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Abstract

Foot-and-mouth disease (FMD) is endemic in Kenya affecting cloven-hoofed ruminants.
The epidemiology of the disease in small ruminants (SR) in Kenya is not documented.
We carried out a cross-sectional study, the first in Kenya, to estimate the sero-prevalence
of FMD in SR and the associated risk factors nationally. Selection of animals to be sam-
pled used a multistage cluster sampling approach. Serum samples totaling 7564 were
screened for FMD antibodies of non-structural-proteins using ID Screen® NSP Competi-
tion ELISA kit. To identify the risk factors, generalized linear mixed effects (GLMM) logis-
tic regression analysis with county and villages as random effect variables was used. The
country animal level sero-prevalence was 22.5% (95% Cl: 22.3%-24.3%) while herd level
sero-prevalence was 77.6% (95% Cl: 73.9%-80.9%). The risk factor that was significantly
positively associated with FMD sero-positivity in SR was multipurpose production type
(OR =1.307; p =0.042). The risk factors that were significantly negatively associated
with FMD sero-positivity were male sex (OR = 0.796; p = 0.007), young age (OR = 0.470;
p = 0.010), and sedentary production zone (OR = 0.324; p<0.001). There were no statisti-
cally significant intra class correlations among the random effect variables but interac-
tions between age and sex variables among the studied animals were statistically
significant (p = 0.019). This study showed that there may be widespread undetected virus
circulation in SR indicated by the near ubiquitous spatial distribution of significant FMD
sero-positivity in the country. Strengthening of risk-based FMD surveillance in small rumi-
nants is recommended. Adjustment of husbandry practices to control FMD in SR and in-
contact species is suggested. Cross-transmission of FMD and more risk factors need to
be researched.
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Introduction

Livestock husbandry in developing countries like Kenya is critical for ensuring food security
and for poverty alleviation [1]. Livestock are a source of meat, milk, hides and compost
manure as well as an insurance against emergencies [1-3]. Sheep and goats (small rumi-
nants) are sometimes preferred by farmers compared to large ruminants because of the small
space they occupy and less fodder requirement. In addition, goats have high adaptability to
harsh climates which makes them suitable for husbandry in marginal areas [2, 3]. Small
ruminant population in Kenya stands at 17.1 million sheep, 27.7 million goats about 50-57%
of which are in the pastoral and agro-pastoral production areas [4, 5]. Sheep breeds include
red maasai, black-head Persian and east African fat tailed sheep. Among goats, the small east
African is most dominant although milk breeds such as the Galla and Toggenberg are also to
be found [6].

Infectious diseases constrain small ruminant (SR) production [7]. The S1 Table shows the
sero-prevalence to FMD in small ruminants and associated risk factors that have been reported
in various countries [8-21]. Therefore, in East African countries, FMD sero-prevalence in SR
of between 4.0% and 48.5% has been reported. The risk factors that have been associated with
FMD sero-positivity in SR in these countries are agro-ecology, production system, age, sex,
contact with wildlife, season, breed, interaction with other livestock species, herd size, acquisi-
tion of livestock and husbandry practices [8, 9, 15, 18, 19, 20, 21].

Foot and mouth disease (FMD) is an acute highly contagious, transboundary, disease
caused by foot and mouth disease virus (FMDV). It affects cloven-hoofed domestic ruminants
and pigs, as well as wild ruminants [22]. It severely affects livestock production leading to dis-
ruption of trade in animals and their products at regional and international level. A global
strategy for the control of FMD was endorsed in 2012 to minimize the burden of FMD in
endemic settings and maintain free status in FMD-free countries [23].

The FMDV is classified into the Picornaviridae family and the genus Apthovirus. Itis a
small non-enveloped virus with an encoder for four structural proteins and ten nonstructural
proteins [24]. The disease is among the World Organisation for Animal Health (OIE) listed
diseases requiring immediate reporting and investigation in order to control its spread [23].

The incubation period for foot-and-mouth disease is 3-8 days in small ruminants [25]. The
disease is characterized by high fever within two to three days, formation of vesicles and ero-
sions inside the mouth leading to drooling of saliva. Vesicles are also on the nose, teats and
when on the feet may rupture and cause lameness. It also causes several months of weight loss
in adults and significant temporary or permanent reduction in milk production [26]. In sheep
the disease persists for up to nine months and in goats for up to six months [27]. Foot and
mouth disease in adult sheep and goats is frequently asymptomatic, but can cause high mortal-
ity in young animals. Clinical disease in young lambs and kids is characterized by death with-
out the appearance of vesicles, due to heart failure following myocarditis [28]. Lameness is
often characterized by unwillingness to rise and move [25, 29]. The disease can easily be
missed unless individual animals are carefully examined for disease lesions. Small ruminants
can therefore be responsible for the introduction of FMD into previously disease-free herds
[30].

Although FMD may be suspected based on clinical signs and post-mortem findings, it can-
not be differentiated clinically from other vesicular diseases [26]. Confirmation of any sus-
pected FMD case through laboratory tests is therefore essential. Detection of the antibodies
against the non-structural proteins (NSPs) of FMDV is used for differentiation between
infected and vaccinated animals (DIVA) which is of great importance in the FMD control pro-
gram. The 3ABC competition antibody ELISA which has high sensitivity and specificity can
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deliver same-day results when using the short protocol and is routinely applied for general
screening for FMD (31, 32].

Foot and mouth disease is endemic in Kenya with outbreaks in cattle and serotype O has
been the most prevalent serotype. Intermittent circulation of FMDV serotypes A, SAT 1 and
SAT 2 have also been confirmed in various parts of the country in the last five years [33]. The
main FMD control strategies in the country focus on vaccination of cattle. Although small
ruminants are also affected by FMD and are herded together with cattle, they are not usually
vaccinated [34].

Some studies have been carried out on FMD in cattle and buffaloes but no studies on the
prevalence and associated risk factors in small ruminants have been done in Kenya. This study
investigated the sero-prevalence and potential risk factors associated with FMD in domestic
small ruminants in Kenya.

Materials and methods
The study population

The study was a cross-sectional one which targeted the national small ruminant population in
Kenya. Kenya is made up of 47 counties. However, the objective was not to primarily measure
the sero-prevalence per county but rather per the major small ruminant production zones.
The sampling unit was the smallest administrative unit in record, the village, which was
selected after first selecting the second smallest administrative unit, the sub-location. The sam-
pling frame of sub-locations was available from the Kenya 2009 population and housing census

[5].

Description of the study area

Broadly, Kenya can be divided into three ecological zones namely humid, semi-arid and arid
areas. About 80% of the country is arid and semi-arid (ASAL) while the humid ecosystem
occupies the remaining 20% of the country. The semi-arid areas normally experience short
rainfall with prolonged drought while arid areas have long cyclic droughts, thus affecting pas-
ture and water availability. The humid areas have long rain seasons with heavy down pours
reaching 2700mm [35].

The main small ruminant production systems are pastoralism and agro-pastoralism as
well as sedentary/mixed systems. Pastoral systems are in the arid and semi-arid climate zones
where about 14 million people are dependent on livestock [36, 37]. Agro-pastoralism, is live-
stock production which is associated with dryland or rain-fed cropping and animals range
over short distances. The average herd size of sheep and goat in pastoralist systems is estimated
at 24.9 and 75.2 respectively [38]. Sedentary/mixed systems are found in the semi-arid, sub-
humid, humid and highland zones. This farming system is based on livestock but practiced in
proximity to, or perhaps in functional association with, other farming systems based on crop-
ping or is a livestock subsystem of integrated crop-livestock farming. The average herd size of
sheep and goats in this system is rarely reported but ranges between three and 10 [4, 37, 39]

Study design and methods

Sample size determination. For the purpose of this study, the country was divided into
two zones; the pastoral zone (PZ) and the sedentary zone (SZ) as in Fig 1. Sample size calcula-
tion was in two stages: number of herds to be sampled and then number of animals to be
sampled per herd. A herd included a group of sheep and goats in a farm and animals from
neighbouring farms which came into contact (in-contact farms). The formula used was that by
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Fig 1. Study zones and selected sampling sites for the cross-sectional survey, Kenya, 2016.

https://doi.org/10.1371/journal.pone.0234286.g001

Humphry et al [40]. The assumptions that were made were: number of herds >10,000 in each
zone; confidence level = 95%; accepted margin of error = 5%; expected proportion of positive
herds in the population = 70% (expert opinion, confirmed now by Ahmed et al [41]; intra-
class correlation coefficient (measure of variation between clusters) = 0.1 [42]; design effect = 2
[43]; test specificity = 99% [23]; test sensitivity = 100% [23]. The calculated sample size was
323 x design effect (2) = 646 herds countrywide. The minimum number of animals to be sam-
pled per herd was determined as summarized in Cannon and Roe table cited by Thrusfield
(p.239) [44]. This was determined making the following assumptions: expected prevalence of
FMD in the herd = 20%; which was an average of two consecutive years in Tanzania [19]; con-
fidence level = 95%; average herd size = 100. This yielded a sample size of 13 animals per herd
which was increased to 14 to take care of any possible losses. Countrywide therefore, 646 herds
resulting from one village per sub-location and one herd per village (or more if necessary to
obtain sufficient animals) and 14 animals per herd yielded a sample size of 646 x 14 = 9044
samples. The two zones are quite distinct in structure even if FMD dynamics (in cattle) seem
not very different. The SZ has small counties with very many sub-locations while the PZ has
large counties with fewer sub-locations which could have led to over sampling in the SZ and
low sampling in the PZ. It was also important to see the difference in the two zones and for
this reason we chose to have a complete separation between the two and sample equal number
of sub-locations (323) and therefore number of samples (4522) in each zone.

