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Abstract

Modelling atmospheric dispersal of fungal pathogens on continental scales to
safeguard global wheat production

Marcel Meyer

The recent emergence of highly virulent strains of the pathogen causing wheat stem rust has
been acknowledged as a threat to global food security. In infected wheat fields, vast amounts
of pathogenic fungal spores are produced that can be carried away by wind. For targeted disease
surveillance and control it is important to estimate when, where and how many fungal spores are
dispersed from infected to susceptible wheat fields. In this study, high-performance computational
resources are used to investigate long-distance dispersal revealing atmospheric pathways that con-
nect entire continents.

Mechanistic simulations of turbulent atmospheric spore dispersal are conducted. The analyses
bring together a variety of data, including international field disease surveys and finely resolved
meteorological model data. The UK Met Office’s Langrangian stochastic particle dispersion
model, NAME, is applied, extended and coupled to other models in a set of case studies.

In the first case study, spore dispersal is analysed across Southern/East Africa, the Middle East,
and Central/South Asia by simulating billions of stochastic trajectories of fungal spores over dy-
namically changing host and environmental landscapes. The circumstances under which virulent
strains, such as Ug99, pose a risk to globally important wheat producing areas are identified. Sim-
ulation results indicate a negligible risk for dispersal from key wheat producing countries on the
East African continent (Ethiopia, Kenya) directly to India and Pakistan. However, there is a con-
siderable risk for atmospheric transport from the Arabian Peninsula to South Asia. Spore dispersal
trends are quantified between all countries in the domain providing estimates which can be used
to improve targeted sampling and control.

In the second case study, dispersal from southern Africa to Australia is analysed. Simulation
results, as well as data from phenotypic and genotypic analyses, support the hypothesis that ex-
tremely long-distance airborne dispersal across the Indian Ocean is possible, albeit rare. This
indicates that the pathogen populations on the two continents are connected and underlines the
importance of sharing surveillance intelligence between continents.

The third case study focusses on Ethiopia, determining likely origins of strain TKTTF that re-
cently caused severe epidemics in East Africa’s largest wheat producing country. The analyses
suggest inflow into Ethiopia from the Middle East via Yemen, consistent with field survey data.
The risk for inflow of pathogens into Ethiopia from key neighbouring countries is ranked for dif-
ferent months of the wheat season.

In the last results chapter a pilot study is summarized testing the feasibility of an automated short-
term forecasting system for spore dispersal from the latest field disease detection sites. Whilst
the functionality and practical relevance of the forecasting system is demonstrated, considerable
challenges remain for testing the forecasts.

The predictive simulation framework described in this thesis can be applied to any wheat produc-
ing area worldwide to assess dispersal risks. The research has broader relevance because long-
distance dispersal is a key mechanism for the transmission of several crop and livestock diseases,
and also plays an important role in other areas of ecology.
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Chapter 1. Introduction

Chapter 1
Introduction

Atmospheric dispersal of crop pathogens is poorly understood, despite its importance for
agricultural production and global food security. In this thesis, a mechanistic simula-
tion framework is developed and tested, which improves our understanding and enables
predictions of likely airborne dispersal patterns of a crop pathogen that is currently threat-
ening global wheat production. The motivation for this research project is outlined in Sec-
tion 1.1. An introduction to the biological background is given in Section 1.2. The subject
matter of long-distance dispersal (hereafter abbreviated as LDD) of crop pathogens is in-
troduced in Section 1.3. The main section of this introductory chapter is dedicated to a
review of previous modelling studies of LDD of crop pathogens (Section 1.4), provid-
ing the context for the data-driven numerical studies described in the core chapters of the
thesis. In Sections 1.5 and 1.6 the research objectives and thesis structure are summarized.

1.1 Research motivation

1.1.1 Re-emergence of wheat stem rust as a threat to food security

During the last two decades an almost forgotten crop disease has re-emerged and now
threatens global wheat production. Historically, wheat stem rust was one of the most
feared crop diseases known to humanity (Schuman and Leonard, 2000). There are records
in the early Greek and Roman literature, which describe ceremonies to appease Robigus,
the corn god, in an attempt to save crops from rust diseases (McIntosh et al., 1995). Until
the early 20th century, recurrent epidemics of wheat stem rust caused severe yield losses
in all wheat growing areas. During the 20th century, disease control measures improved
due to a combination of plant disease resistance breeding, chemical fungicides and the
elimination of millions of barberry bushes, the secondary host of the pathogen causing
wheat stem rust (Peterson, 2013; Roelfs et al., 1992). By the late 20th century, the dis-
ease seemed under control with negligible prevalence levels in all key wheat producing
regions. Wheat stem rust had become an almost forgotten foe associated with the past,
until a novel and particularly aggressive strain was detected, known as Ug99 (Pretorius
et al., 2000).

Following the detection of strain Ug99, at the turn of the last century, it was estimated
that approximately 90% of all commercially grown wheat varieties worldwide were sus-
ceptible to this one highly virulent strain of the disease (Singh et al., 2011). Large mono-
cultures of wheat with few major resistance genes were susceptible because the pathogen
transmitting the disease had mutated to overcome the widely deployed resistance gene,
Sr31. As it was known that the pathogen could be carried by winds over hundreds or even
thousands of kilometers, the detection of Ug99 led to serious concerns about the possi-
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bility of a continental scale pandemic, wiping out large parts of wheat production in the
world’s most important wheat producing areas. The emergence of Ug99 was acknowl-
edged as a threat to global food security (Hovmøller and Justesen, 2010; Singh et al.,
2006, 2008, 2011, 2015; Stokstad, 2007).

Since the acknowledgement of Ug99 as a threat to global food security, wheat stem rust is
back on the agenda of agricultural stakeholders, development cooperation agencies, and
research organizations1. Disease surveillance efforts have greatly increased (CIMMYT,
2017; Hodson, 2011), several other novel strains have been detected, numerous localized
epidemics were reported, and wheat stem rust has re-emerged in countries where it has
not been found in decades. Exemplars include: (i) an unusual outbreak of wheat stem
rust in Germany in 2013 (Olivera Firpo et al., 2017); (ii) the detection of wheat stem
rust in the UK in 2013 for the first time in several decades (Lewis et al., 2018); (iii) a
severe epidemic in Ethiopia (East Africa’s largest wheat producing country) in 2013/14
(Olivera Firpo et al., 2015); (iv) two extremely large outbreaks infecting approximately
1 million hectares in Siberia, Russia, in 2015/16 (Shamanin et al., 2018); (v) the largest
wheat stem rust outbreak in Europe in more than five decades in 2016 in Sicily, Italy
(Bhattacharya, 2017); (vi) and a strong localized outbreak in Sweden in 2017 (Berlin,
2017).

The re-emergence of wheat stem rust is of such importance because wheat is one of the
most important staple crops feeding humanity2. Wheat is grown on approximately 220
million hectares worldwide - a larger area than any other crop - and it is the most traded
crop commodity on world markets (Curtis and Halford, 2014). The risk of large scale
epidemics needs consideration because these could substantially reduce the amount of
available grain with devastating effects on food prices and food security. In average years,
economic losses due to wheat rust diseases are estimated at $4-5 billion globally (Figueroa
et al., 2018). In smallholder agricultural systems, disease-induced yield losses may have
direct consequences for food security.

1 Launched in 2008 and still on-going, the Bill and Melinda Gates Foundation (BMGF), in cooperation
with the UK Department for International Development (DFID), funded a series of research projects
under the umbrella of the Borlaug Global Rust Initiative (www.globalrust.org) with a total budget of
more than $100 million, promoting research and development aiming at reducing losses to global wheat
production caused by wheat rusts. The main focus of the research agenda is breeding for resistance,
but also field disease surveillance and epidemiological research have been supported. These projects
complement other public funding agencies, such as the International Maize and Wheat Improvement
Centre (CIMMYT). In 2018, a new EU2020 project, RUSTWATCH, was launched, aiming at improving
surveillance, preparedness and control of wheat rust diseases in Europe (RUSTWATCH, 2018).

2 The total global wheat production amounted to approximately 750 million tonnes in 2017. Wheat, rice
and maize are the most important staple crops in terms of carbohydrates. Wheat is the most important
crop source for protein, and also an important source for other nutrients, including fibre (FAO, 2018;
Shewry and Hey, 2015).
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To mitigate the risks of large scale epidemics and reduce yield losses due to the disease, it
is important to understand the principles and scales of spatio-temporal disease dynamics.
While it is well known that wheat stem rust is spread by wind-borne fungal spores (see
e.g. Roelfs, 1992), the airborne transport patterns of these spores and their chances of
survival in harsh atmospheric conditions are poorly understood. In infected wheat fields,
vast numbers of pathogenic fungal spores are produced. These can be carried away by the
wind over extremely long distances, crossing landscapes, regions, and even entire con-
tinents, with the potential to infect new hosts when landing on susceptible wheat fields.
Understanding likely LDD pathways of fungal spores from outbreak sites over regions
and continents to other susceptible wheat areas is important for assessing risks to global
wheat production. The key motivation for the research described in this thesis is to im-
prove our understanding of long-distance airborne dispersal of the pathogens transmitting
wheat stem rust, with the aim of providing information that can contribute to guiding
surveillance and control activities.

In addition to this immediate and applied motivation, the studies described in this thesis
also address one of the current challenges of crop disease epidemiology, namely, the
development and testing of realistic dispersal models (Cunniffe et al., 2015).

1.1.2 The importance of realistic dispersal models

Many plant pathogens can be transported by winds over long distances (Aylor, 2003;
Brown and Hovmøller, 2002). Despite approximately 100 years of scientific studies of
LDD of crop pathogens, the phenomenon is still poorly understood in quantitative terms
(Brown and Hovmøller, 2002; Gregory, 1945; Manhaffee and Stoll, 2016; Schmale and
Ross, 2015). The development of realistic dispersal models, including complex meteoro-
logical factors, was therefore recently identified as one of the current 13 most important
challenges in plant disease epidemiology (Cunniffe et al., 2015).

Plant disease epidemiology studies disease patterns in time and space. The aim is setting a
strategy for effective surveillance and control of plant diseases (Agrios, 2005; Boyd et al.,
2013; Jeger, 2009; Gilligan and van den Bosch, 2008; Gilligan, 2008; Van Maanen and
Xu, 2003; Madden et al., 2011). In theoretical plant epidemiology, different mathemati-
cal modelling techniques are used. For example, disease progress curves (Madden et al.,
2011), compartmental epidemiological models (Craig et al., 2018; Cunniffe et al., 2016;
Meentemeyer et al., 2011; Vyska et al., 2016), statistical Bayesian parameter inference
(Adrakey et al., 2017; Gibson et al., 2006; Thompson, 2015), and stochastic simulation
models (Cox, 2014; Isard et al., 2007; Shaw, 1995). To address the challenge of realistic
dispersal modelling, and contribute to advancing one important field of plant disease epi-
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demiology, the research here focusses on developing and testing a data-driven, mechanis-
tic modelling framework to simulate LDD of crop pathogens on regional and continental
scales.

1.1.3 Quantifying biological flows in the atmosphere

The third key motivation for the research presented in this thesis is a fundamental curiosity
to explore novel quantitative perspectives on the flow of living matter in the atmosphere.
The atmosphere is an important medium for long-distance transport of biological matter.
Largely invisible streams of trillions of fungal spores, viruses, bacteria, pollen and seeds
can be transported passively along winds over spectacular distances, forming ‘biological
flows’ in the atmosphere that connect entire continents. Migratory birds and some species
of insects and arthropods are capable of airborne movements over very long distances (up
to thousands of kilometers). Some of these animals only reach very low self-powered air-
speeds, leading to mostly passive dispersal along winds, whilst others can actively adapt
their flight behaviour such that they make optimal use of wind patterns to reach their
distant targets (Anderson, 2009; Chapman et al., 2010; Flack et al., 2018). Interesting
examples of recent studies analyzing atmospheric migration of biological matter include:
(i) Weil et al. (2017) demonstrated the dramatic consequences of intercontinental LDD
of microbes by showing that a severe Saharan dust storm in 2014 deposited a large part
of an African microbial community on the Italian Dolomite Alps; (ii) Fröhlich-Nowoisky
et al. (2009) find that, on average, there are around 103 - 104 fungal spores per m3 in the
continental atmospheric boundary layer. An experimental perspective is provided on the
complex dynamics of biological flows in the atmosphere by showing a high diversity of
airborne fungi with pronounced seasonal cycles in the abundance of different groups of
airborne fungal spores; (iii) Hu et al. (2016) use advanced vertical radars to estimate that
every year trillions of migrating insects pass the skies over the UK.

Long-distance dispersal of biological matter is of key importance not only for disease epi-
demiology, but also for species invasion biology, population genetics, theoretical ecology,
biogeography, and the climate system (Aylor, 2017; Clobert et al., 2012; Nathan, 2006;
Nathan et al., 2008; Isard and Gage, 2001). While LDD is widely acknowledged as an
essential mechanism, it is still poorly understood. According to Isard et al. (2005), the
flow of life in the atmosphere is one of the least understood ecological processes on earth.
This lack of understanding is due not only to the extreme difficulties involved in gathering
empirical data about airborne movement of biological organisms (Nathan, 2006), but also
the complex nature of turbulent atmospheric flows governing this movement (Wyngaard,
2010) and the complex effects of meteorological factors on living matter in the atmo-
sphere (Aylor, 2017; Gregory, 1973).
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Recent advances in numerical weather prediction modelling, Lagrangian stochastic sim-
ulations, and high-performance computing now promise the possibility of shifting the
boundaries of our mostly qualitative understanding of LDD further towards quantitative
perspectives. The studies described in this thesis include some of the most extensive3

mechanistic simulations of atmospheric LDD of living organisms found in the literature,
providing novel insights into the hidden patterns of biological flows in the atmosphere.

In summary, the motivation for the research described in this thesis is threefold: (i) con-
tribute to mitigating the threat posed by novel strains of wheat stem rust to global wheat
production by conducting risk assessments of LDD that can be used to guide surveil-
lance and control measures; (ii) address one of the current challenges of plant disease
epidemiology by developing and testing realistic dispersal models, including meteorolog-
ical factors; (iii) explore novel quantitative perspectives on biological flows of pathogenic
organisms in the atmosphere.

1.2 The crop disease wheat stem rust

This section introduces the biology of wheat stem rust and the pathogen causing the dis-
ease. Important processes involved in LDD of pathogens are outlined, along with pub-
lished empirical studies that have analysed these processes.

1.2.1 Pathogen biology and disease epidemiology

Wheat stem rust, also known as black rust, is a fungal disease of wheat and barley, which
is caused by the pathogen Puccinia graminis f. sp. tritici (hereafter abbreviated as Pgt).
Infected wheat plants show symptoms of brownish pustules on the stem, leaves, and other
parts of the plant (Figure 1.1 a-b). The disease causes severe yield losses (up to 100 %)
in agriculture (Figueroa et al., 2018; Roelfs et al., 1992; Schuman and Leonard, 2000).
Apart from wheat stem rust, there are two closely related wheat rust diseases: wheat stripe
rust, also known as yellow rust (caused by Puccinia striiformis f. sp. tritici); and wheat
leaf rust, also known as brown rust (caused by Puccinia recondita f. sp. tritici) (Roelfs
et al., 1992). The research described in thesis focusses on wheat stem rust, because of the
particular threat to wheat production posed by novel strains, but a generalization to the
other wheat rusts is discussed in Chapter 6.

The pathogen causing wheat stem rust is an obligate parasite and so needs living host

3 with respect to the combination of: (i) large spatial and long temporal scales; (ii) finely resolved mete-
orological input data; (iii) and advanced atmospheric transport, viability and deposition modelling. For
details of previous studies of LDD of crop pathogens, see Section 1.4.
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Figure 1.1: Pictures of the crop disease wheat stem rust caused by the fungal
pathogen Puccinia graminis f. sp. tritici. a-b, Infected wheat plants showing the
distinctive visual symptom of the disease. The brownish diamond shaped pustules are
produced during the asexual reproduction of the pathogen in wheat plants. In pustules,
large numbers of Puccinia graminis f. sp. tritici (Pgt)-urediniospores are produced. Pic-
ture credits: CIMMYT (2017); Lewis et al. (2018); c, Scanning electron micrographs
of Pgt-urediniospores in an erumpent pustule (bar: 50 µm). Picture credit: Lewis et al.
(2018). The Pgt-urediniospores are released into the air and can be carried away by the
wind over extremely long distances. d, Infected wheat plants during the recent stem rust
outbreak in Sicily, Italy, in 2016. Picture credit: Biagio Randazzo; e, Heavily infected
wheat field during the 2013 epidemic outbreak in Ethiopia. The infected field on the left
side of the picture can be distinguished by the darker colour caused by vast numbers of
wheat stem rust pustules on all plants in the infected field. Picture credit: Bekele Abeyo.

tissue to survive. The cereal wheat is the most important primary host of the pathogen.
The full life-cycle of Pgt involves several stages and requires an alternate host (com-
mon barberry; Berberis vulgaris) for sexual reproduction (see e.g. Roelfs et al., 1992).
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However, the pathogen can also reproduce asexually on wheat plants. The asexual repro-
duction cycle is important for LDD, because it leads to the production of vast numbers of
fungal spores, which can be carried away by the wind (Roelfs, 1985a; Roelfs et al., 1992;
Teng and Bowen, 1985).

During asexual reproduction fungal spores infect wheat plants, grow within wheat plant
tissue and, within 7-15 days, produce new spores in brownish pustules on plants (Roelfs
et al., 1992). The pustules are visible as the distinctive symptom of the disease (Figure
1.1 a-b). The Pgt-urediniospores (hereafter abbreviated as Pgt-spores) produced in pus-
tules (Figure 1.1 c) are released into the air and can re-infect new host tissue when they
land on susceptible plants. Several of these clonal reproduction cycles occur during a
single wheat growing season (polycyclic disease). This repeated reproduction leads to
the growth and release of extremely large numbers of Pgt-spores in infected wheat fields,
which can cause explosive epidemics, destroying seemingly healthy crops within only a
few weeks (Roelfs et al., 1992). The rapid build-up of the disease with very high yield
losses have made wheat stem rust one the most feared crop diseases known to humanity
(McIntosh et al., 1995; Roelfs, 1985a; Roelfs et al., 1992; Schuman and Leonard, 2000).

Exemplars of severe wheat stem rust epidemics in the twentieth century include: Eastern
Europe/Russia in 1932 with an estimated 5-20% crop loss; Chile in 1951 with an esti-
mated 40% crop loss; North America in 1953 and 1954 with estimated losses of around
2.5 and 2.1 million tonnes, respectively; and Ethiopia in 1993-94 with an estimated 42%
crop losses (Hodson, 2011). More recent exemplars include the re-emergence of wheat
stem rust in Europe (Berlin, 2017; Bhattacharya, 2017; Lewis et al., 2018; Olivera Firpo
et al., 2017), as well as severe outbreaks in Ethiopia (Olivera Firpo et al., 2015) and Rus-
sia (Shamanin et al., 2018). Figures 1.1-d/e show pictures of infected wheat fields from
two recent outbreaks of wheat stem rust in Italy and Ethiopia.

1.2.2 Long-distance dispersal (LDD) of Pgt-spores

In heavily infected wheat fields, trillions of Pgt-spores are produced per day per hectare
(for details, see Section 3.3.3.4). The large majority of these spores land on other leaves of
the infected plant or get dispersed to neighbouring plants within the same field. However,
a small but very important proportion of Pgt-spores escape the wheat canopy into the free
air above wheat fields (Roelfs, 1972, 1985a). This cloud of pathogenic fungal spores that
escapes the wheat canopy, consisting of tens to hundreds of billions of spores per hectare
per day, can be carried away by the wind over long distances. The urediniospores of Pgt

are darkly pigmented, which makes them well protected against ultra-violet solar radia-
tion. They are small and light, with an ellipsoid or globoid shape (Figure 1.1-C) in the size
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range of (13-24) × (21-40) micrometer, and a density of approximately 1 [g/cm3] (Ev-
ersmeyer and Kramer, 2000; Orr and Tippets, 1972). These morphological characteristics
make them particularly suitable for LDD. A fraction of the escaped Pgt-spores survive
the harsh conditions during atmospheric transport and remain viable to infect suscepti-
ble hosts when they land in other geographic areas (for details, see Section 2.4.5). The
capability of wheat stem rust to spread over long distances (up to thousands of kilome-
ters) makes this disease particularly threatening to global wheat production (Roelfs et al.,
1992; Schuman and Leonard, 2000).

The challenge addressed in this thesis is to improve our understanding of likely atmo-
spheric transport patterns of Pgt-spores by developing and testing a predictive mecha-
nistic simulation framework for spore dispersal. Predicting likely dispersal patterns of
Pgt-spores from infected fields can contribute to disease control in several ways. The
resulting pathogen dispersal patterns can be used to assess risks to different wheat pro-
ducing areas and target surveillance measures to high risk areas. This can increase the
chances of early detection of the disease in new areas, which is key for successful control.
Further, information about likely patterns of pathogen dispersal can be used to target the
deployment of fungicides to high risk areas. Seasonal dispersal risk assessments can be
used to target the deployment of resistant wheat varieties. Assessing and communicating
the risks of LDD of novel strains to agricultural stakeholders can help raise awareness of
disease risk, and provide decision support for agricultural stakeholders.

1.2.3 Key processes involved in LDD of wheat rusts

From an aerobiological perspective the following processes involved in airborne LDD
and subsequent primary infection can be distinguished (Aylor, 2017): (i) spore production
and release; (ii) turbulent atmospheric transport; (iii) spore viability during transport; (iv)
spore deposition; (v) susceptibility of hosts on which spores are deposited; and (vi) en-
vironmental suitability for infection after deposition of spores. The aim of the modelling
work described here is to quantify these processes in a mechanistic simulation framework
(for details, see Section 2.2). As the first step to achieve this, empirical studies were
reviewed, which analyse these processes and their meteorological drivers in laboratory
and field experimental studies4. The review of the empirical biological literature is sum-
marized in Table A.1 in Appendix A.1 (processes and meteorological factors involved in
LDD) and in Table A.2 in Appendix A.2 (processes and meteorological factors involved
in infection after deposition).

4 The review was conducted for all three types of wheat rust to provide a basis for future generalization of
the modelling framework described here to other wheat rusts.
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Most of the experimental results in the literature are restricted to simple empirical re-
lationships between key environmental factors and biological processes (Tables A.1 &
A.2). Details of the biophysical mechanisms, which are explicitly accounted for in sim-
ulations, are described in the methods sections of this thesis (Chapter 2; Sections 3.3,
4.3, 5.3, and 6.2.2), along with the description of how these processes are modelled. In
the remaining sections of this introductory chapter, the broader context of LDD of other
crop pathogens is introduced (Section 1.3), and previous LDD modelling approaches are
reviewed (Section 1.4).

1.3 LDD of crop pathogens on regional and continental scales

1.3.1 Examples of LDD events

In plant epidemiology, three spatial scales of LDD are distinguished: farm (from a single
plant to within or across fields; tens to hundreds of meters, regional (from a field across
county or state borders; tens of kilometers) and continental scales (between continents;
up to thousands of kilometres) (Schmale and Ross, 2015). Figure 1.2 illustrates reported
examples of putative regional and intercontinental transport of crop pathogens (Brown
and Hovmøller, 2002). The mechanisms by which crop pathogens can be transported
over such long distances include: (i) trade of infected plant material; (ii) human, bird or
insect vectors; and importantly (iii), airborne dispersal along atmospheric winds (Brown
and Hovmøller, 2002; Clobert et al., 2012).

Examples of regional airborne LDD events of rusts include the annual periodic move-
ment of wheat rust spores in North America along the Puccinia pathway (Kolmer, 2005;
Schuman and Leonard, 2000), the northern parts of China from the southern provinces
(Chen et al., 2009) and the movement within India (Nagarajan et al., 1976; Tomar et al.,
2014) and Australia (Park, 2007; Park et al., 2011). Likely continental scale rust dispersal
events include the trans-Atlantic movements of coffee leaf rust (Hemileia vastatrix) from
Angola to Brazil in 1970 (Bowden et al., 1971), of sugarcane rust (Puccinia melanoce-

fela) from Cameroon to America in 1978 (Purdy, 1985) and the introduction of soybean
rust (Phakopsora pachyrhizi) into North America from South America (Isard et al., 2005;
Schneider et al., 2004). Wheat rust spores travel regularly from Australia to New Zealand
(Kim and Beresford, 2008; Roelfs et al., 1992). There is evidence suggesting that on
at least three occasions in the last 75 years, wheat stem rust has spread by wind from
Africa over the entire Indian Ocean to Australia (this is investigated further in Chapter 4).
Several further likely LDD pathways of different crop pathogens have been documented,
including the West and East European wheat rust tracks (Zadoks, 1967). Recently, it was
hypothesized that novel strains of wheat stem rust can spread from East Africa to South
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Figure 1.2: Map of putative regional and continental scale LDD events of fungal
crop pathogens. Red arrows indicate dispersal that probably occurred by direct airborne
movement of spores through the atmosphere. Blue arrows indicate transport events that
were probably caused by trade of infected plant material or by people. Green arrows in-
dicate periodic migrations of airborne spores in extinction-recolonization cycles. Yellow
dots indicate the worldwide spread of a particular disease, the black Sigatoka disease of
banana (the first outbreak recorded on each continent is marked). Figure reproduced from
Brown and Hovmøller (2002).

Asia (this is investigated further in Chapter 3).

The available empirical evidence for long-distance airborne dispersal obtained from field
experiments, field disease surveillance, and genetic analyses is often circumstantial, show-
ing that LDD occurs, but not clearly indicating when, where and how often it occurs.

1.3.2 Experimental challenges and the need for modelling

During a wheat rust epidemic in Manitoba in 1930, Peturson measured the equivalent
of approximately 16,000 fungal spores per square meter using a spore trap at an altitude
of approximately 4.5 km above the surface during repeated air plane ascents (Gregory,
1945). Around the same time, Cambridge mycologist, D. Weston embarked the British
Airship R 100 on its maiden flight, and 2000 feet above sea level, used a coated Petri dish
to catch fungal spores in air5. These early studies, together with the pioneering work of
Stakman in the early 1920s (Aylor, 2017), were the first to prove experimentally that the
pathogens transmitting wheat stem rust can be found at high altitudes in the atmosphere
and far away from diseased fields, clearly showing that long-distance dispersal occurs.

5 See: http://www.cam.ac.uk/research/features/the-flying-scientist-who-chased-spores
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Several further studies involving aircraft were conducted in the early 20th century (Gre-
gory, 1945). During the last 100 years a variety of experimental techniques have been
developed and used to measure spore dispersal (Viljanen-Rollinson et al., 2007). Among
these are suction traps, rotorod traps, rain samplers, and, more recently, unmanned aerial
vehicles (Aylor et al., 2011; Isard et al., 2011; Nagarajan et al., 1976; Schmale et al.,
2012). Despite these advances in experimental techniques, there are substantial chal-
lenges and financial hurdles for empirical measurements of spore dispersal quantities on
regional and continental scales.

Direct measurements of spore concentration in air from planes and drones is possible, but
has only very rarely been done after the early work in the first half of the 20th century
(Aylor et al., 2011; Hirst et al., 1967; Schmale et al., 2012). If spore concentrations are
measured in air by a single plane or a drone, then these measurements provide only a very
small spatial subset of the total spore plume, which usually extends over tens or hundreds
of kilometres. Theoretically, one could increase the number of drones or attach sampling
devices to several planes to cover larger areas, but in practise this has not been done so far.

The available data from ground sampling devices are also very limited. There have been
several studies measuring spore concentration and deposition on field scales (see e.g.
Gleicher et al., 2014; Aylor and Taylor, 1983), but only very few studies measuring spore
concentration in sampling devices distributed over entire regions (Isard et al., 2011; Stak-
man and Hamilton, 1939). For airborne pollen, there is a network of around 250 sampling
stations covering Europe, providing data of surface concentrations in different regions and
times of the year (Prank et al., 2013). But no comparable sampling effort exists for crop
pathogens, despite their importance for agricultural production. One of the few currently
ongoing sampling experiments consists of 13 sampling devices distributed over the wheat
producing areas of Sweden (Dr Anna Berlin, pers. comm.). This provides snapshots of
spore concentration at some specific locations, but no information about spore fluxes from
region A to a distant region B. Compared with the spatio-temporal resolution of dispersal
models, estimating spore concentrations and deposition amounts for every location and
time covering entire continents, the available empirical spore sampling data are extremely
sparse.

Inferences about LDD over regions and continents are based on circumstantial evidence
and indirect measurements (as opposed to direct measurements of spore fluxes in air). For
example, if a novel strain of a certain disease, which is known to be present at location,
A, is detected in another distant location, B, where it has never been reported before, then
this provides a strong, albeit circumstantial, indication for dispersal from A to B. Exotic
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incursions of novel strains into geographically isolated domains, such as Australia, are
a very good real-world analogue of the aforementioned scenario of indirect evidence for
LDD (see Chapter 4). A variety of empirical studies indicate that LDD plays an impor-
tant role for disease spread and pathogen population dynamics on regional and continental
scales (Ali et al., 2014; Hovmøller et al., 2016; Isard et al., 2011; Nagarajan et al., 1976;
Watson and de Sousa, 1982). For example, a recent study has shown that a new wheat
stripe rust race was first detected in the same year in several different locations throughout
Europe, and then became the dominant strain in the entire European continent the year
after first detection (Hovmøller et al., 2016). This initial incursion of one novel strain to
different locations distributed over a broad geographic area, and the drastic shift of the
pathogen population in the entire continent shortly thereafter, supports the hypothesis of
initial airborne incursion of a spatially, widely-diluted spore plume from outside Europe
with subsequent regional scale dispersal to all wheat producing regions within Europe
(Hovmøller et al., 2016). Recent advances in global field disease surveillance efforts
and genetic technologies provide spatio-temporal patterns of disease prevalence covering
entire regions and continents (see e.g. CIMMYT, 2017; Hodson, 2011), which can be
compared with outputs from dispersal models (see Chapters 3, 4, 5 and 6).

In summary, it is known from different experiments that airborne LDD is possible, disease
spread patterns indicate that LDD plays an important role, and there is evidence for the
existence of several airborne long-distance pathways (see Figure 1.2). But quantitatively,
for example, in terms of mean directional trends, or transport frequencies and amounts of
pathogens in air, very little is known about atmospheric pathogen dispersal on regional
and continental scales. Considering these experimental and financial challenges, mecha-
nistic modelling approaches are the most feasible and promising way to increase our un-
derstanding. Data-driven mechanistic modelling has the advantage of bringing together
different types of data with results from past laboratory and field experimental studies in
a systematic way, making use of computational power and physical principles. This can
enhance our understanding of LDD and provide theoretical predictions and hypotheses
for future experimental work.

1.4 Modelling approaches to study LDD of crop pathogens

LDD of crop pathogens has been studied using a variety of model types. These range
from qualitative conceptual models (Section 1.4.1), to empirical dispersal kernels (Section
1.4.2), and different types of mechanistic models and data-driven simulation frameworks
(Section 1.4.3). In this thesis, LDD is modelled using the UK Met Office’s stochastic La-
grangian particle dispersion model, NAME (Jones et al., 2007; Jones, 2015), processing
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finely resolved meteorological data. NAME is used to simulate mechanistically all key
sub-processes of LDD (release, transport, viability, deposition). Details of the modelling
framework are described in Chapter 2. This section gives an overview of the different
types of models that have been used in the literature, to provide the context for the model
used in the main parts of the thesis. It is outlined why a mechanistic stochastic Lagrangian
particle dispersion model (hereafter also abbreviated as LPDM) was chosen for the pur-
pose of this study.

Table A.3 in Appendix A.3 provides an overview of the different types of models for LDD
of crop pathogens found in the literature, summarizing key studies with an emphasis on
previous mechanistic approaches. Experimental and modelling studies of crop pathogen
LDD have also been reviewed in the literature (Aylor, 2017; Brown and Hovmøller, 2002;
Cox, 2014; Davis, 1987; Gregory, 1945, 1973; Manhaffee and Stoll, 2016; Pan and Xue,
2010; Schmale and Ross, 2015).

1.4.1 Conceptual models

Several previous studies have introduced conceptual models of LDD of pathogens on re-
gional and continental scales (Brown and Hovmøller, 2002; Hogg et al., 1969; Kolmer,
2005; Lyon and Broders, 2017; Nagarajan et al., 1976; Nagarajan and Singh, 1990; Schu-
man and Leonard, 2000; Zadoks, 1967). The term conceptual model is used here to
describe qualitative models, mostly in the form of simple sketches of arrows on maps,
indicating hypothesized dispersal pathways (see e.g. Fig 1.2). These sketches of likely
pathways are based on different types of information, as, for example, detection sites of
certain pathogens in different regions.

Conceptual models provide a useful way of summarizing available information, and for-
mulating hypotheses. However, conceptual models remain qualitative, and do not provide
information about actual transport quantities or probabilities of dispersal. This lack of
quantitative information about likely pathogen dispersal has limited value for surveillance
and control strategies. To fill this gap, in this thesis dispersal along airborne pathways will
be quantified. The research described here thereby complements conceptual models and
provides a way of testing and refining these hypotheses. For example, dispersal of novel
strains of wheat stem rust along two different routes from East Africa to South Asia was
hypothesized, in the form of a conceptual model (Singh et al., 2006, 2008), and then dis-
cussed as a threat to global food security (Nagarajan, 2012; Nagarajan et al., 2014; Singh
et al., 2006, 2008, 2011, 2015; Stokstad, 2007). Here, for the first time in the literature,
quantitative estimates of pathogen transport along these pathways are derived (Figure 3.7
in Chapter 3).
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1.4.2 Empirical dispersal kernels

Empirical dispersal kernels are widely used in crop epidemiology (see e.g. Agrios, 2005;
Madden et al., 2011). Empirical kernels describe dispersal (or disease intensity) with a
simple mathematical function that decays with increasing distance from a source (radially
isotropic). A plethora of different kernels has been used in plant epidemiology (see e.g.
Cunniffe et al., 2016; Mundt et al., 2009; Skelsey et al., 2013; Stutt, 2014), as well as
in the broader ecological literature (see e.g. Bullock et al., 2017; Nathan et al., 2012).
Prominent examples include the thin tailed exponential kernel

Ye(r) = a exp(−br), (1.1)

and the thick tailed modified power law kernel

Yp(r) = c (r + f)−d, (1.2)

where Ye(r) (and Yp(r)) is used to describe the disease intensity at distance, r, from a
source (Madden et al., 2011). With appropriate normalization, empirical kernels can be
used to model the probability of dispersal to a certain distance (Nathan et al., 2012). The
parameters are obtained from fitting the dispersal kernel (Eq. 1.1 or Eq. 1.2) to empirical
data. These data may consist of, for example, spore deposition numbers at certain dis-
tances from a source.

Studies using empirical dispersal kernels are numerous. In a recent experimental study,
Rieux et al. (2014) measure fungal spore deposition amounts around a source on spa-
tial scales up to 1 km and fit different kinds of dispersal kernels to the empirical data
(Rieux et al., 2014)6. In another recent study, a regional scale empirical kernel is fitted to
the spatio-temporal distribution of ash dieback sites in France (Grosdidier et al., 2018).
Isotropic kernels have also been used to parameterize short and long-distance dispersal of
Sudden Oak Death in California, USA (Cunniffe et al., 2016; Meentemeyer et al., 2011),
as well as for modelling Citrus Canker in urban landscapes in Florida (Neri et al., 2014).

Empirical kernels have the advantage of providing a very simple mathematical represen-
tation that can easily be used for modelling spatial spread of disease. However, solely
distance dependent, isotropic and temporally constant empirical dispersal kernels are an
inappropriate model for the highly anisotropic atmospheric transport patterns on the long
spatial scales (up to several thousand kilometres) analysed in this thesis. LDD quantities,

6 In Section 3.4.8 of this thesis, the results from mechanistic Lagrangian particle dispersion simulations are
processed to obtain a mechanistic perspective on dispersal kernels on much larger spatial scales (more
than 1000 times larger).
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for example, frequencies of dispersal events in a certain direction, during a certain month,
from a certain location, are strongly driven by meteorological factors, and these are not
accounted for in empirical isotropic kernels.

A further disadvantage of empirical kernels is that they require data from disease detection
sites covering entire regions (which is often not available) for the empirical parameteri-
zation. An empirically parameterized dispersal kernel is then valid specifically for the
case-study for which it was parameterized, but, in general, cannot directly be transferred
to other disease scenarios in different geographic areas. But this is required for achieving
one of the objectives of this study – deriving predictive dispersal estimates from the latest
detection sites in different geographic areas. Mechanistic modelling frameworks, on the
other hand, are based on physical principles and empirically measured parameters from
published laboratory and field experiments, and can be transferred with more confidence
between different disease outbreak scenarios and geographic areas.

1.4.3 Mechanistic dispersal models

The study of LDD of crop pathogens from a mechanistic perspective was started in the
early 20th century by estimating maximum travel distances of single spores based on sin-
gle spore settling velocities and mean wind velocities (Section 1.4.3.1). Subsequently,
instead of considering single spores in constant wind fields, the modelling perspective
shifted to calculating the transport of spore clouds in turbulent wind flows (Gregory,
1945). Since then, a variety of mechanistic models for atmospheric pathogen transport
have been developed. Among the most widely used types of mechanistic LDD models
in plant epidemiology are mean trajectory models (Section 1.4.3.2), and Gaussian puff
and plume models (Section 1.4.3.3). However, a variety of other modelling approaches
have also been used. These include the Integrated Aerobiological Modelling Framework
(Section 1.4.3.4), Lagrangian Coherent Structures (Section 1.4.3.5), mechanistically pa-
rameterized anisotropic dispersal kernels (Section 1.4.3.6), dispersal networks (Section
1.4.3.7), Eulerian transport models (Section 1.4.3.8) and Lagrangian Particle Dispersion
Models (Section 1.4.3.9).

The following paragraphs provide a brief introduction to the different mechanistic ap-
proaches found in the literature, summarizing advantages and disadvantages compared
with the LPDM approach used for the research in this thesis.
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1.4.3.1 Single spores in constant winds

The first reported attempts of mechanistic modelling of long-distance atmospheric dis-
persal of crop pathogens are calculations of maximum travel distances of single spores
(Christensen, 1942; Gregory, 1945). These were based on experimentally measured set-
tling velocities. The settling velocities were used to calculate the time that spores remain
airborne. Based on the settling time in combination with horizontal wind speeds, maxi-
mum transport distances for spores in air were calculated. For example, Christensen used
the experimentally determined settling velocity of Alternaria sp. spores, and the assump-
tion of constant wind speed along the entire transport trajectory, to obtain a maximum
travel distance of 2900 miles for dispersal from an altitude of 1 km in a 20 miles per hour
wind field (Christensen, 1942).

While these approaches consider to some extent two important factors, gravity and wind
speed, they neglect several essential characteristics of atmospheric flows. For example,
the stochastic nature of complex 3-dimensional turbulent transport is neglected by fo-
cussing on deterministic calculations of single spores in atmospheric winds. Further, the
assumption that wind speed is constant over distances of more than 1000 km (Christensen,
1942) will always be violated in actual atmospheric conditions, which may lead to con-
siderable errors in transport distance estimates. Importantly, the models neglect vertical
winds along transport trajectories, which can have strong effects on LDD by lifting spores
up to high altitudes. Further, deposition processes and spore viability during transport are
not explicitly considered. The LPDM approach used for the research in this thesis goes
far beyond these first mechanistic attempts by explicitly simulating all key sub-processes
of LDD (Section 1.2.3) as a function of gridded meteorological input data.

1.4.3.2 Mean trajectory models

Mean trajectory models are widely used in plant epidemiology (see for example Fernández-
Rodríguez et al., 2015; Kim and Beresford, 2008; Sadyś et al., 2014; Singh et al., 2008).
In early work, paper prints of synoptic weather charts were used to manually draw con-
stant pressure lines as possible trajectories of spores in wind fields (Hirst et al., 1967).
Today, gridded meteorological data about mean wind speeds and directions are available,
and used numerically to compute a set of i = 1, ..., N deterministic mean trajectories of
the form (Stohl, 1998)

X i
t+1 = X i

t + vit ∆t. (1.3)

Here, X i
t , describes the position of air-parcel, i, at time, t, and, ∆t, denotes the numerical

time-step. Each air-parcel is advected along the mean wind, vit, at its current position X i
t .
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Several simulation frameworks have been developed in the meteorological community
that can be used to compute mean trajectories. For example, the web-based interface7 to
the dispersal model HYSPLIT (Draxler et al., 2018). Epidemiological studies and web-
based plant disease early warning systems have made use of these mean trajectory models
for near real-time dispersal modelling (RustSPORE, 2011; Main et al., 2001).

While mean trajectory models can be useful in simple atmospheric flow conditions (sta-
ble; low wind shear; low turbulence), it is widely accepted in the meteorological com-
munity that Lagrangian stochastic approaches outperform mean trajectory models (Lin,
2013; Stohl et al., 2002). Mean trajectory models have the advantage that they are com-
putationally cheap and can be computed quickly on average Desktop PCs. In simple at-
mospheric flow conditions, mean trajectory models can provide a useful first estimate of
the dominant direction of spread, as well as an estimate of maximum transport distances
(by assumption of maximum transport times). However, in complex atmospheric flow
conditions, considerable errors can be expected (Stohl et al., 2002). For example, Stohl
et al. (2002) find an average deviation between individual trajectories and condensed La-
grangian Particle Dispersion Model output in the order of 20-40% of the distance travelled
after 10 days.

One of the fundamental limitations of mean trajectory models is that they cannot account
for filamentation of air volumes and complex transport patterns in 3-dimensional turbulent
wind fields. This is especially so if low numbers of trajectories are used, as, for example,
in Singh et al. (2008, 2011) and Sadyś et al. (2014). Using such low numbers of trajecto-
ries does not allow a robust statistical representation of the complex transport patterns of
the billions of spores that are released in real life disease outbreaks. A further key limi-
tation of mean trajectory models is that these do not account for deposition processes nor
for decay of spore viability during transport (Davis, 1987; Sadyś et al., 2014; Singh et al.,
2008, 2011). As neither spore viability nor spore deposition is accounted for explicitly, no
pathogen transport quantities can be computed, nor can one reasonably represent differ-
ent source strengths (spore release rates) for certain disease outbreak scenarios, which is
important for risk assessments, and possible using the simulation framework introduced
here (see Chapter 3).

1.4.3.3 Gaussian puff and plume models

Gaussian transport models account for the spatial spread of a spore cloud in the atmo-
sphere, due to turbulent wind eddies of varying size, by modelling the shape of the spore
cloud as a Gaussian distribution. This approach goes back to the fundamental work of
7 Available online at: https://www.ready.noaa.gov/index.php
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Taylor (1922), who was the first to show that the transport of tracer material in the far
field from a source in stationary homogeneous turbulent flows can be represented as a dif-
fusive process (Taylor, 1922; Thomson and Wilson, 2013). This concept was transferred
to crop pathogen transport in the atmosphere, describing the dilution of a spore cloud in
turbulent winds as a diffusive spread process, modelled as a Gaussian distribution (Gre-
gory, 1945). In a set of studies, Aylor has developed a framework for continental scale
dispersal of fungal pathogens, including Gaussian puff and plume model components8

(Aylor, 1986, 1999, 2003, 2017). Gaussian transport models are also one of the standard
modelling approaches for atmospheric transport in environmental physics (Boeker and
van Grondelle, 2001).

Aylor (2003) uses a Gaussian puff model as part of his calculation of continental scale
dispersal of Pgt-spores along the Puccinia pathway in North America. He models the
concentration of spores in air as a Gaussian puff of the form (Aylor, 2003)

C(x, y, z, t) =
2Qf

2π3/2σxσyσz
exp

(
−(x− Ut)

2σx

)
exp

(
−y2

2σy

)
exp

(
−z2

2σz

)
. (1.4)

Here Q denotes the source strength (a temporally instantaneous puff of a certain number
of released spores), f denotes the fraction remaining viable during atmospheric transport,
U denotes a representative mean wind speed, which is assumed constant in space and time
along the transport trajectory, and σx,y,z denote the standard deviations in the three spatial
dimensions x, y, z.

The key strength of this approach is that the simple analytical form enables a theoretical
analysis of continental scale transport, which leads to rates of disease spread and waiting
time distributions for dispersal events between different areas (Aylor, 2003). However,
the standard Gaussian puff model relies on a number of simplifying assumptions and
does not account for complex meteorological factors, as, for example, spatially varying
turbulence, wind shear and heterogeneous precipitation fields. Explicitly accounting for
meteorology is important, because on very long spatial scales (as considered in this the-
sis) a fundamental limitation of simple Gaussian models is particularly relevant. Standard
Gaussian models assume that the spatial dilution of the spore cloud around its center
of mass is Gaussian (i.e. symmetric). However, in reality, wind speed, wind direction,
wind shear and turbulence often strongly vary in space and time leading to very com-
plex, non-Gaussian (highly asymmetric) shapes of the overall 3-dimensional spore plume
(Lin, 2013; Thomson and Wilson, 2013). These complex transport patterns cannot be

8 The term Gaussian plume model refers to models with continuous source emissions, whereas the term
Gaussian puff model describes models for short, instantaneous releases (see e.g. Aylor, 2017)
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accounted for by standard Gaussian models, but are accounted for by the Lagrangian
stochastic simulation framework used for the research described in this thesis (see Chap-
ter 2).

1.4.3.4 Integrated Aerobiological Modelling System

The Integrated Aerobiological Modelling Framework (IAMS) was developed for assess-
ing atmospheric dispersal risks of soybean rust in North America. IAMS is part of a
large-scale crop disease early warning system, the Integrated Pest Management – Pest

Information Platform for Extension and Education9 (“IPM-PIPE”) (Isard et al., 2015).
While IPM-PIPE with all its components (including field observations, crop growth and
suitability models) is one of the most advanced early warning systems for crop diseases
worldwide, the dispersal modelling component of IAMS (Isard et al., 2005, 2007) has
several limitations compared with the dispersal model used here. First, IAMS has a very
low vertical resolution of 8 vertical layers (compared with 59 layers in the meteorologi-
cal input used here, with computation of 3-dimensional trajectories on sub-grid scales).
Second, IAMS assumes uniformly distributed stochastic displacements of simulation par-
ticles in a 15o arc centered around the mean wind vector at all times and locations in the
atmosphere, which neglects spatio-temporal variations of turbulence and violates prin-
ciples from turbulence theory. Third, it includes less detail in the parameterization of
convection and deposition processes than can be accounted for by NAME.

It has been documented that the IAMS dispersion model performs well in predicting soy-
bean rust occurrence in a set of different case studies, comparing dispersal model outputs
visually to disease prevalence data, as well as to spore count data from rain samplers (Isard
et al., 2005, 2006, 2007, 2011). However, IAMS has not been validated to the same ex-
tent as the complex dispersion modelling environment NAME (see Section 2.4.1), which
is used for the research described in this thesis. For the research objective of deriving re-
alistic dispersal quantities along continental scale pathways in different geographic areas,
the key advantages of NAME over IAMS are: the advanced and validated 3-dimensional
turbulence, deposition and deep convection (thermally driven vertical mixing extending
to high altitudes) modelling schemes within NAME, as well as the higher resolution of
the meteorological input data.

1.4.3.5 Lagrangian coherent structures

LDD has recently been modelled using the concept of Lagrangian coherent structures
(LCS) (Schmale et al., 2012; Schmale and Ross, 2015; Tallapragada et al., 2011). The

9 Available online: http://sbr.ipmpipe.org/cgi-bin/sbr/public.cgi
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term Lagrangian coherent structure describes a feature of the complex atmospheric flow
field that is distinguished by coherence over some time scale, for example, a moving
cold front. A correlation between the passing of LCSs and spikes in spore concentration
measurements was shown (Schmale et al., 2012; Tallapragada et al., 2011). While LCSs
are interesting from a dynamical systems perspective, they do not explicitly calculate
spore release, spore viability or spore deposition quantities. Instead, they may be used to
obtain an indication when deposition quantities may change, due to the passage of a LCS.
But finely resolved meteorological input data, as used here, resolve large moving fronts,
and explicitly quantify all key sub-processes of LDD of crop pathogens, allowing a much
more realistic and detailed analysis.

1.4.3.6 Mechanistic anisotropic dispersal kernels

Mechanistic anisotropic kernels represent an alternative to empirical kernels, and can ac-
count for some key characteristics of wind assisted dispersal. In Savage et al. (2011),
anisotropic dispersal kernels are obtained by using wind data to fit a mixture of von Mises
distributions. These approaches are conceptually interesting and have the advantage of
providing simple mathematical representations. However, such anisotropic dispersal ker-
nels are far less detailed and robust for assessing LDD on regional and continental scales,
when compared with fully mechanistic stochastic dispersal models10.

1.4.3.7 Long-distance dispersal networks

There have been two studies using a network model to represent dispersal of soybean rust
amongst a set of production sites (Sanatkar et al., 2015; Sutrave et al., 2012). In these
models, the mean wind direction and speed between two sites (nodes of the network)
are used to scale the weight of the connection between sites11. While the representation
of the entire system of all sites in the form of a network allows interesting further anal-
ysis, the parameterization of spore dispersal between each node, based solely on mean
wind speed and direction, is too simplistic for the purpose of obtaining realistic dispersal
approximations, including complex meteorological drivers, on continental scales.

1.4.3.8 Eulerian transport models

Eulerian transport models (also known as K-theory models; or gradient-transfer models)
describe the transport of spores in the form of an advection diffusion equation (Aylor,

10 In Chapter 3, an alternative way of obtaining a mechanistically parameterized dispersal kernel will be
discussed, processing the results of LPDM simulations (Section 3.4.8)

11 In Chapter 3, a new kind of long-distance dispersal network will be introduced, which uses the spore dis-
persal quantities obtained from LPDM simulations to define the weights of connections between different
wheat producing areas (Section 3.4.2)
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1990; Wilson and Sawford, 1996). In crop epidemiology, Eulerian models have been used
in several studies on short spatial scales (Aylor and Taylor, 1983; Aylor, 1990; Chamecki,
2012; Yao et al., 1997). However, on regional and continental spatial scales, Eulerian
transport models have not been used for crop pathogen transport studies. While Eulerian
models could principally be used to represent LDD of crop pathogens on long spatial
scales, they have some disadvantages compared with Lagrangian stochastic simulations,
and are therefore not used for the research described here. Details of the concept of
Eulerian transport models are described in Chapter 2 in comparison with the Lagrangian
modelling framework used here.

1.4.3.9 Lagrangian Particle Dispersion models

Lagrangian Particle Dispersion models (also known as Lagrangian stochastic simulations;
or random flight models) compute a set of stochastic simulation particle trajectories in
such a way that the entire particle-ensemble represents mean tracer quantities in turbulent
flow fields. LPDMs are widely used, for example, to simulate atmospheric transport of
volcanic ash and radionuclides (Draxler et al., 2015; Lin, 2013; Webster et al., 2012).
Also, in plant epidemiology, LPDMs have been used in some studies, but mostly on farm
scales (Aylor et al., 2011; Gleicher et al., 2014; Prussin et al., 2015). The use of LPDMs
for simulations of crop pathogen dispersal on regional and continental scales has been lim-
ited to very few previous studies (Cox, 2014; Olivera Firpo et al., 2015; Pan et al., 2006).
Recently, the publicly available web-based platform Tappas12 was launched, which pro-
vides an online interface to conduct simple LPDM simulations.

LPDM simulations are conducted here, because these allow the quantification of all key
processes involved in LDD of crop pathogens, including complex wind shear, spatially
varying turbulence and heterogeneous precipitation. For example, a LPDM can explicitly
account for the following scenario of spore transport: mechanically-induced turbulence
arising from the local topography around an infected wheat field may lead to occasional
strong wind gusts that lift a spore cloud above the canopy of an infected field and away
from the source area; daily heating of the region surrounding the source may cause ther-
mal updrafts, which lift a part of the spore cloud to higher altitudes; this part of the
plume, at higher altitudes, may then experience stronger, synoptic scale winds with a dif-
ferent dominant direction and speed, compared with the winds driving the lower part of
the plume. In LPDMs the top part of the plume will be advected independently of the bot-
tom part, facilitating simulations of complex 3-dimensional transport patterns. In standard

12 Available online: https://research.csiro.au/tappas/. The computational resources available on Tappas are
far too limited to conduct studies of comparable scale to the ones presented in this thesis, but the web-
interface allows quick assessments and provides a graphical interface for a broad user group.
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Gaussian models or mean trajectory models, this scenario could not be accounted for. The
main disadvantage of LPDMs, their high computational cost, is overcome here by using
high-performance computing resources. The general concept of LPDMs, as well as the
specific characteristics of NAME, the LPDM used in this study, are described Chapter 2.

