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Abstract

Diarrhoeal diseases can be debilitating, especially for children and young animals. In many rural areas, particularly
pastoral communities, livelihoods are characterized by close interaction between household members and their
livestock herds, and children often care for young animals, creating opportunities for the transmission of multiple
zoonotic pathogens. Using a One Health approach, we first evaluated whether diarrhoeal diseases were a problem
for pastoral households in Tanzania and then investigated their calf herds to identify the prevalence and risk factors
for diarrhoeal disease and the shedding of the zoonotic pathogens Cryptosporidium and Giardia. Sixty percent of
households reporting cases of human diarrhoea also had diarrhoea detected later in their calf herds, and calf herds
shedding Cryptosporidium oocysts were six times more likely to be diarrhoeic. Because Cryptosporidium shares a
similar transmission mode with a wide range of diarrhoeagenic organisms and calf diarrhoea outbreaks can involve
multiple pathogens with mixed infections, it is possible that calf diarrhoea may be indicative of shared risk of
zoonotic pathogens from environmental contamination. To mitigate the risk of transmission of faecal-borne
zoonotic pathogens from herds to households (boma-livestock pens to banda –household building), we describe a
conceptual disease early-warning method proposing diarrhoeic calves as animal sentinels. Such a calf warning
system, combined with appropriate interventions designed to minimize exposure, could serve as a practical
solution for reducing risks of diarrhoeal diseases among animals and people.
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Background
For many in the developing world, diarrhoeal disease is
a constant and debilitating part of life with devastating
impacts on health, nutrition and economic productivity
(Everhart 1994; UNICEF 2009). For children, it is
especially threatening. Kotloff et al. (2013) found that
children with moderate to severe diarrhoea are 8.5 times
more likely to die when compared to children without
diarrhoea, especially in the first two years of life. Yet
humans do not bear the burden of diarrhoeal disease
alone; young livestock, especially neonates, are highly
susceptible and diarrhoea is a leading cause of calf mor-
bidity and mortality worldwide (Kasle 2008; Wudu et al.

2008). Though diarrhoea is a preventable and treatable
condition, options for people and livestock are limited in
many rural areas by water quality and availability, sanita-
tion infrastructure and access to medical/veterinary ser-
vices (Richards et al. 1993; Cheneau et al. 2004; UNICEF
2009). Furthermore, diarrhoeal disease is often underre-
ported due to lack of recognition or respondent bias, as
discussing defecation is considered taboo in many cul-
tures (Bongartz et al. 2011; Bwire 2011).
Diarrhoea in both humans and animals has a complex,

multifactorial aetiology, involving pathogen exposure
along with a wide range of environmental, management
and nutritional factors (Donowitz et al. 1999; Barrington
et al. 2002). Cryptosporidium is a common cause of
protozoal diarrhoea in humans and calves worldwide,
with significant morbidity and mortality in the developed
and developing world, especially among the immuno-
suppressed (Fayer et al. 1998; Olson et al. 2004; Snel et
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al. 2009; Kotloff et al. 2013). In a recent multi-site study,
Cryptosporidium ranked second among four pathogens
associated with increased risk of death from moderate to
severe diarrhoea in children in the first two years of life,
with most deaths occurring outside health facilities and
in rural areas (Kotloff et al. 2013). Human infection with
protozoal pathogens has been associated with close con-
tact with livestock (Hunter et al. 2004; Siwila et al.
2007), but exposure can be minimized through manage-
ment practices targeting a reduction in transmission, in-
cluding the isolation of sick animals, reduced contact
with manure, water treatment/filtration and good hy-
giene (Barrington et al. 2002).
In the arid and semi-arid areas of sub-Saharan Africa,

traditional pastoral and agro-pastoral livestock produc-
tion is characterized by close contact between human
and animal populations, representing a viable subsist-
ence and livelihood strategy (Thornton et al. 2002).
Although close contact may increase transmission of
zoonotic pathogens, it encourages high visibility and
awareness of herd condition, creating opportunities for
passive disease surveillance, assessment of herd health
and early disease intervention. Many pastoralist groups,
such as the Maasai and Barabaig in East Africa, have devel-
oped effective ethnoveterinary diagnostic and surveillance
practices, as disease treatment and control options are lim-
ited (Minja 1994; Jacob et al. 2004). In these systems, atten-
tion to calf health is a critical component of traditional
husbandry practices, though little attention has been paid
to calf illnesses like diarrhoea in disease surveillance.
Human and animal health are intrinsically connected