Sampling of herds and animals. The sampling frame consisted of the 6796 sub-locations,
as obtained from the national census of 2009 [5]. The sampling frame was used to randomly
select the sub-locations to be sampled. However, sub-locations can be quite large and therefore
once in the field the teams obtained the list of villages in the sub-locations and randomly
selected villages within the sub-locations. A herd was then considered as all animals within the
village from which the individual animals sampled were randomly selected. If one herd could
yield all the animals required, only that herd was sampled, otherwise additional herds close to
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the selected herd were sampled until the required number to be sampled in the sub-location
was reached. Therefore, a multistage cluster sampling was employed to select the animals from
the two zones.

Data and serum sample collection. Data were collected using questionnaires and as labo-
ratory results while serum samples were collected from eligible herds throughout the country.

Serum sample collection. Serum samples were collected by 15 teams of trained laboratory
technicians under the supervision of a veterinarian. Sheep and goats aged six months and
above were sampled to avoid those with maternal antibodies [45]. Age was determined by
examining the dentition of each animal and information from the owner for young animals
with no permanent incisors [46]. In the sampling stage animal level variables (biodata) were
collected into a sampling form (S1 File) and included species (ovine or caprine), breed, age
and the sex of the animal and origin (whether born in herd or brought in). The blood samples
were collected from a jugular vein, using 10 ml sterile vacutainer tubes and gauge 21 needles
and labeled with a unique identification (county code/sub-location/animal number/sex/age).
The samples were then allowed to clot in cool-boxes. Once the blood clot had retracted after
12 to 24 hours the vials were centrifuged in the laboratories in the field to obtain serum which
was placed in two 2ml cryovials (two aliquots) labeled with corresponding identification
codes. In areas where laboratories or centrifuges were unavailable, serum was separated using
sterile disposable pipettes (one per sample) and transferred into the cryovials. Samples were
stored at -20°C in freezers located in the areas sampled in the field until the end of the sam-
pling period (which was not more than 20 days per team) and were transported on ice using
cool-boxes to the Central Veterinary Laboratories (CVL), Kabete, Kenya. At the CVL, the sam-
ples were held at -86°C until testing after which they were placed in a serum bank at the same
temperature. Sample collection was part of a larger national survey for Rift Valley Fever (RVF)
and Peste de Petits Ruminants (PPR) antibodies in small ruminants under a project titled
“Improving Animal Disease Surveillance in Support of Trade in IGAD Member States”, in
short “Surveillance of Trade Sensitive Diseases-STSD”. One aliquot was used to test for the
presence or absence of antibodies for Rift Valley Fever (RVF) and Peste de Petits Ruminants
(PPR) antibodies according to the objective of the STSD project. The second aliquot was
moved to the FMD National Laboratory, Embakasi, Kenya and stored at -20°C until laboratory
investigation for FMD antibodies.

Questionnaire administration. A pre-tested semi-structured questionnaire (S1 File) was
administered in-person by trained enumerators to owners of sampled herds following the
guidelines (S1 File) at the time of sample collection for collection of herd-level variables. Herd-
level variables were production zone, whether the herd owners brought in animals in the last
one year, whether the herd owners purchased animals from the market/middlemen, interac-
tion with wildlife, production type, production system, housing type, grazing system, watering
system, breeding method and altitude/elevation. Also based on Geographic Positioning System
(GPS) technology, GPS coordinates and elevations were recorded for each herd location and
this information was recorded in each questionnaire form which was labeled with the unique
herd identification code.

Laboratory sample analysis. Individual animal serum samples were analysed using the
foot and mouth disease virus 3 ABC- ELISA ID Screen®™ FMD NSP Competition kit (ID-VET,
Grabels, France) to detect specific antibodies against the non-structural protein (NSP) of
FMDV regardless of sero-type. This was done according to the manufacturer’s protocol. The
test has specificity of 99% and sensitivity of 100% [23]. A herd was considered as positive if
one or more animals in the herd were seropositive.

Data management and analysis. Individual animal laboratory data generated during test-
ing along with individual animal biodata data obtained during sample collection (species,
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breed, sex, age, origin) were entered in Microsoft Excel 2010 spreadsheet. Questionnaire data
which included mainly herd data (county type, production zone, whether animals were
brought into the herd, whether animals were purchased from markets and middlemen, wildlife
interaction, production type, production system, housing system, grazing system, watering
system, breeding method and altitude/elevation) were entered in Microsoft Access 2010 due to
the large amount of data and need to link the data tables. The required data columns from
each data set were then brought together in a Microsoft Excel Spreadsheet, data cleaned and
coded before being exported for descriptive analysis using IBM Statistical Package for Social
Science (SPSS) Statistics for Windows Version 20 (IBM Corp., Armonk, N.Y., USA) and R ver-
sion 4.0.3 (2020-10-10) for regression analysis. Descriptive analysis generated sums, means,
proportions and confidence intervals. Descriptive statistics were also generated for the sero-
prevalence in the two different production zones (pastoral and sedentary), for each county and
for the other potential risk factors. Apparent prevalence was calculated using Eq 1 [44] while
true prevalence was calculated using Eq 2 [47]. Confidence interval of the true prevalence was
calculated using Eq 3 [48, 49].

No. of animals testing positive

A t I = 1 1
pparent prevatence Total number of animals in the group tested (v
t I ificity — 1
True prevalence = apparen p ‘reAva ence +‘SAP .eczfzcz Y2 %100 (2)
sensitivity + specificity — 1
(95%CI of true prevalence = p £ 1.96/ (). (3)

Where, p is apparent prevalence; q is 1-p; n is sample size and J* is Youden’s index (Se+Sp-
1) where Se is test sensitivity and Sp is test specificity.

Chi-squared test as recommended by Campbell [50] and Richardson [51] was used for pair-
wise comparison of proportions while the confidence intervals of the proportions were calcu-
lated using the method recommended by Altman et al. [52]. Coding in regression analyses was
such that the lowest code (0), the reference, was the factor which exhibited the highest propor-
tion/Wald statistic [53]. Test for collinearity of the variables was by testing for correlation.
Simple correlation coefficients for pairs of independent variables are determined and a value
of more than 0.3 was considered reasonable collinearity among a pair of independent variables
and one was dropped [54]. This was done systematically until only those with correlation of
0.3 or less remained. Multivariable generalized linear mixed effects logistic regression analysis
(GLMM) with county and villages as random effect variables was used to test the strength of
association between the potential risk factors and FMD sero-positivity. This made use of back-
ward fitting of variables and generated odds ratio (OR) and p values. Interaction between vari-
ables was also tested. The interpretation of odds ratios less than one were after obtaining their
inverse [55]. Scaled residuals and fitted values were generated and used to evaluate the final
models developed. In all the analysis, confidence level was kept at 95% and p<0.05 was set for
significance.

The goodness of fit test used for the regression models was the Akaike Information Crite-
rion (AIC) which maximizes the likelihood function. The model with the lowest AIC was con-
sidered as the most parsimonious [56, 57].

Ethics. The research approval for the study was obtained from the Kenya National Com-
mission for Science, Technology and Innovation (NACOSTI/P/19/57224/31389) and the Fac-
ulty of Veterinary Medicine Biosafety, Animal Use and Ethics Committee (FVM BAUEC/
2020/262). Each owner of a herd selected for sampling provided verbal consent, once the
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objectives of the study were explained. Herds whose owners did not consent were replaced
with the next herd in the random sample list. Other approvals required for the study were
obtained from the State Department of Livestock at national level and from the respective
county governments.

Results

The cross-sectional study was carried out from August to September 2016 cross-nationally. In
the study, 898 herds were sampled yielding 8201 samples. The herds were more than the num-
ber calculated since, especially in the sedentary area, it was difficult to find sufficient animals
in one herd. However, only 7564 samples from 872 herds were available for testing for FMD
sero-prevalence as 637 were already depleted while testing for other diseases or had spilled or
were grossly contaminated. Sheep samples were 2560 (33.8%) while goat samples were 5004
(66.2%). Of these 3909 (51.7%) were from the PZ and 3655 (48.3%) were from the SZ. Of the
44 counties investigated (samples from three out of 47 counties not available), 11 (25.0%) were
in the PZ and 33 (75.0%) were in the SZ.

