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SUMMARY

Exploitation of natural resources is a driver of human infectious disease emergence. The emergence of an-
imal reservoirs of Guinea worm Dracunculus medinensis, particularly in domestic dogs Canis familiaris,
has become the major impediment to global eradication of this human disease. 93% of all Guinea worms de-
tected worldwide in 2020 were in dogs in Chad. Novel, non-classical pathways for transmission of Guinea
worm in dogs, involving consumption of fish, have been hypothesized to support the maintenance of this an-
imal reservoir. We quantified and analyzed variation in Guinea worm emergence in dogs in Chad, across three
climatic seasons, in multiple villages and districts. We applied forensic stable isotope analyses to quantify
dietary variation within and among dogs and GPS tracking to characterize their spatial ecology. At the end
of the hot-dry season and beginning of the wet season, when fishing by people is most intensive, Guinea
worm emergence rates in dogs were highest, dogs ate most fish, and fish consumption was most closely
associated with disease. Consumption of fish by dogs enables a non-classical transmission pathway for
Guinea worm in Chad. Seasonal fisheries and the facilitation of dogs eating fish are likely contributing to dis-
ease persistence and to this key impediment to human disease eradication. Interrelated natural resource use,
climatic variation, companion animal ecology, and human health highlight the indispensability of One Health
approaches to the challenges of eradicating Guinea worm and other zoonotic diseases.

INTRODUCTION

The emergence of infectious diseases of humans is increasingly
recognized to be associated with human exploitation of natural
resources and to the resulting growth and diversification of inter-
faces between people and both wild and domesticated ani-
mals.”? Complex dynamics in patterns of infection among mul-
tiple hosts challenge disease control, both in terms of hidden
reservoirs and potential for (re)Jemergence. These challenges
become critical if the pathogen is one of the few targeted for
global eradication. Indeed, the restriction of infection to humans
has been an a priori criterion for selecting human diseases to
target for eradication.®

Guinea worm disease, dracunculiasis, is targeted for eradi-
cation and would be only the second human disease to be
eradicated, after smallpox,3 and the third disease overall, after

L)

the livestock disease Rinderpest, which required the disruption
of transmission in multiple wild and domestic maintenance
populations.” Since the 1980s, Guinea Worm Eradication Pro-
grammes (GWEPs) have had great success,””’ resulting in
elimination from most formerly endemic countries and a reduc-
tion in worldwide human cases from approximately 3.5 million
in 1986 to only 27 in 2020.%° This profoundly debilitating dis-
ease is caused by the nematode Dracunculus medinensis."
Classically, infection is transmitted to people by drinking
water containing copepods infected by D. medinensis larvae.
After approximately 1 year (10-14 months) of worm matura-
tion, disease symptoms include a painful lesion, usually on
the limbs, which patients often bathe in water to relieve the
pain, at which point the gravid adult female worm emerges
from the lesion and releases larvae, completing the parasite’s
life cycle.™
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Figure 1. Locations for study of domestic

Sarh (East) dog ecology in relation to Guinea worm dis-
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ease in Chad

In Guelendeng, orange triangles represent
households from Medegue village. In Sarh West,
households in Kira are yellow-green triangles,
Ngakediji are green, and Bembaya are red. In Sarh
East, households in Marabodokouya are shown in
blue and Tarangara in pink. Digitized water bodies
from the satellite imagery are displayed for the wet
season.

the “peculiar epidemiology” of dracuncu-
liasis in Chad'? is that transmission is via
fish as transport hosts and that this is
more likely than via frogs as paratenic
hosts. In our pilot study of dog ecology
in Chad, we identified evidence sugges-