1.5 Research objectives

The research described in this thesis aims at quantifying the risk of atmospheric dispersal
of Pgt-spores on regional and continental scales. The research objectives are:

• Objective 1: develop and test a data-driven mechanistic Lagrangian stochastic sim-
ulation framework that makes use of high-performance computing resources to pro-
cess finely resolved meteorological information, quantifying all key sub-processes
of long-distance atmospheric dispersal of Pgt-spores and the subsequent primary
infection of susceptible hosts.

• Objective 2: adapt the simulation framework to a set of case studies, analysing
dispersal trends in different important wheat producing regions, extending from
Australia over Africa and the Middle East to South Asia, and comparing simulation
results with available empirical data.

• Objective 3: use the simulation framework to explore novel quantitative perspec-
tives on pathogen dispersal over regions and continents, enhancing the fundamental
understanding of LDD of biological matter in the atmosphere.

• Objective 4: apply the simulation framework in real-time, providing emergency
response simulations and short-term dispersal forecasts from the latest disease de-
tection sites in Europe, East Africa, and Asia to guide surveillance and control
activities.

These objectives are addressed in an interdisciplinary research project at the interface
of plant epidemiology, aerobiology, meteorology and mathematical modelling. Working
mainly in the Epidemiology & Modelling Group in Cambridge, the author collaborated
with the Atmospheric Dispersion and Air-Quality Group (ADAQ) at the UK Meteoro-
logical Office in Exeter, as well as with Dr D. Hodson from the International Centre for
Maize and Wheat Improvement (CIMMYT).

1.6 Thesis outline

A set of related case-studies is described in this thesis. Chapter 2 introduces the general
atmospheric dispersal modelling framework for the case-studies described in Chapters 3,
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4, 5, and 6. Each of these chapters contains its own methods section, specifying the mod-
elling set-up for each case-study. The case-studies are conceptualized around a common
research theme, focussing on the following key questions:

• Where are likely atmospheric dispersal pathways of Pgt-spores that can spread dis-
ease between key wheat producing areas in Africa, Australia, the Middle East and
Central/South Asia?

• How rare (or frequent) are LDD events of Pgt-spores between regions and conti-
nents on time-scales of months, years and decades?

• What amounts of pathogens are transported by winds between regions and conti-
nents for different disease outbreak scenarios?

• What are typical daily, monthly, and interannual variations in spore dispersal direc-
tions, distances, frequencies and amounts?

• What is the practical relevance of dispersal risk assessments for guiding surveil-
lance and control measures?

In each case study, simulation results are compared with different types of empirical data
(phenotypic and genotypic analyses; field disease surveys), as well as with previously
published hypotheses and previous modelling work. The combination of the case studies
presented in this thesis, considered as a whole, provide an extensive set of test cases for
the simulation framework of Pgt-spores. The data-driven simulation studies described in
this thesis bring together different types of input data, structuring available information
and using high-performance computing and physical principles to derive new insights and
hypotheses.

Chapter 3 presents a detailed quantitative analysis of the risk of long-distance airborne dis-
persal of Pgt-spores amongst all key wheat producing countries in Southern/East Africa,
the Middle East and Central/South Asia. For the analysis, the atmospheric dispersal mod-
elling framework introduced in Chapter 2 is extended and coupled to spatio-temporally
explicit host and environmental sub-models. Key airborne migration routes of Pgt-spores
over continents with dynamically changing wheat and environmental landscapes are iden-
tified for a set of ‘what-if’ disease outbreak scenarios. Simulation results are compared
with available empirical data and previous hypotheses in the literature. The risk of LDD
of novel strains, such as Ug99, from East Africa to the Indian Subcontinent is assessed.
The study presented in Chapter 3 has been published in Nature Plants with the author of
this thesis as the lead author (Meyer et al., 2017b).
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In Chapter 4, the atmospheric dispersal modelling framework introduced in Chapter 2 is
applied to investigate the possibility of extremely long-distance dispersal from southern
Africa over the Indian Ocean to Australia. The study brings together complex disper-
sal simulations with data from phenotypic and genotypic analyses. Long-term dispersal
simulations are conducted from a set of sources in southern Africa to different wheat pro-
ducing regions in Australia, including a sensitivity analysis with respect to the maximum
lifetime of spores during atmospheric transport. The study provides risk estimates for
the exotic incursion of novel strains of wheat stem rust (Ug99, TKTTF) into Australia –
one of the world’s most important wheat producing countries. The collaborative study,
including the experimental (phenotypic and genotypic) work, is accepted for publication
in Phytopathology (Visser et al., 2018a).

In Chapter 5, the likely origin of wheat stem rust race TKTTF in Ethiopia (East Africa’s
largest wheat producing country) is examined. Given knowledge about the initial de-
tection site of strain TKTTF in Ethiopia, likely origins are derived. Simulation results
are compared with available field disease and race analysis data from different coun-
tries. Time-backward and time-forward simulations are compared as methods for source-
localization on regional and continental scales. An advanced spore viability decay scheme
is introduced and its effect on deposition rates is tested. Long-term trends of simulated
pathogen inflow into Ethiopia are analysed, providing quantitative estimates of the risks to
wheat production in Ethiopia posed by inflow of pathogens from neighbouring countries
in different months of the wheat season. The study presented in Chapter 5 was published
in Phytopathology with the author of this thesis as the lead author (Meyer et al., 2017a).

While the case-studies in Chapters 3, 4 and 5 focus on past incursion events and long-term
dispersal trends, Chapter 6 describes real-time applications of the dispersal modelling
framework. First, a set of ad-hoc emergency response simulations is summarized, which
were conducted by the author in response to wheat stem rust outbreaks during the time
of the PhD project, providing decision support for international surveillance measures.
Then, a test version of an automated short-term spore dispersal forecasting system is
described, which the author developed in collaboration with the UK Met Office and CIM-
MYT. The system was tested in three consecutive wheat seasons in Ethiopia, providing
dispersal forecasts from the latest wheat rust detection sites. The pilot study described in
Chapter 6 contributed to a successful BBSRC GCRF (Biotechnology and Biological Sci-
ences Research Council, Global Challenges Research Fund) proposal. The grant provides
funding for the currently on-going extension of the test version of the forecasting pipeline
into an operational wheat rust forecasting system for Ethiopia.
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A brief summary and general discussion, including some ideas for future work, concludes
the thesis (Chapter 7).
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Chapter 2
Modelling framework for the Lagrangian stochastic simulations of at-
mospheric Pgt-spore dispersal

This chapter introduces the modelling framework for the numerical studies described in
this thesis. The modelling aims and the general structure of the aerobiological model
are outlined in Sections 2.1 and 2.2. The specific modelling set-up differs for the case-
studies described in Chapters 3, 4, 5 and 6. Each chapter therefore contains a separate
methods section. In all case-studies, Lagrangian stochastic simulations form the core
of the numerical experiments. To introduce these, in this chapter, the general concept
and underlying assumptions of Lagrangian stochastic simulations are described (Sections
2.3). Subsequently, the specifics of NAME, which are relevant for all case-studies, are
defined (Section 2.4). Computational details are briefly summarized in Section 2.5.

2.1 Modelling aims

The aim of the aerobiological modelling framework is to simulate dispersal of Pgt-spores
from infected wheat fields through the atmosphere to susceptible and environmentally
suitable wheat fields in other geographic areas. A data-driven mechanistic model was
developed, quantifying all key processes of atmospheric spore dispersal, namely, spore
release, atmospheric transport, spore viability, and spore deposition, on regional and con-
tinental scales (50-10,000 km).

The processes involved in long-distance dispersal (LDD) are complex biological, physi-
cal, and meteorological phenomena at multiple scales. The mechanistic model developed
here aims at striking a balance between complexity and simplicity: it facilitates more re-
alistic estimates of LDD quantities than previous studies (see Section 1.4), accounting for
complex meteorological factors and key processes, whilst keeping the number of model
parameters feasible. Biophysical processes and meteorological factors are considered in
the modelling framework with a level of detail that is motivated by the level of detail of
empirical results from previous laboratory and field experiments, which are available for
the mechanistic model conceptualization and parameterization (Table A.1 and A.2 in Ap-
pendices A.1 and A.2).

The modelling framework can numerically simulate:

• heterogeneous and dynamic spore release from disease source locations;

• three-dimensional turbulent spore dispersal in complex atmospheric flows;

• loss of spore viability during transport;
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• gravitational settling, dry deposition and wet deposition of spores;

• susceptibility of hosts;

• environmental suitability for infection after deposition.

The model was implemented for use on high-performance computing resources, allowing
for flexibility:

• to apply the simulation framework on different time-scales (days to decades);

• to apply the simulation framework in different geographic areas;

• to link the dispersal model to host, environment and epidemiological models.

The capabilities of the simulation framework are achieved by: (i) combining different
types of input data; (ii) making use of high-performance computing; (iii) adapting the La-
grangian stochastic dispersion model NAME (Jones et al., 2007; Jones, 2015) to fungal
spore dispersion; and (iv) coupling NAME to spatio-temporally explicit host and environ-
mental sub-models.

2.2 General structure of the aerobiological modelling framework

The structure of the aerobiological model is introduced here in simple conceptual terms
(followed by details in the subsequent Sections 2.3 and 2.4). Consider the scenario of
Pgt-spore release from a single infected wheat field as a source, s, at some location, xs
(latitude, longitude, altitude). We are interested in modelling the atmospheric transport of
Pgt-spores from the source to a receptor wheat field, r, at some location, xr. Following the
aerobiological modelling framework introduced by Aylor (1986, 2017), the instantaneous
deposition flux, D(xr, t; ζ) [Pgt-spores m-2 s-1], at the receptor location, xr, resulting
from a single release event at time, t0, and source, xs, can be expressed as

D(xr, t; ζ) = Q(xs, t0; ζ) T (xr, t;xs, t0; ζ)︸ ︷︷ ︸
C(xt,t;ζ)

f(xr, t− t0; ζ) ν(xr, t; ζ)

= C(xr, t; ζ) f(xr, t− t0; ζ) ν(xr, t; ζ),

(2.1)

where: Q(xs, t0; ζ) [Pgt-spores m-2 s-1] denotes the source strength (or the spore release)
at time t0; T (x, t;xs, t0; ζ) [sm-1] denotes an atmospheric transport function that describes
the advection and dilution of the released spore cloud; f(xr, t − t0; ζ) [%] describes the
fraction of spores remaining viable after transport time, t− t0; and ν(xr, t; ζ)) [ms-1] is a
deposition velocity, which scales how much of the airborne spore plume is deposited on
the receptor. In the second line of Eq. 2.1, the concentration of spores in air, C(xr, t; ζ)
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[spores m-3], is introduced separately to emphasize that the 3-dimensional spore concen-
tration field (or the spore cloud in the atmosphere) connects source and receptor (see
Section 2.3 and 2.4 for details of how C(xr, t; ζ) is modelled).

Each of the processes indicated in Eq. 2.1, namely, spore release (Q), spore transport (T ),
spore viability (f ), and spore deposition (ν), are simulated numerically as a function of
input data, ζ , including complex meteorological data. For the numerical simulation of all
processes in Eq. 2.1, the Lagrangian Particle Dispersal modelling framework NAME is
adapted to Pgt-spore dispersal (for details, see Section 2.4).

After deposition, Pgt-spores need susceptible hosts and a suitable environment to cause
infection. The deposition quantities, D(xr, t; ζ), are therefore linked to host and environ-
mental sub-models to obtain the effective spore deposition, Deff(xr, t; ζ), on susceptible
and environmentally suitable wheat areas at the receptor location

Deff(xr, t; ζ) = D(xr, t; ζ) H(xr, t; ζ) S(xr, t; ζ). (2.2)

Here, H(xr, t; ζ) denotes the fraction of susceptible host at the receptor location and time
of deposition, and S(xr, t; ζ) is a scaling factor indicating if the environment is suitable
for infection (for details, see Section 3.3.4). For the numerical simulation of effective de-
position quantities on susceptible and environmentally suitable wheat areas, the outputs
of NAME (the deposition fields D(xr, t; ζ)) are linked to separate host and environmental
sub-models, which compute H(xr, t; ζ) and S(xr, t; ζ) (for details, see methods sections
in Chapters 3, 4, 5).

The mechanistic character of the model and its implementation on high-performance com-
puting resources allows its use for long-term analyses (Chapters 3, 4, and 5) as well as
short-term emergency response simulations when facing wheat rust outbreaks in new ar-
eas (Chapter 6).

2.3 Concept of Lagrangian stochastic simulations

Lagrangian Particle Dispersion Models (or Lagrangian stochastic simulations) numeri-
cally calculate transport processes in turbulent flows by simulating ensembles of random
trajectories based on known statistics of the flow field (Lin, 2013; Thomson and Wilson,
2013; Wilson and Sawford, 1996). The following sections (2.3.1, 2.3.2) describe why and
how an ensemble of random trajectories can be used to simulate the transport of a spore
cloud along atmospheric winds.
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2.3.1 Numerical representation of the atmosphere

A key component of simulating atmospheric spore dispersal is the numerical represen-
tation of the atmosphere in which spores are transported. Therefore, this section briefly
sketches how atmospheric flows are represented in Numerical Weather Prediction (NWP)
models, before turning to the method of Lagrangian simulations of atmospheric spore dis-
persal.

Numerical weather prediction centres automatically assimilate of the order of 1 million
weather observations per day and use some of the world’s most powerful computers to
predict atmospheric dynamics by combining global weather observations and numeri-
cal models of atmospheric flows (Bauer et al., 2015). The improvements in numeri-
cal weather prediction over the last decades have been described as one of the greatest
achievements of science (Bauer et al., 2015). The dynamical core of Numerical Weather
Prediction (NWP) models consists of the Navier-Stokes equations, linked to mass conti-
nuity equations, the first law of thermodynamics and the ideal gas law (Bauer et al., 2015).
Combining numerical simulations of the dynamical core equations with global weather
observations enables the approximate numerical representation of spatio-temporal dy-
namics of key atmospheric state variables such as wind speed, pressure, density, and
temperature.

Fungal spore dispersal is strongly dependent on wind speed and direction. Complex tur-
bulent winds often arise due to an interaction of mechanical and thermal processes, such
as, for example, friction caused by the earth’s surface topography, and convection caused
by daily heating from the sun. Atmospheric wind fields are mathematically described
by the Navier-Stokes equations (see for example Roedel, 2011; Wyngaard, 2010). One
of the great challenges for numerical simulations of atmospheric wind fields is that the
smallest relevant spatial scale in turbulent flows is of the order of 1 mm (Kolmogorov
length scale), so that a discretization of space for numerical representation in the form of
a standard 3-dimensional grid accounting for all relevant scales of turbulence in a cube
of 1 km3 atmosphere alone would require 1018 grid cells (Gyr and Rys, 1995). Direct
numerical simulations resolving all spatial scales of atmospheric flows on regional and
global scales over time-periods of months and years is therefore not feasible with cur-
rently available computational hardware. Instead, state-of-the-art NWP models simulate
global atmospheric flows on numerical grids with approximately 10 km horizontal grid-
size and parameterize (represent in simplified models) non-resolved processes (Walters
et al., 2017).

For the purpose of this thesis, the output of one of the world leading NWP models, the
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UK Met Office’s Unified Model (hereafter also abbreviated as UM; see Section 2.4.2 for
details), is processed as input to the Lagrangian Particle Dispersion Modelling framework
that estimates transport of pathogenic fungal spores through the atmosphere. For the key
studies described in this thesis (Chapters 3, 4, 5), the analysis fields of the UM (based
on assimilating past observational data) are used as input. These provide a gridded, 3-
dimensional representation of the atmosphere at 3-hourly temporal resolution. In the last
part of this thesis (Chapter 6) a pilot study is described which makes use of the short-term
forecasting model data from the UM. The skills and limitations of numerical weather pre-
diction modelling, with respect to numerically obtaining a gridded representation of the
entire atmosphere based on a limited set of observational data as well as with respect to
predicting future atmospheric dynamics, therefore are important aspects, as they affect
the skills as well as limitations associated with dispersal predictions. The recent advances
in NWP modelling and high-performance computing are key for the research described
here, because these provide the finely resolved meteorological input that is processed in
the atmospheric dispersal simulations.

Global and synoptic scale atmospheric circulation systems (Wallace and Hobbs, 2006),
as, for example, trade winds and the seasonal migration of the Intertropical Convergence
Zone, are important phenomena dominating atmospheric spore transport on the large spa-
tial scales (50 - 10,000 km) considered here. These large-scale phenomena are resolved in
the meteorological input data (for details, see Section 2.4.2). The next section introduces
how spore transport in the atmosphere is simulated.

2.3.2 Lagrangian and Eulerian transport models

Two different classes of models for transport processes in fluids (such as the atmosphere)
can be distinguished: Eulerian and Lagrangian transport models. Put simply, in Eulerian
transport models one considers changes of fluid properties at fixed locations, whereas in
Lagrangian models one follows the trajectories of fluid elements13 (Lin, 2013; Wilson and
Sawford, 1996; Wyngaard, 2010).

In a Eulerian framework, the transport of a tracer material (for example a spore cloud)
through the atmosphere is described in terms of advection and diffusion of a scalar-valued
concentration field. In particular, the evolution of the concentration of a tracer material

13 Previous Lagrangian (or trajectory-based) models in crop epidemiology include mean trajectory models,
Gaussian puffs, and Lagrangian stochastic models (see Section 1.4.3).
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can be described by a mass conservation equation of the form

∂C

∂t
+ u · ∇C = κ∇2C, (2.3)

with C(x, t) denoting the tracer material concentration, ∇ denoting the gradient opera-
tor, κ denoting molecular diffusivity, and u(x, t) denoting the wind velocity (Wilson and
Sawford, 1996; Lin, 2013). In complex turbulent flows neither the instantaneous wind,
u(x, t), nor the concentration field, C(x, t), in Equation 2.3 can be determined exactly.
Instead, modelling efforts usually aim at obtaining mean quantities (or other statistics) of
the wind velocity and concentration fields. When calculating mean transport quantities,
the advection term on the l.h.s. of Eq. 2.3 leads to unknown higher order statistics (for
example, Reynolds stresses), which require additional approximations. In Lagrangian
models, these additional approximations are not necessary in the step of calculating trans-
port statistics of C(x, t) (Wilson and Sawford, 1996), because in the Lagrangian frame
Eq. 2.3 can be written as

DC

dt
= κ∇2C, (2.4)

where D denotes the material derivative along the trajectory of air-parcels (Wilson and
Sawford, 1996). For high Reynolds number turbulent flows, which are usually represen-
tative for atmospheric flows, molecular diffusion is small compared with the effect of
turbulent eddies. Therefore, the term on the r.h.s of Eq. 2.4 can be neglected, and the
evolution of the tracer material concentration along the trajectory of an air-parcel can be
described as (Wilson and Sawford, 1996)

DC

dt
≈ 0. (2.5)

This is important for understanding the concept of Lagrangian simulations as it motivates
the concept of ‘marked fluid particles’ or ‘air-parcels’ with a material concentration that
remains approximately constant along its atmospheric trajectory (if no other loss pro-
cesses occur). The term air-parcel is used here to describe a small chunk of air, that
contains enough molecules for well defined macroscopic state variables (as, for example,
density or temperature) but is small enough to be considered infinitesimally small relative
to the dominant scales of the atmospheric flow that is modelled (for example a tropi-
cal storm with diameter of several hundred kilometres). In Lagrangian simulations the
transport of a tracer material through a fluid is modelled by numerically calculating large
numbers of stochastic trajectories of simulation particles, representing air-parcels with an
approximately constant tracer concentration. The spatio-temporal re-distribution of the
entire ensemble of simulation particles models the transport process of the concentration
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field of the tracer material. This has the advantage that mean concentrations (〈C(x, t)〉)
in the Lagrangian framework can be calculated without further approximations, based on
the probability density function, P (x, t;x′, t′), that governs the stochastic motion of the
ensemble of simulation particles (Wilson and Sawford, 1996)

〈C(x, t)〉 =

∫ t

−∞

∫
V

P (x, t;x′, t′)Q(x′, t′)dx′dt′. (2.6)

Here V denotes the volume of fluid under consideration, andQ(x′, t′) describes the source
distribution (as, for example, spore release from a source). The term P (x, t;x′, t′) de-
notes the probability density for a marked fluid-particle to be at position x at time t
conditional on being at x′ at previous time t′. Assuming Markovian properties for the
Lagrangian position and velocity, a Fokker-Planck Equation can be derived, describing
the time-evolution of P (x, t;x′, t′) (Thomson and Wilson, 2013; Wilson and Sawford,
1996). Instead of solving the Fokker-Planck Equation, in Lagrangian stochastic models,
the equivalent microscopic (individual based) description of the Markov process, in the
form of individual Langevin equations, is used. Stochastic simulation particle trajectories
are calculated according to Langevin equations of the form (Thomson and Wilson, 2013)

dUi = aidt+ bijdξj, (2.7)

dXi = Uidt, (2.8)

where the indices denote the spatial dimensions (i = x, y, z). This is the general form of
a 1st order Lagrangian stochastic model. The term ai = ai(X,U, t) is known as the drift
coefficient, and bij = bij(X,U, t) is known as the diffusion coefficient, which scales the
random Gaussian forcing, dξj , modelling the effect of turbulence. The challenge lies in
determining the drift and diffusion coefficients, ai and bij in Eq. 2.7, which generally de-
pend on the Lagrangian position, X, velocity, U, time, t, and the Eulerian wind statistics
(and other meteorological factors). This is known as the selection problem of Lagrangian
stochastic simulations (Thomson and Wilson, 2013). In his seminal paper, Thomson de-
rives a criterion (the well-mixed criterion) to constrain the drift and diffusion coefficients
(Thomson, 1987). The drift and diffusion coefficients are determined such that consis-
tency with Kolmogorov’s similarity theory for small scale turbulence is ensured, as well
as consistency with the second law of thermodynamics, and the Eulerian flow statistics
given by the meteorological input (for details, see Thomson, 1987; Thomson and Wilson,
2013; Wilson and Sawford, 1996). Thomson’s criterion are widely used in different La-
grangian stochastic models and are also implemented into NAME, the model used for the
research described in this thesis.
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The general form of a Lagrangian stochastic model (Equations 2.7 & 2.8) allows a very in-
tuitive interpretation: each simulation particle represents a fungal spore or a set of fungal
spores, and these are advected along mean winds with an additional stochastic term that
accounts for the random character of turbulent winds. Mean concentrations of spore mate-
rial per model grid-box in simulations can be obtained by summing up the material carried
by all simulation particles per grid-box. In addition to the intuitive physical realism, the
key advantages of Lagrangian transport models are: ability to account for non-diffusive
near source transport characteristics; numerical stability (due to the absence of non-linear
terms); and availability of sub-grid trajectory information (Lin, 2013).

Lagrangian stochastic models (or Lagrangian Particle Dispersion Models; LPDMs) are
widely used in different scientific fields such as meteorology, atmospheric chemistry, ecol-
ogy, entomology and epidemiology (Archibald, 2010; Burgin, 2011; Burgin et al., 2013;
Chapman et al., 2012; Draxler et al., 2015; Lin, 2013; Webster et al., 2012). A number of
complex LPDM frameworks have been developed and are in operational use, for exam-
ple, HYSPLIT (Draxler et al., 2018), FLEXPART (Stohl et al., 2011), and NAME (Jones
et al., 2007).

2.4 The Lagrangian simulation framework NAME

The complex Lagrangian Particle Dispersion Modelling framework NAME14 (Jones et al.,
2007; Jones, 2015) was chosen (instead of other dispersal frameworks such as HYSPLIT)
because of: (i) its well-established good performance (Section 2.4.1); (ii) the available
high resolution meteorological input data (Section 2.4.2); (iii) previous exploratory re-
search conducted in the Epidemiology & Modelling Group to model fungal spore disper-
sal using NAME (Cox, 2014; Olivera Firpo et al., 2015); and (iv) the close collaboration
between the author of this thesis and the Atmospheric Dispersion and Air-Quality Group
at UK Met Office (who develop and maintain NAME). NAME is used to simulate key sub-
processes of atmospheric spore dispersal: spore release (Section 2.4.3); 3-dimensional
turbulent atmospheric transport (Section 2.4.4); loss of spore viability during transport
(Section 2.4.5); and spore deposition (Section 2.4.6). For the research described in this
thesis, NAME was parameterized, extended and coupled to other modelling components
in a set of case studies. Case-study specific details are described in Chapters 3, 4, 5
and 6. In this section the key characteristics of NAME, relevant for all case studies, are
introduced.
14 Abbreviation for: Numerical Atmospheric-dispersion Modelling Environment.
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2.4.1 History and previous validation studies

NAME was originally developed in response to the Chernobyl nuclear accident in the
1980s and has been in development since then at the UK Met Office. It is used in the
United Kingdom for national emergency response simulations, for example, in case of
chemical (Webster et al., 2007), biological (Burgin et al., 2013), volcanic (Webster et al.,
2012) and nuclear threats (Draxler et al., 2015). It has played an important role to pre-
dict infection risks of airborne livestock diseases, such as foot-and-mouth and bluetongue
(Burgin, 2011). The UK Met Office is mandated to support the UK government during
national emergencies by ensuring an emergency response team is available to provide ad-
hoc NAME simulations 365 days a year.

NAME has been validated in numerous studies and was compared with other atmospheric
dispersion models. These evaluation studies confirm that NAME is one of the world lead-
ing dispersion models, but also show that there are considerable uncertainties involved
when modelling long range atmospheric transport. Examples of previous evaluation stud-
ies of NAME include volcanic ash particulates (Dacre et al., 2011; Devenish et al., 2011;
Webster et al., 2012), chemical tracers (Jones et al., 2005; Webster and Thomson, 2002),
and radionuclides (Draxler et al., 2015).

Previous methods of validation studies range from visual comparisons between simulated
and observed plumes, to quantitative assessments of simulated versus observed tracer con-
centrations and deposition amounts. For example, after a major accident in the Buncefield
oil depot in Hemel Hempstead (UK), NAME was used to predict the smoke plume. The
visual comparison of the simulated plume with satellite images showed very good agree-
ment (Webster et al., 2007). In another example, NAME was used to predict the incursion
of the livestock disease bluetongue into the UK. The atmospheric movement of the insect
vectors (midges) transmitting the disease was simulated using NAME and it was shown
that regions of predicted high disease risk compared well with observed infections (Bur-
gin, 2011). Also, an inter-model comparison study was conducted to test the capability
of different dispersion models to predict the risk of airborne spread of foot-and-mouth
disease (Gloster et al., 2010). The study reports that NAME predicts similar areas at risk
as the other dispersion models, and concludes that all tested models can be used as a tool
to assess risks of wind-borne spread. A recent case-study, with particular relevance for
the research described in this thesis, shows visual accordance between NAME deposition
patterns and wheat stem rust disease prevalence during a localized epidemic in Ethiopia
(Olivera Firpo et al., 2015).

Validation studies using data from large scale chemical tracer experiments are an im-
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portant method for validating NAME. For example, NAME simulations were compared
against the sampling data from the European Tracer Experiment (ETEX). As part of
ETEX a chemical substance was released from one source in France for 12 hours and
then its concentration was measured at 168 sampling sites distributed over central Eu-
rope. Comparison of the observed data with NAME simulations showed that NAME
performed well in predicting the arrival times of plumes and satisfactorily in terms of pre-
dicting concentrations (Ryall and Maryon, 1998). In another validation study, comparing
NAME simulations with data from a different tracer experiment (the Kincaid sampling
experiment), it was shown that NAME predicted the concentration of a chemical tracer
correctly within a factor 2 on the majority of observation times (Jones et al., 2005).

In summary, numerous validation studies have confirmed that NAME serves as a reli-
able mechanistic simulation framework to predict atmospheric transport processes. This
shows that the physical transport and deposition schemes of NAME perform well in a
number of different cases, allowing robust statements about plume spread, plume arrival
times and order of magnitude estimates of tracer concentrations and deposition amounts.
However, the complexity of atmospheric dynamics remains a challenge, and there are
considerable uncertainties involved in predicting atmospheric transport quantities. In this
thesis, new applications and extensions of NAME are described, simulating atmospheric
dispersal of pathogenic biological particulates, and comparing results to available empiri-
cal data (Chapters 3, 4, 5, and 6). The focus of the analyses is on identifying predominant
directions of spread, distinguishing the relative importance of different atmospheric trans-
mission pathways, and analysing long-term frequencies and order of magnitude estimates
of spore transport.

2.4.2 Meteorological input data

The output of the UK Met Office’s numerical weather prediction Model, the Unified
Model (Davies et al., 2005; Walters et al., 2017), is used as meteorological input for
all dispersal simulations presented in this thesis. The Unified Model (UM) processes
around half a million weather observations15 every day, and uses numerical weather pre-
diction techniques to obtain a gridded numerical representation of the atmosphere. The
UM is consistently ranked as one of the best global weather prediction models (Martin
Willett, Manager Global Atmospheric Model Development, UK Met Office, pers. comm.;
Noh et al., 2016; NOAA, 2018). Details of the model architecture and its strengths and

15 These include, for example, ground measurements, satellite measurements, aircraft measure-
ments. A summary of the types of observations processed in the UM is available online:
https://www.metoffice.gov.uk/learning/making-a-forecast/first-steps/observations. Further details are
given in Ingleby (2015). An inter-model comparison study of the UM with other numerical weather
prediction models shows good performance of the UM (Noh et al., 2016).
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weaknesses in different geographic regions are described in the literature, for example in
Walters et al. (2017), and discussed further in Chapter 7 of this thesis.

The output of the UM consists of a 3-dimensional grid covering the entire globe with
spatio-temporally varying meteorological model data, including, for example, mean wind
speed, pressure and precipitation. The resolution of the meteorological data depends on
the geographical domain and time. Table 2.1 provides an overview of the meteorological
data used for the studies in this thesis. The specific sub-set of the data used for each case
study are given in the methods sections of the respective results chapters (3, 4, 5, and 6).

Name Temporal Temporal Spatial Vertical
of dataset domain resolution [h] resolution layers

UM5G 01/2003-12/2005 3 ≈60 [km] (0.8333o×0.5550o) 31
UM6G 12/2005-11/2009 3 ≈40 [km] (0.5625o×0.3750o) 31

UMG (Mk5) 11/2009-03/2010 3 ≈40 [km] (0.5625o×0.3750o) 52
UMG (Mk6) 03/2010-04/2013 3 ≈25 [km] (0.3516o×0.2344o) 59
UMG (Mk7) 04/2013-07/2014 3 ≈25 [km] (0.3516o×0.2344o) 59
UMG (Mk8) 07/2014-07/2015 3 ≈17 [km] (0.2344o×0.1562o) 59
UMG (Mk9) 08/2015-06/2017 3 ≈17 [km] (0.2344o×0.1562o) 59

UMG (Mk10) 07/2017-today 3 ≈10 [km] (0.1406o×0.0938o) 59

Table 2.1: Global meteorological model data from the UK Met Office’s numerical
weather prediction Model (the Unified Model). The model data are used as meteoro-
logical input to drive the atmospheric dispersion simulations, as well as the environmental
suitability model. In total, all files processed for the research described here amount to
> 25 terabytes of input-data (uncompressed). Details about the Unified Model, as well a
list of meteorological variables available in the data are given in Jones (2013) and Walters
et al. (2017).

2.4.3 Spore release from sources

Wheat fields infected with wheat rust are represented in NAME as source locations. The
source coordinates (latitude, longitude, altitude), source geometry and source extent, as
well as the release height, release timing, and source strength (canopy escape rate of spore
material) can be defined as input parameters to NAME (Jones, 2015). This allows mod-
elling heterogeneous spore source distributions, accounting for seasonal as well as daily
variations in spore release rates (corresponding to complex source terms Q in Eq. 2.1). In
the following chapters (3, 4, 5, and 6) different schemes will be introduced to define the
number of source locations, source timing and source strengths, based on available field
disease survey data, expert opinion, crop calendars and published results from laboratory
and field experiments.

37



Chapter 2. Modelling framework for the Lagrangian stochastic simulations of atmospheric
Pgt-spore dispersal

Parameterization of source strength is typically one of the great challenges of LDD mod-
elling of fungal spores, because in most cases no exact field-data on spore release rates are
available on large spatial scales (Aylor, 1986). Recently, source strengths on field scales
have been measured for other fungal pathogens (Aylor et al., 2011; Prussin et al., 2014),
but no data are available for Pgt-spore release from sources considered in this thesis.
Therefore, two different approaches are used in the studies described here. One approach
is simulating unit emission of spore material, that is setting the total spore material re-
leased per day per source to M = 1, and restricting the analysis to relative proportions of
spore deposition (see Chapters 3, 4, and 5). This allows, for example, identifying areas
of higher and lower risk, and ranking the importance of different pathways, relative to
each other. And the other approach is simulating different ‘what-if’ outbreak scenarios,
covering a wide range of biologically plausible numbers of released spores and analysing
the resulting LDD quantities for each outbreak scenario (see Chapters 3 and 5).

2.4.4 Turbulent atmospheric spore dispersal

NAME constructs a numerical representation of the atmosphere based on the meteorolog-
ical input data, and simulates stochastic simulation particle trajectories to model turbulent
atmospheric transport (T in Eq. 2.1) of a released spore cloud. Supplementary Movie
1 in Meyer et al. (2017b) shows a 3-D animation of the Lagrangian stochastic dispersal
simulations of Pgt-spores to illustrate the concept of LPDMs16.
There are several different turbulence parameterizations available in NAME, ranging from
a long range homogeneous diffusive scheme to an inhomogeneous and skewed short
scale turbulence scheme (Jones, 2015). For the core simulations described in this the-
sis, the long range diffusive scheme is used, as it is appropriate for the long spatial
scales under consideration (Dr L. Burgin, Met Office, pers. comm.). In the long range
turbulence scheme, the 3-dimensional stochastic trajectory of each simulation particle,
i = 1, ..., Nsim, is numerically calculated according to

xi(t+ ∆t) = xi(t) + u(xi(t))∆t+
√

2K∆tr, (2.9)

where x is the 3-dimensional position vector of each simulation particle, t denotes time,
and u is the mean wind vector at position xi and time t (Jones, 2015). The variable,
r, denotes a Gaussian random number with mean zero and standard deviation 1. The
16 The animation is available as Supplementary Information to Meyer et al. (2017b), or online (Movie 1):

https://wheatrustdispersal.wordpress.com/. The Movie shows an example of one day of simulated spore
release from a source location in Ethiopia, with subsequent dispersal and deposition in the East African
Rift Valley Zone. For details about dispersal trends in this geographic domain, see Chapters 3, 5, and
6. The cartoon animation illustrates dispersal of 104 simulation particles and sketches hourly deposition
events as grey squares with values obtained from NAME. At each simulation time-step the 3-D grids of
meteorological data are used to determine mean drift and stochastic displacements of simulation particles.
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stochastic term (
√

2K∆tr) models the effect of small scale turbulence and unresolved
meso-scale eddies. The magnitude of the stochastic term is determined by the turbulent
diffusivity, K = (Ku, Kv, Kw), which depends on the meteorology along the trajectory
of simulation particles, and is calculated in NAME as

K = (σ2
uτu, σ

2
vτv, σ

2
wτw). (2.10)

Here the indices describe the two horizontal (u, v) and vertical directions (w), the σu,v,w
denote the standard deviation of the velocity variations in each direction, and the τu,v,w
denote the Lagrangian time scales of autocorrelation in each direction. The along-wind
and cross-wind spread are assumed to be equal (σ2

uτu = σ2
vτv) in horizontal directions.

For the parameterization of mesoscale motions, the recommended default values (Jones,
2015) for the turbulent diffusivities, appropriate for the resolution of the global UM anal-
ysis data, are used for all simulations (σm. = 0.8 [ms-1]; τm. = 10000 [s]). For the pa-
rameterization of small scale turbulence, the standard deviations, σu,v,w, and Lagrangian
time-scales, τu,v,w, are obtained as functions of the meteorological input (Jones, 2015).
The effect of inhomogenous and homogeneous turbulence can be accounted for. For the
simulations described in this thesis vertically homogeneous turbulence within the atmo-
spheric boundary layer is assumed, calculated as the boundary layer mean of the inhomo-
geneous turbulence profiles. In stable atmospheric conditions, the standard deviations for
the homogeneous case are calculated as

σ2
u(= σ2

v) = 1.6u2∗, (2.11)

σ2
w = 0.676u2∗, (2.12)

whereas in unstable conditions these are calculated as

σ2
u(= σ2

v) = 0.4w2
∗ + 1.6u2∗, (2.13)

σ2
w = 0.27w2

∗ + 0.676u2∗. (2.14)

Here u∗ and w∗ denote the friction velocity in horizontal and vertical directions (Jones,
2015). The Lagrangian time-scales, τu,v,w, are obtained as functions of the rate of dissi-
pation of kinetic energy, ε, as

τu,v,w =
2σ2

u,v,w

C0ε
, (2.15)

where C0 is a dimensionless constant (Jones, 2015).
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Spores are simulated as sedimenting particulates. Sedimenting particulates in the atmo-
sphere have a tendency to fall through turbulent eddies due to gravitational forces. This
is accounted for in NAME by adapting the above standard deviations and time-scales
according to

τ ∗u,v,w =
τu,v,w√

1 + wT/σ2
w

, (2.16)

σ∗u,v,w =
σu,v,w√

1 + Tp/τ ∗u,v,w

, (2.17)

where wT denotes the sedimentation velocity of particles (see Eq. 2.19), and Tp is a par-
ticle time constant that is proportional to the settling velocity (Jones, 2015).

For atmospheric transport in the free troposphere above the planetary boundary layer,
NAME uses the constant turbulence parameters: σu = σv = 0.25 [ms-1]; σw = 0.1

[ms-1]; τu = τw = 300 [s]; τw = 100 [s] (Jones, 2015).

For all core simulations described in this thesis, one million simulation particles are re-
leased per source per day, and are advected stochastically, as defined by the set of equa-
tions introduced above. The abstract simulation particles in the LPDM framework are
used to simulate the transport of a spore cloud through the atmosphere (approximating
the mean concentration of spores in air rather than the trajectories of each individual
spore). The high number of simulation particles enables a robust statistical treatment of
complex atmospheric transport on regional and continental scales (Dr L. Burgin, Dr M.
Hort, UK Met Office; pers. comm.) while remaining computationally feasible (higher
numbers of simulation particles were not feasible). The entire particle-ensemble released
per day represents numerically the spatio-temporal evolution of a spore cloud in the at-
mosphere. The combination of high-resolution meteorological input with the advanced
turbulence parameterization and the high number of simulation particles in the LPDM
framework allows for improvements with respect to realistically accounting for complex
flows, compared with previous modelling studies in the literature of fungal spore disper-
sal on regional and continental scales (Aylor, 2003; Isard et al., 2007; Kim and Beresford,
2008; Pan et al., 2006; Singh et al., 2008, 2011; Wang, 2010).

Each of the simulation particles in NAME carries a user-defined amount of spore material
(independent of the physical mass). At each simulation time step, air concentrations are
numerically calculated by summing the spore material from all simulation particles in
each model grid-cell (latitude, longitude, altitude). The simulated spore material in each
grid-cell is then depleted during atmospheric transport, due to the loss of spore viability
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and due to spore deposition processes from the atmosphere to the earth’s surface (Jones,
2015).

2.4.5 Spore viability during atmospheric dispersal

The fraction of spores remaining viable during atmospheric transport (f in Eq. 2.1) de-
pends on a complex interplay of meteorological factors (Table A.1 in Appendix A.1), for
example, UV radiation, relative humidity and temperature. Of these, UV dose is con-
sidered as the most lethal (Aylor, 1986, 2017; Maddison and Manners, 1972). Different
functional forms modelling the loss of viability of other fungal spores during atmospheric
transport have been used in previous work (Aylor, 2003, 2017; Isard et al., 2007; Kim and
Beresford, 2008). Previous studies on Pgt-spore dispersal have not explicitly accounted
for loss of viability during transport (Singh et al., 2008, 2011).

In most studies described in this thesis, time-dependent exponential decay of Pgt-spore
viability during transport is assumed. This is implemented in NAME by using the expo-
nential decay scheme originally defined for radioactive decay. In each simulation time-
step, the material carried by each simulation particle is reduced by

∆mviable
i = mt

i(1− exp(−λ∆t)), (2.18)

where mt
i is the material at the beginning of the time-step and λ = ln(2)/T1/2. The

half-life is defined as T1/2 ≈ 11 hours (39013 seconds), such that it approximates sur-
vival curves obtained in field experiments (Maddison and Manners, 1972). Maddison
and Manners (1972) report that, after 20 hours of sunshine, approximately 10% of Pgt-
spores remain viable for germination. These results from a field experiment are used to
approximate survival of spores during atmospheric transport (as this is the best available
experimental data). Assuming that, on average, spores experience a comparable dose of
solar radiation approximately half of their travel time (day and night), our choice of T1/2
yields approximately 10% of viable spores after 20 hours of sunshine, corresponding to
40 hours of dispersal. After 72 hours of dispersal, the proportion of viable spores is re-
duced to 1%, at which time simulation particles are taken out of the simulation (assuming
a maximum spore lifetime of 3 days). As the loss of spore viability during transport is
one of the key processes for dispersal risk assessments, the effect of an improved, UV
dose-dependent decay scheme is tested (see Chapter 5). Also, the sensitivity of results to
different maximum lifetimes is tested (see Chapters 3, 4 and 5).
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2.4.6 Spore deposition processes

Fungal spores can be transported from the atmosphere to the earth’s surface by different
deposition processes (indicated by ν in Eq. 2.1). Namely, these are gravitational settling,
dry deposition and wet deposition. In the early phases of research on LDD, many authors
have predominately focussed on gravitational settling, determining the settling velocity
of different types of spores experimentally (Gregory, 1945). More recently, some authors
highlighted in particular the importance of wet deposition events for long-distance trans-
mission of fungal diseases, because rain can be very effective in removing spores from air
and at the same time often provides suitable environmental conditions for infection after
deposition (Nagarajan and Singh, 1990; Roelfs et al., 1992). In the simulations described
in this thesis, all three processes are simulated mechanistically, by using the NAME de-
position schemes as follows.

2.4.6.1 Gravitational settling

Gravitational settling of spores is calculated based on approximate structural characteris-
tics of Pgt-urediniospores. In particular, it is assumed that spores are spherical particles
with density, ρp = 1 [g/cm3], and diameter, D = 26.4 [µm] (Eversmeyer and Kramer,
2000; Orr and Tippets, 1972). The settling velocity is calculated in NAME as

wsed =

(
4

3

D

CD
g
ρp − ρa
ρa

)1/2

, (2.19)

where, D, is the particulate diameter, ρp is the particulate density, ρa is the air density
at the particulate location, and, CD, is the drag coefficient (Jones, 2015). Gravitational
settling contributes to dry deposition, as defined in Eq. 2.20 and Eq. 2.21.

2.4.6.2 Dry deposition

Dry deposition describes the transport of spores from the lowest atmospheric layer di-
rectly to the surface in the absence of rain. Dry deposition fluxes of spores to the ground
are assumed proportional to the near-surface tracer concentration (Jones, 2015). Dry de-
position in NAME is calculated on a particle basis, whenever simulation particles are
within the lowest vertical layer of the atmosphere. During every time-step, ∆t, every
simulation particle, i, loses a proportion, ∆mdry

i , of material to the ground,

∆mdry
i = mt

i(1− exp(−vd
zs
f∆t)), (2.20)

where mt
i is the material at the beginning of the time-step, vd is the deposition velocity

(defined in Eq. 2.21), zs is the height of the surface layer, and f is the fraction of the
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time-step that particle, i, is below the height of the surface layer (Webster and Thomson,
2012). The deposition velocity is calculated as

vd =
wsed

1− exp(−wsed/v′d)
, (2.21)

where, wsed, is the contribution from gravitational settling (Eq. 2.19), and v′d is the depo-
sition velocity, as calculated in the absence of gravitational sedimentation (Jones, 2015).
The deposition velocity, v′d, is calculated according to the NAME default scheme, which
takes into account the aerodynamic efficiency with which material is transported to the
ground by turbulent motions, as well as the efficiency of transport through the laminar
layer directly adjacent to the surface (for details, see (Jones, 2015)).

2.4.6.3 Wet deposition

The NAME wet deposition scheme distinguishes between different types of wet depo-
sition. Namely, these are below-cloud, and in-cloud removal processes. This allows
approximating differences in the efficiencies with which particulates in the size range
of Pgt-urediniospores are typically removed from below or within clouds. The wet de-
position scheme uses precipitation rates and cloud information at the position of each
simulation particle to compute rain- and wash-out of spores. In particular, the material
removed from each simulation particle is calculated as

∆mwet
i = mt

i(1− exp(−Λ∆t)), (2.22)

where, mt
i, denotes the spore material of the simulation particle at the beginning of the

time-step, ∆t. The scavenging coefficient, Λ = ArB, is determined as a function of the
precipitation rate, r, at the position of each simulation particle. The precipitation rate is
scaled with different parameters, A andB, for (i) below cloud wash-out, (ii) convective in
cloud rain-out and (iii) dynamic in-cloud rain-out. As no data on scavenging coefficients
of Pgt-spores are available in the literature, the recommended default values for particu-
lates in the same size range as Pgt-urediniospores are used (see Table 1.22 in Jones, 2015).

In several previous modelling studies, wet deposition is not accounted for explicitly (Sadyś
et al., 2014; Singh et al., 2008, 2011). Pan et al. (2006) assume constant wet deposition,
independent of precipitation, for below-cloud wet removal, but use precipitation rates for
in-cloud wet removal (Pan et al., 2006). In other previous modelling work (Isard et al.,
2007), no distinction is made between different wet deposition regimes (in-cloud, below-
cloud, dynamic, convective). In related previous work (Cox, 2014), the scavenging coef-
ficients used here to simulate Pgt deposition were compared with previous studies about

43



Chapter 2. Modelling framework for the Lagrangian stochastic simulations of atmospheric
Pgt-spore dispersal

other fungal pathogens in the literature. This shows: (i) comparable (±20%) values of
the parameter, A, between the NAME convective rain-out scheme and the parameters de-
termined in previous studies on related fungal pathogens; and (ii) lower values of A (by a
factor of 3-4) in the NAME dynamic washout and rain-out regime compared with values
from previous work (Aylor and Sutton, 1992; Li et al., 2009). The parameter, B, is simi-
lar to values obtained in Aylor (1992) and comparable (± 10%) to those in Li et al. (2009).

The deposition quantities from gravitational settling, dry deposition and wet deposition
from all simulation particles are summed up to obtain the total deposition flux [spore
material per area per time] on the earth’s surface in the entire geographical domain of the
simulation. In all core simulations described here, the total deposition flux is computed
as the cumulative 24-hour total deposition per grid-cell of the horizontal grid (latitudes,
longitudes) covering the simulation domain. These deposition quantities, in the form of
a 2-dimensional raster, are the main result of the NAME simulations, and are processed
further in different post-processing steps and linked to other modelling layers, as indicated
in Eq. 2.2, which are described in detail in Chapters 3, 4, 5 and 6.

2.5 Computational resources and numerical implementation

The numerical studies described in this thesis require high-performance computing re-
sources. The two most computationally demanding aspects are: (i) the very large amount
of meteorological input data that is processed (> 25 terabytes uncompressed); and (ii) the
extremely large number of stochastic trajectories (in total of the order of trillions) that
are computed in the LPDM simulations to robustly account for complex 3-dimensional
turbulent transport on long spatial and temporal scales. For the atmospheric dispersal
simulations, as well as for the environmental suitability modelling, the high-performance
computing cluster of the Epidemiology & Modelling Group in Cambridge was used. This
is a cluster of 22 machines (20 machines of type: Intel Xeon E5-2650; each with 128GB
RAM, 16 cores, 20MB SmartCache, 2GHz Processor Base Frequency and 7 terabyte
disk space; 1 additional Intel Xeon E5620 with 8 cores, 2.4 GHz Processor Base Fre-
quency, 12MB SmartCache, and 60TB disk space; and 1 Desktop PC). The most recent
short-term dispersal forecasts (Chapter 6) were simulated on the new UK Met Office’s
supercomputer17 (in collaboration with Dr L. Millazo, ADAQ, UK Met Office).

The simulations described in this thesis were numerically implemented as a set of hand-
written bash, Python (Iris package for handling the meteorological data; Arcpy package
for automated Geographical Information System analysis and mapping), Perl and MAT-
17 Cray XC40; >450000 cores; 14,000 trillion arithmetic operations per second; 24 petabytes of storage

memory. See https://www.metoffice.gov.uk/research/technology/supercomputer
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LAB scripts, which were linked as pre- and post-processing scripts to the complex disper-
sion model NAME18. NAME was adapted and extended to simulate fungal spore disper-
sal. Parts of the numerical implementation bring together and extend previous work of
colleagues, Dr J. Cox and M. Hitchings (pers. comm.), in the Epidemiological & Mod-
elling Group. All key results presented in this thesis were obtained using NAME version
6.5. For the case studies described in Chapters 5 and 6, the FORTRAN source code of
NAME was extended to incorporate advanced spore dispersal schemes19.

Including the sensitivity analyses, the studies described in this thesis required several
months of pure computational time at almost full load of the computing cluster and would
not be feasible on a normal Desktop PC.

18 All scripts available upon request to the author
19 The NAME source code adaptations are currently under consideration at the UK Met Office for incorpo-

ration into future NAME releases.
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Chapter 3
Airborne migration routes of Pgt-spores over Southern/East Africa,
the Middle East and Central/South Asia

In this chapter long-distance dispersal of Puccinia graminis f. sp. tritici urediniospores
(Pgt-spores) is analysed amongst a set of key wheat producing countries in Southern/East
Africa, the Middle East and Central/South Asia. The modelling framework introduced in
Chapter 2 is extended here, by coupling the atmospheric dispersal model NAME to dy-
namic wheat and environmental suitability model layers. For the first time in the literature,
quantitative approximations of dispersal frequencies and amounts of Pgt-spores over con-
tinents with dynamically changing host and environmental landscapes are obtained for a
set of ‘what-if’ disease outbreak scenarios. The study described in this chapter represents
a continuation of previous work (Cox, 2014; M. Hitchings, pers. comm.) and forms part
of a collaborative project between the Epidemiology & Modelling Group at the University
of Cambridge, the Atmospheric Dispersion and Air-Quality Group at the UK Meteoro-
logical Office, and the International Maize and Wheat Improvement Center (CIMMYT).
All simulations, analyses, figures and text described here were obtained by the author of
this thesis. The study has been published in the journal Nature Plants with the author of
this thesis as lead author (Meyer et al., 2017b).

This chapter is structured as follows: after the abstract (3.1) and introduction (3.2) a
detailed description of the methods is given in Section 3.3. The results section begins with
a summary of the key results (Section 3.4.1), which closely follows the letter to Nature

Plants. In the subsequent results sections (3.4.2 - 3.4.10) the key results are extended
by more detailed analyses. These follow the Supplementary Information published along
with the letter and further include some additional new insights. Section 3.5 discusses the
contributions, limitations and practical relevance of the research described in this chapter.
A brief summary of key results (3.6) concludes the chapter.

3.1 Abstract

Aggressive novel strains of the obligate pathogenic fungus Puccinia graminis f. sp. tritici
have been detected in East Africa and the Middle East, where they lead to substantial
economic losses, and threaten livelihoods of farmers. A large proportion of commer-
cially grown wheat cultivars world-wide are susceptible to these emerging strains, which
pose a risk to global wheat production, because the fungal spores transmitting the dis-
ease can be wind-dispersed over regions and even continents. Targeted surveillance and
control requires knowledge about airborne dispersal of pathogens, but the complex nature
of long-distance dispersal (LDD) poses significant challenges for quantitative research.
This study combines international field surveys, global meteorological data, a Lagrangian
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dispersion model and high-performance computational resources to simulate a set of dis-
ease outbreak scenarios, tracing billions of stochastic trajectories of fungal spores over
dynamically changing host and environmental landscapes for more than a decade. This
provides the first quantitative assessment of spore transmission frequencies and amounts
amongst all wheat producing countries in Southern/East Africa, the Middle East, and Cen-
tral/South Asia. Zones of high airborne connectivity are identified that geographically
correspond with postulated wheat rust epidemiological zones (characterized by endemic
disease and free movement of inoculum), and regions with genetic similarities in related
pathogen populations. The circumstances (routes, timing, outbreak sizes) are quantified
under which virulent pathogen strains such as ‘Ug99’ pose a threat from LDD out of
East Africa to the large wheat-producing areas in Pakistan and India. Long-term mean
spore dispersal trends (predominant direction, frequencies, amounts) are summarized for
all countries in the domain. These summaries (catalogues of maps and connectivity ma-
trices) of regional and continental-scale airborne dispersal trends can be consulted to im-
prove targeted sampling and control measures when facing future outbreaks.