Animal and herd level descriptive statistics

S2 Table shows the number of sheep and goats in the sampled herds in the PZ and SZ. There-
fore, the mean herd size in the PZ was about ten times that in the SZ. The animals in both
zones were mainly females older than one year.

Table 1 presents the individual animal variable descriptive statistics in both the PZ and SZ
and overall. Thus about two-thirds of the SR sampled was of caprine species. Nearly half of the
animals were of local breed. About three-quarters of the SR sampled were female. Majority of
the animals sampled were mature (97.0%) and born in the herds (82.9%).

Table 2 presents the herd level variable descriptive statistics in both zones and overall.
Although these were herd level variables, the numbers are of actual number of animals
involved as most analyses in the study were at individual animal level. Overall about two-thirds
of animals were in herds where SR were brought into the herds in the last one year, in herds
which purchased SR from markets or middlemen, in herds under communal grazing, in herds
which shared watering and in herds at altitude of less than 1500m above sea level. Just over a
half of the animals were from herds which had interaction with wildlife and from herds which
utilized own-male breeding method. Majority of animals were in meat and multi-purpose pro-
duction type (86.1%), in the sedentary and pastoral production system (75.5%) and were
enclosed at night (77.0%).

Sero-prevalence of FMD in small ruminants

At the time of sampling, none of the animals in the surveyed herds showed FMD clinical
symptoms. Sero-prevalence of non-structural FMDYV protein (antibodies) for a total of 7564
sera collected from the whole country was determined. The overall true sero-prevalence of
FMD in small ruminants was 22.5% (95% CI: 22.3-24.3%). The sero-prevalence was signifi-
cantly higher (p = 0.021) in the PZ at 31.2% (95% CI: 29.8-32.7%) compared to that in the SZ
which had a sero-prevalence of 14.7% (95% CI: 13.4-15.7%). The sero-prevalence per county
is in the S3 Table. The distribution of FMD sero-positives among SR was near ubiquitous with
nearly every county registering some positives. Variations in spatial distributions of FMD
sero-prevalence were observed across the country with true sero-prevalence levels higher than
the national average of 22.5% recorded in 11 (25%) of counties among them Mandera, Kilifi,
Lamu, Kajiado, West-Pokot, Garissa, Turkana, Wajir, Kwale Tana River and Isiolo counties,
mainly in the PZ except for Kilifi, Lamu and Kwale counties. Some counties (14), mainly in
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Table 1. Descriptive statistics of sampled individual animal variables in the pastoral and sedentary zones, Kenya, 2016.

Variable
Species
Caprine
Ovine

Total

Breed

Local
Cross-breed
Exotic
Unidentified
Total

Sex

Female

Male
Unidentified
Total

Age

Mature (>1 year)
Young (<1 year)
Unidentified
Total
Origin

Born in herd
Brought in
Unidentified
Total

https://doi.org/10.1371/journal.pone.0234286.t001

No. in Pastoral Zone

2694
1215
3909

1714
431
178
1586
3909

3010
894
5
3909

3879
11
19
3909

3145
50
714
3909

% in Pastoral Zone No. in Sedentary Zone % in Sedentary Zone Total % of Total
68.9 2310 63.2 5004 66.2
31.1 1345 36.8 2560 33.8

100.0 3655 100.0 7564 100.0
43.8 1596 43.7 3310 43.8
11.0 430 11.8 861 11.4

4.6 516 14.1 694 9.2
40.6 1113 30.5 2699 35.7

100.0 3655 100.0 7564 100.0
77.0 2912 79.7 5922 78.3
22.9 742 20.3 1636 21.6

0.1 1 0.0 6 0.1

100.0 3655 100.0 7564 100.0

99.2 3456 94.6 7335 97.0
0.3 187 5.1 198 2.6
0.5 12 0.3 31 0.4

100.0 3655 100.0 7564 100.0

80.5 3128 85.6 6273 82.9
1.3 267 7.3 317 4.2
18.3 260 7.1 974 12.9
100.0 3655 100.0 7564 100.0

the SZ namely Embu, Kisii, Nakuru, Elgeiyo- Marakwet, Kiambu, Bungoma, Kirinyaga, Vihiga
and Murang’a counties had sero-prevalence of less than 10.0%. Other counties (19) in seden-
tary zone had sero-prevalence above 10.0% but lower than the national average. The sero-prev-
alence for Mombasa and Nyamira was 0.0% but the number of samples tested was too small (5
and 14 respectively) to give any meaningful interpretation.

The FMD sero-positivity per potential individual animal risk factor was as in Table 3.

For variables with more than two categories, chi-square reported in Tables 3 and 4 is for
sero-prevalence for all categories. The chi-square reported in the ensuing text are for pair-wise
comparison of sero-prevalence. Thus at individual animal level, the sero-positivity of FMD in
caprine (goats) compared to that in ovine (sheep) was significantly higher (p<0.001). That for
exotic breeds was significantly lower than that for local breeds (2 = 14.43; p<0.001) and cross
breeds (%2 = 9.13; p = 0.003). Sero-prevalence in mature animals was significantly higher than
in young animals (p<0.001) while that in animals that were born in the herd was significantly
higher than that of animals that were brought in (p<0.001).

The herd level prevalence, a measure of sero-prevalence in herds where at least one animal
in a herd tested positive, for all the 872 herds tested was 77.6% (95% CI: 73.9-80.9), which was
significantly higher than overall animal level sero-prevalence (22.5% (95% CI: 22.3-24.3). The
sero-positivity per potential herd risk factor was as in Table 4.

Herds which had brought in SR in the last one year had significantly lower sero-prevalence
than those that had not (p<0.001). Herds in which animals were bought from the market or
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Table 2. Descriptive statistics of herd level variables in the pastoral and sedentary zones, Kenya, 2016.

Variable No. in PZ % in PZ No. in SZ % in SZ Total % of Total
Herds brought in SR?
No 2494 63.8 2273 62.2 4767 63.0
Yes 1387 35.5 1382 37.8 2769 36.6
Unidentified 28 0.7 0 0.0 28 0.4
Total 3909 100.0 3655 100.0 7564 100.0
Buy SR from market or middlemen?
No 1733 44.3 3020 82.6 4753 62.8
Yes 2176 55.7 635 17.4 2811 37.2
Total 3909 100.0 3655 100.0 7564 100.0
SR interaction with wildlife
Yes 3246 83.0 1053 28.8 4299 56.8
No 209 5.3 1242 34.0 1451 19.2
Unidentified 454 11.6 1360 37.2 1814 24.0
Total 3909 100.0 3655 100.0 7564 100.0
SR Production type
Meat 1594 40.8 1747 47.8 3341 44.2
Multipurpose 1876 48.0 1294 35.4 3170 41.9
Mixed 228 5.8 138 3.8 366 4.8
Dairy 20 0.5 170 4.7 190 2.5
Unidentified 191 4.9 306 8.4 497 6.6
Total 3909 100.0 3655 100.0 7564 100.0
SR Production System
Sedentary/mixed 265 6.8 2850 78.0 3115 41.2
Pastoral 2481 63.5 112 3.1 2593 34.3
Agro-pastoral 782 20.0 266 7.3 1048 13.9
Multiple 138 3.5 28 0.8 166 2.2
Unidentified 243 6.2 399 10.9 642 8.5
Total 3909 100.0 3655 100.0 7564 100.0
SR Housing
Enclosed at night 3061 78.3 2760 75.5 5821 77.0
None 794 20.3 592 16.2 1386 18.3
Enclosed day and night 54 1.4 303 8.3 357 4.7
Total 3909 100.0 3655 100.0 7564 100.0
SR grazing
Communal 1611 41.2 1113 30.5 2724 36.0
Fenced 318 8.1 1799 49.2 2117 28.0
Mixed 1070 27.4 198 5.4 1268 16.8
Migratory 744 19.0 42 1.1 786 10.4
Unidentified 124 3.2 234 6.4 358 4.7
Zero-grazing 42 1.1 269 7.4 311 4.1
Total 3909 100.0 3655 100.0 7564 100.0
SR watering
Shared 3529 90.3 1011 27.7 4540 60.0
On-farm 199 5.1 2226 60.9 2425 32.1
Unidentified 181 4.6 274 7.5 455 6.0
Mixed 0 0.0 144 3.9 144 1.9
Total 3909 100.0 3655 100.0 7564 100.0
(Continued)
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Table 2. (Continued)

Variable No. in PZ % in PZ No. in SZ % in SZ Total % of Total
SR breeding method

Own male 2059 52.7 2370 64.8 4429 58.6
Mixed 1014 259 230 6.3 1244 16.4
Common-use male 556 14.2 244 6.7 800 10.6
Unidentified 183 4.7 395 10.8 578 7.6
Male from another farm 64 1.6 382 10.5 446 5.9
Artificial insemination 33 0.8 34 0.9 67 0.9
Total 3909 100.0 3655 100.0 7564 100.0
SR location elevation

<1500m 3130 80.1 1754 48.0 4884 64.6
>1500m 641 16.4 1828 50.0 2469 32.6
Unidentified 138 35 73 2.0 211 2.8
Total 3909 100.0 3655 100.0 7564 100.0

https://doi.org/10.1371/journal.pone.0234286.t1002

middlemen had significantly higher sero-positivity than in those herds where this was not the
case (p<<0.001). Similarly, herds which had wildlife interaction had significantly higher sero-
positivity than those without such interaction (p<0.001). The sero-positivity of herds at low
altitude (<1500m above sea level was significantly higher (p<0.001) than that of herds at
higher altitude (>1500m above sea level).

