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Major societal
projects

« Food security
« Food safety
« Wildlands conservation

« Scientific understanding
of the world

Garrett et al 2018 ARP
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Major societal Threats due to plant Inherent challenges
projects disease for plant pathology

« Food security « Lower crop yields, higher « Global change: climate,
yield variability, lower farm trade, land use, political
- Food safety profit margins instability, human

Y : population growth
« Wildlands conservation e TOoXin production in fOOdS,

< Scientihc understanii ;};t:ﬁ;gglzzzwth human « Pathogen invasions

of the world - Pathogen evolution
« Plant species extinction or
diminished ecological
function, disease
management effects on
nontarget species

Garrett et al 2018 ARP




Benefits of network analysis

Limited resources Identify geographic and temporal priorities
for interventions

System complexity Provide new tools to operationalize concepts
such as sustainability and resilience

Global economic Link plant pathology with socioeconomics to
inequality reach low-income farmers and increase
agricultural development impacts

Garrett et al 2018 ARP



Benefits of network analysis

Limited resources Identify geographic and temporal priorities
for interventions

System complexity Provide new tools to operationalize concepts
such as sustainability and resilience

Global economic Link plant pathology with socioeconomics to
inequality reach low-income farmers and increase
agricultural development impacts

Data: global availability Integrate global data layers across scales

Data: phytobiomes Clarify phytobiome interactions and identify
key players

Leveraging progress Integrate plant pathology with progress in
in other disciplines, disciplines such as human epidemiology,
including the science physics, electrical engineering, and

of science sociology

. . .
Garrett et al 2018 ARP
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Technology adoption often occurs
on an individual level through
observation and mimicry of other
people’s technology use
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Technology adoption often occurs
on an individual level through
observation and mimicry of other
people’s technology use

il

Innovations can be considered a
type of contagion, where social
factors help to determine an
individual’s level of susceptibility to

new ideas
I :1‘: ‘:'

Social network analysis can track
the influence of networks within
cultural groups on technology
adoption
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For plant pathology to contribute to
improved agriculture, innovations
must reach enough individuals to
effectively manage epidemics

\

Many individuals will not adopt
technologies until a social threshold

is reached, in terms of the number
of their associates who adopt Garrett et al 2018 ARP



Link weight: Level of interactio etween the pair of
nodes

Dynamic nature: Link weights change over time



nfinite possibilities
for network model structures

* Nodes could be
* Locations in spatial networks

(counties, fields, plants, leaves, cells, g — 7

organelles, microbes, ...)
* Entities O |
* Individual people ®

» Species (perhaps in food webs or the
phytobiome)

* Genes ®
* Molecules

e Links could be

» Strength or likelihood of influence,
triggering, information flow, ...

* Dependent on environmental
variables



Traits of network nodes

* |n a socioeconomic network, nodes are people or
human institutions (managers/farmers,
extension agents, scientists, ...)

* In a biophysical network, nodes are geographic
locations (individual plants, farms, storage
facilities, wildlands, ...)

* Degree centrality — number of links

* Closeness centrality — measure of how readily
other nodes can be reached

* Betweenness centrality —importance as a bridge
between other nodes

* Centrality of neighbors —importance in terms of
importance of neighbors
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Microbiome systems analysis can
mobilize high-throughput
sequencing to inform strategies for
making the most of microbiomes

Ravin Poudel

Microbiome Networks: A Systems Framework for Identifying Candidate
Microbial Assemblages for Disease Management

R. Poudel, A. Jumpponen, D. C. Schlatter, T. C. Paulitz, B. B. McSpadden Gardener, L. L. Kinkel, and K. A. Garrett

Phytopathology 2016 [open access link]



http://apsjournals.apsnet.org/doi/abs/10.1094/PHYTO-02-16-0058-FI

Nodes:

Network Analysis of the Papaya Orchard Virome from Two
Agroecological Regions of Chiapas, Mexico

Ricardo I. Alcala-Brisefo,>-P-<d (2 Kena Casarrubias-Castillo,9* Diana Lépez-Ley,@ ‘“'Karen A. Garrett,a<