3.2 Introduction

3.2.1 Detection of novel strains in East Africa

During the last two decades several novel and highly aggressive strains of wheat stem
rust have been detected in East Africa, and beyond. A particularly virulent strain called
‘Ug99’ was first detected in Uganda in 1998, and since then in all East African coun-
tries, and beyond (Singh et al., 2006, 2008, 2011, 2015). In the years after first detection
of Ug99, it was estimated that around 90% of all commercially grown wheat varieties
worldwide were susceptible to this one highly aggressive strain of the pathogen. Ug99
is virulent to stem rust resistance gene Sr31, and thereby overcomes one of the key con-
trol mechanisms in a wide range of wheat cultivars. The strain has been recognized as a
threat to global food security (Hovmøller and Justesen, 2010; Nagarajan, 2012; Nagarajan
et al., 2014; Pardey et al., 2013; Singh et al., 2006, 2008, 2011, 2015; Stokstad, 2007).
An international consortium of scientists and agricultural stakeholders was initiated with
funding from the Bill and Melinda Gates Foundation (BMGF) and UK DFID (>100$
million since 2008), which has been communicating the risks and working on potential
solutions, mostly promoting research on genetic resistance, but to a smaller extent also
focussing on surveillance and modelling. The research described in this chapter was con-
ducted under the umbrella of a BMGF grant to the Epidemiology & Modelling Group that
formed part of the international response to the threat posed by Ug99.

The original Ug99 race has evolved further and today more than 10 variants within the
Ug99 lineage have been detected in 13 countries (see Figure 3.1). Ug99 continues to pose
a risk to global wheat production (Singh et al., 2015). One particular concern, and subject
to debate in the scientific community (see for example Singh et al., 2011 vs. Nagarajan,
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2012), is the risk of spread of Ug99 from known detection sites in East Africa and the
Middle East, to large wheat producing regions in Central/South Asia.

Ug99 is only one of several newly emerging aggressive strains of wheat rust that are caus-
ing substantial economic losses and threatening the livelihoods of farmers (Hovmøller
and Justesen, 2010; Pardey et al., 2013; Singh et al., 2015). Other examples include the
TKTTF race that recently caused two severe epidemics in Ethiopia (Olivera Firpo et al.,
2015). These aggressive strains of Pgt break down widely deployed resistance genes and
turn large agricultural areas susceptible. If virulent strains spread into susceptible and en-

Figure 3.1: Detection sites of Pgt races belonging to the Ug99 lineage. Since the first
detection of Ug99, at the turn of the century, more than 10 variants within the Ug99 lin-
eage have been detected. A detailed description of the current geographic distribution of
Ug99 is given in Singh et al. (2015). Figure from the Rusttracker homepage (CIMMYT,
2017), which publicly shares international field disease surveys.

vironmentally suitable wheat growing areas, they can cause large-scale epidemics wip-
ing out considerable parts of wheat production. This is a possible scenario, because it
is known that Pgt-spores can spread by wind over very long-distances. Estimating how
likely wind-dispersal is from key disease locations to other wheat areas at specific times
of the year is a challenge, which is addressed here in a systematic quantitative assessment.
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Previous assessments of the potential spread of novel strains from their centre of origin
in the East African Rift Valley to the large wheat producing regions in the Middle East
and the Indian subcontinent were based mainly on qualitative conjectures. Namely, the
assessments were based on the likely historic route of spread of a related pathogen (wheat
yellow rust Yr9), analysis of mean wind fields at single vertical heights in the atmosphere,
or exploratory studies of atmospheric spore dispersal using mean trajectory models with
very limited numbers of trajectories over short time-scales (Nagarajan, 2012; Nagarajan
et al., 2014; Singh et al., 2006, 2008; Stokstad, 2007). The study described here goes be-
yond previous approaches, and quantifies when, how often and how many viable spores
are dispersed from important disease locations to all susceptible and environmentally suit-
able wheat areas in Southern/East Africa, the Middle East and Central/South Asia. Quan-
tifying airborne dispersal risks from disease locations can improve targeted surveillance
and control strategies.

3.2.2 Aims & key questions

The aim of the study described here was threefold: develop a flexible data-driven simu-
lation framework to analyse spore dispersal over dynamic host and environmental land-
scapes on regional and continental scales; identify key airborne dispersal routes of Pgt-
spores in Southern/East Africa, the Middle East and Central/South Asia; and obtain esti-
mates of typical airborne pathogen transmission quantities amongst donor and recipient
countries that can be directly used to inform surveillance and control about risks when
facing outbreaks. The following questions are addressed:

• To what extent does LDD of novel strains, such as ‘Ug99’, out of East Africa, pose
a threat, or not, to the large wheat producing regions in Pakistan and India?

• Is there evidence for airborne dispersal also in the opposite direction, that is from
the Middle East into the East African Rift Valley?

• Where are the key high risk airborne migration routes of Pgt-spores in South-
ern/East Africa, the Middle East and Central/South Asia?

• What are typical long-term mean frequencies and amounts of Pgt-spore dispersal
along airborne migration routes for different outbreak scenarios at sources?

• What are typical daily, seasonal and interannual variations of Pgt-spore dispersal
from different key disease locations?

• Can the data-driven simulation framework be used to derive risk estimates that are
useful for surveillance and control?
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3.3 Methods

The key components of the simulation framework, along with a synopsis of data-inputs,
analysis methods and results are illustrated in Figure 3.2. In Section 3.3.1, the mod-
elling framework is summarized. Details of each model layer are described in subsequent
sections. High-performance computing resources are used to link three dynamic data-
driven model layers: (i) heterogeneous landscapes of wheat-fields (see Section 3.3.2);
(ii) turbulent atmospheric Pgt-spore dispersal (see Section 3.3.3); and (iii) environmental
suitability for infection after deposition (see Section 3.3.4).

3.3.1 Model summary

The spatial domain of the study extends from -50 to 65 decimal degrees [dd] south-north,
and from -20 to 135 [dd] west-east, with a horizontal spatial resolution of 0.0833 [dd]
(≈ 10 [km]). Global model data of harvested areas of wheat are used to define hetero-
geneous wheat areas (the most recent update of You et al., 2005). On wheat areas, a
set of i = 1, ..., 34 Representative Disease Locations (RDLs) is identified by analysis of
more than a decade of field surveys in more than 25 countries (CIMMYT, 2017). RDLs
represent key Pgt-spore source regions in countries. For each country the months of typi-
cal occurrence of wheat stem rust are determined by consultation with international plant
pathologists (see Section 3.3.2) and available FAO crop calendars (FAO-Country Briefs,
2017). During these months airborne spore transmission is simulated from all RDLs to
susceptible and suitable wheat areas in all receptor countries (j = 1, ..., 26).

The term airborne migration route is introduced to describe dispersal from RDL, i, to
susceptible and environmentally suitable wheat areas in receptor country, j. Estimates
of Pgt-spore transmission from all RDLs to all susceptible and environmentally suitable
wheat fields in receptor countries are obtained for each month of the wheat growing sea-
son. Along each airborne migration route a 14-year time-series of daily spore transmis-
sion quantities is sampled in simulations. From these daily time-series along each of the
34×26 = 884 airborne migration routes long-term mean trends are calculated. This analy-
sis is conducted for a range of outbreak scenarios at RDLs (ranging from small infections
on single wheat fields to strong localized epidemics). For every day, t, the number of
spores transported from RDL, i, to wheat producing regions with suitable environmental
conditions for infection after deposition in receptor country, j, is calculated as

N i→j
t = H ij

t

[∑
xy∈j

N t
xyt ·Hxy · Sxyt

]
. (3.1)

HereH ij
t is a binary indicator variable representing the ‘green bridge’ of overlapping stem
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rust seasons at source and receptor, which is 1 only if wheat stem rust is known to be pos-
sible at the RDL and wheat is in a susceptible growth stage in the receptor country, and 0
otherwise. In the case of overlapping wheat stem rust seasons, all deposition events from
source, i, on environmentally suitable wheat producing regions in grid-cell, xy, within the
area of receptor country, j, are counted. The harvested area of wheat in each grid-cell,
xy, is denoted as Hxy. The variable N t

xyt denotes the number of spores released from
source, i, that is deposited per hectare wheat in grid-cell, xy, on day t. And Sxyt is a bi-
nary variable indicating if environmental conditions at the target are suitable for infection.

The focus of the analysis lies on the mean number of viable spore deposition days per
time-window (months, years) along airborne migration routes for different outbreak sce-
narios. In essence, the number of viable spore deposition days from RDL, i, along air-
borne migration routes is obtained by counting all days of the 14-year study period with
viable spore deposition on susceptible and environmentally suitable wheat areas in recep-
tor country, j. In the full analysis, the following additional spore transmission metrics
are calculated: the proportion of release days with viable spore transport; the proportion
of released to deposited spore material; and the number of transmitted spores. The spore
transmission metrics are defined in Section 3.3.7. The following sections describe the
concept and parameterization of each model layer.

3.3.2 Heterogeneous and dynamic wheat fields

3.3.2.1 Identification of Representative Disease Locations (RDLS)

The analysis of the field disease survey data of the Global Wheat Rust Monitoring system
(CIMMYT, 2017) in more than 25 countries indicates spatial regularities in the occur-
rence of wheat stem rust: in certain areas within countries the disease has been detected
more regularly, whereas, in other areas, it has been detected very rarely, or not at all. On
this basis, representative disease locations are identified, which are used as source loca-
tions in the airborne dispersal simulations. RDLs are chosen based on two criteria, as
those areas with (i) regular occurrence of wheat stem rust and (ii) high wheat production
(relative to national production standards). In countries for which no or only few field sur-
vey data are available (for example Afghanistan), RDLs are chosen such that large wheat
areas of countries are represented as potential disease locations.

Figure 3.3 shows a map of all RDLs and underlying survey results. A brief introduction
to the characteristics of wheat production and wheat stem rust establishment in different
countries of the spatial domain of interest is given in Meyer et al. (2017b) and Cox (2014).

A particular focus of this study lies on assessing the risk of airborne transmission from
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Figure 3.3: Representative wheat stem rust disease locations (RDLs). a, Wheat pro-
ducing regions in Southern/East Africa, the Middle East, Central/South Asia. b, Wheat
stem rust detection sites and representative disease locations (RDLs). RDLs are used as
source locations for daily simulations of turbulent airborne dispersal of fungal spores.
Field detection sites are obtained from the dataset of the Global Wheat Rust Monitoring
System (CIMMYT, 2017), complemented by detecion sites in South Africa and southern
Iran obtained from Singh et al. (2015) and Terefe et al. (2016).

East African countries as potential source regions for pathogen dispersal to the large wheat
producing regions in the Middle East and the Indian Subcontinent as spore receptors.
Further, airborne transmission from source regions in the Middle East to the Rift Valley
and to South Asia was analysed in detail. This is motivated by the detection and evolution
of several strains of the Ug99-race group in the Rift Valley, and detections of the TKTTF
race in the entire Middle East. In the full analysis airborne transmission was analysed
amongst all countries.

3.3.2.2 Seasonal timing of wheat stem rust

Figure 3.4 summarizes seasonal dynamics for all countries in the spatial domain of the
study by illustrating those months of the year in which wheat stem rust typically occurs
in the field. Supplementary Movie 2 illustrates seasonal dynamics20.

The seasonal time-windows are used to define the seasonal timing of spore release from
RDLs in Lagrangian Particle Dispersion Model (LPDM) simulations, and also as those

20 The animation is available as Supplementary Information to Meyer et al. (2017b), or online (see Movie 2):
https://wheatrustdispersal.wordpress.com/. Illustrated are the main wheat stem rust seasons in countries.
Wheat areas in countries are highlighted during months in which wheat stem rust can occur on main
wheat growing areas. Wheat production data from (You et al., 2005)
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time-windows for which deposition of spores on susceptible wheat areas in receptor coun-
tries is possible. Airborne transmission along migration routes is considered only in the
case of a ‘green bridge’ of overlapping seasons at source, i, and receptor j (see Eq. 3.1).
Due to different agro-ecological zones and diversity of growing practices, there can be
regional and local differences in wheat growing practices and typical timing of occur-
rence of wheat stem rust within countries. The focus of this study lies on the main wheat
seasons in all key wheat producing countries in an attempt to capture essential wheat and
wheat stem rust dynamics on continental scales.

Typical seasonal wheat stem rust timings for wheat producing countries were obtained
in collaboration with plant pathologists in different countries21. When national expertise
was not available, seasonal dynamics are inferred from the FAO crop calendar country
briefs (FAO-Country Briefs, 2017).

3.3.3 Turbulent atmospheric dispersion and deposition

The Met Office’s Numerical Atmospheric-dispersion Modelling Environment, NAME
(Jones et al., 2007), is used to simulate spore release, spore transport in the atmosphere,
spore viability during transport and deposition of Pgt-spores (as introduced in Section
2.4). The following paragraphs briefly summarize the set-up and parameterization of
NAME for this study. All key biological model parameters are summarized in Table 3.2.

3.3.3.1 Meteorological input

As meteorological input, the global meteorological data (datasets: UM5G, UM6G, UMG-
Mk5, UMG-Mk6, UMG-Mk7, UMG-Mk8, UMG-Mk9) from the Met Office’s Unified
21 (1) South Africa: Z.A. Pretorius, Professor of Plant Pathology, Department of Plant Sciences, Republic

of South Africa
(2) Zimbabwe: B. Mutari, Crop Breeding Institute, Zimbabwe Ministry of Agriculture, Department of
Research and Specialist Services
(3) Kenya: R. Wanyera, Principal Research Scientist, Kenya Agricultural Research Institute, Kenya
(4) Eritrea: A.W. Tecle, Senior Researcher, Head Plant Protection Research Unit, National Agricultural
Research Institute, Ministry of Agriculture, Eritrea
(5) West-Yemen: M.N.E. Nasser, Senior Scientist, The Agricultural Research and Extension Authority,
Yemen
(6) Iran: F. Afshari, Professor of Plant Pathology, Seed and Plant Improvement Institute, Iran. J. Kamali,
Principal Scientist, International Maize and Wheat Improvement Center (CIMMYT)
(7) Turkey: Z. Mert, The Central Research Institute for Field Crops, Turkey
(8) Egypt: A. Shahin, Wheat Disease Research Department, Plant Pathology, Research Institute, Agri-
cultural Research Center, Egypt
(9) Lebanon: R. El-Amil, Lebanese Agricultural Research Institute, Lebanon
(10) India: S. Bhardwaj, Principal Scientist, Directorate of Wheat Research, India
(11) Ethiopia: D. Hodson, International Maize and Wheat Improvement Center (CIMMYT).
Contacting aforementioned experts was a collaborative effort of a colleague (Cox, 2014), D. Hodson
from CIMMYT and the author of this thesis.
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Model are used (Walters et al., 2017). The most recent version of the global data for
the years used in this study has a spatial horizontal resolution of approximately 17 km
(0.234o×0.156o) with 59 vertical layers and a 3-hourly time-step. Section 2.4.2 describes
details of the meteorological data used for this study, and summarizes the horizontal spa-
tial resolution and the number of vertical grid-layers in different years (Table 2.1). The
resolution of the meteorological input data changes during the time-window of the study.
The modelling framework is constructed such that it can process UM data with varying
resolution. This flexibility has the advantage that the modelling framework can be used
for historical analysis, as described here, as well as for short-term forecasting simula-
tions, as described later in this thesis (Chapter 6). The time-window (2003-2016) of the
study described in this chapter was chosen such that it covers all years for which global
meteorological data from the Unified Model were available at the time of the study.

3.3.3.2 RDLs as sources

Each RDL is defined in NAME as a source with a spatial extent of 20 km × 20 km. One
source represents a distribution of wheat fields on the ground. The specific choice of the
source extent is motivated by a localized epidemic in Ethiopia in 2013/2014, with at least
10,000 hectare infected fields, distributed over an area of approximately 20 km × 20 km
(Dr D. Hodson, pers. comm). All simulation particles are released from a release height
of z = 1 m, uniformly distributed from the area of the source. Note that the focus of the
study is on regional and continental scale (500-5000 km) dispersal and deposition, that is
scales much larger than the extent of the source location.

3.3.3.3 Release timing

Seasonal release timing is chosen based on wheat stem rust timing as outlined above
(Section 3.3.2.2; Figure 3.4). During stem rust seasons in years 2003-2016, daily re-
lease of Pgt-spores is simulated from 09:00-15:00 local time (uniform release rate). The
daily time-window is chosen in accordance with field experiments and previous mod-
elling work, which indicate maximum canopy escape during warm hours of the day, from
morning to afternoon (Aylor and Taylor, 1983; Isard et al., 2007; Roelfs, 1972).

3.3.3.4 Source strength

For the parameterization of source strength two different approaches are used: (1) sim-
ulation of unit emission and analysis of relative proportions of released spores that are
deposited (independent of specific numbers of released spores); and (2) simulation of a
range of different numbers of released spores to cover the entire range of biologically
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Serverity & Incidence Infected area [ha]
Sev. Inc. 0.1 1 10 102 103 104

low 5% 5% 5 · 108 5 · 109 5 · 1010 5 · 1011 5 · 1012 5 · 1013

moderate 15% 15% 5 · 109 5 · 1010 5 · 1011 5 · 1012 5 · 1013 5 · 1014

high 50% 50% 5 · 1010 5 · 1011 5 · 1012 5 · 1013 5 · 1014 5 · 1015

very high 100% 100% 5 · 1011 5 · 1012 5 · 1013 5 · 1014 5 · 1015 5 · 1016

Table 3.1: Estimates of spore canopy escape rates for different ‘what-if’ wheat stem
rust outbreak scenarios (disease intensity and infected area) at RDLs. Values are
order of magnitude best estimates based on published field experiments (Aylor, 1986;
Roelfs, 1985a; Rowell and Roelfs, 1971), linearly scaled to different cases of disease
severity (Sev.), incidence (Inc.) and infected area (see text and Eq. 3.2). For all scenarios
of canopy escape rates [number of spores released per RDL per day], long-distance dis-
persal from all RDLs to susceptible and suitable wheat producing regions in all receptor
countries is analysed.

plausible outbreak scenarios (daily canopy escape rates) at RDLs.

For the simulation of outbreak scenarios the parameter Ntot is introduced, describing the
approximate number of spores that escape the canopy per source location per day. Spore
canopy escape rates, Ntot, are estimated for a range of biologically plausible ‘what-if’
outbreak scenarios of wheat stem rust (different spatial extents of infected fields, different
severity and incidence). In particular, spore canopy escape rates in the range 5·108 - 5·1016

[released spores per RDL per day] are simulated, accounting for outbreak scenarios with
infected areas ranging from 0.1 - 104 [ha] and severity and incidence ranging from 5%
- 100%. All considered values of Ntot are summarized in Table 3.1. For each ‘what-if’
scenario of spore canopy escape rate in Table 3.1, spore transmission quantities along all
airborne migration routes are analysed.

The order of magnitude best estimates in Table 3.1 are based on published field experi-
mental findings of typical spore production rates and typical canopy escape ratios, scaled
to different scenarios of infected area, severity and incidence. In particular, the spore
canopy escape rate, Ntot [spores d-1], is calculated for each source as

Ntot(s, i, A) = Nprod(s, i) · prel · pesc · A, (3.2)

where Nprod(s, i) [spores ha-1 d-1] denotes the daily spore production rate per hectare for
a certain severity (s) and incidence (i), prel is a constant proportion of produced spores
that are released from plant tissue during the daily time-window of spore release, pesc is a
constant proportion of released spores escaping the wheat canopy, and A [ha] denotes the
infected area. The following paragraphs describe how these source strength variables are
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approximated for one example case: a strong outbreak of wheat stem rust.

It has been estimated from experiments that at a disease severity of 5%, corresponding
to approximately 50 pustules per tiller, approximately 5 kg of Pgt-spores are produced
per hectare and per day (Roelfs, 1985a; Rowell and Roelfs, 1971). As 1 [µg] contains
approximately 4.5·102 spores (Roelfs, 1985a; Rowell and Roelfs, 1971) one obtains a
spore production rate of Nprod = 2.25 · 1012 [spores ha-1 d-1] (for 5% severity and 100%
incidence). This is approximately one order of magnitude higher than in Aylor (1986),
where it is estimated that 1.3·1011 [spores ha-1 d-1] of Peronospora tabacina spores, the
causal agent of tobacco blue mold, are produced per hectare per day. Comparable values
for the release rate (before canopy escape) of Phakopsora pachyrhizi, causing soybean
rust, are used in Isard (Isard et al., 2007). The Pgt-spore production rate per hectare is
scaled to different cases of severity, incidence and infected area to obtain an estimate of
the number of spores escaping the canopy per source location. For example, from field
surveys during the localized wheat stem rust epidemic in Ethiopia 2013/2014, it is known
that the approximate mean disease severity and incidence was around 50% at the centre
of a localized epidemic (Olivera Firpo et al., 2015). Assuming that the spore production
rate is linearly related to disease severity and incidence, yields a spore production rate of
Nprod(s, i) = 1.125 · 1013 for this scenario of severity and incidence. Field data for exact
canopy escape rates of Pgt-spores during the epidemic are not available, so field estimates
from another fungal pathogen are used: Aylor (1986) estimates that around 33% of spores
are released from plant tissue during the time-window from late morning until afternoon,
during which spores are released in simulations, and of these only around 15% escape the
canopy (also used in Isard et al., 2007). Using Eq. 3.2 with prel = 0.33, and pesc = 0.15 to
approximate the number of spores escaping the wheat canopy, one obtains a spore canopy
escape flux ofNprod(s, i)·prel ·pesc = 5·1011 [spores ha-1 d-1]. This is comparable to order
of magnitude estimates for Peronospora tabacina (Aylor, 2003). During the epidemic in
Ethiopia in 2013/2014 at least A = 104 [ha] of wheat fields, distributed over an area of
(20 × 20) km2, were heavily infected in the Bale-zone. Scaling the spore flux per hectare
to the area of infected fields one obtains a total spore canopy escape rate of Ntot = 5 ·1015

[spores d-1] for the source representing the outbreak scenario of a large outbreak.

The same scaling as described above is used to obtain spore canopy escape rates for the
other scenarios (very small, small and moderate) of source strength. Note that estimates
of numbers of released spores may be subject to considerable errors, which, for a related
rust pathogen, have been estimated to be as large as 2-3 orders of magnitude (Aylor, 1986;
Aylor and Flesch, 2001). Numbers of released spores are approximated here, despite the
uncertainties associated with estimating spore release rates in the field, because the over-
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all range of orders of magnitude of dilution of spore clouds due to turbulent transport
and mixing on long spatial scales (with deposition amounts varying over >15 orders of
magnitude), which the LPDM accounts for, exceeds the uncertainty range in spore release
rates by more than 10 orders of magnitude. Also, the range of canopy escape rates for
different outbreak scenarios (Table 3.1) exceeds the uncertainty range by far. Consider-
ing uncertainties, the analysis of results focusses on the distinction between four different
outbreak scenarios (very small, small, moderate, large) with spore canopy escape rates
differing by 2 orders of magnitude between each of the scenarios. Results represent the
first quantitative exploration of this type in the literature and are to be interpreted as an
elaborate first approximation.

For each source strength scenario, the spore canopy escape rate is kept constant for all
release-days and all RDLs. This is because: (i) no data are available on temporal changes
of stem rust incidence, severity and infected area for all source locations over the 14-year
study period; and (ii) because the aim is to analyse long-distance dispersal for differ-
ent ‘what-if’ scenarios of source strength. These ‘what-if’ scenarios can serve as a first
step for the development of informed sampling and control strategies in case of future
outbreaks. The constant source strength at all RDLs for one scenario of source strength
allows a ranking of importance of different airborne pathways, relative to each other. And
importantly, it enables focussing on the effect of meteorological drivers on spore trans-
mission quantities, because the meteorological data represent the only changing input in
the daily simulations.

In NAME, every simulation particle is released with a user-defined material quantity,
which is called here ‘spore material’ (numeric value and unit is user-defined). For simu-
lations, it is set to M = 1 per source location per day, equally distributed to all released
simulation particles. Here it is important to note, that the user defined material release rate
is not an actual physical mass (the physical mass of spore particulates used for sedimen-
tation is derived from the spore density and diameter), but a simulation particle property,
which is independent from the actual turbulence calculations within the LPDM. The ma-
terial release rate is then scaled to different scenarios of wheat stem rust outbreaks, using
the canopy escape rates in Table 3.1.

Computationally, it is not feasible to model atmospheric dispersion of every single Pgt-
spore explicitly, especially not for the vast number of spores released in the field per day
from a RDL during a local epidemic. However, using a LPDM allows obtaining an ap-
proximation of the transport of the concentration field of released spore clouds. This is
a major improvement compared with previous work on Pgt dispersal (Singh et al., 2008,
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2011) in the geographic domain of this study, which used only around 100 single mean
trajectories as a crude approximation. Here a high number of 106 simulation particles
are released per day per source location to obtain a spore plume that is based on suffi-
ciently large numbers of simulation particles also at long distances from the source. This
is important to increase the accuracy of the parameterization of complex 3-dimensional
turbulent transport on regional and continental distances.

3.3.3.5 Turbulent transport

To model the effect of atmospheric turbulence, the long-range diffusive scheme in NAME
is used, with a model time-step of 5-15 minutes, adapted to the resolution of the input-
meteorology (shorter time-steps for higher resolution data). Mesoscale eddies are ac-
counted for by using the default NAME parameterization for the three-hourly global me-
teorological input data from the UK Met Office’s Unified Model. Details of the turbulence
parameterization are introduced in Section 2.4.4.

3.3.3.6 Deep convection

The new deep convection scheme was used for the results shown in this chapter. In the
new deep convection scheme, empirical formulae from cloud resolving models are used to
approximate vertical mass fluxes in convective clouds. In the old deep convection scheme,
simulation particles were re-distributed uniformly between the cloud base and cloud top
of a convective cloud (Jones, 2015).

3.3.3.7 Viability

In this study, exponential decay of Pgt viability during transport is assumed (as introduced
in Section 2.4.5), with a maximum lifetime of 3 days, and a decay rate chosen such that
it approximates survival curves obtained in field experiments (Maddison and Manners,
1972).

3.3.3.8 Deposition mechanisms

Wet deposition, dry deposition, and gravitational sedimentation quantities from each RDL,
i, are aggregated to obtain the daily total deposition of spores, denoted as Di

xyt, in grid-
cell, xy, on day, t, as the main result of the atmospheric dispersal model layer. Deposition
of spores by dry deposition, wet deposition, and gravitational settling was simulated as
a function of input meteorology, topography, biophysical characteristics (density and di-
ameter) of Pgt-urediniospores (for details, see Section 2.4.6). Supplementary Movie 3
illustrates an example of a sequence of daily deposition patterns resulting from simulated
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spore release at the RDL in the Bale-zone, Ethiopia22.

Note that the deposition quantities as obtained from NAME with unit emission at the
source can be interpreted as the proportion of daily released spore material that is de-
posited per wheat area in grid-cell, xy, on day t. This is because the daily material release
rate is set to M = 1 [spore material per RDL], so that dividing daily deposition quantities
in each grid-cell, obtained from the LPDM per RDL in units [deposited spore material
per area] by the total material released per day, M = 1, yields the proportion of released
spore material deposited per area in grid-cell, xy, on day, t. Values are scaled to the wheat
areas in each grid-cell, xy.

In addition to these proportions of deposited spores, approximate numbers of deposited
spores are calculated for different ‘what-if’ outbreak scenarios (with canopy escape rates,
Ntot, as introduced in Section 3.3.3.4). For this part of the analysis, the approximate
number of deposited spores from source location, i, to grid-cell, xy, on day, t, is obtained
as

N i
xyt = Di

xyt ·Ntot. (3.3)

Obtaining the numbers of deposited spores,N i
xyt, by above scaling of the deposition quan-

tities, Di
xyt, with the daily number of spores released per source location, Ntot, as a post-

processing step after the LPDM simulations, is equivalent to scaling the user defined daily
material release rate, M , as an input-parameter to the LPDM simulations. This is because
turbulent transport of simulation particles is calculated independently of the user defined
material quantity, M . The released spore material per day per source, M , is equally dis-
tributed to all simulation particles, k, and then all processes by which spore material is
depleted from simulation particles and added to the deposition field depend linearly on
the initial spore material. If one summarizes all calculations (release, turbulent transport
and deposition) of the LPDM as a single function, fLPDM, then the deposition quantities
resulting from release of spore material, M , may be expressed asDi

xyt = fLPDM(M). And
because all processes contributing to deposition depend linearly on the initial spore mate-
rial, Di

xyt · Ntot = fLPDM(M) · Ntot = fLPDM(M · Ntot) = N i
xyt, as in Eq. 3.3. This was

confirmed in test simulations. For a single source and a number of different spore material
release rates (M ′ = α· M , for different α) the total daily deposition fields, N i

xyt, result-

22 The animation is available as Supplementary Information to Meyer et al. (2017b), or online (see Movie 3):
https://wheatrustdispersal.wordpress.com/. The animation shows a sequence of daily deposition patterns
for one exemplar wheat season (2014). In the full analysis deposition patterns are calculated for 14
consecutive wheat seasons from all RDLs and only deposition events on susceptible and environmentally
suitable wheat areas are considered for the calculation of spore transmission quantities amongst countries
(see Section 3.3.7).
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ing from (i) scaling of the material release rate before the LPDM simulation, N i
xyt(M

′ =

α ·M), was compared with the deposition fields resulting from (ii) scaling of deposition
patterns after the LPDM simulations, N i

xyt = α ·Di
xyt(M). This confirms similarity of en-

tries (in the test simulations: α·Di
xyt(M) = N i

xyt(M
′ = α·M)±10−5·N i

xyt(M
′ = α·M)).

In terms of computational efficiency the scaling to different spore canopy escape rates af-
ter the LPDM simulations allows a major improvement.
The total deposition fluxes for different outbreak scenarios are estimates of real-life Pgt-
spore numbers. Therefore these model outputs are restricted to biologically plausible val-
ues, by introducing a lower threshold of minimum deposition numbers: only deposition
events with deposition of more than 100 spores per hectare per day are counted,

N̂ i
xyt = {N i

xyt |N i
xyt > Nmin}. (3.4)

Comparable threshold-values were also used in previous work (Aylor, 2003; Isard et al.,
2005, 2007). Other previous work (Isard and Russo, 2011; Kim and Beresford, 2008) on
fungal spore dispersion does not explicitly mention if a lower threshold is used. Even
though 1 viable spore may be sufficient to cause an infection, on average, only a small
proportion of spores successfully germinate, penetrate host tissue, and infect (Roelfs et al.,
1992). The lower threshold is chosen here as a conservative order of magnitude estimate
to focus the analysis on those deposition events that can cause primary infection, even if
only a small proportion (1/100) of deposited spores successfully infects.

3.3.4 Environmental suitability for infection after deposition

To assess environmental suitability for infection after Pgt-spore deposition, an ecologi-
cal niche model is integrated into the simulation framework as a dynamic spatial model
layer. For the analysis of spore transmission quantities along airborne migration routes
only deposition events on areas with environmentally suitable conditions are counted. The
primary objective of the suitability layer is excluding deposition events on non-suitable
wheat areas. In essence, the environmental suitability model loads surface meteorolog-
ical input data, and uses well-established environmental requirements of Pgt-spores to
distinguish suitable and non-suitable areas and times. Supplementary Movie 4 shows
an example of a time-lapse of hourly surface meteorological data of relative humidity,
illustrating daily oscillations of meteorological drivers with the course of the sun on con-
tinental scales23. Supplementary Movie 5 illustrates the corresponding sequence of daily

23 The animation is available as Supplementary Information to Meyer et al. (2017b), or online (see Movie 4):
https://wheatrustdispersal.wordpress.com/. The Movie shows a time-lapse of surface relative humidity
values for one month (July 2014) as an example of the 14 years of surface meteorology used to compute
the daily suitability maps.
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natural suitability scores for one exemplar month24.

Key drivers of the infection process are considered: (i) leaf-wetness; (ii) temperature; and
(iii) daylight (Magarey et al., 2005; Pfender, 2003; Roelfs and Bushnell, 1985; Roelfs
et al., 1992; de Vallavieille-Pope et al., 1995). In particular, for each grid-cell, xy, and
hour, h, of day, t, in the 14-year study period, environmental suitability is calculated as

Exyth = ET
xyth · EW

xyth =

1, if suitable

0, if not suitable.
(3.5)

Here ET
xyth ∈ [0, 1] indicates if the surface temperature at day, t, and hour, h, is in a

suitable range

ET
xyth =

1, if Tmin < Txyth < Tmax

0, else.
(3.6)

The minimum and maximum temperatures for infection with stem rust, Tmin = 4 [oC]
and Tmax = 32 [oC], respectively, are determined from literature on field experiments and
related modelling work (Beddow et al., 2013; Pardey et al., 2013; Roelfs et al., 1992; Tol-
lenaar, 1985).

Owing to the broad range of temperatures suitable for infection, the key limiting factor
for infection is often leaf wetness (Roelfs et al., 1992; de Vallavieille-Pope et al., 1995).
After deposition, Pgt-urediniospores need a humid environment with available free water
on plant tissue for the first stages of the infection process: germination; formation of
appressorium; and penetration of plant tissue (Roelfs et al., 1992). In accordance with
Sentelhas (2008) a critical threshold of relative humidity is defined (RHcrit = 90), and
it is assumed that leaves are sufficiently wet if RH > RHcrit. In addition, precipitation
beyond a lower threshold is also used as a proxy for leaf wetness. In short, the binary
indicator accounting for hourly leaf-wetness is defined as

EW
xyth =

1, if RHxyth > RHcrit or Pxyth > Pcrit

0, else,
(3.7)

where critical values are given in Table 3.2. If surface meteorology indicates both leaf-

24 The animation is available as Supplementary Information to Meyer et al. (2017b), or online (see Movie
5): https://wheatrustdispersal.wordpress.com/. The Movie shows a time-lapse of natural environmental
suitability for one month (July 2014) of as an example of the 14 years of analysis. Suitability scores are
calculated as a function of surface temperature, relative humidity, precipitation and hours of daylight.
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wetness and a suitable temperature range, then hours are considered suitable (Exyth = 1).
The required number of hours of leaf-wetness for a successful infection can vary de-
pending on temperature (Magarey et al., 2005; de Vallavieille-Pope et al., 1995). As a
first approximation, the widely accepted minimum leaf-wetness period of 6 hours (Roelfs
et al., 1992) is used here. It is important to note that an interruption of leaf wetness, espe-
cially after germination and before penetration, is often lethal to spores (Magarey et al.,
2005; de Vallavieille-Pope et al., 1995). To account for this, consecutive periods of six
hours of leaf-wetness are required.

An important environmental factor for infection is the availability of daylight for the pen-
etration through stomata into plant tissue (Roelfs et al., 1992). To account for this an
additional constraint is defined, namely, only consecutive leaf wetness periods ending in
daylight are considered as suitable. The hours of local sunrise and sunset in each grid-cell
are used to approximate if daylight is available or not (neglecting the effect of shad-
ing by clouds). From the hourly suitability scores, Exyth, and the hours of local sunrise
and sunset in each grid-cell, the duration of the longest consecutive suitable time-period,
W consecutive

xyt , which ends in daylight, is calculated. If spores deposited on day, t, in grid-
cell, xy, encounter a consecutive suitable time-period of at least 6 hours, ending in local
daylight, then the natural environment in simulations is defined as suitable

Exyt =

1, if W consecutive
xyt > Wmin and W consecutive

xyt ends in daylight

0, else.
(3.8)

Agricultural practices, specifically irrigation, can strongly influence local environmental
conditions. The effect of strong irrigation on leaf-wetness is accounted for. In particular,
data (You et al., 2005) about irrigated and total wheat areas are used, to calculate the pro-
portion of irrigated wheat-areas in each grid-cell. For all grid-cells with more than 90%
irrigated wheat areas, it is assumed that sufficient leaf wetness for infection is present.
Combining the natural environmental suitability with the irrigation data, the overall daily
suitability for infection, sxyt, is calculated as

sxyt =

Exyt, if Ixy < 90%

1, if Ixy > 90% and Hxyt = 1.
(3.9)

For all grid-cells with a very high proportion of irrigated wheat, it is assumed that condi-
tions are suitable during all those days of the wheat season, in which wheat stem rust has
been observed in the field (according to the seasonal timing introduced in Section 3.3.2.2).
For all grid-cells with less than 90% irrigated wheat areas the natural environment deter-
mines suitability for infection. In Section 3.4.10 the (small) effect of irrigation on overall
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results of airborne dispersal quantities is described. Details of the meteorological input
data - its quality and uncertainties - are discussed in Sections 2.4.2 & 3.5, as well as in
Chapter 7.

3.3.5 Lifetime of Pgt-spores after deposition

After deposition, spores are still affected by meteorological influences, most importantly
UV radiation. But compared with atmospheric transport, surface UV dose will be lower
and spores may be transported to lower parts of the wheat canopy, protected from UV
radiation. To account for this, as well as for the range of other environmental factors
influencing spore viability after deposition, a mean lifetime of spores after deposition of
τ̄d = 2 days is assumed, allowing for stochastic variations. The lifetime of spores after
deposition is drawn from a simple uniform discrete distribution, τd ∈ [1, 2, 3]; thus on
average, one third of spores has the potential to infect only on the day of deposition, t,
one third can infect on the day of deposition or the subsequent day, t and t + 1, and one
third can infect on t, t+ 1 and t+ 2.

A deposition event on one of the grid-cells in the model is counted as ‘deposition on
suitable areas’ if the environment in that grid-cell is suitable for infection within the time-
window defined by the lifetime of spores after deposition. Specifically, for each day and
grid-cell a binary indicator, Sxyt, is calculated

Sxyt =

1, if
∑t+τd

t sxyt ≥ 1

0, else.
(3.10)

Here sxyt is the binary daily suitability score introduced in Eq. 3.9, and a uniformly
distributed random lifetime of spores, τd, is drawn for each grid-cell and each day of the
study period. The resulting binary indicator variable, Sxyt, is used for the calculation of
spore transmission metrics along airborne migration routes (see Section 3.3.7).

3.3.6 Summary of key model parameters

Model parameters are obtained from published laboratory or field-experiments, or from
input data and expert opinion (no statistical parameter fitting). Table 3.2 summarizes key
model parameters.
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Parameter description Notation Value References & comments
Pgt-spore source locations

Source coordinates Xl, Yl Figure 3.3 RDLs; field-surveys and wheat
production data (CIMMYT,
2017; You et al., 2005)

Release height Z 1 [m] approximate wheat plant height
Source extent dX, dY 20×20 [km2] approximate area of epidemic in

Ethiopia in 2013
Spore release timing

Seasonal release timing T start, T stop Figure 3.4 international pathologists and
FAO-Country Briefs (2017)

Daily release timing tstart, tend 09:00 - 15:00
[local time]

published field experimental re-
sults and previous modelling
(Aylor, 1986; Isard et al., 2007)

Source strength
Canopy escape rate Ntot Table 3.1 (SA) estimates for different outbreak

scenarios based on Aylor (1986);
Roelfs (1985a)

Particle release rate Nsim 106 [d-1] per source location
Material release rate M 1 [d-1] per source location

Pgt-spore characteristics
Spore diameter d 26.4 [µm] assumed spherical (Eversmeyer

and Kramer, 2000)
Spore mass density ρspore 1 [g/cm3] in accordance with mean from

Orr and Tippets (1972)
Viability during transport

Half-life of exponential decay T1/2 ≈ 11 [h] approximating field experimen-
tal results in Maddison and Man-
ners (1972)

Maximum spore lifetime τmax 72 [h] (SA) similar to modelling work in
Singh et al. (2011)

Deposition of spores
Scavenging coefficient Λ = ArB 8.4·10-5·r0.79 below-cloud wash-out

3.36·10-4·r0.79 in-cloud rain-out
default values for small particu-
lates in NAME (Jones, 2015)

Lower dep. threshold Nmin 100 [spores/ha] restricting daily deposition to bi-
ologically relevant range (Aylor,
2003; Isard et al., 2005)

Pgt-spore lifetime after deposition
Mean lifetime after Dep. τd 2 [d] (SA) stochastic; uniformly distr.

Suitability for infection
Minimum temperature Tmin 4 [◦C] Beddow et al. (2013); Pardey

et al. (2013); Tollenaar (1985)
Maximum temperature Tmax 32 [◦C] Roelfs et al. (1992)
Minimum leaf-wetness Wmin 6 [h] Roelfs et al. (1992)

Humidity threshold RHcrit 90 [%] proxy for leaf-wetness (Sentel-
has et al., 2008)

Prec. threshold Pcrit 0.5 [mm (6h)-1] proxy for leaf-wetness
Irrigation threshold Icrit 90 [%] proxy for leaf-wetness

Table 3.2: Key parameters for simulating Pgt-spore dispersal over Southern/East
Africa, the Middle East and Central/South Asia. (SA) denotes sensitivity analysis (see
Section 3.4.11)
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3.3.7 Atmospheric Pgt-spore transmission metrics

Four spore transmission metrics are calculated to quantify dispersal trends along airborne
migration routes: (1) proportion of spore transmission; (2) number of viable deposition
days; (3) proportion of release days with viable deposition; and (4) deposition amount per
deposition day.

1. The mean daily proportion of spore transmission, P i→j , is calculated as the study
period temporal mean of the daily transmission values, P i→j

t , as

P i→j =
1

T

T∑
t=1

P i→j
t =

1

T

T∑
t=1

H ij
t

[∑
xy∈j

Di
xyt ·Hxy · Sxyt

]
. (3.11)

Here T denotes the total number of days in the 14-year study period, and P i→j
t de-

notes the proportion of spore material released at RDL, i, that is transmitted along
airborne migration route, i→ j, to susceptible and environmentally suitable wheat
areas on day, t. P i→j is a continuous number between 0 and 1, describing the mean
daily proportion of released to deposited spore material. The metric may quali-
tatively be interpreted as the single spore transmission probability along airborne
migration route i → j. Its values are constrained to P i→j ∈ [0, 1], as is evident
considering the following arguments:

• Upper boundary: P
max

i→j = 1. In the hypothetical case that every day of the
study period all spore material released from RDL, i, is deposited on one
grid-cell, xy, in country, j, with grid-cell area, Axy, entirely filled with wheat
areas, Hxy = Axy, one obtains Di

xyt = M
Axy

= 1
Hxy

as the proportion of de-
posited material per hectare wheat per grid-cell and day. Recall that the spore
material release rate is set to M = 1 per day per source (Section 3.3.3.4). For
suitable environmental conditions (Sxyt = 1) every day of the 14-year study
period, one obtains the theoretical upper boundary of maximum transmission
as P

max

i→j = 1
365·14 ·

[
(365 · 14) · 1

Hxy
·Hxy · 1

]
= 1.

• Lower boundary: P
min

i→j = 0. In case there is not a single day of deposition
on wheat areas during overlapping wheat seasons with suitable environmental
conditions for infection, P

min

i→j = 0. The non-zero lower boundary of mean
daily proportions is given as P

low

i→j = 1 · 1
365·14 · [D

i
min ·Hmin · 1], according

to the temporal mean over the 14-year study period, with only 1 single day of
deposition on one environmentally suitable grid-cell in the target country, with
the minimum deposition amount, Di

min, on a grid-cell with minimum wheat
area of Hmin = 0.1 [ha], as defined in the wheat production data (You et al.,
2005). In simulations, typical values were of the order Di

min ≈ [10−14, 10−18]
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in the outer tails of daily deposition plumes. Thus, in simulations the order of
magnitude of the lower boundary is P

low

i→j ≈ 10−18/5114 ≈ 10−23, obtained
for cases with only single days of spore transmission in the entire 14-year
(5114 days) study period to a few grid-cells with very small wheat areas in
receptor country j.

Overall, a large range of values of P i→j ∈ [10−23, 1] is obtained for different air-
borne migration routes. The proportion of transmission from a source in country, i,
to suitable wheat areas in the same country, j = i, is usually largest. But in general,
P i→j varies greatly for different airborne migration routes, due to a complex inter-
play of spatio-temporally explicit factors, as, for example (i) length of overlap of
wheat stem rust seasons at source and receptor, (ii) proportion of all released spores
that are deposited somewhere in the spatial domain (varies with input-meteorology),
and particularly the (iii) highly anisotropic spatio-temporal dynamics of spore dis-
persal, spore deposition, and environmental suitability for infection after deposition.
The proportion of spore transmission, P i→j , is used to define the weight of edges in
the LDD network, as well as for the analysis of relative proportions of deposition
along airborne migration routes (see Sections 3.4.1 and 3.4.2).

2. The mean number of viable spore deposition days per time-period (months and
years). This metric essentially counts the number of days on which airborne spore
transmission from RDL, i, to suitable wheat areas in receptor country, j, occurs.
Hereby the lower deposition threshold introduced in Eq. 3.4 is used to constrain the
analysis to biologically reasonable deposition events. The annual mean number of
viable spore deposition days is obtained as

T i→j =
1

TY

T∑
t=1

θ(N̂ i→j
t ), (3.12)

where Ty = 14 denotes the number of years in the study period, T is the total
number of days in the study period, and θ is the heaviside-step function which is
1 for all arguments greater than zero. The key daily metric here is N̂ i→j

t , which
denotes the number of spores that are transmitted from RDL, i, to suitable wheat
areas in receptor country j on day t. N̂ i→j

t is obtained as

N̂ i→j
t = H ij

t

[∑
xy∈j

N̂ i
xyt ·Hxy · Sxyt

]
. (3.13)

The hat in N̂ i
xyt denotes explicitly that a lower threshold of deposition amount is

defined. Note, that the number of deposited spores, N̂ i
xyt , and the number of grid-
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cells with deposition above the lower threshold of 100 spores per hectare per day,
strongly depends on the number of released spores. And thus the number of viable
spore deposition days depends on the outbreak scenario at sources, that is on the
number of released spores per day (canopy escape rate). The monthly mean number
of viable spore deposition days (for the analysis of seasonal trends) is obtained by
counting all airborne transmission events during a specific month (t ∈M ) and then
calculating the monthly mean

T
M

i→j =
1

TM

∑
t∈M

θ(N̂ i→j
t ). (3.14)

Here TM = 14 denotes the number of times that a specific month occurs in the
14-year study period.

3. The proportion of release days with viable spore transmission is calculated as

f i→j = T toti→j/Trel (3.15)

where Trel denotes the total number of release days and T toti→j denotes the total num-
ber of days with viable spore deposition.

4. The mean number of Pgt-spores transmitted per deposition day is calculated as
an estimate of typical spore loads along airborne migration routes. It is obtained
by dividing the cumulative total number of transmitted spores, N tot

i→j , by the total
number of viable spore deposition days, T toti→j , along each route

N i→j =
N tot
i→j

T toti→j
=

T∑
t=1

H ij
t

[∑
xy∈j

N̂ i
xyt ·Hxy · Sxyt

]
/

T∑
t=1

θ(N̂ i→j
t ). (3.16)

The mean number of transmitted spores strongly depends on the number of released
spores (Ntot), that is, on the specific outbreak scenario under consideration.

3.3.8 Computational resources and implementation

Approximately 20 terabytes (uncompressed) of meteorological data were copied to a set
of machines to improve the run-times of the simulations that were conducted in parallel
on multiple machines (for details, see Section 2.5). This required a total hard-disk space
of approximately 70 terabytes. The implementation was done using handwritten bash,
Perl, Python, and MATLAB scripts, extending previous exploratory work of colleagues in
the Epidemiology & Modelling Group (Dr A. Cox, M. Hitchings, pers. comm.).
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3.4 Results

The key results are described in Section 3.4.1, which summarizes the risk of spread of
novel strains of wheat stem rust along airborne dispersal pathways from and into the
East African Rift Valley Zone. In subsequent sections and Appendix B additional details
are given. In Section 3.4.2 the concept of a long-distance dispersal network is introduced.
Dispersal quantities between all countries are summarized in the form of connectivity ma-
trices for different ‘what-if’ outbreak scenarios (Section 3.4.3). Details are discussed for a
selection of different geographic areas with importance for wheat stem rust epidemiology.
First, the focus lies in identifying all key airborne migration routes between epidemiolog-
ical zones (Section 3.4.4). Second, the focus is shifted to dispersal within the East African
Rift Valley, where several novel and highly aggressive strains of Pgt have been detected
(Section 3.4.5). Seasonal and interannual variations along airborne migration routes are
analysed in Section 3.4.6 and 3.4.7. In the last section, frequency distributions of daily
deposition amounts from Yemen, one of the key stepping stones for the transmission of
Pgt between continents, are shown, providing a mechanistic perspective on continental
scale dispersal kernels.

3.4.1 Key results

This section summarizes key results in a text that closely follows the results section of the
author’s letter to Nature Plants (Meyer et al., 2017b).25

A network analysis, with countries defined as nodes and the long-term mean spore trans-
mission between countries (P i→j; see Eq. 3.11) defined as weighted directed edges, helps
revealing the regional and continental-scale airborne connectivity of the host-pathogen
system (Figure 3.5-a; details in Section 3.4.2). Strongly connected groupings of coun-
tries with high airborne pathogen exchange, separated by transition zones with less spore
transmission, are identified using community finding algorithms (Rosvall and Bergstrom,
2008). The communities (Figure 3.5-a) are geographically similar to the epidemiological
zones of wheat stem rust (Nagarajan, 2012; Saari and Prescott, 1985). Field sampling,
race analysis and pathogen population studies support the notion of high airborne con-
nectivity within communities and infrequent exchange between them. Exemplars include:
several variants of the Ug99 race group have spread in the entire East African Rift Valley
zone during recent decades (CIMMYT, 2017; Singh et al., 2008, 2011, 2015); the stem
rust race TKTTF is wide-spread in West Asia (Singh et al., 2015); and surveys in south-
ern African countries also indicate migration of inoculum between countries in this zone
25 The results described here represent an update to the published version, based on a more recent analysis,

processing 2 more years of meteorological data and using a more recent version of the dispersal model
NAME (v. 6.5).
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Figure 3.5: Airborne migration routes of Pgt-spores over Southern/East Africa, the
Middle East and Central/South Asia. a, Long-distance dispersal (LDD) network of Pgt-
spores between major wheat producing countries, obtained from 14-years of Lagrangian
particle dispersion simulations over dynamically changing host and environmental land-
scapes. Nodes of the LDD network are countries and weighted directed edges are defined
as the long-term average spore transmission between countries; communities of the same
colour indicate regions with high airborne connectivity; the size of nodes indicates node-
strength; pie charts show the fraction of out-strength to total node-strength (the long-term
mean proportion of outflow to total spore flow per country) to distinguish spore donor and
receptor countries. Spore transmission frequencies between communities are described in
Section 3.4.4. b, Simulated spore transmission frequencies (for the scenario of large out-
breaks at RDLs) along principal dispersal routes in the East African Rift Valley Zone,
where the highly aggressive pathogen strain ‘Ug99’ (race TTKSK) was first detected.
Spore transmission for smaller outbreak scenarios are given in Figure 3.13. See Figure
3.6 for seasonal dispersal trends along key airborne migration routes in the East African
Rift Valley Zone.

(Pretorius et al., 2015; Terefe et al., 2016). There are geographic similarities between the
regions identified as communities in the LDD network and regions with distinct popula-
tion genetic structures of two related pathogens - wheat yellow rust (P. striiformis) (Ali
et al., 2014) and wheat leaf rust (P. triticina) (Pretorius et al., 2015) - that have comparable
atmospheric dispersal characteristics (for example, size, density) to Pgt. Correspondence
of LDD model outputs with evidence from field sampling, race analysis and pathogen
populations studies, indicates that it may be possible to predict regions with high genetic
similarity of airborne pathogens based on the LDD network structure. The ratio of out-
flow to inflow of spores from countries, measured as the proportion of out-strength to total
node-strength, can be used to distinguish spore donor and receptor countries (pie charts
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Figure 3.6: Seasonal dispersal trends along key airborne migration routes in the East
African Rift Valley Zone. Bar-charts illustrate the simulated monthly mean number of
viable spore deposition days for the scenario of large outbreaks at RDLs (see Figure B.1
in Appendix B.1 for other outbreak scenarios). a, shows dispersal from the northern Rift
Valley Zone southwards; b, shows dispersal in the Central Rift Valley Zone; c, shows
dispersal from the southern Rift Valley Zone northwards. Simulated monthly dispersal
trends indicate a tendency for annual spore circulation with predominantly northwards
dispersal in June - August and then back southwards in October - December, driven by
varying wheat growing times in countries and the oscillation of the Intertropical Conver-
gence Zone.

on nodes in Figure 3.5). These results support the role of Nepal as an important pathogen
source for wheat growing areas in India (Nagarajan et al., 1976), and show that Yemen
is an important spore donor country and ‘stepping stone’ for transmission between East
Africa, the Middle East and South Asia, as initially proposed in Singh et al. (2008). The
country of first detection of Ug99, Uganda, predominantly acts as a spore receptor.