Multipurpose production type herds had significantly higher sero-positivity than meat
(x* = 20.00; p<0.001), mixed (x> = 7.62; p = 0.006) and dairy (x> = 8.41; p = 0.004) production

Table 3. FMD Sero-positivity per potential individual animal risk factor, Kenya, 2016.

Variable Total tested Positive % Positive 95%CI of % positive %2 p-value
Species

Caprine 5004 1202 24.0 22.9-25.2 789.68 <0.001
Ovine 2560 560 21.9 20.3-23.5

Breed

Local 3310 807 24.4 22.9-25.9 2728.79 <0.001
Cross-breed 861 207 24.0 21.2-27.1

Exotic 694 123 17.7 15.0-20.8

Unidentified® 2699 25 0.9 0.6-1.4

Sex

Female 5922 1403 23.7 22.6-24.8 7406.90 <0.001
Male 1636 356 21.8 19.8-23.9

Unidentified 6 3 50.0 14.0-86.1

Age

Mature (>1 year) 7335 1731 23.6 22.6-24.6 13790.73 <0.001
Young (<1 year) 198 20 10.1 6.4-15.4

Unidentified 31 20 35.5 19.8-54.6

Origin

Born in herd 6273 1474 23.5 22.5-24.6 8459.147 <0.001
Brought in 317 54 17.0 13.2-21.7

Unidentified 974 234 24.0 21.4-26.9

?Unidentified means that the variable was not indicated for those samples. The chi-square and p value are overall values for the differences in proportions.

https://doi.org/10.1371/journal.pone.0234286.t003
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Table 4. Sero-positivity for FMD per potential herd risk factor, Kenya, 2016.

Variable Total tested Positive | % Positive 95%ClI of % positive x p-value
Production Zone
Pastoral (PZ) 3909 1220 31.2 29.8-32.7 5.29 0.021
Sedentary (SZ) 3655 531 14.7 13.4-15.7
Herds brought in SR?
No 4767 1160 24.3 23.1-25.6 4490.11 <0.001
Yes 2769 598 21.6 20.1-23.2
Unidentified® 28 4 14.3 4.7-33.6
Buy SR from market or middlemen?
No 4753 1023 21.5 20.4-22.7 498.59 <0.001
Yes 2811 739 26.3 24.7-28.0
SR interaction with wildlife
Yes 4299 1201 27.9 26.6-29.3 1906.15 <0.001
No 1451 183 12.6 11.0-14.5
Unidentified 1814 378 20.8 19.0-22.8
SR Production type
Meat 3341 700 21.0 19.6-22.4 6732.83 <0.001
Multipurpose 3170 816 25.7 24.2-27.3
Mixed 366 70 19.1 15.3-23.6
Dairy 190 31 16.3 11.5-22.5
Unidentified 497 145 29.2 25.3-33.4
SR Production System
Sedentary/mixed 3115 463 14.9 13.6-16.2 4311.26 <0.001
Pastoral 2593 799 30.8 29.0-32.6
Agro-pastoral 1048 305 29.1 26.4-32.0
Mixed 166 37 22.3 16.4-29.5
Unidentified 642 158 24.6 21.4-28.2
SR Housing
Enclosed at night 5821 1377 23.7 22.6-24.8 6687.38 <0.001
None 1386 346 25.0 22.7-27.3
Enclosed day and night 357 39 10.9 8.0-14.7
SR grazing
Communal 2724 713 26.2 24.5-27.9 3820.75 <0.001
Fenced 2117 335 15.8 14.3-17.5
Mixed 1268 351 27.7 25.3-30.3
Migratory 786 232 29.5 26.4-32.9
Unidentified 358 96 26.8 22.4-31.8
Zero-grazing 311 35 11.3 8.1-154
SR watering
Shared 4540 1290 28.4 27.1-29.8 6566.08 <0.001
On-farm 2425 330 13.6 12.3-15.1
Unidentified 455 124 27.3 23.3-31.6
Mixed 144 18 12.5 7.8-19.3
SR breeding method
Own male 4429 1020 23.0 21.8-24.3 10157.63 <0.001
Mixed 1244 325 26.1 23.7-28.7
Common-use male 800 215 26.9 23.9-30.1
Unidentified 578 131 22.7 19.4-26.3
(Continued)
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Table 4. (Continued)

Variable

Male from another farm
Artificial insemination
SR location elevation
<1500m

>1500m

Unidentified

Total tested Positive | % Positive 95%CI of % positive x p-value
446 63 14.1 11.1-17.8
67 8 11.9 5.7-22.7
4884 1277 26.2 24.9-27.4 4332.06 <0.001
2469 419 17.0 15.5-18.5
211 66 31.3 25.2-38.1

?Unidentified means that the variable was not indicated for those samples. The chi-square and p value are overall values for the differences in proportions.

https://doi.org/10.1371/journal.pone.0234286.t1004

type herds. The pastoral production system showed significantly higher sero-positivity than
sedentary (x* =207.61; p<0.001), agro-pastoral o = 104.96;p<0.001) and mixed (x* = 5.34;
p = 0.021) production systems. The sero-prevalence in the sedentary production system was
significantly higher than that in the mixed production system (x> = 6.67; p = 0.001). Herds
which were not enclosed or enclosed only at night had a significantly higher sero-positivity
than herds which were enclosed by day and by night (% = 32.75; p<0.001 and y* = 31.15;
p<0.001 respectively). Communal grazed herds had significantly higher sero-prevalence than
fenced (x> = 75.94; p<0.001) and zero-grazed herds (x* = 33.33; p<0.001). Fenced herds had
significantly higher sero-prevalence than herds with mixed grazing (x> = 69.50; p<0.001),
herds with migratory grazing (y* = 68.49) and zero-grazed herds (x* = 4.25; p = 0.04). Herds
with mixed and migratory grazing systems had significantly higher sero-prevalence than zero-
grazed herds (% = 36.32; p<0.001 and y* = 40.04; p<<0.001 respectively) Small ruminant herds
that had shared watering had significantly higher sero-positivity than those with on farm
watering and mixed type watering (y* = 194.02; p<0.001; 3> = 17.76; p<0.001 respectively).
The statistically significant higher sero-prevalence with regard to breeding method were
observed only between herds utilizing all other breeding methods (own male, mixed methods,
common use male) and those utilizing a male from another farm (x* = 18.57;p<0.001, x* =
26.73;p<0.001, x* = 27.04;p<0.001 respectively) as well as those utilizing AI (x* = 4.61;
p=0.032), x> = 6.77;p = 0.009, x* = 7.27;p = 0.007 respectively).

Association between FMD sero-positivity and selected potential risk factors

Pairwise Spearman correlation of all the potential risk factors in Tables 3 and 4 showed signifi-
cant moderate to strong correlation between many factors except age, sex, production zone,
whether herds brought in SR, production type, breeding method and elevation. These were
retained in the group of potential risk factors for FMD sero-positivity risk factor analysis. The
most parsimonious mixed effects logistic regression model showing the association between
FMD sero-positivity in small ruminants and risk factors as well as the relevant interactions are
in Table 5.

In this final model obtained, the AIC was 7079.6 and the log likelihood was -3532.8 which
indicated good fit for the data.

Only multipurpose production type showed statistically significant positive association
when compared with meat production type. Thus multipurpose production type was 1.307
times more likely to be associated with FMD sero-positivity when compared with meat pro-
duction type (p = 0.042). Interpretation of OR for risk factors that were negatively associated
with FMD sero-positivity was after finding the inverse of OR (1/OR) as specified by Bland and
Altman [55]. Therefore with reference to female animals, male animals were 1.238 times less
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Table 5. Association between FMD sero-positivity in small ruminants and risk factors studied, Kenya, 2016.