Just as Guinea worm transmission to humans has largely been
interrupted, a reservoir of infection in non-human animals, partic-
ularly domestic dogs Canis familiaris, has apparently emerged.'?
Worms collected from non-human animals are genetically indis-
tinguishable from those extracted from humans, '® and thus, the
same parasite population is infecting both dogs and people.
Guinea worm is now most widespread in Chad, where 1,582 of
the 1,625 (97.4%) worm infections detected worldwide were re-
corded in 2020. Of these, 1,507 (92.7%) were in domestic dogs,
61 in domestic cats, and 2 in wild felids, compared to only 12 in
humans.® Therefore, D. medinensis, for which eradication was
an imminent prospect, is now maintained by a non-human ani-
mal reservoir. The pathogen must therefore be eliminated not
only from people but also from animals, posing further, distinct
challenges for the formal certification of elimination in multiple
hosts'* and hence the eventual eradication of the disease.'®

Most dogs living in rural areas of Chad have owners and clear
household affiliations but are free ranging,'®"” and so it is more
challenging to implement “classical” control measures applied
to the human disease, such as surveillance and case contain-
ment, water treatment with organophosphates (temephos) to
kill copepods, and provision of access to safe water.®'° The
apparent emergence of animal infections has led to hypotheses
that there might be non-classical pathways for transmission via
consumption of raw aquatic animals, i.e., fish or frogs, or their re-
mains.'? Fish are rarely infected by Guinea worm larvae, so are
unlikely to function as paratenic (secondary intermediate)
hosts.'® However, in a laboratory ferret Mustela furo model, it
has been demonstrated that fish can instead act as “transport”
hosts, whereby the definitive host is infected by eating fish that
contain, in their guts, large numbers of copepods carrying infec-
tive larvae.'® Field sampling has shown that frogs exhibit low
prevalence of larval infection and so, while in principle they might
serve as paratenic hosts, frog consumption rates would have to
be implausibly high to result in the observed numbers of dog in-
fections.'®2° Overall, therefore, a leading hypothesis explaining
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tive of transmission through the classical
route of contaminated water consump-
tion, as well as through the novel route
of fish consumption, though there was
high uncertainty associated with the latter.'” Our comparable
study of dogs in Ethiopia found no evidence of novel pathways.?"

Seasonal variation in rainfall in Chad is associated with pro-
nounced changes in hydrology, river extent, and surface-water
availability. Central sub-tropical and southern tropical regions
of Chad experience a “wet” season from May/June to
October/November, followed by a “cool-dry” season from
December to around February, which gradually warms toward
a “hot-dry” season up to April/May, when water levels are
lowest and before the rains come again.’”*® These changes
affect human activities, and along the Chari River, fishing oc-
curs primarily toward the end of the hot-dry season, when wa-
ter levels are lowest.'?*?° The same changes in weather and
hydrology also relate to the probability of Guinea worm infec-
tion, resulting in seasonal transmission cycles.'® While peak
transmission in humans has elsewhere been linked to peak
rainfall,”® other studies in the Sahel suggest that peak trans-
mission occurs before the height of the rains.'® Transmission
during this hot-dry season, when water levels are low, has
been linked to use by people of ponds and lagoons formed
as rivers recede,”” and such use has recently been shown to
be associated with Guinea worm cases in humans in Chad.?®
These seasonal ponds were hypothesized as foci of infection
in Chad, where fishing activities might facilitate transmission
to dogs.'?

In this study, we investigate the ecology and epidemiology of
Guinea worm in domestic dogs living along the River Chari, Chad
(Figure 1), because these now constitute the major host of what
was thought to be an exclusively human parasite. We studied co-
horts of dogs over three climatic seasons, tracked their space
use with GPS loggers,”® and used stable isotope analysis®® of
dog whiskers in a forensic reconstruction of their diets.®’ We
use these data in a retrospective analysis to test hypotheses link-
ing the ecology of individual dogs, primarily their diets and con-
sumption of fish, with variation in their prior histories of Guinea
worm disease.
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Figure 2. Temporal patterns of Guinea
worm emergence in domestic dogs in three
study sites in rural Chad

(A) Numbers of dogs with emergent Guinea worms
recorded in each month.

(B) Means of worm emergence rates for all dogs at
risk in each month.