A set of ‘what-if’ scenarios of wheat stem rust outbreaks are simulated to assess the risks
to recipient countries from outbreaks at the RDL donor sites. Outbreak sizes were ad-
justed to allow for different disease incidence and severity, and areas affected, accounting
for daily canopy escape rates varying over 8 orders of magnitude (see Section 3.3.3.4).
Dispersal quantities between all countries are summarized in connectivity matrices (see
Section 3.4.3). A detailed analysis of airborne migration between a subset of countries,
located at the borders between different epidemiological zones is discussed in Section
3.4.4. Figure 3.5-b illustrates transmission frequencies within the East African Rift Val-
ley Zone, where Ug99 was first detected, for large outbreaks at RDLs (see Fig 3.13 for
other outbreak scenarios). Airborne transfer of inoculum between several countries is
very frequent, supporting the previous hypothesis of the Rift Valley as a ‘flyway’ of fun-
gal spores (Nagarajan, 2012; Nagarajan et al., 2014).

Spore deposition patterns in different months indicate consistent seasonal dispersal trends
over the 14 year study period (see Section 3.4.7). In the East African Rift Valley Zone,
these seasonal trends indicate that there is a tendency for annual spore circulation (north-
wards in June - August and then back southwards in October - December) driven by
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the oscillation of the Intertropical Convergence Zone (ITCZ) and varying wheat growing
seasons in countries (Figure 3.6; and details in Section 3.4.7). There are, however, also
notable interannual variations in the potential for spore transmission. Comparing these
with the years of first detection of the original Ug99-TTKSK race in different countries
shows that meteorological conditions in those years were particularly conducive for long-
distance transport along key routes of spread, for example Kenya to Ethiopia in 2003;
Ethiopia to Yemen in 2006; Yemen to Iran in 2007 (details in Section 3.4.6).

With on-going evolution, migration, and detection of new Ug99 variants, this aggressive
race group (and other strains of the pathogen) continues to be a threat to global wheat pro-
duction (Singh et al., 2015). Previous risk assessments of the potential for further spread
mostly consisted of qualitative conjectures about two pathways: ‘Route A’ of stepwise
transmission from the Rift Valley to the Middle East and further on to South Asia (Na-
garajan, 2012; Nagarajan et al., 2014; Singh et al., 2006, 2008, 2011; Stokstad, 2007).
And ‘Route B’, from the Rift Valley zone directly to South Asia (Singh et al., 2006, 2008,
2011). The results presented here provide the first quantitative assessment: along the first
step of Route A results show no or only very rare (<1 day per year) airborne transmission
for all outbreak scenarios from all RDLs in the Rift Valley Zone, with the exception of
infrequent (8-30 days per year) spore dispersal from Yemen to Iraq and Iran (Figure 3.7).
Airborne dispersal along this pathway has previously been postulated (Singh et al., 2011)
to explain the field detection of Ug99 in Yemen in 2006 and subsequently in Iran in 2007.
So far, only trace amounts of Ug99 have been reported from Iran, and Ug99 has not been
reported from Pakistan or India. Modelling results for very small and small outbreaks
in the Middle East are in accordance with this and show no direct transport along the
second step of Route A, from Iran to Pakistan and India. However, for the scenario of
moderate to large outbreaks in Iran (>103 ha, with >15% severity and incidence), results
show rare to infrequent direct transport from Iran to Pakistan, and frequent (31-60 days
per year) to very frequent (>60 days per year) stepwise transmission first from Iran to
Afghanistan, and then further from Afghanistan to the northern plains of Pakistan/India.
But transmission along this route is restricted to a relatively short time-window in March
and April before wheat is typically harvested in Pakistan and India. Along Route B (direct
transmission from the Rift Valley zone to South Asia) no or only very rare transmission
from RDLs on the East African continent are found, but there is a potential for infrequent
direct transport from eastern Yemen to South Asia. Results show spore transmission to
South Asia on approximately 30% of release days from a large outbreak in eastern Yemen
during March (Figure 3.7). It is interesting to note that migration of insects (glider dragon-
fly), and predatory birds (amur falcons) along this pathway has previously been reported
(Chapman et al., 2015). This could imply an additional risk for spore transport on an-
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Figure 3.7: Risk of atmospheric transmission of Pgt-spores from the East African
Rift Valley Zone to South Asia. Spore transmission along ‘Route A’ and ‘Route B’
has previously been postulated as a threat to global food security (Singh et al., 2006,
2008, 2011, 2015; Stokstad, 2007). Histograms show the first quantitative assessment:
long-term annual means of simulated spore transmission from RDLs to susceptible and
environmentally suitable wheat areas in receptor countries for different scenarios of infec-
tion (Pgt-spore canopy escape rates; see Table 3.1) at RDLs. These range from very small
(approximately 1 ha infected area and 5% severity and incidence) to large outbreaks (ap-
proximately 104 ha infected area and 50% severity and incidence). The upper limit of the
y axis shows the total number of release days in LPDM simulations from RDL to recep-
tor country (duration of overlap of receptive wheat seasons in source and target country)
to indicate also the proportion of release days with viable spore transmission (deposition
days per total number of release days).

imals and insects, if these get in contact with infected wheat fields in source regions in
East Africa before they migrate eastwards.

Recently, in 2013 and 2014, two severe wheat stem rust outbreaks in Ethiopia, sub-
Saharan Africa’s largest wheat producer, were caused not by Ug99 but by race TKTTF,
which prior to these epidemics had been detected only in the Middle East (Olivera Firpo
et al., 2015; Singh et al., 2015). Dispersal simulations support the hypothesis of airborne
spread of TKTTF, and further suggest the existence of an inter-continental Rift Valley
incursion pathway, along which stepwise transmission from the Middle East via Yemen
into the Rift Valley is possible within one year (Figure 3.8). A detailed analyses of the
likely origin of strain TKTTF in Ethiopia is presented in Chapter 5.
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Figure 3.8: The Rift Valley Pgt-spore incursion pathway. Histograms show long-term
annual means of simulated spore transmission from RDLs to susceptible and environ-
mentally suitable wheat producing areas in receptor countries for different scenarios of
infection at RDLs (see caption of Figure 3.7 for details). Simulations indicate that step-
wise transmission from the Middle East via Yemen into the Rift Valley is possible within
one year. The TKTTF race was detected in various countries in the Middle East before
first detection in Ethiopia (sub-Saharan Africa’s largest wheat producer) where it caused
two severe epidemics in 2013 and 2014.

3.4.2 Long-distance dispersal network

To capture the system of all airborne migration routes from a macroscopic perspective,
a long-distance dispersal network, L = {V, P}, is introduced (Figure 3.5). The LDD
network is obtained by defining wheat producing countries (i = 1, ..., 26) as nodes, {V },
connected by weighted directed edges, {P}, defined as the 14-year mean proportion of
spore transmission (P i→j ∈ [0, 1]) between countries i and j. Every country, i, acts as a
source in terms of outgoing spores from its main RDL, and as a spore receptor in terms
of deposition on susceptible and suitable wheat areas from other countries j (excluding
self-loops). This allows the representation of the entire system of LDD quantities between
all countries in terms of the quadratic weight matrix

K = {P i→j}, (3.17)
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with P i→j according to Eq. 3.11. For the construction of the quadratic weight matrix only
one RDL per country is used, so that every country is represented equally by one source
of spore out-flow (for details, see Figure B.2 in Appendix B.2). The network perspective
is introduced here to summarize dispersal quantities between all countries and provide a
proof-of-concept for linking network theory and long-distance dispersal simulations. For
future work it would be interesting to study network characteristics in more detail using
larger dynamic networks (see Section 7.3.5 for a brief discussion of this potential line of
research). The focus of this study lies on analysing spore transmission quantities along
key airborne migration routes for different disease outbreak scenarios.

3.4.3 Connectivity matrices summarizing dispersal amongst countries

For each simulated outbreak scenario (spore canopy escape rates in Table 3.1), long-term
trends of spore transmission are analysed between all pairs of countries (for all spore
transmission metrics defined in Section 3.3.7). These results are summarized in connec-
tivity matrices with sources (RDLs) as rows and receptor countries as columns. Figure 3.9
shows two examples of such connectivity matrices, summarizing the annual mean number
of viable deposition days (T i→j; see Eq. 3.12) as well as the mean proportion of release
days with viable deposition (f i→j; see Eq. 3.15), obtained for the ‘what-if’ scenario of
a large outbreak at sources. Figure 3.10 shows the connectivity matrix summarizing the
mean deposition amount per deposition day (N i→j; see Eq. 3.16) for the corresponding
outbreak scenario.

In the full analysis, a set of connectivity matrices (as shown in Figures 3.9 and 3.10)
is obtained for each outbreak scenario and for different time-scales (months, years, study
period). See Appendices B.3 and B.4 for connectivity matrices summarizing annual mean
transmission frequencies for different outbreak scenarios, as well as monthly mean trans-
mission frequencies for one exemplar month. A catalogue summarizing all connectivity
matrices is available upon request or as supplementary data to the published article by the
author (Meyer et al., 2017b).26 This catalogue may be consulted as a reference for ad-hoc

risk assessments facing when future outbreaks (details, see Section 3.5.2).

3.4.4 Airborne migration routes between epidemiological zones

Airborne migration routes between epidemiological zones were analysed in detail for all
outbreak scenarios at RDLs before analysing the selected risk pathways (Route A, Route
B, and the Rift Valley incursion pathway in Figures 3.7 and 3.8) as discussed in Section

26 the catalogue is >50 pages and therefore not included in this thesis. Instead, here a selected set is sum-
marized.
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Figure 3.9: Connectivity matrices summarizing dispersal frequencies along airborne
migration routes for a large outbreak at RDLs. Long-term mean spore dispersal fre-
quencies from RDLs (rows) to receptor countries (columns) in case of a large outbreak at
RDLs (Ntot = 1015). a, Annual mean number of viable deposition days (T i→j; Eq. 3.12);
b, mean proportion of release days with viable deposition (f i→j , Eq. 3.15).
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Figure 3.10: Connectivity matrix summarizing dispersal amounts along airborne mi-
gration routes for a large outbreak at RDLs. Long-term mean Pgt-spore deposition
amount per deposition day, N i→j (Eq. 3.16), from RDLs, i (rows), to receptor countries,
j (columns), in case of large outbreak at RDLs (Ntot = 5 · 1015).

3.4.1. Figures 3.11 & 3.12 illustrate all airborne migration routes between epidemiologi-
cal zones for different outbreak scenarios at RDLs (very small, with Ntot = 5 · 109; small,
with 5 · 1011; moderate, with 5 · 1013; large, with 5 · 1015). Airborne transmission is il-
lustrated from all RDLs in one zone to susceptible and environmentally suitable wheat
producing regions in all receptor countries in another zone. For all transition zones, air-
borne migration routes are classified according to the annual mean of viable Pgt-spore
deposition days, T i→j (see Eq. 3.12), into five categories: (1) very rare or no transport
(T i→j < 1); (2) rare (1 ≤ T i→j ≤ 7); (3) infrequent (8 ≤ T i→j ≤ 30 ); (4) frequent
(31 ≤ T i→j ≤ 60); and (5) very frequent (T i→j > 60). The following paragraphs
describe airborne migration routes in the context of available data about previous field
disease detections in these regions.

3.4.4.1 Transition between the Middle East and the East African Rift Valley Zone

For the scenario of very small, or small outbreaks (Figure 3.11 a/b-i) at RDLs there is
no or only rare transport between the zones, with one exception: rare transmission from
Egypt to Sudan. Even for moderate and large outbreaks (Figures 3.12 8 a/b-i), there is no
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Figure 3.11: Identification of key airborne migration routes between epidemiological
zones for very small and small outbreaks in Southern/East Africa, the Middle East
and Central/South Asia. Illustrated are simulated long-term annual mean numbers of
viable spore transmission days, T i→j , along airborne migration routes between epidemio-
logical zones for the scenario of a, very small (Ntot = 5·109) and b, small (Ntot = 5·1011)
wheat stem rust outbreaks at RDLs. All routes from RDLs shown in one zone to suitable
wheat producing regions in countries of the other zone are illustrated. Transition zones
are: (i) from the Middle East to the East African Rift Valley; (ii) from the Middle East to
Central Asia; (iii) from Central Asia to South Asia; (iv) from the East African Rift Valley
to South Asia; and (v) from the East African Rift Valley to Southern Africa.
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Figure 3.12: Identification of key airborne migration routes between epidemiological
zones for moderate and strong outbreaks in Southern/East Africa, the Middle East
and Central/South Asia. Illustrated are simulated long-term annual mean numbers of
viable spore transmission days, T i→j , along airborne migration routes between epidemio-
logical zones for the scenario of a, moderate (Ntot = 5·1013) and b, strong (Ntot = 5·1015)
wheat stem rust outbreaks at RDLs. All routes from RDLs shown in one zone to suitable
wheat producing regions in countries of the other zone are illustrated. Transition zones
are: (i) from the Middle East to the East African Rift Valley; (ii) from the Middle East to
Central Asia; (iii) from Central Asia to South Asia; (iv) from the East African Rift Valley
to South Asia; and (v) from the East African Rift Valley to Southern Africa.
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or rare airborne transmission from the majority of RDLs in one zone to wheat producing
regions in the other zone. However, model results indicate the potential for infrequent
airborne inoculum exchange between some countries, in particular from Egypt to Sudan,
as well as between Yemen and South-Iran/Iraq. Infrequent migration on the route from
East-Yemen to Iraq is found with maximum transmission in March as well as infrequent
transport from West-Yemen to Iran with a seasonal peak in April. Simulation results in-
dicate rare direct very long-distance transport of pathogens from South-Iran to Ethiopia.

During the last decade, two long-distance incursions of novel strains from one zone to
the other have been detected (Singh et al., 2015): (i) Ug99 was detected in Iran in 2007
(Nazari et al., 2009), after detection in Yemen in 2006, indicating airborne transmission
along the pathway predicted in simulations described here; (ii) the Digalu race, TKTTF,
has spread throughout the Middle East, with detections in Turkey in 2005, and in Iran in
2010 (and several other countries in the Middle East in subsequent years); and then, in
2012 and 2014, TKTTF was detected in Ethiopia and Yemen, indicating airborne trans-
mission along the predicted Rift Valley incursion pathway (Figure 3.8) from South-Iran
to Yemen and Ethiopia.

3.4.4.2 Transition between the Middle East and Central/South Asia

For very small and small outbreaks at RDLs model results show some airborne trans-
port, but only along the northern part of the transition zone – from the RDL at the
Caspian Sea in Iran to Afghanistan and Uzbekistan, and vice versa, from Uzbekistan
and Afghanistan to Iran (Figure 3.11 a/b-ii/iii). The high frequency of transport from the
RDL in Afghanistan to Iran is due to the very close geographic proximity of the RDL in
Afghanistan to wheat producing regions in East-Iran. For very small to small outbreaks
at RDLs, simulations show no direct transport from Iran to India. For moderate to large
outbreaks, there is the potential for rare or infrequent transport from RDLs in Iran to
Afghanistan, Pakistan and India (Figure 3.12 a/b-ii/iii). Note that for the transition zone
Middle East to Central Asia the maps in Figure 3.11 a/b-ii and Figure 3.12 a/b-ii illustrate
airborne migration routes only from the subset of RDLs from the Middle East with the
strongest transmission quantities, which are the two RDLs in Iran. However, simulations
also showed transmission from other countries in the Middle East to Afghanistan and
Uzbekistan (see connectivity matrices in Section 3.4.3, as well as Appendix B.3).

So far, no moderate or large outbreak of the Ug99 TTKSK race has been reported from
Iran (only detection of small/trace amounts). Here model results for very small and small
outbreaks are therefore in line with the fact that Ug99 has not spread from the detection
sites in Iran to Pakistan and India. However, for moderate or large outbreaks in Iran, sim-

82



Chapter 3. Airborne migration routes of Pgt-spores over Southern/East Africa, the Middle East
and Central/South Asia

ulations show the potential for frequent and very frequent transmission to Afghanistan.
And further on, also from Afghanistan, there is a strong route eastwards to the northern
regions of Pakistan and India. For moderate and large outbreaks in Afghanistan spores
can even reach Nepal. This emphasizes that for moderate to large outbreaks there is a
considerable risk of stepwise transmission from Iran via Afghanistan to the northern re-
gions of Pakistan. But it is important to note that airborne transmission is restricted to a
short time-window in March and April, which is very early in the wheat season in Iran
and Afghanistan. Therefore, only when wheat stem rust outbreaks occur very early in the
season in Iran or Afghanistan is caution required and even in that case the time-window
for build-up of disease after deposition in Pakistan and India is limited to March and April
when wheat is harvested.

There exists circumstantial evidence (Singh et al., 2006; Stokstad, 2007) pointing to the
historic spread of a related pathogen, the Yr9 wheat yellow rust race, from the Rift Valley
via Iran, to Pakistan and India, which seems feasible in light of the modelling results
presented here. Simulations also show a strong potential for airborne transport in the
other direction, from Afghanistan to Iran and further on to other countries in the Middle
East, which is interesting because it supports the hypothesis of airborne spread of the
yellow rust warrior race from the Himalayas to Europe (Ali et al., 2014).

3.4.4.3 Transmission between the East African Rift Valley Zone and South Asia

After the emergence of Ug99 it was hypothesized that one of the key routes along which
the pathogen could spread is from Eritrea, Ethiopia or Yemen directly to Pakistan and
India (Singh et al., 2008). Here a more detailed picture can be derived from simulation
results: for the case of a very small or small outbreak at one of the RDLs in simulations,
there is no or only very rare transport from any of the RDLs in the Rift Valley to South
Asia, indicating that for these outbreak scenarios the risk of spread is very low (Figure
3.11 a/b-iv). But, in the case of a moderate or large outbreak in Yemen, there is infrequent
direct transport from Yemen to South Asia (Figure 3.12 a/b-iv), with a relative maximum
of transmission from East-Yemen to South-Pakistan in March. In the case of a local-
ized outbreak of wheat stem rust with spore release every day of overlapping wheat stem
rust seasons, model results indicate that spores would be transported to Pakistan approx-
imately 20 days per year. This corresponds to approximately one viable spore deposition
day for every third release day of the outbreak. This risk is localized to Yemen as a source.
There is no or very rare direct airborne transmission from RDLs in important wheat pro-
ducing countries (Ethiopia, Kenya) in the Rift Valley to South Asia, even in the case of
localized epidemics at RDLs. No dispersal events were detected from any RDL in South
Asia to the Rift Valley.
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Simulation results underline that there is the potential for infrequent transport of Ug99 (or
other races) from Yemen to Pakistan and India, but only when there are moderate or large
outbreaks at the source. The presence of the race RRTTF in Ethiopia, Yemen, Iran and
Pakistan (Singh et al., 2015) indicates that dispersal along both pathways may be possible,
but provides no conclusive evidence.

3.4.4.4 Transition between the East African Rift Valley Zone and the Southern
African Zone

Transmission between RDLs in the Rift Valley and the Southern African Zone is mostly
constrained to one key airborne migration route, from South-Tanzania to Zambia. On
this route infrequent dispersal is found for small, moderate and large outbreaks in South-
Tanzania (Figure 3.11 a/b-v and Figure 3.12 a/b-v). This is in accordance with the pre-
vious hypothesis of stepwise transmission of novel races from the Rift Valley, via the
southern mountains in Tanzania and southwards to Zambia (Singh et al., 2011). Even
for localized epidemics, simulations show no or only very rare transport from North-
Tanzania, or other RDLs in the Rift Valley to the Southern African Zone, and no transport
from the Southern African Zone northwards into the Rift Valley. The low airborne con-
nectivity between the zones is supported by the fact that only a few of the Ug99 races
have spread into the Southern African Zone and even fewer races from Southern Africa
have been detected in East Africa (Singh et al., 2015).

3.4.5 The East African Rift Valley as a ‘flyway’ for Pgt-spores

One of the striking results of analysing spore dispersal frequencies in the East African
Rift Valley is that already for a small outbreak (with 1-10 [ha] infected area with 15-50%
severity and incidence) simulations show frequent and even very frequent transport along
the strongest routes (for example, from West-Yemen to Ethiopia, from Kenya to Uganda,
and from Tanzania to Uganda). Along some of these routes, there is even the potential
for long-distance transmission in the case of very small outbreaks of single fields with
low severity and incidence at RDLs (Figure 3.13-a/b). For moderate and large outbreaks
at RDLs, simulations indicate frequent and very frequent transmission between all key
wheat producing regions in the East African Rift Valley Zone (Figure 3.13-c/d). Model
results are therefore in accordance with the rapid spread of multiple Ug99 races within
the last decade in the entire Rift Valley (Singh et al., 2015), and support the hypothesis of
the Rift Valley as a ‘flyway’ for rust-spores (Nagarajan, 2012).

A combination of factors are particularly suitable for long-distance dispersal in the Rift-
Valley area: (i) wheat is grown at high altitudes between 2000-3000 m asl, which fa-
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cilitates atmospheric transport in faster winds at higher altitudes; (ii) wheat is grown in
complex mountainous terrain, which facilitates mechanical turbulence, and increases the
amount of spore material transported away from the source; (iii) and, importantly, strong
convective activity in the ITCZ can lift spores to very high altitudes, enhancing the po-
tential for long distance transport. Interestingly, seasonal atmospheric migrations in the
Rift-Valley area are characteristic also for other organisms, for example the African army-
worm, another major threat to crop health in East Africa (Chapman et al., 2015; Rose
et al., 1985; Wilson and Gatehouse, 1993).

Airborne migration routes in the East African Rift Valley from the North to the South
are slightly stronger than those from the South to the North. This is due to the combined
effect of seasonal wheat timing and seasonal changes in weather patterns. For example,
wheat is grown in Eritrea only during the months September-November, the time of the
year when trade-winds pre-dominantly transport spores to the south-west. The picture of
spread of Ug99 from Uganda northwards in Singh et al. (2008), drawn along with field
disease detection sites, may be interpreted as suggesting a general tendency of northwards
spread of pathogens from Uganda to the Middle East, and beyond. This general tendency
is not confirmed by modelling results. Instead, it should be complemented, as northward
spread is possible frequently, but simulations suggest that southward spread is even more
likely, particularly from Yemen into the Rift Valley.

The asymmetry in the frequency of dispersal events in different directions (more high
frequency routes pointing southward in Figure 3.13), as well as the role of Uganda as
a spore receptor country (with higher inflow than outflow of spores; see pie chart on
Figure 3.5-a), suggests that Uganda, the country of first detection of Ug99, may not be the
country of origin of Ug99. At the time of detection of Ug99 field disease surveillance in
the entire East African Rift Valley was very sparse, and, to the knowledge of the author,
no centrally collected information was available at that time about race distributions in
different countries. Simulations indicate that airborne dispersal from the Middle East into
the East African Rift Valley is possible along the Rift Valley incursion pathway introduced
in Figure 3.8. Therefore, the alternative hypothesis that Ug99 evolved in the Middle East,
but remained undetected before it spread into the Rift Valley, also seems possible. On the
other hand, available field data show that Ug99 was first detected in Uganda, and then
in a growing number of countries around Uganda, suggesting an epidemic spread from
the East African Rift Valley to the Middle East and potentially beyond. In this study the
available field data are taken as the best approximation. In the subsequent section it is
tested if airborne spread could explain the spread of Ug99 between different countries of
the East African Rift Valley, as indicated by detection sites.
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Figure 3.13: Airborne migration routes in the East African Rift Valley Zone for a set
of ‘what-if’ outbreak scenarios. The maps illustrate a ranking of key airborne migration
routes in the East African Rift Valley Zone according to the long-term annual mean of
viable spore deposition days (T i→j; Eq. 3.12) in simulations. Airborne migration routes
are illustrated for four different simulated outbreak scenarios: a, very small, with Ntot =
5 · 109; b, small, with Ntot = 5 · 1011; c, moderate, with Ntot = 5 · 1013; d, large,
with Ntot = 5 · 1015. For moderate and large outbreaks three different maps are plotted,
illustrating separately the very frequent and frequent routes, the infrequent routes, and the
rare routes. All routes with T i→j ≥ 1 are illustrated.
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3.4.6 Interannual variations along routes of first detection of Ug99

For a set of countries in the East African Rift Valley the years of first detection of Ug99
are available (see Figure 3.1). Assuming that Uganda is the country of origin of Ug99,
one may further assume that Ug99 has spread from Uganda to other countries in the years
of first detection in countries or during the time-window between detection in Uganda and
first detection in other countries. In this section, interannual variations of spore transport
are analysed along these putative transmission routes of Ug99-TTKSK between countries.
This served two purposes: (i) analysis of typical ranges of interannual variations of spore
dispersal between wheat producing countries in the East African Rift Valley; (ii) testing if
airborne spore transport between countries with known detection sites could have caused
the spread of Ug99.

The analysis is illustrated in Figure 3.14, summarizing spore transmission along putative
routes of spread of TTKSK during the time-window of the entire 14-year study period,
sorted chronologically from top to bottom, according to the year of first detection of
Ug99 in the receptor country. For each route interannual variations in monthly spore
transmission quantities are shown for that month of the year in which spore transmission
is highest. Two spore transmission metrics are illustrated: relative proportions of released
to deposited spore material and the number of viable spore transmission days per month.
The number of spore deposition days per month is shown for three different outbreak sce-
narios. This allows the analysis of relative peaks in interannual transmission quantities, as
well as an approximation of the size of the outbreak that would have been necessary for
spore transport to be possible along each route. The peaks of simulated airborne transport
quantities are compared with years of first detection in countries to explore the feasibility
of airborne transmission. There are peaks in interannual spore transport quantities coin-
ciding with years of first detection for some key routes, but not for all (Figure 3.14). The
interannual peaks point out that spore dispersal was not only possible but meteorological
conditions were actually particularly conducive for LDD along some of the key routes
(Ethiopia to Yemen in 2006 and Yemen to Iran in 2007) prior to or during the years of
first detection of TTKSK. However, as field surveys in some countries are only sparsely
collected, the years of first detection do not necessarily coincide with the year of actual
first incursion of the pathogen. Also, other means of spread, as, for example, human me-
diated, are possible.

The El-Nino Southern Oscillation (ENSO) is a key driver of interannual variability of
meteorological factors affecting long distance dispersal in East Africa. There is a positive
correlation between El-Nino years and above average precipitation in East Africa Fer et al.
(2017); Mutai and Ward (2000). Also, a negative correlation between El-Nino years and
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Figure 3.14: Interannual variations of spore transmission along putative routes of
spread of the wheat stem rust race TTKSK (Ug99). For each route (a-g) the monthly
mean spore transmission (for the month indicated at the bottom of each panel) is illus-
trated for all years 2003-2016 and three outbreak scenarios (small, Ntot = 5 · 1011; mod-
erate, Ntot = 5 · 1013; large, Ntot = 5 · 1015). Airborne routes are sorted chronologically
from top to bottom, according to the year of first detection (red box) of Ug99 in the re-
ceptor country. Left y-axis: relative proportions of released to deposited spore material.
Right y-axis: number of viable spore transmission days per month for each outbreak sce-
nario. Interannual peaks of spore transmission coincide with the year of first detection of
Ug99 in some countries, but not in all.
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the low level Somali jet winds has been shown Wilson et al. (2018). This strongly indi-
cates that the interannual variations shown in Figure 3.14 are related to ENSO oscillations.
Yet, it is difficult to explain individual peaks of transmission along certain airborne migra-
tion routes. The dispersal quantities between countries are influenced by an interplay of
various meteorological factors, such as winds and precipitation, but also convection at the
source as well as suitability for infection after deposition at the target. While large-scale
correlations between some of these factors with ENSO have been shown in the literature
(see above), the specific regional and local effects of ENSO can vary substantially. It
would be an interesting line of future work to analyse in more detail correlations between
dispersal quantities and ENSO indices for specific countries with the aim to improve our
capability for long-term forecasting of dispersal risks. The aim of the research here was to
analyse the range of interannual variations along a set of different countries in the context
of the years of first detection of Ug99. The analyses supports the hypothesis that Ug99
spread by wind between several countries in East Africa.

3.4.7 Seasonal spore circulation in the East African Rift Valley

Spore deposition patterns in different months indicate consistent seasonal dispersal trends
over the 14-year study period from many of the RDLs. The consistency of seasonal trends
in the predominant direction of spore deposition plumes was first shown in the initial work
of a colleague (Cox, 2014) for one exemplar month and source location. Here the analysis
is extended and seasonal trends are analysed for all RDLs and months of the wheat sea-
son. Figures 3.15 and 3.16 show exemplar sets of monthly deposition maps illustrating
the consistency in the direction of spread in two different months (at the end of the minor
and main wheat season) from a source in West-Yemen.27

Analysing seasonal trends in different countries in the East African Rift Valley Zone (Fig-
ure 3.6 and Figure B.1 in Appendix B.1), indicate a pattern of annual spore circulation
(northwards in the time-window from June to August and then back southwards in the
time-window from October to December). Mean spore transmission quantities in dif-
ferent months of the year along the route from Kenya to Ethiopia clearly show seasonal
dynamics: transport from Kenya to Ethiopia peaks in August and decreases strongly in
later months of the year. Transport from Ethiopia to Kenya on the other hand is strongest
in December. Also, other key migration routes in the Rift Valley indicate strong season-
ality of spore dispersal: in May - August spore transport is frequent along the southern
parts of the Rift Valley, between Tanzania, Uganda and Kenya. Then, in August and Sep-
27 A catalogue of >2000 deposition maps illustrating dispersal from all RDLs for all months is available

upon request to the author or as supplementary data to (Meyer et al., 2017b). These long-term seasonal
dispersal trends may be used in case of future outbreaks as a first estimate to inform surveillance and
control about the likely predominant direction of airborne pathogen dispersal.
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Figure 3.15: Monthly deposition maps indicating seasonal trends in the predominant
direction of spore dispersal from a source in West-Yemen in June. Illustrated is the
proportion of cumulative monthly total Pgt-spore deposition resulting from daily release
of Pgt-spores from a simulated wheat stem rust outbreak at in West-Yemen.

tember, spores are transported from the southern countries to the north (Tanzania to
Kenya; Kenya to Ethiopia). During October - January, spore transport is more frequent
between the northern countries (Yemen, Eritrea and Ethiopia), particularly from Eritrea
and Yemen into Ethiopia, as well as further on from Ethiopia back to Kenya, Uganda,
and Tanzania, as well as from Sudan to Uganda. Seasonal trends can be explained with

90



Chapter 3. Airborne migration routes of Pgt-spores over Southern/East Africa, the Middle East
and Central/South Asia

differences

Figure 3.16: Monthly deposition maps indicating seasonal trends in the predominant
direction of spore dispersal from a source in West-Yemen in November. Illustrated
is the proportion of cumulative monthly total Pgt-spore deposition resulting from daily
release of Pgt-spores from a simulated wheat stem rust outbreak in West-Yemen.

between countries in seasonal wheat timings in combination with the strong effect of
the annual oscillation of the Intertropical Convergence Zone (ITCZ) on spore dispersal.
In May-August the low pressure field of the ITCZ is located above the wheat fields of
Ethiopia, and strong low-level winds blow from the southern countries in the Rift Valley
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Zone northwards. But in October-January, the ITCZ has migrated south, and spores are
predominantly transported on trade winds from the north-east to the south/south-west.

3.4.8 Frequency distributions of daily deposition amounts

Even though there are consistent monthly trends in terms of the predominant direction
of spore dispersal from many RDLs, it is important to highlight that there can be very
large daily variations. To explore the range of daily variations quantitatively and look at
the consistency of monthly trends from a different perspective, a numerical experiment
(simulation study) was conducted, sampling all daily deposition amounts on different dis-
tances from a source. In particular, over the 14-year study period, deposition amounts
were sampled in each grid-cell on 8 straight lines starting from the source and extending
over more than two thousand kilometres in eight different directions. The set-up of the
numerical experiment was motivated by a recent study (Rieux et al., 2014), measuring
spore deposition in a field experiment with a comparable set-up but only on scales of up
to 1 km. Here the data-driven simulation framework allows extending the scale by more
than a factor of 1000, studying frequency distributions of deposition amounts by simulat-
ing measurements of spore deposition on continental scales.

Figure 3.17-(left) illustrates the set-up of the numerical sampling lines, and shows an ex-
emplar daily anisotropic deposition plume (29/06/2014), resulting from release of spores
from the RDL in Yemen at the end of the wheat season. Yemen is chosen as an exam-
ple here as it represents one of the key stepping stones for spore transmission between
the East African Rift Valley Zone, the Middle East and South Asia. Figure 3.17-(right)
shows the frequency distribution of deposition amounts at every distance (grid-cell) from
the source up to 2000 km westerly (II-W) and easterly (II-E), resulting from simulating a
moderate outbreak at the source, and sampling deposition amounts on a straight line from
the source, every day of the months June and November (end of minor and main wheat
season) over 14-years. For each distance from the source, the colours in Figure 3.17 show
the number of days in the 14-year study period on which a specific deposition amount
occurred at that distance. The line plots illustrate monthly medians over all years in June
and November, showing seasonal trends, which are also visible in the deposition maps in
Figures 3.15 and 3.16.

One can see from the frequency distributions of deposition amounts, that at a specific
distance from the source, as for example a few hundred kilometers to the east, daily
deposition amounts vary over several orders of magnitude. Variations are predominantly
driven by the input meteorology, as all other model parameters, including source strength,
are kept constant (and high simulation particle numbers of 106 per day per source ensure
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smooth deposition fluxes). Analysing the monthly medians over all years for different
months of the wheat season in Yemen, in summer (June) and winter (November), shows
distinct seasonal spore deposition trends. In the case of an outbreak at the end of the wheat
season in June, modelling results show Pgt-spores drifting on the south-western monsoon
winds and being deposited more than 1500 km eastwards from the source on more than
half of the release days. In November on the other hand, easterly airborne transport of
spores is greatly limited and spores are predominantly transported westwards over the red
sea into the Rift Valley in East Africa (II-W).

During June a local maximum of the monthly median of deposition towards the west
can be found between 500 - 1000 km from the source (Figure 3.17). In this region the
sampling line passes the mountainous areas between northern Ethiopia and Eritrea. The
increasing altitudes of the earth’s surface along the direction of spore transport are likely
to increase dry deposition. In combination with enhanced wet deposition due to increased
precipitation as the ITCZ moves over north-Ethiopia/Eritrea in June this can explain the
small local maximum of regionally increased total deposition amounts on distances of

Figure 3.17: Frequency distribution of daily deposition amounts along sampling lines
extending over 2000 km in different directions from West-Yemen. (left) Example of
one daily deposition pattern of Pgt-spores from release at one of the representative disease
locations (RDLs) in West-Yemen and (right) frequency distribution of deposition amounts
obtained from sampling daily deposition patterns over 14 years on a straight line shown
for distances 0 - 2000 km from the source towards the east (II-E) and the west (II-W).
The seasonal differences between June and November are also visible when comparing
the monthly deposition patterns shown in Figures 3.15 and 3.16.
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approximately 500-1000 km west of the source in June. This is an example illustrating
the detail of the representation of topography and meteorological factors in the LPDM
framework.

Overall, this analysis shows one of the key difficulties in predicting LDD. Despite strong
seasonal (monthly) trends in mean/median dispersal quantities over years, the daily depo-
sition quantities vary substantially, and non-monotonically with increasing distance from
the source, around the averaged monthly values. Figure 3.17-(right) may be interpreted as
a data-driven, mechanistic perspective on the cross-section of an anisotropic continental-
scale dispersal kernel. Studying in more detail the properties of frequency distributions of
deposition amounts at different distances from sources based on mechanistic LPDM sim-
ulations, as illustrated here for one example, could be an interesting line of future work
(see also dicussion in Section 7.3.4).

3.4.9 Comparisons with previous hypotheses and survey data

The data-driven simulation framework introduced in this chapter brings together a num-
ber of global datasets as input data, and uses a Lagrangian particle dispersal modelling
framework, NAME, that has been validated in numerous previous studies (see for exam-
ple Draxler et al., 2015; Webster et al., 2012). Modelling results were compared with
available data from disease surveys, observed transmission pathways, race analysis and
pathogen population studies, as well as previous hypotheses in the published literature.
This set of indicative evidence supports the results of the data-driven modelling frame-
work. In particular, results are corroborated by:

• case-comparison of the dispersal model layer with field disease data in previous
work (Olivera Firpo et al., 2015). This indicates that the predominant direction of
empirically observed epidemic spread in the Bale zone in Ethiopia agrees with the
predominant direction of spread predicted by the dispersal model.

• comparison of network communities with

– spread-patterns of novel races (CIMMYT, 2017; Pretorius et al., 2015; Singh
et al., 2011, 2015; Terefe et al., 2016), as, for example, the rapid spread of
Ug99 in the entire Rift Valley; the spread of race TKTTF in West-Asia and
races of PTKST and TTKSF in southern African countries;

– previously reported epidemiological zones (Nagarajan et al., 2014; Saari and
Prescott, 1985; Singh et al., 2006);

– geographic regions with high genetic similarity of races of a related pathogen,
wheat stripe rust, identified in (Ali et al., 2014).
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• comparison of interannual variations of airborne transmission with feasible routes
of first incursion of novel strains between countries (Section 3.4.6).

• comparison and consistency with previous exploratory modelling of HYSPLIT mean
trajectories (Singh et al., 2008, 2011).

• comparison of transmission quantities along airborne migration routes with field
disease survey data, previously published work and hypotheses of the rust pathology
scientific community (CIMMYT, 2017; Singh et al., 2006, 2008, 2011, 2015). For
example,

– the observed rapid spread of several Ug99 races in the entire Rift Valley in
recent decades is in accordance with high frequencies and amounts of LDD
between key wheat producing areas in the Rift Valley Zone in simulations (see
Sections 3.4.1, 3.4.5);

– simulations show infrequent transmission between the Rift Valley and the
Middle East between Yemen and Iran (with particularly high spore transmis-
sion in the year of first detection of Ug99 in Iran), which is in accordance with
confirmed detection of Ug99 in those countries, and with detection in Yemen
in 2006 and subsequent detection in Iran in 2007;

– simulations predict no transport from Iran to Pakistan for very small outbreaks
at the source, which is in accordance with Ug99 not having been reported from
South Asia to date;

– simulations show strongest transmission from the Middle East to the Rift Val-
ley Zone on the route from Iran via Yemen to Ethiopia, which is in accordance
with confirmed detection of TKTTF in both countries;

– simulations indicate infrequent dispersal from the East African Rift Valley
Zone into Southern Africa, which is in accordance with the detection of wheat
stem rust races of the Ug99-lineage in Southern Africa (Visser et al., 2011),
and the hypothesis of stepwise transmission of novel races from the Rift Val-
ley, via the southern mountains in Tanzania and southwards to Zambia (Singh
et al., 2011);

– further examples are discussed in Sections 3.4.1, 3.4.4, 3.4.5.

• the picture of spread of Ug99 from Uganda northwards in Singh et al. (2008), drawn
along with field detection sites, may be interpreted as suggesting a general tendency
of northwards spread of Ug99 from Uganda to the Middle East, and beyond. Simu-
lations confirm that northward spread is possible, but suggest that southward spread
is even more likely, particularly from Yemen into the Rift Valley (Section 3.4.5).
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• there is circumstantial evidence for the historical spread of the Yr9 wheat yellow-
rust race along Route A (from East Africa via the Middle East to South Asia),
as reported in Stokstad (2007), as well as evidence for spread of the yellow rust
lineages PstS1 / PstS2 from East Africa (Walter et al., 2016) to the Middle East and
beyond.

While aforementioned evaluations provide supportive evidence for simulation results,
model testing remains indicative due to the sparsity of available empirical data for quan-
titative model validation on regional and continental scales. Simulation studies were con-
ducted to test the effect of different modelling layers, and the sensitivity of results to key
model parameters. These are summarized in the following paragraphs, and in Table 3.3.

3.4.10 Effect of model layers

3.4.10.1 Heterogeneous and dynamic wheat layer

In initial simulations, spore release and deposition was simulated every day of the study
period for every source location and receptor country, independent of wheat-timing. Sea-
sonal wheat-timing was then accounted for as a post-processing step. Additionally, the
following quantities were sampled separately: (i) deposition on country area; (ii) depo-
sition on host area; and (iii) deposition on host area during overlapping wheat stem rust
seasons. A comparison of deposition quantities on country area and on host area, as well
as with and without wheat-timing, confirms very strong effects of the wheat model layer
on the overall results. This is intuitive because of the heterogeneity of the geographic dis-
tribution of wheat areas and the strong effects of seasonal wheat timing as a pre-condition
for any transmission event.

3.4.10.2 Environmental suitability model-layer

The binary suitability layer induces an additional constraint to transmission quantities,
because deposition events on areas that are not suitable are excluded. Therefore, in the
model version with an environmental suitability layer all transmission quantities are either
equal or less than transmission quantities in a model without an environmental suitability
layer (if all other settings are identical). The effect of the suitability layer on long-term
transmission quantities was tested along a selection of airborne migration routes by com-
paring long-term trends obtained from a model with and without the suitability layer
(compare columns M2, M3 in Table 3.3 for exemplar routes). The key message is that
there are considerable regional differences in terms of the effect of the suitability layer on
spore transmission along different airborne migration routes.
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In most parts of the East African Rift Valley, the suitability constraint has only a small
effect, because environmental conditions are suitable nearly year-around in most coun-
tries. For example, there is only a 5% difference with and without the suitability layer,
in the annual mean number of spore transmission days to Ethiopia from a large outbreak
in Yemen (see Table 3.3). On the other hand, Eritrea, at the northern end of the Rift Val-
ley, is an exception, where the environmental suitability layer reduces the annual mean
number of transmission events to Eritrea from West-Yemen by nearly 50%, because the
number of suitable days in Eritrea decreases strongly towards the end of the wheat season.

In other regions, as, for example, Afghanistan, there is a notable effect of the suitabil-
ity layer, reducing spore transmission quantities from Iran to Afghanistan, particularly in
July and August. Some very rare and weak long-distance routes observed without the con-
straint of environmental suitability are not found with the additional constraint imposed
by the environmental suitability model layer.

3.4.10.3 Effect of the irrigation layer within the suitability model

The effect of the irrigation layer within the suitability model was tested by comparing
a model version with irrigation as an indicator for leaf-wetness, with a model version
without irrigation (that is Sxyt from Eq. 3.10 with sxyt = Exyt; and Sxyt from Eq. 3.10
with sxyt as in Eq. 3.9). Columns M3.a-b and M3.c in Table 3.3 show differences in the
annual mean number of spore transmission days for exemplar routes. As can be expected,
the effect of including irrigation in the suitability model varies among countries because
the area of irrigated wheat in otherwise non-suitable environments varies amongst coun-
tries. For a few countries the irrigation layer in the suitability model has a notable effect
on overall annual mean transmission quantities. An example case with strong effect is
Sudan as a receptor country, for which the annual mean numbers of transmission days
are strongly reduced when using a model with a suitability score that does not include the
irrigation layer. This is because natural environmental conditions are usually very dry and
hot, so that the suitability model without irrigation layer indicates only very few suitable
days and simulated deposition amounts to suitable areas are therefore notably reduced.
Note, however, that irrigation and also soil moisture (which is not accounted for in the
environmental suitability model) in these areas can lead to suitable conditions, and wheat
stem rust has been observed. This is accounted for by the inclusion of the irrigation layer.
Less pronounced an effect of the irrigation layer is also seen on other migration routes,
as for example to Afghanistan, where the natural environmental conditions (without ir-
rigation) from June to August are less suitable for infection. However, the effect on the
classification of most key routes (into categories ‘infrequent’, ‘frequent’ etc.) is small.
For example, in the case of a large outbreak in Yemen, irrigation practises in Pakistan in-
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crease the annual mean number of deposition days from Yemen to Pakistan by only a few
days, and in both model versions the route would be classified as ‘infrequent’ transmis-
sion (see Table 3.3). And for dispersal into Ethiopia, the annual mean dispersal quantities
are mostly unaffected by the irrigation layer, because wheat in Ethiopia is mostly grown in
rainfed agricultural systems with suitable environmental conditions for wheat stem rust.

3.4.11 Sensitivity to key parameters

The parameterization for all key model parameters was based on published field- and
laboratory experimental results (therefore involving no parameter fitting). This allows for
the direct transfer of the modelling framework to other geographic regions and its use
in predictive quantitative risk assessments. A systematic sensitivity analysis screening
the entire parameter space is computationally not feasible. However, in the first stage of
model development, the effect of selected parameters was tested in simulations. Also,
parameter values were compared with parameter values used in other work on related
fungal spore dispersal. This indicated key parameters, for which sensitivity analyses were
conducted. These included testing of: (i) different outbreak scenarios at the source (spore
canopy escape rate Ntot); (ii) lifetime of spores during transport (τmax ); and (iii) lifetime
of spores after deposition (τd).

3.4.11.1 Source strength (Pgt-spore canopy escape rate)

Estimates of numbers of deposition days and deposition amounts along airborne migration
routes are obtained for a range of outbreak scenarios (canopy escape rates; all simulated
values are summarized in Table 3.1). The results of this set of simulations is discussed
in detail throughout the results sections. It should be noted that there may be additional
complex non-linear dependencies, for example, between meteorological factors (such as
wind speed, turbulence) at the source, spore canopy escape rates and the frequency of
certain mesoscale and global circulation patterns, which are not accounted for, as it is
assumed that a constant proportion of spores produced escape the wheat canopy. That
assumption is made here because the available data and past field experimental results on
spore canopy escape rates as a function of meteorological variables is very sparse.

3.4.11.2 Maximum spore lifetime during atmospheric transport

In the initial explorative work of Cox (2014), dispersal quantities were analysed for a sub-
set of 13 RDLs for two different spore-lifetimes: 3 days and 10 days (see columns M1.a-b
in Table 3.3 for exemplar routes). With regards to very long-distance migration routes,
as for example those between different epidemiological zones, the maximum lifetime of
spores during transport has a strong effect: for spore lifetimes of 3 days, simulations often
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Airborne Migration Routes Annual mean number of deposition days (T i→j)
M1.a M1.b M2 M3.a M3.b M3.c M4

Within the East African Rift Valley Zone
Yemen (west) to Ethiopia 88 91 87 81 84 85 86
Yemen (west) to Eritrea 89 91 82 41 62 50 54

From the East African Rift Valley Zone to South Asia
Yemen (east) to Pakistan 22 59 19 14 16 19 21

From the East African Rift Valley Zone to Southern Africa
Ethiopia (Bale zone) to South Africa 0 10 0 0 0 0 0

From the East African Rift Valley Zone to the Middle East
Yemen (west) to Iran 27 91 18 13 17 17 19

From the East African Rift Valley Zone to Central Asia
Iran (Caspian Sea) to Afghanistan n/a n/a 81 41 52 73 96

Middle East to the East African Rift Valley Zone
Egypt (Nile Delta) to Sudan 24 52 27 0.1 1 27 26
Iran (south) to Yemen n/a n/a 18 9 11 13 15

Table 3.3: Effect of model layers and key parameters on dispersal quantities along
selected airborne migration routes. All values of the annual mean number of spore de-
position days, T i→j , shown here are obtained for the scenario of a large outbreak at the
source. Results in colums M1.a-b and M2 were obtained by Cox (2014) in initial test-
simulations without environmental suitability layer. M3.a-c & M4 were obtained by the
author of this thesis in simulations with environmental suitability model layer. Compar-
ing M1.a and M1.b shows the effect of different lifetimes of spores during atmospheric
transport (different values of τmax in LPDM simulations). M1.a: τmax = 3 days; M1.b:
τmax = 10 days. All other parameters and input meteorology for all simulations in M1.a
and M1.b are identical. Results in M2 are obtained from a separate set of LPDM simula-
tions with a maximum spore lifetime during atmospheric transport of τmax = 3 days over
a longer time-period (2003-2014) than those in M1 and using the most recently available
version of the spatial data about the distribution of wheat areas but no environmental suit-
ability model layer (that is Eq. 3.12 with N̂ i

xyt from Eq. 3.13 without Sxyt and with Hxy

from You et al. (2005). Comparing M2 and M3.a-c shows differences between a model
without (see M2) and with (see M3) different versions of the environmental suitability
model layer. Comparing M3.a and M3.b shows the effect of different lifetimes of spores
after deposition (that is different parameter values of τd in Eq. 3.10). M3.a: τd = 1 day
; M3.b: τd = 7 days. Results in M3.a-b are obtained from simulations using the natural
suitability of infection (that is Sxyt in Eq. 3.13 obtained from Eq. 3.10 with sxyt = Exyt).
M3.c shows the results obtained from the model version with irrigation layer and uni-
formly distributed stochastic lifetime of spores after deposition (Sxyt from Eq. 3.10 with
sxyt as in Eq. 3.9), as published in (Meyer et al., 2017b). Results in M4 are obtained in the
most recent set of simulations, including small adaptations to the wheat timing in single
countries based on novel survey data, a longer time-period of meteorological input data
(2003-2016) and a more recent NAME version (v. 6.5; including a new deep convection
scheme and updates to the mesoscale eddy parameterization).
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indicate no or only very rare transmission from the majority of RDLs in one epidemiolog-
ical zone to receptor countries in the other zone - even for moderate and large outbreaks.
On the other hand, for a longer spore lifetime of 10 days this changes considerably. For
example, for a longer spore lifetime of 10 days and a large outbreak at the source, there
is infrequent direct transmission between different countries in the Rift Valley Zone and
the Southern African Zone. But the ranking of different airborne transmission pathways,
relative to each other (for example, the route from Ethiopia to Uganda is far more frequent
than the route from Uganda to Ethiopia) is not as strongly influenced by the lifetime dur-
ing transport as the frequency of very long-distance events.

For the main analysis the conservative estimate of a maximum lifetime of 3 days is cho-
sen, which is in accordance with available field experiments (Maddison and Manners,
1972). However, it should be noted that, as in other modelling studies on atmospheric
fungal spore dispersal, the exact time-period and proportion of spores remaining viable
during transport is a critical model parameter. It has a strong effect on the maximum
transport distance of spore clouds, but a small effect on transmission quantities between
neighbouring countries (short transport times), as well as in many cases, a small effect
on the relative importance of different pathways to each other. The choice of a maximum
lifetime of 3 days restricts the analysis to the majority of spores, but neglects extremely
low probability events of single spores that may be particularly resistant to UV and hence
may cause infection even after 3-10 days of atmospheric transport.

3.4.11.3 Lifetime of spores after deposition

The effect of spore lifetime after deposition on long-term transmission trends is small
compared with the maximum lifetime during transport. The effect of different lifetimes
(ranging from 1 to 7 days) after deposition on long-term transmission quantities was tested
along a subset of key migration routes (compare M3.a and M3.b in Table 3.3 for the effect
of a 1 day and a 7 day lifetime of spores after deposition for a selection of exemplar
routes). There is a small decrease of transmission quantities with decreasing lifetimes of
spores after deposition. The effect depends on regional characteristics of environmental
suitability in the receptor country. For example, in countries with very suitable conditions
throughout the entire wheat season, differences in spore lifetime after deposition do not
have a strong effect, because the environment allows anyhow infection nearly every day
of the month (see route Yemen to Ethiopia in Table 3.3). On the other hand, in more
hostile environments a longer lifetime of spores after deposition increases the chances of
encountering a suitable day for successful infection and thus will have stronger effects
on long-term transmission trends to areas with low environmental suitability (see route
Yemen to Eritrea in Table 3.3).
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3.5 Discussion

3.5.1 Contributions & limitations

High-performance computing resources were used to bring together international field
disease survey data, finely resolved meteorological data, published laboratory and field
experimental results, and an advanced LPDM. This allowed the first quantitative assess-
ment of spore transmission frequencies and amounts from key disease locations over con-
tinents to susceptible and environmentally suitable wheat fields for a range of disease
outbreak scenarios.