in pastoralist culture, and both populations share similar
risks of exposure to pathogens. Because many diarrhoeic
pathogens like Cryptosporidium and Giardia are zoo-
notic, (organisms that can be transmitted between ani-
mals and people), monitoring herds for diarrhoeal
disease may improve understanding of exposure risks.
Animal sentinels have been proposed as practical substi-
tutes for resource-intensive surveillance systems to
detect and provide early warning of the presence of
pathogens, changes in the prevalence or incidence of
disease/pathogens over time and to trigger disease re-
sponse and control efforts (Rabinowitz et al. 2009;
McCluskey 2003). Because calves are both highly suscep-
tible to diarrhoeal disease and are closely monitored and
managed by caretakers, we believe they have the poten-
tial to function as early-warning sentinels for diarrhoeal
pathogens in a pastoral management system.
As part of a long-term disease surveillance and moni-

toring project aiming to better understand the epidemi-
ology and impacts of zoonotic diseases on people,
animals and the environment in the Ruaha ecosystem of
Tanzania, we surveyed pastoral households on human
health risks to assess if diarrhoeal diseases were a

problem. We then later conducted a focused and inten-
sive evaluation of calves in a subset of these households
to determine the prevalence of and risk factors for diar-
rhoeal disease and Cryptosporidium and Giardia shed-
ding, while also assessing household animal care and
hygiene practices through a targeted risk factor ques-
tionnaire. By considering the findings from the human
health survey with those from the calf-focused investiga-
tion, we hoped to gain meta-insight on potential envir-
onmental and shared risks of zoonotic transmission
between herds and households. In addition, we concep-
tually explored the potential for calves to serve as senti-
nels for diarrhoeal disease risk. Our aim is to propose
some practical options for evaluation that might improve
prevention of zoonotic pathogen transmission from
herds to households (boma – livestock pen to banda –
household building).

Study area
The study area, described in detail by Mazet et al.
(2009), is located in the eastern portion of the Ruaha
ecosystem of central Tanzania. The long-term study was
conducted in rural villages in the Idodi and Pawaga
Divisions of Iringa District, a semi-arid region where
pastoral livestock production contributes significantly to
livelihoods (Figure 1). The target zoonotic pathogens for
this study, Cryptosporidium parvum and Giardia lam-
blia, have been detected in local surface water sources
and in faecal samples from wildlife and livestock inhabit-
ing the area (Miller et al. 2010).

Methods
Sample population
The target population consisted of pastoral and agro-
pastoral livestock-owning households belonging to the
Maasai, Barabaig and Sukuma ethnic groups in Idodi
and Pawaga. An initial cross-sectional socioeconomic
and disease survey (hereafter referred to as the ‘human
health survey’) of 159 agro-pastoralist and pastoralist
households in 21 villages of the Ruaha ecosystem was
conducted in December 2006 and November 2007.
Households were selected using the discriminate sam-
pling technique (Strauss and Corbin 1998), and inter-
views were conducted in Kiswahili with the head of the
household as described by Masozera (2010). Data from
this survey were collected for multiple objectives related
to the long-term study and featured themes on animal
production and health, economics, livelihoods and
household health, a component of which included data
on reported diseases like diarrhoeal diseases and reasons
for visits to health clinics.
From the human health survey, we generated a repre-

sentative subset of 60 of the households retaining vari-
ation in ethnicity, socioeconomic status and geographic
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location. Our intent was to evaluate whether diarrhoea
was also a health problem for calves and a potential
pathogen transmission risk to livestock-keeping house-
holds. In practice, we could confirm that 44 of these
households were available for follow-up with 16
additional pastoralist households included in the calf-
focused study at the same sites as the targeted house-
holds but without confirmation of their participation in
the human health survey. Pastoralist communities are
very dynamic, with frequent household movement and
turnover. We chose to sample these unconfirmed house-
holds at the same sites for zoonotic pathogens in their
calves to maintain a rigorous sample size for prevalence
estimates for the long-term study.
The goal of the calf-focused survey was to sample at

least 300 calves, allowing for calculation of prevalence
estimates for Cryptosporidium and Giardia with 5 to
10 % tolerable error over all potential prevalence ranges.
As calf herd size varied from 1 to over 100 animals, the
herds were sampled proportionately. Within each herd,