Risk factor
Intercept
Sex

Age

Production zone

Production type

Sex*age interaction

Variable P OR 95%CI of OR
Included <0.001 2.459 2.047-2.872
Female Ref

Male 0.008 0.808 0.650-0.966
Mature Ref

Young <0.001 0.291 -0.420-1.002
Pastoral Ref

Sedentary <0.001 0.278 -0.225-0.780
Meat Ref

Multipurpose 0.042 1.307 1.049-1.566
Mixed 0.608 0.876 0.373-1.380
Dairy 0.416 1.351 0.626-2.076
Male*young 0.019 3.671 3.671-4.754
Mature Female versus young female 0.004 3.436 2.725-4.147
Mature female versus mature male 0.041 1.238 1.079-1.396
Mature female versus young male 0.986 1.158 0.322-1.995
Young female versus mature male 0.029 0.360 -0.363-1.084
Young female versus young male 0.193 0.337 -0.735-1.409
Mature male versus young male 0.999 0.936 0.090-1.782

https://doi.org/10.1371/journal.pone.0234286.t005

likely to be seropositive for FMD (p = 0.008). Compared to mature animals, young animals

were 3.436 times less likely to be seropositive for FMD (p = <0.001) Animals in the sedentary
zone were 3.597 times less likely to be sero-positive when compared with those in the pastoral
zone (p<0.001). County and village IDs (with village IDs nested within counties) were used in
the model as random effects variables but both effects were non-existent. The variances and

Sd associated with observations within a village and county were 1.11 (Sd = 1.05) and 0.41

(Sd = 0.67), respectively. Scaled residuals ranged between -2.30 and 5.29. A model used

to investigate interactions showed that interaction between age and sex was significant

(p =0.019). An animal that was mature and female was 3.436 times more likely to be sero-posi-
tive in contrast to being young and female (p = 0.004) and 1.238 times more likely to be sero-
positive in contrast to being mature and male (p = 0.041). An animal that was young and
female was 2.78 (1/0.360) times less likely to be sero-positive in contrast to one that was mature
and male (p = 0.029). Thus an interaction with matureness or femaleness increased the risk of
FMD sero-positivity above that for sex or age alone respectively.

Discussion

The mean SR herd sizes in the PZ and SZ were 27.5 and 2.7 respectively. This is consistent
with what has been reported in sub-saharan sedentary production systems [58]. The herd
structure in the pastoral zone is similar to what has been reported in Somalia [59]. For the PZ,
this is within the range reported recently in Kenya [38] but lower than that reported by Zaal
[37], probably due to dwindling land available for livestock keeping and other changes in farm-
ing systems. According to this study, the bulk of SR in Kenya are held in the PZ.

Only 7564 samples from 872 herds were available for testing for FMD sero-prevalence com-
pared to a calculated sample size of 9044. Though slightly lower than the calculated sample
size, due to sample loss and lack of usability of some samples for the test (16%), these samples
were deemed sufficient for determination of the sero-prevalence of FMD in the SR herds given
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that there was sufficient design effect (2) consideration and provision for sample loss in sample
size calculation.

The country sero-prevalence of FMD in SR was found to be 22.5% similar to what has been
reported in other countries where FMD is endemic [16, 17]. It is however higher than that
reported in Ethiopia, Israel, Libya and Sudan [8, 9, 11, 12, 18] but about half of what has been
reported in Tanzania and Myanmar [14, 19, 20]. A previous study in cattle in Kenya showed
much higher sero-prevalence in cattle at 52.5% [60] and unpublished data obtained at the
same time with this current study in Kenyan cattle revealed a sero-prevalence of 37.6%. This
means sheep and goats in Kenya could be less susceptible to FMDV compared to cattle despite
the fact that they are normally herded together in endemic settings of Kenya as was also
observed in Ethiopia [8, 9].

In the absence of vaccination, sero-prevalence to FMDYV can be an indicator of presence of
FMD. Sero-prevalence was significantly higher in the PZ (31.5%) than in the SZ (14.5%). This
may be attributed to a high level of herd mobility, contact of animals at grazing and watering
points, dynamism of herds (frequent additions) and frequent contact with the livestock of
neighbouring countries through cross-border contact in the PZ. These animals move across
the boundaries for grazing, watering and also for illegal trade thus promoting the concept that
FMD outbreaks are associated with animal movement. In the process of movement they also
come in contact with other animals from different areas which are an important factor for
the transmission of the disease. The livestock in pastoral areas also end up in some sedentary
zones during the dry season, potentially spreading disease [61]. Foot and mouth being a dis-
ease spread due to movement of animals closer together makes sedentary zone have lower inci-
dence of spread between herds. This is important because most of the SR are in the PZ where
they are more often herded together with cattle and cross-transmission may be the reason for
the observed sero-positivity. The sero-prevalence in counties within the PZ or bordering the
PZ such as Lamu were significantly higher than those in the counties in the SZ as also reported
by others [60, 62]. This might be due to differences in the movement and distribution of live-
stock, the level of contact between herds and ungulate wildlife, proximity to stock routes, the
grazing patterns and watering sources in each county.

A significant difference was observed in sero-prevalence of FMD among mature (23.6%)
and young sheep and goats (10.1%). This is in agreement with the results of others [19, 20]
although the sero-positivity levels in our study were lower. The difference in sero-positivity
between age groups may be due to the fact that mature animals may have experienced more
exposures to FMD at grazing, watering point and at market than in age group less than one
year. Therefore, adult animals might have acquired infection from multiple strains and sero-
types thus producing antibodies against multiple virus incursions of FMD. It could also be due
to cumulative sero-positivity through repeated infection in their longer life time. The low prev-
alence in young animals may also be indicative of persistent passive immunity and less fre-
quency of exposure of the animal to the disease as the farmers keep their lambs and kids in the
homesteads. Females showed higher sero-prevalence at 23.8% than males (21.9%). However,
these results are in contrast to Ethiopian studies where 15.7% and 8.3% seroconversions were
reported in male and female animals respectively [63] and 8.9% in female while 3.0% in male
[8]. Sero-prevalence was significantly higher in the multipurpose production type than in all
the other production types (meat, mixed, dairy). This may be possible because this production
type is found mainly among pastoral and agro-pastoral systems where purchase of animals is
from the market or middlemen and which in each case had high sero-prevalence. Other
researchers have demonstrated higher FMD sero-prevalence in production types resembling
the multi-purpose production type than in meat, mixed and dairy production types [11, 20]
However, Mesfine et al. [8] in Ethiopia have demonstrated lower sero-prevalence in pastoral
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and agro-pastoral production systems than in sedentary production systems. Further, there
was high sero-prevalence in animals whose production type was not identified hence the need
for further investigation of sero-prevalence between the production types. The proportion of
herds with at least one animal sero-positive for FMD (herd prevalence) was high at 77.6% simi-
lar to 74.7% reported by Ahmed et al [41] in Ethiopian cattle but higher than that in the reports
of Megersa et al [64] in southern Ethiopian cattle and Hussain et al [65] in Omani cattle with
sero-prevalence of 48.1% and 55.2%, respectively. This comparison of SR herds and cattle
herds is relevant given possible transmission from cattle to SR. The high prevalence of FMD at
the herd level in our study might be due to the common practice of communal grazing and
watering in the study area as was also alluded to by Ahmed et al [41].

In spite of many variables showing differences in proportions of seropositive animals across
the categories, only multipurpose production type showed a statistically significant positive
association with FMD sero-positivity. Male sex, young age and sedentary production zone
showed a statistically significant negative relationship. Thus some husbandry related variables
showed significant relationship with sero-positivity as has also been alluded to by Balinda et al.
[21] in Uganda. These results demand for risk-based surveillance which considers the signifi-
cant risk factors. They also call for extension services and policies for small ruminant keepers
to advice on interventions and husbandry practices which could limit the circulation of
FMDYV among SR herds which could also reduce cross-transmission with cattle herds.

Vaccination of small ruminants against FMD in Kenya is non-existent due to scarce vaccine
and cost implications [34]. It may be worthwhile to vaccinate SR in some scenarios, given the
identified risk factors. The possibility of transmission of FMDV from cattle to SR needs to be
researched.

Limitations of the study

Testing was not done for circulating virus (e.g. virus isolation/PCR), and therefore it is
unknown when these animals became sero-positive. Indeed, further investigations (potentially
using the same samples) could be done and also to identify the serotypes that the SR were sero-
positive to, using serotype specific ELISAs. There was significant sero-positivity in animals
where some variable levels were unidentified hence the need to investigate further the level of
sero-positivity with regard to these variables. Although this study was at national level, The
results in some counties are useful in making conclusions about the sero-positivity of FMD in
SR as there was sufficient sample size for the counties. However, in some counties the sample
size was too small to make any meaningful conclusions and therefore planned studies with suf-
ficient sample sizes are required.