Laura Silva-Rosalesd

No reportados en papaya (Chiapas) PMEBY -2
® Reportados en papaya (Chiapas)

Nuevos reportes en papaya (Chiapas) F

@® Virus nuevos
Depresion Central
[[] Costa Pacifica

Link (coverage)

low

mSystems, publishing Jan 14

LEV1 " | PapBy-1A
- CV:2 /

Links:

Cinvestav

- Ricardo Alcald Brisefio

Locations
(O Pacific Coastal Plain

(O Central Depression

Host-type:
VA: Visually Asymptomatic
OS: Other Symptoms
PS: PRSV Symptoms
W: Weeds
I: Insects

— within region
- among regions

Other sources of viruses in
the system




Viromes and phytosanitary standards

4« INTERNATIONAL

* Opening Pandora’s box with virome
analysis

Potato vurome in Peru
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Effective altruism as an ethical lens on research priorities:

e K. A. Garrett, R. I. Alcala-Briseno, K. F. Andersen, J. Brawner, R. A.
Choudhury, E. Delaquis, J. Fayette, R. Poudel, D. Purves, J. Rothschild,
l. M. Small, S. Thomas-Sharma, and Y. Xing

* Phytopathology



Motive of research

Extension and outreach
Altruism_driven _—

Extension and outreach

Translational research

Success

Greatest benefits to humans and other species

Perceived utility by relatively powerful stakeholders

Contribution to fundamental science



Potential prioritization of research by stakeholders, pathosystems, and experimental questions and techniques

Prioritizing stakeholders

Food security & food safety Wildlands conservation

* People at greatest risk » Endangered species
* People unders-erved * Biodiversity hotspots
* People who will » Systems providing
experience the greatest greatest ecosystem
gain services
* Greatest number
benefiting

Prioritizing pathosystems

* Diseases causing the greatest yield loss or quality
loss

* Diseases causing the greatest health risks by toxin
production

* Systems that would otherwise not receive attention

* Orphan crops and orphan pathosystems

* Geographiclocations of greatest importancein
epidemic networks

Prioritizing experimental questions and technologies

Examples, see also Table 1

Avoidingthe tragedy of the microbiome commons

* Regional microbiomes can be considered a common
pool good like air or water, degraded by individuals
who manage plant diseases poorly

* Research providingglobal publicgoods can support
technology spread and durability (Fig. 5)

Value of information (Vol)

* Providing information that will have a substantial
effect to improve key decision-making outcomes
Big ethics for big data

* Addressing costs and benefits of data collectionand
data availability for the range of stakeholders

* Addressing new ethical questions as networking of
digital agriculture advances

Doomsday pathogens

* Addressing low-probability existential risks

Garrett et al. 2020 Phytopathology




Avoiding the tragedy of the microbiome commons

Consumption Access
Exclusive Non-exclusive
Private: e. g., food Common pool: e. g., air, water
Regional microbiome
Regional pathogen meta-
communities
Rival
Erasieiias Formal seed Informal seed
vulnerable  Systems systems
to antibiotic  prijyate non- _
resistance  qurable resistance | | |0liC non-durable
resistance genes
genes
Club/Toll: Pesticides  Private durable Public durable Public: e. g.,
e. g., private not resistance genes resistance genes sunshine
schools vulnerable
Non-rival S Private data and Public data and
to antibiotic o gels for disease | models for disease
resistance management management

Garrett et al. 2020 Phytopathology



WITH GREAT NODE DEGREE AND
BETWEENNESS CENTRALITY
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POLICY FORUM

FOOD SECURITY

A global surveillance system for crop diseases

Global preparedness minimizes the risk to food supplies

By M. Carvajal-Yepes,' K. Cardwell,>

A. Nelson,? K. A. Garrett,* B. Giovani,®

D. G. O. Saunders,’ S. Kamoun,’ J. P. Legg,®
V. Verdier,® J. Lessel,’ R. A. Neher,"

R. Day,2 P. Pardey,'® M. L. Gullino,™*

A. R. Records,” B. Bextine,' J. E. Leach,"”
S. Staiger,' J. Tohme!

oping and maintaining surveillance systems
with well-established network labs for di-
agnosis and promoting norms for sharing
data and information during outbreaks (5).
In a similar spirit, with the United Nations
General Assembly having proclaimed 2020
as the International Year of Plant Health to