we aimed to sample a minimum of five calves: in house-
holds with five or fewer calves, every animal was sam-
pled, and in households with more than five calves, we
sampled at least 25 % of the calf herd. Our proportional
sampling approach allowed us to detect diarrhoea and
correctly classify a herd as positive for diarrhoea at least
95 % of the time if at least 20 % of the calves were
diarrhoeic (Sergeant 2015). Additionally, five calves per
household was estimated to be adequate for determining
the presence or absence of the protozoa in each calf
herd (Scheaffer et al. 2006); herds were considered to be
‘positive’ for Cryptosporidium or Giardia if at least one
calf was shedding; otherwise, the herd was considered
‘negative.’

Data collection
Data on human health and diarrhoea were obtained
from the 2006 to 2007 cross-sectional human health
survey (Masozera 2010). From this data set, we explored
visits to health centres (e.g. nearest health centre

Figure 1 The study area in the Ruaha ecosystem, showing participating households selected from the larger human health survey sampling
frame in the Idodi and Pawaga Divisions of Iringa District, Tanzania (map by K. Thomas)
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location and time and reason for visitation by any
household members on the last visit) and the prevalence
of reported human diarrhoea among the 44 confirmed,
continuing households recruited for the calf-focused sur-
vey conducted the following year. Additionally, we ex-
plored survey response data on household water source
and treatment practices and general hygiene and sanita-
tion (e.g. water source used for drinking, cooking, bath-
ing; use and type of toilet; and waste management). Our
aim was to determine if diarrhoeal disease was a health
problem in the pastoral community using the first sur-
vey instrument and then to conduct a follow-up investi-
gation of behaviours and factors associated with general
risks of zoonotic disease transmission focusing on com-
mon exposure pathways for diarrhoeal pathogens that
could be shared between and among people and their
animals.
The second survey phase, involving cross-sectional calf

sampling and household interviews at 60 households (44
confirmed from the initial human health survey), was
conducted between August 2008 and January 2009. The
methodology applied was designed to further explore
diarrhoeal disease in the community by focusing on
herds and the animals managed in closest proximity to
the home environment and the animals with the most
frequent and intimate contact with household members:
calves, their dams and small ruminants.
During the calf-focused survey, calf faecal samples

were collected directly from the rectum and preserved
in 2 % buffered formalin until testing. Individual animal
data (age, sex, weaning status) along with the presence
(or absence) of clinically apparent diarrhoea were re-
corded for each sampled calf. Calves were herded into
bomas (fenced corrals) for random sampling, though in
cases where animals could not be moved into bomas,
convenience sampling was employed based on the team’s
ability to capture the animal. In calf herds numbering
five or fewer (n = 11), every calf was sampled; a mean of
54 % of calves were sampled in larger herds, ranging
from 6 to 130 calves (n = 49). In total, faecal samples
from 312 calves were collected, with 262 samples from
52 of the 60 households available for analysis due to
sample loss during storage thereby reducing the sample
size of the calf sampling and herd-focused survey to 52
households.
Informed consent was obtained from all study house-

holds, and following animal sampling, the head of each
household or main caretaker of young livestock was
interviewed using a standardized 35-question Kiswahili
questionnaire. Factors hypothesized to be associated
with the risk of Cryptosporidium and Giardia infection
in calves were examined after a review of the literature
(Fayer et al. 1998; Huetink et al. 2001; Delafosse et al.
2006), and the questionnaire also included questions

about herd health, general livestock and calf manage-
ment practices (including management of calves, kids
and lambs, as young stock are generally maintained as a
single herd in this system) and veterinary practices (in-
cluding treatment of sick animals). Questions regarding
household interaction and contact with the animals and
household hygiene and sanitation practices were also
posed to obtain information on potential zoonotic dis-
ease transmission risks. Where possible, responses were
confirmed through visual observation.