Conclusion

The bulk of small ruminants in Kenya are held in the pastoral zone. Small ruminant FMD
sero-positivity established in most counties countrywide shows that FMD may be present in
the species in majority of herds but this needs to be authenticated through isolation of the
FMD virus. The study has shown that the sero-prevalence in small ruminants in Kenya is esti-
mated at 23.3% with sheep and goats having almost equal sero-prevalence. Given the near
ubiquitous distribution of sero-prevalence, it is possible that the FMD virus may be circulating
in a significant proportion of closed SR herds. There is also possible cross transmission of
FMDYV across the species which needs investigation. The pastoral zone had higher sero-posi-
tivity as compared to the sedentary zone. This shows the importance of concentrating control
efforts in the pastoral zone where sero-positivity is high but without neglecting the sedentary
areas which usually suffer the highest production and productivity losses in case of FMD
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outbreaks. Besides, livestock in the pastoral zone also end up in some counties in the sedentary
zone during the dry season. Past efforts for control of FMD in Kenya centered on compulsory
vaccination of cattle in areas mostly located in the sedentary areas. The findings of this study
should be considered in the development of FMD risk-based surveillance and control plans in
small ruminants alongside those of the cattle population with due consideration of the estab-
lished risk factors. More risk factors should be identified through planned studies.

Supporting information

S1 Table. FMD sero-prevalence and associated risk factors in SR in various countries.
(DOCX)

S2 Table. Number of sheep and goats in the herds sampled in the study area, Kenya, 2016.
(DOCX)

$3 Table. Small ruminant FMD sero-positivity per county, Kenya, 2016.
(DOCX)

S1 File. Data collection tools.
(DOCX)

Acknowledgments

We acknowledge approval of the study by the Directorate of Veterinary Services (DVS), Kenya
and respective county governments. The survey teams and Foot- and -mouth Disease Labora-
tory staff are acknowledged for sample and data collection as well as sample testing. The
respective county livestock keepers are acknowledged for presentation of animals and provi-
sion of data. The DVS data entry team which comprised of Ruth Manasse, Peninah Khan and
Nelly Achieng’ are also acknowledged. We acknowledge the assistance of M/s Jane Poole of the
International Livestock Research Institute in statistical analysis of data.

Author Contributions

Conceptualization: Eunice C. Chepkwony, George C. Gitao, Gerald M. Muchemi, Abraham
K. Sangula, Salome W. Kairu-Wanyoike.

Data curation: Eunice C. Chepkwony, Gerald M. Muchemi, Salome W. Kairu-Wanyoike.
Formal analysis: Eunice C. Chepkwony, Gerald M. Muchemi, Salome W. Kairu-Wanyoike.
Funding acquisition: Eunice C. Chepkwony, Salome W. Kairu-Wanyoike.

Investigation: Eunice C. Chepkwony, Salome W. Kairu-Wanyoike.

Methodology: Eunice C. Chepkwony, George C. Gitao, Gerald M. Muchemi, Abraham K.
Sangula, Salome W. Kairu-Wanyoike.

Project administration: Salome W. Kairu-Wanyoike.
Resources: Eunice C. Chepkwony, Salome W. Kairu-Wanyoike.

Supervision: George C. Gitao, Gerald M. Muchemi, Abraham K. Sangula, Salome W. Kairu-
Woanyoike.

Validation: Eunice C. Chepkwony, George C. Gitao, Gerald M. Muchemi, Abraham K. San-
gula, Salome W. Kairu-Wanyoike.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234286  August 2, 2021 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234286.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234286.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234286.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234286.s004
https://doi.org/10.1371/journal.pone.0234286

PLOS ONE

Small ruminant FMD sero-prevalence and risk factors

Visualization: Eunice C. Chepkwony, George C. Gitao, Gerald M. Muchemi, Abraham K.

Sangula, Salome W. Kairu-Wanyoike.

Writing - original draft: Eunice C. Chepkwony, Salome W. Kairu-Wanyoike.

Writing - review & editing: Eunice C. Chepkwony, George C. Gitao, Gerald M. Muchemi,

Abraham K. Sangula, Salome W. Kairu-Wanyoike.

References

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Falvey L. Food Security: The Contribution of Livestock. Chiang Mai Univ. J Nat Sci. 2015; 14 (1).

Kosgey IS, Rowlands GJ, van Arendonk JAM, Baker AL. Small ruminant production in smallholder and
pastoral/extensive farming systems in Kenya. Small Rumin Res. 2008; 77(1):11-24. https://doi.org/10.
1016/j.smallrumres.2008.02.005

Wanyoike S. The epidemiology and socio-economics of contagious bovine pleuropneumonia and its
control by vaccination in Narok District of Kenya [dissertation]. Reading (UK): University of Reading;
2009.

Otte MJ, Chilonda P. Cattle and small ruminant production systems in sub-Saharan Africa: a systematic
review. Rome: Food and Agriculture Organization of the United Nations; 2002.

KNBS. The 2009 national population and housing census. 7th National Census. Kenya Government.
Nairobi: Kenya National Bureau of Statistics; 2010.

Mburu, JWS. Small Ruminant Production in Kenya. Proceedings of the Workshop on the Improvement
of Small Ruminants in Eastern and Southern Africa; 1986 Aug 18—21; Nairobi, Kenya.

Nyariki DM, Amwata DA. The value of pastoralism in Kenya: Application of total economic value
approach. Pastoralism. 2019; 9: 9. https://doi.org/10.1186/s13570-019-0144-x

Mesfine M, Nigatu S, Belayneh N, Wudu T. Jemberu WT. Sero-epidemiology of foot and mouth disease
in domestic ruminants in Amhara Region, Ethiopia. Front Vet Sci. 2019; 6: 130. https://doi.org/10.3389/
fvets.2019.00130 PMID: 31114792

Abdela N. Sero-prevalence, risk factors and distribution of foot and mouth disease in Ethiopia. Acta
Trop. 2017; 169: 125-132. https://doi.org/10.1016/j.actatropica.2017.02.017 PMID: 28209551

Hegde R, Hosamani M, Sreevatsava V, Rashmi KM, Kowalli S, Nagaraja K, et al. Serosurveillance of
Foot-and-Mouth Disease in Ruminant Population of Karnataka, India. SM Virol. 2016; 1(2): 1006.

Elnekave E, van Maanen K, Shilo H1, Gelman B, Storm N, Berdenstain S, et al. (2016). Prevalence and
risk factors for foot and mouth disease infection in small ruminants in Israel. Prev Vet Med. 2016;
125:82-88. https://doi.org/10.1016/j.prevetmed.2015.12.019 PMID: 26774447

Eldaghayes |, Dayhum A, Kammon A, Sharif M, Ferrari G, Bartels C, et al. Exploiting serological data to
understand the epidemiology of foot-and-mouth disease virus serotypes circulating in Libya. Open Vet
J.2017; 7(1): 1-11. https://doi.org/10.4314/ovj.v7i1.1 PMID: 28180094

Shabana I, Krimly RA. Sero-prevalence of some viral and bacterial zoonoses in domestic ruminants in
Medina Iman. J Adv Vet Anim Res. 2020; 7(1): 42-50. https://doi.org/10.5455/javar.2020.g391 PMID:
32219108

Phyoe HMM, Khaing AT, Abba Y, Aung YH, Htun LL, Htin NN, et al. Sero-prevalence of Foot and Mouth
Disease Virus (FMDV) and associated risk factors in unvaccinated sheep and goats in Pyawbwe and
Meikhtila townships of Myanmar. J Adv Vet Anim Res. 2017; 4(2): 161-167. https://doi.org/10.5455/
javar.2017.d204

Lazarus DD, Schielen WJG, Wungak Y, Kwange D, Fasina FO. Sero-epidemiology of foot-and-mouth
disease in some Border States of Nigeria. Afr J Microbiol Res. 2012; 6(8): 1756—1761.

Ur-Rehman S, Arshad M, Hussain |, Igbal Z. Detection and sero-prevalence of foot and mouth disease
in sheep and goats in Punjab, Pakistan. Transbound Emerg Dis. 2014. https://doi.org/10.1111/tbed.
12194 PMID: 24393420

Farooq U, Irshad H, Ullah A, Latif A, Zahur AB, Naeem K, et al. Sero-prevalence of foot-and-mouth dis-
ease in small ruminants of Pakistan. J Anim Plant Sci. 2017; 27(4): 1197-1201.

Raouf YA, Hanan Y, Almutlab AA, Hassen AA, Ahmed Al-Majali A, Tibbo M. Role of small ruminants in
the epidemiology of foot-and-mouth disease in Sudan. Bull Anim Health Prod Afr. 2017; 65 (1); 145—
156.

