085 0.065 0.065 | 0.021 |0.072
Urocitellus undulatus 0.028 0.040 -0.042 -0.042 | -0.004 | 0.044
Apodemus chevrieri -0.026 -0.026 -0.024 -0.024 [ -0.025 [ 0.001
Callosciurus erythraeus 0.021 0.024 0.012 0.010 | 0.017 |0.007
Eothenomys melanogaster 0.059 0.059 0.081 0.081 | 0.070 |0.013
South Niviventer andersoni -0.142 -0.142 -0.027 -0.027 | -0.085 | 0.067 0.034 |0.080
Rattus losea 0.159 0.159 0.021 0.021 | 0.090 |0.080
Rattus nitidus -0.011 -0.011 0.055 0.055 0.022 [0.038
Rattus rattus 0.194 0.190 0.117 0.116 | 0.154 (0.043
Rattus tanezumi 0.071 0.071 -0.015 -0.015 | 0.028 | 0.050
Apodemus agrarius -0.056 -0.051 -0.058 -0.061 | -0.056 | 0.004
Marmota himalayana 0.227 0.227 0.078 0.078 | 0.153 | 0.087
Micromys minutus 0.225 0227 | 0086 | 0.083 | 0.155 |0.082
North & Microtus fortis -0.002 -0.002 -0.121 -0.121 | -0.061 | 0.069
South Mus musculus 0.152 0.152 0.085 0.081 | 0.117 |0.040 0085 10109
Pseudois nayaur 0.255 0.255 0.108 0.108 | 0.182 | 0.085
Rattus norvegicus 0.153 0.153 0.092 0.092 | 0.123 |0.035
Vulpes vulpes 0.205 -0.021 0.035 0.043 | 0.065 |[0.097
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Table 3.8 Correlation of reservoir species niche suitability values through time (BMCP summed) and lagged (1
year) annual precipitation values. Correlation was compared across two climate scenarios each with clamped and
unclamped model versions. Red-green colour scale was applied with red representing the lowest (most negative
values) and green representing the highest (most positive values) correlations. Reservoir species are grouped by

region.
Sum correlation with annual precipitation
GFDLNO IPSL NO Mean by
Region Species GFDL CLAMP | CLAMP |IPSL CLAMP | CLAMP | Mean | SD Region SD
Allactaga sibirica -0.145 -0.145 -0.032 -0.032 | -0.088 | 0.065
Cricetulus barabensis -0.096 -0.096 -0.071 -0.071 | -0.083 | 0.015
Dipus sagitta -0.094 -0.094 -0.072 -0.072 | -0.083 | 0.013
Marmota baibacina 0.095 0.095 0.049 0.049 | 0.072 |0.027
Marmota caudata 0.111 0.111 0.053 0.053 | 0.082 [0.033
Marmota sibirica -0.155 -0.155 -0.098 -0.098 | -0.127 | 0.033
Meles leucurus -0.113 -0.112 0.007 0.008 | -0.052 [0.069
Meriones meridianus -0.197 -0.197 -0.010 -0.010 | -0.103 | 0.108
North Meriones unguiculatus 0.006 0.012 -0.015 -0.016 | -0.003 |0.014| -0.022 (0.085
Mustela eversmanii 0.109 0.107 0.070 0.069 | 0.089 [0.022
Mustela nivalis 0.103 0.101 0.083 0.083 0.093 | 0.011
Ochotona dauurica -0.110 -0.110 -0.060 -0.040 | -0.080 | 0.035
Rhombomys opimus -0.154 -0.154 0.024 0.024 | -0.065 | 0.103
Spermophilus dauricus -0.105 -0.105 -0.038 -0.038 | -0.071 | 0.039
Spermophilus erythrogenys -0.035 -0.035 0.012 0.012 | -0.011 | 0.027
Tscherskia triton 0.017 0.035 0.028 0.028 | 0.027 |0.007
Urocitellus undulatus 0.056 0.114 -0.033 -0.033 | 0.026 (0.072
Apodemus chevrieri 0.075 -0.051 0.003 0.003 | 0.008 |0.052
Callosciurus erythraeus 0.021 0.126 0.012 0.011 | 0.042 |0.056
Eothenomys melanogaster 0.057 0.227 0.084 0.084 | 0.113 |0.077
south Niviventer andersoni -0.175 -0.005 -0.037 -0.037 | -0.063 | 0.076 0051 | 0.085
Rattus losea 0.152 0.152 0.033 0.033 | 0.092 |0.069
Rattus nitidus -0.015 0.173 0.059 0.059 | 0.069 |0.078
Rattus rattus 0.194 0.153 0.117 0.116 | 0.145 | 0.037
Rattus tanezumi 0.071 -0.021 -0.015 -0.015 | 0.005 (0.044
Apodemus agrarius -0.056 0.075 -0.058 -0.061 | -0.025 | 0.067
Marmota himalayana 0.126 0.024 -0.027 -0.027 | 0.024 |0.072
Micromys minutus 0.225 0.057 0.086 0.083 | 0.113 (0.076
North & Microtus fortis -0.005 -0.175 -0.099 -0.099 | -0.094 | 0.070 0.046 | 0.100
South Mus musculus 0.152 0.152 0085 | 0081 | 0.117 |0.040
Pseudois nayaur 0.173 -0.015 -0.055 -0.055 | 0.012 |0.109
Rattus norvegicus 0.153 0.190 0.092 0.092 | 0.132 |0.048
Vulpes vulpes 0.205 0.071 0.035 0.043 | 0.088 |0.079
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Table 3.9 Mean AUC difference for all species. Mean and SD are calculated across the species extent for all

climate scenarios

Mean AUC
Species Difference SD
Allactaga sibirica 0.041 0.039
Apodemus agrarius 0.082 0.060
Apodemus chevrieri 0.095 0.094
Callosciurus erythraeus 0.016 0.010
Cricetulus barabensis 0.066 0.039
Dipus sagitta 0.103 0.025
Eothenomys melanogaster 0.168 0.132
Marmota baibacina 0.151 0.124
Marmota caudata 0.048 0.025
Marmota himalayana 0.099 0.084
Marmota sibirica 0.095 0.081
Meles leucurus 0.178 0.155
Meriones meridianus 0.095 0.060
Meriones unguiculatus 0.074 0.078
Micromys minutus 0.039 0.038
Microtus fortis 0.154 0.067
Mus musculus 0.150 0.092
Mustela eversmanii 0.057 0.063
Mustela nivalis 0.058 0.038
Niviventer andersoni 0.100 0.064
Ochotona dauurica 0.052 0.026
Pseudois nayaur 0.030 0.023
Rattus losea 0.092 0.055
Rattus nitidus 0.050 0.042
Rattus norvegicus 0.125 0.050
Rattus rattus 0.072 0.028
Rattus tanezumi 0.076 0.054
Rhombomys opimus 0.200 0.186
Spermophilus dauricus 0.117 0.079
Spermophilus
erythrogenys 0.097 0.092
Tscherskia triton 0.098 0.072
Urocitellus undulatus 0.087 0.094
Vulpes vulpes 0.065 0.065
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3.6.2 Supplementary figures
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Figure 3.7 Variable selection through correlograms and cluster dendrograms. The top two plots are cluster
dendrograms, the variables above the dashed line are the least correlated. As few variables were suggested as
uncorrelated through the cluster dendrograms, correlograms (lower plots) were also used to identify the 4 least
correlated precipitation (left) and temperature variables.
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Figure 3.8 Niche suitability maps across selected species projected into the time averaged period (1970-2000 C.E.)
for each climate and clamping scenario (noted in each plot title). Chinese regional boundaries (white line) and the
Northern and Southern China regions (grey dashed lines) are shown. (Figure continued on following pages)
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Rattus nitidus
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Figure 3.8 continued
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Tscherskia triton
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3.6.3 Attempted multi-temporal calibration
Hindcasting ENM'’s into past climate space requires the assumption of temporal niche

stability, where | assumed that the niche of a species was the same in both the period
the model was built and projected (Nogués-Bravo, 2009). This assumption was critical
when predicting any species over a several thousands of years and was further
relevant for many species over hundreds of years for example highly climatically
dynamic species such as pathogens or insects, both of which are key plague dynamics
(Pearman et al., 2008). Further rapid recent morphological changes in rodents are
suggested to be strongly associated with human population density as well as
changing climate trends, which may suggest a lack of stability across some common
commensal host species, which warrants further investigation (Pergams and Lawler,

2009).

This assumption should be considered whenever hindcasting as well as the
assumption that species are at equilibrium with climatic conditions, which must be
considered even when projecting a species within a single time period. Nogués-Bravo
(2009) suggests a range of practices which should be implemented to limit the
potential impact which these assumptions may have upon results. Several of these
practices may be applicable to this study and | explore one particular method (multi-

temporal calibration) explicitly.

Initial hindcasting focused upon the niche of Y. pestis instead of the niches of host
species. Although this was not subsequently utilised for the hypothesis testing within
this chapter it provided an example of a species likely to show niche plasticity over
the study period due to rapid phylogenetic response to climatic change (Cui et al.,

2020).

The suggested method which | attempted to include in hindcasting analysis is the use
of multi-temporal calibration. Multi-temporal calibrations, where climatic and
occurrence data from multiple time steps are combined into a single model or
projection, are suggested to better represent the range of climatic conditions that a

species utilises through time and therefore may lead to a greater transferability of
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ENMs through time (Nogués-Bravo, 2009). This methodology is not isolated to
hindcasting but is also applied to contemporary distributions where the species
under investigation are highly climatically dynamic (Fancourt et al., 2015) or when
extreme weather events, not visible in time averaged data, may have a large impact
on species distributions (Bateman et al., 2012).I suggest that such methods may be
applicable to the distribution of Y. pestis across Asia. Further the period of
investigation covering the Third Pandemic is a highly volatile climatic period,
particularly across Yunnan province. The period from the first human fatalities to the
international pandemic transmission represents a particularly climatically unstable
period with the eruptions of Tambora (1815 C.E.) and a large unknown eruption in
1809 C.E. which combined had a significant impact on Yunnan and the climate of
South China (Cao et al., 2012). This combination of rapid response to climatic
conditions by Y. pestis and the volatility of climatic conditions across the period of
investigation lead to the hypothesis that; Y. pestis distribution prior to and during the
early stages of the Third Pandemic would be best represented using models built with

multi-temporal calibrations rather than time averaged bioclimatic data.

