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Abstract

Livestock mobility particulaly that of small and large ruminantss one of the main pillarof
production and trade in West Africivestock is movedroundin search of bettegrazing orsoldin
markets fodomestic consumptioand forfestivatrelated activities. These movements caareral
thousandkilometersand have the capability of connecting thbole West African region thus
facilitating the diffusion of many animal and zoonotic diseasssveral &ctors shape mobility
patternseven in normal yearand surveillance systesmeedto account forsuchchanges. In this
paperwe present a procedurased on temporal network thetoydentify possible sentinel locations
usingtwo indicators:vulnerability (i.e. the probability of being readd by the disease) artine of
infection(i.e. the time of first arrival of the disease). Using these indicatarsr structural analysis



of the changingnetworkenablal usto identify a set of nodes that could be usednearly warning
system.

As a case study wamulatedthe introduction of F.A.S.T. (Foot and Mouth Similar Transboundary)
diseases in Senegahd useddatatakenfrom 2020 Santary certificates (LPS laissezpasser
sanitairg issued by the Senegalese Veterinary Sentixesconstructhe national mobility network
Our analysis showed that a static appraaisignificantlyoverestimate the speed and the extent of
disease propagatiowhereagemporal analysis revealed thlereachability and vulnerability dhe
different administrativelepartmentgused as nodes of the mobility netwockiangeover the course

of the yearFor this reasonseveral sets of sentiheodes were idntifiedin different periodof the

year, underliningtherole of temporality in shapingatterns of diseas#ffusion.

Keywords: network analysidjvestock mobility,epidemiology, livestock production

1. Introduction

TheWestAfrican region includes the southgpartof the bulgen the African continenénd is crossed

by the Sahel, a transitional strip between the Sahara Desert in the north and the Sudanic zone in the
south (Bossard, 2009)The region is composeof 18 countries and iboundedin the north by
Mauritania, Mali and Nigeiin the east by Chad and Cameradarthe south and west by the Atlantic
Ocean. Theeagion is characterized lifferentclimates,and hencedifferent agreecological zones

and different livestockfarming systems(Missohou et al., 2016)Livestock farming (particularly

cattle and small ruminagjtis one of the most important economic activities in this area.

In West Africa livestock mobility is an intrinsic component of livestock production tiade The
harsh environmental conditions, as well as the absertbe ddcilities requiredo slaghteranimals
andstore meatmeandivestockhasto be mobile. To optimize the use of natural resources such as
pasture and surface water, whose availability vahiesighouthe year, livestock farmers are forced
to move their herdaround these movenmgs occurall the yearround (nomadism) or in specific
periods (transhumanceBecause of the lack of sagefacilities and infrastructureghe majority of
animals are sold alive at markei$ yearround Most animals are concentrated in the northern part
of West Africa, notably in Mali, Chad, Niger, and Mauritania, where the vast uninhabitechegeas
unsuitable focroppingbut allowextensive livestockaising andthe animalare moved towards the
greenersouthern coastal aredhese movementyeseasonalanddependoothon the availability

of resourcesndon other sociaultural factors, and the mobility patterns and the distribution of the



volumeof animals involvecchangeover the course dhe year(Apolloni et al., 2019; Bouslikhane,
2015) These movements integratthe region, connect contrasted agawlogical areasand, in
addition,generag¢ income for many supply chain actoms¢luding producers, traders, transporters,
and vendors, and contribute to the food and nutrition security of the r@tario, 2020)

As it is, mobility in West Africa is a complex phenomenon involving different temgoedéqfrom

a few daydo several months) and spatial scales (from aKkidowmetersto reach local markets to
international transhumance and/or international trade), and whose deterniaagés from
environmental factorse.g. the availability of natural resources, commercietérs,e.g. market

demand and prices) social factors, such as religious feats{Apolloni et al., 2019)

In Senegal livestock production is one of the main economic activitiesvolves 28% of the
population(ANSD, 2013)and provide almost4% (ANSD, 2020)of grossnationaldomesticproduct

Due to the different agrecological zoneseveral production systems-exist Senegal isocatedon

the Atlantic Coast axed the transhumance routésom Mauritania and Mako Guinea and Guinea
Bissau)and isinvolved in internationaltrade movementsWithin Senegaltrade follows a strict
market hierarchy: from village markets to consumption markets coastal areasNational
transhumace involves movements from the central and southern predominantly agrialirea
towards the area of Fero the north

Like in other West Africa countries movements within and towards Senegal \argr the course

of the year. This is particularly true tife Tabaskireligious festiwal, an important Muslim festal
characerizedby the sacrifice of rams, and the Gaddvlagal ofTouba, during which the consumption

of beefincreass significantly. Thetwo festivals meamports of livestock increasenormouslyin a
shortperiodof time (Apolloni et al., 2019; Cesaro et al., 2010)

Animal movementsilso mearpathogensan be introduced and spread at national and international
scalesSuch pathogerspread very rapidly across national borders and have seriousesotiomic

and public health consequences. Some of these, such as Contagious Bovine Pleuropneumonia
(CBPP), Fot-andMouth Disease (FMD), Peste des Petits Ruminants (PPR), and Rift Valley Fever
(RVF) are currentlya major problemn West Africa(Apolloni et al., 2019; Bouslikhane, 2015;
Chaters et al., 2019; Di Nardo et al., 2011)

The porosity othe border, the absence afanimal identification system, together with the lack of
coordinatedcontrol and surveillance systerhgders the development @f regional surveillance
system and increaséhe risk of epidemicgApolloni et al., 2019)Understanding mobility aiterrs,

as well agheir variationsis of theuttermost importaceto optimizesurveillance and control systems.