Laboratory analysis
Faecal samples were prepared on direct fluorescent anti-
body slides and stained with Cryptosporidium- and Giar-
dia-specific fluorescent-labelled antibodies using the
A100FLK Aqua-Glo™ Giardia/Cryptosporidium Direct
Comprehensive Kit (Waterborne Inc., New Orleans, LA,
USA). Relative Cryptosporidium oocyst and Giardia cyst
shedding was quantified by visually counting fluorescing
oocysts and cysts in all fields (×1,000) of the slide well.
Samples were recorded as negative when no oocysts or
cysts were observed on the stained slide. We used the
shedding intensity of Cryptosporidium and Giardia by
individual calves to estimate environmental loading rates
and public health risk associated with the pathogens.
Visual quantification of oocysts and cysts in the slide
wells was used to obtain the numbers of oocysts and
cysts per gram of faeces using the methodology devel-
oped by Xiao and Herd (1993), and we used scaling of
these estimates to calculate the mean oocysts and cysts
per kilogram of excreted faeces per day following the
calculations developed by Atwill et al. (2003).

Data analysis
Human health data obtained from the initial human
health survey were evaluated at the household level
using descriptive statistics. Because of the time interval
between the collection of data on human diarrhoeal dis-
ease in the 2006 to 2007 survey and the calf sampling
and household interview activities conducted in 2008 to
2009, no statistical comparisons were made among the
human and calf health data. Rather, these data were used
to gain insight into health problems among pastoralists
including diarrhoeal disease and to identify risks and ex-
posure pathways for zoonotic diarrhoeal disease trans-
mission that when evaluated in conjunction with data
from the calf-focused survey would enable identification
of opportunities for shared disease risks among humans
and animals.
Diarrhoea prevalence, Cryptosporidium and Giardia

shedding prevalence and the respective 95 % exact confi-
dence intervals were estimated for calves at the herd
level. Shedding prevalences were estimated for Crypto-
sporidium and Giardia based on microscopy-positive
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animals. To investigate how diarrhoea and pathogen
shedding varied among individual calves, calf-level data
were used to assess the correlation between age and
Cryptosporidium or Giardia shedding intensities using
the Spearman rank correlation coefficient and to evalu-
ate the associations between age groups and calf diar-
rhoea or Cryptosporidium or Giardia shedding using
univariable logistic regression models. Variables hypoth-
esized as risk factors were then evaluated for association
with calf diarrhoea and Cryptosporidium and Giardia
shedding at the herd level using univariable logistic re-
gression models, including herd management practices
(e.g. moving bomas and manure management); calf
birthing and husbandry practices; veterinary and ethno-
veterinary practices; water sources for herds and house-
holds; mixing of herds; and herd size and distance from
water sources, villages, protected areas and road net-
works. Variables associated with calf diarrhoea and
Cryptosporidium or Giardia shedding in univariable
models (P ≤ 0.20), potentially confounding variables and
biologically plausible interactions were then evaluated in
multivariable logistic regression models. Final parsimo-
nious models were selected by comparing Akaike’s Infor-
mation Criterion (AIC) among competing nested and
non-nested models. The final model fit was evaluated by
Hosmer-Lemeshow goodness-of-fit tests and graphical
residual diagnostics (Hosmer and Lemeshow 1989). For
multivariable models, adjusted odds ratios with 95 %
confidence intervals were estimated to assess the strength
of the association between each risk factor and calf diar-
rhoea or shedding status. All statistical tests were per-
formed with R statistical software (R Core Development
Team 2013, Vienna, Austria).

Results
Human health survey
Of the confirmed households from the 2006 to 2007
human health survey participating in the calf-focused
survey (n = 44), 9 % (4/44) reported cases of human diar-
rhoea in the two-week period preceding the interview,
two (50 %) of which involved children under the age of
seven. Three (7 %) households reported a family mem-
ber travelling to a local health centre for treatment of
diarrhoea on their last visit (all three cases within the
past 30 days), a journey ranging from 10 min to four
hours on foot (mean = 90 min). Among the surveyed
households reporting visits to a health centre (n = 34),
diarrhoea emerged as the third most frequent symp-
tomatic cause for visitation (9 %), behind fevers (44 %,
15/34) and malaria (24 %, 8/34).