This analysis did not validate this hypothesis as there was negligible difference
between a multi-temporal calibration methods and a time averaged methods both
when testing the models against all occurrences and when testing against a temporal
subset of the data. This method was therefore not developed any further with the

integration of reservoir species.
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4 Testing the niche of Y. pestis in soil through experimental
microbiology

4.1 Introduction

The previous chapters (2 & 3) have focused on the impacts that reservoir species can
have upon the transmission and distribution of Y. pestis. However, Y. pestis infection
has regularly been recorded to re-emerge following prolonged periods of quiescence,
during which it has not been sampled from reservoir populations (Ramalingaswami,
1995, Bertherat et al., 2007, Andrianaivoarimanana et al., 2013, Cabanel et al., 2013).
One possible hypothesis which may explain these re-emergences is that Y. pestis can
potentially persist in soils (Drancourt et al., 2006). This is counter to the prevailing
hypothesis that, following the adaptive diversification which enabled vector
transmission in Y. pestis, the potential for Y. pestis to survive in the soil may have
been gradually lost (Hinnebusch et al., 2016). Several studies have suggested Y. pestis
is capable of surviving in soil both experimentally and observationally (Karimi, 1963,
Mollaret, 1963, Ayyadurai et al., 2008, Eisen et al., 2008, Malek et al., 2017) and | aim
to further this literature by testing the impact that soil abiotic variables may have

upon Y. pestis’ potential for survival.

The prevailing hypothesis that Y. pestis is incapable of surviving in the environment
is based on the assumption that the adaptive diversification which Y. pestis
underwent led to an ecological change from generalist to specialist and hence
following the transition to a host-vector life cycle, mutations in genes with functions
influencing environmental survival may accumulate leading to host dependency
(Hinnebusch et al 2016). However this hypothesis has been challenged with recent
work suggesting Y. pestis can persist within soil environments, both independently
and through infection of soil dwelling biota (Benavides-Montafio and Vadyvaloo,
2017, Markman et al., 2018). This alternate hypothesis has been forwarded through
observational (Eisen et al., 2008) and experimental (Ayyadurai et al., 2008, Markman
et al., 2018) studies, however, much further work is required regarding the

mechanisms and environmental tolerances of Y. pestis’ survival within soil.
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Discussions of Y. pestis surviving in the soil are not an entirely new hypothesis with
one of the earliest reports of Y. pestis by Alexandre Yersin, the co-discover of Y. pestis
and after whom it was named, who cultured Y. pestis from the soil floor of a hut
whose inhabitants had died of plague (Yersin, 1894, Ayyadurai et al., 2008). Further
early evidence of Y. pestis surviving in soil can be found from the burrow of infected
host species (Karimi, 1963, Ayyadurai et al., 2008) as well as early experimental soil
survival experiments (Mollaret, 1963, Ayyadurai et al., 2008). There also appears to
be a wealth of Russian studies investigating the survival of Y. pestis in soil for up to 8
years in experimental studies and 3 years in observational studies as well as
interaction with soil bacteria and amebae, however, much of this work, including
relatively recent papers, are only accessible to non-Russian speakers through rare

review papers (Bukharin et al., 2005, Karimova et al., 2010).

Recent studies have furthered the evidence for Y. pestis survival in soil. One such
paper focuses on a case from 2007 where a wildlife biologist in Arizona contracted
plague in Grand Canyon National Park and subsequently died after contact with a
recently deceased mountain lion (Eisen et al., 2008). The animal died as a result of
the Y. pestis infection and post-mortem, a large pool of blood had formed in the soil
under the animal’s mouth and nose. The soil in which the blood had pooled was
sampled and fully virulent Y. pestis was recovered (Eisen et al., 2008). This evidence
appears to suggest that Y. pestis can survive for at least 3 weeks in soil under natural
conditions, however, there are several caveats to these findings. The area where
plague was sampled was heavily saturated in blood which will have formed an
incredibly nutrient enriched environment for bacterial growth which is unlikely to be
consistent throughout the environment. The area was also observed to be shaded
and was in late October which led to limited UV exposure and an ambient
temperature, these conditions are not consistent across environments where Y.
pestis is found, however, the author notes that these conditions are analogous to
conditions found in epizootic host burrows (Eisen et al., 2008). Much further work is
required to gain greater understanding of the mechanisms of both environmental

survival and subsequent transmission to susceptible reservoir species.
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A recent publication found evidence of Y. pestis (Orientalis strain) recovery from a
high salinity soil specimen from the edge of a salted lake “Chott” in Algeria (Malek et
al., 2017). This work further suggested a geographical correlation between plague
reservoirs in North Africa (and further the northern Hemisphere in general) and
proximity (>3km) to salt sources, either the Mediterranean Sea or a Chott lake
suggesting an adaptive tolerance to potential high salinity soils. The authors also
tested the survival of strain Algerial in three natural Algerian soils, sterilised through
autoclaving, and supplemented NaCl to mimic low and high salinity soils. After 5
weeks there was no difference in the survival of Y. pestis between these two
treatments and both had only shown a minor decrease in recovered colonies through
time. A further study has demonstrated the capability of Y. pestis to survive in soil for
up to 40 weeks independent of other organisms (Ayyadurai et al., 2008). The soil used
in the experiment was only identified as “Natural sand collected in the Marseille
area”, this soil sample was sterilised to eliminate all other bacterial growth and
subsequently inoculated with fully virulent Y. pestis. Samples were maintained at
room temperature (range 18.7°C to 24.0°C) for the full 40 week sampling period. At
each of the 26 sampling points across the 40 weeks mouse infection experiments
were performed with Y. pestis recovered from the sand which was demonstrably
shown to be fully virulent and caused similar symptoms as expected in mouse models

of primary plague pneumonia (Lathem et al., 2007).

One mechanism for soil survival often discussed is the possibility of adherence to or
infection of soil dwelling invertebrates. Y. pestis has been observed to both survive
and replicate in several species of soil dwelling amebae and nematodes. Markman et
al. (2018) found that of 5 amebae species found within prairie dog burrows, one
species, Dictyostelium discoideum was observed to phagocytose Y. pestis which
would then replicate intracellularly. The authors further suggested that through
maintenance in soil amebae within host burrows Y. pestis could re-enter the
bloodstream of reservoir species by entering wounds either caused by burrowing or
antagonistic host-to-host interactions (Markman et al., 2018). Such amebae also form
spores (other species under investigation in the study form cysts) and can survive

dormant in the environment for months even under relatively extreme conditions
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(Lawal et al., 2020), which Markman et al. (2018) suggested may explain Y. pestis
‘cryptic’ inter-epizootic re-emergence after 2-5 years. Benavides-Montafio and
Vadyvaloo (2017) completed similar experiments with Acanthamoeba castellanii
with results suggesting that multiple strains of Y. pestis can survive phagocytosis by
A. castellanii and survive for at least 5 days at temperatures representative of winter
host burrow conditions (4°C). Y. pestis also localises in A. castellanii trophozoites and
it was further speculated that Y. pestis may persist in cycts for prolonged periods
which may help explain interepizootic re-emergence observed in many global
reservoirs (Barbieri et al., 2020). Benavides-Montafio and Vadyvaloo (2017) further
investigated the mechanisms which contribute to survival of amebae phagocytosis.
The PhoP regulator, which is required for intracellular survival within host cells was
found necessary for survival within A. castellanii, while expression of the Type 3
secretion system (T3SS), which inhibits phagocytosis by host cells was, as expected
found to also block phagocytosis by the amebae. However, the conditions previously
found to induce expression of the T3SS (low Ca?*and 37°C (Chen and Anderson, 2011)
are unlikely to occur in the soil environment. This therefore suggests that within soil
environments the T3SS is also active at low temperatures. Y. pestis has been observed
to produce biofilm which can envelope the “head” and inhibit the feeding of the

common soil nematode species Caenorhabditis elegan (Darby et al., 2002).

Arecent investigation into the impact of climate, in the Tien Shan Mountains in north-
western China, on the prevalence of Y. pestis strains with varying rates of biofilm
production (rpoZ variants) has tentatively suggested that during cold and dry periods
there is positive selective pressure towards the rpoZ variants (Cui et al., 2020). If a
bottom-up trophic cascade relationship exists within the host-vector-bacteria system
in this region, as is observed in several other plague reservoir systems (Collinge et al.,
2005, Stenseth et al., 2006, Kausrud et al., 2007, Xu et al., 2015), then this may
suggest greater biofilm production is promoted as a response to decreasing vector
and host populations and densities during colder and drier periods. The authors state
that the selection of the increased biofilm producing strains may alternatively be
related to factors influencing the survival of Y. pestis in soil, however, the survival

mechanisms require much further research to support this claim.
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The survival of the bacterial species in soil is determined by a combination of biotic
factors, such as co-habitation, predation and competition by other soil dwelling
organisms, and abiotic factors, such as organic carbon content, nutrient content, pH,
water tension and temperature (van Veen et al., 1997). Both Ayyadurai et al. (2008)
and Malek et al. (2017) eliminated all biotic factors through autoclaving as it
effectively sterilises the soil but also alters the soil structure causing the release of
ammonium-N and amino acids, and may further decease the surface area of clays
(Trevors, 1996, Buchan et al., 2012). Inoculating the soils with chemicals such as
methyl bromide or formaldehyde is another alternative sterilisation technique,
however, they lead to contamination of the soil with toxic residues (Buchan et al.,
2012). An alternate method which does not impact soil structure and has a much
lesser impact on organic soil chemistry but may cause depolymerisation of
carbohydrates is Gamma-Irradiation (y-Irradiation) (Trevors, 1996). Any sterilization
method eliminates biotic factors which may inhibit the survival of a given species in
‘real world’ conditions limiting the application of such results in epidemiological or
ecological studies. The alternative use of non-sterile soils for inoculation experiments
with Y. pestis is absent from modern literature despite the observational studies of
Y. pestis surviving in ‘real world’ all be it niche circumstances (Eisen et al., 2008). As
recent studies have worked to include further elements into the plague’s
hypothesised soil reservoir such as interactions with soil biota | must further look at
Y. pestis in non-sterile soils to determine the viability of this reservoir when not
controlling for biotic factors in the environment (Benavides-Montano and Vadyvaloo,
2017, Markman et al., 2018). Generally, non-soil adapted bacteria, when introduced
to natural soils will show a decline in growth of populations and long-term
persistence is rare, therefore if any survival of Y. pestis can be demonstrated in soils
this may further demonstrate the role of soil reservoirs in the long term persistence

and evolution of plague (van Veen et al., 1997, Drancourt et al., 2006).