Senegal is one of the few countries in Wifica alreadyequipped with a system for mappiagd



controlling animal movemeistwithin its borders Movements are regulated through the use of
sanitary certificates (LPB laissezpasser sanitairg issued by the veterinary services to livestock
transportes every time they move animals. The certificates al® routinely collectedand
centralizedoy theveterinary service The information thatanbe retrieved from these data provsde
asnapshobf the livestock mobility network at each period of the yearandd be used to develop
toolsto improve thesurveilance system, adapted to the periodossned

Network-based approaches are widelsedin veterinary epidemiologyo study the role of animal
mobility in the spread of diseases, with the aim of developing effective strategies for disease
surveillance and contr¢gDubé et al., 2009; Motta et al., 201 Retwork-basedapproacksmake it
possible tadepict livestockmovements as a spatial network in which the nodes represent villages,
administrative unitsmarketsor herds, and a link is created each time at least one animal is moved
from one node to another. However, while network methods have been extenapigd to
engineer surveillance systeim European countriethanks to the existence of vast live animal
movement traceability datase(se. Lentz et al.(Lentz et al., 2016)and Schirdewahn et al.
(Schirdewahn et al., 2021 )ittle has been done in West Africa dugttescarcity ofsuchinformation
(Muwonge et al., 2021)0nly a few articlesthat reportnetwork analysis in West Africa have been
publishedrecently including Apolloni et al.(Apolloni et al., 2018)and Nicolas et a[Nicolas et al.,
2018)for Mauritanig Jahel et al(Jahel et al., 202Gpr Senegal and MauritaniandValerio et al.
(Valerio et al., 2020for the wholeWest Africa region

Static retwork approaabsmay not be the bestay to create effective surveillance and control tools
against the spread of infectious diseasesa static approacban overestimate or underestimate the
rate and extent of outbrea@ddasuda & Holme, 2013)The influence of temporality on the structure

of the network can significantlyaffect the spread of a disease, whicbnsequentlycan only be
accuratelypredicted if the chronology of links is accurately represe(asuda & Holme, 2013;
Williams & Musolesi, 2016)

In this work, we usedtemporal network approach to assessnfieenceof change on the diffusion

of animal diseasesver time We used data collected in 2080 the Senegalese Veterinary Services

to build a representation of the network, and adapted tools from complex ketwassess the risk

of being infected and the role of different Senegalese arspreadingnfectionsover the course of

the year. To this end, weelied on measures dheiivul ner abi |l i tyo and Ar e
Vulnerability gives an indicatiomf the likelihood a nodwill be infected,while reachabilitygives

an indicationof the time to infection This approach takeshanges irthe networkover time into

accountas well as the network structure, and differarkedlyfrom the static, individualcentric



approachesised in previous rislkssessmentd he objective of the presentvork is to provide a
theoreticalbasis forimproving the Senegalessurveillance systery identifying different potential
geographical spothatcontribute tothe spread opathogen at different times of the yeandthat

couldbe used as sentinel nodes.

2. Materials and methods

2.1Study area
Bordering Mauritania to the north, Mali to the east, Guinea and G#issau to the soutlandthe
Gambia and the Atlantic Ocean to the west, Senegal occupies an area of 196,722 knZoaad
had an estimated population ofore than 1& million (World Bank, 2022)

The administration ofhe Senegadseterritory isorganizedn 14 regions 45 departmentsand 123
arrondissement$ Mi ni st re de | 61| n Thee iseeclear codtiast [®veed tha | |,
emptyareain the eas{hostingaround10% of the human populati@f Seneggland the populated

and urbanizedcentral and areas the west where 90%of human populatioms concentratedof

which 25%in the Dakar are@ANSD, 2020; Worl Bank, 2022)

Senegal 6s cvhriedaadtd&incticlsnatic zomesare characterizedyy different levels of
rainfall and different types of vegetation. This diveesclimate strongly influenceghe livestock
farming sectorwhosedifferentfarming systems depending on agglimatic gradientsamong other

factors(Cesaro et al., 2010)

As mentioned above, thvéstocktradeis organizedn astricthierarchical systeratartingatvillage

weekly marketgLumo), the animals are collected by traddosbesold at collection mekets before

being senton to consumermarkets, where they are sold to be slaughteBettausethere are
practically nomeat storage facilitiesmost trade involve live animals. Livestock trade routes
convergeonthe Dakar region, the main consumer market, with stops in smaller markets such-as Saint
Louis, Touba, Thigsand Kaolack. Before reaching the urban markets, the vast majority of the animals
originatingfrom northern Senegal, Mauritania, and Malie groupd in Dahragalledthe flivestock
capitab of Senegal Anothercollection marketin the southeastn partof the countryalsoplays a

major role in the livestock trade: Tambacounda, the point of convergence for animals from eastern



and southerisenegal, sawell asfrom southerrMauritania and Mal In addition tothe movemenof
animals for salgranshumance widespreadn Senegalbothat nationalscalefrom the central area
to thenorth (in particular the Ferloegion), and, due to its location, international, from Mali and