Calf-focused survey
Forty percent (21/52) of households reported diarrhoea
in their calf herds, while the trained interviewer

observed diarrhoea in 54 % (28/52) of calf herds; in
addition, 61 % (17/28) and 86 % (24/28) of diarrhoeic
calf herds contained at least one animal shedding
Cryptosporidium or Giardia, respectively (Table 1). Calf
herds containing at least one diarrhoeic animal were
identified in 53 % (22/42) of households that reported
sheltering of sick animals within the human living
quarters. In addition, calves shedding Cryptosporidium
or Giardia were identified in 41 % (17/42) and 74 %
(31/42) of these same households, respectively (Table 1).
Overall, 42 % (22/52) and 75 % (39/52) of the calf

herds sampled contained at least one animal shedding
Cryptosporidium oocysts or Giardia cysts, respectively.
The odds of calf diarrhoea significantly decreased with
increasing herd size (OR = 0.98, CI 0.96 to 0.99; Table 2).
None of the evaluated risk factors were statistically asso-
ciated with Giardia shedding.
Because Cryptosporidium shedding was significantly

associated with calf diarrhoea, risk factors for Cryptospor-
idium shedding were assessed in a multivariable logistic
regression model. Herds positive for Cryptosporidium
were eight times more likely to have diarrhoea compared
to herds not shedding Cryptosporidium (CI 1.98 to 33.94;
Table 3). In addition, households that reported moving
their bomas when full of manure or in response to rain
were 23 times more likely to have calves shedding Crypto-
sporidium than households that did not move their bomas
(CI 2.40 to 220.17; Table 3).
Several household-level management and hygiene fac-

tors were evaluated as potential protective measures to
reduce the risks associated with diarrhoea and zoonotic
disease transmission in both surveys. From the calf-
focused survey, 82 % (42/51) of households reported
sheltering young and sick animals inside the home, and
87 % (45/52) reported women and children as the pri-
mary caretakers for young and small stock. In general,
96 % (50/52) of these respondents reported hand wash-
ing as a consistent preventive practice when working
with animals. Yet among those reporting hand washing,
relatively few respondents reported hand washing when
separately prompted about preventive practices during
specific activities likely posing the greatest risk for ex-
posure to faecal pathogens in calves, such as calving
(46 %, 23/50), milking (14 %, 7/50) and working with
manure (4 %, 2/50).
In the human health survey, 95 % (43/44) of house-

holds reported using surface water as their primary
water source for human consumption, while only 39 %
(17/44) reported treating water for household consump-
tion. Later during the calf-focused survey, when asked
about water use for their herds, 90 % (47/52) reported
surface water use as the primary water source for live-
stock, with 83 % (43/52) also reporting surface water as
the primary water source for their calf herds.
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Individual calf sampling
Of the 262 calves sampled across all households, 17.2 %
had clinically apparent diarrhoea. Calf shedding preva-
lence for Cryptosporidium was estimated at 9.9 % (CI
0.063 to 0.135) while Giardia shedding prevalence was
estimated at 22.9 % (CI 0.178 to 0.28). Calves ≤3 months
old were two times (CI 1.09 to 4.76) more likely to have
diarrhoea than older calves (>3 months old). In addition,
calves ≤3 months old were significantly more likely to be
shedding Cryptosporidium (OR = 4.94, CI 1.61 to 20.34)
and Giardia (OR = 2.68, CI 1.38 to 5.45) compared to
older calves. Further, calf age and intensity of shedding
Cryptosporidium oocysts rho = −0.149 (P = 0.0158) and
Giardia cysts rho = −0.135 (P = 0.0281) were negatively
correlated, providing evidence that younger calves also
shed more oocysts and cysts. Faecal shedding intensity
estimates for Cryptosporidium ranged from 100 to
106,000 oocysts per gram of faeces (median = 450), while
Giardia ranges were higher, from 200 to 194,600 cysts
per gram (median = 3,150). Median environmental load-
ing rates in excreted faeces were estimated at 1,800,000
oocysts and 156,879,350 cysts per calf per day for
Cryptosporidium and Giardia, respectively, for acutely
infected calves.