Torsson E, Berg M, Misinzo G, Herbe |, Kgotlele T, Paarni M, et al. Sero-prevalence and risk factors for
peste des petits ruminants and selected differential diagnosis in sheep and goats in Tanzania. J Infect
Ecol Epidemiol. 2017; 7:1. https://doi.org/10.1080/20008686.2017.1368336 PMID: 29081918

PLOS ONE | https://doi.org/10.1371/journal.pone.0234286  August 2, 2021 17/19


https://doi.org/10.1016/j.smallrumres.2008.02.005
https://doi.org/10.1016/j.smallrumres.2008.02.005
https://doi.org/10.1186/s13570-019-0144-x
https://doi.org/10.3389/fvets.2019.00130
https://doi.org/10.3389/fvets.2019.00130
http://www.ncbi.nlm.nih.gov/pubmed/31114792
https://doi.org/10.1016/j.actatropica.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28209551
https://doi.org/10.1016/j.prevetmed.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26774447
https://doi.org/10.4314/ovj.v7i1.1
http://www.ncbi.nlm.nih.gov/pubmed/28180094
https://doi.org/10.5455/javar.2020.g391
http://www.ncbi.nlm.nih.gov/pubmed/32219108
https://doi.org/10.5455/javar.2017.d204
https://doi.org/10.5455/javar.2017.d204
https://doi.org/10.1111/tbed.12194
https://doi.org/10.1111/tbed.12194
http://www.ncbi.nlm.nih.gov/pubmed/24393420
https://doi.org/10.1080/20008686.2017.1368336
http://www.ncbi.nlm.nih.gov/pubmed/29081918
https://doi.org/10.1371/journal.pone.0234286

PLOS ONE

Small ruminant FMD sero-prevalence and risk factors

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

Casey-Bryars M. The epidemiology of foot-and-mouth disease at the wildlife-livestock interface in north-
ern Tanzania [Dissertation]. Scotland: University of Glasgow; 2016

Balinda SN, Tjgrnehgj K, Muwanika VB, Sangula AK, Mwiine FN, Ayebazibwe C, et al. Prevalence esti-
mates of antibodies towards foot-and-mouth disease virus in small ruminants in Uganda. Transbound
Emerg Dis. 2009; 56 (9—10): 362—371. https://doi.org/10.1111/].1865-1682.2009.01094.x PMID:
19909475

Arzt J, Baxt B, Grubman MJ, Jackson T, Juleff N, Rhyan J, et al. The pathogenesis of foot-and-mouth
disease ii: viral pathways in swine, small ruminants, and wildlife; myotropism, chronic syndromes, and
molecular virus-host interactions. Transbound Emerg Dis. 2011; 58(4):305-326. https://doi.org/10.
1111/j.1865-1682.2011.01236.x PMID: 21672184

OIE. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals 8th Edition. 2018. https://www.
oie.int/standard-setting/terrestrial-manual/

Mason PW, Grubman MJ, Baxt B. Molecular basis of pathogenesis of FMDV. Virus Res. 2003; 91: 9—
32. https://doi.org/10.1016/s0168-1702(02)00257-5 PMID: 12527435

Mahmoud MAE, Ghazy AA, Shaapan RM. Diagnosis and control of foot and mouth disease (FMD) in
dairy small ruminants; sheep and goats. Int J Dairy Sci. 2019; 14: 45-52. https://doi.org/10.3923/ijds.
2019.45.52

Radostits OM, Gay CC, Hinchcliff KW, Constable PD. Veterinary medicine: A textbook of the diseases
of cattle, horses, sheep, pigs and goats. 10th ed. Philadelphia: W.B. Saunders; 2007.

Stenfeldt C, Pacheco JM, Rodriguez LL, Arzt J. Early events in the pathogenesis of foot-and-mouth dis-
ease in pigs; identification of oropharyngeal tonsils as sites of primary and sustained viral replication.
PLoS ONE. 2014; https://doi.org/10.1371/journal.pone.0106859 PMID: 25184288

Barnett PV, Cox SJ. The role of small ruminants in the epidemiology and transmission of foot-and-
mouth disease. Vet J. 1999; 158: 6—13. https://doi.org/10.1053/tvjl.1998.0338 PMID: 10409411

Donaldson Al, Sellers RF, Martin WB, Aitken ID, editors. Foot-and-mouth disease. Diseases of sheep.
Oxford: Blackwell Science; 2000. p. 254-258.

Kitching RP, Hughes GJ. Clinical variation in foot and mouth disease: sheep and goats. Rev Sci Tech.
2002; 21:505-512. https://doi.org/10.20506/rst.21.3.1342 PMID: 12523691

Parida S, Fleming L, Gibson D, Hamblin PA, Grazioli S, Emiliana Brocchi E et al. Bovine Serum Panel
for Evaluating Foot-and-Mouth Disease Virus Nonstructural Protein Antibody Tests. J Vet Diagn. 2007;
19(5): 539-544. https://doi.org/10.1177/104063870701900513 PMID: 17823399

Parida S. Vaccination against foot-and-mouth disease virus: Strategies and effectiveness. Expert Rev
Vaccines. 2009; 8:347-365. https://doi.org/10.1586/14760584.8.3.347 PMID: 19249976

Wekesa SN, Muwanika VB, Siegmund HR, Sangula AK, Namatovu A, Dhikusooka M, et al. Analysis of
recent serotype O foot and mouth disease viruses from livestock in Kenya; evidence of four indepen-
dently evolving lineages. Transbound Emerg Dis. 2015; 62(3): 305-314. https://doi.org/10.1111/tbed.
12152 PMID: 23931583

Nyaguthii DM, Armson B, Kitala PM, Sanz-Bernardo B, Di Nardo A, Lyons NA. Knowledge and risk fac-
tors for foot-and-mouth disease among small-scale dairy farmers in an endemic setting. Vet Res. 2019;
50: 33. hitps://doi.org/10.1186/s13567-019-0652-0 PMID: 31088554

Sombroek WG, Braun, HMH, van der Pouw BJA. Exploratory Soil Map and Agro-Climatic Zone Map of
Kenya, 1980. Scale: 1:1°000'000. Exploratory Soil Survey Report No. E1. 1982. Kenya Soil Survey Min-
istry of Agriculture—National Agricultural Laboratories, Nairobi, Kenya.

Onono JO, Wieland B, Rushton J. Constraints to cattle production in semi-arid pastoral system in
Kenya. Trop Anim Health Prod. 2013; 45:1415-1422. https://doi.org/10.1007/s11250-013-0379-2
PMID: 23417827

Zaal F. Pastoralism in a global age: livestock marketing and pastoral commercial activities in Kenya and
Burkina Faso [dissertation]. The Netherlands: University of Amsterdam; 1998.

Mwanyumba PM, Wahome RW, MacOpiyo L, Kanyari P. Livestock herd structures and dynamics in
Garissa county, Kenya. Pastoralism. 2015; 5: 26. https://doi.org/10.1186/s13570-015-0045-6

Jahnke HE. Livestock production systems and livestock development in tropical Africa. Kiel, Germany,
Wissenschaftsverlag Vauk; 1982.

Humpry RW, Cameron A, Gunn GJ. A practical approach to calculate sample size for herd prevalence
surveys. Prev Vet Med. 2004; 65: 173—188. https://doi.org/10.1016/j.prevetmed.2004.07.003 PMID:
15488269

Ahmed B, Megersa L, Mulatu G, Siraj M, Boneya G. Sero-prevalence and associated risk factors of foot
and mouth disease in cattle in West Shewa zone, Ethiopia. Vet Med Int. 2020; https://doi.org/10.1155/
2020/6821809 PMID: 32292580

PLOS ONE | https://doi.org/10.1371/journal.pone.0234286  August 2, 2021 18/19


https://doi.org/10.1111/j.1865-1682.2009.01094.x
http://www.ncbi.nlm.nih.gov/pubmed/19909475
https://doi.org/10.1111/j.1865-1682.2011.01236.x
https://doi.org/10.1111/j.1865-1682.2011.01236.x
http://www.ncbi.nlm.nih.gov/pubmed/21672184
https://www.oie.int/standard-setting/terrestrial-manual/
https://www.oie.int/standard-setting/terrestrial-manual/
https://doi.org/10.1016/s0168-1702%2802%2900257-5
http://www.ncbi.nlm.nih.gov/pubmed/12527435
https://doi.org/10.3923/ijds.2019.45.52
https://doi.org/10.3923/ijds.2019.45.52
https://doi.org/10.1371/journal.pone.0106859
http://www.ncbi.nlm.nih.gov/pubmed/25184288
https://doi.org/10.1053/tvjl.1998.0338
http://www.ncbi.nlm.nih.gov/pubmed/10409411
https://doi.org/10.20506/rst.21.3.1342
http://www.ncbi.nlm.nih.gov/pubmed/12523691
https://doi.org/10.1177/104063870701900513
http://www.ncbi.nlm.nih.gov/pubmed/17823399
https://doi.org/10.1586/14760584.8.3.347
http://www.ncbi.nlm.nih.gov/pubmed/19249976
https://doi.org/10.1111/tbed.12152
https://doi.org/10.1111/tbed.12152
http://www.ncbi.nlm.nih.gov/pubmed/23931583
https://doi.org/10.1186/s13567-019-0652-0
http://www.ncbi.nlm.nih.gov/pubmed/31088554
https://doi.org/10.1007/s11250-013-0379-2
http://www.ncbi.nlm.nih.gov/pubmed/23417827
https://doi.org/10.1186/s13570-015-0045-6
https://doi.org/10.1016/j.prevetmed.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15488269
https://doi.org/10.1155/2020/6821809
https://doi.org/10.1155/2020/6821809
http://www.ncbi.nlm.nih.gov/pubmed/32292580
https://doi.org/10.1371/journal.pone.0234286