Mauritania tothe Senegalese coa@tpolloni et al., 2019; Cesaro et al., 2018) Figure 1)

2.2Data

In Senegal, a certificmns y st em based on daisseaRasser Sanijairep P Sn a
is usedto track animal mobility and to map the most important axes of mouveimeéhe region.
Veterinary postdelonging tahe Senegaleddinistry of Livestock and Animal Productigorovide
an LPS each timea herd is movedthe documenttatesthe origin of the movemenyvillage,
department, region, countryfhie destination (village, department, region, counttig date,the
species andumberof animalsnvolved andthemearsof transportCopies of the LPS acentralized

andstoredin electronic form.

We focusedour analyses omovements otattle and smalfuminans (goats and sheepgither
separately or togetheFor analyticalpurposesthe two were aggregatedn the spatial scale ofra
administrativedepartmentall 45 Senegalese departmeatsinvolved inthis trade)and on a time
scale of one month or one week, depending otyfheeofanalysis we choseamonth aghetemporal
unit for the general description of the datalfor cluster analysisandaweekto simulatethe disease
spreadasa weekis a more realistic unit to study disease propagation.

3. Methods

3.1 Descriptive and network analyses
We analyzedmobility data using a complex network approacRS datavereused to buildhree
orientedand weighted networkspne for each species plus one spenidependennetwork the
nodes correspord to the departments of origin and destinatiardirectlink existed between two
nodes if at least one animabs moved fronthe departmenof origin to the destinatiordepartment
thelink wasweighted according tthe number o&nimalsmovedalongit.

A cluster analysis wgserformed to explore the behavior of the different nodes over the study period.
Thenodes wereankedbased orther activity, definedas the effective number of animals traded each
month;the numberbeingpositive if the inflow of animals was greater than the outfilomporting

behavio), otherwise negativ@exporting behavior



Clusteiing was performedisingHCPC (Hierarchical Clustering on Principal Components), which
successivehappliesthree standard methods used in multivariate analyses: (i) Principal Component
Analysis(PCA), which identifesthe principal components, (ii) hierarchical clustering, widefines

the optimal number of clustecd nodes according to their score thie principal components, and

(iif) non-hierarchical clustering (in particular thentkeans algorithm), which associates a cluster with
each nodé€Celebi, 2015)

To studythe structure othe livestock network, wesonducteda spatietemporal analysis df i n k 6 s
frequency defined as the number of monihghe year in which movementgcuron the link We
consideeda link to beactive when at least otiedemovementwas recorded im givenmonth.We
thencategorizedhe linksaccording tahenumber oimonthsin which they were activen particular,

we identified four frequency categories, which were, starting fronmets frequent: occasional
(activity onlyoccurred irone montiper yeay, intermediatéactivity occurred intwo or three months

per yeay, frequent(activity in four to nine monthger yea), and backbongactivity in 10 to 12
months)

To compare the risk of diffusioaver the course othe yeay we used thespidemic threshold
(Volkova et al., 2010)This measure provides information the mininum probability for a virus to
spreadhroughoutthe networkthe lower the value of the epidemic threshold,higher the risk of
propagation.
For a weighted network, this parameter can be estimated as follows:

, 0 O

" % o o
where 6 Oindicates the average valug™ andw®i ndi cat e {whight andoodieeighd i n
respectively(Nicolas et al., 2018)

Following the proeduresof Lancelot et al(Lancelot et al., 2017andNicolas et al(Nicolas et al.
2018) for each of the three mobility networks conside(@dl species,Cattle Small ruminarg
separately), the epidemic threshold was esgthédr each monthly snapshot of the networlaseess

the risk of an epidemicccuring over the cowse of the year

3.2 Simulation of disease spread
Temporality,i.e. the variation in time othe mobility network, affects disease spde&igureli A
shows an example of a temporal network and its static countérpametworks composed aseven



nodes aneightpossible links, whose directionirsdicatedby thearrows. In this case, the temporal
network is charaetized by three temporal snapshibigtcontainthe same nodes but different links.

A link that is present and active in a snapshot is not nedgstiae same in the previous or the
following snapshotsif we disregard the informationn timing, we obtainan aggregatédstatic
network composed of the same nodes and kskise temporal network, all present and active at the
sametime. If we simulate an outbreak in the two networks (temporalstatlg (Figureli B), we

can see that the potential diffusion of the pathogen diffiethe two situations. In this case, there is
significantlymorepropagation in the static netwattkan inthe temporal onéelhis happens because,

in the temporal network, the disease can only propagate through temporal paths. In other words, if a
link connecting an infected node to a susceptible one is active in a specific temporal snapshot, the
disease can spread to the latt@nverselyif the link is not activen thetemporal windowconcerned,

disease propagation stops.