Previously published modelling work about Pgt-spore dispersal in the geographic do-
main of this study used a small number of mean trajectories from single sources (Yemen
and Iran) over a short time-period (Singh et al., 2008, 2011). The previous work ne-
glected a number of important aspects of LDD, for example: biophysical characteristics
of Pgt-urediniospores (such as diameter and density); deposition mechanisms; turbulence;
outbreak sizes; variations in meteorological factors occuring on long time-scales; and en-
vironmental suitability for infection after deposition. These aspects were all considered
in this study. For the first time in the literature, spore dispersal frequencies and amounts
over dynamic wheat and environmental landscapes are estimated for different outbreak
scenarios at a set of important disease locations. The research described here represents
a continuation of previous work (Cox, 2014). The extensions and adaptations introduced
here include: the environmental suitability model layer; the LDD network perspective;
the analysis of different ‘what-if’ outbreak scenarios; the analysis of spore transmission
quantities along continental scale pathways (‘Route A’, ‘Route B’,‘Rift Vally incursion
pathway’); the analysis of seasonal and interannual variations of spore transport amongst
different countries in the Rift Valley Zone; the analysis of frequency distributions of depo-
sition amounts at different distances from a source; the discussion of the effect of different
model layers and the sensitivity analyses for further key parameters; and the summary of
dispersal trends (predominant directions, frequencies and amounts) for all countries in
the domain (available as supplementary data for ad-hoc risk assessments). The only other
previous study looking at frequencies of LDD over longer time scales estimated the risk
of spread of Ug99 into the USA (Isard and Russo, 2011). The dispersal modelling frame-
work used in Isard and Russo (2011) is less realistic (see Section 1.4.3.4), for example in
terms of: the turbulence parameterization; the low vertical resolution; the use of a param-
eterization for spores transmitting soybean rust to mimick Pgt-spores.

Compared with other modelling work studying related fungal pathogens (Aylor, 1999,
2003; Isard et al., 2005, 2007; Kim and Beresford, 2008; Pan et al., 2006; Wang, 2010),
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the simulation framework introduced here has several advantages: dynamic host and envi-
ronmental suitability calculations are linked to a complex LPDM framework on continen-
tal scales; finely resolved meteorological data and high-performance computing power
are used, allowing an extensive analysis of daily, seasonal and interannual variations of
LDD for a set of outbreak scenarios. The long-distance dispersal network summarizing
host, environment and dispersal quantities provides a new conceptual framework with po-
tential for future studies. To the knowledge of the author, the only studies using a form of
long-distance dispersal network are Sutrave et al. (2012) and Sanatkar et al. (2015), who
constructed a network between soybean rust districts in the USA using mean wind vectors
to define edges. The LDD network introduced here (Figure 3.5; Section 3.4.2) covers a
much larger geographic area and is based on complex LPDM simulations, as well as host,
and environmental dynamics. A further contribution of this study is that frequency distri-
butions of daily deposition amounts on continental scales were analysed (Section 3.4.8),
providing a first mechanistic perspective on anisotropic dispersal kernels on continental
scales.

All available empirical field data that the author is aware of were used to test the sim-
ulation results in a set of indicative support cases (Section 3.4.9). Results agree well
with empirical observations from field disease survey data, wheat rust race analyses and
population genetic studies. However, due to the sparsity of available data, model test-
ing remains indicative. The level of detail of quantitative estimates that are obtained in
simulations (deposited spores m-2 d-1; annual/monthly means of viable spore deposition
days and amounts between countries) on regional and continental scales go far beyond
any available field data on airborne spore transmission and represent testable hypotheses
for future experimental work. On canopy and field scales both spore concentration in
air, and spore deposition amounts, have been measured experimentally, and it has been
shown in previous work that Lagrangian dispersal models are reliable tools to predict
fungal spore dispersal (Aylor et al., 2011). On regional and continental scales, however,
field experiments measuring, for example, spore deposition fluxes would require covering
vast areas with sampling devices. This poses a constraint to the quantitative validation
of simulation results presented here. Principally, these constraints could be overcome by
large-scale sampling experiments but these would require resources far beyond the scope
of this project. Note that the physical transport mechanisms in NAME have been vali-
dated in numerous studies, including comparisons against empirical data from large-scale
chemical tracer experiments (see Section 2.4.1). This shows strong case-specific perfor-
mance of NAME and indicates a reliable performance of NAME in general, but does not
provide rigorous quantitative proof nor a generalizable quantitative estimate of the uncer-
tainty ranges involved in simulating long distance dispersal of biological particulates.
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Owing to the complexity of LDD of biological particulates, there are inevitable uncertain-
ties associated with: (1) representation of weather phenomena in meteorological datasets;
(2) characterization of turbulent atmospheric transport processes; and (3) current under-
standing of the complex interactions of Pgt-spores with meteorological drivers. A detailed
discussion of these uncertainties is given in Chapter 7. Simulation studies were conducted
to test the sensitivity of results to key parameters and assumptions about the three model
layers (wheat landscape, turbulent atmospheric dispersal and environmental suitability).
The wheat timing in different countries in combination with seasonal atmospheric circu-
lation patterns (for example, trade winds, ITCZ) has a strong effect on model results, but
also the environmental suitability layer has a notable effect in some regions. Key model
parameters are the source-strength and the viability during transport. The set of simu-
lation studies, from the initial explorations in Cox (2014) over the results published in
Meyer et al. (2017b) to the most recent analyses described here (based on 2 more years
of meteorological data and a new version of NAME), shows that important results are
robust. An improved understanding of the effect of different model layers and parameters
has been obtained. However, due to the complexity of the overall simulation framework,
and the large amounts of meteorological input data, a sensitivity analysis for all model
parameters is computationally not feasible. Results are to be interpreted as quantitative
estimates subject to large uncertainties. Two important factors not included (due to ex-
tremely sparse data) are the spatio-temporal use-patterns of fungicides and the distribution
of wheat cultivars with specific resistance genes in different countries. A more detailed
discussion of the uncertainties and limitations involved in simulating long distance dis-
persal is given in Chapter 7.

The aim of this study was to obtain first quantitative assessments of regional and conti-
nental scale fungal spore dispersal, which are based on all available data, past laboratory
and field experiments and high-performance computing resources, to meet the challenge
posed by current threats to wheat production. The study presented here advances our
understanding of likely Pgt-spore dispersal on regional and continental scales in South-
ern/East Africa, the Middle East and Central/South Asia, contributing to the scientific
literature, whilst at the same time deriving information that can be directly used by agri-
cultural stakeholders.
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3.5.2 Practical relevance

A comprehensive set28 of spore dispersal quantities for each country in the domain was
compiled, consisting of: (i) a catalogue of monthly spore deposition maps illustrating sea-
sonal trends from all RDLs; (ii) a set of connectivity matrices that summarize for different
outbreak scenarios spore transmission frequencies and amounts between all countries in
each month of the wheat growing season. These long-term mean dispersal quantities may
be used in case of future outbreaks as a first estimate to inform surveillance and control
about countries at risk in particular months of the wheat growing season. In particular, for
an outbreak (with a certain infected area, severity, intensity) in any month of the wheat
stem rust season around any one of the RDLs, the following information can be directly
looked up: long-term trends of predominant direction of spore dispersal on regional and
continental scales; long-term mean dispersal frequencies and amounts to all wheat pro-
ducing countries in Southern/East Africa, the Middle East and Central/South Asia. The
consistency of seasonal trends and ranking of different dispersal routes, relative to each
other, suggests that long-term trends provide a useful first guess.

As all key model parameters are parameterized from laboratory and field experiments, the
simulation framework can directly be applied to any other wheat producing region world-
wide (given the readily available meteorological datasets of the UK Met Office’s Unified
model). The dispersal framework was adapted to provide near real-time risk-assessments
for European wheat production following the recent re-incursion of wheat stem rust into
Europe (Bhattacharya, 2017), as well as following a large epidemic in Siberia where an
estimated 1 million hectare were infected with wheat stem rust (Shamanin et al., 2018)
(for details, see Chapter 6). A particular strength for applied use is the combination of
aforementioned long-term dispersal trends with real-time and short-term forecasting sim-
ulations. An automated modelling pipeline has been developed and implemented by the
author to provide daily short-term spore dispersal forecasts from the latest disease detec-
tion sites during the last three wheat seasons, 2015 - 2017, in Ethiopia (for details, see
Chapter 6).

28 Available as supplementary data to (Meyer et al., 2017b). Upon request to the author an updated version
is available, based on simulations processing two more years of meteorological data
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3.6 Chapter summary

• A mechanistic simulation framework was introduced to estimate atmospheric
dispersal of Pgt-spores over dynamic host and environmental landscapes in
Southern/East Africa, the Middle East and Central/South Asia.

• A network analysis of dispersal quantities reveals communities of high air-
borne connectivity that correspond with previously postulated epidemiologi-
cal zones of wheat stem rust.

• Key airborne migration routes between epidemiological zones are identified
for different ‘what-if’ outbreak scenarios of wheat stem rust.

• Simulation results indicate a negligible risk for dispersal of novel strains from
East Africa (for example Ethiopia, Kenya) directly to Pakistan and India.
However, there is a considerable risk in case of moderate to large outbreaks
in Yemen in February and March. Also, there is a risk for transmission from
Iran via Afghanistan to Pakistan and India.

• Simulation results suggest a Rift Valley incursion pathway along which Pgt-
spores can be transported from the Middle East over the Arabian peninsula
and into the East African Rift Valley in a stepwise manner in consecutive
months within one year.

• Simulation results confirm that the Rift Valley serves as a ‘flyway’ for fungal
spores. Consistent seasonal dispersal trends indicate a recurrent pattern of
Pgt-spore circulation (northwards in June-August and then back southwards
in October-December).

• Dispersal quantities between countries with detection of Ug99 suggest that
airborne dispersal can explain the spread of Ug99.

• The frequency distribution of daily deposition amounts at different distances
from a source provide a mechanistic perspective on anisotropic continental
scale dispersal kernels.

• Simulation results agree with all available field data and previous hypotheses.
However, the level of detail of model predictions goes far beyond available
field data, and model validation remains indicative. Results, as, for example,
mean dispersal frequencies between countries, identify hypotheses for future
testing.

• A comprehensive set of long-term spore dispersal trends (predominant direc-
tion, frequencies and amounts) for all countries in the domain was compiled
and is available for ad-hoc risk assessments when facing outbreaks. This
information can be used to inform surveillance and control strategies.
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Chapter 4
Rare movement of Pgt-spores from southern Africa to Australia

To examine if the pathogenic fungal organism Puccinia graminis f. sp. tritici (Pgt) is
capable of crossing the Indian Ocean from southern Africa to Australia, an interdisci-
plinary study was conducted. The study brings together phenotypic and genetic analyses
with complex atmospheric dispersal simulations. In this chapter the atmospheric disper-
sal simulations are described, which were carried out by the author of this thesis. The
phenotypic and genotypic results obtained by B. Visser are briefly summarized in the in-
troduction. The manuscript describing the full study is accepted for publication in the
journal Phytopathology with the author of this thesis as second author and equal contri-
butions of first and second author to the manuscript (Visser et al., 2018a).

Different to the previous chapter, here the focus lies on examining the possibility of ex-
tremely long-distance dispersal (over distances > 8000 km). The atmospheric disper-
sal modelling framework introduced in Chapter 2 is applied to simulate dispersal from
sources in southern Africa, analysing how often, in the time-window of more than a
decade, meteorological conditions allow for long-distance dispersal (LDD) over the entire
Indian Ocean.

4.1 Abstract

The Australian Pgt population was shaped by the introduction of four exotic races since
1925. It was previously hypothesized that at least two of these, first detected in 1969
(326-1,2,3,5,6 and 194-1,2,3,5,6), have a southern African origin and have moved from
southern Africa across the Indian Ocean to Australia on high-altitude winds. Genetic and
phenotypic analyses support this hypothesis and provide strong supportive evidence for
the similarity of pathogen populations on both continents. Dispersal simulations indi-
cate that long-distance transport events between southern Africa and Australia are indeed
possible, albeit rare. Simulated Pgt-urediniospore transmission events are most frequent
from central South Africa (viable spore transmission on approximately 7.5% of all simu-
lated release days) compared with other potential source regions in southern Africa. This
study suggests that on rare occasions dispersal events over extremely long distances can
be expected, emphasizing the need for continued surveillance on both continents.

4.2 Introduction

4.2.1 Exotic incursions of wheat stem rust into Australia

Despite its geographic isolation, Australia has experienced several exotic rust introduc-
tions in the past (Park et al., 2011). The occurrence of two races (standard races 326 and
194) of wheat stem rust, first detected in Australia in 1969, have had a significant impact
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on Pgt diversity and occurrence in Australia over several decades. Watson and de Sousa
suggested that standard races 326 and 194 originate from Africa (Watson and de Sousa,
1982). Races 326-1,2,3,5,6 and 194-1,2,3,5,6, respectively collected from wheat in South
Australia and New South Wales, were very similar or closely related to Pgt isolates col-
lected in Angola and Zimbabwe at the same time. At the time of first detection, they were
pathogenically distinct from all previously characterized Australian Pgt races. Races 194
and 222 were also recorded previously in Mozambique (Watson and de Sousa, 1982)
and, together with race 326, in South Africa (Pretorius et al., 2007). Using isozyme pro-
files, Burdon et al. (1982) found no differences between selected African isolates and
Australian races 326, 194 or their derivatives (Burdon et al., 1982). Moreover, it was
suggested that race 21-0, first found in Australia in 1954 (Park, 2007), may likewise have
had an African origin (Burdon et al., 1982). Standard races 21, 326 and 194, all with a
putative African origin, are considered the “founding ancestors” for Pgt lineages 2, 3 and
4 in Australia (Park, 2007).

Should inter-continental spread of wheat stem rust have occurred by means of wind-blown
Pgt-urediniospores (hereafter referred to as Pgt-spores), then these rare, extremely long-
distance airborne dispersal events strongly shaped the pathogen population in Australia.
This would suggest that the increased incidence of stem rust in Africa, particularly the
highly virulent Ug99 race group (Pretorius et al., 2000; Singh et al., 2015) and race TK-
TTF in Ethiopia (Olivera Firpo et al., 2015), could pose a risk to wheat production in Aus-
tralia. Investigating airborne spore dispersal is thus not only relevant for understanding the
historic introduction of races 194 and 326, it is also important for future risk assessments.
This study aims at improving the understanding of favorable circumstances, patterns and
frequencies of long-distance dispersal between southern Africa and Australia.

4.2.2 Summary of phenotypic and genotypic analyses

To analyse if the documented exotic incursions of Pgt into Australia have their putative
origin in southern Africa, Visser and colleagues assessed the phenotypic and genotypic
similarity of Pgt races from both continents (Visser et al., 2018a). For the phenotypic anal-
yses, historical and current South African Pgt races were compared with the four original
Australian introductions (races 126-5,6,7,11; 21-0; 326-1,2,3,5,6 and 194-1,2,3,5,6; Park,
2008) using infection type data. For microsatellite analysis, genomic DNA from 12 cur-
rent South African and 16 Australian Pgt races was used. Ug99 race TTKSK was also
included. These 29 races were then grouped into sub-populations to analyse the puta-
tive genetic structure of a combined South African and Australian Pgt population (Visser
et al., 2018a).
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Figure 4.1: The putative genetic structure of a combined South African and Aus-
tralian Puccinia graminis f. sp. tritici population. The Australian races are indicated
in bold, the three South African Ug99 race group members and TTKSK are underlined
while the South African non-Ug99 races are given in normal script. The North American
race annotations for the Ug99 race group members are indicated in brackets. The assign-
ment probability shown on the y-axis provides a measure to indicate which individual
pathogen races belong to which population cluster. The grouping of South African races
and Australian incursions into common clusters indicate close genetic relationships (see
cluster 2 with grouping of race 21-variants with 2SA103,2SA104,2SA108; and cluster
3 with grouping of 326-1,2,3,5,6 and 194-1,2,3,5,6 with 2SA4,2SA100,2SA105, 2SA55,
2SA102). This suggests a South African origin for the exotic incursions that shaped the
Australian Pgt population. For details of the genetic analyses, see Visser et al. (2018a).
Figure from Visser et al. (2018a).

The results of both, phenotypic and genotypic analyses, confirm earlier isozyme results
(Burdon et al., 1982) and suggest an African origin of races 326-1,2,3,5,6 and 194-
1,2,3,5,6. Both races shared a 60% phenotypic similarity with four of the older South
African races and 85% genetic similarity with several of the current races. These two
races, together with race 326 variant 98-1,2,3,5,6,10 and a number of South African races,
were grouped into a common cluster. And three other race 326 variants (98-1,2,3,5,6,7,
343-1,2,3,5,6 and 343-1,2,3,5,6,8,9 +Norin40) were grouped within a second cluster with
several other South African races. This grouping of southern African and Australian races
into common clusters with high genetic similarity indicates a putative combined South
African and Australian Pgt population (Figure 4.1). Further, the analyses indicated that
the probable origin of race 21-0 is also Africa, as it was phenotypically identical to South
African race 2SA2 and shared at least 80% genetic similarity with three current South
African races (Visser et al., 2018a).

The analyses of B. Visser provides supportive evidence that the Australian Pgt population
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was shaped by exotic incursions from southern Africa, and the aim of this chapter is to
investigate if long-distance wind-dispersal could have caused these incursions.

4.2.3 Long-distance dispersal from southern Africa to Australia

While different means of transport could have caused the introduction of Pgt strains from
southern Africa to Australia, wind dispersal has been suggested as the most probable
cause (Watson and de Sousa, 1982). Wind dispersal seems most likely for the historic
introduction in 1969, because within one year two strains that were completely different
from anything seen in Australia at that time (despite annual surveys) were collected at
two different locations in Australia around 1000 km apart (Watson and de Sousa, 1982).
At the time of introduction at the end of the 1960s, human air travel frequencies and trade
volumes between southern Africa and Australia were small, so that the chances of two
separate human mediated introductions happening in the same year to different locations
seem less likely than wind-transport, which typically leads to dispersion of spore clouds
over large geographic areas. Further, there are additional documented exotic incursions
into Australia form earlier times, around 1925 and 1948-1954, that probably involved
wind transport over oceans towards the Australian continent (Watson and de Sousa 1982),
as air-travel and trade was even less frequent back then.

Wind dispersal is the key means of spread of wheat rusts. But how often are meteorolog-
ical conditions suitable for such long range transport over the entire Indian Ocean? In the
early work of Watson and de Sousa, hypothesizing wind dispersal from southern Africa
to Australia for the first time, they argue that wind dispersal seems principally possible
because a weather balloon released in Argentina completed a full global circle in only 10-
12 days, passing also wheat areas in southern Africa and Australia (Watson and de Sousa,
1982). In this study, the question of the possibility of extremely long-distance dispersal
between southern Africa and Australia is re-visited using advanced computational meth-
ods.

4.2.4 Aims & key questions

Long-term dispersal frequencies, as well as seasonal and interannual variations in inter-
continental LDD of Pgt-spores are assessed. The scope of the dispersal simulations is set
by the following question:

• How many viable spore deposition events occur in a time-window of more than a
decade on wheat areas in Australia from different sources in southern Africa?

The available meteorological data for the historical incursion events of Pgt into Australia
at the end of the 1960s are of very coarse resolution and poor quality for running NAME
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(Dr A. Jones, UK Met Office, pers. comm). As the quality of the meteorological input
data is essential for the quality of simulation results, it was decided to conduct a long-term
assessment of dispersal frequencies using recent (2003-2016), finely resolved meteoro-
logical data. This analysis provides, for the first time in the literature, long-term dispersal
frequencies between the two continents, accounting for the rare nature of meteorological
conditions suitable for extremely long-distance transport. Analysing long-term transmis-
sion frequencies has the advantage that results can serve as a quantitative estimate for the
plausibility of historical wind-borne incursions, while at the same time being relevant for
estimates of future dispersal risks.
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4.3 Methods

4.3.1 Set-up of the atmospheric dispersal simulations

To assess the probability of LDD of Pgt-spores from southern Africa to Australia, La-
grangian Particle Dispersion Model (LPDM) simulations are conducted using the UK
Met Office’s atmospheric dispersion modelling environment, NAME (Jones et al., 2007;
Jones, 2015). Details of NAME are introduced in Section 2.4.

4.3.1.1 Meteorological input data

A subset of the global analysis data of the UK Met Office’s Unified Model (datasets:
UM5G, UM6G, UMG-Mk5, UMG-Mk6, UMG-Mk7, UMG-Mk8, UMG-Mk9) is used
as meteorological input (Walters et al., 2017). The meteorological data have a three-
hourly temporal resolution. The spatial resolution ranges from approximately 60 km
(0.833o×0.555o) horizontally with 31 vertical layers in 2003, to approximately 17 km
(0.234o×0.156o) horizontally with 59 vertical layers in 2016 (for details, see Section
2.4.2).

4.3.1.2 Source locations

Pgt-spore release is simulated from 09:00 to 15:00 local time for 14 years from 2003 to
2016 during August to November from five source locations in southern Africa, namely
southern Tanzania (-9.21o S, 34.34o E), Zambia (-15.87o S, 27.9o E), Zimbabwe (-19.93o

S, 32.33o E) and central (-28.1o S, 27.71o E) and southern South Africa (-34.23o S, 20.01o

E). The source locations were chosen to represent key wheat producing regions in these
countries and suitable stem rust environments based on field survey data (Prof. B. Visser,
pers. comm.; CIMMYT, 2017).

4.3.1.3 Release timing

The release time is restricted to months in which the seasonal timing of the main wheat
production areas in both continents overlaps, that is, when susceptible wheat fields are
present in source and target countries and thus allow for LDD from infected to susceptible
hosts.

4.3.1.4 Source strength

In the absence of field data on Pgt-spore canopy escape rates, the source strength, M , of
all sources is set to simulate a constant daily unit emission (M = 1 spore material per day
per source). In NAME the user-defined spore material is independent of actual physical
quantities, such as density and diameter, used for simulating gravitational settling. Setting
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the source strength to unit emission allows analysis of resulting relative proportions of
released to deposited spore material per day, as well as analysis of the number of days
with any non-zero spore deposition on wheat areas in Australia. A high number of 106

simulation particles per day per source is used in the LPDM framework to account for
complex transport patterns over extremely long distances.

4.3.1.5 Turbulent transport

The long-range diffusive scheme is used with a model time-step of 5-15 minutes, adapted
to the resolution of the input meteorology (according to recommendations from experts at
the Atmospheric Dispersion and Air Quality Group at the UK Met Office; Dr L. Burgin,
pers. comm.). Mesoscale eddies with frequencies between the time-step of the meteo-
rological input and small-scale turbulence are accounted for. Details of the turbulence
parameterization in NAME are given in Section 2.4.4.

4.3.1.6 Viability during transport

Loss of viability of spores during atmospheric transport is modelled by approximating
field experimental results (Maddison and Manners, 1972) and assuming a time-dependent
exponential decay of Pgt-urediniospore viability during transport (as introduced in Sec-
tion 2.4.5). A maximum 3-day spore lifetime during atmospheric transport is defined.
An additional set of simulations is conducted for a longer 5-day urediniospore lifetime to
test the sensitivity of simulation inferences to the maximum lifetime of urediniospores,
because published experimental results (Maddison and Manners, 1972) do not preclude
the possibility that a very small proportion (<1%) of spores may survive longer than 3
days. The core parameterization with a 3-day lifetime accounts for the majority of spores
and is chosen in an attempt so as to not over-estimate transmission risks.

4.3.1.7 Deposition mechanisms

The deposition of spore material from the three-dimensional position of each simulation
particle by gravitational settling, dry and wet deposition is simulated as a function of in-
put meteorology, topography, and biophysical characteristics of Pgt-urediniospores (for
details, see Section 2.4.6). Total daily spore deposition amounts, Dxyt, are obtained for
each grid-cell, xy, and day, t, of a two-dimensional grid with an approximate resolution of
10 km (0.083o) covering southern African countries, the southern Indian Ocean and Aus-
tralia (spatial domain: -20 to -70o S; 10 to 160o E). These deposition grids are processed
further to determine Pgt-spore deposition on wheat producing areas in Australia (Figure
4.2; wheat areas from You et al., 2005). Three regions of deposition are distinguished:
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(i) West Australia (longitudes <126o E); (ii) East Australia (longitudes >126o E); and (iii)
Australia as a whole.

4.3.1.8 Analysis of long-term spore transmission frequencies

The simulation analysis is conducted for all days within the specified months for infection,
of the 14-year study period. The total number of days with non-zero Pgt-spore deposi-
tion is counted to obtain long-term trends of potential Pgt-spore transmission frequencies
(number of deposition events per release time-period) to different parts of Australia where
the exotic Pgt races were detected. For the source location with highest transmission fre-
quencies (central South Africa) additional simulations are conducted for one exemplar
year (2016) to analyse in more detail the different types of deposition (wet and dry) on
Australian wheat areas for different cases of maximum spore lifetime.

4.3.2 Computational resources and implementation

The long study period, finely resolved global meteorological data (≈ 9 terabytes input
data) and large number of simulation particles in the Lagrangian Modelling framework re-
quired high-performance computing resources. Simulations were conducted on the com-
puting cluster of the Epidemiology and Modelling Group in Cambridge (for details, see
Section 2.5). The handling of the meteorological input data, and the numerical implemen-
tation of the simulation setup was done by developing a set of handwritten Perl, MATLAB,
and bash scripts, used as pre- and post-processing routines around the NAME dispersal
simulations. The geographic mapping was done using ArcMap and the Python package
Arcpy.
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4.4 Results

In short, the LPDM simulations suggest that the extremely long-distance (8,000 to 12,000
km) dispersal of Pgt-spores from southern Africa to Australia is possible, albeit rare (Ta-
ble 4.1; Table C.1 in Appendix C.1; Figure 4.2; Figure 4.3).

4.4.1 Spatio-temporal patterns of simulated plumes

Visual inspection of the time-lapse of daily deposition patterns in simulations shows that
deposition patterns emanating from the five source locations differ markedly in terms of
the predominant direction of spread, spatial dilution and anisotropy of spore clouds (Fig-
ure 4.2; Supplementary Movies29). With respect to the spatio-temporal patterns of spore
clouds in simulations one may distinguish two different Pgt-spore transmission scenar-
ios. In the first scenario, which occurs in most of the rare occasions of viable transport
between the continents, Pgt-spore plumes pass over Australia from the west extending
all the way to the east with deposition on wheat areas across several Australian states.
However, alternatively, it is also observed that the Pgt-spore cloud misses West Australia
entirely but crosses the coast in the south-east of Australia with spore deposition only
on the southern/south-eastern wheat areas. The vertical distribution of airborne spore
transport altitudes in simulations also varies strongly in space (at different latitudinal and
longitudinal positions) and time, depending on the meteorological conditions. For exam-
ple, the mean Pgt-spore plume height from central South Africa for the release day shown
in Figure 4.2-d increases from the surface up to approximately 5 km altitude within the
first 24 hours of dispersal. It then reaches a peak of approximately 7 km altitude on day
two, before descending to approximately 5 km after 48 hours and less than 2 km after
72 hours. After the initial release period, the mean vertical plume spread varies between
approximately 0.5 and 2.5 km.

As can be expected from characteristics of turbulent wind fields and intermittent rain
events that drive spore transport, the daily timeseries of simulated deposition amounts
on Australian wheat areas shows that deposition amounts vary greatly between days of
the study period - from zero on most days to non-zero deposition amounts ranging over
several orders of magnitude. This is illustrated in the time-series of deposition amounts
from the source in central South Africa to wheat areas in West and East Australia for
different model variants in Figure 4.3-a. Because no data are available on exact canopy
escape rates at the source, simulations are conducted with unit emission at the source
(1 spore material per day per source) such that the recorded proportion of released to
29 Available online (see Movies 6-10): https://wheatrustdispersal.wordpress.com/. The Movies illustrate

time-lapses of simulated Pgt-spore deposition from different sources in southern Africa towards Australia
(with two different maximum lifetimes of spores: 3 days and 5 days).
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Figure 4.2: Simulated atmospheric dispersal patterns of Pgt-spores with a 3-day max-
imum lifetime from different sources in southern Africa to Australia. The maps
show the total daily deposition plumes for one exemplar day (23/09/2013) during the
14-year study period, resulting from simulated Pgt-spore release from southern Tanzania
(a), Zambia (b), Zimbabwe (c), central South Africa (d) and southern South Africa (e).
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deposited spores may be interpreted as single spore transmission probabilities. To put
these extremely low single spore transmission probabilities (Figure 4.3-a) into context of
real life epidemics, it is key to recall that vast numbers of spores are produced in infected
wheat fields. Approximately 1011 - 1012 Pgt-urediniospores are produced per hectare per
day (see Section 3.3.3.4 for details), so that the number of deposited spores that can reach
an extremely distant target is considerable despite the very low single spore transmission
probabilities. The aim of the study described in this chapter is to analyse how often long-
distance dispersal is possible, in the sense that some simulation particles with a fixed
maximum lifetime of 3 days reach the extremely distant target. In line with this, the
number of days with any non-zero deposition amount is counted. The key aspect of this
analysis is that the long-term study period over more than a decade allows the analysis
of the frequency of synoptic scale meteorological conditions that are suitable for long-
range transport. This provides a means of quantitatively estimating how rare extremely
long-distance dispersal events are.

4.4.2 Long-term atmospheric transmission frequencies

Every day of the 14-year study period the simulated total (dry and wet) deposition amount
on wheat areas in Australia are sampled, counting the number of days with any non-zero
deposition on wheat areas.

The resulting proportion of release days with any non-zero viable spore deposition on
Australian wheat areas in simulations with a maximum lifetime of 3 days over the 14-
year study period varies between 0 and 7.5%, depending on the site of release (Table 4.1).
Transmission is highest from central South Africa, resulting in viable Pgt-spore transport
to West Australia on approximately 7.5% of release days and to East Australia on approx-
imately 2% of release days. These simulated transmission frequencies from central South
Africa are approximately three times higher than those from the southern South African
source and five to six times higher than from Zimbabwe. Extremely low transmission
frequencies are found for Zambia and no transmission for Tanzania, the southernmost
country of the East African Rift Valley epidemiological zone.

Increasing the maximum Pgt-spore lifetime from 3 to 5 days leads to a marked increase of
Pgt-spore transmission frequencies from all sources (see Figure 4.3-b/c; compare Table
4.1 and Table C.1 Appendix C.1). For example, the transmission frequencies from the
sources in South Africa to wheat areas in West Australia increase by approximately a
factor 10. The transmission frequencies to wheat areas in East Australia increase even
more, by a factor of 20-50. On the other hand, from the source location in southern
Tanzania, the transmission frequencies remain very rare (<1% of release days) even for
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August September October November All months
(2003-2016) (2003-2016) (2003-2016) (2003-2016) (2003-2016)

From southern Tanzania to:
West Australia f = 0

434
= 0.000 f = 0

420
= 0.000 f = 0

434
= 0.000 f = 0

420
= 0.000 f = 0

1708
= 0.0000

East Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
1708

= 0.0000

Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
1708

= 0.0000

From Zambia to:
West Australia f = 0

434
= 0.000 f = 0

420
= 0.000 f = 0

434
= 0.000 f = 1

420
= 0.002 f = 1

1708
= 0.0006

East Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
1708

= 0.0000

Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
434

= 0.000 f = 1
420

= 0.002 f = 1
1708

= 0.0006

From Zimbabwe to:
West Australia f = 1

434
= 0.002 f = 6

420
= 0.014 f = 6

434
= 0.014 f = 10

420
= 0.024 f = 23

1708
= 0.0135

East Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 6
434

= 0.014 f = 0
420

= 0.000 f = 6
1708

= 0.0035

Australia f = 1
434

= 0.002 f = 6
420

= 0.014 f = 10
434

= 0.023 f = 10
420

= 0.024 f = 27
1708

= 0.0158

From central South Africa to:
West Australia f = 15

434
= 0.035 f = 46

420
= 0.110 f = 17

434
= 0.039 f = 32

420
= 0.076 f = 110

1708
= 0.0644

East Australia f = 2
434

= 0.005 f = 13
420

= 0.031 f = 11
434

= 0.025 f = 9
420

= 0.021 f = 35
1708

= 0.0205

Australia f = 17
434

= 0.039 f = 52
420

= 0.124 f = 23
434

= 0.053 f = 37
420

= 0.088 f = 129
1708

= 0.0755

From southern South Africa to:
West Australia f = 8

434
= 0.018 f = 20

420
= 0.048 f = 4

434
= 0.009 f = 3

420
= 0.007 f = 35

1708
= 0.0205

East Australia f = 1
434

= 0.002 f = 2
420

= 0.005 f = 2
434

= 0.005 f = 2
420

= 0.005 f = 7
1708

= 0.0041

Australia f = 9
434

= 0.021 f = 21
420

= 0.050 f = 6
434

= 0.014 f = 5
420

= 0.012 f = 41
1708

= 0.0240

Table 4.1: Long-term atmospheric Pgt-spore transmission frequencies as calculated
in LPDM simulations using NAME with a maximum lifetime of 3 days. Indicated are
transmission frequencies from five different source locations in southern Africa to both
West and East Australia respectively, and Australia as a whole. Transmission frequencies
are calculated as f =

Tdep
Trel

, where Tdep is the number of viable Pgt-spore deposition days
per release time period, Trel. See Table C.1 in Appendix C.1 for a similar analysis with a
longer 5-day maximum lifetime of spores.

longer lifetimes of 5 days. This emphasizes the high sensitivity of long-range transport
quantities to the lifetime of spores, as well as to the location of the source relative to key
synoptic scale wind circulation systems.

4.4.3 Annual and seasonal variations

In simulations with the core parameterization of a 3-day maximum lifetime of spores,
there is at least one day in each year with meteorological conditions conducive for long-
distance transport (non-zero deposition amount on wheat areas in Australia) from the
source with highest transmission frequencies in central South Africa. However, there are
notable inter-annual as well as monthly variations (Figures 4.3-b/c). For example, the
potential for transmission from central South Africa to Australia is highest in September
(Table 4.1; Figure 4.3-b).
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Figure 4.3: Daily, monthly and annual variations of simulated Pgt-spore deposition
on wheat areas in (West and East) Australia from a source in central South Africa.
a, Daily time-series of spore deposition on wheat areas in different parts of Australia
(West and East) and for different maximum lifetimes of spores in simulations (3 days and
5 days). Simulations conducted with source strength set to unit emission (1 per day per
source). b, Monthly mean proportion of simulated release days with non-zero deposition
on wheat areas in Australia (along all years of the study period). c, Annual proportion
of simulated release days with non-zero deposition on wheat areas in (West and East)
Australia.
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4.4.4 Interplay of maximum lifetime and deposition mechanisms

A set of additional simulations were conducted from the source with highest transmission
frequencies to Australia (the source in central South Africa). In these simulations with a
maximum lifetime of 3 days, the large majority of deposition events on Australian wheat
are wet deposition events. In simulations with a maximum lifetime of 5 days on the
other hand, the contribution of dry and wet deposition to the total deposition amount on
wheat areas varies considerably along different days. This indicates that in the case of
shorter lifetimes of spores the extremely long distance to Australian wheat areas can only
be attained if the last step of the atmospheric transport process involves a quick rain-out
from higher altitudes, whereas in the case of longer lifetimes spores can reach Australian
wheat not only via rain-out, but also via gravitational settling and dry deposition by air-
masses carrying spores to the ground.
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4.5 Discussion

4.5.1 Wind-borne incursions are possible

The analyses of B. Visser, conducted as the experimental counter-part to the dispersal
simulations described in this chapter, show close similarities between the Pgt populations
in southern Africa and Australia (Visser et al., 2018). This supports the hypothesis that
the exotic incursions that shaped the Australian Pgt landscape are likely to have origi-
nated from southern Africa. Further, the analyses of B. Visser suggest that the origin of
race 21-0 was also most likely Africa (80% genetic similarity with three African races).
The rare but regular discovery of new wheat rust races in Australia highlights the coun-
try’s vulnerability to foreign introductions, despite its relative geographic isolation. The
appearance of four novel Pgt races between 1925 and 1969 strongly influenced the stem
rust population within Australia (Park, 2007).

Watson and de Sousa (1982) initially suggested that Pgt-spores were most probably trans-
ported by high-altitude winds across the Indian Ocean rather than by human activities.
This hypothesis is supported by the Lagrangian Particle Dispersion Model simulations
described here. Simulations strongly indicate that, on rare occasions (0 - 7.5% of re-
lease days, depending on the site of release), airborne Pgt-spore transport from sources in
southern Africa over the Indian Ocean to wheat areas in both West and East Australia, is
possible.

The use of a LPDM with a high number of simulation particles and finely resolved three
dimensional meteorological input data extending over 14 years allowed obtaining esti-
mates of long-term mean dispersal probabilities. The complex transport patterns (for
example, the vertical distribution of plumes and shapes of deposition patterns) emphasize
the necessity for complex simulation frameworks, as used in this study. Simpler mod-
els, such as mean trajectory models relying on a small number of constant pressure level
trajectories, would not have been able to account for wind-shear, turbulence, spore via-
bility and spore deposition mechanisms. Because the quality of the meteorological data
for the years 1968 to 1969 (when races 194 and 326 were first detected in Australia) was
poor, it was decided to simulate long-term dispersal trends using recent, finely resolved
global meteorological data as input. This was important because LDD are rare events that
strongly depend on the input meteorology. The assessment of a long-term dispersal clima-
tology conducted in this study provides a general assessment of the potential of dispersal
between the two continents by providing mean frequencies of meteorological conditions
that allow viable spore transport from southern Africa to Australia.
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Due to the large (8,000 to 12,000 km) spatial distances involved, the number of simulation
particles in the LPDM simulation framework can be very low in the outer tails of spore
plumes which reach Australia. This represents a limitation of the statistical representation
of spore concentrations and deposition fluxes (based on particle numbers per model grid-
box) in the outer spore cloud tails. The analysis was therefore restricted to distinguish
days with any non-zero Pgt-spore deposition on wheat areas. It was further decided to not
include an additional environmental suitability model layer (as introduced in Chapter 3)
in this case-study, but instead focus on long-range dispersal quantities. An additional suit-
ability model layer requires considerable computational cost, but would likely not have a
considerable effect on the spore transmission metric analysed here, because all days with
any non-zero deposition on wheat areas in at least 1 grid-cell in Australia are counted.
This metric would only change if all wheat areas with deposition are unsuitable. But due
to the very long distances involved in this cases study, spore plumes are diluted spatially
very widely, once they reach Australia. Therefore, even if some wheat areas are environ-
mentally unsuitable, it is likely that some part of the spore plume will pass a grid-cell that
is suitable.

The analysis showed that a small increase in the maximum lifetime of spores from 3 to
5 days strongly increases (more than tenfold in some years) the number of times spore
clouds reach Australia. The core parameterization with a maximum lifetime of 3 days is
in accordance with available experimental data (Maddison and Manners, 1972). However,
the experimental data do not exclude the possibility that small proportions of large spore
ensembles survive longer. The sensitivity of long-distance transmission frequencies to the
maximum lifetime of spores (compare Table 4.1 and Table C.1 in Appendix C.1; and see
Figure 4.3-b/c) highlights that it would be important to conduct more experimental work
determining more accurately an upper bound of the survival time distribution in a large
sample of spores as a function of key interacting environmental variables, such as, UV
radiation, temperature and humidity. It should be noted that at high transport altitudes
temperatures are low, which decreases the viability of spores, especially if spores have
a high water content (Roelfs et al., 1992). On the other hand, it is known that tempera-
tures below freezing are not lethal to Pgt-spores, but induce a heat-reversible dormancy,
after which a proportion of Pgt-spores can successfully germinate (Rowell, 1984). The
exact proportion of spores of a large sample (billions of spores in case of an outbreak)
that survive different regimes of UV radiation, temperature and relative humidity is not
known at present, and available experimental results are based on counting the survival of
spores in very small samples of a few hundred spores. This induces uncertainties around
the proportion of all deposited spores that are able to successfully germinate and infect.
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The Pgt-spore transmission frequencies in Table 4.1 and Table C.1 represent long-term
mean probabilities. As these depend on meteorological conditions, it is not possible to
extrapolate trends for 2003 to 2016 directly to other time periods. However, given the
long study period of 14 years, the mean transmission frequencies reflect likely outcomes
over a large range of meteorological conditions for this geographic area, thus serving as
strong indicative support for the possibility of Pgt-spore dispersal in other years.

4.5.2 Comparing simulated with observed incursion frequencies

The long-term simulations showed that for the source location in central South Africa
there is a small number of days in all years of the study period on which some simu-
lation particles reach Australian wheat areas. This indicates that meteorological condi-
tions would allow Pgt-spore movement from southern Africa to Australia not only on
extremely rare occasions (single events in decades), but on rare occasions (single events
per year). However, it is important to distinguish between the frequency of days on which
meteorological conditions would allow spore dispersal (analysed here) and the expected
frequency of days with successful spore transmission, which depends also, for example,
on the frequency and timing of outbreaks at the source and the number of spores released
per outbreak at the source, for which no field data were available.

Previous work (Burdon et al., 1982; Watson and de Sousa, 1982) and the genetic analyses
conducted by Visser (Visser et al., 2018a) suggest that there have been at least 3 incursions
of pathogen races from southern Africa to Australia over a time-period of 44 years (1925-
1969). A back-of-the-envelope calculation indicates that the transmission frequencies ob-
tained in simulations are in a plausible range compared with detected exotic incursions:
the observed frequency of pathogen transmission is Fobs = 3/44 = 0.068 [y-1] (3 exotic
incursions with likely origin in Africa in a time-window of 44 years). The expected mean
transmission frequency (Fexp) can be calculated as, Fexp = f ·Frel, the product of the sim-
ulated long-term mean proportion of release days with viable transmission to Australia,
f , and the approximate frequency of spore release days per year (Frel). Assuming that on
average there is 1 day per year with high spore canopy escape rates at the central South
African source (or one outbreak with 10 days of release of high numbers of spores every
10 years), yields an expected frequency (Fexp) of spore transmission that is comparable to
the observed frequency (Fobs) of transmission: Fexp = 1 · 0.075 = 0.075 ≈ 0.068 = Fobs

(with f = 0.075 from Table 4.1). This indicates that the long-term frequencies obtained in
mechanistic simulations (without any parameter fitting) are plausible when compared with
observed frequencies of exotic incursions. Considering the complexity of long-distance
dispersal this is notable. However, the use of the long-term mean proportion of release
days with viable spore transmission, f , as a constant proxy for the probability of trans-
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mission at any arbitrary day neglects the large variations (daily, monthly and along years)
in spore transmission probabilities. Exact daily canopy escape rates for spores must be
known to accurately determine the number of days that high release at the source co-
incides with high transmission probabilities. As these data are not available in the cur-
rent study, the analysis was restricted to long-term means derived from constant source
strength.

4.5.3 Practical relevance

Large-scale outbreaks in South Africa are currently effectively controlled with genetic
resistance and fungicides. This restricts the frequency and size of outbreaks, which in
turn reduces, but does not exclude, the possibility of future airborne dispersals to Aus-
tralia. It was shown that in mechanistic, data-driven simulations viable spore transport
and deposition on wheat areas in Australia is possible. Should a future outbreak occur in
southern Africa, then the simulation framework described here could be used to approx-
imate the risk of Pgt-spore transport in real-time, to develop effective surveillance and
control strategies in Australia.

The relatively small differences in source location coordinates (compared with the long
distance between southern Africa and Australia) made a notable difference in terms of
long-term frequencies of viable Pgt-spore transmission events. This is intuitive consid-
ering synoptic scale atmospheric circulation systems. Pgt-spore transport from source
locations in the northern parts of southern Africa (from the sources in Tanzania and Zam-
bia) is predominantly influenced by South-Easterly trade-winds with Pgt-spore dispersal
being restricted to Africa (reaching as far south as South Africa). In contrast, dispersal
patterns from both source locations in South Africa indicate that Pgt-spore deposition
on Australia is possible, via atmospheric spore transport along westerlies, anti-cyclones,
and, importantly, the jet-stream, which can transport spores over extremely long distances.

Even in the absence of direct Pgt dispersal from Tanzania to Australia, rust inoculum
from mid-Africa could still eventually reach Australia. The introduction of Ug99 races
TTKSF and PTKST into South Africa was proposed to have occurred via step-wise dis-
persal from mid-Africa through Zambia and Zimbabwe to South Africa (Visser et al.,
2011). This hypothesis is supported by dispersal simulations identifying the key airborne
migration routes between southern and eastern Africa (see Chapter 3). The introduction
of members of the Ug99 race group or other African races into Australia is therefore
possible, emphasizing the continued importance of field surveys in both countries.
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4.6 Chapter summary

• An interdisciplinary study bringing together phenotypic and genotypic anal-
yses with complex dispersion simulations provides strong evidence for ex-
tremely long-distance dispersal of Pgt from southern Africa to Australia.

• Dispersal simulation results suggest that there is a rare but regular possibility
for spore dispersal from southern Africa to Australia. Transmission frequen-
cies vary between 0-7.5%, with highest transmission risk from a source in
central South Africa.

• Dispersal simulation results agree with results from phenotypic and geno-
typic analyses in the sense that both analyses strongly indicate that the Pgt
populations on the two continents are connected.

• Available field surveillance data are too sparse for a quantitative validation of
simulated long-term dispersal frequencies. However, in approximate terms,
the order of simulated transmission frequencies is plausible when compared
with the observed frequencies of exotic incursions.

• Increasing the maximum lifetime of spores during transport from 3 to 5 days
markedly increases the frequency of deposition events on Australia. This un-
derlines the importance of future experimental studies investigating in more
detail spore survival as a function of key meteorological factors.

• Considering the presence of highly aggressive novel strains of Pgt in South-
ern/East Africa and susceptible wheat cultivars in Australia, this study high-
lights that continued surveillance efforts on both continents is essential.
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Chapter 5
Identifying the likely origin of race TKTTF of Pgt in Ethiopia

In this chapter the atmospheric dispersal modelling framework is used as a tool to study
the likely origins of a Puccinia graminis f. sp. tritici (Pgt) strain that caused severe epi-
demics in Ethiopia, sub-Saharan Africa’s largest wheat producing country. Different from
previous chapters, the focus here lies on a detailed analysis of likely incursion pathways
into a single wheat producing country, given knowledge about the first detection site of a
novel strain. New methodological approaches in this chapter include: (i) comparing time-
backward and time-forward dispersal simulations as tools for localizing likely origins of
pathogens, and (ii) introducing an improved UV dose-dependent spore viability scheme.
The study described in this chapter has been published in the journal Phytopathology with
the author of this thesis as lead author (Meyer et al., 2017a).

5.1 Abstract

In recent years, severe wheat stem rust epidemics occurred in Ethiopia, sub-Saharan
Africa’s largest wheat-producing country. These were caused by race TKTTF (also known
as the Digalu race) of the pathogen Puccinia graminis f. sp. tritici, which, in Ethiopia,
was first detected at the beginning of August 2012. The incursion of this new pathogen
race is studied here to determine likely airborne origins of fungal spores on regional and
continental scales by means of a Lagrangian particle dispersion model (LPDM). Two dif-
ferent techniques, LPDM simulations forward and backward in time, are compared. The
effects of release altitudes in time-backwards simulations and P. graminis f. sp. tritici
urediniospore viability functions in time-forward simulations are analysed. The results
suggest Yemen as the most likely origin but, also, point to other possible sources in the
Middle East and the East African Rift Valley. This is plausible when compared with
available field surveys and phylogenetic data on TKTTF isolates from Ethiopia and other
countries. Independent of the case involving TKTTF, long-term dispersal trends (>10
years) are analysed to obtain quantitative estimates of the risk of exotic P. graminis f.
sp. tritici spore transport (of any race) into Ethiopia for different ‘what-if’ scenarios of
disease outbreaks in potential source countries in different months of the wheat season.

5.2 Introduction

Incursions of exotic wheat rust races into new wheat growing areas can result in widespread
epidemics across landscapes dominated by susceptible cultivars. A better understanding
of dispersal patterns, seasonality of dispersal, and identification of likely sources of exotic
incursions would greatly improve early warning and preparedness. Novel applications of
advanced airborne spore dispersal modelling on regional and continental scales are de-
scribed here, in a case study involving recent wheat stem rust incursions into Ethiopia.
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5.2.1 The incursion of Pgt race TKTTF into Ethiopia

The Pgt race TKTTF (also called Digalu race) of the causal agent of wheat stem rust,
Puccinia graminis f. sp. tritici, was detected for the first time in Ethiopia in August 2012
(Global Rust Reference Center, Denmark; Dr D. Hodson, pers. comm). It then escaped
further detection until early October 2013, but by mid-November 2013, a severe epidemic
on the most widely grown wheat variety (Digalu) had started. An approximate area of
20,000 to 40,000 hectares was affected by wheat stem rust in the 2013 epidemic (Oliv-
era Firpo et al., 2015). In 2014, despite improved early warning, thousands of hectares
were again lost to a localized epidemic (Singh et al., 2015). Recent data from 2016 in-
dicate that >90% of all stem rust samples collected in Ethiopia and pathotyped are race
TKTTF. Since, in Ethiopia, wheat is cultivated by approximately 4-5 million households
on 1.6 million hectares, yield losses caused by TKTTF can have direct consequences for
the livelihoods of a large number of agricultural stakeholders. In most of Ethiopia, rainfed
wheat is grown by smallholder farmers with an average field size of about 1 hectare during
the second, longer rainy (meher) season that usually starts in June or July and lasts until
December or January (Gebre-Mariam et al., 1991; White et al., 2001). In some areas, as,
for example, parts of the Bale zone of Ethiopia, where TKTTF was first detected, wheat is
also grown in the preceeding short rain (belg) season, from March or April to June or July.
In the Bale zone, the environment is suitable for infection almost all year around. Prior
to detection in the Bale zone in 2012, race TKTTF was first reported in Turkey in 2008
(Mert et al., 2012) and in Iran in 2010. In subsequent years, the same race was detected
in several countries in the Middle East (Table 5.1). In the East African Rift-Valley Zone,
TKTTF was first detected in Ethiopia and Sudan in 2012 and, subsequently, also in other
countries (Table 5.1). The available evidence, therefore, indicates that race TKTTF had a
putatitive origin in the Middle East but is spreading over a wider geographical range that
now includes East Africa.

It has been shown that TKTTF isolates from Ethiopia are not recent mutations from com-
mon Pgt races in Ethiopia (Olivera Firpo et al., 2015). Human-mediated transport of
TKTTF into Ethiopia cannot be unequivocally ruled out, but it appears less likely than
airborne incursion. The most recent phylogenetic analyses show that Ethiopian isolates
of TKTTF fall within the same genetic clade (IV-A.1) as TKTTF isolates from Turkey,
Egypt, Lebanon, Georgia, Azerbaijan, Israel, Iran, Yemen, and Sudan (Dr L. Szabo, pers.

comm.). Detection of genetically related isolates across several countries within a com-
mon geographic region suggests airborne dispersal rather than human-mediated transport.
In addition, the site of first detection of TKTTF in Ethiopia was a relatively remote rural
area (over 100 km from the nearest asphalt road; Dr D. Hodson, pers. comm.) and detec-
tion occurred during the low season for foreign visitors. Airborne spore dispersal is the
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key mode of dispersal of wheat rusts (Roelfs et al., 1992; Schuman and Leonard, 2000).
In the Bale zone, where TKTTF was first detected, wheat is mostly grown at >2,000 m
above sea level, in the highlands on the southern side of the continental-scale East African
Rift Valley. The topography of the Rift Valley can lead to the funneling and effective tur-
bulent mixing of air-masses, in particular from the northeast, on the wheat-producing
regions in the Bale zone. Both, dry deposition of Pgt-urediniospores (Pgt-spores) from
near-surface air-masses as well as wet deposition by rain could have caused the incursion
of race TKTTF. Strong convective air motions in the entire region during the northern
summer months (June to September), when the Intertropical Convergence Zone (ITCZ)
migrates over the Horn of Africa, enhance the probability of the uplifting of spores with
consequent long-distance airborne pathogen transport. Given these circumstances, the fo-
cus of this study is to analyse the evidence for long-distance aerial incursion.