| therefore developed an experimental framework for testing the survival of Y. pestis
in soils while varying specific soil variables in an attempt to determine the niche which
Y. pestis may inhabit within the soils. Given strict protocols when working with fully

virulent Y. pestis, significant prior training with repeated observation and testing was
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required to complete experimental work within the Containment Level 3 (CL3)
Laboratory where all work with Y. pestis must take place. | therefore completed
several experiments with Y. pseudotuberculosis under the required Containment
Level 2 (CL2) conditions to improve my aseptic technique while testing protocols for
long term survival experiments. These initial work-up experiments included, Y.
pseudotuberculosis biofilm assays with the soil nematode species Caenorhabditis
elegans, long term maintenance and recovery of Y. pseudotuberculosis from an
isolated sterile environment and soil sterilisation. All of which are presented below
and provided the opportunity to improve my aseptic technique and develop novel

methodology for use on the final Y. pestis soil survival experiment.

4.2 Material and methods

4.2.1 Growth media and growth conditions

Y. pseudotuberculosis strains (Table 4.1) were cultured in Luria broth Lennox 5 g/L

NaCl, 5 gL! peptone (Difco-Bacto™), 5 gL* yeast extract (YLB) (Luria and Delbriick,

1943) at 30°C and E. coli OP50 were grown at 37 °C in Luria broth (LB) (10 g/L NaCl, 5
gLl peptone, 5 gL yeast extract) (Luria and Burrous, 1957) with aeration and shaking
at 250 rpm. When necessary, 15 g/L agar was added to the media for plate assays. Y.

pestis strains were grown at 30°C shaking (200 rpm) unless specified otherwise in

Brain-heart-infusion (BHI) broth (OxoidTM) using 37 gL™! BHI powder.

For biotic biofilm assays, Caenorhabditis elegans were maintained at 22°C on
modified nematode Growth Media (NGM) containing 1 g peptone, 1.2 g NaCl, 6.8 g
Agar in 400 ml sterile distilled water, with further additions following autoclaving of
0.4 ml cholesterol (5 mg/ml in EtOH), 0.4 ml 1M CaCl,, 0.4 ml Mg SOy and 10.0 ml 1M
KH2 PO4 ph6 seeded with E. coli OP50 (Epstein and Shakes, 1995).

128



Throughout all Y. pestis soil survival assays the soils were maintained at 20°C. Y. pestis
strains, following soil inoculation and recovery, were cultured in Yersinia selective
agar YSA (Sigma- Aldrich) treated with the fungicide cycloheximide (cycloheximide
18079-10X10MI-F, 0.1% sol, Sigma- Aldrich) (40 ml/L of medium) and the antibiotic

erythromycin (Erm) at 25 pg/ml. YSA plates seeded with aliquots from the soil assays

were cultured at 30°C.

Table 4.1 Full list of bacterial strains used throughout the experimental study

Bacterial Strain Description Source

Escherichia coli

OP50 A uracil auxotroph (Epstein and Shakes,
nutrient source for C. 1995)
elegans / TcR
Yersinia
pseudotuberculosis
YPIIl Parent Parent strain of Y. (Rosqvist et al., 1988)
pseudotuberculosis

harbouring the virulence

plasmid pYV Serotype

0:3/ NaIR
Yplll AnagC Yplll lacking the repressor (Wiechmann, 2016)
of the GIcNAc-operon

NagC (KmR)
Yersinia pestis
C092 parent Parent strain, isolated (Doll et al., 1994)
from a patient who died
Colorado, pCD1, pFra,
pPst (ErmR)
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4.2.2 C. elegans biofilm infection assays.

C. elegans (wild-type N2 Bristol, obtained from the Caenorhabditis Genetics Centre,
University of Minnesota, USA) were maintained on NGM plates with 400 ul of E. coli
OP50 spread on the surface and incubated at 22°C. Biofilm infection assays were
performed as described by Atkinson et al. (2011). Bacterial strains (Table 4.1) were
cultured overnight and subsequently diluted to an ODggo of 1.0 in 2 ml. 400 pl of each
culture was spread on fresh NGM plates and approximately 30 C. elegans were picked
from the stock plates onto the plate seeded with Y. pseudotuberculosis and incubated
at 22°C. Following 24h of growth a biofilm severity index was then assigned to each

worm by rating the size and coverage of the biofilm as follows:
Biofilm severity index (%)

_ {[ { severity x number of worms in this level ]} 100
highest severity x total number of worms &

0 = no biofilm, 1 = small biofilm (often) around the buccal cavity, 2 = large, mono-

focal biofilm, 3 = very large, multi-focal biofilm (Atkinson et al., 2011).

4.2.3 Long-term maintenance and recovery of Y. pseudotuberculosis from an

isolated sterile environment.

13mm glass coverslips were placed in a petri dish with 2 strips of masking tape affixed
to the base, all of which had been previously UV sterilised through use of UV
sterilisation cabinet. The tape was used to provide stability for the cover slips and
facilitate the easy picking of cover slips using tweezers. Y. pseudotuberculosis Yplll
was cultured overnight, after which the ODggo was normalised to 0.1 in fresh YLB and
returned to the incubator until the ODsoo values representative of the exponential
(0.6-0.8) and stationary (1-1.2) growth phases were achieved. 2 ml of each
normalised culture was added to 2 ml tubes and centrifuged for 5 minutes at 10,000
x g. The supernatant was then discarded and washed with PBS, this process was
repeated twice and following the second wash the pellet was re-suspended in 1 ml

of PBS. 50 ul aliquots of the sample were pipetted onto the sterilised 13 mm cover
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slips within the petri dishes. Each petri dish was further placed within a sealed plastic
container (which had also been UV sterilised) with a digital hygrometer taped to the
lid to enable the recording of humidity at each sampling point. All results were
recorded within a sealed container with a 2 L internal volume maintained at a
constant temperature of 30°C. To sample viable bacteria cover slips were carefully
removed taking care to keep the coverslip horizontal as at high humidity the sample
had often not dried to the cover slip. Each coverslip was then placed in a small tightly
sealed petri dish with 0.5 ml of PBS. Using an orbital shaker each sample was agitated
for three fifteen second periods to re-suspend the attached cells. Serial dilutions in
PBS by factors of 10 were completed up to a dilution of 1/10000 and aliquots (25 pl,
50 pl and 100 pl) were spread onto YLB plates and incubated overnight at 30°C.
Undiluted samples were centrifuged to concentrate into a pellet and re-suspended
in 20 ul of PBS, which was further plated on to YLB. Four further plates (25 pl, 50 ul
and 100 ul and remainder) were stored in the 4°C and were only checked following
overnight growth at 30°C if the initial samples showed no growth to confirm that no
viable cells survived. Following the overnight of the initial samples all plates were

photographed as record of cell survival and to allow survival to be later quantified.

4.2.4 Soil sterilisation and validation

Model soils were prepared using a combination of peat and sand homogenised to a
consistent grain size of 355 um < x < 710 pum and a respective ratio of 0.75 and 0.25
to ensure that the availability of organic matter (assuming that the organic matter is
bioavailable) would not be a factor in limiting bacterial growth (Fontaine and Barot,
2005). Homogenising the grain size was an attempt to normalise the pore space as if
the grain size is consistent throughout the samples the pore space should remain
similarly consistent. Following the mixing of the constituent parts the soil samples
were sterilised by autoclaving three times in autoclave bags. Soil sterility was
assessed by culturing autoclaved samples on LB agar, using a loop to mix the soil then

streak on to LB agar.

131



4.2.5 CL3 general safety principles

For all work completed in the Containment Level 3 (CL3) laboratory detailed safety
procedures and protocols were implemented to prevent exposure. This included
ongoing training and monitoring to show continued competence of workers and was
further accompanied by quarterly emergency training exercises. Whenever the lab
was in use another CL3 trained member of the team was on site to provide support
in the case of an emergency. CL3 lab work was always completed within a Class |
Microbial Safety Cabinet (MSC) which maintains a negative air pressure gradient from
outside the lab through the lobby and laboratory and out through the MSC to ensure
the worker is protected at all times. Y. pestis cultures were double contained
whenever they were removed from the MSC with custom carry cases suitable for agar
plates or liquid cultures. The maximum liquid culture volume was limited to 20ml and
racks were always placed perpendicular to the front of the MSC to limit the chance
of a spillage leaving the MSC. All surfaces were cleaned with either 2 or 10 % Distel
with a 3 minute contact time (Star Lab Group) and weekly cleaning of the lobby and
lab was mandatory. All liquid cultures of Y. pestis were treated with 10% Distel prior

to removal and autoclaving.

Appropriate personal protective equipment (PPE) was worn at all times and waste
from the MSC was placed in sweetie jars (Sigma Aldrich) prior to removal from the
MSC and combined with all other waste produced in the CL3 suite and was autoclaved

prior to removal where it was autoclaved a second time before final disposal.