Discussion
Human and animal health risks
The reported presence of diarrhoea in the human popu-
lation, especially among children, as well as the evidence
that individuals do seek treatment for diarrhoea at local
health centres despite long walking distances, indicates
that diarrhoea is a recognized health problem among
pastoralists in Ruaha. It is likely that reported prevalence
for human diarrhoea is also lower than actual preva-
lence, as individuals may be resistant to sharing personal

health information, especially with regard to defecation,
and may be unaware of the health status of family mem-
bers for similar reasons.
The reported high prevalence of diarrhoea in livestock,

combined with our observations that 54 % of sampled
herds had one or more calves with clinical diarrhoea,
shows that just as with people, diarrhoeal disease is an
important veterinary problem. Reported calf diarrhoea
underestimated actual prevalence determined by our
trained interviewer by approximately 14 %, likely because
the trained interviewer recorded all cases of clinically ap-
parent diarrhoeal disease. As calf diarrhoea appears rela-
tively common in these herds, attention to calves with
diarrhoea may not be a common practice. The willingness
to openly discuss animal diarrhoea, however, appears to
bypass cultural sensitivity around the topics of faeces and
defecation, indicating diarrhoea in animal sentinels may
be a useful topic for introducing discussions of diarrhoeal
disease risk in people, especially from zoonotic pathogens.
In this pastoral system, small stock and young animals

are managed in close proximity to adult livestock bomas
(pens), typically located adjacent to bandas (dwellings).
The reported sheltering of young and sick livestock
within the human living quarters for protection and ob-
servation, along with the care of these same animals by
women and children, demonstrates the intimate connec-
tion between calves and susceptible caretakers (Figures 2
and 3). As demonstrated, calf herds with diarrhoea were
eight times more likely to be shedding Cryptosporidium
and should be considered a human health risk, especially
considering Cryptosporidium’s low infective dose to
people (as few as 30 oocysts or cysts, far less than what
a naturally infected calf would excrete into the

Table 1 Prevalence (observed and reported) of calf diarrhoea and Cryptosporidium and Giardia shedding, and associated herd and
household characteristics from the calf-focused survey (2008 to 2009)

Case description Number No. of households
(prevalence)

Corresponding no. of households with

Calf diarrhoea Cryptosporidium shedding Giardia shedding

Diarrhoea observed in at least one calf in the herd 52 28 (53.9 %) NA 17/28 (60.7 %) 24/28 (85.7 %)

Households sheltering young and sick animals inside
the home

51 42 (82.3 %) 22/42 (52.4 %) 17/42 (40.5 %) 31/42 (73.8 %)

Households reporting women and children as the
primary caretakers for young and small animals

52 45 (86.5 %) 26/45 (57.8 %) 20/45 (44.4 %) 36/45 (80.0 %)

Table 2 Significant univariable logistic regression model
estimates for risk factors for diarrhoeal disease in calf herds

Risk factor Unadjusted
odds ratio

P value
(0.05)

95 % confidence
interval

Herd size 0.98 0.020 0.96, 0.99

Cryptosporidium
(herd positive)

5.66 0.005 1.48, 25.45

Table 3 Multivariable logistic regression model estimates of the
association of risk factors with Cryptosporidium shedding in calf
herds

Risk factor Odds
ratio

Estimate P value 95 % confidence
interval

Intercept 0.018 −4.05 0.001 0.002, 0.19

Diarrhoea 8.21 2.11 0.007 1.98, 33.94

Moving bomas 22.99 3.14 0.007 2.40, 220.17
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environment), the relatively high estimated faecal load-
ing potential of a shedding calf and the high survival and
resilience of Cryptosporidium oocysts in the environ-
ment (DuPont et al. 1995; Zambrisky et al. 2013; Ryan et
al. 2014). Further, younger calves have been described as
more likely to be infected with and shedding the zoo-
notic species of Cryptosporidium, C. parvum, (Smith et
al. 2014). Because younger calves in our study were
more likely to have diarrhoea, they may also be more
likely to shed zoonotic parasites of public health concern
compared to host-specific genotypes like C. andersonii
that are more often shed by older animals.

Calves as sentinels for diarrhoeal diseases
Because disease surveillance and health services for both
human and animal populations in the study area are
underdeveloped (Mfinanga et al. 2009), community-
based surveillance coupled with practical disease man-
agement options could be an effective next step for
disease control. A calf-based sentinel method (Figure 4)
could provide utility as a household-level sentinel for
diarrhoeal disease risk and potential transmission reduc-
tion by providing early warning of potential presence of
pathogens, like Cryptosporidium.
According to a conceptual framework developed by