Lines represent LOESS smoothing (with a span of
0.5) between months. Shaded areas represent the
three fieldwork periods in the cool-dry (C-D), hot-
dry (H-D), and wet (W) seasons.

their diets in the wet season had signifi-
cantly increased risk of having had
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Guinea worm (RR = 1.33; 95% CI
1.10-1.71; n = 127) and higher emer-
gence rates (RR = 1.20; 95% ClI
1.06-1.36; n = 126). Variation in the
contribution of fish to diets in the cool-
dry season had no significant effect on
disease risk. Dogs tended toward higher
worm emergence rates when fish
contributed more to their diets in the
months of April-July (Figure 4).

Dogs that spent more time near ponds
in the hot-dry season had marginally
higher emergence rates (RR = 1.07 for
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RESULTS

Guinea worm disease and risk factors

The overall proportion of individual dogs with history of Guinea
worm emergence between 2016 and 2018 was 32% (n = 100/
316 dogs susceptible at some point in the observation period).
Worm emergence rates across the study population were high-
est in the hot-dry season (February—April; 0.045; 95% confi-
dence interval [Cl] = 0.034-0.056; n = 227 dogs susceptible
during any month of the hot-dry seasons 2016-2018; Figure 2).
Emergence rates were markedly lower in the wet season
(July-September; 0.011; 95% Cl = 0.006-0.016; n = 270) and
the cool-dry season (December-February; 0.018; 95% CI =
0.012-0.024; n = 298).

Diet composition was derived for 298 individual dogs from
180 households, with 1,666 monthly estimates of diet compo-
sition. Ranging analyses were conducted for 291 dogs from
175 households. Dogs that had greater relative magnitudes of
the contribution of fish to their diets in the hot-dry season
had significantly increased risk of having had Guinea worm
(relative risk [RR] = 1.28 for every additional 1% of fish in
diet; 95% CI = 1.13-1.53; n = 154; Figure 3A) and had higher
emergence rates (RR = 1.16; 95% Cl = 1.08-1.26; n = 152; Fig-
ure 3B). Similarly, dogs that had greater contributions of fish to

each additional 10% of their time spent
near ponds; 95% CI = 1.00-1.14; n
152). The distance between dogs’
households and the River Chari did not
significantly affect their risk of having
had Guinea worm or emergence rates
in the hot-dry or wet seasons, but in
the cool-dry season, dogs living further from the river had
reduced risk of having had Guinea worm (RR = 0.74 for every
km further from the river; 95% CI = 0.52-0.99; n = 180). Varia-
tion among households in provision of water for dogs did not
appear in any models of disease risk. Older dogs generally
had a higher risk of having had Guinea worm and higher emer-
gence rates (RRs varied from 1.16 to 1.56). Male dogs had
higher emergence rates in the cool-dry season (RR = 1.63;
95% Cl = 1.12-2.39; n = 180).

Fish consumption, proportion of time spent near ponds, and
dog age in the hot-dry season explained the most variation in
risk of having had Guinea worm (marginal r? = 0.21) and in emer-
gence rates (marginal r* = 0.25), and village (random effect) ex-
plained additional variation in emergence rates (conditional r:
disease history = 0.24; emergence rates = 0.37). Age and fish
consumption in the wet season explained less variation in dis-
ease (marginal r?: disease history = 0.13; emergence rates =
0.15), and village explained a little additional variation (condi-
tional r*: disease history = 0.17; emergence rates = 0.23). In
the cool-dry season, risk factors explained a similar amount of
variation in disease as in the wet season (marginal r*: disease
history = 0.16; emergence rates = 0.17), and village explained
additional variation in monthly rates (conditional r?: disease his-
tory = 0.21; emergence rates = 0.41).

October
December
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Figure 3. Relationships between the rela-
tive magnitudes of the contribution of fish
to dog diets in the hot-dry season and
Guinea worm disease

(A) History of having had an emergent Guinea
worm.

(B) Worm emergence rates are for each dog and
are the number of months with emergent worms
per dog month at risk.