The incursion of TKTTF into the wheat-producing areas of Ethiopia led to devastating
epidemics, largely because areas of approximately 500×103 hectares were planted with
only one wheat variety, Digalu, which is susceptible to TKTTF. The widespread deploy-
ment of Digalu was originally motivated by its resistance against prevalent stripe rust
races as well as against the Ug99 race group of Pgt (Olivera Firpo et al., 2015; Singh
et al., 2015). However, the incursion of TKTTF into Ethiopia in the years immediately
after the distribution of the Digalu wheat variety underlines that large-scale deployment
of single varieties with major gene resistance can have devastating consequences when
facing long-distance incursion of virulent pathogen races. Breeding strategies should,
therefore, be complemented by other measures: effective surveillance for early warning,
targeted spraying of fungicides, and pre-emptive replacement of varieties would all ben-
efit from enhanced understanding and prediction of long-distance airborne pathways of
fungal spores.

5.2.2 Aims & key questions

For the analysis of likely airborne incursion routes of spores into Ethiopia, the Lagrangian
particle dispersion modelling environment NAME is used, in combination with finely-
resolved gridded meteorological data, high-performance computational resources, and
information about wheat distribution and growing patterns throughout East Africa and
the Middle East. The following key questions are addressed:

• What is the likely airborne origin of the wheat stem rust race TKTTF that invaded
Ethiopian wheat fields?

• Are there seasonal differences in likely airborne incursion routes?
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• How are inferences about the likely origins of race TKTTF into Ethiopia affected
by assumptions concerning different release altitudes in time-backward simulations
and different functional forms of spore viability in time-forward simulations?

• Independent of the case of incursion of TKTTF, can quantitative estimates of the
risk of airborne incursion of spores from neighbouring countries to Ethiopia be de-
rived that can serve as directly useful information for the development of sampling
and control strategies?
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5.3 Methods

5.3.1 Data about wheat production and wheat stem rust

With the development of the global wheat rust monitoring system about 10 years ago
(CIMMYT, 2017), surveillance efforts have greatly increased and improved the under-
standing of wheat rust race distributions, especially in Ethiopia and Kenya but, also, in
other countries of the East African Rift Valley Zone. However, survey data from some
important potential source countries of TKTTF in Ethiopia, for example, Yemen, are still
very limited. Available disease survey data (CIMMYT, 2017; Singh et al., 2015) are com-
bined here with wheat production data (FAO-Country Briefs, 2017; FAOSTAT, 2014; You
et al., 2005) to gather information about wheat areas, wheat production, typical seasonal
timing of wheat stem rust, and years of first detection of race TKTTF in countries in East
Africa and the Middle East (see Table 5.1).

5.3.2 Likely time windows of first incursion of TKTTF

Race TKTTF was first detected in Ethiopia, at trace levels, from a farmers field in Afrisha,
in the Bale zone, in August 2012 (longitude 40.59, latitude 7.19; Global Rust Reference
Center; Dr. D Hodson, pers. comm.). As race TKTTF was not previously detected in
Ethiopia, despite regular field surveys (approximately 1,000 survey entries per year and
associated representative sampling), it is feasible that Afrisha is one of the initial incur-
sion locations. Given the uncertainty around this assumption, it should be noted that the
results below are not sensitive to small changes of the coordinates of the first detection
site, because airborne incursion is studied on regional and continental scales (approxi-
mately 100 to 3,000 km). The site of first detection is used here as a representative site
of one of the main wheat areas in southern Ethiopia; the Bale zone is critically important
for stem rust epidemiology in Ethiopia. It is one of the main belg season wheat-growing
areas, where stem rust is often first reported. It can act as a green bridge and inoculum
source for the main meher season. The case study around incursion of TKTTF to the Bale
zone is, therefore, of relevance for the wider stem rust epidemiology and risk in Ethiopia.

The first detection in Afrisha, in the Bale zone, dates back to August 6, 2012. This date
does not allow direct inferences about the actual day of incursion of the pathogen, because
no complete time-series of race-specific disease sampling data are available. However, as
regular surveys are conducted in Ethiopia and TKTTF was highly virulant to the pre-
dominant wheat varieties grown in the years prior to detection, it is likely that TKTTF
was dispersed into Ethiopia either during the minor season in which it was first detected
or during the preceding main wheat season in 2011. In the absence of field data on the
exact incursion time, airborne transport is studied on the set of all days during two incur-
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Countries Area harvested Production Months of susceptibility First detection of wheat stem
[hectares] [tonnes] to wheat stem rust rust race TKTTF

Middle East
Turkey 7.8·106 1.9·107 Mar.-Aug. 2008
Iran 7.3·106 1.1·107 Mar./Apr.-Aug. 2010
Lebanon 4.8·104 1.4·105 May-Jun. 2012
Israel 6.1·104 1.3·105 May-Jun. 2012
Egypt 1.4·106 9.3·106 Feb.-May 2013
Georgia 4.0·104 5.0·104 May-Jul. 2014
Azerbaijan 6.0·105 1.5·106 May-Jul 2014

East African Rift
Valley Zone

Ethiopia 1.7·106 4.2·106 Jun.-Jul. 2012
Aug.-Dec.

Sudan 2.2·105 4.7·105 Jan.-Mar. 2012
Yemen 1.1·105 1.9·105 2014

West Yemen Apr.-Jul; Sep.-Nov.
East Yemen Jan.-Mar.

Eritrea 2.4·104 2.4·104 Sep.-Nov. 2014
Kenya 1.5·105 3.3·105 Nov.-Mar.

Jun./Jul.-Nov.
Tanzania 1.0·105 1.7·105 Apr.-Aug. 2016
Uganda 1.4·104 2.2·104 Oct.-Jan. –

Table 5.1: Wheat production, seasonal timing of wheat stem rust, and years of first
detection of race TKTTF (Digalu) in the Middle East and the East African Rift Val-
ley. Harvested areas of wheat and wheat production estimates are data from FAOSTAT
for the year 2014 (FAOSTAT). The seasonal timing of susceptibility to wheat stem rust
indicates those months when wheat stem rust typically occurs in the main national wheat
growing areas. The timing is obtained by consultation of field pathologists in different
countries (see Section 3.3.2.2) and FAO crop calendars (FAO-Country Briefs, 2017). In
some countries there is a large diversity of wheat-growing practices. Here key months on
main wheat areas are summarized. Years of first detection of TKTTF are obtained from
Mert et al. (2012), Singh et al. (2015), CIMMYT (2017), and Dr L. Szabo (pers. comm.).
In Turkey, related races had already occurred in the 1990s.

sion time-windows: (i) June and July 2012 (belg season of the year of incursion) and (ii)
August to December 2011 (prior meher season).

5.3.3 Lagrangian Particle Dispersion Model NAME

Airborne spore dispersal during potential incursion time windows is studied using NAME,
the UK Met Office’s Lagrangian Particle Dispersion Model (LPDM) introduced in Chap-
ter 2 (Jones et al., 2007; Jones, 2015).

5.3.4 Meteorological input data

The global analysis model data from the UK Met Office’s Unified Model are used as
meteorological input to the dispersion simulations (for details, see Section 2.4.2). The
data for the years of likely incursion of TKTTF, 2011 and 2012, have a temporal resolution
of 3 hours, a horizontal spatial resolution of approximately 25 km (0.352o×0.234o), and
59 vertical layers (extending to 29 km altitude). The data used for the assessment of
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long-term trends of dispersion into Ethiopia (2003 to 2016) change in spatial resolution
from approximately 60 km (0.833o×0.555o) grid-cells in 2003 to approximately 17 km
(0.234o×0.156o) grid-cells in 2016.

5.3.5 Time-backward simulations

NAME can be used to model the history of air-masses arriving at a given receptor loca-
tion and time. For this analysis the three dimensional stochastic trajectories of simulation
tracer particles are numerically calculated backward in time, moving in the opposite di-
rection of prevailing winds, while representing the effect of turbulence statistically by
the diffusive behaviour of the stochastic tracer-ensemble. As a result, one obtains an air-
history map of likely air concentration of tracer particles during the days before arrival,
indicating from where air-masses have most likely been transported to the receptor (Jones,
2015).

In time-backward simulations, loss of viability of spores as well as spore deposition can-
not be explicitly accounted for. Therefore, one has to assume a certain release altitude for
tracer particles, to represent the altitude from which spores may have been deposited (by
dry or wet deposition) on the site of first detection. Instead of assuming a single repre-
sentative release altitude, as used in previous studies (Fernández-Rodríguez et al., 2015;
Grinn-Gofroń et al., 2016; Sadyś et al., 2014; Schmale and Ross, 2015; Skjøth et al.,
2009), here, a set of different release altitudes is considered. Every day of the likely in-
cursion time windows, 106 model tracer particles are released from each of the following
altitudes in the vertical atmospheric column above the site of first detection: 1, 500, 1000,
1500, 2000, 2500, 3000, 3500, 4000, 5000, 6000, 7000, 8000, 9000, 10000 meters above
surface.

This choice, including very high altitudes, is motivated by strong convective activity and
formation of high clouds (up to approximately 12 km) above Ethiopia in July to Septem-
ber, which implies that spores could, theoretically, be transported and rained-out from
these heights. Given the plausible assumption that the number of transported spores and
spore viability decrease with increasing altitudes in the atmosphere and in the absence of
empirical data from Ethiopia, most attention in the analysis is given to altitudes of 1 to
3,000 m above the surface. In all time-backward simulations, the maximum travel time
of tracer particles is set to 3 days, chosen to estimate the survival times of the majority
(99%) of Pgt-spores in field experiments of Maddison and Manners (1972).
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5.3.6 Time-forward simulations

Spore dispersal is simulated from a large number (>300) of potential source locations
forward in time to the site of first detection. In time-forward mode the loss of spore
viability as well as different deposition mechanisms are simulated explicitly. A grid of
potential source locations is defined, covering wheat areas in the East African Rift Val-
ley, the Arabian Pensinsula, and the southern regions of the Middle East. Additionally,
one representative source location is chosen in other potentially important source coun-
tries further away, for example, Turkey, to test the feasibility of direct spore transport
from these countries to the region of first detection of TKTTF. From each of the potential
source locations, daily spore release, turbulent transport, loss of viability, and deposition
of spores on the site of first detection is simulated.

In an additional analysis, a small set of potential sources in neighbouring countries is
chosen and long-term dispersal trends (>10 years) are analysed to obtain estimates of typ-
ical dispersal frequencies and amounts from other countries to the Bale zone in Ethiopia
during different months of the wheat season for different outbreak scenarios at potential
sources.

For the time-forward simulations, most of the parameterization is similar to simulations
described in Chapter 3. However, in this chapter particular attention is given to the loss of
viability of spores during transport. For this purpose a new UV dose-dependent scheme
was implemented into NAME. The following paragraphs briefly summarize the param-
eterization in time-forward simulations with details about the UV dose-dependent decay
scheme.

Source extent All source locations in the LPDM simulations are defined with a spatial
extent of 20 × 20 km, chosen to represent an arrangement of wheat fields from which
spores can be released.

Source strength For the simulations from a large array of potential source locations,
the source strength of all sources is set to a constant unit emission of 1 [spore material
/ source location / day] for analyses of the relative contribution of different sources to
spore deposition on the site of first detection. For the analysis of long-term trends of
spore dispersal into Ethiopia, real-life spore canopy escape rates are estimated for four
different ‘what if’ disease scenarios (similar to the scheme introduced in Chapter 3).

Release timing Spore release is simulated daily from 09:00 to 15:00 local time. The
simulation particle release rate is set to 106 per day and per source.
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Turbulent dispersal Simulation particles with density and diameter of Pgt-spores are
advected stochastically in three dimensions, using the long-range turbulence scheme of
NAME. Mesoscale eddies are accounted for. The time-step of 5 to 15 minutes is adapted
to the resolution of the meteorological input data (for details of the turbulence parameter-
ization, see Section 2.4.4).

Deep convection The new deep convection scheme of NAME (as introduced in NAME
version 6.5; see Jones, 2015) was used for the simulations described in this chapter.

Spore viability Particular attention is given to spore viability during transport, as it is
one of the key sub-processes of long-distance dispersal of fungal pathogens. In other pub-
lished work, long-distance Pgt-spore dispersal was modelled by setting a maximum time
of 3 days for the calculation of mean trajectories, but the actual proportion of spores re-
maining viable during atmospheric transport was not modelled (Singh et al., 2008, 2011).
It is assumed that UV radiation is the key limiting factor of spore survival (Maddison and
Manners, 1972), but different from previous chapters, here two different functional forms
of the loss of viable spore material during atmospheric transport are compared, denoted
as: model variant 1, exponential decay as a function of time and model variant 2, expo-
nential decay as a function of UV dose.

In case 1, of exponential decay in time, t, the proportion of viable spore material,m(t), as-
sociated with every simulation particle decays according to m(t) = mo exp(−λt), where
mo describes the initial spore material at release. A maximum spore lifetime of tmax = 3

days is assumed and the value of λ is determined such that it approximated results from
field experiments (Maddison and Manners, 1972). For a sub-set of simulations, the sen-
sitivity of results to a longer maximum spore lifetime of tmax = 5 days is analysed. This
case is similar to the decay scheme introduced in Section 2.4.5 and used in Chapters 3
and 4.

In the case of model variant 2, with UV dose-dependent decay, the proportion of viable
spore material associated with each simulation particle is computed as

m(t, ξ) = mo exp (−s(ξ)D(x, t, ξ)) , (5.1)

where s(ξ) denotes the sensitivity of Pgt-spores to UV dose andD(x, t, ξ) denotes the cu-
mulative UV dose [MJ/m2] along the trajectory of each simulation particle from release
until time t, which depends on the meteorological input data, denoted as ξ. Experimen-
tal work shows that, at high ambient relative humidities, the sensitivity of Pgt-spores to
UV radiation sharply increases (Schwinghamer, 1958). To account for this, the UV sen-
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sitivity is calculated as s(ξ) = h(ξ) · k, where k is a Pgt-spore characteristic constant
UV sensitivity, and h(ξ) denotes a simple scaling factor that depends on ambient relative
humidity during atmospheric transport at the position of each simulation particle. It is
set to h(ξ) = 1 for low and moderate relative humidities and h(ξ) = 2 for high (>90%)
relative humidities, defined in accordance with the approximate doubling of sensitivity
observed in Schwinghamer (1958). The value of k = 1.1 is obtained from the survival
curves reported in field experiments (Maddison and Manners, 1972) and an approximate
cumulative UV dose (2.14 [MJ/m2]) for the hours and cloud conditions during the three
days of the experiment, August 23-25, 1968. A maximum lifetime of spores is defined
as tmax = 3 days, also for this model variant, and sensitivity of results to an alternative
longer maximum lifetime tmax = 5 days is assessed.

The instantaneous UV dose experienced by each simulation particle in LPDM simula-
tions, d(x, t, ξ), is approximated as

d(x, t, ξ) = Icloud-top
UV · cos(φzenith(x, t)) · C(x, t) ·H(x, t). (5.2)

The fraction of viable spore material at time, t, is then determined from the cumulative
dose, D(x, t, ξ) =

∑
t d(x, t, ξ), along the trajectory of each simulation particle. Here

Icloud-top
UV = 1, 360 · 0.05 · 0.8 ≈ 55 [W/m2] is used as the approximate global UV radiation

at the top of the cloud layer, obtained from the solar constant, 1,360 [W/m2], by assuming
a constant proportion of 5% of (UV-A + UV-B) radiation (Foyo-Moreno et al., 1999), and
a global reduction of total solar radiation by 20% due to absorption or reflection from the
top of the atmosphere to the top of the cloud layer. This form is chosen in accordance with
the approximation implemented for broadband surface solar radiation in the dispersion
model HYSPLIT (Draxler and Hess, 1997), but here, it is adapted to approximate UV
radiation at the three-dimensional position of each simulation particle. The UV dose
at the three-dimensional position of each simulation particle is approximated by scaling
of Icloud-top

UV with: (a) the solar zenith angle at the position of each simulation particle,
cos(φzenith(x, t)), to account for the latitudinal and longitudinal position of the sun; (b)
a simple empirical cloud correction factor, C(x, t) = 1.06 − 0.51 · f(x, t), as obtained
by Frederick and Steele (1995), with fractional cloud cover, f(x, t), here obtained from
the meteorological input data at the position of each simulation particle; and (c) a global
altitude correction factor of H(x, t) = (1 + z)Hcorr, where z denotes the altitude of each
simulation particle above sea level, and Hcorr = 12.5% is the increase of UV dose per
kilometer altitude (above sea level). The altitude correction is obtained as the mean of
all experimental values in the review by Calbó et al. (2005). Figure D.1 in Appendix D.1
shows the UV dose along an exemplar simulation particle trajectory in NAME.
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The plausibility of the UV dose approximation implemented into the source code of
NAME was confirmed in two proof-of-concept tests, comparing the UV dose approxima-
tion with (a) the UV dose computed for the day and location of one of the experiments by
Maddison and Manners (1972), using the complex radiative transfer model SPCTRAL2,
as published in Kim and Beresford (2008) and (b) comparing the UV-dose experienced
along trajectories of simulation particles in NAME test simulations with the global UV
dose obtained from a test run of the Met Office’s Unified Model. For the latter, the UV
fields from the Unified Model were provided by Dr E. Turner from the UK Met Office.
Figures D.2 & D.3 in Appendix D.2 visualize the UV field obtained from the UK Met Of-
fice’s Unified Model, as used for the test simulations here. The plausibility tests confirm
that the simple UV dose approximation implemented into NAME performs reasonably
well around the equator, where this case-study is located (for details, see Figure D.4 in
Appendix D.3).

Spore deposition Gravitational settling, dry and wet deposition of spores is added up to
the total spore deposition per area per day as the result of the LPDM simulations. Details
of the deposition modelling schemes are described in Section 2.4.6.

5.3.7 Computational resources and implementation

The scale of the data-driven dispersal modelling described in this paper requires high-
performance computational resources. The LPDM simulations were conducted on the
computing cluster of the Epidemiology and Modelling Group in Cambridge. The simula-
tions required approximately 11 terabytes of meteorological input data (uncompressed).
The implementation of the source code changes to NAME was done using Visual Studio

FORTRAN, with advice provided by scientists from the Atmospheric Dispersion and Air
Quality Group at the UK Meteorological Office. The handling of meteorological data and
pre- and post-processing of dispersal simulations was done using hand-written Perl, bash,
and MATLAB scripts.
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5.4 Results

Results indicating likely origins of TKTTF are described in Sections 5.4.1, 5.4.2, 5.4.3.
Consecutively, in Section 5.4.4, long-term trends of simulated Pgt-spore dispersal are
described, showing estimates of the risk of incursion of pathogens from neighbouring
countries to the Bale zone in Ethiopia in different months of the wheat season. This
section closely follows a published manuscript of the author (Meyer et al., 2017a)30.

5.4.1 History of air-masses arriving at the site of first detection

From the LPDM time-backward simulations daily ‘air-history’ maps are obtained, which
show the air-concentration of tracer particles in the days before release, indicating where
air-masses transporting spores have come from. As it is unknown on which day the incur-
sion event happened, the daily air-history maps are aggregated to obtain the cumulative
monthly air-history for each month (and release altitude). The monthly results indicate
two distinct seasonal regimes of the predominant direction of airborne inflow of Pgt-
spores into Ethiopia (Figure 5.1 and Figure 5.2). These are called here the belg season
inflow regime (Figure 5.1), and the meher season inflow regime (Figure 5.2).

In the case of first incursion of TKTTF during the belg season (see for example June
2012 in Figure 5.1), time-backward simulations indicate two dominant directions of in-
cursion: (1) air-masses at low altitudes from surface level up to 1.5 km above ground are
most likely to have come from the south (particularly southern Ethiopia and Kenya); (2)
air-masses passing the site of first detection at higher altitudes of around 2-5 km predom-
inantly originate from northern and north-eastern regions, i.e. from the atmosphere above
the countries of Yemen, Eritrea, Sudan, Saudi-Arabia, Egypt, Iraq and Iran (as illustrated
up to 3 km in Figure 5.1). As there are large differences in the dominant direction of
winds at different altitudes, which are all in a plausible range for spore transport and de-
position, one can only draw very limited inferences about more likely directions of origin
of TKTTF for this incursion time-window from time-backward simulations.

In the case of incursion during the meher season (October - December 2011; see Figure
5.2), the air-history maps indicate that air-masses at all tested altitudes from 1 - 4 km pre-
dominantly originate from the north-east (Figure 5.2). During those months, trade winds
blow from the north-east over Ethiopia into the low pressure field of the ITCZ, at this
time located in the southern parts of the Rift-Valley. In this case backward simulations
strongly indicate that the likely origin of spores are countries to the north-east of Ethiopia,
30 Here additional results are given in the Appendix and briefly summarized in the text. The results de-

scribed here represent an update to the published version, based on more recent analyses using NAME v.
6.5 with the new deep convection scheme.
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Figure 5.1: Inflow of air-masses at the end of the belg wheat season into the vertical
atmospheric column above the site of first detection of TKTTF in Ethiopia. Illus-
trated are cumulative monthly air-history maps for a selection of release altitudes (given
at the bottom of each map). The daily release rate of tracer material in time-backward
simulations is set to a constant unit emission, and the resulting tracer concentration is
classified into high and low to indicate, in relative terms, more likely source regions of
air-masses that could have transported TKTTF spores to the site of first detection.

particularly Yemen, and to a lesser extent Eritrea.

The air-history maps in Figures 5.1 and 5.2 show the vertically integrated concentration
of tracers in air to highlight the origin of air-masses passing the site of first detection.
Figures D.5 and D.6 in Appendix D.4 additionally show the concentration of tracers at
surface level. These indicate the origin of air-parcels starting at the lowest model layer
(earth’s surface) that pass the site of first detection. Both, vertically integrated and surface
history maps, show similar patterns (in terms of the predominant direction of inflow of
air-masses).

5.4.2 Dispersal from a set of potential sources

To overcome limitations of time-backward simulations, and account explicitly for the
loss of spore viability during transport, as well as for different deposition processes, and
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Figure 5.2: Inflow of air-masses at the end of the meher wheat season into the vertical
atmospheric column above first detection site of TKTTF in Ethiopia. Illustrated are
cumulative monthly air-history maps for a selection of release altitudes (given at the bot-
tom of each map). The daily release rate of tracer material in time-backward simulations
is set to a constant unit emission, and the resulting tracer concentration is classified into
high and low to indicate, in relative terms, more likely source regions of air-masses that
could have transported TKTTF spores to the site of first detection.

deep convection, simulations were conducted forward in time from a large set of possible
source locations to the site of first detection (for each day of the likely incursion time-
windows). In the absence of empirical field data about source-strength at all possible
source locations, the same constant daily source strength (unit emission) is defined at all
potential sources and then it is analysed, in relative terms, which potential sources con-
tribute more (or less) to deposition on the site of first detection. For all simulations in this
section the simple time-dependent, exponential decay of spore viability with a maximum
lifetime of 3 days is used. An example of one of the resulting daily deposition plumes is
illustrated in Figure 5.3. Spore transmission from all potential sources onto wheat fields in
a target area of 30 km × 30 km around the first detection site is summarized by analysing
the monthly mean relative contribution of each potential source to spore deposition on the
site of first detection.

As a first step, it was analysed from which set of potential source locations any airborne
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transport to the site of first detection could have occurred if there was an outbreak at
sources. This allows a sketch of the geographical area that may influence the pathogen
population around the first detection site, given the potential of the atmospheric flow
regime to transport Pgt-spores over long-distances. The extent of the area that could
potentially contribute to deposition on the site of first detection is much larger (by ap-
proximately 1500 km in the north) in June than it is in November (as indicated by the
black circles in Figure 5.3), indicating a greater potential risk for Pgt-spore incursion in
June.

Transferring the concept of a basin (or: area of catchment) in hydrology to airborne inflow
of pathogens, the term airborne catchment area is introduced here to delineate the geo-
graphic area from which airborne Pgt-spore transport to a target site (here: the site of first
detection) can occur if there is an outbreak at sources. The analogy to a basin in hydrol-
ogy is drawn here only in qualitative terms to highlight that, despite high daily variations
in atmospheric flows, there are seasonal flow regimes that yield simulated spore transport
patterns which are consistent, to a certain degree, over time-scales of several months. In
the context of seasonal atmospheric flow regimes, as described here for the case of spore
inflow into Ethiopia, it is interesting to note that recently it was argued more generally
that certain atmospheric flow regimes should be considered as an important type of habi-
tat (the "airspace") in ecology, similar to land and water habitats (Diehl, 2013).

In all subsequent analyses it is assumed that spore dispersal from source locations to the
first detection site is restricted not only to the spatial distribution of wheat areas (as de-
scribed above), but additionally to those times of the year (months) when the main wheat
seasons on the main wheat producing areas overlap in Ethiopia and potential other source
countries. This allows further narrowing of likely origins of TKTTF. The analyses in-
dicate three potential source regions for a possible incursion to Ethiopia during the belg

season (see June 2012 in Figure 5.3). The candidates are: (1) Kenya & northern Tanzania;
(2) Yemen & eastern Somalia; and (3) southern Iraq and Iran. The majority of sources
with high contribution are located in Yemen, but the results are not sufficiently distinct to
reject the other two candidate sources. Additional simulations over 14-years (2003-16)
from one source location in southern Iran show that there was a peak in simulated spore
transport from Iran directly into Ethiopia during 2012, the year of first detection of TK-
TTF. However, the relative contribution from sources in Iran is very low, compared with
other potential sources in close geographic proximity (especially Yemen, but also Kenya
and Tanzania). The results for July 2012 (and August 2011) indicate a comparable pattern
of atmospheric transport to the one illustrated in Figure 5.3.
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Figure 5.3: Simulated monthly Pgt-spore deposition on the site of first detection of
race TKTTF in Ethiopia from an array of possible sources. Spore dispersal was sim-
ulated from a large set of potential source locations to identify source areas that are more
likely to contribute to deposition on the site of first detection. In the absence of data on
wheat stem rust outbreaks at all potential sources, the same constant source strength (unit
emission) is defined for all potential sources. a, Example of one daily spore deposition
plume. The black dot represents the site of the simulated outbreak (spore source). b and
c, Monthly mean contributions to spore deposition on the site of first detection from all
potential sources outside of Ethiopia. Comparing b and c illustrates seasonal variations
in the geographical extent of the airborne Pgt-spore catchment area of the site of first
detection. The black circle is drawn such that it sketches the area from which any spore
transport to the site of first detection was possible (non-zero deposition on the site of first
detection from sources inside the black circles). The airborne catchment area is much
larger in June (b) than in November (c). d and e, Monthly mean contributions to spore
deposition on the site of first detection from all potential sources outside of Ethiopia in
countries with a main wheat season that overlaps the wheat season in Ethiopia. Consider-
ing the wheat timing in different countries (d and e) allows narrowing down more likely
source-areas (compared with b and c).

If race TKTTF had been transported into Ethiopia in the meher season prior to detection
(see November 2011 in Figure 5.3), simulations show Pgt transmission from sources in
Yemen, Somalia, Eritrea, as well as a small contribution from Kenya. Sources with high-
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Figure 5.4: Time-series of simulated Pgt-spore deposition amounts from West-Yemen
on the site of first detection of strain TKTTF in Ethiopia for different functional
forms of spore viability. a, June (local belg wheat season) and b, November (local meher
wheat season). The left vertical axis shows the proportion of released spores deposited on
the site of first detection. The right vertical axis shows deposition amounts for the case
of a moderate outbreak at the source (constant daily spore canopy escape rate of 5 · 1013

per day). For most days in June and some days in November, differences in deposition
amounts of model variants with 3-day and 5-day maximum spore lifetimes, respectively,
are very small and therefore only partly visible in the illustration.

est contribution are in Yemen, followed by Eritrea (Figure 5.3). The results for Septem-
ber, October and December 2011 are similar to those illustrated here for November 2011,
with the exception that by December wheat is mostly harvested in Yemen and Eritrea, so
that incursion from September to November is more likely. No direct airborne transport
from Turkey, Georgia or Lebanon (countries where TKTTF has also been detected) are
observed in simulations with a maximum spore lifetime of 3 days.

5.4.3 Sensitivity to the functional form of spore viability

Spore viability during transport is one of the key parameters of atmospheric dispersal sim-
ulations, but in the case of dispersal from a likely source in West-Yemen to the site of first
detection of TKTTF in Ethiopia, simulations show that the differences between a simple,
time-dependent viability scheme, and a more complex, UV dose-dependent scheme, are
small (approximately 1 order of magnitude) compared with the overall range of deposi-
tion amounts (approximately 8 orders of magnitude), as depicted in Figure 5.4. Also, for
this case of spore transport over distances of approximately 900 km, differences between
3 and 5 days for maximum lifetimes of spores are mostly negligible, since most spores
are deposited within the first 3 days. The maximum lifetime of spores has a strong effect,
however, on the maximum distance of possible sources (the boundaries of the airborne

catchment area indicated in Figure 5.3).
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A similar analysis of the effect of different viability schemes on deposition amounts on
the site of first detection, as illustrated in Figure 5.4 for the source in West-Yemen, for a
selection of further key potential sources (Eritrea, Tanzania, Kenya), shows that the effect
of UV dose-dependent decay is of comparable order (up to approximately 1 order of mag-
nitude difference between the UV and the time-dependent scheme). As the contribution
to deposition from different sources to the site of first detection, illustrated in Figure 5.3,
varies up to 20 orders of magnitude between different sources, one can expect that the
identification of Yemen as the most likely source-region of TKTTF remains unchanged
in simulations with a more complex, UV dose-dependent viability model; the effects of
wind, topography and precipitation on spore transport and deposition patterns dominates
the ranking of more and less likely source-regions in this case. The computationally very
expensive set of simulations from all potential sources illustrated in Figure 5.3 is there-
fore only conducted for the simple exponential decay scheme. In the following section,
the UV dose-dependent decay scheme is used in long-term simulations from key sources
in other countries to determine order of magnitude estimates of the numbers of viable
spores that are transported from source countries to the Bale zone in Ethiopia.

5.4.4 Long-term dispersal trends to the Bale zone in Ethiopia

In previous sections, airborne Pgt-spore transport to the site of first detection in the Bale
zone, Ethiopia, is analysed for the likely time-interval of incursion of race TKTTF (2011-
2012). In this section, the analysis is extended to a longer time-period (2003-2016) to
analyse trends of simulated airborne Pgt-spore dispersal to the site of first detection,
which is used here as a representative site of one of the key wheat producing regions
in Ethiopia, the Bale zone. A small set of sources in neighbouring wheat producing coun-
tries are identified as potential sources. Quantitative estimates are obtained of the risk
of exotic Pgt-spore incursion from these sources to the Bale zone, Ethiopia, in different
months of the wheat growing season.

Daily Pgt-spore dispersal is simulated for all months of overlapping main wheat stem rust
seasons (as defined in Table 5.1) in source and target country, over 14 years (2003-2016),
from a single source in each of the following countries: Yemen, Eritrea, Kenya, Tanzania,
and Iran. Whereas in previous sections a constant unit emission was used as source-
strength with analysis of relative proportions of spore deposition from different potential
sources, in this section, order of magnitude estimates of real-life spore canopy escape
rates at sources are estimated for different outbreak scenarios, denoted as Ntot. The vari-
able Ntot, in units of [number of spores released per day per source], is obtained by linear
scaling of values reported in field experiments (Aylor, 1986; Roelfs, 1985a), for different
cases of infected area, severity and incidence (similar to the scaling introduced in Section
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Figure 5.5: Seasonal variations of simulated long-term (2003 to 2016) Pgt-spore
transport from other countries to Bale zone in Ethiopia. a-d, The box-plots show the
distributions of (i) viable spore deposition days and (ii) spore deposition amounts per de-
position day, obtained from simulating a moderate disease outbreak (100 to 1,000-hectare
infected area; 15 to 50% severity and incidence; constant daily spore-canopy escape rate
of 5 · 1013 [per day per source]) in one potential wheat stem rust source area in each
source country. To obtain the distributions of viable deposition days per month as well
as deposition amounts per deposition day, only events with deposition amounts above a
lower critical threshold (>100 spore per day on wheat areas at the first detection site) are
counted.

3.3.3.4). In particular, spore dispersal is simulated for four different ‘what-if’ scenarios
of disease outbreaks at potential sources: (1) very small outbreak (with approximately 1
[ha] infected area, and 5% severity and incidence),Ntot = 5·109; (2) small outbreak (with
approximately 10 [ha] infected area, and 15% severity and incidence), Ntot = 5 · 1011; (3)
moderate outbreak (with approximately 102-103 [ha] infected area, and 15-50% severity
and incidence), Ntot = 5 ·1013 ; (4) strong outbreak (with approximately 104 [ha] infected
area, and 50% severity and incidence), Ntot = 5 · 1015. For each ‘what-if’ outbreak sce-
nario the following spore deposition quantities are sampled in simulations on the wheat
areas in the (30 × 30) km2 area around the site of first detection of TKTTF in the Bale
zone of Ethiopia: (i) the number of spore deposition days per month, and (ii) the median
deposition amount per deposition day (see Figure 5.5 and Table 5.2).

The results show that, despite large daily variations of long-distance dispersal, there are
strong and consistent seasonal (monthly) differences in spore transport from source coun-
tries, as for example Kenya or Yemen, into Ethiopia (illustrated in Figure 5.5 for the case
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Country June July August September October November December
Outbreak
scenario

Yemen
V. small f = 0.422 – – f = 0.184 f = 0.182 f = 0.065 –

N = 1 · 103 – – N = 7 · 102 N = 6 · 102 N = 4 · 102 –
Small f = 0.630 – – f = 0.468 f = 0.440 f = 0.226 –

N = 3 · 105 – – N = 5 · 103 N = 6 · 103 N = 1 · 103 –
Mod. f = 0.719 – – f = 0.629 f = 0.562 f = 0.332 –

N = 2 · 106 – – N = 1 · 105 N = 2 · 105 N = 3 · 105 –
Strong f = 0.767 – – f = 0.710 f = 0.606 f = 0.371 –

N = 2 · 109 – – N = 6 · 106 N = 1 · 108 N = 2 · 106 –
Eritrea

V. small – – – f = 0 f = 0.011 f = 0.005 –
N = 0 N = 1 · 103 N = 2 · 102 –

Small – – – f = 0.028 f = 0.042 f = 0.062 –
N = 6 · 102 N = 2 · 103 N = 7 · 102 –

Mod. – – – f = 0.104 f = 0.088 f = 0.104 –
N = 2 · 103 N = 9 · 103 N = 3 · 104 –

Strong – – – f = 0.148 f = 0.120 f = 0.118 –
N = 7 · 105 N = 3 · 105 N = 1 · 106 –

Sudan – – – – – – –
Kenya

V. small f = 0.005 f = 0.042 f = 0.032 f = 0.002 f = 0 f = 0 f = 0

N = 3 · 102 N = 2 · 102 N = 2 · 102 N = 2 · 102 N = 0 N = 0 N = 0

Small f = 0.184 f = 0.553 f = 0.463 f = 0.164 f = 0 f = 0.005 N = 0.007

N = 5 · 102 N = 1 · 103 N = 7 · 102 N = 5 · 102 N = 0 N = 4 · 102 N = 1 · 103
Mod. f = 0.385 f = 0.730 f = 0.728 f = 0.330 f = 0.021 f = 0.016 N = 0.023

N = 9 · 104 N = 6 · 104 N = 2 · 104 N = 8 · 103 N = 9 · 102 N = 6 · 104 N = 3 · 103
Strong f = 0.450 f = 0.786 f = 0.786 f = 0.401 f = 0.032 f = 0.021 N = 0.025

N = 5 · 105 N = 5 · 106 N = 2 · 106 N = 4 · 105 N = 3 · 104 N = 6 · 105 N = 2 · 105
Tanzania

V. small f = 0 f = 0.009 f = 0.009 – – – –
N = 0 N = 1 · 102 N = 1 · 102 – – – –

Small f = 0.055 f = 0.205 f = 0.180 – – – –
N = 3 · 102 N = 8 · 102 N = 1 · 103 – – – –

Mod. f = 0.145 f = 0.332 f = 0.277 – – – –
N = 6 · 104 N = 2 · 105 N = 3 · 104 – – – –

Strong f = 0.173 f = 0.366 f = 0.302 – – – –
N = 4 · 105 N = 2 · 106 N = 1 · 106 – – – –

Iran
V. small f = 0.002 f = 0 f = 0 – – – –

N = 1 · 102 N = 0 N = 0 – – – –
Small f = 0.005 f = 0 f = 0 – – – –

N = 6 · 103 N = 0 N = 0 – – – –
Mod. f = 0.010 f = 0 f = 0 – – – –

N = 2 · 104 N = 0 f = 0 – – – –
Strong f = 0.010 f = 0 f = 0 – – – –

N = 2 · 106 N = 0 N = 0 – – – –

Table 5.2: Long-term trends (2003-2016) of simulated monthly long-distance air-
borne Pgt-spore transport to the Bale zone in Ethiopia. Spore transmission quantities
are summarized for four different ‘what-if’ scenarios of wheat stem rust outbreaks with
varying spore canopy escape rate at the source (very small: N v.small

tot = 5 · 109; small:
N small
tot = 5 · 1011; moderate: Nmod.

tot = 5 · 1013; strong: N strong
tot = 5 · 1015). Months

with no overlap of the main wheat season in the potential source country and in Ethiopia
are marked with ‘–’; there was no such overlap in January through May for any of the
countries. For months of overlapping main wheat seasons at source and target, two spore
transmission quantities are given: (i) the mean proportion of release days with viable
spore deposition (> 100 spores day) on wheat areas at the site of first detection, denoted
as f , and (ii) the median deposition amount (number of deposited spores) per deposition
day on wheat areas at the first detection site, denoted as N .
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of a moderate outbreak at sources). The number of deposition days, as well as the median
deposition amount per deposition day from West-Yemen to the Bale zone are higher than
from any other potential source country during most months. Hence, for comparable out-
breaks in different source-countries, the risk of incursion from Yemen is greatest.

In general it is not necessarily the case that a higher number of spore deposition days
between two countries, say along route x, compared with two other countries, say route
y, implies a higher total number of transported spores (i.e. a higher pathogen load) along
route x, because deposition amounts vary highly non-linearly, over several orders of mag-
nitude. For example, one may distinguish the following risk-scenarios: ‘high frequency
and high pathogen load’ in June from Yemen, compared with ‘medium frequency and
high pathogen load’ in November from Yemen, and ‘high frequency but medium pathogen
load’ in August from Kenya (compare Figure 5.5).

The results for different outbreak scenarios are summarized in Table 5.2. There is a no-
tably high risk of spore transmission from the highlands in West-Yemen over the Red Sea
into the wheat fields in the Bale zone of Ethiopia during June. Even for very small or
small outbreaks (with approximately 1-10 hectare infected area at approximately 5-15%
severity and incidence) simulations predict viable Pgt-spore transmission on more than
50% of release days (with a median spore deposition amount per deposition day of ap-
proximately 102-104 [spores / day]). Also, there is a considerable risk of spore transport
from Kenya during months June, July and August even for small outbreaks. On the other
hand, in November, even in case of a localized epidemic outbreak in Kenya (with approx-
imately 104 [ha] infected wheat fields and 50% severity and incidence) viable Pgt-spores
are transported to the Bale zone only on approximately 2% of release days. Table 5.2
provides a reference to inform the timing of early-warning surveys to prepare for deploy-
ment of control measures in Ethiopia in response to outbreaks of different size in potential
source countries for Pgt-spore incursion.
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5.5 Discussion

5.5.1 Likely source-origin of race TKTTF in Ethiopia

For both, incursion during the belg season (June 2012) and incursion during the previous
meher season (September – November 2011), results indicate wheat fields in West-Yemen
as the most likely origin of TKTTF in Ethiopia (Figure 5.2 and Figure 5.3). Eritrea con-
stitutes an additional, but less likely source, and there is also evidence for the possibility
of direct incursion of Pgt-spores from sources in the Middle East (Iraq and Iran) and from
countries in the southern Rift-Valley (Kenya and Tanzania). The results are consistent
with (limited) available data from field sampling and phylogenetic analysis; the TKTTF
isolates from Ethiopia are genetically similar to those from several countries in the Mid-
dle East, as well as to samples collected in Yemen and Sudan (genetic Clade IV-A.1; Dr
L. Szabo, pers. comm.), indicating that TKTTF spread from the Middle East southwards
into the East African Rift-Valley. A plausible hypothesis is that TKTTF first spread from
Iran (where it was first detected in 2010) to Yemen (where it remained undetected until
2014), and then further from Yemen into Ethiopia. It is feasible that TKTTF remained
undetected in Yemen before detection in Ethiopia, because the number of available sur-
vey data entries from Yemen is very low. It should be noted again that human mediated
incursion cannot be absolutely ruled out, but circumstantial evidence around the spread
of TKTTF and the location of the detection sites indicate that it is less likely than aerial
dispersion in this case-study.

5.5.2 LPDM simulations as a tool for source-localization

Despite the availability of 3-dimensional backwards modes in LPDMs, these have not
previously been used in the field of plant epidemiology; in a recent review (Schmale and
Ross, 2015) stochastic backwards trajectories are discussed, but only in terms of single re-
lease altitudes and 2 dimensional advection. A number of recent studies regarding fungal
pathogens have used a low number (<100) of mean backwards trajectories and a single
release altitude to infer likely origins (Fernández-Rodríguez et al., 2015; Grinn-Gofroń
et al., 2016; Sadyś et al., 2014; Skjøth et al., 2009). Similar approaches are also found in
related fields of other biological particulates (Hernández-Ceballos et al., 2011, 2014).

While these approaches are useful for certain atmospheric conditions (notably relatively
stable laminar flow), they neglect 3-dimensional turbulence and vertical wind shear. In
particular, mean trajectory modelling approaches imply a number of over-simplifying as-
sumptions. Firstly, using a single (or very few) trajectories assumes that turbulent trans-
port processes can be realistically represented by following single air-parcels in turbulent
air-flow. Due to the complexity of turbulent transport it is known that this can lead to un-
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reliable results. For example, in a recent study Burgin et al. (2013) show that using only 3
backwards trajectories leads to incorrect inferences about likely origins of a wind-borne
livestock disease. Secondly, the use of mean (instead of stochastic) trajectories assumes
that the effects of molecular diffusion and unresolved turbulent variations of the wind ve-
locity field can be neglected. This can lead to large differences between mean trajectories
and actual atmospheric transport processes (Lin, 2013; Stohl et al., 2002). Thirdly, release
of tracer particles from single altitudes in backward simulations chosen to represent the
altitude from which deposition may have occurred assumes homogeneous vertical wind
profiles. But horizontal wind direction can vary strongly with altitude above the ground
surface, even pointing in opposite directions.

The results for different release altitudes in the vertical atmospheric column above the
first detection site clearly show that vertical wind shear can have very strong effects on
the origin predicted by backward simulation (see June-July 2012 in Figure 5.1). At other
times (see October-December 2011 in Figure 5.2) there is little vertical wind shear, and
a single representative altitude leads to useful approximations. This emphasizes that the
appropriate complexity of dispersal models depends on case-specific atmospheric condi-
tions.

It is widely accepted, that LPDMs generally outperform simpler mean trajectory, box or
Gaussian plume models (Lin, 2013; Stohl et al., 2002). In forward mode LPDMs can be
used as a tool for source-localization by defining a large array of possible sources, and
simulating release, transport, loss of viability and deposition on the target. The possibility
of using large numbers of source locations in time-forward LPDM simulations conducted
on advanced computing resources (as done here in Section 5.3) allows for great flexibility
in the application of dispersal models to analyse a range of scenarios. Lagrangian models
have been widely used with a small number of sources at canopy and field scales, both
in simulation as well as more analytically and in combination with field measurements
(Aylor and Flesch, 2001). However, for regional and continental scales only a few studies
of fungal spore dispersal have been reported using state-of-the-art LPDMs; these made
use of NAME and HYSPLIT (Olivera Firpo et al., 2015; Pan et al., 2006; Wang, 2010).

5.5.3 Functional form of spore viability

The relatively small effect of different spore viability models on deposition quantities at
the site of first detection for different source locations and months of the year (as reported
in Section 5.4.3; Figure 5.4) shows that a simple, time-dependent viability function can
be an appropriate simplification if one aims at a parsimonious model for viability. Large
variations of the meteorological variables, such as cloud cover, that influence spore vi-
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ability, occur on shorter time-scales than the total transport time of spores. A simple
time-dependent scheme can therefore capture the average loss of viability with a level of
accuracy, which may be sufficient, depending on the aim of simulations. On the other
hand, the new UV dose-dependent scheme introduced here is more realistic, and can ac-
count for more extreme scenarios, as, for example, spore transport under entirely clear
sky conditions for the entire duration of atmospheric transport.

In general, the effect of the functional form of spore viability on total deposition amounts
depends on the travel time between release and deposition, as well as on the input me-
teorology. In previous work the viability of other rust spores, causing soybean rust, has
been measured experimentally, and the results have been implemented into the Integrated
Aeriobiology Modelling System (IAMS) (Isard et al., 2006). For Pgt-spores on the other
hand, the available experimental data are sparse, which is a limiting factor for the accu-
racy of our spore viability model. The higher sensitivity of Pgt-spores to UV radiation
at high relative humidities, as shown in Schwinghamer (1958), has an important conse-
quence for assessments of meteorological conditions that are conducive for long-distance
transport: Pgt-spore transport below clouds (but not in clouds) is particularly suitable for
very long-distance transport events.

5.5.4 Long-term trends of airborne pathogen inflow into Ethiopia

The results of simulations across multiple years conducted in this study (Figure 5.5 and
Table 5.2) show strong seasonal trends in dispersal patterns. These, in turn, allow the
identification and ranking of different countries as potential sources for incursion of exotic
races of Pgt into sub-Saharan Africa’s largest wheat producing country. The consistency
of seasonal trends among years suggests that the seasonal inflow pattern identified for
the case of TKTTF in 2011-2012 (Figures 5.1, 5.2 and 5.3) is representative of inflow
patterns into Ethiopia in other years. The larger extent of the airborne catchment area in
June-August (Figure 5.3) implies a particularly high potential of inoculum inflow, which
can then act as a reservoir and inoculum source for the main meher wheat season in
Ethiopia. This may have contributed to recurrent wheat rust epidemics during recent
decades in Ethiopia, because it indicates a large potential for inflow of pathogens from
external sources.

5.5.5 Practical relevance

The information about the risk of exotic Pgt-spore dispersal into Ethiopia, summarized
in Table 5.2, may be used to assess future risk from neighbouring countries and inform
the timing of surveillance and control. However, it is important to recall that these results
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are probabilistic long-term trends, which cannot directly be extrapolated to future years.
Rather, these should be interpreted as follows: the consistent seasonal trends, in combina-
tion with the estimates of certain ‘what-if’ scenarios of source strength necessary for spore
deposition quantities above a critical lower threshold, allow a narrowing of the ranges of
probabilities of exotic long-distance Pgt-spore incursion in different months, from differ-
ent sources for different outbreak scenarios. There is great potential in combining these
long-term estimates with short-term forecasting of spore dispersal from the latest detec-
tion sites in the field. While this Chapter concentrated on the incursion of strain TKTTF
into Ethiopia, as well as on long-term trends of Pgt-spore incursion into Ethiopia, the next
Chapter focusses on automated short-term spore dispersal forecasts from the latest field
disease detection sites in Ethiopia.
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5.6 Chapter Summary

• Large-scale atmospheric dispersal simulations suggest that Yemen is the
most likely origin of Pgt race TKTTF that caused severe wheat stem rust
epidemics in Ethiopia in 2013 and 2014.

• LPDM time-backward simulations with different release altitudes underline
the importance of considering vertical wind shear when using backward sim-
ulations as a method for source-localization.

• The concept of a long-distance airborne catchment area is introduced to de-
lineate the geographic area from which any pathogens may be transported
to a target area given a certain atmospheric flow regime and a maximum
lifetime of pathogens during transport. The airborne catchment area of the
Bale zone in Ethiopia is much larger in summer (June-August) than in winter
(October-December).

• In summer (June-August), the inflow of Pgt-spores is possible from both,
countries in the south and north/north-east. In winter (October-December),
risk of inflow is much higher from the north-east.

• High-performance computing resources allow the use of LPDM time-
forward simulations from a large grid of sources as a method for source-
localization.

• In this case study the shape of the viability decay function (UV dose-
dependent vs. time-dependent) had a relatively small effect on deposition
quantities on the first detection site (compared with overall variations of de-
position quantities, which are driven by, for example, predominant winds and
precipitation).

• The new UV dose-dependent viability decay scheme is more realistic and al-
lows accounting for more extreme transport scenarios, such as, for example,
entirely clear sky conditions for the entire transport duration of a spore cloud.

• Long-term trends of long-distance airborne incursion from neighbouring
countries into Ethiopia are summarized for a set of outbreak scenarios. These
may be used as a first approximation of the risk for wheat production in
Ethiopia in case of future outbreaks in neighbouring countries.
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Chapter 6
Emergency response dispersal risk assessments and short-term spore
dispersal forecasting

This chapter summarizes the development and initial testing of real-time applications of
the long-distance dispersal (LDD) modelling framework. A set of emergency response
simulations were conducted, providing risk assessments and guidance for international
surveillance during recent wheat stem rust outbreaks. These are briefly summarized in
Section 6.1 with emphasis on one case, the large epidemic in Sicily (Italy) in 2016, com-
paring dispersal model predictions with field survey data from the year after the outbreak.
The main part of this chapter describes a pilot study testing the feasibility of an automated
short-term spore dispersal forecasting system in Ethiopia (Section 6.2). The motivation,
methods, recent examples of forecasts and initial test cases are summarized in Sections
6.2.1 to 6.2.4. Potential lines of future work are discussed in Section 6.2.5. The pi-
lot study summarized in this chapter contributed to a successful grant proposal entitled
‘Real-time and seasonal forecasting of wheat rust epidemics to inform surveillance and
control: Ethiopia as a Low and Middle Income Country (LMIC) test case’. The grant
from the Biotechnology and Biological Sciences Research Council’s (BBSRC) Global
Challenges Research Fund (GCRF) provides funding for the currently ongoing extension
of the test version of the forecasting system into an operational wheat rust early warning
system in Ethiopia.

6.1 Emergency response dispersal simulations after recent outbreaks

During the time of this PhD project a number of wheat stem rust outbreaks were de-
tected in various countries. To contribute to disease control by early warning, dispersal
risk assessments were conducted by the author, in collaboration with the Atmospheric
Dispersion and Air Quality (ADAQ) Group at the UK Met Office and Dr D. Hodson at
the International Centre for Maize and Wheat Improvement (CIMMYT). Directly after
reports of disease outbreaks, likely wind dispersal patterns of pathogens from outbreak
sites were estimated using NAME introduced in Chapter 2. The emergency response dis-
persal simulations are summarized in Table 6.1. The results contributed to the broader
international effort as part of the Borlaug Global Rust Initiative31, aiming at reducing
losses to wheat production and mitigating risks of large scale epidemics.

Figure 6.1 illustrates results of the dispersal simulations conducted after the epidemic in
Sicily in 2016, the largest European wheat stem rust outbreak in several decades. Likely
dispersal patterns from the Sicily outbreak were obtained for every day of the time-period
of the outbreak (from first detection in April to June). A sensitivity analysis to differ-
ent scenarios of potentially infected area was conducted, accounting for the uncertainty
around estimates of infected area from field surveys. Figure 6.1 shows the cumulative

31 see: www.globalrust.org
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Year Country Epidemiological setting Type of risk assessment Communication / outreach

2014 Ethiopia
localized outbreaks

risk to neighbouring countries?
monthly mean dispersal

(Nov. & Dec.) collaborator Dr D. Hodson

2014
Egypt

(Nile-Delta)

first detection of strain
Ug99 in Egypt

risk to Mediterranean region?

monthly mean dispersal
(Apr., May, Jun.)

public caution note for the
Mediterranean area
(CIMMYT, 2017)

2015
2016

Russia
(Siberia)

large epidemics
(estimated area > 106 [ha])

risk to Europe, China, India?

monthly mean dispersal
(Jul. & Aug.)

key stakeholders,
poster (Shamanin et al., 2018)

2016
Italy

(Sicily)

largest European
wheat stem rust outbreak

in several decades
risk to European wheat?

monthly mean dispersal
(May & Jun.)

sensitivity analysis

public caution note for the
European wheat production

(GRRC, 2017)
(FAO, 2017)

Nature News coverage
(Bhattacharya, 2017)

2018
Egypt

(Nile-Delta)

early occurrence
of stem rust

risk to Mediterranean region?

long-term dispersal trends
seasonal consistency collaborator Dr D. Hodson

2015 -
ongoing Ethiopia

all key disease detection sites
risk to wheat in Ethiopia?

automated short-term
spore dispersal forecasts

key stakeholders
(see Section 6.2)

Table 6.1: Emergency response dispersal simulations after recent wheat stem rust
outbreaks. Dispersal simulations were conducted to provide risk assessments for in-
ternational surveillance teams and agricultural stakeholders following a set of epidemic
outbreaks and detections of novel strains in different countries. The dispersal simulations
were conducted by the author in collaboration with the ADAQ Group at the UK Met Of-
fice, and Dr D. Hodson at CIMMYT, providing dispersal risk assessments to agricultural
stakeholders within a few weeks after reports of disease outbreaks.

monthly deposition pattern for June, the month before harvest, for the case of a moderate
outbreak (spore canopy escape rate: 1.4 · 1013 per day). Despite high daily variations in
the dominant direction of spread, there is a tendency for increased dispersal towards the
north-east in the aggregated monthly deposition pattern. Dispersal patterns for May are
comparable to those of June, with a tendency for easterly dispersal and less pronounced
north-easterly dispersal (see FAO, 2017; GRRC, 2017). Dispersal risks are illustrated
here for the last month of the wheat season (June) because it is likely that the epidemic
outbreak was largest in June, assuming that disease prevalence increased over time from
the beginning to the end of the wheat season. The simulations contributed to a rapid re-
sponse assessment by the scientific and agricultural community following the outbreak
in Sicily. The information from field disease surveys (CIMMYT, 2017), phenotypic race
analyses32 and dispersal simulations were summarized and a set of recommendations was
formulated for agricultural stakeholders (FAO, 2017; GRRC, 2017). The international ef-
fort in response to the return of wheat stem rust to Europe was covered in a Nature News
article (Bhattacharya, 2017).