PLOS ONE

Small ruminant FMD sero-prevalence and risk factors

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Otte MJ, Gumm ID. Intra-cluster correlation coefficients of 20 infections calculated from the results of
cluster-sample surveys. Prev Vet Med. 1997; 3 (1): 147-150. https://doi.org/10.1016/s0167-5877(96)
01108-7 PMID: 9234433

Rowe AK, Lama M, Onikpo F, Deming MS. "Design effects and intraclass correlation coefficients from a
health facility cluster survey in Benin". Int J Qual Health Care. 2002; 14 (6): 521-523. https://doi.org/10.
1098/intghc/14.6.521 PMID: 12515339

Thrusfield M, Veterinary Epidemiology. 3rd ed. Oxford, UK. Blackwell Publishing; 2007. https://doi.
org/10.1038/nature05604 PMID: 17287765

Niewiesk S. Maternal antibodies: clinical significance, mechanism of interference with immune
responses, and possible vaccination strategies. Front Immunol. 2014; 5: 446. https://doi.org/10.3389/
fimmu.2014.00446 PMID: 25278941

Eubanks DL. Dental Considerations in Cows and Goats. J Vet Dent. 2012; 29(3): 200—203. hitps://doi.
org/10.1177/089875641202900314 PMID: 23193713

Rogan WJ, Gladen B. Estimating prevalence from the results of a screening test. Am J of Epidemiol.
1978; 107:71-76. https://doi.org/10.1093/oxfordjournals.aje.a112510 PMID: 623091

Greiner M. & Gardner |.A. Application of diagnostic tests in veterinary epidemiologic studies. Prev Vet
Med. 2000; 45 (1-2): 43-59. https://doi.org/10.1016/s0167-5877(00)00116-1 PMID: 10802333

Reiczigel J, Foldi J, Ozsvari L. Exact confidence limits for prevalence of a disease with an imperfect
diagnostic test, Epidemiol Infect. 2010; 138:1674-1678. https://doi.org/10.1017/S0950268810000385
PMID: 20196903

Richardson JTE. The analysis of 2 x 2 contingency tables—Yet again. Stat Med. 2011; 30:890. https://
doi.org/10.1002/sim.4116 PMID: 21432882

Altman DG, Machin D, Bryant TN, Gardner MJ, editors. Statistics with confidence: confidence intervals
and statistical guidelines, 2nd ed. BMJ Books; 2000.

Guo-Wen S, Shook TL, Kay GL. (1996). Inappropriate use of bivariable analysis to screen risk factors
for use in multivariable analysis. J Clin Epidemiol. 1996; 49 (8): 907—916. https://doi.org/10.1016/0895-
4356(96)00025-x PMID: 8699212

Grace-Martin K. Strategies for choosing the reference category in dummy coding https://www.
theanalysisfactor.com/strategies-dummy-coding/

Kennedy P. (1985): A Guide to Econometrics. 2nd ed. Cambridge: Basil Blackwell; 1985.

Bland JM, Altman DG. The odds ratio. BMJ. 2000; 320 (7247): 1468. https://doi.org/10.1136/bmj.320.
7247.1468 PMID: 10827061

Burnham KP, Anderson DR. Multimodel inference: understanding AIC and BIC in Model Selection.
Sociol Methods Res. 2004; 33: 261-304. https://doi.org/10.1177/0049124104268644

Cavanaugh JE, Neath AA. The Akaike information criterion. WIREs Comp Stats. 2019; 11 (3): e1460,
https://doi.org/10.1002/wics.1460

Chilonda P, Van Huylenbroeck G, D’Haese L, Musaba EC, Samui KL, Ahmadu B. Small-scale cattle
production in Eastern Province, Zambia: objectives, productivity and constraints. Outlook Agric. 2000;
29 (2): 109-121.

Abdullahi AM. Pastoral production systems in Africa: a study of nomadic household economy and live-
stock marketing in Central Somalia. Farming systems and resource economics in the tropics. Vol. 8.
Kiel, Germany, Wissenschaftsverlag Vauk; 1990.

Kibore B, Gitao CG, Sangula A, Kitala P. Foot-and-mouth disease sero-prevalence in cattle in Kenya. J
Vet Med Anim Health. 2013; 5(9): 262—268.

Wanyoike SW. Assessment and mapping of contagious bovine pleuropneumonia in Kenya: past and
present [Dissertation]. Berlin and Addis Ababa. Freie Universitat Berlin and Addis Ababa University;
1999.

Chepkwony EC, Gitao GC, Muchemi GM. Sero-prevalence of Foot and Mouth Disease in the Somali
Eco-System in Kenya. Int J Anim Vet Adv. 2012; 4(3): 198—2083.

Jenbere S, Etana M, Negussie H. Study on the risk factors of foot and mouth disease in selected dis-
tricts of Afar Pastoral Area, northeast Ethiopia. J AnimVet Adv. 2011; 10(11): 1368-1372.

Megersa B, Beyene B, Abunna F, Regassa A, Amenu K, Rufael T. Risk factors for foot and mouth dis-
ease sero-prevalence in indigenous cattle in Southern Ethiopia: the effect of production system. Trop
Anim Health Prod. 2009; 41(6): 891-898. https://doi.org/10.1007/s11250-008-9276-5 PMID: 19052894

Hussain MH, Body MHH, Al-Subhi AHA, Al-Senaidi NYA, Eltahir HA, Mansoor MK, et al. Sero-epidemi-
ology of foot and mouth disease (FMD) virus non-structural protein (NSP) antibodies in the livestock of
Oman. Acta Trop. 2019; 199: p. 105106. https://doi.org/10.1016/j.actatropica.2019.105106 PMID:
31348897

PLOS ONE | https://doi.org/10.1371/journal.pone.0234286  August 2, 2021 19/19


https://doi.org/10.1016/s0167-5877%2896%2901108-7
https://doi.org/10.1016/s0167-5877%2896%2901108-7
http://www.ncbi.nlm.nih.gov/pubmed/9234433
https://doi.org/10.1093/intqhc/14.6.521
https://doi.org/10.1093/intqhc/14.6.521
http://www.ncbi.nlm.nih.gov/pubmed/12515339
https://doi.org/10.1038/nature05604
https://doi.org/10.1038/nature05604
http://www.ncbi.nlm.nih.gov/pubmed/17287765
https://doi.org/10.3389/fimmu.2014.00446
https://doi.org/10.3389/fimmu.2014.00446
http://www.ncbi.nlm.nih.gov/pubmed/25278941
https://doi.org/10.1177/089875641202900314
https://doi.org/10.1177/089875641202900314
http://www.ncbi.nlm.nih.gov/pubmed/23193713
https://doi.org/10.1093/oxfordjournals.aje.a112510
http://www.ncbi.nlm.nih.gov/pubmed/623091
https://doi.org/10.1016/s0167-5877%2800%2900116-1
http://www.ncbi.nlm.nih.gov/pubmed/10802333
https://doi.org/10.1017/S0950268810000385
http://www.ncbi.nlm.nih.gov/pubmed/20196903
https://doi.org/10.1002/sim.4116
https://doi.org/10.1002/sim.4116
http://www.ncbi.nlm.nih.gov/pubmed/21432882
https://doi.org/10.1016/0895-4356%2896%2900025-x
https://doi.org/10.1016/0895-4356%2896%2900025-x
http://www.ncbi.nlm.nih.gov/pubmed/8699212
https://www.theanalysisfactor.com/strategies-dummy-coding/
https://www.theanalysisfactor.com/strategies-dummy-coding/
https://doi.org/10.1136/bmj.320.7247.1468
https://doi.org/10.1136/bmj.320.7247.1468
http://www.ncbi.nlm.nih.gov/pubmed/10827061
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1002/wics.1460
https://doi.org/10.1007/s11250-008-9276-5
http://www.ncbi.nlm.nih.gov/pubmed/19052894
https://doi.org/10.1016/j.actatropica.2019.105106
http://www.ncbi.nlm.nih.gov/pubmed/31348897
https://doi.org/10.1371/journal.pone.0234286