;Y\f\Y‘Df]C‘D axxraranrnaco arminNnmoy +1"\D 1"\]11’\11‘(" 0“1’1

fectively screened; thus, actual movement of
potential biological invasive species through
official entry points is barely constrained (8).

General or passive surveillance is aimed
at detecting and diagnosing all pests and
crop diseases, not just those that are regu-
lated. Passive surveillance personnel either

onnt AI-C‘DCIC‘DC‘ AI“";Y\(}' 'ﬁﬂ]l‘] ar1Iriraxro nyYy h ol & W

!International Center of Tropical Agriculture, Cali, Colombia. ?Oklahoma State University, Stillwater, OK, USA. 3Department of Natural Resources, Faculty of Geo-Information Science and Earth Observation
(ITC), University of Twente, Enschede, Netherlands. “University of Florida, Gainesville, FL, USA. >European and Mediterranean Plant Protection Organization-Euphresco, Paris, France. ®John Innes

Centre, Norwich, UK. “The Sainsbury Laboratory, University of East Anglia, Norwich, UK. &International Institute of Tropical Agriculture, Dar es Salaam, Tanzania. °French National Research Institute for
Sustainable Development (IRD), CIRAD, University of Montpellier, Interactions Plantes Microorganismes Environnement, Montpellier, France. °Gro Intelligence, New York, NY, USA. *University of Basel,
Basel, Switzerland. “Centre for Agriculture and Biosciences International, Wallingford, UK. University of Minnesota, Minneapolis, MN, USA. *Torino University, Torino, Italy. “United States Agency for
International Development, Washington, DC, USA. 8University of Texas, Austin, TX, USA. YColorado State University, Fort Collins, CO, USA. Email: m.carvajal@cgiar.org; j.tohme@cgiar.org

SCIENCE sciencemag.org 28 JUNE 2019 » VOL 364 ISSUE 6447 1237



It would cre-
ate linkages between general and specific
surveillance entities across countries to in-
crease coordination 1n high-consequence
disease detection, allowing optimization of
early response and control. It would function
through five interconnected networks: (1) di-
agnostic labs, (11) risk assessment modeling
teams, (ill) data standardization and man-
agement specialists, (1v) regular expert com-
munications, and (v) a distributed operations
management system, all sharing a cross-
cutting capacity-development component. A
pilot phase would focus on high-risk diseases

OPERATIONAL

MANAGEMENT
NETWORK
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Connectivity of the American
Agricultural Landscape: Assessing
the National Risk of Crop Pest and

Disease Spread

MARGARET L. MARGOSIAN, KAREN A. GARRETT, J. M. SHAWN HUTCHINSON, AND KIMBERLY A. WITH [Open access ||nk]

Peg Margosian February 2009 / Vol. 59 No. 2 « BioScience 141 /T\

Nodes: US counties T<2\\
Links: measures of likelihood K%
of pathogen movement based l/>\/

on host availability



https://academic.oup.com/bioscience/article/59/2/141/228297/Connectivity-of-the-American-Agricultural

Threshold <= 100

T

Red = connected areas for —
pathogens that require at least
low maize density to spread

Red = connected areas for
pathogens that require high
maize density to spread
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http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0037793

Network of Countries Connected by Hurricanes
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Aggregated Number of Storm Events
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Ecological Networks in Stored Grain:
Key Postharvest Nodes for Emerging
Pests, Pathogens, and Mycotoxins