32 conducted at the Global rust reference Center (GRRC) in Denmark: www.wheatrust.org
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Figure 6.1: Simulated Pgt-spore deposition from the wheat stem rust outbreak in
Sicily (Italy) in 2016 compared with field detections in 2017. The map shows the cu-
mulative monthly Pgt-spore deposition for June, 2016, from simulations of daily release
from the outbreak site in Sicily. All field disease detection sites and phenotypic race des-
ignations for the year 2017 are plotted, as available on the wheat stem rust race tracker tool
(CIMMYT, 2017), complemented by data from Dr M. Patpour (GRRC, pers. comm.).

In the year following the outbreak, which was caused by wheat stem rust race TTRTF33,
field disease surveys, including race analysis of collected isolates, were conducted in
several European countries. As shown in Figure 6.1, in 2017, the year after the outbreak,
race TTRTF was detected in those areas predicted as higher risk areas in simulations. This
indicates that these detections of TTRTF could have been caused by airborne dispersal
from the outbreak site in Sicily, providing indicative support for the modelling predictions.
Further, the sample in Sardinia, in much closer geographic proximity to the outbreak site
in Sicily, but outside the predicted high risk zone, was a different race, and is therefore
very unlikely to have originated from the Sicily outbreak. This also supports dispersal
simulation predictions as a negative sample in an area of low dispersal risk. No field
survey data are available from the south-eastern European countries for the years before
the Sicily outbreak except for the detection of race TTRTF in Georgia in 2014 (Dr D.
Hodson, CIMMYT, pers. comm.). It is therefore possible that the TTRTF detection sites
of 2017 in northern Italy, Croatia and Hungary were caused by spore dispersal from the
initial detection site in Georgia, or by undetected infections in different geographic areas.
The empirical evidence for the dispersal simulations therefore remains indicative.

33 Note that the race causing the outbreak in 2016 was identified as race TTTTF in the initial preliminary
assessments (see, for example, FAO, 2017), but subsequent testing with more wheat differentials showed
that the outbreak was actually caused by TTRTF (Dr J. Grønbech Hansen, GRRC, pers. comm.).

155



Chapter 6. Emergency response dispersal risk assessments and short-term spore dispersal
forecasting

The other emergency response dispersal risk assessments listed in Table 6.1 were compa-
rable in terms of the numerical set-up of the dispersal simulations, providing near real-
time estimates of likely spore deposition patterns a few weeks after reports of disease out-
breaks. The feedback from international surveillance experts and agricultural researchers
was positive, indicating that the simulations were helpful for improving risk assessments
and communicating risks (Dr D. Hodson, Dr B. Randazzo, Dr A. I. Morgunov; pers.

comm.). However, the sparsity of field survey data on regional and continental scales
in many countries poses severe limits to model validation. The numerical investigations
presented the best available estimate of dispersal risks to different countries.

6.2 Pilot study: automated short-term dispersal forecasts in Ethiopia

The feasibility of providing automated short-term spore dispersal forecasts from the latest
field disease detection sites in Ethiopia was tested in a pilot study conducted by the author
in collaboration with Dr D. Hodson (CIMMYT) and Dr L. Burgin (UK Met Office). The
following sections describe the motivation (Section 6.2.1), methods (6.2.2), and examples
of recent results (6.2.3). Successes, challenges and potential lines of future work are
discussed along with a set of initial test cases in Sections 6.2.4 and 6.2.5.

6.2.1 Motivation & key questions

Ethiopia is the main wheat producing country in sub-Saharan Africa (FAOSTAT, 2014).
It is estimated that more than 4-5 million small-holder farmers depend on wheat produc-
tion, both as a food crop or as a source of income (Taffesse et al., 2018). Wheat stem rust
and wheat stripe rust are the major biotic constraints on wheat production (Dr D. Hodson,
pers. comm.). Recurrent epidemics have occurred in Ethiopia during the last decades,
including a major wheat stripe rust epidemic in 2010 with an estimated 400,000 hectare
infected (Sanders, 2011), and a large wheat stem rust outbreak caused by race TKTTF in
2013 (see Chapter 5). In 2010, around $3 million worth of fungicides were imported by
the government in an attempt to control the wheat stripe rust epidemic (Sanders, 2011).
The use of fungicides proved highly ineffective due to a lack of planning, and the ab-
sence of early warnings that would have allowed timely disease control measures (Dr D.
Hodson, pers. comm.). The identification of high risk areas for disease outbreaks early
in the wheat season could improve surveillance and control of wheat rusts in Ethiopia,
by increasing the chances for early disease detection, and by targeting the deployment of
fungicides and rust resistant varieties to important areas for disease control. The key ques-
tions addressed in the pilot study testing the feasibility of automated daily spore dispersal
forecasts are as follows

• Can the model data from the global weather forecasts of the UK Met Office be used
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to predict likely spore dispersal from the latest wheat rust field detection sites in
Ethiopia?

• What are the necessary steps of the work-flow between involved institutions for the
automation of spore dispersal forecasts?

• What kind of information (design of map, summary report etc.) is useful for key
agricultural stakeholders in Ethiopia?

• How can the dispersal forecasts be tested?

6.2.2 Work-flow and model versions

6.2.2.1 Work-flow for short-term spore dispersal forecasts in Ethiopia

The work-flow established to provide the dispersal forecasts is illustrated in Figure 6.2.
Field disease surveys are conducted in Ethiopia as part of a separate project (CIMMYT,
2017). The field data available during the wheat season are collected by CIMMYT and
the Ethiopian Institute for Agricultural Research (EIAR), who identify a set of key disease
locations in important wheat growing areas (hereafter referred to as source locations). In-
formation about these source locations (coordinates, infected area, severity and incidence,
type of disease) are passed to the Epidemiology & Modelling Group and processed as in-
put to the automated scripting routines used to parameterize the daily NAME dispersal
simulations. The dispersal forecast simulations are conducted on the hardware of the
UK Met Office34, processing the latest global weather forecast data as input. Figure E.1
in Appendix E.1 summarizes the timing of the daily forecasting simulations. Dispersal
forecast results are transferred to the Epidemiology & Modelling Group, where they are
post-processed and plotted. All aforementioned steps, except for the update of source
locations, were automated using a set of Perl, MATLAB and Python scripts as well as
Windows and Linux job scheduling tools. For every day of the wheat seasons 2015 to
2017, a set of spore dispersal forecast maps were automatically plotted and shared with
Ethiopian partners (see Section 6.2.3).

6.2.2.2 Model versions

The general work-flow, as introduced in the previous section, remained unchanged for
the duration of the pilot study. The forecasting simulations and the forecasting product
was adapted several times. Table 6.2 gives an overview of the different forecasting model
versions.
34 in 2015 and 2016 they were conducted on the computing facilities of the ADAQ group; in 2017 the

forecast simulations were conducted on the new Met Office’s super-computer

157



Chapter 6. Emergency response dispersal risk assessments and short-term spore dispersal
forecasting

Figure 6.2: Diagram summarizing the work-flow and stakeholders involved in the
spore dispersal forecasting system in Ethiopia. The yellow box summarizes key stake-
holders influencing wheat production. The grey boxes show the key actions, methods and
stakeholders involved in the spore dispersal forecasting system. The currently ongoing
extension of the dispersal forecasting system includes the development of environmental
and epidemiological model components, as well as the set-up of a public homepage for
sharing wheat rust risk assessments and recommendations for agricultural stakeholders.

During the first two wheat seasons (model version 1 and 2 in Table 6.2), the parame-
ters for simulating fungal spore dispersal in NAME, as introduced in Chapter 2, were
used for all daily simulations. The source parameters (coordinates, timing), as well as
the temporal domain for atmospheric transport simulations and deposition sampling were
adapted as part of the automated forecasting system simulating daily release from detec-
tion sites. The source strength was set to unit emission and the forecast maps indicated
relative dispersal risks, classifying deposition areas into high, low and very low risk areas.

In 2017, the forecasts were extended in two ways: (i) dispersal was simulated for both
wheat stem rust and wheat stripe rust with a separate parameterization for each disease;
and (ii) spore release rates were estimated based on information about infected area and
disease intensity from field disease surveys. For the dispersal simulations of Puccinia

striiformis f. sp. tritici (Pst), the spores transmitting wheat stripe rust, a simple param-
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Year Model version Forecast product Key aspects of development & testing

2015 version 1
- daily maps with

relative dispersal risks

automated daily short-term forecasts of dispersal risks from
the latest wheat stem rust field detection sites

- testing numerical set-up
- testing automated file-transfer
- testing design of output maps
- testing plausibility of outputs
- results only shared with direct collaborator Dr D. Hodson

2016 version 2
- daily maps with

relative dispersal risks
- daily GIS raster files

automated daily short-term forecasts of dispersal risks from
the latest wheat stem and stripe rust field detction sites

- 4 updates of source locations during the main wheat season
- use parameterization for stem rust as proxy for stripe rust
- testing: comparison of dispersal risk assessments with

field survey data and anecdotal evidence in case-study
- results shared as preliminary test version with key stakeholders

(CIMMYT, EIAR, Ethiopian ministry for agriculture)

2017 version 3

- daily maps with
relative dispersal risks

- daily maps with
deposition amounts

- daily GIS raster files

automated daily short-term forecasts of dispersal risks from
the latest wheat stem and stripe rust field detection sites

- 5 updates of source locations during the main wheat season
- separate parameterization for wheat stem rust and stripe rust
- estimates of spore release rates and deposition amounts
- testing: comparison of dispersal risk assessments with

phone survey data
- results shared with key stakeholders in bi-weekly meetings

(CIMMYT, EIAR, Ethiopian ministry for agriculture)

2018 version 4 – in development –

automated daily short-term forecasts including
(i) advanced spore dispersal simulations
(ii) environmental suitability for infection
(iii) epidemiological risk assessments

Table 6.2: Model versions of the automated short-term spore dispersal forecasting
system in Ethiopia. The table summarizes the different model versions of the short-
term forecasting system for spore dispersal in Ethiopia. The development and initial
testing during the pilot-study (versions 1-3) was led by the author, in close collaboration
with Dr L. Burgin from ADAQ at the Met Office and Dr D. Hodson from CIMMYT.
Following the initial pilot study, a BBSRC GCRF grant was awarded for the currently
ongoing extension (version 4) into a semi-operational forecasting system for wheat rusts
in Ethiopia (conducted by a group of people at the University of Cambridge, the UK Met
Office, CIMMYT and EIAR).

eterization was used. The spore diameter was set to 23 micrometers (compared with 26
micrometers for stem rust), in accordance with experimental measurements (Eversmeyer
and Kramer, 2000). To account for the higher sensitivity of Pst-spores to UV radiation,
the half-life for the exponential decay scheme in NAME was set to 13000 [s] (compared
with 39000 [s] for stem rust), approximating experimental results and previous modelling
work (Maddison and Manners, 1972; Kim and Beresford, 2008). Spore canopy escape
rates for wheat stem rust were estimated based on the methodology introduced in Section
3.3.3.4, using information about infected area, severity and incidence from field disease
surveys to define spore canopy escape rates for each source separately. The same method-
ology was used for estimates of spore canopy escape rate of Pst-spores, but assuming that
approximately 5 times fewer Pst-spores are produced compared with Pgt (in accordance
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with Rapilly, 1979; Roelfs et al., 1992). For every day of the wheat season 2017 two
separate sets of dispersal risk maps were produced, one for stripe rust and one for stem
rust (see Section 6.2.3).

A test version of a more advanced spore dispersal scheme was developed for implemen-
tation during the next wheat season (starting in August 2018). This consists of three im-
provements: (i) spore canopy escape rates at source locations are scaled by meteorological
conditions (wind speed, precipitation) at the source; (ii) the UV dose-dependent spore vi-
ability decay scheme, as introduced in Chapter 5; and (iii) a separate parameterization for
all three types of wheat rusts (stem rust, stripe rust and leaf rust). These adaptations were
implemented by the author into the NAME source code and are currently in review for
implementation into one of the future NAME releases (Meyer, 2018).

6.2.3 Examples of spore dispersal forecasts

For every day of the wheat seasons 2015-2017 a set of spore dispersal forecast maps was
automatically produced and shared with Ethiopian partners. In particular, for each day,
t, and source location, l, a set of seven maps was plotted. The first dispersal map shows
the 24-hour cumulative deposition from source location, l, on the current day (in the 24
hour time-interval from t − 1 until t). The next 6 maps show spore dispersal forecasts
for days t + 1 until t + 6. The temporal scheme for simulating spore release and sam-
pling deposition is summarized in Figure E.2 in Appendix E.2. A set of maps is plotted
for each source location separately. Also, one map plots the aggregated spore deposition
from all sources for each day. Figure 6.3 illustrates an exemplar output of the forecasting
system for one day of the last wheat season, 2017, in Ethiopia, showing spore deposition
forecasts from all wheat stem rust detection sites. Figure E.3 in Appendix E.3 shows the
corresponding forecasts for the same day from all wheat yellow rust detection sites. As
wheat rusts have a latent period of approximately 1-2 weeks, the 6 day forecasts allow
warnings about risks of disease approximately 2-3 weeks before the potential emergence
of symptoms at the recipient location.

In the initial test phase (wheat season 2015) the maps were only used for consistency
checking and discussion with direct collaborators in Ethiopia (Dr D. Hodson and col-
leagues). During the last two wheat seasons (2016, 2017), the dispersal forecast maps
were combined with the latest available information from field surveys in the form of a
short document summarizing the wheat rust situation in Ethiopia. These wheat rust risk
reports were written by Dr D. Hodson at CIMMYT every 2-3 weeks throughout the wheat
season, and were shared with different agricultural stakeholders (Ethiopian Institute for
Agricultural Research, CIMMYT, Ethiopian Ministry of Agriculture). The risk reports
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Figure 6.3: Exemplar Pgt-spore dispersal forecasts from wheat stem rust detection
sites in the wheat season 2017 in Ethiopia. The set of maps shows the output of the
dispersal forecasts for one exemplar day in the main wheat season (08/11/2017). For
every day of the wheat season a set of 7 spore deposition maps, as illustrated here, was
automatically produced, illustrating the forecasts of likely spore deposition from the latest
field disease detection sites. Exemplar forecasts from wheat stripe rust detection sites are
illustrated in Figure E.3 in Appendix E.3
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received positive feedback from different Ethiopian partners, contributed to raising aware-
ness, and provided decision support for targeting surveillance efforts.

6.2.4 Initial testing of the spore dispersal forecasts

Ideally, spore dispersal forecasts should be quantitatively validated by comparison with
empirical measurements of spore concentrations in air or spore deposition amounts on
wheat areas in Ethiopia. However, empirical data that could be used for quantitative
model validation is not available35. Therefore, alternative ways were explored for how
the forecasting system could be tested, as a first step towards future research.

6.2.4.1 Consistency between spore deposition patterns derived from forecast and
historical meteorological data

During the first wheat season of the pilot study (August to December 2015), the con-
sistency between spore deposition patterns derived from forecast and historical meteoro-
logical data, respectively, was tested in a simple visual comparison. In particular, spore
dispersal forecasts were obtained for day, t, based on simulations conducted on a previous
day, t−τ , processing meteorological forecasting data available at t−τ . These were com-
pared with deposition patterns for the same day, t, obtained from simulations conducted
at a later day, t + τ , based on historical meteorological model data that includes weather
observations for day t (see Figure E.4 in Appendix E.4). While this confirms that the
forecasts are plausible for some exemplar days, a systematic validation of the forecasting
performance of the Unified Model (UM) in East Africa is well beyond the scope of this
project. Potential future work to improve the understanding of uncertainties in meteoro-
logical forecasting data could involve comparisons to weather station data from Ethiopia
or the use of ensemble modelling techniques.

6.2.4.2 Comparing spore dispersal forecasts with anecdotal evidence and field dis-
ease surveys

In mid November 2016, a series of unusually strong westward dispersal events from in-
fected sources in the Bale and Arsi Zones in Ethiopia were predicted (see Figure E.5 in

35 To the knowledge of the author spore deposition measurements in Ethiopia are available from a past
experiment at three research stations in Ethiopia during 2001-2006 (Tadesse and Hundi, 2009), as well as
from two earlier studies dating back to 1998-2000 at the Sinana, Holetta and Kulumsa research stations
(Bekele, 2000; Hundie, 2000). The experiments counted numbers of spores in air using single spore
traps. Results show seasonal variations of spore numbers in air with peaks during the months October
and November, consistent with the timing of wheat rust diseases during the main wheat season. Whilst
confirming that there are high numbers of spores in air, the historical data from very few localized spore
traps without information about spore sources cannot be used to validate the regional-scale forecasting
system. To the knowledge of the author there are no currently ongoing experiments.
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Appendix E.4). These predictions indicated that spores may be transported from infected
sites in the central southern wheat producing areas over the Rift Valley onto wheat pro-
ducing areas west of the Rift Valley. The increased risk of dispersal was communicated
to agricultural extension agents in districts at risk, and it was reported by Ethiopian part-
ners that this early warning succeeded in directing survey teams to assess disease status.
The forecasts were also reported to have induced farmers to initiate timely application of
fungicide to reduce disease and crop loss (Dr D. Hodson, and participants at the launch
meeting of the BBSRC project in Addis Ababa, Ethiopia, 2017; pers. comm.). However,
comparing these anecdotal statements to the field disease survey data, as available after
the end of the wheat season 2016, shows that both wheat stem rust and wheat stripe rust
had already been well established in the area on the west side of the Rift Valley before the
time of the predicted high risk dispersal in November (see Figure E.5 in Appendix E.4).
This information from field disease surveys was not available to key stakeholders during
the wheat season, because the survey data were not then centrally collected in real-time,
but were noted on paper and aggregated after the end of the wheat season.

As wheat rusts had already been widely established on the west side of the Rift Val-
ley, it seems likely that disease risk was dominated by local scale dispersal and not by
the regional scale dispersal events from sources on the east side of the Rift Valley. Ev-
idence remains inconclusive, neither confirming nor falsifying if the predicted regional
scale dispersal events actually happened, and whether they contributed notably to disease
risk (compared with local scale sources). This example highlights the difficulty of testing
long-range dispersal predictions based on incomplete field disease survey data.

To test if the dispersal forecasts are reliable in predicting the time of disease onset in
certain areas, one could obtain field disease survey data that show the time of first in-
cursion of wheat rust into certain districts by sampling in regular time-interval from the
very beginning of the wheat season. This date of first incursion could then potentially be
correlated with regional scale dispersal patterns, as for example done in Isard et al. (2007)
for soybean rust incursion into the Ohia River Delta. To test if long-range dispersal plays
a dominant role for disease spread in Ethiopia, one could conduct spore dispersal simu-
lations from all field disease survey sites, testing correlations between spore deposition
patterns and disease patterns.

6.2.4.3 Comparing spore dispersal forecasts with phone survey data

In the wheat season 2017, the dispersal predictions were compared with phone survey
data. The Ethiopian Agricultural Transformation Agency (ATA) recently started an auto-
mated phone survey system, asking hundreds of farmers and agricultural extension agents

163



Chapter 6. Emergency response dispersal risk assessments and short-term spore dispersal
forecasting

in bi-weekly time intervals to assess the incidence of selected crop diseases, including
wheat rusts, in different areas of Ethiopia. The data from these pilot trials of the phone
surveys were shared with the author for comparison with the dispersal simulations (Elias
Nure, ATA; Dr D. Hodson, CIMMYT, pers. comm.).

A simple analysis of the quality of the phone survey data from the initial pilot phase in-
dicates that the data are not reliable. Aggregating all phone surveys from the year 2016
shows that the total mean proportion of positives for reports of wheat rust in phone sur-
veys fluctuates around 50% from the beginning to the end of the wheat season (see Figure
E.6 in Appendix E.4). As the question posed in phone surveys has two possible answers
(disease: yes or no), the proportion of positives obtained in phone surveys coincides with
the proportion of positives expected by random chance. Therefore, it was decided that
the phone survey data cannot be used at the current stage of the project for actual model
testing. However, to explore the spatial aspects of the data, and provide an initial step to-
wards potential future model testing with this type of data, the phone survey results where
compared with dispersal forecasts.

Early in the main wheat season in 2017, a few disease detection sites were reported from
field surveys. These were used to define source locations in the forecasting system. The
cumulative deposition from these initial source locations over the first weeks of the wheat
season (July and early August; 19/07/-11/08/2017) was plotted against disease prevalence
data from mid August, as reported in phone surveys (see Figure 6.4). If the source loca-
tions in the forecasting system are representative of the key disease locations in Ethiopia
at that time, then the areas with higher cumulative spore deposition from these sources
could coincide with areas of higher reported disease prevalence in the weeks after initial
outbreaks, because the spores from the initial infection sites may have caused secondary
infections. Visual inspection of Figure 6.4 indicates no distinct pattern in the spatial dis-
tribution of positives in phone surveys, nor a visually obvious correlation with simulated
deposition amounts. The phone surveys indicate that wheat rusts are present in almost all
districts very early in the wheat season. No systematic analyses of spatial correlation be-
tween phone survey data and simulated deposition amounts was conducted, because the
initial quality testing of the phone survey data, described in above paragraph, indicates
poor quality of the phone survey data. However, if the quality of the phone survey data
can be improved, it promises great potential for model testing as it covers large spatial
areas in regular time intervals.

For future work it is recommended to strengthen collaboration with ATA in Ethiopia,
extending the testing of the quality of the phone surveys and attempting to improve its
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Figure 6.4: Comparison of simulated Pgt-spore deposition with disease prevalence
reported in phone surveys. The Ethiopian Agricultural Transformation Agency (ATA)
conducts automated phone surveys, sent to farmers and agricultural extension agencies,
asking for crop disease prevalence and types of diseases (data from Elias Nure, ATA,
pers. comm.). The disease prevalence, as reported for mid August (18/08/2017), is com-
pared with Pgt-spore deposition amounts from initial disease detection sites (wheat yel-
low rust) over the first weeks of the wheat season (end of July until beginning of August;
19/07/2017-11/08/2017). Phone survey data are only available for those districts shown
with bar-charts. The phone survey data indicate that wheat rusts are present in almost
all districts surveyed. However, initial testing of the quality of the phone survey data
indicates that responses are not reliable (see text and Figure E.6 in Appendix E.4).

reliability. More recent phone survey data from the wheat season 2017 recently became
available, and the phone survey questions were updated. Further testing could be achieved
for example by targeting areas that are also surveyed by field disease survey teams, and
by targeting trained agricultural extension agents.

6.2.5 Conclusions and recommendations

The pilot study confirmed the feasibility of obtaining automated short term spore dispersal
forecasts from the latest field detection sites, but also highlighted challenges associated
with testing the forecasts. Automated daily forecasts were provided for 3 consecutive
wheat seasons, and important first steps were made during the pilot study in moving to-
wards an operational wheat rust early warning system in Ethiopia. The forecasts were well
received and communicated as helpful for disease control by collaborators and funding
organizations. However, the initial attempts to evaluate model forecasting performance
by comparison with field disease survey data, anecdotal evidence from stakeholders and
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phone surveys remain inconclusive.

The pilot study of the forecasting system described above is currently being extended
into an advanced wheat rust early warning system for Ethiopia with funding from a BB-
SRC Global Challanges Research Fund award. As part of this project, the dispersal
forecasts are complemented with environmental suitability and epidemiological model
components. There are numerous examples of computational early warning systems for
plant diseases in the literature, ranging from the early ‘EPIPRE’ systems approach of
Zadoks and colleagues (Zadoks, 1981) to advanced early warning systems for soybean
rust (Isard et al., 2005, 2007) and powdery mildew (Main et al., 2001) in the USA, and a
recent EU2020 project (RUSTWATCH, 2018). One of the strengths of the forecasting sys-
tem under development for Ethiopia is the advanced nature of the modelling components
(complex Lagrangian stochastic dispersal simulations; detailed environmental suitability
model; complex stochastic epidemiological model). However, one of the challenges will
be to find a level of model complexity that is appropriate in light of available data for
testing, and in light of the needs of stakeholders. The following paragraphs summarize
some recommendations for future work as part of the Ethiopia early warning system.

6.2.5.1 Testing model performance

No empirical measurements of spore concentration in air or spore deposition amounts are
available at the moment, and will likely not be available on regional and continental scales
during the next few years. Model validation will therefore rely on field disease surveys
and potentially the phone survey data. There is an extensive field disease survey dataset
available, containing around 10 years of wheat rust field surveys for Ethiopia (CIMMYT,
2017). It is recommended that the central focus of the research funded by the BBSRC
GCRF award is on testing the different components of the forecasting system using the
historical field disease survey data.

6.2.5.2 Addressing the challenge of non-representative source locations

Comparing the source locations used for spore dispersal simulations with all survey data
available after the end of the wheat season shows that the source locations in forecasts do
not represent all key areas with positives in field disease survey data (see Figure E.5 in
Appendix E.4). This is because field disease surveys are conducted by different teams,
recorded on paper and are then digitized and centrally collected after the end of the wheat
season. During each wheat season, only a very small subset of the data were directly
passed to collaborators and used to define source locations for dispersal simulations. Field
disease surveys and phone surveys indicate widely distributed disease sites in different ar-
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eas of Ethiopia. If not all key disease sites are represented as sources in the dispersal
forecasts, then the resulting identification of high risk areas from forecasts will likely
not be representative of actual high risk areas for the disease. This means one may be
more successful in disease control by picking at random any district for deployment of
fungicides, compared with picking districts with high simulated deposition amounts. This
poses an interesting question: under which circumstances is it advisable for surveillance
and control to target areas with high spore deposition in dispersal simulations from a small
number of selected disease sites, considering that the knowledge about the actual disease-
distribution is incomplete and considering that historical disease data indicate endemic
disease presence in all wheat producing areas of Ethiopia? Different approaches are in
development for addressing the challenge of non-representative sources in LDD simu-
lations, including real-time digital field disease surveys and the use of epidemiological
modelling tools.

6.2.5.3 Scalability to other geographic areas and diseases

Most of the model components can be transferred to other geographic areas directly, al-
lowing for scalability of the forecasting system. Recently, a new EU2020 project was
launched, setting up a wheat rust early warning system for Europe (RUSTWATCH, 2018).
In terms of medium to long-term future work, one could extend some of the models from
Ethiopia to Europe, allowing further comparisons with empirical field disease data and
forecasts of dispersal risk for European wheat production.
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Chapter 7
General discussion & conclusions

7.1 Thesis summary

The recent emergence of novel strains of wheat stem rust poses a risk to global wheat pro-
duction by wind dispersal from infected areas over long distances (Brown and Hovmøller,
2002; Singh et al., 2008, 2011, 2015; Stokstad, 2007). The research described in this the-
sis advances our understanding and ability to predict wind dispersal of the pathogens
transmitting wheat stem rust on regional and continental scales. The aims of the research
project were: studying LDD of Puccinia graminis f. sp. tritici (Pgt)-spores for assess-
ing risks to wheat production posed by novel strains of wheat stem rust; advancing the
development of realistic dispersal models including complex meteorological drivers; and
contributing to the quantitative understanding of biological flows in the atmosphere.

The UK Met Office’s Lagrangian Particle Dispersion Model (LPDM), NAME (Jones
et al., 2007; Jones, 2015), was adapted to simulate long-distance dispersal (LDD) of Pgt-
spores in a set of case-studies. In Chapter 3, NAME was coupled to dynamic host and
environmental models, identifying key airborne migration routes for wheat stem rust in
Southern/East Africa, the Middle East, and Central/South Asia. Subsequently, dispersal
over extremely long distances was analysed in Chapter 4, providing supporting evidence
for dispersal of pathogens from southern Africa over the Indian Ocean to Australia. In
Chapter 5, the dispersal model was applied in time-backwards and time-forwards config-
urations to study the likely origin of an aggressive strain of wheat stem rust that caused
recent epidemics in Ethiopia. In the final results part of the thesis, Chapter 6, the focus
shifted to practical applications of the dispersal model. A set of emergency response sim-
ulations were summarized and a test version of a short-term spore dispersal forecasting
system was introduced, which provided outputs that were directly used by agricultural
stakeholders when facing recent wheat stem rust outbreaks.

7.2 Main contributions & limitations

The research described here shows that using high-performance computing, finely re-
solved meteorological data, and a state-of-the-art LPDM, combined with data from field
disease surveys and genetic analyses, improves our understanding of crop pathogen dis-
persal on continental scales. The analyses presented provide a basis for improved ad-
vanced warning and risk assessments. In respect of the four research objectives introduced
in Section 1.5, the following main contributions are emphasized.

169



Chapter 7. General discussion & conclusions

• Research objective 1 - development of realistic LDD models. The development
and implementation of mechanistic LDD models was advanced by testing and ex-
tending previous work of the Epidemiology & Modelling Group (Cox, 2014; M.
Hitchings, pers. comm.). The empirical literature was reviewed for the mecha-
nistic parameterization of the model for wheat stem rust, as well as for the other
wheat rusts (Appendices A.1 and A.2). Different adaptations of the NAME model
to fungal spore dispersal have been implemented and tested, including the coupling
to dynamic host and environmental model layers (Section 3.3), as well as an ad-
vanced UV dose-dependent viability decay scheme (Chapter 5). Different methods
for source localization on regional and continental scales have been tested (Section
5.3). An improved understanding of the sensitivity of LDD quantities to key pa-
rameters and model layers has been obtained (Chapters 3, 4, and 5). A test version
of a short-term spore dispersal forecasting system has been developed (Chapter 6).
The mechanistic simulations described in this thesis are more realistic than previous
modelling studies (see Table A.3 in Appendix A.3) of crop pathogen dispersal on
regional and continental scales with respect to the resolution and quality of meteo-
rological input, as well as with respect to the level of detail in the parameterizations
of key processes involved in LDD (spore release, complex turbulent three dimen-
sional transport, spore viability, spore deposition, infection after deposition).

• Research objective 2 - LDD case studies and model evaluation. The set of case
studies described in this thesis has substantially advanced our understanding of
likely LDD pathways of Pgt-spores by obtaining quantitative dispersal estimates
along key airborne pathways with relevance for global wheat production. This in-
cludes estimates of the risk of dispersal of novel strains of the Ug99 race group
from East Africa to the Indian sub-continent (Chapter 3); the potential of exotic
incursions of novel strains from southern Africa over the Indian Ocean to Aus-
tralia (Chapter 4); and likely incursion routes into Ethiopia, sub-Saharan Africa’s
largest wheat producing country (Chapter 5). In each case study, long-distance dis-
persal simulation predictions were compared with empirical data (phenotypic and
genotypic analyses, field disease survey data), previously published hypotheses and
related modelling work. The combination of model evaluations in the different case
studies provides a set of indicative evidence for the simulation framework of Pgt-
spores.

• Research objective 3 - novel quantitative perspectives on biological flows in
the atmosphere. The research described in this thesis has relevance beyond the
special case of wheat stem rust, as wind dispersal is an important mechanism for
the spread of several important crop diseases (Aylor, 2017; Brown and Hovmøller,
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2002; Nagarajan and Singh, 1990) and also plays an important role in other areas
of ecology, such as plant seed dispersal (Isard and Gage, 2001; Nathan, 2006). The
understanding of biological flows in the atmosphere was advanced by introducing
novel quantitative perspectives, including: the first estimates of frequencies and
amounts of LDD over continents with dynamically changing host and environmen-
tal landscapes for a set of source-strength scenarios (Chapter 3); a novel type of
mechanistic LDD network summarizing key aspects of dispersal, host and environ-
mental dynamics on large spatial scales (Section 3.4.2); and a novel mechanistic
perspective on continental scale dispersal kernels derived from sampling simulated
spore deposition amounts on sampling lines extending over thousands of kilometers
(Section 3.4.8).

• Research objective 4 - real-time applications with practical relevance. A set of
emergency response dispersal simulations were conducted, providing risk assess-
ments when facing recent wheat stem rust outbreaks (Section 6.1). A test version
of a short-term spore dispersal forecasting system in Ethiopia was developed in
a pilot study (Section 6.2), contributing to early warnings, outreach and research
funding.

The peer reviewed journal publications arising out of the research and collaborations dur-
ing this PhD project (Meyer et al., 2017a,b; Visser et al., 2018a), the conference posters
(Meyer et al., 2017c; Shamanin et al., 2018; Visser et al., 2018b), as well as the pub-
lic alerts with emergency response simulation results after recent outbreaks (CIMMYT,
2017; FAO, 2017; GRRC, 2017), the coverage in popular science news (Bhattacharya,
2017; Sarant, 2017), and the research funding to extend the pilot study (described in
Chapter 6) into a wheat rust early warning system in Ethiopia underline the contributions
made.

It is important to highlight the limitations of LDD assessments on regional and continen-
tal scales. As in all comparable LDD modelling approaches at such scales, there are large
uncertainties associated with different aspects of the aerobiological modelling framework
(Aylor, 2017). These are inevitable given the current experimental knowledge, the com-
plexity of the processes, the available computing power and the scope of this project. Key
uncertainties and model limitations are associated with the following aspects.

• Representation of weather phenomena in meteorological data. Meteorological
model data are used from one of the world-leading numerical weather prediction
models (the UK Met Office’s Unified Model; see Section 2.4.2). Despite the widely
accepted good performance of the UM, there can be considerable inaccuracies in the
meteorological model data in certain regions when compared with real-life weather
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phenomena (NOAA, 2018; Noh et al., 2016; Ingleby, 2015; Walters et al., 2017).
Quantifying the accuracy of NWP model data requires comprehensive validation
studies for the specific geographic areas of interest. Such validation studies are
well beyond the scope of this thesis. A key geographic focus of the studies de-
scribed here is East Africa. No systematic validation study of the UM for the ge-
ographic area of East Africa is publicly available (Martin Willett, Manager Global
Atmospheric Model Development, UK Met Office; Dr Laura Burgin, UK Met Of-
fice pers. comm.). The ranking of the performance of the Met Office’s global NWP
as one of the best NWP models worldwide includes metrics measuring the accuracy
of tropical winds - one of the key meteorological drivers for the spore dispersal es-
timates described in this thesis. A comparison of the forecasting data of the UM
in East Africa to its own analysis shows that the forecasting accuracy for winds is
comparable to other tropical areas (Martin Willett, Manager Global Atmospheric
Model Development, UK Met Office pers. comm.). Most global NWP models tend
to have difficulty capturing the diurnal cycle of precipitation in the tropics correctly,
typically overestimating precipitation over land at midday and underestimating pre-
cipitation at night (Willet and Whitall, 2017). These inaccuracies in precipitation
amounts on short (sub-daily) time-scales will likely have a negligible effect on the
long-term (more than a decade) analyses presented here. The quality of the meteo-
rological model data remains a key uncertainty. A valuable line of future research
would involve comparisons of spore dispersal quantities obtained in simulations
driven by meteorological data from different NWP models (for example UM vs.
ECMWF - European Center for Medium-Ranged Weather Forecasts).

• Estimates of source strength. The parameterization of source strength is the aspect
of an aerobiological modelling framework associated with the largest uncertainty,
estimated by Aylor at around 2 - 3 orders of magnitude (Aylor, 1986, 2017). In
previous modelling studies, this is addressed in different ways. Most studies sim-
ply do not consider source strength explicitly, and instead use either mean trajec-
tory models or analyse relative concentrations (Fernández-Rodríguez et al., 2015;
Grinn-Gofroń et al., 2016; Kim and Beresford, 2008; Sadyś et al., 2014; Singh
et al., 2008, 2011; Wang, 2010). Some previous studies have used order of magni-
tude estimates of source strength (Cox, 2014; Isard et al., 2005, 2007; Olivera Firpo
et al., 2015; Pan et al., 2006). Here both relative concentrations and order of mag-
nitude estimates are obtained. A new contribution of the research presented here
is the analysis of LDD quantities for a wide range of biologically plausible source
strengths, varying over more than 8 orders of magnitude to account for different
disease outbreak scenarios (Chapters 3 and 5).
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• Modelling of turbulent atmospheric transport and spore deposition processes.
It is widely accepted that LPDMs, as used here, are powerful tools that outperform
simpler approaches, such as, for example, mean trajectory models, and provide
useful approximations of long-range atmospheric transport processes (for details,
see Section 1.4). The physical transport and deposition processes in NAME have
been validated in numerous studies confirming good performance, but also showing
that there are considerable uncertainties around turbulent transport and deposition
quantities, for example in situations with very complex atmospheric flows (Section
2.4.1). For modelling biological spore dispersal in NAME it is assumed that spores
are spherical particles with constant density. In reality, spores are approximately
spherical or ellipsoid, but not perfectly spherical and their density can change as
a function of relative humidity (Eversmeyer and Kramer, 2000; Orr and Tippets,
1972). Further sensitivity analysis could be conducted to improve uncertainty es-
timates for spore dispersal modelling in NAME, for example by adapting the new
particle shape dependent sedimentation scheme developed for volcanic ash (Jones,
2015) to shapes of different types of fungal spores.

• Pgt-spore viability during atmospheric transport. The complex interactions be-
tween Pgt-spore viability, solar radiation and other meteorological variables are
not fully understood. Available experiments have tested spore survival as a func-
tion of radiation dose in fairly small samples of approximately 1000 spores (see
for example Maddison and Manners, 1972). This provides information about the
proportion of spores surviving a certain radiation dose until a single spore is left in
the sample (corresponding to approximately 0.1% of the total sample). But in real-
life outbreaks, extremely large numbers of 109 - 1012 spores are released per day
per hectare. When the proportion of viable spores in such a large spore cloud has
reached the lowest experimentally measured proportion, that is approximately 0.1%
of all released spores, then there are still approximately 105 - 108 spores viable. And
it is unknown if the shape of the survival curve from experiments can be extrapo-
lated to those remaining spores that may, or may not, survive higher UV doses (see
Aylor, 2017, for comparable arguments). The experiments in Maddison and Man-
ners (1972) indicate an exponential shape of viability decay, implying a long tail
of survival even at higher radiation doses, whereas experiments with spores trans-
mitting soybean rust (Isard et al., 2006) indicate a linear decay of viability with
increasing radiation, implying that no spores will survive a certain maximum radi-
ation dose. Future experimental work using large samples of Pgt-spores to test in
more detail spore survival would therefore be very important. In the simulations
described here, the analysis was restricted to the majority of released spores by set-
ting a maximum lifetime, neglecting those spores that may survive longer. It should
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be noted that individual urediniospores can clump (group) together during release,
with subsequent dispersal of clumps of spores. Spore clumping could improve the
protection of spores against environmental influences, such as UV radiation. As
it was reported that the majority of Pgt-spores travel as individual spores (Smith,
1966), the effect of clumping was neglected here.

• The numerical representation of wheat fields. The spatial distribution of wheat
fields is approximated by using the MapSPAM data as input You et al. (2005).
The MapSPAM data are obtained as the output of a crop distribution model which
uses wheat production statistics, combined with environmental and population data
as input. For spore dispersal quantities between countries on continental scales,
as analysed in most parts of this thesis, the national and regional scale distribu-
tion of wheat has a strong effect. As the crop production statistics going into the
MapSPAM model are available on national and regional scales, the quality of the
crop mask seems appropriate for the continental-scale analyses conducted here.
However, it should be noted that there may be considerable inaccuracies in the
MapSPAM data with respect to the local distribution of wheat areas.

• Wheat stem rust infection after deposition. The environmental suitability model
introduced in Chapter 3 neglects a number of aspects that may affect infection prob-
abilities after deposition. Most notably: (i) microclimatic variations on sub-grid
scales are not accounted for; (ii) the simple binary environmental suitability score
neglects complex real-life infection probabilities; (iii) differences in temperature,
humidity and light requirements of different sub-processes of the infection pro-
cess are partly neglected; (iv) the infection probability may depend on the specific
Pgt race. These aspects were neglected due to sparse empirical data, sparse pre-
vious knowledge from experiments, and in an attempt to keep the level of model
complexity and the number of parameters as low as possible, for addressing the
research aims. The model was developed with the aim of excluding areas that are
clearly outside the tolerance regime for infection after deposition, estimating when
primary infection is possible, but not estimating in more detail the proportions of
infected wheat area or risks of secondary spread. In addition to the aforementioned
interactions between pathogen biology and environment, two important layers of
human activity were neglected, because no data are available for large parts of the
spatial domain of the studies described here: the spatio-temporal sowing patterns of
wheat cultivars with certain resistance genes, and the spatio-temporal use-patterns
of fungicides.

The research described here aimed at deriving some of the first quantitative estimates
of LDD patterns of Pgt-spores over continents. These are subject to large uncertainties.
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Aylor provides a general discussion of the relative importance of different uncertainties in-
volved in aerobiological modelling frameworks (Aylor, 2017). Obtaining such a ranking
of uncertainties involved in the data-driven studies presented here would require quan-
tifying the uncertainties. Considering the complex input data processed in the studies
presented here, as well as the high-dimensional parameter space, the sparsity of empirical
data about spore dispersal on continental scales and the very high computational costs of
long-term simulations, it becomes evident that quantifying and ranking all uncertainties
is beyond the scope of this project. One of the recurrent themes of research addressed in
different parts of this thesis was identifying the relative importance of different dispersal
pathways. These included: (i) the identification and ranking of relative importance of key
airborne migration routes, and connectivity patterns in the LDD network in Chapter 3; (ii)
the comparison of the relative importance of dispersal from different sources in southern
Africa to Australia in Chapter 4; and (iii) the relative importance of different potential ori-
gins of strain TKTTF in Ethiopia in Chapter 5. These results, along with the identification
of seasonal trends in the predominant direction of spread, are robust estimates. Aerobi-
ological models are useful for identifying the relative importance of different pathways
(Aylor, 2017). The more detailed quantitative estimates (for example, deposition quan-
tities per hectare per day and long-term mean dispersal frequencies) express the current
best knowledge. These estimates are subject to large uncertainty, and represent important
areas for future experimental work.

The research described here addressed an important challenge in plant epidemiology by
developing and testing "realistic dispersal models, including meteorological [..] drivers"
(Cunniffe et al., 2015). The realism of dispersal models, as for example in terms of the
resolution of numerical weather predictions models, as well as the statistical robustness of
LPDMs for modelling transport in turbulent flows, will further improve in the near future,
as computational power increases. As evident from the studies presented here, the level
of detail of numerical predictions of LDD of fungal spores is already much higher than
empirically available data on regional and continental scales. The model comparison of
simulation results with empirical data, previous hypotheses and related modelling work,
as described in Chapters 3, 4, 5 and 6 remain indicative, because empirical data are not
yet available for rigorous quantitative testing of simulation results.

For future work, it would be essential to combine experimental and modelling studies.
The key limitation to improve our understanding of atmospheric dispersal of fungal spores
is a sparsity of field experimental data. While new experimental technologies (such as
real-time polymerase chain reaction and spore sampling by drones) improve our capa-
bility to detect specific types of spores in air, there are still substantial logistical and
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financial challenges for conducting experiments involving spore trapping on regional and
continental scales (Section 1.3.2). Modelling studies, as presented here, can help to de-
velop hypotheses, predict outcomes and improve the efficiency of field sampling, while
being open to falsification if future experiments or surveys show inaccuracies. One of the
key strengths of the method of data-driven mechanistic simulations is that these allow for
bringing together different types of input data, as well as previous results from laboratory
and field experimental studies in a systematic way, making use of computational power
to advance our understanding and derive best estimates with direct practical relevance.

7.3 Scope for future research

7.3.1 Wheat rust early warning system in Ethiopia

The currently ongoing extension of the dispersal forecasting system in Ethiopia (see Sec-
tion 6.2) brings with it different lines of research. Some of the challenges and promising
aspects are discussed in Section 6.2.5. One key next step will be to test the performance of
different modelling components (environmental suitability, epidemiological compartmen-
tal model, spore dispersal model) using the available 10 years of field survey data (CIM-
MYT, 2017). A model inter-comparison study is envisaged to test different model types
with varying levels of complexity, allowing for improving the forecasting tool and obtain-
ing a better understanding of key wheat rust dynamics in Ethiopia. The only published
study predicting wheat stem rust disease incidence in Ethiopia makes use of deep learn-
ing algorithms and satellite images (Pryzant et al., 2017). A further initial exploration of
remote detection of wheat rusts in Ethiopia has been conducted (DataKind, 2017). These
two studies can serve as a baseline to test if more elaborate model types can increase the
accuracy of predicting positives in field disease survey data.

7.3.2 A simulation tool for wind dispersal of key crop pathogens

A promising line of work would extend the dispersal model to a set of other major plant
pathogens, for example, the fungal spores transmitting wheat leaf rust, and soybean rust.
This would lead to a single flexible simulation tool that can be applied to obtain risk es-
timates when facing a set of important crop diseases with high relevance for agricultural
production. It would also allow for further comparison of simulation results with em-
pirical field disease data for different crop diseases in different parts of the world. The
literature review summarized in Appendices A.1 and A.2, as well as the extension of the
LDD model to other wheat rusts as part of the Ethiopia early warning system (Section
6.2.2.2; Meyer, 2018) provide the first step towards extending the modelling framework
to other pathogens.
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7.3.3 Active and collective flights of biological organisms in air

Future research could extend the atmospheric dispersal framework from airborne flows
of passively dispersed biological particles to active and collective flights of insects and
birds. This is interesting from two perspectives: it will contribute to understanding the
role of insects and birds as vectors for pathogens, and as herbivores destroying agricul-
tural produce (for example locust, fall armyworm); and it will promote a separate line of
research, with pioneering simulation studies of collective animal behaviour in turbulent
atmospheric winds. The scientific field of collective animal behaviour has been growing
over recent decades36. New experimental techniques make available, for example, de-
tailed tracking of trajectories of flocks of birds on regional and continental scales (Flack
et al., 2018), allowing for analysis of group dynamics in wind fields. Also, radar technol-
ogy allows tracking insects in air (Hu et al., 2016). Yet, so far only few pioneering studies
have focussed on extending dispersal models to include active flights (Chapman et al.,
2010, 2012), and to the knowledge of the author no study has looked at collective swarm-
ing behaviour in a Lagrangian dispersal modelling framework driven by wind data. One
could, for example, implement a local interaction term leading to collective behaviour
(Grossmann et al., 2013; Meyer et al., 2014) into NAME, enabling simulations of swarm-
ing behaviour in wind fields. An interesting topic for future research could be developing
a flexible modelling framework, which is capable of simulating not only passive dispersal
(as done in this thesis), but also active flights and collective flight behaviour. Such a model
could then be applied and tested in a range of different biological systems. Another more
theoretical line of research could analyse separation distances between pairs of trajecto-
ries in turbulent flows (Dr D. Thomson, Met Office, pers. comm.), which would constitute
a first step from single particle Lagrangian approaches towards collective behaviour via
studies of particle pairs in turbulent winds.

7.3.4 Mechanistic dispersal kernels on continental scales

In Section 3.4.8, the frequency distributions of simulated deposition amounts over long
periods of time from a single source are shown, providing a mechanistic perspective on
dispersal kernels on regional and continental scales. The results of this type of numerical
experiment provide model data (deposition amounts at different distances from a source)
that could be used to fit a continental scale mechanistic anisotropic dispersal kernel. Once
parameterized for a certain geographic region, such an anisotropic dispersal kernel would
have the advantage of capturing key dispersal characteristics, such as seasonal (monthly)
trends in the predominant direction of spread, as well as the range of daily variations

36 see, for example, the recently funded Max-Planck-Institute for collective behaviour:
http://collectivebehaviour.com/
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around monthly means, without requiring the processing of large meteorological data.
The only previous study of anisotropic mechanistic kernels focusses on short (<50 km)
spatial scales (Savage et al., 2011). A first future step would be to test the effect of
isotropic kernels, mechanistically parameterized anisotropic kernels and explicit LPDM
simulations on disease dynamics in epidemiological models.

7.3.5 Long-distance wind dispersal networks

In Section 3.4.1, regions with high airborne connectivity were identified that correspond to
regions with genetic similarities in pathogen populations (the same Pgt races are widely
distributed within regions of high airborne connectivity). This indicates the hypothesis
that it may be possible to predict regions in which there is likely to be genetic similarity
in pathogen populations (clusters in phylogenetic trees) based on connectivity patterns in
airborne flow networks. Current methods to predict phylogenetic similarity often rely on
distance-dependent models (Lessa, 1990; Ramachandran et al., 2005). Conceptualizing
and studying mechanistic long-distance aerobiological flow networks of micro-organisms
could greatly improve distance-dependent approaches, and lead to the establishment of a
new method with relevance not only for epidemiology and plant pathology, but beyond –
for population genetics, species invasion, and biogeography.

Another intriguing line of research would involve moving away from the stationary long-
term mean network in Section 3.4.2 to obtain a dynamic weighted LDD-network, com-
posed of the daily transmission quantities between countries. In this framework, the dy-
namics of the daily variations of edges are driven by the changing input meteorology and
the dynamics of nodes depend on wheat timing. The representation of dispersal quan-
tities between countries as a dynamic dispersal network has three key advantages: (i) it
summarizes the spatio-temporal variations in host, long-distance dispersal and environ-
mental suitability for infection; (ii) it allows the use of well established network theory
and numerical tools of network analysis to better understand the host-pathogen system;
and (iii) it captures key aspects of spatio-temporal dynamics of long-distance dispersal
between all countries in a compact form (compared with terabytes of meteorological in-
put processed in LPDMs), speeding up simulation times, and allowing for coupling with
epidemiological models.

7.3.6 Empirical studies on regional and continental scales

The current understanding of atmospheric dispersal of fungal spores on long spatial scales
is limited predominantly by the sparsity of field experimental data. For example, there are
no data available on exact spore release and deposition rates for an array of sources or
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targets distributed on regional and continental scales. This is different on small spatial
scales (field and local scales), where studies have been conducted combining drone mea-
surements with dispersal simulations (see for example Aylor et al., 2011).

For validation studies, ideally, spore concentrations and deposition amounts would be
measured experimentally at a large array of sampling devices covering entire continents,
for comparisons with spore dispersal simulations. For other biological particulates, such
as pollen, comparable experiments exist (Prank et al., 2013), and in other scientific areas
of atmospheric transport modelling, for example, volcanic ash and chemical tracers, ex-
tensive sampling programs are used for model validation (Section 2.4.1). Yet, for crop
pathogens such data are not available, as only very few previous studies have been con-
ducted measuring spore concentrations at a number of different sites on regional scales
(Isard et al., 2011; Stakman and Hamilton, 1939). Alternative ways of obtaining data
covering large areas include: recent advances in detecting wheat rust disease via satellite
images (Zheng et al., 2018); the phone surveys described in Section 6.2.4.3; and increased
international field sampling efforts (CIMMYT, 2017; RUSTWATCH, 2018).

The dream of aerobiologists, Aylor writes, is experimentally following small biological
particles through air (Aylor, 2017). Maybe some of the recent innovations in spore track-
ing technologies (West and Kimber, 2015) can one day be extended to remotely measure
clouds of spores in the atmosphere, visualizing spore transport patterns in a similar way
to well known pictures of dust patterns transported from the Sahara over the Atlantic
Ocean37.