4.2.6 Y. pestis soil assay

The experimental work up was a multi-day process with sampling and recording
results also taking multiple days to allow the longest possible period to observe
bacterial growth. The methodology described was in a process of iterative
improvement as restrictions due to the CL3 operating procedures required all
changes to be approved by the University of Nottingham Safety Office prior to
actioning these changes in the lab. Improvements were being approved and

preparations made for a final multi-month experiment as the COVID-19 pandemic
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forced lab closures, after which work was not able to restart. The methods described
below are therefore in their final form, however, some of the methods had not yet

been used within the lab due to the premature end to the work.

Y. pestis (Table 4.1) was grown overnight at 30 °C with shaking in 50 ml vented falcon
tubes containing 10 mL BHI broth. Following centrifugation (5000 x g, 15 min) the
pellet was re-suspended in x (determined by number of soil samples) ml dH,0, the
ODeoo noted and 1 mL aliquots were used to seed 5 g samples of pre-warmed sterile
and non-sterile soils in 50 mL vented tubes along with up to 0.5 ml of sterile dH,0 to
ensure that each soil sample was completely saturated so that no dry areas could be
observed in the tube but without any pooling on the surface of the sample.
Alterations were being made to improve the standardisation for future iterations of

this experiment and will be discussed in Discussion of methodology.

Following inoculation and subsequently at each sampling period the tube and soil
sample was weighed and CFUs were then determined. 1.5 mL of dH,0 was added to
the soils to be sampled and then mixed by gentle tapping. The samples were then left
for 5 minutes to allow the soil particles to settle and to reduce the likelihood of
aerosolised Y. pestis. 1 mL of the supernatant was then transferred to 1.5 ml screw
cap tubes and serially diluted to 10~ and 50 ul of each dilution was transferred onto
YSA plates (segmented % plates used), treated with cycloheximide fungicide and
incubated at 30°C for up to 5 days. Colony counts were then completed at both

sampling periods.

For the final experimental run the moisture of the soil was maintained to avoid
desiccation The rate of moisture loss from the 5 g soil samples had previously been
calculated at 22°C and 37°C ( personal communication Vanina Garcia) and to maintain
constant moisture throughout the volume of dH,0 to be added prior to each sampling
point maintain a moisture content of = 1.5 ml was calculated (to match the starting

moisture) throughout the 28 day sampling period.
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Table 4.2. Rate of moisture loss from soils in falcon tubes at two different incubation temperatures

Temperature Day  Percentage Percentage Average percentage
H20 evaporated H20 evaporated H20/day
37°C 0 100 0
4 72.7 27.3 6.8%/day
6 60.7 39.3 6.5%/day
22°C 0 100 0
1 96.9 3.1 3.1%/day
4 90.5 9.5 2.4%/day
4.3 Results

4.3.1 C. elegans biofilm assay

The aim of early experimental work was to gain practical and theoretical knowledge
working with Yersinia spp. Following previously published methods (Atkinson et al.,
2011, Wiechmann, 2016, Elton, 2018), my early experiments focussed on improving
proficiency using laboratory equipment and developing essential aseptic techniques.
This covered a range of activities including correct preparation of liquid and solid
growth media, maintenance of C. elegans and culturing of Y. pseudotuberculosis

bacterial populations.

C. elegans, a free-living nematode species, is a commonly used model organism which
has been used in infection assays alongside Y. pseudotuberculosis to develop an
understanding of genetic pathways of Yersinia spp. which mediate biofilm formation
(Atkinson et al., 2011). To gain experience working with the C. elegans biofilm
infection model, assays were performed with the Y. pseudotuberculosis parent which
produces large biofilm masses on the surface on C. elegans, and a genetically
modified parent strain in which a regulatory protein NagC was inactivated through
mutation. The NagC protein is responsible for metabolism of GIcNAc and is necessary
for biofilm formation (Wiechmann, 2016) and the NagC mutant lacks the NagC
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regulator protein and produces much reduced or no biofilm masses on the infected

C. elegans.

As expected, infection assays revealed that the Y. pseudotuberculosis parent (YPIII
wt) formed large biofilms around the anterior end of C. elegans (BSI, 37%), while the

NagC mutant was incapable of forming any observable biofilm (BSI, 0%).

4.3.2 Long term maintenance and recovery of Y. pseudotuberculosis from an
isolated sterile environment.
The primary aim of this work package was to investigate long term survival and
recovery of Y. pseudotuberculosis in a nutrient depleted environment and develop
experience and associated methodologies required for long term survival
experiments for later application to Y. pestis soil survival experiments. The methods
for this experiment were developed in an iterative process, with incremental changes
made to the evolving methodology as repetitions of the experiment were completed.
This enabled a range of factors which may impact bacterial survival to be investigated

during method development.

The initial experiments were primarily to develop the laboratory techniques and
construct the standard operating procedures (SOPs) for the novel methodology
developed for this experiment, while the latter experiments aimed to provide
experimental results at a publishable standard. The work covered a range of
techniques; optical density normalisation, UV sterilisation and serial dilutions and
ensured that conditions and protocols would be appropriate for work with Y. pestis

under CL3 conditions.

An initial short-term (7 day) experiment was designed to compare the recovery of Y.
pseudotuberculosis following incubation on sterile cover slips using Phosphate-
Buffered Saline (PBS) solution or dH,0 to recover the bacteria from the glass slides at
the end of the experiment (Table 4.3). PBS is used ubiquitously for cell recovery and
washing and contains NaCl, KCI, Na;HPO4, KH,PO4 at concentrations intended to

match the human body. However, for both the Y. pseudotuberculosis and Y. pestis

135



recovery experiments the focus was on recovery from the environment and not in
association with a human host. There is evidence of Y. pestis surviving in soils with
high salt content (Malek et al., 2017) which is marginally analogous to PBS solution.
The presence of a solution with a comparable mineral content to PBS within the
environment is unlikely, whereas water is ubiquitous within the environment. Table
4.3 shows the colony counts against the dilutions for the initial comparison of the PBS
when compared to dH;0 and suggest that PBS promotes greater recovered colony

growth than dH,0.

Table 4.3 Impact of solution used to recover Y. pseudotuberculosis from cover slips. TNTC stands for too numerous
to count.

Treatment Dilution Colony
Count
dH20 1 Confluent
1/100 TNTC

1/1000 407

1/10000 22
PBS 1 Confluent
1/100 TNTC

1/1000 TNTC
1/10000 TNTC

Although humidity was not stabilised it was monitored over time and the recorded
humidity from each experiment was combined (Figure 4.1) and suggest that humidity
within the sealed container is initially very high, near 100%, and gradually declines
until around day 20 when there is an increased rate of humidity decrease. The highest
rate of humidity decrease is from day 20 to 40 after which the gradient decreases

until sampling ends at day 60.
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Figure 4.1 Variation in humidity through time in containment box

Optical density (OD) is routinely used to monitor bacterial growth by measuring the
amount of light scatter (600 nm wavelength) through a liquid culture. This value acts
as a proxy for the number of bacteria in a culture when combined with serial dilutions
and colony counts on agar plates with the resulting growth curve showing the
different growth phases. Based on previous estimates of when Y. pseudotuberculosis
entered late exponential phase (ODeoo values of 0.8-1.0 - personal communication
Vanina Garcia) cultures were incubated at 30°C and ODeoo monitored regularly and

usually reached the required ODggo between 2 h-3.5 h.

A follow-up experiment monitored growth until day 39 (RH = 41%) with data recorded
as binary growth or no growth followed by an experiment to quantify the survival of
Y. pseudotuberculosis at each sampling point by photographing each plate to allow
later counting. However, survival was only observed to day 20, with no survival

observed at the next sampling point, day 32 (RH =%72).

In the final experiment | tested the hypothesis that Y. pseudotuberculosis survival was
a function of the bacterial growth phase of Y. pseudotuberculosis at which the cover
slip had been inoculated. This hypothesis is based upon the idea that Gram-negative
bacterial cells in a stationary growth phase can transition to resistance cells capable
of surviving in a sterile environment for long periods (Navarro Llorens et al., 2010).
To determine if survival of Y. pseudotuberculosis in a sterile environment was a
function of the growth phase at which the cover slips had been inoculated, cultures

were standardised to an ODeggo of 0.6-0.8 (exponential growth phase) and 1-1.2
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(stationary phase). The use of two separate treatments provided an analogue for
later Y. pestis soil experiments as at each time step results needed to be recorded for
both soil treatments and a suitable number of replicates. Samples were taken at 19,
29, 39, 50 and 59 days starting at day 19 as previous experiments had consistently
demonstrated survival up to day 20. Samples were recovered and serially diluted to
10%. However, from day 50 onwards the colony counts at 10* exceeded the
estimated 30-300 colonies and all serial dilution treatments was not varying by the
expected factor, either suggesting a systematic sampling error or that greater serial
dilution factors were required. The results therefore only confirm the survival of V.
pseudotuberculosis but unfortunately cannot be used to accurately quantify survival.
The comparison of the two differing treatments is also inconclusive as the colony
counts were not consistently greater for either treatment across all sampling periods.
Independent of the treatments the general trend in the colony counts is an initial
decrease from day 19-39 followed by an increase and stabilisation for the remaining
time steps. The humidity was recorded as 57% at Day 39 and 36% at Day 50 after
falling 95% at the initial sampling point (day 19) and eventually reaching 41% at the

penultimate sampling point (day 59).