JOHN F. HERNANDEZ NOPSA, GREGORY J. DAGLISH, DAVID W. HAGSTRUM, JOHN F. LESLIE, THOMAS W. PHILLIPS,
CATERINA SCOGLIO, SARA THOMAS-SHARMA, GIMME H. WALTER, AND KAREN A. GARRETT

John Hernandez Nopsa

CRC 2015
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A network depicting both wheat movement (links) and production (nodes)
in the United States in 2006-2010
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A hypothetical scenario for a multilayer network
In the stored-grain system

a. Grain movement
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Obstacles to integrated pest management adoption iIn
developing countries

Soroush Parsa®’, Stephen Morse®, Alejandro Bonifacio®, Timothy C. B. Chan_cellord, Bruno Cond_orie,
Veronica Crespo-Pérezf, Shaun L. A. Hobbs®, Jirgen Kroschelh, Malick N. Ba', Francois Rebaudo_l'k,
Stephen G. Sherwood', Steven J. Vanek™, Emile Faye), Mario A. Herrera’, and Olivier Dangles®-k"

2014

o | 6.1%
INC \Weak adoption incentives

IRCHY Research weaknesses 10.99 \ 33 2
60T Outreach weaknesses .J'/0 '

NPV IPM weaknesses 10.9% ‘

PST Pesticide industry interference

BERMY Farmer weaknesses \/

I Others 18.4



Impact Network Analysis (INA)

* The Garrett Lab is developing INA as a general platform for evaluating
system management strategies (such as crop breeding networks, seed
systems, and regional integrated pest and disease management)

e Impact OF research products such as information/training, disease
resistance, and disease-free seed production technologies

* Impact ON spatial ecological processes, such as gene/genotype
spread, pathogen invasions or ecosystem services more broadly

* Impact THROUGH communication and decision-making networks,
and linked biophysical networks

Garrett 2018 Peer) Preprints



Management
technologies are
available for adoption

Garrett et al 2018 ARP



Socioeconomic network
Exchange of ideas and money
influencing decisions about
management adoption

Outcome:
Yield, profit, system
resilience, etc.

Management
technologies are
available for adoption

Biophysical network
Movement of plants, pathogens,
and vectors, with pathogen
establishment influenced by
management

Garrett et al 2018 ARP



Socioeconomic network
Time 1 . *

Biophysical network

Time 2 . .

Time 3 . .

® MManagement adoptio

® Species establishmen

System over time

* Individuals in the socioeconomic network
can influence what happens at individual
locations in the biophysical network

* For example,

* Farmers in the socioeconomic network make
decisions about management (e.g., whether
to buy good seed) influenced by their
associates and prices

* The decision influences the likelihood of the
spread of disease in the biophysical network

Garrett 2018



Impact networks, broadly

Generality Questions like:

How can a change in impact network
components compensate for increased
risk to maintain system sustainability?

Realism Questions like:

How do changes in network traits, such as
changes in mechanisms for interpersonal
influence, affect system outcomes?

Precision Questions like:

Which particular communication or
land nodes are key control points for
transmission through the landscape?

Garrett 2018



Resistance Genes in Global Crop Breeding Networks

K. A. Garrett, K. F. Andersen, F. Asche, R. L. Bowden, G. A. Forbes, P. A. Kulakow, and B. Zhou

Phytopathology 2017
[open access link]
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Cassava breeding network


http://apsjournals.apsnet.org/doi/10.1094/PHYTO-03-17-0082-FI

Linked networks and landscapes through which

. System stressors and shocks
resistance genes move

Crop wild relatives, land races, and
germplasm collections (in situ and
ex situ conservation)

Garrett et al 2017



Linked networks and landscapes through which

. System stressors and shocks
resistance genes move

Crop wild relatives, land races, and
germplasm collections (in situ and
ex situ conservation)

Prebreeding programs to make
resistance genes available in elite
lines

Land use change,
climate change, &
war

Intellectual property
laws & ITPGRFA

Breeding programs to develop elite
lines, where decisions are made
about which genes to deploy

technologies, &
phytosanitary laws

~ Privatization, disruptive

Seed systems, which determine
which resistance genes are present
in available varieties