Points are data values, and lines illustrate the odds
as predicted by the linear mixed effects logistic
regression, with the shaded area denoting boot-

8 10 12 14 16 18 20 22 8 10 12

Relative % of fish in hot-dry season diet

Dog ecology and diets

The relative magnitudes of the contribution of fish to dog diets
varied among seasons (n = 471 estimates from 274 dogs) and
were greater in the hot-dry season (relative proportion of fish =
16.0%; 95% Cl = 15.2%-16.8%) than in the wet (14.3%;
13.5%-15.1%) or cool-dry (14.4%; 13.7%-15.1%) seasons
(predicted for Marabodokouya though relative seasonal differ-
ences are equivalent in the other areas). Fish consumption varied
among months, rising from December to a peak in April-May and
falling thereafter (Figure 5). In the hot-dry and cool-dry seasons,
dogs living further from the river ate less fish (hot-dry 1.4% less
fish with each km further from the river, 95% Cl = 1.1%-1.7%;
cool-dry 1.3%, 1.0%-1.5%), but there was no effect of distance
from the river in the wet season (Figure 5). Dogs in poor body
condition ate slightly less fish (0.9% less; 95% CI = 0.3%-
1.6%) than dogs in good body condition. The sex and ranging
behavior of dogs did not explain a significant amount of variation
in fish consumption.

Dog characteristics (sex, condition, and range size), season,
region, and the distances of households from the River Chari ex-
plained a large amount of the between-dog variation in fish con-
sumption (marginal r? = 0.46). The random effects of village and
individual dog explained a small amount of additional variation
(conditional r? = 0.57).

Provision of water for dogs was reported by 93% (124/133) of
households in the hot-dry season, 73% (59/81) in the wet, and
83% (99/120) in the cool-dry season. However, when additional
observations were made in the cool-dry season, no evidence of
water provision could be seen in 67 (68%) of the 99 households
that had reported they provided water.

DISCUSSION

This is a spatially and temporally extensive empirical field study
of a critical animal reservoir impeding the global eradication of
Guinea worm disease. Using forensic stable isotope analysis,
we traced dog dietary variation in each of three climatic sea-
sons and identified fish consumption as a risk factor for prior
histories of Guinea worm disease in dogs in Chad. Both con-
sumption of fish by dogs and its association with elevated dis-
ease rates are most pronounced late in the hot-dry season,
prior to the onset of the rains. This is when people living near
the rivers in Chad increase their fishing activity, as water levels
are low, enabling easier fishing.'>?*2° This fishery generates
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strapped 95% confidence intervals. See also
Table S3 for details of statistical models.

14 16 18 20 22

Relative % of fish in hot-dry season diet

fish guts and remains and smaller fish that are less suitable
for cooking or selling, both of which may be discarded, allowing
dogs to scavenge them. Because many species of fish feed
primarily on aquatic invertebrates, including copepods, these
discards could be contaminated with Guinea worm larvae.
Following initial hypotheses addressing the peculiar epidemi-
ology of dracunculiasis in Chad,'? laboratory model studies of
fish as transport hosts,'® and our own preliminary field studies
of dogs,'” here, we have substantiated evidence for a novel
transmission pathway for Guinea worm via consumption by
dogs of fish from seasonal fisheries.

In the later hot-dry season and early wet season, when worm
emergence rates were high, the relative importance of fish in dog
diets was greatest, and the association between increased fish
consumption and Guinea worm disease was also greater. At
this time of year, the likelihood of having had Guinea worm and
emergence rates increased with even modest increases in the
relative proportions of fish consumed, and so correspondingly
modest reductions in exposure to this hazard might lead
to decreases in the risk of infection, disease, and onward
transmission.

Colinearities between fish consumption and household dis-
tance from the river mean that discerning the risks associated
with these two factors is a challenge. However, variation among
dogs in the relative magnitude of their fish consumption proved
to be a better predictor of risk than distance from the river
because, (1) in the hot-dry season, only fish consumption was
in all the top models of risk (Table S3); (2) in the hot-dry season,
household distance from the river featured in only one model of
the top model set for emergence rates, but only fish consump-
tion featured in the final model; and (3) in the wet season, fish
consumption was associated with disease risks, but household
distance from the river was not, and neither was there a correla-
tion between fish consumption and distance from the river. We
observed a positive association between greater fish consump-
tion and disease risks in the hot-dry season, but not in the cool-
dry season. These two periods are otherwise similar in that, in
both seasons, the relative magnitude of fish consumption and
Guinea worm risk are both greater in dogs living closer to the
river. However, a critical distinction between the hot-dry and
cool-dry seasons, and a factor likely underlying seasonal varia-
tion in Guinea worm risk, is that, toward the end of the hot-dry
season, water levels are at their lowest and fishing by people is
at its peak.
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Figure 4. Temporal variation in Guinea worm disease risk in domes-
tic dogs associated with fish consumption