Halliday et al. (2007), animal sentinels must be suscep-
tible and responsive to a zoonotic pathogen that is
spatially or ecologically related to a target population, in
this case household members. To be effective as an
early-warning sentinel, response must occur prior to the
exposure of the target population or must enable a rapid
response to pathogen presence if exposure has already
occurred (Halliday et al. 2007). While determining the
point and timing of exposure (animals or humans) in
the study community is out of the scope of this study,
the Halliday framework still holds relevance for an ani-
mal sentinel concept in a pastoral management system.
Calves, due to their inherent value and economic im-
portance in the pastoral production system, are a highly
visible group from a management perspective and are
closely monitored by caretakers. In addition, among
other livestock, the prevalence of diarrhoea in calf herds,
especially young calves, was higher than that reported
for adult animals, demonstrating a calf herd’s greater
sensitivity and therefore potential utility as an early-
warning sentinel.
We assessed Cryptosporidium as a model pathogen for

our risk reduction concept due to its transmission ecol-
ogy, zoonotic potential and diarrhoeic effect on suscep-
tible animals. Cryptosporidium was detected at relatively
high prevalences at the herd level compared to other
studies in the region (Tanzania Ministry of Agriculture
and Food Security 2002; Kusiluka et al. 2005), and
Cryptosporidium shedding was associated with an in-
creased risk of diarrhoeal disease in neonatal calves. Be-
cause Cryptosporidium shares a similar transmission
ecology to a wide range of zoonotic faecal-oral diar-
rhoeagenic organisms, it could serve as a proxy for many
other diarrhoea-causing pathogens. It should be noted
that we are not proposing a calf sentinel system as a so-
lution for the surveillance or detection of diarrhoeagenic
zoonotic pathogens, rather that the calf sentinel concept
could be explored as practical option for visually
identifying potential presence of zoonotic pathogens
in order to implement risk reduction measures in
areas where professional health and diagnostic services
are unavailable.

Figure 2 In the study area, as in many pastoral communities, young
and small livestock are often managed in close proximity to the
home and are frequently cared for by women and children,
increasing the potential for zoonotic disease transmission between
these vulnerable and susceptible populations (photo by
M. Richmond)

Figure 3 A herder holds a calf from his herd. In pastoralist
communities, calves are often managed in small herds kept
close to the household for protection and care. This practice
provides an opportunity for use of calves as disease sentinels as
they are under close observation and monitoring by caretakers
(photo by D. Wolking)
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Despite obvious limitations, this study demonstrates
that diarrhoea observed in calves may be indicative of
shared risk between animals and humans where zoo-
notic pathogens like Cryptosporidium are present in the
local environment. Further, there may be utility in evalu-
ating a syndromic-based sentinel method like the calf
sentinel concept in areas under-served by public and
veterinary health systems, so as to determine what im-
pact the method could have in early disease identifica-
tion, reporting, prevention and control. Because of
taboos (Bongartz et al. 2011; Bwire 2011), it is possible
that pastoralist households would more proactively
monitor calves for visual signs of an increase in inci-
dence of diarrhoea rather than communicate with one
another about cases of human diarrhoea. If further stud-
ies evaluating the complex aetiology of diarrhoea in hu-
man and animal populations do indeed identify a shared
zoonotic pathogen and transmission pathway, the calf
sentinel system could be a very valuable alternative to
unavailable health services. This system would enable
the alerting of households and communities to the po-
tential presence of infectious agents.
The use of any surveillance system is practical only if

its economical application results in early detection and
preventive response, leading to disease control (Doherr
and Audige 2001). In sub-Saharan Africa, disease
surveillance systems lack resources, capacity and coord-
ination, all of which reduce their capability for disease
detection and control (Nsubuga et al. 2002; Shears
2000). Furthermore, these disease surveillance systems

are often costly and impractical to implement in rural
areas and, as a result, are often passive and dependent
on medical and veterinary centre caseload (Shears 2000;
Halliday et al. 2007). To be effective, passive surveillance
systems require high stakeholder participation, as well as
trust and communication with official government sur-
veillance networks (Doherr and Audige 2001). These are
challenging elements to encourage in rural areas and
among pastoralist communities. Sentinel surveillance, on
the other hand, could encourage disease detection at the
source, drastically improving early warning and minimiz-
ing potential impacts of infectious diseases. Empowering
households with the knowledge and appropriate tools to
recognize and respond to public health threats like calf
diarrhoea could lead to disease reduction and improved
health and livelihoods.