4.3.3 Soil sterilisation and validation

Previous experimental work exploring the survival of Y. pestis in soil was completed
using sand sampled from the Marseille area (Ayyadurai et al., 2008). The aim of this
methodology was to build on this previous work to formulate a standardised soil
more representative of those where Y. pestis has been recovered previously (Eisen et
al., 2008). The decline of introduced bacterial species within soil environments is
generally dependent on protective pore space availability, nutrient availability, and
the presence or absence of antagonistic microorganisms (van Veen et al., 1997). An
attempt was made to normalise the pore space and nutrient availability while
investigating the impact that potentially antagonistic microorganisms may have upon
the survival of Y. pestis. The pore space was normalised through homogenising the
grain size of the combined sand and peat to around that of medium grained sand

(355 um < x < 710 um). The aim of the initial work was to confirm survival in sterilised
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and un-sterilised homogenised soils with the potential of also varying environmental

conditions such as temperature and humidity.

Soils were successfully sterilised through three autoclave runs using limited volumes
to avoid clumping which can inhibit the penetration of steam (autoclave run: normal
temperature 128.6 °C, pressure 1.4 bar, run cycle 22 mins). An issue with this
methodology is that autoclaving alters the soil structure while releasing ammonium-

N and amino acids (Trevors, 1996).

As the soil was not sterile after one autoclave run, this was an ideal juncture to test
how well differing sterilisation methods performed (Figure 4.2). Soil samples were
added directly to LB agar which was effective in identifying bacterial colonies as was
using a loop and then streaking this onto an LB plate. In addition, small lumps of soil
were added to LB broth, incubated at 30°C overnight and then the supernatant
streaked onto LB agar which returned higher colony counts and was used for all

subsequent experiments.

Loop Soil/Aliquot

Direct
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Figure 4.2. Comparison of sterility check methods in LB plates

4.3.4 Y. pestis soil assay

Three soil assay experiments with recorded results were completed prior to
laboratory closures due to the COVID-19 pandemic, with each experiment intended
to test and improve the methodology prior to the final three-month long survival

experiment.

4.3.4.1 Experiment 1 — Preliminary methods work-up

Initially, survival of Y. pestis was tested in sterilised and non-sterilised soil under CL3
laboratory conditions over 12 days with colony counts completed on day 2 and 6 on
Yersinia selective agar (YSA). Growth was observed in all four samples with much
more growth observed in the sterilised soils. Colony counts could not be completed
for the autoclaved soils as the colonies were too numerous to count (TNTC) at a serial
dilution of 1 x 1072, however, no colonies were observed at 107-3. Colonies were

countable in the non-sterilised soils up to 10/-2.

As there was only one sampling period for the 12 day experiment there was limited
opportunities to observe potential short falls in the sampling methodology to enable
improvements. However, one area of potential improvement was the serial dilution
process. The serial dilution was completed using 1.5ml screw cap Eppendorf tubes
mounted in a rack which required 16 tubes for 4 treatments and 4 levels of serial

dilution. Each serial dilution was then plated onto an individual plate and incubated.
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As all samples in the CL3 laboratory require double containment and the transfer
boxes can store a maximum of 8 plates this required 2 transfer boxes. Two
improvements were made to this process. A colony count was completed for the non-
sterile soil but the sterile soils were TNTC. A larger and flexible range of serial dilutions
was needed, as suggested from the earlier long term Y. pseudotuberculosis
experiments. To achieve this, instead of increasing the number of 1.5 mL tubes, serial
dilutions were completed using a 96 well plate, greatly reducing the amount of
equipment required. Space limitations meant that it was not feasible to use two
transfer boxes for each sampling period, so to address this issue four compartment
petri dishes were used which enabled a greater range of 10-fold serial dilutions to 10
7, while reducing the number of plates. This enabled all samples from one sampling

period to be stored in one transfer box.

4.3.4.2 Experiment 2 — Month-long run

The second recorded experiment extended the sampling period to 23 days (days 6,
12, 21 and 23) with soil samples stored in vented tubes and double contained in
transfer boxes when outside the MSC. Ideally each sample would have been in
triplicate but due to space issues this was not feasible during the early experiments.
Instead at each sampling period one soil sample of each treatment was sampled twice

(pseudo-replicate), which must be addressed when interpreting results.

Figure 4.3 shows a decrease in Y. pestis CFUs with no survival in the non-sterile
sample following 12 days, whereas Y. pestis survived in the sterile soil sample until
the end of the sampling period showing an exponential decline from inoculation.
Although all other samples suggested an exponential decrease in recovered CFUs this
cannot be confirmed for the non-sterile sample in this experiment due to only 2 non-
zero sampling periods. One hypothesised mechanism which may facilitate Y. pestis
survival in soil environments could be the formation of small colony variants (SCV) as
a response to adverse conditions as observed in Staphylococcus aureus and several
other pathogenic species (Kahl, 2014). Although small colony variants have not been
observed in published literature for the Yersinia spp, it is plausible that this may be a

survival mechanism in adverse conditions, such as Y. pestis in soil (Personal
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communication Vanina Garcia). Potential small colony variants were observed at the
day 12 sampling period in both non-autoclaved samples, however, only at lower
dilutions with few large colonies observed. These potential small colonies were not
included in the CFU calculation. Genetic sequencing would be required to confirm

any small colony variants in future.

In order to recover samples from soil 1.5ml of dH,O was added to each tube and
mixed through gentle tapping. The soil sample was then left to settle for 5 minutes
to reduce aerosols and then 1 ml of the soil water was removed with a 1 ml pipette.
However, on occasion the pipette tips became blocked, thus limiting the amount of
recoverable sample. This was particularly evident on day 21 and therefore the CFU
value for this time point may be an underestimate. This issue would be partially
resolved if the soils were maintained at a constant moisture increasing the

recoverable liquid and avoiding sediment clogging the filter tips in future.
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Figure 4.3. Y. pestis recovery experiment 2- Month-long run. Treatment methods are shown in differing colours

(points and dashed line).

4.3.4.3 Experiment 3 — Month-long run with rehydration

In experiment 2, from day 21 onwards, cracks were observed in the surface of the
soils of both treatments suggesting early stages of desiccation. To avoid this the
moisture of the soils was maintained at a constant level equal to that at the beginning

of the experiment, therefore limiting the impact of desiccation. This addressed the
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soil moisture issue found in experiment 2 by attempting to maintain a constant
moisture level in each of the soil samples throughout the experiment. When soil
moisture was kept constant colony survival increased (Figure 4.4 compared to Figure
4.3) suggesting that moisture had been a limiting factor in experiment 2. At each
sampling point the soil did not visually appear over-saturated, however, due to the
large gap in sampling due to scheduling between day 5 and 17, 0.5 ml of dH.0 was
added on day 7 leading to a large amount of surface pooling in both treatments,
which appears counter to the aim of maintaining a constant moisture. A further issue
is the lack of moisture validation throughout the sampling, as the moisture content
throughout was calculated from estimates from an earlier experiment (Table 4.2). To
avoid this fluctuation and provide ongoing validation in future, each sample would
be weighed initially with the weight regularly checked and maintained through the

addition of dH20 at regular intervals.

As observed in experiment 2 the decrease in Y. pestis colonies follows an exponential
decrease (Figure 4.3) while in this experiment the starting inoculum was also
recorded allowing an opportunity to assess surviving colonies as a percentage of the
initial inoculum if necessary. Experiment 3 confirms the earlier observations (Figure
4.4) that there is greater colony survival in sterile soil. Survival was recorded in non-
sterile soils up to day 17 whereas sterile soil showed survival until the final sampling
period (day 28) and although still decreasing in number the exponential decrease
suggests that the colonies may be able to persist in low numbers well beyond the

month-long sampling period (Figure 4.4).
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Experiment 3 (Rehydration)
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Figure 4.4. Y. pestis recovery Experiment 3 - with rehydration Treatment methods are shown in differing colours

(points and dashed line).

When the data from Figure 4.3 and Figure 4.4 are combined all samples show an
exponential decrease in CFUs (Figure 4.5), however, the lack of inoculum data for
experiment 2 and particularly the lack of data for the non-sterile non-hydrated
sample mean further work would be needed to confirm the consistency of the
exponential decline. The sterile and rehydrated samples show the lowest rate of CFU
decrease and hence greatest survival at the end of the sampling period whereas the
non-sterile rehydrated sample and sterile non-hydrated sample show a similar rate
of decrease, however, the sterile sample showed recoverable colonies for 23 days
(the full sampling period of that experiment) whereas the non-sterile only showed
recoverable colonies for 17 days. Therefore Y. pestis survived the complete sampling
period in both sterile soil treatments, confirming validity of a longer sampling period
in future work. The poorest performance of all treatments was the non-sterile non-
hydrated sample which showed an extremely rapid decline and no recoverable

colonies beyond day 12 (Figure 4.5).
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Figure 4.5. All Y. pestis soil survival treatment comparison. Treatment methods are shown in differing colours

(points and dashed line).

4.4 Discussion
4.4.1 Discussion of experimental findings

4.4.1.1 Work-up experiments
The aims of the initial experiments, working with Y. pseudotuberculosis, were

primarily to learn the necessary microbiological skills and techniques but also
generated some novel data relating to Y. pseudotuberculosis survival. Y.
pseudotuberculosis and Y. enterocolitica both survive in soil but little is known about
the survival of these species on abiotic surfaces. Y. enterocolitica has been shown to
survive for more than 21 days on the outside of milk containers (Stanfield et al., 1985)
and Y. pestis can survive 48 h on sterile abiotic surfaces and up to 5 days on nutrient
enriched abiotic surfaces (Rose et al., 2003). There is little literature on the survival
of Y. pseudotuberculosis on sterile environments therefore the findings of this study
suggesting the survival up to 72 days on a sterile abiotic surface and under varying
humidity represent novel findings. The trend observed in the final experiment where
colony counts under both treatments increased and plateaued after the humidity
dropped below 57% at Day 39 potentially suggests a response relationship between
humidity and Y. pseudotuberculosis survival. However, this is far from conclusive
work and would need repetition with higher resolution sampling periods, a greater

range of serial dilutions and a longer total sampling period to provide clarity for any
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trends observed. The primary purpose of the initial run of Y. pseudotuberculosis
experiments, however, was to improve aseptic technique and to gain a greater
understanding of methods required to set up and sustain long term survival

experiments, while training was ongoing to enable solo work within the CL3 suite.