Relative risk is for each 1% increase in the relative magnitudes of the contri-
bution of fish to the diets of dogs in each month of the year, on worm emer-
gence rates. Error bars are bootstrapped 95% confidence intervals. The
numbers of dogs included in each model are shown above each month. Es-
timates from less stable models, where some bootstrap runs failed, are shown
in gray. Variation in individual dog diets is estimated by stable isotope mixing
models.

Seasonal transmission of Guinea worm has been linked to dry
conditions when shallow ponds and isolated river lagoons
persist,'® when the abundance and concentration of copepods
and any associated infective worm larvae increase as water
levels fall.>” While such ponds and lagoons would present a
higher risk via classical transmission by the consumption of wa-
ter containing copepods, fish obtained from these ponds might
also be more likely to be feeding upon and concentrating large
numbers of copepods. Our findings indicate that the risks asso-
ciated with increased fish consumption are greatest before the
rains begin in earnest and water levels rise and diminish there-
after. Thus, the reduced influence of fish consumption in the
wet season is most likely due to a gradual waning in risk as the
wet season progresses, water levels rise, and fishing activities
diminish.

There remains evidence that increased exposure to ponds
could also contribute to disease risk in the hot-dry season, sug-
gesting the classical pathway for Guinea worm transmission re-
mains active. The effect of exposure to ponds was not as strong
or as consistent as that of fish consumption. It may be that the
localized nature of Guinea worm transmission does not translate
into a general risk posed by use of such standing water but
instead that risk is spatially discrete and particular to certain
water bodies.?® There may also be some unexplained variance
arising from temporal mismatch between observation of water
bodies from satellite imagery in the cool-dry season and ana-
lyses in the hot-dry season. As fish consumption was not related
to the amount of time dogs spent around ponds in any season, it
is unlikely that the risk associated with fish consumption is a
proxy for the risk posed by time spent near ponds overall, but
it is possible that dogs that eat more fish in the hot-dry season
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Figure 5. Spatial-temporal variation in the relative magnitudes of the
contribution of fish to the diets of domestic dogs in rural Chad
Estimates of dog diet composition are derived from stable isotope mixing
models.

(A) Model predictions of mean relative magnitude of the contribution of fish in
each month are shown in red as point estimates with 95% bootstrapped
confidence interval, and per sample data are shown as boxplots. Sample sizes
of dog whisker section samples are shown for each month in parentheses.
Model predictions are for female dogs in moderate body condition in Mar-
abodokouya at average distances from the river.

(B) Relative magnitudes of the contribution of fish in the diets of dogs living in
households located at different distances from the river in each of three cli-
matic seasons. Raw point data are shown with model predictions and boot-
strapped 95% confidence interval.

See also Figure S1 for stable isotope data for an exemplar village, Table S1 for
details of food source groups and samples, Table S2 for summary of overall
diet composition, and Table S3 for details of statistical models.

also visit newly formed ponds close to the river. Further work to-
ward detecting worm larvae in the environment,®? including in
fish guts, to identify spatial and temporal patterns in the distribu-
tion of water bodies containing infected copepods would be
beneficial in understanding such dynamics.

We have previously found that water provision for animals, as
reported by households, was associated with reduced likeli-
hood of dogs having a history of Guinea worm infection.'”
Here, we found no such evidence. However, we observed
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water sources in only 31% of households that had reported wa-
ter provision, so it may be that our reliance upon householder
reporting means we miss important variation in actual practice.
In our earlier study, conducted in the late hot-dry and early wet
season, 88% of households reported water provision for ani-
mals, consistent with the seasonal shift from widespread water
provision in the hot-dry season to patchier provision as the
rains start. Any protective effects of water provision may there-
fore be more detectable when there is variation in this practice
among households and when disease risk has not fallen
substantially.