To study the influence of temporality on disepsepagationwe simulated the spread af animal
diseasetransmitted bydirect contactthrough thelivestock mobility networksWe useda Sl
(Susceptibldnfected) model: the disease was transmitted from an infected node to a susceptible one
with a probability of 1, and the infected nodes remainésttedfor the entire period of analysisnd
wereconsequentlyable tocontinue taspread the disease even weeks &feanginfected Theaim of

this procedurevasto estimate the number of potentially infected nosleenthe underlying structure

varied. Because of our focus on the control of transboundaiyal diseases, the departments of Mali

and Mauritaniawhichexport livestocldirectlyto Senegalwere chosen as sources of the disgase

the majority of Senegalese impoxt$ small ruminarg and cattle are from thedwo countries
(Apolloni et al., 2019; Cesaro et al., 2010)

To explore the effect of temporalitn the structure of the network, and hence on diffusion of the
disease, we compared results obtained with a static representation (in which the structure of the
network remains unchanged throughout the year) with results obtained with a temporal
represerdtion. In the first case, all the links recorded in the dataset were present at the same time, the
time of activation was not taken into account, while in the second case, we included changes in the
structure in every week of the study period. To this emdised temporal path formalism, according

to which a temporal path is a sequence of links connecting two nodes with each link in the path
coming temporally after the one befor§Masuda & Holme, 2013)This approach enabled us to
estimate the infection time: that is the minimum number of timesteps (i.e. weeks) needed to create a

temporal path between an infected node and the node under observation.
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Figure 1: (A) An example of a directed temponatwork and its static counterpaiithe dirk links arethose in the temporal snapshot,
while the palelinks are thosehat arepossible bugre not presenin the temporal snapshaB) Simple simulation of disease spread

in the temporal network (on theflieand the static network (on the right).

Among all thepossible temporal paths betwedre tsources and the other node® decided to
consider théearliest arriving  p ,avhithsepresent the first time a ndadenfected by the disease
(BenderdeMoll et al., 2021; Berlingerio et al., 2018hespeedfate at which aodebea@meinfected
was estimatedby the infectiontime, i.e. thenumber ofweeksthat elapsedetween the onset of the
disease and thiéme at which the departmertoncenedwas reached for the first timd-or static
networks,the speed/rate of infection was estimated fromehgthof the shortest paths, cegrting
the linksinto temporal units, specificallyveeks.If a node was reached by more than one sotiree

shortesinfection time (for temporal networks) or the shortest path (for static netwodsshasen.

All descriptive analyss and static/temporal network anadysverecarried out usingR softwarewith
the followingpackages: ggplotfdr graphgWickham, 2016)ggplot2 and tmafor maps(Tennekes,
2018) FactoMineR(Lé et al., 2008and factoextrdkassambara & Mundt, 202@)r cluster analysis
sha(Butts, 2020) andtsna(BenderdeMoll et al., 2021¥or static and temporal network analysis

respectively



4. Results

4.1 Summary statistics

The database conta&dinformation o 8,861livestock tradenovementfrom January toDecember
2020 The network is composed of a total of 88 nodmsresponding tan Administrative Unit of
level 2 of which 45 are Senegale@@epartments)and 590 unique links, i.e. origoestination
combinations.The movementgoncered Senegalas the origin and/or destination d7% of the
movementsand eightothercountries:Mali (9%), Gambia (2%)Mauritania(1%), Guinea, Guinea
Bissau,Burkina Faso, Niger and Niger{&a1% each)as eitherthe origin or as thedestination of
movements Focusing on Senegal, a total 86511 national movements and 2,350 international
movementsover respectively 458 and 132 unique links, invoh8dg017catle and553,718small
ruminans wererecordedn the datasetDespite thdargenumber of national trades, the majority of
animalsweremovedfor the purpose anternational tradeMore than95% of these movements were
intrucks, which is themostwidely usedneanf transporfor animakin the region concerneore

than 600,00@nimalswere transportely truck, theremaindemainly on foot(Tablel).

The livestock network waanalyzedas statidut alsaooktemporalityinto accountwhich influences
the presence/absence of links.

Tablel: summary of the characteristics of the data analyzed in the study. The number of movemamntshéhaf animals and the

nurber of unique links argivenfor each species, type of tradand neansof transport.

Trade novements Headcount Number of
uniquelinks
Species
Cattle 3,186 87,017 328
SmallRuminans | 5,675 553,718 502
Type
International 2,350 365,903 132
National 6,511 274,832 458
Meansof
transport
Train 4 170 2
Truck 8,239 608,816 552
On foot 587 30,354 85
Boat 31 1,395 9




As shown inFigure 2 all Senegalesadministrativedepartmentsreinvolved inanimal tradesither
asthe origin, the destination, or bothMovementsare both national and internationahd, while
Senegal is the final destination of almost all tfaele, manyanimals are moved not only from other
Senegalese departments, but also from Mali and Maigjtdéime main exporters, with some

departments, particularip Mali, exporting a significambumberof animals(Figure2i A).