Farmers’ fields, where pathogen .
: , , Disease emergence &
populations determine which .
_ climate change
resistance genes are most useful

ANANANANA

Garrett et al 2017



Three potential scenarios for crop breeding networks

N ® B o U C P

o o e Public O
O m Private
Black: International
Yellow:Regional

Garrett et al 2017



Cassava Potato
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Principles for supporting system resilience
(adapted from Biggs et al. 2012)

* Diversity and redundancy

* Management of connectivity

* Management of feedbacks

* Fostering understanding of complex adaptive systems
* Broadening participation

* Promoting polycentric governance systems



Directionality and the likelihood that resistance genes are available to farmers where needed

B. Public systems: If genes are made

available through prebreeding programs, is
human capital for plant breeding available
to develop regional varieties and distribute

seed?

A. Privatization: If genes are “sequestered”
by private breeders, are resistance genes
distributed widely enough through seed
systems?

Ob ! \.‘T—‘O Prebreeding programs

!
9
I L

1?

O

o
O Fo ®

Breeding programs

?
5

| 1
v I O
N / Seed systems b »

ERPEE]
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5

B International private breeding group
@ nternational public breeding group
O Regional public breeding group



Plant Pathology (2015) Doi: 10.1111/ppa.12439

REVIEW

Seed degeneration in potato: the need for an integrated seed
health strategy to mitigate the problem in developing
countries

homas-Sharma®*, A. Abdurahman®, S. Ali°, J. L. Andrade-Piedra®, S. Bao®, |
O. Charkowski’, D. Crook?, M. Kadian®, P. Kromann", P. C. Struik®, L. Torrance,

S.T
A. O. _
K. A. Garrett® and G. A. Forbes®

RESEARCH
PROGRAM ON

%? Roots, Tubers
CGIAR and Bananas

Sara Thomas-Sharma



Table 3 Percentage contribution of formal potato seed system® and
informal potato seed systems® in some developing countries

Formal Informal

seed seed
Country system  system Reference
Afghanistan 0 100 Kadian et al. (2007)
Bangladesh 5 95 llangantileke et al. (2001)
Bhutan 2 98 Kadian et al. (2007)
Bolivia 2 98 Hidalgo et al. (2009)
China 20 80 Muthoni et al. (2013)
Columbia 2-10 90-98 FEDEPAPA (2010), Guzman-Barney

et al. (2012)

Ecuador 1-3 97-99  Thiele (1999), ESPAC (2012)
Ethiopia 11¢ 89° Gildemacher et al. (2009)
India 20 80 Kadian et al. (2007)
Indonesia 6 94 Muthoni et al. (2013)
Kenya 0-5° 99.5¢ Gildemacher et al. (2009)
Pakistan 5 95 Muthoni et al. (2013)
Peru 0-5 99 Hidalgo et al. (2009)
Uganda 4° 96° Gildemacher et al. (2009)

Thomas-Sharma et al. 2016



Epidemic network analysis for mitigation of
Invasive pathogens in seed systems:
Potato in Ecuador

Phytopathology 2017
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C. E. Budde‘nhagen*, J. F. Hernandez Nopsa*, K. F.
Andersen, J. Andrade-Piedra, G. A. Forbes, P.
Kromann, S. Thomas-Sharma, P. Useche, K. A. Garrett

[open access link]

UF IFAS

UNIVERSITY of FLORIDA
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http://apsjournals.apsnet.org/doi/10.1094/PHYTO-03-17-0108-FI

Potato production in
Tungurahua Province,
Ecuador

Photos: J Hernandez Nopsa

In this analysis, we have
survey data for both
potato transactions and
sources of information
for IPM
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Effective monitoring

Ineffective monitoring

Scenario analysis indicating
how effective monitoring of
the spread of a pathogen
would be at each node,
based on location in
network and IPM
information sources

Buddenhagen, Hernandez Nopsa, et al. 2017



Modeling Epidemics in Seed
Systems and Landscapes to
Guide Management Strategies:

The Case of Sweetpotato in Northern Ugandao

Kelsey F Andersen@®¢, Chris E Buddenhagen?@®, Paul Rachkarad, Richard Gibsone,
Stephen Kaluled, David Phillips¢, Karen A Garrett?~°

aDepartment of Plant Pathology, UF, Gainesville, FL;

bInstitute for Sustainable Food Systems, UF, Gainesville, FL;

‘Emerging Pathogens Institute, UF, Gainesville, FL;

dDepartment of Rural Development and Agribusiness, Gulu University, Gulu, Uganda;
®Natural Resource Institute, University of Greenwich, United Kingdom

Andersen et al. 2019 Phytopathology Kelsey Andersen



Sweetpotato vine sellers were surveyed in 2014 in
the Gulu Region of Northern Uganda
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Estimated village-to-village spread

* A second set of geo-spatially
derived links were added to the

network based on distance g Laira
%o
e ;@@ e
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Using network analysis we evaluated a set of
guestions in simulation experiments

1. What are the optimum surveillance locations to detect disease spread,
given equal likelihood of disease introduction at each node?

2. Does the starting position of the epidemic influence epidemic progress
and final outcome?

3. How much can disease spread be limited by implementing a quarantine?

4. How do network statistics compare for their utility for selecting
guarantine locations?

Andersen et al 2019



Integrating data sources to evaluate
risk of cassava mosaic disease: an
emerging threat in Southeast Asia

K. F. Andersen, E. Delaquis, S. de Haan, Cu Thi Le Thuy, N. Minato,
J. P. Legg, W. Cuellar, and K. A. Garrett
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Cassava mosaic disease (CMD)

Cassava is a critical food and industrial crop in tropical

countries

Cassava is grown on > 2.5 M acres in Southeast Asia,
mostly by smallholder farmers, & acreage has rapidly
expanded in the last 10 years

CMD has had major yield impacts for decades on

cassava production in Africa and India

CMD is caused by cassava mosaic viruses

Family Geminiviridae, genus Begomovirus

Vectored by Whiteﬂy (Bemisia tabaci)

Andersen et al



In 2015, Sri
Lankan cassava £
mosalc VIrus was
first reported In
Cambodia

%

w Thailand

Andersen et al
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Officially reported in seven
provinces in Cambodia, and ten

provinces in southern Vietnam.



Cassava planting material is transported in

large volumes across national borders

}' frontiers
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Next steps / model improvement

 Refine risk models with updated data,
particularly for Lao PDR and Thailand

* Incorporate whitefly survey data into
the model

* Use high risk regions to inform risk-
based sampling and surveillance
strategies conduced by CIAT and
national ministries



Socioeconomic network
Exchange of ideas and money
influencing decisions about
management adoption

Outcome:
Yield, profit, system
resilience, etc.

Management
technologies are
available for adoption

Biophysical network
Movement of plants, pathogens,
and vectors, with pathogen
establishment influenced by
management

Garrett et al 2018 ARP
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Manhagement performance
mapping: the value of
information for regional
prioritization of project
interventions

C. E. Buddenhagen, J. Andrade Piedra, G.
A. Forbes, P. Kromann, |. Navarrete, S.

Thomas-Sharma, Y. Xing, K. A. Garrett
bioRxiv 2018

Generation of maps of [seed health]
management performance for
donors/funders deciding on prioritization
o & for investment, extension agents deciding
7@ Ecuador and Colombia, with distinct 8  on priorities, etc.

4 cffects of positive selection on yield §
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Management performance mapping for Ecuador and
surroundings, with potato production indicated based
on MapSpam estimates. Pixels labelled above (green)
and below (white) 2895 masl|

Benefit of informed site selection: 7.7 t/ha
Benefit of random site selection: 6.5 t/ha

Yanru Xing
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The potato cropland connectivity risk index (CCRI)

estimated for Ecuador and southern Colombia,

based on the mean from uncertainty quantification

CCRI provides a regional criterion for site selection

Xing et al 2018 bioRxiv