This study is retrospective and so has not directly examined
risk factors at the time of infection, some 10-14 months before
worm emergence. While this approach likely increases noise
around analyses of disease risk, we were nevertheless able to
identify consistent and informative effects. In using disease his-
tories and rates across an extended observation period, we have
avoided the imposition of assumptions around seasonality and
worm maturation periods. An underlying assumption of our
work nevertheless remains that dog behaviors, and climatic
and hydrological changes, are reasonably consistent among
years and effectively characterize broad ecological variation
among individual dogs that, in turn, relates to variation in risk
of infection. Our detection of ecological correlates of risk sug-
gests that behaviors are indeed consistently expressed over
years.

Our study shows that variation in human exploitation of natural
resources, in this case, fishing in seasonal ponds along the River
Chari in Chad, is associated with the apparent emergence and
maintenance of a zoonotic reservoir of what has classically
been considered to be an exclusively human infection. Fishing
is a long-established activity, but the frequency of Guinea
worm infection in dogs appears to be a relatively new phenome-
non, although earlier problems with surveillance could have
contributed to infrequent recording of dog infections. Further en-
quiries remain urgent, to understand the drivers of this emer-
gence, in order that these can be countered. Our study highlights
the importance of taking a One Health approach? that links ani-
mal health, ecology, and behavior, with environmental pro-
cesses and human economic activities, to understand the best
means of tackling global health challenges and eradicating hu-
man disease.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
O Dog husbandry and disease history
O Dog diets
O Dog movement ecology
® QUANTIFICATION AND STATISTICAL ANALYSIS
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw, derived and analyzed data This paper Dryad data repository: https://doi.org/10.5061/dryad.1g1jwstz5
Software and algorithms

simmr Parnell et al.”’ https://cran.r-project.org/web/packages/simmr/index.html
SIDER Healy et al.*® https://doi.org/10.1111/ecog.03371

ctmm Calabrese et al.** https://cran.r-project.org/web/packages/ctmm/index.html
Ime4 Bates et al.*® https://cran.r-project.org/web/packages/Ime4/index.html
MuMin Barton®® https://cran.r-project.org/web/packages/MuMIn/index.html
DHARMa Hartig®” https://cran.r-project.org/web/packages/DHARMa/index.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Robbie McDonald (r.
mcdonald@exeter.ac.uk).

Materials availability
This study did not generate new materials.

Data and code availability

Anonymised data and code have been deposited in the Dryad Digital Data repository and are publicly available as of the date of pub-
lication. DOls are listed in the Key resources table. Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study worked with adult, male and female domestic dogs Canis familiaris, owned by and living in close association with human
households.

We sampled dogs in six villages with high numbers of Guinea worm infections in resident dogs. Sampled villages were adjacent to
the Chari River in Chad, and were grouped into three spatial districts: Guelendeng, Sarh West and Sarh East (Figure 1). In Guelen-
deng, we worked in Medegue village (11°01°48.8”N, 15°26°37.7”E). In Sarh West, we worked in Kira, Bembaya and Ngakedi;i villages
(9°10’50.8”N 18°17°00.3”E). In Sarh East, we worked in Marabodokouya (9°19’42.3”N 18°43’20.0”E) and Tarangara (9°08’19.8”N
18°42'00.9”E).

We followed cohorts of dogs for 12 months and conducted three field visits of approximately ten weeks in duration, in each of three
climatic seasons: between early March and mid-May 2018, within the ‘hot-dry’ season when temperatures are high, standing water
levels are low and rainfall levels are just beginning to rise (mean daily maximum temperature 35°C, 10 mm mean total rainfall in
N’Djamena); between early August and the end of September 2018, within the ‘wet’ season (27°C, 174 mm) and between mid-
January and mid-March 2019, within the ‘cool-dry’ season after the rains have passed (28°C, 0 mm).*® For our analyses, ‘seasons’
were defined by the months with the majority of dietary and spatial data arising from each field visit. These were: February-April for
the hot-dry season; July-September for the wet season and December-February in the cool-dry season.