The departments imorth-easterrSenega(Podor, MatamKanel, andRanérou Ferlp arenotable for
their high level of animah e x po.oQther SenegaleselepartmentgTambacounda in theouth,
Koungheul and Gossas in the aant.ouga and Kébémer in theorth) also export considerable

numberf animals

Concerning imports, the departmetitat impot themostanimals aréocatedin the Dakar regionn
particul ar Pi ki ne, ,hefeithe majoety of cofsumersmarkeisramd loddt@do o u
Other Senegalese departmethtat import large numbers of animakre SaintLouis in thenorth,

Mbacké and Guinguinéo in tleenter Ziguinchor in thesouth-west, Tambacounda and Sayara in the
south-east, on the border with MalFigure2i B).

Volume of animals Species Volume of animals Species

0to9 Cattle 0to 20 Cattle
10to0 109 Small Ruminants 2110 560 Small Ruminants
110to0 724 561 to 2438

72510 6337 2439 to 8464

6338 to 209485 8465 to 199744

Figure 2: Distribution of the volume of animals in tadministrativedepartment®f Senegalaccording to whether théepartment is
the origin (A) or the destination (B) of livestock movement.riiin@turepie charts show the percentage of cattle (yellow) arallsm
ruminans (green) in the total number of animaf3uartiles were chosen for the colors representthg volume of animals traded

Only countriesthat accounfor at least 1% of exports (A) or imports (B) ateown

Figure 3showsthe number of movements and the volumaromalstradedin eachspeciegcattle or
small ruminants) per monttOverall, movementsof animals for the purpose of traseere less
frequentin the firstsix months of the year, but increaisn July, particularlytrade insmallruminans.

Similarly, Julywas the month with themosttrade insmall ruminang in the study periodnvolving



more than 300,00@nimals In August andSeptemberthe volume of smaltuminans decrease,
while boththe movement and volume cidittle tradedancreasegovertakingthoseof smallruminans.
In October, November and Decempire number ofcattle tradesdecrease, but remaired higher
thanin the rest of the year, whildv¢ number and volume dfade insmall ruminanst increasd,
althoughless sharplyin 202Q two importanMuslinfestivalstook place at the end of July (Tabgski
and at the beginning of October (Grand Magal of Toabdare representesh the chart by a dashed

line and a dotted line@espectively Figure3).
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Figure 3: Number of trade movements (line plot) andumoé of livestock traded (bar plot) recorded in 20R@6r species angber
month.Data concerningattle are in yellowdata concerning small ruminastare in green. The dashed line represents the Tabaski
festival(July 31), the dotted line represents theddd Magal of Toubé#estival(October6).

In the whole yeartrades of small ruminants wreconcentrateen 503 links andtrades in cattleon
329links, including242 linkstrades obothspeciesLike for small ruminarg, the higheshumber of

unique trade linkoccurredin July, followed by in decreasing ordeDecember, November and



October, also the months with thegghest numbeof trade links for cattle. The linkssedby the two
specieslsoincreasd in the last three montlof the year(SI Table ).

Concerningthe meansof transport, truck wereused for almosall movementf animals for sale
throughoutthe year.The number of movementsealed in July, and then after a significant drop,

staredto increaseagainin September§I Table 2.

4.2 Cluster analysis
Figure 5shows the nodes tifielivestock network in three (3) clusters:
f Cluster 1 composeaf 7 nodesandcharacterizedy afweald' exporing behavior
f Cluster 2 composeaf 61 nodesindcharacterizedby afistrongy* exportng behavior

f Cluster 3composed b0 nodesaindcharacterizedy afistrongd! importing behavior

Clusterl (in red) aggregateseven nodes, of which four daratal on the northeasten border of
Senegal (Matam, Podor, Kanel, and Ranéterlo) with high volumes of animals tradedwhile the
other thre (Foundiougne, Kaffrine, Gosgaare locatedon the southern border of Dakar region
(Figure4i A). However,in SeptemberClusterli mp o r twealo,avithe slijhtlylessthan3,000

animals importeqFigure4 i B).

Cluster 2 (in green) aggregates all the foreign nodrsept BanjulGambia),and severalnodes

across Senegaccounting foma total of 61 nodes out of 88luster2isist r ongo i n term
of animalsexported ovethe yeardespitethe factsome nodesnport morethan exportSome nodes
thatexport largenumbes of livestockincludeBamako (Mali, 208,462) and Nouakchott (Mauritania,
43,472), while Tambacounda (Sene@4l,845) is agoodexample ofanimporting nodg(Figure4 i

A). The highesnumberof expors by this clusteroccuredin July, when the number of animals
exportedwas slightlyunder200,000(Figure4i B).