4.4.1.2 Y. pestis soil assay
Although the final planned long term soil survival experiment could not be completed

due to the impact of the COVID-19 pandemic lockdown, the data that was generated
represents significant advances in the knowledge of Y. pestis survival in soil
environments. It is clear that Y. pestis can survive in both sterile and non-sterile soil
environments, with the most recoverable cells observed in hydrated sterile soil and
the least in non-hydrated non-sterile soils. An exponential decrease in CFUs was
observed in all experiments suggesting a rapid initial decrease in recoverable cells but
with the potential for stabilisation in cell populations rather than falling to zero.
Unfortunately the month-long experiments were not sufficient to confirm this
hypothesis. It is therefore possible that Y. pestis may not survive indefinitely,
however, both early and modern research suggests a much longer survival period
than was demonstrated through this study (Ayyadurai et al., 2008; Mollaret, 1963;
Karimi, 1963).

In the 12 day experiment small colonies were observed in both the sterile and non-
sterile soils, however, due to the size of these colonies confirming the identity of the
colony by visual inspection of morphology was not possible therefore they may
represent some form of contamination instead. To completely remove the possibility
of observations being influenced by fungal contamination as observed in the first
experiment the YSA was treated with the fungicide cycloheximide in all subsequent

experiments.

The observation that SCVs were present is noteworthy but further work is required
to investigate the phenotypic and genotypic differences between these colonies and
their normal colony variant counterparts and the environmental drivers which dictate

the change in morphology. It is likely that the development of SCVs are a response to
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the immediate environmental conditions that Y. pestis experiences within the soil
and may, in part, be a stress response. Environmental stress can trigger the
production of small colony variants in several bacterial species (Staphylococcus
aureus, Enterococcus faecalis, and Pseudomonas aeruginosa) and is likely driven by
the presence of antibiotics (von Eiff, 2008, Chandra and Kumar, 2017). Microbial
production of antibiotics in the soil could potentially trigger this response (Chandra
and Kumar, 2017). Alternatively the introduction of Y. pestis into a soil environment
may represent a similar form of stress (Dekic et al., 2020) requiring an adaptive
response which could include decreased growth rate and a reduced synthesis of
adenosine triphosphate (ATP) (Johns et al., 2015), both of which could provide
significant advantage to survival in nutrient depleted (at least compared to within
reservoir species) environments over longer time scales. The decreased growth rate
could enable Y. pestis to survive for longer periods and therefore increase the
likelihood of colonies encountering a viable amebae or nematode species (Atkinson
et al., 2011, Markman et al., 2018) or directly with burrow-dwelling reservoir species
(Boegler et al., 2012). Y. pestis has been cultured from nutrient-enriched soil under
the corpse of an infected animal 3 weeks following death (Eisen et al., 2008),
however, survival in lower nutrient soils would be required for Y. pestis to overwinter
and re-infect host species recolonising borrows of a deceased host population the
following spring. SCVs may also exhibit increased adhesion and biofilm formation
(Kahl, 2014), which would be beneficial within the soil environment (von Eiff, 2008,
Johns et al., 2015) since natural survival is partially dependent on access to and
colonisation of protected pore space. Increased biofilm formation may provide
further protection to bacterial species once within soil pores and micro-pores (Vos et
al., 2013). In addition, once stable within the soil the increased adhesion and biofilm
production may provide an advantage to colonising soil dwelling amebae or
nematodes as well as maintaining the cohesion of the Y. pestis colony within the

environment.

Throughout the experiments soil moisture was shown to have an impact upon Y.
pestis survival and recovery. However, it cannot be assumed that this result is purely

due to moist soils better suiting a Y. pestis soil specific niche, as the soil moisture may
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have impacted either the initial colonisation, or the bacterial recovery. All the soils
were inoculated with Y. pestis and a maximum of 0.5 ml of sterile dH,0, this was to
ensure that each soil sample appeared fully saturated, e.g. moisture could be seen
reaching to the bottom of the falcon tube. The logic behind this was to provide the
bacteria with all available pore space within the sample (Vos et al 2013). In practice
the full 0.5 ml was added in most cases but this was not recorded, and it therefore
represents an unknown which should be removed in future work and in addition, the
moisture content of the soils was not recorded prior to inoculation which is a further
potential source of error. The moisture of the soils prior to inoculation is important
as soil moisture can impact the long-term survival of bacteria in a soil sample (van
Veen et al., 1997, Burmglle et al., 2011). This is due to the comparative accessibility
of pore space dependent on moisture, in dryer soils a greater proportion of pore
space is effectively vacant and can therefore be inoculated by the incoming bacterial
cells whereas in moist soils much of the pore space is filled already and the incoming
inoculum may have a more limited distribution (Postma et al., 1989). Sterile soils
appeared to be moister than the non-sterile soils and this was likely due to the use of
autoclaving as the steam undoubtedly increases the moisture content of the sterile
soil. The Y. pestis inoculum may therefore have had less access to pore space within
the soil samples, however, as results suggested higher recoverable populations from
the sterilised soil the impact of access to pore space may be negligible when

compared to the bacterial competition within the non-sterile soils.

Assuming that the results regarding moisture are not an artefact of either inoculation
or recovery the results therefore suggest that soil moisture content is an
environmental factor which influences the survival of Y. pestis. Previous research has
suggested interactions between soil moisture and Y. pestis prevalence through both
microbiological and macroecological investigation, (Ayyadurai et al., 2008, Pauling et
al., 2021). Y. pestis is not universally thought to survive as a free-living organism due
to adaptive specialisation following evolution from the much more generalist Y.
pseudotuberculosis (Sun et al 2014). As such there have been limited studies on the
potential niche of Y. pestis external of host and vector species. Y. pestis has been

shown to survive desiccation when inoculated onto sterile surfaces for 24 and 48
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hours (Rose et al., 2003), Y. pestis survival under varying moisture conditions has not
been well documented. The results do not suggest that Y. pestis can survive
desiccation in soil but instead indicate that increased soil moisture content correlates
with recoverable CFUs. Attempting to determine a mechanistic response between
soil moisture and survival of Y. pestis is difficult as the exact survival mechanisms of
even Y. pseudotuberculosis within soil, remain poorly resolved (Santos-Montafiez et
al., 2015). As the longevity of Y. pestis in both sterile and non-sterile soils was reduced

in non-hydrated soils it is possible that the absence of water was a limiting factor.

These findings have some broader implications and may suggest that Y. pestis can
survive independently within the soil environment and moisture can dictate the
survival period and number of surviving bacteria. This is supportive of previous work
suggesting that Y. pestis may survive in rodent burrows and could be implicated in
inter-annual transmission, as well as longer periods of quiescence (Drancourt et al.,
2006, Boegler et al., 2012). The limited temporal scale of this study cannot directly
support either of these hypotheses, however, the findings around moisture may in
future be used to inform further work into this phenomenon. High soil moisture can
be expected in the burrow systems of host species and as such has been found to
correlate with Y. pestis infection in C. ludovicianus coteries due to the impacts this
has upon flea populations through benefitting larval survival and development rate
(Savage et al., 2011). These findings suggest that the high soil moisture content within
the borrows may also represent a suitable environment for Y. pestis independent of
reservoir species and vectors. Burrow systems represent the most likely environment
for Y. pestis to be introduced to the soil and if soil dwelling amebae or nematodes are
to be implicated in the transmission cycle, prolonging survival following introduction
to the soil increases the chance of encountering either of these common soil dwelling
species (Markman et al., 2018). Away from burrow systems our results may suggest
that preservation of Y. pestis in soils may be more likely in areas of generally moist
climate. The chance of a reservoir or vector species coming into contact with Y. pestis
infected soils away from a burrow environment are much lower than in a burrow.

However, if the regional moisture regime does impact survival of Y. pestis in soils this
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may play a role in explaining varying responses of Y. pestis to precipitation observed

across China (Chapter 3) and therefore warrants further investigation.

The sterility of the soils is the second factor which the results suggest impact the
survival of Y. pestis within soil environments. This is an expected finding as bacterial
competition is a key biotic factor that limits the longevity of an inoculum in a soil
environment (van Veen et al 1998). This is both driven by limited availability of
protected pore spaces, competition for resources and predation by soil biota (Acea
et al., 1988). Previous findings suggest that Y. pestis can survive for at least 3 weeks
in non-sterile soils in natural conditions, however, this may be due to the scale of
inoculation and the nutrient content of the soils which can both be expected to be
very large from the blood of a deceased mountain lion (Eisen et al., 2008). This study
only showed recoverable colonies from non-sterile soils for 17 days, however,
bacterial competition may not be the only cause of the 11 day discrepancy between
the sterile and non-sterile soils (hydrated). This may in part be due to the sterilisation
process (autoclaving) which impacts both soil structure and chemistry (Buchan et al.,
2012). Prior to autoclaving grain size was normalised to 355:710 um representative
of medium grain sands. Assuming that the soils were well mixed and there was
minimal clumping the homogenous grain size should lead to relatively consistent
pore size between samples. A However autoclaving destroys the soil aggregates to
some degree which will break up the grains and lead to an increase in finer (clay)
grains (Berns et al., 2008). The heterogeneity in grain size following autoclaving and
the clumping of soils caused by the increased moisture content through the
penetration of steam will likely lead to differing grain and pore sizes between the
sterile and non-sterile soils. The increase in clay fraction can increase the soil surface
area and the amount of micro-pores, particularly beneficial for bacterial colonisation
(Berns et al., 2008), and survival (van Veen et al., 1997), however, previous studies
have found results counter to this suggesting autoclaving may also lead to a reduction
in surface area through the collapse of small pores (Lotrario et al., 1995). Further soil
analysis of the sterile and non-sterile soils are therefore required, as results vary
across soils, to determine the exact structural change following autoclaving and the

potential impact this may have upon bacterial growth. Autoclaving also leads to a
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significant release of dissolved organic carbon when compared to non-sterilised soils
through the release of trapped organic carbon from within soil particles and through
detaching organic carbon from particle surfaces (Berns et al., 2008). The impact of
increased organic carbon content on the growth and replication of Y. pestis should

therefore be tested.