In each village, we aimed to sample as much of the dog population as possible, and achieved coverage of 91%, 77% and 72% in
the hot-dry, wet and cool-dry seasons, respectively, based on the total number of adult dogs (> 6 months old) owned across all
households. Where possible, the same dogs were sampled on return visits, along with recruiting any new adult dogs in a household.
Tarangara village and one hamlet in Marabodokouya, were not accessible in the wet season due to flooding.

The study was approved by the Ministry of Public Health of the Republic of Chad and by the ethics committee of the University of
Exeter College of Life and Environmental Sciences (Reference 2018/2318). The project adhered to the “Guidelines for the treatment
of animals in behavioural research and teaching” of the Association for the Study of Animal Behavior. Informed verbal consent for all
work was obtained from each village chief and from householders.
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METHOD DETAILS

Dog husbandry and disease history

Household locations were recorded using a handheld GPS (Garmin Map 64S). Dog characteristics, husbandry and household infor-
mation were collected by questionnaire. We recorded the dog’s body condition score using a standardized scale of 1 (emaciated) to 9
(severely obese)*® and categorized this into poor (1 and 2), moderate (3), and good (4 and 5) condition. We recorded whether owners
reported that water was provided to animals (yes/no), and in the cool-dry season we noted whether we could locate a container for
water provision. The age of dogs was calculated at each visit, with reference to the age reported by the owner when the dog first
entered the study.

The disease history of individual dogs was determined on the basis of recorded emergences of adult female Guinea worms. We
compiled records from 2016 to 2018 of all dogs entered into the study by combining reports of worm emergence from owners during
the household questionnaire with records provided by the Chad Guinea Worm Eradication Program (CGWEP). There was an agree-
ment of 95% between combined records (based on owner reports plus CGWEP records) and CGWEP records alone. Two disease
response variables were collated for each dog: 1. History of Guinea worm emergence was based on combined questionnaire and
CGWEP records and was a binary variable describing whether each dog had (1) or had not (0) been recorded with the emergence
of any Guinea worms in the period 2016-2018; and 2. Worm emergence rate was the number of months with at least one worm emer-
gence, per dog month at risk. Time at risk was based only on the months in which detection of an emergence was possible, i.e., the
dog was alive, being monitored, and its age exceeded the likely minimum incubation period for Guinea worm (10 months). Because of
their greater precision in recording dates of worm emergence, worm emergence rates were based on the CGWEP records only. If the
exact date a dog left the study was unknown (e.g., due to uncertain date of death), it was estimated as the mid-point between when
the study team last saw the dog and when it was identified as missing or dead.

Disease variables were calculated for each dog across all months at risk, defined as above, in the whole period 2016-2018. Initial
analyses evaluated multiple configurations of the time frames for worm emergence, including three-month seasonal windows aligned
with ecological observation periods, and extended windows of 7 months, comprising three months of observations plus two months
either side, to allow for variation in worm maturation periods. For all analyses, more variation in disease responses was explained
using all months at risk in the whole period, than for any alternatives. Employing this broad time frame means we make no assump-
tions on the duration of worm maturation from infection to emergence, or on between-year variation in the timings of seasonal
weather patterns.

Dog diets

Dietary investigations used stable isotope analysis®° of dog whiskers and samples of putative dog food sources.'”*" For each dog,
one whisker was plucked in each visit. Previous work on dog diets in Chad was used as a starting reference for the food dogs might
eat,'” and owners were asked what they fed their dogs and what they observed them eating. Food items were sampled opportunis-
tically from households, nearby markets and from local hunters and fishers. Samples of food sources collected in each season from
each area or nearby markets were used for mixing models of seasonal diet in the four locations. Foods were grouped based on their
dietary and isotopic distinctiveness into: C4 plant foods, C3 plant foods, livestock, wild foods (excluding fish) and fish (Figure S1;
Table S1). Samples were dried and heat sterilized in Chad before importation to the UK under license.