Cluster 3 (in blue) aggregates 20 nodéwhich the majority is concentrated in the Dateagion but
includessome nodes in sowm Senegal and one foreign node, Bar{@kambia) Of the nodes
locatedin soutlern Senegakwo are on the border with Mali (Saraya and Kédougebile the other
four are locatedarther westAll the nodesn this clusterwere characterized by stromgport trade
with most importednimalsvia Pikine (Senegal, 199,703), but alda Thiés (Senegal, 51,939) and
Kaolack (Senegal, 46,43%Figure4 i A). Reflecting the movements of livestofixr export this
cluster shows a peak of imped animals in July, with a volume of around 250,@dimals and

1 We introduce the termmporting and exportingehaviourto indicate those nodes whose net flow of animals (difference
between inflow and outflow) through them is positive and negative respectively. Weak and strong refer to magnitude of
the net flow (small or large)



another, less significant increase from September to October(Figure 4 1 B).
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Figure 4: Clustering of livestock network. (A) Spatial representation of nodiesedaccording tothe clusterto which they belong
The size okach dotindicatesthe volume of animals tradexler the course ahe yearand the division is made in quantilg®)
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animals are represented as positive numspexported animals as negative numbers. The dashed line represents the fesiask

onJuly 31, the dotted line represents the Grand Magal of Tdelstivalon October6.

4.3Frequencyof links
Figure5 shows thetradelinks divided by the frequency of their activiover the course dhe year.

In generalfar morelinks werecharacterized by low and very low activityanby very high activity.

The backbone links ardhree national shortrange connections between neeidistern and north
western nodes: KanelPikine, Ranérou Ferlb Linguére, Ranérou FerioMbacké.The majorityof
frequent linksis concentrated in the north of Senegal, where several connelitibreastern and
western nodes, but soraennections linknorthern and southern nodes. Moreover, some international
links arefrequent in particular four originating from Mali and one froBuineaBissau.Thenumber

of intermediatelinks is significantly largetthanthat of thetwo previouscategorieswith sveral
connectiondetween Senegal and Mali, abdtweenSenegal and Mauritani®ccasionalinks are
extremely numerous and denseyith several connections iSenegalbut alsolinks to all its
neighboringcountrieg Figure5). The majority ofintermediateand occasiondinks areactive inJuly

and October,due tothe Tabaski and the Grand Magal of Toulsigious festivals However,

consideing the whole study periodrequent links aréhe mostcommon(SI Figure 3.
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Figure5: Geographical representationf the livestock network links, divided by the frequency of their activity over the year. Backbone
links were activan more than nine month&equentlinks were activéoetweerfour and nine monthsintermediatdinks were active

for two or threemonths and acasionallinks were activeor only one monttof the study periodWe decided tenly show the
administrativedepartment®f Senegabn these maps. Thereforgncerningnational trade, the origin and the destination dreth
Senegalese depanents, while for international tradetheymaybe a Senegalese department or a central poiatfereign country.



4.4 Epidemic threshold
Overall, the values of the epidemic threshafidll three networkare extremely loywparticularly for
thecombinedivestock and the small ruminamietwork, whose results are almost identical. April is
the only month with a significantly highgaluethan inthe rest of the yea©On the other handhe
epidemic thresholdalues of thecattle networkyellow curve inFigure6), are higheoverall, with a
value of 1 in April. The lowest valuesf this networkwere measureth January, June, and from
October until the end of the ye@igure6).

1le+00

lel 02

Epidemic Threshold

lei 04

Network Cattle —e— Cattle and small ruminants —®— Small ruminants

Figure 6: Logarithmic representation ahanges irthe epidemic threshold over theurse of theear in the three livestock mobility
networks.The zro on theleft extremity of théorizontal axisdentifies the value calculatédr thewholeyear. The small ruminast

network is in yellow, the cattle network in green, andcttrabinedivestock network in blue.

4.5 Simulation of disease spread

Mapsfocusedon Senegalese departmenesredrawnto compare the results of the simulations
on the three networks in affieient andeasily understandablegay (Figure7). To assess the role of
changes in the structure of the netwaslsr time, and hencehangesn disease spread, werapared

the result®f a static representatioim(hecolumn on the leftyvith thoseof a temporal representation



(in theother seven columns). For the staipresentatiorconsidering théime the outbreakegans
meaninglesswhereador thetemporal onegit is important, as the network structure can change over
time. Therefore, each elementthe seven column®presenting theemporal networks correspasd

to the results of an outbrethatbegann a specific week of the yeahénumberof the week igjiven

in the headeof eachmap).

The departments are colored according to ihé&ction timei.e. the length of the period before they
werereached by the virus. For each scenarioijrtfextion timewas estimatd as the time (number of
weeks)elapsedince theoutbreakof the epidemicWe creatd four categories of infection timeach
category is shown ia differentcolor: red for departments infected less than one mivath the
beginning of the disease spread (less than 5 weeks), oramgpéostmentmfected afted-2 months
(between 5 and 9 weeks), yellow filepartmentinfected after more than two months (more than 9
weeks), and green for those never reached by thasdiska nodewasreached bynfections from

several sources, trhortesinfection timewvas chosen.

For thestaticnetworks, we considered timeimber oflinks in the shortesipath between the source
and the node as weeks: redttoeshortespathswith less than 5 links, orange for pathish between
5 and 9 links, yellow for pathsith more than 9 links, and green for nodleat werenever reached

by the disease.

The results presented are tho$éhe simulation o& disease spreading frdviali, theorigin of most
animals imported ito Senegain 202Q For the temporal networks, we present oaliew weeks
characterized by activityin orderto be ableto simultaneouslyshow changes over time and
differences between the three networks. The complstdisef the spread of a diseaseom Mali

plus for a disease spreadifigm Mauritania can be found in Supplementary Information (Sl Figure
571 10).