4.4.2 Discussion of methodology

A large proportion of the laboratory work completed was in the development of the
novel methods required for soil assays as well as soil sterilisation and validation.
Discussion of the limitations and potential improvements which could be made to

these methods are vital moving forward.

As discussed above the use of autoclaving to sterilise the soils had several unintended
impacts on soil chemistry and structure. Although all possible soil sterilisation
methods will to some degree impact the soils, the use of autoclaving has notably
more impact than other feasible methods such as gamma radiation (A-radiation)
(Trevors, 1996). Importantly A-radiation has a lesser impact on grain size throughout
the sample and has a significantly reduced impact on organic soil chemistry when
compared to autoclaving (Berns et al., 2008). Access to the necessary equipment to
enable sterilisation by A-radiation was not feasible during the project, however,

future work should prioritise access to such equipment.

Further to the sterilisation of the soils prior to inoculation the methods of sterility
checks although adequate could also benefit from refinement as the long-term
sterility of the soils was not monitored. Soils were sterilised three times and validated
by mixing the soils with a loop which was then streaked onto an agar plate. This
method checked for viable cells having survived sterilisation initially, however, slow
growing cells may take longer (weeks to months) to form colonies if present (Trevors,
1996). To provide long-term sterility checks a control soil sample which is not
inoculated with Y. pestis should be maintained at the same temperature as the soil
assay. This control should also receive the same moisture treatment as the soil assay.

The control can then be repeatedly validated as sterile through suspension of soil
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samples in LB broth followed by plating out and inspecting (Berns et al., 2008). This
enables the potential competitive impact of bacterial colonies to be flagged during

prolonged soil assay experiments.

The sampling method used through the soil assay experiment can also be assessed
critically. As stated in the methodology at each sampling point 1.5 mL of dH20 was
added to the falcon tube containing the soil sample and this was then mixed by
“gentle tapping” with the aim of partially homogenising the sample allowing a
representative sample to be extracted from dH20 pooled on the surface. This
method of mixing, however, was far from sufficient and likely did little to homogenize
or dislodge Y. pestis colonies from within the soil. | therefore expect that the recorded
CFU values were likely conservative. Vortexing the sample would be more effective
and provide a more representative sample of the bacterial community within the soil
environment but would require a set period to enable any particulates aerosolised

within the tube to settle.

Finally, the construction of the soil samples used was somewhat arbitrary and is
therefore an area of potential experimental expansion. For all the soil assays a mix
3:1 of peat and sand respectively was used. Previous Y. pestis soil assay research had

I”

used only “natural sand” collected in the Marseille area as the “soil” (Ayyadurai et al.,
2008) therefore my study aimed to build on the previous work while formalising the
soil selection. The selection of the peat:sand ratio was intended to provide a more
“real world” example of soil than the previous research, however, in future work |
would recommend using a range of “end member soils” to determine the impact that
various soil variables may have upon Y. pestis survival. Future work should use high
and low organic content soils, for example peat and sand (separately) homogenised
to the same grain size, further each of these soil types should be run in duplicate with
a coarse and very fine (clay) version of each to determine the potential impact that
fine grains (clays) may have on Y. pestis survival through the colonisation of micro-
pore space (England et al., 1993). A control of each of these treatments should also

be maintained to allow a thorough soil analysis to be completed on each to determine

a range of soil variables such as moisture content, permeability as well as chemical
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analysis to attempt to understands the mechanisms which facilitate the survival of Y.

pestis within the soil.

4.4.3 Conclusions and future directions

The results of this study represent an expansion of knowledge regarding the potential
survival of Y. pestis in soil environments and the impacts that this finding has upon
broader plague ecology and supports previous findings in suggesting that Y. pestis
can survive, for brief periods, in non-sterilised soils (Eisen et al., 2008). Moisture may
also limit bacterial survival in this study suggesting that Y. pestis has the greatest
chance of survival in soils held at a constant high moisture content such as within the
burrows of a range of host species (Kreppel et al., 2016). This stable high moisture
environment is also key to the development of vector species and hence research in
understanding these systems is already pertinent to understanding the complex
mechanistic pathways within the plague system. Monitoring of climate conditions
within burrow systems, as completed by Kreppel et al. (2016), and subsequently
recreating these conditions in the laboratory to test the survival of Y. pestis within
soils both independent of vectors and in association with flea vectors as well as
potential soil biota vectors would aid in shedding light on this under investigated area

(Markman et al., 2018).
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5 Future directions and synthesis

5.1 Combined conclusions

In this thesis | have investigated a portion of the highly complex system which
mediates the transmission of Y. pestis. This work has focused at two ends of the scalar
spectrum, from macroecological investigation around the interaction between the V.
pestis bacterium, reservoir species and climate to microbiological investigation of the
potential survival of Y. pestis completely independent of vector and reservoir species
within the environment. | am interested in the environmental niche of plague at both
ends of this spectrum and suggest that an increased understanding of a zoonotic
disease’s niche at a broad range of scales is key to understanding the past, current
and future risks of such diseases. My work highlights the importance of host reservoir
niches particularly in invaded regions and the potential to test historical hypotheses
through hindcasting reservoir niches, while also trying to establish conditions which
dictate the niche of Y. pestis within soil environments. | am, however, cognisant that
| only focus on two disparate elements in the plague system which at this stage are
difficult to combine into a single cohesive methodology. | therefore suggest that work
focuses on establishing plague’s niche conditions across a range of scales and
taxonomies. In particular, focus should be place on vector species, which | was unable
to integrate into this thesis at either the micro or macro scale due to methodological
and data constraints. To further integrate the human element of the plague cycle and
inform societal risk, a methodological step needs to be taken which progresses from
purely correlative ecological models to integrating mechanistic epidemiological

methods (Redding et al., 2016).

In Chapter 2, | compared the environmental niche of Y. pestis between its native
region and one of the recently invaded regions. | found the niche was not consistent
between the regions and that reservoir species may partially explain this difference.
The variation of reservoir species between regions will impact the niche space
available to Y. pestis and vector species, and while the presence of suitable reservoir
species does not guarantee the presence of Y. pestis, it is a key factor that must be

considered when investigating the invasion of any zoonotic disease into a novel
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region (Messina et al., 2015). In Chapter 3, | tested a proposed hypothesis suggesting
that reservoir species may drive the observed heterogeneous response of plague
intensity to precipitation during the Third Pandemic in China (Xu et al., 2011). | found
little evidence to support this hypothesis with results showing a diverse response of
reservoir species to precipitation which demonstrates the complexity of the plague
system even when only considering reservoir species in one region This work
highlights the need to better integrate mechanisms impacting plague transmission
within one species with large scale correlative studies which may identify patterns
across very large scales yet provide little evidence of the mechanisms behind them.
The final area of research within the thesis (Chapter 4) sits at the opposite end of the
spatial scale and focused upon the potential survival of Y. pestis within soil
environments. The initial findings from this work demonstrated the survival of Y.
pestis in both sterile and non-sterile soils for 28 days (the complete experimental run
period) and 17 days respectively. | found that the drying of soils had a negative impact
on the survival of Y. pestis and thus maintaining a constant moisture content in the
soils enabled a greater period of bacterial recovery. Unfortunately, the proposed final
long-term experiment was abandoned due to laboratory closures caused by the
COVID-19 pandemic, however, this work still provided initial novel findings regarding
the survival of Y. pestis under different soil sterility and moisture conditions and the
development of a methodology for recovering Y. pestis from soils which can be built

on in future work

These disparate scales of study only capture limited elements of the plague system.
A range of elements have not yet been integrated, including the impact of vector
species and the role which humans play directly or indirectly in transmission.
However, my work hopefully represents steps towards a more holistic view of the
plague system. | intend to build from this work by integrating a broader range of
biotic and abiotic variables and constructing model systems across multiple scales
(both spatial and temporal) while attempting to avoid the assumption that
mechanisms visible at one scale are present at another (Ben-Ari et al., 2011). Here |
present potential future directions and areas of synthesis within and between each

chapter.
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5.2 Chapter-specific conclusions

5.2.1 Chapter 2 - invasion of plague’s pathogen (Yersinia pestis) in novel
geographical settings.
My findings suggest that plague reservoir species play an important role in defining
the niche of plague in a particular region, suggesting that the reservoir species (biotic
factors) are a source of niche variation between regions. Biotic factors are a key
element of a bacterial pathogen’s niche as the pathogen is reliant on biotic factors
for transmission and maintenance (Escobar and Craft, 2016). This is counter to the
previous research suggesting that across North America host species are less
important to the niche of Y. pestis than climatic conditions (Maher et al., 2010). My
findings emphasise the importance of biotic factors, particularly reservoir species
dynamics and suggest that when variation in the niche of Y. pestis is observed
between regions, biotic factors may explain these differences (Fell et al., 2022). At
large coarse scales, such as the continental scale of my study, biotic factors have been
suggested to play a limited role in defining the niche of a species and are instead only
important when studying disease dynamics within a population (Peterson, 2011). |
suggest that in the case of plague, large scale biotic factors (reservoir species niche)
are important in defining the niche of Y. pestis particularly when projecting the niche

to novel spatial or temporal environments.