Diarrhoeal disease control strategies for pastoral areas
In our study, the practice of moving bomas was signifi-
cantly associated with Cryptosporidium shedding and
was reported as a response to precipitation and as a pre-
ventive disease measure. We suggest that movement of
the boma may instead be a practical response to disease.
Manure management, including possibly more frequent
movement from faecally contaminated areas, is recom-
mended as a disease prevention and control strategy
when coupled with basic sanitation measures, especially
as so few respondents reported hand washing following
work with manure. It should also be noted that 33 % of
households reported no access to improved latrine

Figure 4 Diagram of the proposed calf sentinel concept. Caretakers could recognize a calf with diarrhoea and through basic educational
interventions, associate the animal with potential presence of diarrhoeal disease-causing pathogens, like Cryptosporidium. Once the potential risk
is identified, to protect the herd and household from exposure, caretakers could isolate the sick animal and dam (if milking) from both the herd
and household and emphasize basic protective measures like hand washing after working with animals and before eating to prevent disease
transmission (illustration by A. Kent)
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facilities, using the surrounding environment for
defecation. While not investigated in this study, hu-
man faeces can also contribute to pathogen contamin-
ation and shared transmission risk among animals
and household members, and adoption of safe stool
disposal practices (latrines, burying, etc.) has been shown
to decrease diarrhoeal disease incidence (Curtis et al.
2000). Therefore, safe disposal of human faecal waste,
along with basic sanitation measures, such as hand wash-
ing with soap following defecation and before eating and
after working with animals and manure, are highly recom-
mended practices.
From a herd management perspective, isolating diar-

rhoeic animals, especially young calves, from the re-
mainder of the herd and household members is
recommended to minimize environmental exposure. Iso-
lation measures could be implemented through the con-
struction of smaller individual animal pens or stables.
The sheltering of sick young animals inside the home
should also be discouraged, as it may increase the risk
for human pathogen exposure.
The vast majority of households in our study relied on

surface water for both herd and household use. Given
that both Cryptosporidium and Giardia have been iden-
tified in water sources in the area, water may play a role
in diarrhoeal disease transmission and is especially crit-
ical to address from a public health perspective (Graczyk
et al. 1997; Tumwine et al. 2002). To best minimize the
waterborne risk of transmission, it is recommended that
appropriate options for water treatment at the point of
use be made available to households and that water sup-
plies for the household and livestock be kept as separate
as possible to prevent contamination.
Finally, we recommend that future studies investigat-

ing zoonotic pathogens in pastoral areas incorporate
surveillance of both people and animals, as well as
assessment of environmental influences, to better
characterize the shared health and transmission risks
between these closely interconnected populations. Add-
itional research is needed both on the presence and preva-
lence of disease among pastoral populations; more
research is also needed on the molecular epidemiology of
the zoonotic pathogens that pastoralists share with their
livestock and other animals. Because disease controls and
intervention options in these pastoral areas are often lim-
ited, emphasizing applied and transdisciplinary ap-
proaches to disease detection, prevention and control will
go a long way in improved targeting of interventions, ex-
tension efforts and policies designed to work with actual
limitations and resource constraints.

Conclusions
Our study represents one of the first attempts to in-
vestigate diarrhoeal diseases among pastoral livestock

producers using a One Health approach. This multi-
disciplinary approach is uniquely positioned to assess
health risks from the environment, animals and
people, enabling the identification of more compre-
hensive and potentially effective prevention and con-
trol strategies.
Our findings show that diarrhoea is both a human

health and veterinary problem in the study area and that
diarrhoeic calves pose a risk to human and animal
health.
Managing diseases that can be shared between animals

and people in marginalized environments with poor ac-
cess to professional health services, like pastoral areas,
requires novel and practical approaches along with ef-
forts to evaluate their potential. We propose that calf
sentinels may be a low-cost and easily implementable
concept for further evaluation to reduce diarrhoeal dis-
ease risks for animals and people. While we encourage
additional efforts to explore animal sentinels for disease
risk reduction, complementary education interventions
should also be encouraged. These education interven-
tions to improve awareness of shared risks associated
with zoonotic diseases, like those shown in our study,
would improve knowledge of the causes of disease in an-
imals and humans, along with transmission pathways,
prevention and control strategies. Linked risk reduction
and education interventions could also strengthen link-
ages between households and formal medical and veter-
inary reporting networks, potentially leading to
improved disease communication and health informa-
tion flows between health professionals and the commu-
nities they serve.
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