In general, in all three networks, maps representing aggregate networks strongly ovecklstithate
the quantity of potentially infected nodes andeghdines®f infection compared to thoss temporal
networks.In addition there is a differenc the potential sanitary risk betwettie cattle temporal
network and small ruminastemporal netwrk, the latter showingn average wider and potential
greaterdisease propagatiotiowever the combinednetwork of cattle and small ruminasthe

livestock network)s underthe greatest sanitary risk.



Figure 7 also showthat, particularly for the livestock network and the small rumsaetwork, the
periods around religioutestivals (weeks 30 and 31 for the Tabaski, and weeks 40 and 41 for the
Grand Magal of Touba) acharacterizetby a large number ohfecteddepartments, some wiich

are infected early.

Static | 30 35 I 40

|a | All Species |

Cattle

8 a2y
8 i A&

Figure 7: Geographical representation of infection timettie caseof diseaseropagation from Mali. For each mobility network, the

first columnon the leftrepresents the spread the static network, the other seven columns represent the seven worst scenarios of
transmission if that specific weedpresents theeginning of the disease spread. The colors indicate the infection time of the disease:
red for less than one month,amge for less than two months, yellow for more than two momitten for nodes that have never been
touched in one year tim€or thestatic networksn thefirst column on the lefthe colosare based on thaumber ofinks in the path:

up to 5in red, green for nodes that have never been touched in one yearTiiraesquaresutlined in blueidentify the week of the
Tabaskifestival(week31) and the week of the Grand Magal of Totdxstival(week41).

5. Discussionand conclusions

In 2020,during the COVID-19 pandemic, several restrieé measuresvereintroducedin Senegal
that affected bdt human and livestock mobilitforders were closed fdroth humans and animals
in March2020and at the same timenovements betweeegions were regulated. Bapply markets
and families in preparation for the Tabafagtival on July 31, borders were reopened 45 days before
Tabaskiand measuresereeased for national and international movenfkgitre circulairen® 01806
PR/MESG/CTFPSS du 17 juin 2030Similar decisiors weretakenon the occasion of the Grand
Magal of Touba, a religious pilgrimage during which a large numbexattfein particularare sold
and consumed:.he application ofheserestrictiors hada huge effect othe structure of theetworks
andonthe risk of introdutton and diffusion of pathogenasdid re-openingthe borderTo assesthe
impactof these measures dhne spread olivestock diseases, and fpossiblefuture use, weaised

tools from temporal network theory to identifhe area with thehighest risk of introduction.lt is



important to note thabhormally, there areother religious festials, like Gamou of Tivaouanen

addition to the Grand Magal of Touliaytthesewere cancelledue to COVID19 pandemic

In our study, we considered the diffusion of a generic direct animal disgasemissionand
estimated the vulnerability and the reachability of nodes when the underlined networé&sthaamng
time. Inthis way, wewere able to identify Senegalese departments that could be infected at the earliest
stage ofanepidemic. Witha few modificationsour approach could be extendedinaludevector
borne diseases.

The structure of th8enegaleskvestock network varies widelgverthe course of the yedue to the
seasonality ofranshumancandthe effect of religious festals (Apolloni et al., 2019; Jahel et al.,
2020)but, in 202Q these effects werexacerbated by the restrigimeasurestroduced as a result
of Covid-19. In fact, around Junend July, we noteda pikup in the movement anagxchange of
animak (mainly small ruminars) mainly due to the easy of therestrictve measures in preparation
for the Tabaskifestivaland(mainly cattle) fotthe Grawl Magal ofToubafestival We alsonotedthat
the dynamics of the small ruminattade strongly drive the dynamics of the netwaska whole

Dakar is the main consumption area of Senbgabhusealmost a quarter of the populatiof the
countrylive in the city. Consequently, the main marketsDakar and Pikine (at the entrance of
Dakar) are the main destination lofestock movements. In particularegular movementsccur
between the areas of KanBlanerou Ferlo, Dahra and the Senegalese capital. In these areas, there is
a high concentteon of collection marketddcal namduma), where traderfrequentlybuy animals

to be sold directly to Dakar, or to the other collection markets in Dahrhiés Before being seon

to the capital cityOverall, the majority of northern links end in the Dakar region, or in some smaller
but neverthelesenportant markets such as Salruis, Thies, Mbour, but also Ziguinchor in the
south.Some linksin the southeaddtart from Tambacounda, an importantrmaf convergence for
animals from eastern Senegal, as well as from Mauritania and Malianalysiseveaéd thatthe

role played bythe different departments changer the course dhe year. Locations thatreidle

for alarge part of the year becenactive during the Tabaski periadd continugo be activeuntil

the end of the yearin particular departmentsthat producesmall ruminants.Occasional and
intermediate linkghat are activea few times a yeamre usuallylocatednear festial centers to

support thencreasedupply of livestocktherebyincreasinghe sanitary risk.