7.4 Concluding remarks

Long-distance dispersal is fascinating owing to its complexity, from turbulent transport to
biophysics of viability during transport. This complexity, however, is also one of the key
challenges for quantitative studies. Advances in computational power, numerical weather
prediction modelling and Lagrangian transport simulations have been used here to address
some of the complexities, improving our understanding and ability to predict LDD of one
important crop pathogen. Yet, we are still at the very beginning of quantitatively grasping
atmospheric transport dynamics of pathogens over regions and continents. Testing of
mechanistic models on regional and continental scales remains a key challenge, which is
addressed in this thesis by combining a set of case studies for allowing comparisons with
different types of sparsely available empirical data. Despite the remaining uncertainties
and challenges, I hope to have contributed to advancing our understanding of LDD of
37 Available online: www.nasa.gov/content/goddard/nasa-satellite-reveals-how-much-saharan-dust-feeds-

amazon-s-plants
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fungal crop pathogens whilst also supporting practical applications to mitigate risks of
epidemics on an important staple crop.
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Appendix A - Appendix to Chapter 1

A.1 Empirical studies of biophysical processes involved in LDD

Table A.1: Review of laboratory and field experimental studies analysing biological processes involved in LDD of the pathogens trans-
mitting wheat rusts. LDD of fungal spores transmitting wheat rusts can be sub-divided into different processes: spore production and release,
spore viability during transport, turbulent atmospheric transport, and spore deposition (see left column of the table). The literature was reviewed
for key meteorological and environmental factors affecting each of theses processes. The review was conducted to extract relevant information
for the conceptualization and parameterization of the mechanistic modelling framework. The modelling work described in this thesis mainly
focusses on wheat stem rust. To provide a basis for future generalizations to other wheat rusts, the literature is summarized here for all three
types of wheat rusts: wheat stem rust (caused by Puccinia graminis f. sp. tritici; abbreviated here as P. graminis), wheat stripe rust (caused by
Puccinia striiformis f. sp. tritici; abbreviated here as P. striiformis), and wheat leaf rust (caused by Puccinia recondita f. sp. tritici; abbreviated
here as P. recondita).

Process Pathogen Reference Type of study Comments indicating key meteorological and environmental factors
Spore production & release

P. graminis Roelfs et al. (1992) Review Tmin = 15 [oC]; Topt = 30 [oC]; Tmax = 40 [oC]; no water; high light intensity
P. graminis Roelfs (1985a) Review 1 uredium produces 23 micrograms per day; 1 microgram contains about 4.5×

102 urediniospores; thus, around 10,000 urediniospores are produced per day
per uredium; at 5% severity this amounts to approximately 5 [kg / hectare / day]

P. graminis Roelfs (1985b) Review 100,000 urediniospores are produced per uredium over several weeks
P. graminis Rowell (1984) Review & labora-

tory exp.
Higher production at T = 24 − 28 [oC] than at T = 18 [oC]; however, high
temperature may favour other pathogens; emphasizes the importance of spore
release due to mechanical stress during harvest

P. graminis Smith (1966) Laboratory exp. Passive spore release, thus wind important; a wind tunnel experiment shows
that production increases fourfold if temperatures increase from T = 9 [oC]
to T = 18 [oC] and production doubles if temperatures increase from T = 18
[oC] to T = 23 [oC]; preliminary results indicate higher spore production with
increasing relative humidity; more spores produced and liberated during light
conditions compared with dark phases; linear relationship between wind speed
and percentage of total release; very few spores released for wind-speeds smaller
than 3 [knots] (or: 1.5 [m/s]); at 5 [knots]: 20% of total released; up to 10 [knots]:
65% released; light increases production and liberation, but release also in dark
conditions; no endogenous rhythm; upper limit of temperature at T=78 [F]; lower
limit at T=53-56 [F]

P. striiformis Roelfs et al. (1992) Review Tmin = 5 [oC]; Topt = 12− 15 [oC]; Tmax = 20 [oC]; no water; high light
P. striiformis Line (2002) Review Trange = 0.5− 24.5 [oC]
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P. striiformis Rapilly (1979) Review T > 30 [oC] hinders sporulation; T > 33 [oC] stops sporulation; difficult to
determine exact number of spores; increase of production with increasing humid-
ity; liquid water stops sporulation; light above 30-40,000 [lux] reduces sporula-
tion; 2 hours after emptying, the sorus starts producing spores again; production
for 8 days at 27 [oC], but for 3 weeks in winter; 3,000-35,000 urediniospores
produced per cm2; 5-10 [mm] rain per hour empties sori in around 1 hour; after
a sorus is emptied by rain it takes around 3-5 hours before new spore liberation;
units of dissemination are single spores or clusters of spores; increasing rela-
tive humidity leads to increased formation of spore clusters with less tendency
for very long-distance transport; linear relationship suggested between clustering
and relative humidity; this is not valid for stem rust and leaf rust due to different
spore morphology; if wind-speed less than 0.25 [m/s]: no release; if wind-speed
greater than 2.5 [m/s]: release of spore ‘gas’; spore clustering is efficient for dis-
ease spread on short scales, because clusters have a high germination potential

P. striiformis Geagea et al. (1997) Laboratory exp. Thresholds for spore release from small wind experiment: 1.3-1.8 [m/s]; most
spores removed at 2.8 [m/s]; the thresholds are higher than those from earlier
experiments (1 [m/s])

P. striiformis Jones and Harrison (2004) Review Yellow rust spores tend to cluster with around 2-8 spores per cluster; mucilagi-
nous layer at high relative humidity

P. recondita Roelfs et al. (1992) Review Tmin = 10 [oC]; Topt = 25 [oC]; Tmax = 35 [oC]; no free water; high
light; 3,000 urediniospores produced per day for up to 3 [weeks]; time-window
from germination to sporulation: 7-10 days at optimum temperatures; maximum
sporulation after 4 days at 20 [oC]

P. recondita Eversmeyer and Kramer (2000) Review 600-2,000 urediniospores produced per day; production depends on growth stage
of the host and other factors

P. recondita Roelfs (1985a) Review 28,000 spores per day for several weeks
P. recondita Rambert et al. (1998) Review Threshold for spore release: 2.8 [m/s]; use of laser velocimetry; spores get trans-

ported further away by mechanical shaking and wind gusts than by mean wind
P. recondita Sache (2000) Review Large (12 [m]) wind tunnel experiments: linear increase of release with higher

wind speeds; no lower threshold; heavy rain washes spores from leaves, whereas
soft rains seems to have the same effect as high relative humidity

P. recondita Geagea et al. (1997) Review Threshold for spore release from small wind tunnel experiment: 0.7-1.3 [m/s];
most removed at 2.3 [m/s]

P. recondita Rambert et al. (1998) Review Thresholds for spore release: 2.3 [m/s]; it is noted that these are higher than
in other experiments, which suggest 0.5 [m/s] for 5 seconds, or 1 [m/s] for 2
seconds as thresholds

P. recondita and
P. graminis

Eversmeyer et al. (1972) Laboratory exp. 30-80% of trapped spores due to wind and turbulence; dry conditions increase the
number of trapped spores; circadian period; meteorological effects are significant

P. recondita and
P. graminis

Eversmeyer and Kramer (2000) Review Wind and turbulence are the most important factors; dryness leads to daily peak;
high wind speeds can overcome the inhibiting effect of moisture on release of
spores; most important for long-distance dispersal are storms and harvest; heavy
rain washes out spores in 2-5 minutes; however, shortly before heavy rains many
spores are released
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P. recondita and
P. striiformis

Geagea et al. (1999) Laboratory exp. Brown rust and yellow rust spores are removed by rain; more release if more rain
and larger drops

P. recondita and
P. graminis

Eversmeyer and Kramer (1980,
1987, 1992)

Field exp. Field scale spore sampling experiments; wind and moisture are key factors

all wheat rusts Roelfs et al. (1992) Review High number of spores trapped, if no rain at all in previous 24-48 hours; good for
release are: temperatures T > 25[oC], relative humidity < 30%, and moderate
winds of approximately 5 [m/s]; high wind speeds lead to more long-distance
dispersal; clear and sunny day good for release; spore clumping increases as
relative humidity increases; rain washes spores from leaves

all wheat rusts Roelfs (1985a) Review Increase in relative humidity leads to decrease in spore liberation
all wheat rusts Sache (2000) Review Rain increases short distance dispersal, but not long-distance dispersal; in ad-

dition to mean wind, turbulence and wind gusts are especially important; often
high turbulence before and at the beginning of rain events which increases spore
release; rough classification of rains: thunderstorm not good for disease as it re-
moves spores; light and moderate rains are very conducive for release; removal
threshold from small wind tunnel experiments: 0.5 - 1.5 [m/s]; yellow rust re-
quires higher wind-speeds for release than brown rust due differences in size and
morphology of spores

other pathogen Roelfs (1985a) Review In the reproductive stage a general rule of thumb is that those environmental
conditions that are good for the plant are also those that are good for the pathogen

other pathogen Hau and de Vallavieille-Pope
(2006)

Review Relative humidity > 50% is good for sporulation

other pathogen Sache (2000) Review Strong rain inhibits sporulation for hours; difficult to estimate relative signifi-
cance of rain vs. wind

other pathogen Friedrich (1995) Field exp. Often high wind-speeds at the beginning of rain; highest release when humans
walk through field

other pathogen Jones and Harrison (2004) Review Exact forces and thresholds and mechanisms not known
other pathogen Geagea et al. (1999) Laboratory exp. Rain droplet size distribution may have a considerable effect
other pathogen Leach (1980) Laboratory exp. Increase of relative humidity increases spore release (different to wheat rusts)
other pathogen Aylor (1986) Theory & field

exp.
Estimating spore canopy escape rates on field scales

other pathogen Chamecki et al. (2012) Theory & labora-
tory exp.

Turbulent winds are important for distance travelled from source; theoreti-
cal/analytical work compared to field exp. for short range dispersal

other pathogen Hirst (1953) Field exp. Diurnal periodicity in spore release rates
Atmospheric transport [Exemplar studies reporting spore concentration and deposition measurements]

P. graminis Roelfs (1985a) Review & field
exp.

Significant number of spores detected above 3,000-3,300 [m] altitude

P. graminis Hirst et al. (1967) Field exp. Measurements of Pgt-spore numbers in the atmosphere using aircraft
P. recondita and
P. graminis and other
pathogens

Eversmeyer and Kramer (1992) Field exp. Local dispersal is higher at higher wind speeds; increased impaction away from
source; dispersal downwind significantly higher in dry periods than in dew peri-
ods; often most spores deposited within 10-30 [m], but this is varying with winds
and dew
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P. recondita and
P. graminis

Meredith (1973) Review In terms of short distance dispersal the experiments from Roelfs show accor-
dance on the downwind axis with a power law regression equation in Gregory
(1968) for black and brown rust; around 10% of spores leave the 100 [m] radius
around the source

all wheat rusts Roelfs and Bushnell (1985) Review & labora-
tory exp.

Approximately 10% of released spores found at 100 [m] from the source; em-
phasizing that LDD is very important with documented examples of LDD

all wheat rusts
and other pathogens

Gregory (1945) Review Reviewing several experiments involving spore traps and airplanes to sample
spores in air; reporting vertical gradients in spore concentration in the atmo-
sphere

other pathogen Prospero et al. (2005) Field exp. Transport of spores on soil dust carried by wind; field sampling from area in
trade wind region

other pathogen Schmale et al. (2012) Field exp. Drone sampling of spore concentration in air
other pathogen Aylor et al. (2011) Field exp. Drone sampling of spore concentration in air

Spore viability
P. graminis Burrage (1970) Laboratory exp. Increase in germination when spores dry; sharp reduction when over liquid water
P. graminis Rowell (1984) Laboratory exp. If relative humidity > 66%, then loss of viability; relative humidity below 20%

is best; at low relative humidity, the moisture content of spores is proportional to
the atmospheric moisture; dry spores are very resistant and can survive -196[oC]
freezing in dormancy state

P. graminis Westen (1931) Laboratory &
field exp.

No germination in sunlight; pigments of spores protect against UV radiation

P. graminis Schwinghamer (1958) Laboratory exp. Increased spore sensitivity when high relative humidity; germination as function
of radiation is fitted to experimental data

P. striiformis Rapilly (1979) Review Decrease of germination with increased sunshine; no germination after 1 day of
sunshine

P. striiformis Roelfs et al. (1992) Review 3 times more sensitive than stem rust to UV radiation (citing Maddison and Man-
ners, 1972)

P. recondita and
P. graminis and
other pathogens

Maddison and Manners (1972) Laboratory exp. 20 hours of sunlight reduce viable fraction of P. graminis urediniospores down to
10%; 6-10 hours of sunlight reduce P. striiformis viability down to 10%; leaf rust
spores are around two-thirds as resistant as stem rust; complete day of sunshine
leads to 0.1% viable P. striiformis spores; wavelength is relevant

P. recondita and
P. graminis

Eversmeyer and Kramer (1994) Overview of factors affecting spore viability; spores can shortly withstand freez-
ing, but after 2 hours viability decreases; at T = 10 − 30 [oC] viable for 864
hours

all wheat rusts Roelfs et al. (1992) Review Spores can withstand freezing if low moisture content of around 20-30%; several
weeks survival at room temperatures and low moisture; rapid decrease of spore
viability if relative humidity >50%

all wheat rusts Roelfs (1985a) Review Spores can withstand large temperature ranges (0-40 [oC]); rapid decrease of
viability if relative humidity >80%

all wheat rusts
and other pathogens

Maddison and Manners (1973) Laboratory exp. Temperature has little effect on sensitivity to sunlight; fully hydrated spores are
4 times more sensititive than dry spores; approximately exponential decay of
viability after an initial short plateau in the germination vs. radiation curve

other pathogen Rowell (1984) Laboratory exp. Dry spores very resistant: survive 10 hours at 60 [oC]
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other pathogen Caesar and Pearson (1983) Laboratory exp. Viability of other spores (Sclerotinia sclerotiorum) also decreases with increas-
ing solar radiation

other pathogen Isard et al. (2006) Laboratory &
field exp.

Linear relationship between radiation and survival for spores transmitting soy-
bean rust

other pathogen Clifford (1985) Barley rust spores lose viability in sun rapidly, but in cloudy weather they survive
for 38 days

other pathogen Teng and Bowen (1985) Review Very high temperature and very high relative humidity reduce viability; impor-
tant factors for viability: light/radiation, temperature, humidity; other factors
include the age of pustules from which spores are released

other pathogen Aylor (1999) Review Reviews the critical dose of solar radiation for survival of several different spores
transmitting crop diseases; highlights the importance of solar radiation as key
driver of survival

Gravitational settling
P. graminis Orr and Tippets (1972) Laboratory exp. Measuring density of spores; varies with water content; mean spore density is

approximately ρ = 1 [g/cm3]
all wheat rusts Eversmeyer and Kramer (2000) Review Approximate diameters of urediniospores of all three wheat rusts are reported;

those for P. graminis are: (13-24) × (21-40) [µm]; P. graminis urediniospores
tend to be mostly ellipsoid, whereas P. striiformis and P. recondita tend to be
mostly globoid

all wheat rusts Roelfs et al. (1992) Review Terminal velocity of spores vary around approximately 1 [cm/s]
all wheat rusts
and other pathogens

Gregory (1945) Review Reviewing the terminal velocity for various types of spores

Wet deposition
P. graminis Nagarajan et al. (1976) Review & trajec-

tories
Urediniospores are found in rain samples before the appearance of wheat rust;
using rain sample results together with back-trajectories indicates potential long-
distance dispersal routes

P. graminis Roelfs et al. (1992) Review Emphasizes that rain-out is key for deposition after long-distance transport; ref-
erencing several experimental studies that have observed spores in rain-samples;
however, no experimental measurements of deposition rates as a function of rain-
fall rates, or similar

P. graminis — — No specifics found in terms of scavenging coefficients or exact wet deposition
rates

P. striiformis — — No specifics found in terms of scavenging coefficients or exact wet deposition
rates

P. recondita — — No specifics found in terms of scavenging coefficients or exact wet deposition
rates

other pathogen Isard et al. (2011) Field exp. Measuring spore concentration (soybean rust) in > 100 rain samplers distributed
over the soybean production areas in North America
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A.2 Empirical studies of the infection process with wheat rusts

Table A.2: Review of laboratory and field experimental studies analysing the effect of meteorological drivers on the infection process with
wheat rusts. The infection with wheat rusts can be sub-divided into different processes: germination, germling growth, appressorium formation,
penetration, and growth in host tissue (see left column of the table). The literature was reviewed for key meteorological and environmental factors
affecting each of these infection processes, as well as the overall disease progress. The review was conducted to extract relevant information
for the conceptualization and parameterization of mechanistic models of environmental suitability for infection with wheat rusts. The modelling
work described in this thesis mainly focusses on wheat stem rust. To provide a basis for future generalizations to other wheat rusts, the literature
is summarized here for all three types of wheat rusts: wheat stem rust (caused by Puccinia graminis f. sp. tritici; abbreviated here as P.
graminis), wheat stripe rust (caused by Puccinia striiformis f. sp. tritici; abbreviated here as P. striiformis), and wheat leaf rust (caused by
Puccinia recondita f. sp. tritici; abbreviated here as P. recondita).

Process Pathogen Reference Type of study Comments indicating key meteorological and environmental factors
Germination

P. graminis Roelfs et al. (1992) Review Tmin = 2 [oC]; Topt = 15 − 24 [oC]; Tmax = 30 [oC]; free water; low light;
duration of germination: 1-3 hours, if suitable environmental conditions

P. graminis Tollenaar (1985) Field exp. Trange = 4− 34 [oC]; Topt = 20 [oC]
P. graminis Staples and Macko (1984) Laboratory exp. Germination is inhibited by strong light
P. graminis Roelfs (1985a) Review Topt = 18 [oC]
P. graminis Kochman and Brown (1976) Laboratory exp. Experimental plot of germ-tube length and appressoria against temperature
P. graminis Knights and Lucas (1980) Laboratory exp. If light > 10,000 [lux]: no germination; however, spore dormancy with partial

recovery after 24 hours of non-radiation
P. graminis Knights and Lucas (1981) Laboratory exp. Photo-inhibition suggested as mechanism for synchronisation to wet period in

darkness; threshold for photo-inhibition: 2,000-5,000 [lux]
P. graminis Burrage (1970) Laboratory exp. Pre-penetration in dark, that is during night; but light only delayed germination

and not always significantly; continuous light leads to less than 10% germina-
tion; plot of temperature-germination curve

P. striiformis Roelfs et al. (1992) Review Tmin = 0 [oC]; Topt = 9− 13 [oC]; Tmax = 23 [oC]; free water; low light
P. striiformis Rapilly (1979) Review Tmin = 2 [oC]; Topt = 7 [oC]; Tmax = 15 [oC]; spores produced at 5-10 [oC]

germinate best; spores produced above 30 [oC] do not germinate; decrease of
germination with increased sunshine; no germination after 1 day of sunshine; no
free water; high relative humidity; increase of germination with thermal shocks;
3 hours of dew before germination begins; free water decreases germination, but
high relative humidity increases germination; Trange = 2 − 15 [oC], Topt = 7
[oC]; high spore density reduces germination

P. striiformis Tollenaar (1985) Field exp. T <= 0 until T = 26 [oC]
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P. striiformis Line (2002) Review Germination in 3 hours at optimal conditions; Tmin = 2 [oC]; but Tmin = −1
[oC] and Tmin = 0 [oC] in other studies; Topt = 2 − 5 [oC] and Topt = 7
[oC] in different studies; Tmax = 20 [oC] and T = 24 [oC]; light or dark;
hydration of spores increases germination; temperature in dark period is most
important; air-pollution interferes with germination; spore density sometimes
affects germination

P. striiformis Gopalan and Manners (1984) Field exp. cool and damp conditions during production better for germination than warm
and/or dry

P. striiformis Staples and Macko (1984) Laboratory exp. Large ions in air inhibit germination
P. recondita Roelfs et al. (1992) Review Tmin = 2 [oC], Topt = 20 [oC], Tmax = 30 [oC]; free water; low light; germi-

nation starts 30 minutes after contact if suitable environmental conditions
P. recondita Tollenaar (1985) Field exp. T <= 0 [oC] until T = 32 [oC]
all wheat rusts Tollenaar (1985) Field exp. Plot of percentage-germination and duration of latent period against temperature

Germling growth
P. graminis Roelfs et al. (1992) Review Topt = 20 [oC]; free water; low light
P. striiformis Roelfs et al. (1992) Review Topt = 10− 15 [oC]; free water; low light
P. recondita Roelfs et al. (1992) Review Tmin = 5 [oC]; Topt = 15− 20 [oC]; Tmax = 30 [oC]; free water; low light
other pathogen Buck et al. (2010) Laboratory exp. Effect of light depends on species

Appressorium formation
P. gramimis Roelfs et al. (1992) Review Topt = 16− 27 [oC]; free water; no light
P. gramimis Roelfs (1985a) Review Appressorium formation in 3-6 hours
P. striiformis Roelfs et al. (1992); de Vallavieille-

Pope et al. (1995)
Review Report that appressorium is not formed for P. striiformis

P. striiformis Rapilly (1979) Review Reports that appressorium is formed for P. striiformis in the temperature range
Trange = 2− 15 [oC] with optimum at Topt = 7 [oC]

P. recondita Roelfs et al. (1992) Review Topt = 15− 20 [oC]; free water; no light
P. recondita and
P. striiformis

de Vallavieille-Pope et al. (1995) Laboratory exp. If dry period before germination, then spores remain viable, but if dry period
after appressorium formation and before penetration, then often death of spores

P. recondita and
P. graminis

Eversmeyer and Kramer (1994) Laboratory exp. Average of 58% of viable urediniospores form appressoria

Penetration
P. gramimis Roelfs et al. (1992) Review Tmin = 15 [oC]; Topt = 29 [oC]; Tmax = 35 [oC]; free water; high light;

duration of 3 hours with rising temperature; more light for penetration from ap-
pressorium than for previous steps in infection process; >10,000 [lux] for 3 hours
for penetration; drying after dew in the morning hours is an example of suitable
natural conditions

P. gramimis Rowell (1984) Laboratory exp. Penetration enhanced by low CO2 in light-phases due to photosynthesis; sug-
gested as effect of C02 concentration and not as a direct effect of light radiation

P. striiformis Roelfs et al. (1992) Review Tmin = 2 [oC]; Topt = 8− 13 [oC]; Tmax = 23 [oC]; free water; low light
P. recondita Roelfs et al. (1992) Review Tmin = 10 [oC]; Topt = 20 [oC]; Tmax = 30 [oC]; free water; light has no

effect
P. recondita and
P. gramimis

Yirgou and Caldwell (1963) Laboratory Reducing C02 increases penetration; 5% C02-concentration suppresses penetra-
tion fully; stem rust seldom penetrates in dark, while leaf and stripe can penetrate
both in dark and light conditions
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Growth in host tissue
P. graminis Roelfs et al. (1992) Review Tmin = 5 [oC]; Topt = 30 [oC]; Tmax = 40 [oC]; no water; high light intensity
P. graminis Rowell (1984) Laboratory exp. Topt = 18− 21 [oC]
P. striiformis Roelfs et al. (1992) Review Tmin = 3 [oC], Topt = 12 − 15 [oC], Tmax = 20 [oC]; no water; high light

intensity needed
P. striiformis Line (2002) Review Topt = 13− 16 [oC]
P. recondita Roelfs et al. (1992) Review Tmin = 2 [oC]; Topt = 25 [oC]; Tmax = 35 [oC]; no water; high light

Disease progress
P. graminis Roelfs et al. (1992) Review 6-8 hours dew period needed for infection; little infection if wind dries plants be-

fore sunrise; 1/10 of germinated spores infect if favourable environmental con-
ditions; approximately 14 days re-infection cycle (depending on environmental
conditions); Northern India: latent period: 31 days

P. graminis Rowell (1984) Laboratory exp. Dark and light for sub-processes; infection rates in practise: 15-25%
P. graminis Roelfs (1985a) Review Optimal conditions: slow rise in temperature while drying
P. graminis Knights and Lucas (1981) Field exp. Dark period of 8 hours necessary for complete formation of appressoria over

stomata; different results in Burrage (1970);
P. graminis Tollenaar (1985) Laboratory exp. Shortest latent period: 5.5 days
P. graminis Sanders (2011) Review Topt = 15− 35 [oC] for overall occurrence
P. graminis Colhoun (1973) Review Incubation period varies from 85 days at T = 0 [oC] to 5 days at T = 25 [oC]
P. striiformis Roelfs et al. (1992) Review Latent period up to 188 days; more sensitive to light and pollution than the other

cereal rusts
P. striiformis Line (2002) Review Under optimal conditions: 12-13 days from inoculation to sporulation; latent

period is shortest (11 days) at T = 12− 19 [oC]
P. striiformis Rapilly (1979) Review Latent period mainly affected by temperature
P. striiformis Tollenaar (1985) Laboratory &

field exp.
Shortest latent period at T = 8.5 [oC]

P. striiformis de Vallavieille-Pope et al. (1995) Laboratory exp. Optimal temperature for infection process: T = 8 [oC]; Trange = 5− 12 [oC];
overall infection efficiency: 3.6%

P. striiformis Sanders (2011) Review Topt = 2− 15 [oC] for overall occurrence
P. striiformis Dennis (1987) Laboratory exp. Time-durations of latent and sporulation period; latent period increases with in-

creasing temperature; if beyond upper boundary temperature, there is still sur-
vival, but strongly reduced

P. recondita Roelfs et al. (1992) Review Dew period: 3 hours or less at 20 [oC]; dew period: 10 hours at 10 [oC]; few
infections if dew period at T < 2 [oC] or T > 32 [oC]; 33% of germinated
spores lead to infections if favourable environmental conditions; 7-10 days latent
period

P. recondita Tollenaar (1985) Laboratory &
field exp.

Shortest observed latent period: 5 days

P. recondita Eversmeyer and Kramer (2000) Review High temperature: shorter latent and shorter infectious period
P. recondita de Vallavieille-Pope et al. (1995) Laboratory exp. Topt = 15 [oC] for infection process; with range Trange = 5− 25 [oC]; overall

infection efficiency: 43.6%
P. recondita Sanders (2011) Review Disease occurrence in temperature range: Trange = 10− 30 [oC]
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P. recondita and
P. striiformis

de Vallavieille-Pope et al. (1995) Laboratory exp. Infection efficiency for leaf rust is 12 times greater than for stripe rust; dew
period of 4-6 hours at optimum temperatures; 16 hours at sub-optimal temper-
atures; dew not required for sub-stomatal vesicles; temperature and relative hu-
midity are essential for germination and penetration; there is a minimum duration
of consecutive leaf wetness, which depends on temperature

all wheat rusts Hau and de Vallavieille-Pope
(2006)

Review Reports of latent period and infectious period for different temperatures for all
three wheat rusts

all wheat rusts Roelfs et al. (1992) Review Usually light is not the limiting factor for disease; survival of spores up to several
weeks; spores can be scrubbed off leaves by rain
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A.3 Modelling studies of LDD of crop pathogens

Table A.3: Review of previous modelling studies analysing LDD of plant pathogens. The table summarizes different types of models for
LDD of crop pathogens. For each model type key previous studies are listed. A detailed review of previous mechanistic modelling studies
is given, as these represent the context of the mechanistic simulation studies described in this thesis. A few exemplar studies using empirical
dispersal kernels are also mentioned.

Type of model for long-distance dispersal of plant pathogens
Reference Disease (pathogen) Geographical domain (spatial scale)

Conceptual models (Sec. 1.4.1)
Hogg et al. (1969); Zadoks (1967) Wheat stem rust (Puccinia graminis f. sp. tritici) Europe (>1000 km)
Bowden et al. (1971) Coffee leaf rust (Hemileia vastatrix) West Africa to South America (>1000 km)
Nagarajan et al. (1976) Wheat stem rust (Puccinia graminis f. sp. tritici) India (>1000 km)
Schuman and Leonard (2000) Wheat stem rust (Puccinia graminis f. sp. tritici) North America (>1000 km)
Brown and Hovmøller (2002); Nagarajan and Singh (1990) Several different diseases Different areas of the world (>1000 km)
Kolmer (2005) All three wheat rusts Different areas of the world (>1000 km)
Singh et al. (2006, 2008); Stokstad (2007) Wheat stem rust (Puccinia graminis f. sp. tritici) East Africa to Indian Subcontinent (>1000 km)
Nagarajan et al. (2014) Wheat stem rust (Puccinia graminis f. sp. tritici) East Africa (>1000 km)
Lyon and Broders (2017) Wheat stripe rust (Puccinia striiforms f. sp. tritici) North America (>1000 km)

Empirical dispersal kernels (Sec. 1.4.2)
Mundt et al. (2009) Potato late blight (Phytophthora infestans) and others Europe (>1000 km)
Rieux et al. (2014) Black leaf streak disease of banana and plantain

(Mycosphaerella fijiensis)
Cameroon (up to 1 km)

Cunniffe et al. (2016) Sudden oak death (Phytophthora ramorum) North America (>250 km)
Grosdidier et al. (2018) Ash dieback (Hymenoscyphus fraxineus) France (>500 km)

Mechanistic dispersal models (Sec. 1.4.3)
Settling velocity of single spores (Sec. 1.4.3.1)
Christensen (1942) Several diseases (genus Alternaria sp.) No specific area; theoretical discussion (>1000 km)
Manual trajectories on synoptic weather charts (Sec. 1.4.3.2)
Hirst et al. (1967) Wheat stem rust (Puccinia graminis f. sp. tritici) Europe (>1000 km)
Mean trajectory models (Sec. 1.4.3.2)
Aylor et al. (1982) Tobacco blue mold (Peronospora tabacina) North America (>500 km)
Davis and Main (1984) Tobacco blue mold (Peronospora tabacina) North America (>1000 km)
Main et al. (2001) Tobacco blue mold (Peronospora tabacina) North America (>500 km)
Krupa et al. (2006) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Kim and Beresford (2008) Wheat stripe rust (Puccinia striiforms f. sp. tritici) Australia to New Zealand (>1000 km)
Singh et al. (2008) Wheat stem rust (Puccinia graminis f. sp. tritici) Middle East to Indian Subcontinent (>1000 km)
Tao et al. (2009) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Wang (2010) Wheat stripe rust (Puccinia striiforms f. sp. tritici) China (>1000 km)
Singh et al. (2011) Wheat stem rust (Puccinia graminis f. sp. tritici) Iran to Indian Subcontinent (>1000 km)
RustSPORE (2011) Wheat stem rust (Puccinia graminis f. sp. tritici) Mostly East Africa (>500 km)
Sadyś et al. (2014) Several diseases (genus Ganoderma sp.) England (>500 km)
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Fernández-Rodríguez et al. (2015) Several diseases (genus Alternaria spp. ) Spain (>200 km)
Grinn-Gofroń et al. (2016) Several diseases (genus Leptosphaeria spp.) Northern Europe (>500 km)
Turner et al. (2017) Myrtle rust (Austropuccinia psidii) New Zealand (>500 km)
Gaussian plumes and puffs (Sec. 1.4.3.3)
Gregory (1945) [reviewing different models; mostly Gaussian] Several diseases (review) Several examples (mostly <1 km)
Aylor (1986) Tobacco blue mold (Peronospora tabacina) North America (>500 km)
Aylor (1999) Tobacco blue mold (Peronospora tabacina)

Apple scab (Venturia inaequalis)
North America (> 500 km)

Aylor (2003) Tobacco blue mold (Peronospora tabacina) and
Wheat stem rust (Puccinia graminis f. sp. tritici)

North America (> 1000 km)

Skelsey et al. (2008) Artificially released Lycopodium clavatum spores Netherlands (<100 m)
Skelsey et al. (2009, 2010) Potato late blight (Phytophthora infestans) Netherlands (<10 km)
Prussin et al. (2015) Fusarium head blight (Fusarium graminearum) North America (<1000 m )
Integrated Aerobiological Modelling Framework (IAMS) (Sec. 1.4.3.4)
Isard et al. (2005) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Isard et al. (2007) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Isard et al. (2011) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Isard and Russo (2011) Wheat stem rust (Puccinia graminis f. sp. tritici) Into North America (>1000 km)
Lagrangian Coherent Structures (Sec. 1.4.3.5)
Tallapragada et al. (2011) Several diseases (genus Fusarium) North America (mostly <100 km)
Schmale et al. (2012) Fusarium head blight (Fusarium graminearum) North America (mostly <100 km)
Schmale and Ross (2015) Several diseases (review) Worldwide (from field to continental scales)
Mechanistic dispersal kernels (Sec. 1.4.3.6)
Savage et al. (2011) No specific disease; theoretical discussion No specific area; theoretical discussion (<50 km)
Dispersal Networks (Sec. 1.4.3.7)
Sutrave et al. (2012) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Sanatkar et al. (2015) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Eularian transport models (Sec. 1.4.3.8)
Aylor (1990) Artificially coloured Lycopodium spp. spores North America; field scales (<10 m)
Yao et al. (1997) Tobacco blue mold (Peronospora tabacina) North America (<10 km)
Chamecki et al. (2012) No specific disease; theoretical discussion No specific area; theoretical discussion (<10 km)
Chamecki (2012) Wheat leaf rust (Puccinia recondita f. sp. tritici) North America (<10 km)
Savage et al. (2012) [TAPM dispersion model] Wheat stripe rust (Puccinia striiforms f. sp. tritici) Australia (<20 km)
Lagrangian stochastic models (Sec. 1.4.3.9)
Pan et al. (2006) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Kuparinen et al. (2007) No specific disease; theoretical discussion No specific area; theoretical discussion (<10 km)
Andrade et al. (2009) Soybean rust (Phakopsora pachyrhizi) North America (>1000 km)
Aylor et al. (2011) Potato late blight (Phytophthora infestans) North America (<500 m)
Gleicher et al. (2014) Artificially coloured Lycopodium spp. spores North America; field scales (<10 m)
Cox (2014) Wheat stem rust (Puccinia graminis f. sp. tritici)

Ash dieback (Chalara fraxinea)
Europe, Africa, Asia (>1000 km)

Olivera Firpo et al. (2015) Wheat stem rust (Puccinia graminis f. sp. tritici) Ethiopia (>100km)
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B - Appendix to Chapter 3

B.1 Seasonal variations for different outbreak scenarios

Figure B.1: Seasonal variations of Pgt-spore transmission along key airborne migration routes in the East African Rift Valley Zone for
different outbreak scenarios. Illustrated are the monthly mean number of viable spore deposition days (MT

i→j; Eq. 3.14) along the strongest
airborne migration routes for 4 different outbreak scenarios at RDLs: (a) very small, Ntot = 5 · 109; (b) small, Ntot = 5 · 1011; (c) moderate,
Ntot = 5 · 1013; (d) large, Ntot = 5 · 1015. The histograms are sorted in a such a way that for each outbreak scenario: histogram (i) shows routes
in the northern parts of the Rift Valley; histogram (ii) shows the central parts; and histogram (iii) shows the southern parts of the Rift Valley.
Note that (a-ii) is empty because no Pgt-spore transmission occurs in simulations for very small outbreaks at RDLs.
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B.2 Weight matrix of the LDD network

Figure B.2: Weight matrix of the LDD network of Pgt-spores over Southern/East
Africa, the Middle East and Central/South Asia. The connectivity matrix, K =
{P i→j}, with P i→j as defined in Eq. 3.11, is used as the weight matrix for the LDD
network illustrated in Figure 3.5 (excluding self-loops). Entries are coloured according
to the daily mean proportion of simulated airborne spore transmission, P i→j , from main
RDLs in source countries (rows) to susceptible and environmentally suitable wheat pro-
ducing areas in receptor countries (columns). For the construction of the quadratic weight
matrix only one RDL per country is used, so that every country is represented equally by
one source of spore out-flow. For those countries with more than one RDL, the following
RDLs are used in the network analysis: South Africa (South); Tanzania (North); Ethiopia
(Bale-zone); Yemen (West); Iran (Caspian Sea); Pakistan (South); India (Central).
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B.3 Annual dispersal quantities for different outbreak scenarios

Very small outbreak

Figure B.3: Connectivity matrices summarizing annual dispersal frequencies along
airborne migration routes for a very small outbreak at RDLs. Long-term mean spore
dispersal frequencies from RDLs (rows) to receptor countries (columns) in case of a very
small outbreak at RDLs (Ntot = 109). a, Annual mean number of viable deposition days
(T i→j; see Eq. 3.12); b, mean proportion of release days with viable deposition (f i→j;
see Eq. 3.15).
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Figure B.4: Connectivity matrix summarizing annual dispersal amounts along air-
borne migration routes for a very small outbreak at RDLs. Long-term mean Pgt-spore
deposition amount per deposition day, N i→j (Eq. 3.16), from RDLs, i (rows), to receptor
countries, j (columns), in case of a very small outbreak at RDLs (Ntot = 5 · 109).
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Small outbreak

Figure B.5: Connectivity matrices summarizing annual dispersal frequencies along
airborne migration routes for a small outbreak at RDLs. Long-term mean spore dis-
persal frequencies from RDLs (rows) to receptor countries (columns) in case of a small
outbreak at RDLs (Ntot = 1011). a, Annual mean number of viable deposition days (T i→j;
see Eq. 3.12); b, mean proportion of release days with viable deposition (f i→j; see Eq.
3.15).
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Figure B.6: Connectivity matrix summarizing annual dispersal amounts along air-
borne migration routes for a small outbreak at RDLs. Long-term mean Pgt-spore
deposition amount per deposition day, N i→j (Eq. 3.16), from RDLs, i (rows), to receptor
countries, j (columns), in case of small outbreaks at RDLs (Ntot = 5 · 1011).
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Moderate outbreak

Figure B.7: Connectivity matrices summarizing annual dispersal frequencies along
airborne migration routes for a moderate outbreak at RDLs. Long-term mean spore
dispersal frequencies from RDLs (rows) to receptor countries (columns) in case of a mod-
erate outbreak at RDLs (Ntot = 1013). a, Annual mean number of viable deposition days
(T i→j; see Eq. 3.12); b, mean proportion of release days with viable deposition (f i→j;
see Eq. 3.15).
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Figure B.8: Connectivity matrix summarizing annual dispersal amounts along air-
borne migration routes for moderate outbreaks at RDLs. Long-term mean Pgt-spore
deposition amount per deposition day, N i→j (Eq. 3.16), from RDLs, i (rows), to receptor
countries, j (columns), in case of a moderate outbreak at RDLs (Ntot = 5 · 1013).
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B.4 Monthly dispersal quantities for different outbreak scenarios during one exem-
plar month

Dispersal frequencies are shown here for one exemplar month (June). Results for all other
months have been summarized in a catalogue of connectivity matrices, which is available
upon request to the author or as supplementary information to Meyer et al. (2017b).

Very small outbreak in June

Figure B.9: Connectivity matrix summarizing monthly dispersal frequencies along
airborne migration routes for a very small outbreak at RDLs. Long-term means of
Pgt-spore transmission, T

M

i→j (Eq. 3.14), along airborne migration routes from RDLs,
i (rows), to receptor countries, j (columns), in case of a very small outbreak at RDLs
(Ntot = 5 · 109) in June.
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Small outbreak in June

Figure B.10: Connectivity matrix summarizing monthly dispersal frequencies along
airborne migration routes for a small outbreak at RDLs. Long-term means of Pgt-
spore transmission, T

M

i→j (Eq. 3.14), along airborne migration routes from RDLs, i
(rows), to receptor countries, j (columns), in case of a small outbreak at RDLs (Ntot =
5 · 1011) in June.

224



Appendix B

Moderate outbreak in June

Figure B.11: Connectivity matrix summarizing monthly dispersal frequencies along
airborne migration routes for a moderate outbreak at RDLs. Long-term means of
Pgt-spore transmission, T

M

i→j (Eq. 3.14), along airborne migration routes from RDLs,
i (rows), to receptor countries, j (columns), in case of a moderate outbreak at RDLs
(Ntot = 5 · 1013) in June.
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Large outbreak in June

Figure B.12: Connectivity matrix summarizing monthly dispersal frequencies along
airborne migration routes for a large outbreak at RDLs. Long-term means of Pgt-
spore transmission, T

M

i→j (Eq. 3.14), along airborne migration routes from RDLs, i
(rows), to receptor countries, j (columns), in case of a large outbreak at RDLs (Ntot =
5 · 1015) in June.
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C - Appendix to Chapter 4

C.1 Mean transmission frequencies for a 5-day maximum lifetime

August September October November All months
(2003-2016) (2003-2016) (2003-2016) (2003-2016) (2003-2016)

From southern Tanzania to:
West Australia f = 2

434
= 0.005 f = 0

420
= 0.000 f = 5

434
= 0.012 f = 4

420
= 0.010 f = 11

1708
= 0.0064

East Australia f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
434

= 0.000 f = 0
420

= 0.000 f = 0
1708

= 0.0000

Australia f = 2
434

= 0.005 f = 0
420

= 0.000 f = 5
434

= 0.012 f = 4
420

= 0.010 f = 11
1708

= 0.0064

From Zambia to:
West Australia f = 5

434
= 0.012 f = 31

420
= 0.074 f = 41

434
= 0.095 f = 42

420
= 0.100 f = 119

1708
= 0.0697

East Australia f = 1
434

= 0.002 f = 13
420

= 0.031 f = 33
434

= 0.076 f = 23
420

= 0.055 f = 70
1708

= 0.0410

Australia f = 6
434

= 0.014 f = 35
420

= 0.083 f = 52
434

= 0.120 f = 46
420

= 0.110 f = 139
1708

= 0.0814

From Zimbabwe to:
West Australia f = 33

434
= 0.076 f = 82

420
= 0.195 f = 73

434
= 0.168 f = 94

420
= 0.224 f = 282

1708
= 0.1651

East Australia f = 12
434

= 0.028 f = 48
420

= 0.114 f = 66
434

= 0.152 f = 59
420

= 0.141 f = 185
1708

= 0.1083

Australia f = 38
434

= 0.088 f = 97
420

= 0.231 f = 96
434

= 0.221 f = 109
420

= 0.260 f = 340
1708

= 0.1991

From central South Africa to:
West Australia f = 176

434
= 0.406 f = 265

420
= 0.631 f = 232

434
= 0.535 f = 223

420
= 0.531 f = 896

1708
= 0.5246

East Australia f = 133
434

= 0.307 f = 202
420

= 0.481 f = 187
434

= 0.431 f = 175
420

= 0.417 f = 697
1708

= 0.4081

Australia f = 220
434

= 0.507 f = 291
420

= 0.693 f = 280
434

= 0.645 f = 267
420

= 0.636 f = 1058
1708

= 0.6194

From southern South Africa to:
West Australia f = 139

434
= 0.320 f = 186

420
= 0.443 f = 129

434
= 0.297 f = 110

420
= 0.262 f = 564

1708
= 0.3302

East Australia f = 110
434

= 0.254 f = 124
420

= 0.295 f = 81
434

= 0.187 f = 67
420

= 0.160 f = 382
1708

= 0.2237

Australia f = 186
434

= 0.429 f = 207
420

= 0.493 f = 151
434

= 0.348 f = 141
420

= 0.336 f = 685
1708

= 0.4011

Table C.1: Long-term atmospheric transmission frequencies of Pgt-spores from
southern African sources to wheat areas in Australia in simulations with a maximum
lifetime of 5 days. Indicated are transmission frequencies from five different source lo-
cations in southern Africa to both West and East Australia respectively, and Australia as
a whole. Transmission frequencies are calculated as f =

Tdep
Trel

, where Tdep is the number
of viable urediniospore deposition days per release time period, Trel.
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D - Appendix to Chapter 5

D.1 UV dose approximation along a simulation particle trajectory

Figure D.1: UV dose approximation along a simulation particle trajectory in NAME.
a, 72-hour trajectory (latitude, longitude, altitude) of one simulation particle in NAME
after release in the Bale zone, Ethiopia. b, Solar zenith angle along the simulation par-
ticle trajectory. c, Cloud modification factor along the simulation particle trajectory (for
details, see Sec. 5.3.6). d, Approximate UV dose along the simulation particle trajectory
(according to Eq. 5.2 in Sec. 5.3.6).
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D.2 The global UV field from the Met Office’s Unified Model

Figure D.2: Hourly snapshots of the global short-wave radiation field (200-320 nm),
obtained from the UK Met Office’s Unified Model (UM). The short-wave radiation
field (in units [W/m2]) was obtained by Dr E. Turner at the UK Met Office. It was used by
the author to test the plausibility of the UV dose approximation implemented into NAME.
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Figure D.3: The global short-wave radiation field (200-320 nm) at different altitudes,
obtained from the UK Met Office’s Unified Model (UM). The short-wave radiation
field (in units [W/m2]) was obtained by Dr E. Turner at the UK Met Office. It was used by
the author to test the plausibility of the UV dose approximation implemented into NAME.
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D.3 Testing the UV dose approximation in NAME

Figure D.4: Comparing the UV dose from the NAME approximation with the UV
dose from the short-wave radiation field in the Met Office’s Unified Model (UM).
The plausibility of the UV dose approximation in NAME was tested by releasing a set
of simulation particle-ensembles (1000 test particles) at different altitudes (see a) and lat-
itudes (see b). The cumulative UV dose along trajectories of simulation particles was
calculated according to the UV dose approximation in NAME (see Eq. 5.2), and from
the short-wave UV field of the UM. The histograms show the distribution of relative dif-
ferences between the two cumulative doses (NAME approximation and UM) in each test
particle-ensemble. The UV approximation works well for different altitudes at the equa-
tor (±10%; see a). With increasing latitudes (see b), however, there is a systematic bias
towards higher UV dose values in NAME (up to a factor 1-2) compared with the values
from the UM field. This can be explained by the latitude-dependence of the proportion
of irradiance in different wavelength bands. The UM calculates short-wave UV radiation
(280-320 nm), but the NAME approximation calculates the total UV band (200-400) ra-
diation. For the comparison of the two values here a simple constant global re-scaling
was used, based on a fixed proportion of UV to broadband solar radiation (Moan, 2001).
This does not account for the latitude-dependence of the proportion of radiation falling
into different wave-length bands. UV-B radiation decreases more than UV-A radiation
with increasing latitudes, and therefore a globally constant re-scaling of the UV-B values
from the UM leads to lower values in the UM with increasing latitudes, compared with
the NAME approximation. For low latitudes (relevant for the case study in Ethiopia) the
proof-of-concept comparison illustrated here indicates that the simple UV approximation
in NAME performs reasonably well (a, and b-left).
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D.4 Surface air-history maps from the site of first detection

Figure D.5: Inflow of air-masses (from the surface) at the end of the belg wheat sea-
son into the vertical atmospheric column above the first detection site of TKTTF in
Ethiopia. Illustrated are cumulative monthly air-history maps for a selection of release
altitudes (given at the bottom of each map). The daily release rate of tracer material in
time-backward simulations is set to a constant unit emission, and the resulting tracer con-
centration (at the surface) is classified into high and low to indicate, in relative terms,
more likely source regions of air-masses that could have transported TKTTF spores to the
site of first detection.
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Figure D.6: Inflow of air-masses (from the surface) at the end of the meher wheat
season into the vertical atmospheric column above the first detection site of TKTTF
in Ethiopia. Illustrated are cumulative monthly air-history maps for a selection of release
altitudes (given at the bottom of each map). The daily release rate of tracer material
in time-backward simulations is set to a constant unit emission, and the resulting tracer
concentration (at the surface) is classified into high and low to indicate, in relative terms,
more likely source regions of air-masses that could have transported TKTTF spores to the
site of first detection.
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E - Appendix to Chapter 6

E.1 Timing of the automated forecast simulations and data-transfer

Figure E.1: Schematic illustration of the timing of the automated daily wheat rust
spore dispersal simulations. The UK Met Office runs the Unified Model (UM) four
times a day (see step 1 in the upper panel) and updates the archives of the meteorological
model data after each simulation run (see step 2). The wheat rust spore dispersal forecast
simulations, conducted using NAME, process the meteorological model data from the
UM as input. The NAME simulations were timed such that the dispersal simulations
finish during a time-window when the meteorological data are not updated (step 3). The
results from the NAME simulations are transferred to the computers of the Epidemiology
and Modelling group where they are processed, plotted and shared with Ethiopian partners
every evening (step 4), providing spore dispersal patterns for the current day, as well as
six days of forecasts.
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E.2 Temporal sampling scheme in daily forecast simulations

Figure E.2: Schematic illustration of the temporal sampling scheme for spore release
and deposition in dispersal forecast simulations. Every day, t, spore release is simu-
lated starting four days in the past until 5 days into the future. Spore deposition is sampled
in simulations for seven days, starting on the current day, t, until six days into the future,
t + 6. With this temporal sampling scheme the first deposition output for the 24 hour
period between t − 1 and t is based on historical meteorological analysis data, whereas
the consecutive 6 outputs are based on meteorological forecasting data.
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E.3 Exemplar dispersal forecasts from wheat stripe rust sites

Figure E.3: Exemplar Pst-spore dispersal forecast from wheat stripe rust detection
sites in the wheat season 2017 in Ethiopia. The set of maps shows the output of the
dispersal forecasts for one exemplar day in the main wheat season (08/11/2017). For
every day of the wheat season a set of 7 spore deposition maps, as illustrated here, was
automatically produced, forecasting likely spore deposition from the latest detection sites.
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E.4 Initial testing of daily dispersal forecasts

Figure E.4: Comparison of deposition patterns from simulations based on histori-
cal and forecast meteorological data. a, Shows simulated deposition patterns in the
time-window 02-08/10/2015, emanating from one field detection site using the meteoro-
logical forecasting data from the UK Met Office’s Unified Model (UM), as available on
the 02/10/2015. b, Shows simulated deposition patterns emanating from the same field
detection site for the same days but using the historical model data of the global UM,
which is based on the assimilation of weather observations on the days for which spore
dispersal is simulated. For example, the deposition pattern in the 24-hour interval from
the 07-08/10/2015, illustrated in the bottom left map, is based on meteorological fore-
casting data obtained on the 02/10/2015, whereas the deposition patterns illustrated in the
bottom right map, for the same day, is based on meteorological model data as available
on the 09/10/2015.
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Figure E.5: Comparison of spore dispersal forecasts with field disease surveillance
data in southern Ethiopia. Forecasts of spore dispersal risks from detection sites in
southern Ethiopia are shown for (a) one day in September and (b) one day in November
during a week with strong westward dispersal. It was hypothesized that the strong winds
towards the west in November could cause infections on the west side of the Rift Valley
(within the black rectangle). Anecdotal evidence from collaborators in that area indicated
that the dispersal forecasts in November were helpful for timely surveillance and control
before the arrival of disease on the west side of the Rift Valley (Dr D. Hodson and collabo-
rators at EIAR, pers. comm). However, as shown in (c, d), the field disease survey entries
for wheat stripe rust and wheat stem rust, as available after the end of the wheat season
2016, show that both diseases had been already well established on the west side of the
Rift Valley before the week of strong dispersal from sources on the east side of the Rift
Valley. Anecdotal evidence therefore contradicts the field disease survey data, and it re-
mains inconclusive if the predicted dispersal actually happened and whether it contributed
notably to disease risk. The information from field disease surveys was not available dur-
ing the wheat season, because the survey data are not centrally collected in real-time, but
are noted on papers and aggregated after the end of the wheat season. Only a small sub-
set of the surveys were digitized in real-time, and were used to define source-locations
in dispersal simulations. This means that the source-locations for dispersal forecasts are
not necessarily representative of the disease status, and therefore the resulting spore de-
position patterns are not necessarily representative of disease risk. The currently ongoing
extension of the wheat rust early warning system incorporates additional model layers,
and electronic real-time field disease surveys, which can help addressing this challange.
Field disease survey data from CIMMYT (2017).
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Figure E.6: Proportion of positives and negatives in wheat rust phone surveys in 2016.
The Ethiopian Agricultural Transformation Agency (ATA) recently started conducting
automated phone surveys, sent to farmers and agricultural extension agents, asking for
crop disease prevalence and types of diseases (data from Elias Nure, ATA; pers. comm.).
Phone surveys are sent automatically at approximately weekly intervals to hundreds of
farmers and agricultural extension agents in different districts of Ethiopia, asking, among
other questions, if respondents have seen wheat rusts, or not. Here all available phone
survey data for 2016 is plotted, aggregated over all districts. The mean proportion of
positives fluctuates around 50% from the beginning to the end of the wheat season, which
is what one would expect by random chance, given the binary nature of the question
(disease: yes or no). This indicates that the phone data from the initial pilot phase are not
yet reliable. However, the type of data, covering large areas in regular time-intervals, is
promising for future model testing and integration with the early warning system if the
quality of the data can be improved.
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