At the scale of my study, the impact of the biotic and abiotic factors used implies
correlation but should not imply mechanisms dictating the limits of the observed
niche. The niche of a complex zoonotic disease may be investigated across a range of
scales and at smaller scales inferences regarding mechanisms may be made with
confidence. For example, within an infected body Y. pestis is confined to one or more
of the; lungs, circulatory system or lymphatic system, which represent the in-host
niche (Rollins et al., 2003). At this scale the niche is linked directly to the mechanism
by which the body was infected as there is a differing infection pathway which leads
to Y. pestis inhabiting each “environment”. | therefore suggest that future correlative

work should consider a range of “nested niches” at different scales (eg. bacterial
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niche, vector niche, soil niche, reservoir niche). The impact of a range of abiotic
variables across these scales cold then be tested and, through the responses, reveal
a deeper understanding of the scales at which different mechanisms are applicable
and avoid the transference of assumptions to inappropriate scales (Escobar and Craft,
2016). Alternatively the construction of hybrid correlative-mechanistic models could
enable integration of narrower scale mechanistic models, for example of vector
lifecycle or bacterial survival in soil environments, into broad scale macro-ecological
models (Kearney et al., 2010). The microclimatic elements of such models could be
tested in the laboratory through the methodology developed in Chapter 4. Defining
the abiotic niche of Y. pestis in the soil environment can then be integrated into
hybrid models as micro-climatic systems and could further be tested in the field

through extensive soil sampling in plague reservoir regions.

5.2.2 Chapter 3 - The role of reservoir species in mediating plague’s dynamic
response to climate.
This investigation focused on the niche suitability of reservoir species and showed
that it could not explain the observed response in plague intensity to precipitation in
China during the Third Pandemic. This suggests that an element not captured in the
models may mediate the impact of precipitation upon plague intensity as well as
challenging the assumption that resevoir species responses’ to climate are
homogenoues even within a single climatic regime (Xu et al., 2015). | have thus far
focused only on ecological elements of the plague system, which limits the degree to
which findings can be applied to human plague data, which is by far the most
common plague occurrence data and the data in which the response (plague
intensity) is observed. The ecological elements of the plague cycle are key to
understanding the transmission of Y. pestis within host resevoirs which will cover the
vast majority of transmissions and is still an area where much further research is
required. However, during a human epidemic or pandemic | do not expect plague
ecology to explain observed transmission, although re-introduction from resevoir
species may play a significant part in plague re-introduction particularly in historical
periods (Schmid et al., 2015). More holistic understanding of the full plague system

will come from integrating ecological and epidemiological theory, data, and models.
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Environmental-mechanistic models represent a potential method which could fill the
gap between an ENM and human disease data and | suggest that such models should

be tested with the plague system (Redding et al., 2016).

The use of ENMs for investigating other historical epidemics, pandemics or
introductions using hindcasting methodology is an area of huge potential. However,
the above criticisms (limitations of purely ecological methods in epidemiological
systems) must be remembered. An area where hindcasting ENMs may be particularly
applicable is to understand the introduction of a bacterial pathogen to a novel region.
During these periods, in the case of plague, there is often an intial peak in human
cases, followed by the establishment of a plague resevoir in novel species (Adjemian
et al., 2007, Andrianaivoarimanana et al., 2013). The establishment of this reservoir
can then dictate, through biotic factors, the dynamics of plague in this region, which
may be key to predicting future risk (Fell et al., 2022). Hindcasting niche models could
therefore be highly informative in the introduction of invasive zoonotic diseases as
long as dispersal and biotic variables are adequately considered and suggested
hindcasting methodology is adhered to (Nogués-Bravo, 2009). Such methods can be
used to test proposed hypotheses, as in Chapter 3, but only if these hypotheses make
clear falsificable predictions. For example, in Madagascar (a possible area of research
focus given recent epidemics), hindcasting methods could be used to test if landuse
change since the introduction of Y. pestis may have impacted the niche of reservoir

and vector species and potentially the soil niche of Y. pestis.

There are two main areas of future study prompted by this Chapter: 1) Exploring
which elements of the plague system, if not host species dynamics, as my findings
suggests, drove the heterogeneous response of plague intensity to precipitation
across China during the Third Pandemic. And 2) Using ENMs to test further
hypotheses relevant to earlier historic pandemics or recent introductions to novel

environments such as Madagascar or North America at the turn of the 20t Century.
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5.2.3 Chapter 4 - Testing the niche of Y. pestis in soil through experimental
microbiology
As the final planned experiment was cut short due to the COVID-19 laboratory
closures, the first step beyond this research would be to complete the planned three-
month-long experiment. The methodology developed throughout the pilot
experiments would be further supplemented with the use of newly approved
equipment for use in the CL3 laboratory (scales and shaking plate), which improve
the accuracy and ease of maintaining a constant moisture content, and the
homogenisation of the inoculated soil which would likely increase bacterial recovery.
This three-month period was suggested as a logical step up from the month-long
experiments regarding available space for samples while maintaining a minimum
sampling every two weeks to produce moderate temporal resolution data. The
subsequent dynamics of Y. pestis survival over this time period would then dictate
whether increased sampling resolution would be required or a longer overall time
period. The selection of three months is also a biologically meaningful period with
regards to annual plague transmission as, in most reservoirs, Y. pestis transmission is
greatly reduced during winter months due to limited vector numbers, and
hibernation or decreased activity in reservoir species (Duplantier et al., 2005, Levick

et al.,, 2015).

The Y. pestis genome is capable of rapid adaptation in response to climatic conditions
(Cui et al., 2020), raising the question of whether a similar genetic response follows
introduction to a soil environment? This genetic response could be investigated using
high-throughput sequencing techniques to sequence colonies following recovery
from soil environments. Observed up or down regulation of various genes may
provide a valuable insight into mechanisms enabling prolonged soil survival and
would require integration with current hypotheses of Y. pestis evolution which
predominantly suggest the development of vector borne transmission inhibited the
potential for Y. pestis to survive in the environment (Hinnebusch et al., 2016). Biofilm
formation within vectors is a key factor in the transmission of Y. pestis and is an area
of consistent ongoing research (Cui et al., 2020, Hinnebusch et al., 2021), however,

the potential impact that biofilm formation may have within the soil environment
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requires much further investigation (Burmglle et al., 2011). Formation of highly
adhesive biofilms such as observed in the SCV of several bacterial species could
potentially be beneficial within this environment. The impact of biofilms within soils
could be tested using biofilm deficient mutant strains and help to elucidate the

mechanisms which may facilitate the survival of Y. pestis within soil environments.

Following the completion of the initial planned long-term experiment there are three
key areas | would like to focus on. Firstly, | would use high-throughput DNA
sequencing to search for genetic variation (e.g. SCVs, or upregulated biofilm
production) during maintenance within soils that could be indicative of a rapid
genetic response to introduction to such environments. As part of this work, | would
also investigate the survival of Y. pestis mutants, such as NagC which has a greatly
inhibited biofilm production, to test which potential mechanisms Y. pestis may utilise
in soil environments. Secondly, | would like to vary the soil variables (e.g. grain size,
porosity, mineral content and organic content) and abiotic conditions (e.g.
temperature and moisture) within the soil to determine which conditions are most
conducive to survival and replication. Constructing an experimental soil niche for Y.
pestis would enable integration with the macro ecological methods through testing
this experimental niche in real world scenarios and the use of globally gridded soil
data (eg. SoilGrids Hengl et al. (2014)) as well as data collection in the field from

plague reservoir environments (Kreppel et al., 2016).

5.2.4 Future directions and conclusion - Synthesised microbiological and
macroecological studies
Several areas of potential synthesis have been discussed above and all attempt to
deal with the issue of scale and the difficulty in extrapolating findings from one scale
to an environment of a different scale (i.e. the transmutation problem) (Ben-Ari et
al., 2011, McGill, 2019). There is also a limit to the modelling systems used, for
example although ENMs can be used to assess the niche of a zoonotic disease,
integrating human disease data requires integration of mechanistic epidemiological

methods (Escobar and Craft, 2016, Redding et al., 2016). This is not a requirement for
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studies of zoonotic diseases using ENM methods, as demonstrated in Chapters 2 & 3

through the use of such methods to test ecological hypotheses.

Integrating experimental microbiological findings and macro-scale ecological or
epidemiological data represents a novel challenge through combining experimental
and observational data. Response relationships observed under laboratory
conditions, for example the impact of soil moisture on Y. pestis survival, are difficult
to apply directly to a “real world” ecological context. This could be addressed through
working to better align the laboratory conditions and materials (soils) used with
expected conditions in a plague reservoir region through use of soil samples from
these regions. Further fine scale observational studies where micro-climatic variables
specific to reservoir burrow locations are collected could inform the abiotic
conditions to be replicated within the laboratory. As well as informing laboratory
conditions, micro-scale climate data can be used to test micro-climate models
constructed to bridge across scales of investigation and integrate mechanistic
elements into regional and continental scale correlative investigations (Kearney et
al., 2014). Integrating micro-scale high temporal resolution data into such models
may lead to much more accurate estimates of the dynamics of Y. pestis across the
range of environments it operates within, all of which are climatically dynamic (Ben-
Ari et al,, 2011, Xu et al., 2015, Cui et al., 2020). At the opposite end of the scale, an
integration of ecological and epidemiological modelling methods could enable the
meaningful integration of human plague records, which could then aid in directly

informing risks under changing abiotic conditions (Redding et al 2016).

The above suggestions represent a highly complex modelling system, however, this
is representative of the plague transmission system which is a highly complex system
operating across a broad range of scales. The macroecological methods | have used
in chapters 2 & 3 can be hugely informative when testing specific ecological
hypothesis at the scale of the investigation, however, the transferability of results to
different scales is limited. Therefore, such models should be used with extreme care,
particularly when informing local risk of climatically dynamic zoonotic diseases (Ben-

Ari et al.,, 2011, Escobar and Craft, 2016, Redding et al., 2016). Similarly, the
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experimental microbiological methods used in Chapter 4 should not be extrapolated
to larger scales without further investigation to bridge the gap in scale. My
macroecological and microbiological work represents two vital end members of the
plague system. To fully integrate the findings of such studies, work at intermediate
scales is necessary to provide a more complete estimate of the system. Planned
future work on the plague system will focus on constructing model systems across a
range of scales, avoiding the transference of inappropriate assumptions between
scales and lead to a deeper understanding of this highly complex and important

disease in both a historical and contemporary context.
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