Analysisof the threshold parametessowed thatthe network is prone to diseaggreadbut thatthe

risk fluctuatesover the course dhe yearThe riskincreases significantlgn theoccasion of festials



due to the introduction of largeumbersof animals and the creation of new commercial routes, and
disease can then spreadasily acrossthe network.However the potential infected areas, and the
reachable timeloes not remain stabt®/er the course ahe yearand this informatiorcannotbe
captured using a static representation of the networact, a static representation of the mobility
patterngnaylargely overestimate the speed and the extedis#aseliffusion: whenthe simple static
approachs used diseasesppearno spreadhroughout thecountry in less than a montiwhereas
temporal analysishowsthat reachability and vulnerability of departm®varies over the course of

the year. In most cases, and depending on the species involved, few departments are reached in &
month althoughduring the months aroundabaski and Grand Magal, the number of departments that
can be reachddcreasesglrastially, and for some departmeiftike Dakar, Thies, Tambacounda and
Dahra) wherehe main marketsre locatedand at the border, this risk is evieigher. These results
could be of great intereabt only forrisk-based surveillance but alfar optimizingthe distribution

of resourcesnd personnateededor control at specific timeof the yearby focusingon the ares
thataremast likely to be reached. The fact that departmémtatedat the border aremost prone to

early infection meanghatsanitary control at the border should be strengthened and surveillance and

control measureshouldbe harmonized at regional level.

Previous works already underlindse importanceof mobility and of datacollection as a toolo
improve surveillanceand ontrol in Africa (Chaters et al., 2019; Motta et al., 2017; Nicolas et al.,
2018) Our work fits into thisstrand,emphasizing the importance of collecting data on animal
mobility on a regular basis in order to retrieve informatrstructural change$he objective of the
present studys to provide theoretical tools to assess the importance of network dynamics when
planning control and surveillanpelicies A more detailed analysfecused orspecificdiseasesnd

that accouns for volume distributionmay reduce the list of departments monitor. To this end
further simulatios areneeded anther resultswill dependo a large extertin the characteristicef

the diseaseconcernede.g. it transmissibilityand incubation periodthat could shape the spatio
temporal pattern of the emdhics andhencethe involvementof the different departmesitFuture
works shouldhusalsoconsider stochastic models liKam et al. (2018 (Kim et al., 2018jor specific
diseases. In thmodel we useliere we aggregated data at the spatial scalanohdministrative
departmentpased orthe assumption that the diffusionthin a departmenis homogenea In
practice the presence of markets or transhumance cog@uid attract movements in speciharts

of the departmentherebyincreasing the riskn certain locatios over the riskin otherpartsof the
same departmenbataon movementsvithin departments were rare in our dataset (because of the

way datawerecollected) andurtherfield studiesare recommendetd collect data a finer scale
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Small Ruminard Cattle Links in common
Whole year 503 329 242
Months
January 42 27 13
February 52 27 22
March 59 30 19
April 26 18 12
May 27 22 11
June 71 28 20
July 202 47 37
August 29 21 6
September 24 41 14
October 131 123 66
November 163 113 69
December 184 128 82

S| Tablel: Number of unique trade links in the small ruminant network and in the cattle network. The values are represented divided

by mont h,

whil e the

Afwhol e

shows the number of links that atesed bythe two species
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Others

Truck Links in common
Water Walking Train
Whole year 552 9 85 2 55
Months
January 49 0 8 0 1
February |56 0 3 0 2
March 67 0 3 0 0
April 31 0 1 0 0
May 38 0 0 0 0
June 73 0 9 0 3
July 207 0 11 0 6
August 43 0 3 0 2
September| 42 3 11 0 5
October 178 1 17 1 9
November | 178 3 33 0 7
December | 219 3 20 1 11

Sl Table2: Number of unique trade links according to theamsof transport. The values aggvenpermo n't h ,

whil e

t he

line corresponds to the number of unique links considering the network as static. The last column shows the numblesitcdiiéenks t

shared bythe movements made by truck and those rhgiddl othertypes of transport, including on foot.
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S| Figure5: Geographical representation of infection timethe case of a disease propagdtfrom Mdi through the livestock
network Temporal network on the lefitatic network on the righEor the static networkthe colos are based on the links in the

path: up to 5n red, between 5 andif orange, more than B yellow. Nodes that have never beeachedare in green.
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S| Figure6: Geographical representation of infection timethie case of a disease propagdfrom Mdi throughthe small ruminant
network. Temporal network on the left, static network on the right. For the static network, tfseacelmased on the links in the path:

up to 5in red, between 5 andifl orange, more than B yellow. Nodes that have never been touched are coloreshgre
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S| Figure7: Geographical representation of infection timetlie case of a disease propagdtfrom Mdi throughthe cattle network.
Temporal network on the left, static network on the right. For the static networlgltite @re based on the links in the path: up to 5

in red, between 5 andifi orange, more than B yellow. Nodes that have never been touched are colored green.



S| Figure8: Geographical representation of infection timetie case of a disease propagdifrom Mauritania through the livestock
network Temporal network on the left, static network on the rigbt.the static networkthe colos are based on the links in the

path: up to 5n red, between 5 andifi orange, meoe than 9in yellow. Nodes that have never been touched are colored green.