Prior to analysis, dog whiskers were cleaned, autoclaved and oven dried. Whiskers were cut into 0.4-0.8 mg sections for analysis.
Food items were freeze-dried, homogenized and 0.7 mg (0.1 mg) sampled for analysis. For nitrogen-depleted plants, a larger sam-
ple (10 mg = 0.1 mg) was analyzed. Stable isotope analyses were conducted using a Sercon 2020 elemental analyzer isotope ratio
mass spectrometer. Stable isotope ratios are expressed as 3 values in 9%, the ratio of heavy to light isotopes relative to ratios of an
international standard for each element: Vienna Pee Dee Belemnite (VPBD) for 3'3C and atmospheric N, for 3'°N. A lipid-normaliza-
tion model was applied to 3'3C values of animal tissue and peanut samples due to their higher lipid content.*%*’

Isotope ratios were calculated for each whisker section. The time period represented by each whisker section was calculated by
dividing the length of the section by the average whisker growth rate, which we had previously determined directly (0.42 mm/day)."”
The dates covered by this time period were then estimated by backdating from the date on which the whisker was plucked. A linear
whisker growth rate was assumed, as has been found in a variety of mammal species, *>*° and as the time periods analyzed are rela-
tively broad, slight non-linear growth will also be accommodated.’ Sections were allocated to the month in which the mid-point of
the whisker section fell. For reconstruction of dog diets in each month, whisker sections assigned to that month were used, and for
reconstruction of seasonal diets, the mean of the isotope ratios of all sections of the whisker taken in that season was used.

The relative magnitudes of the contributions of putative food sources to the diets of individual dogs were estimated with stable
isotope mixing models, using the package SIMMR (v0.3)*' running a separate model for four areas: Guelendeng and Sarh West,
and for Sarh East, Marabodokouya and Tarangara were kept separate due to their distance (~13km). Food samples collected
from each area were used as putative sources for each model. Models were run for each dog’s whisker samples to quantify the rela-
tive magnitude of the contributions of each putative food group to their diets.*> SIMMR mixing models were run for 100,000 iterations,
with a burn-in of 10,000 and thinning rate of 50. Gelman diagnostics were used to check model convergence. The SIDER package®*
was used to generate trophic discrimination factors for dogs for 3'°N (3.68%, SD 1.36%,) and §'3C (2.82%, SD 1.78%,). Since dogs
were shown to be omnivores, concentration dependence values (mean N and C) were added to the model.*®
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While human feces has been identified as a component of the diets of dogs in rural Africa,'” it is itself composed of other foods
consumed by humans and their dogs and thus its inclusion in mixing model analysis is problematic.*” As our research interest spe-
cifically concerns between-dog variation in the relative magnitude of the contribution of fish to dog diets, we excluded human feces
as a food source from this mixing model analyses. However, the ranked importance of fish in each dogs’ diet, with and without in-
clusion of human feces as a food source, was highly correlated (hot-dry season: r = 0.99; wet season: 0.98; cool-dry season: 0.98),
and so the approaches were equivalent.

The mean length of time represented by each whisker was 106 days (95% quantile interval 51-155 days). The median time periods
covered in each season by all sections of each dogs’ whiskers were: 20 January to 4 May 2018 in the hot-dry season, 11 June to 26
September 2018 in the wet season, and 16 November 2018 to 1 March 2019 in the cool-dry season. The diets of 182, 155 and 203
dogs were characterized in the dry, wet and cool-dry seasons, respectively. Dog diets generally comprised large proportions of
anthropogenic plant foods (mostly C3 plant foods e.g., tomatoes, okra and peanuts, and C4 plants e.g., maize, sorghum and millet),
with smaller contributions from livestock, fish and wild food groups and this broad pattern was similar across seasons (Figure S1;
Table S2).

Dog movement ecology

Dogs were collared with iGotU GT600 GPS logger units (Mobile Action, Taiwan) and locations were recorded every 10 minutes for
2-6 weeks within each field season. GPS data were cleaned by removing locations taken 12 hours after deployment and before
retrieval, to provide time for dogs to habituate to collars at the start and account for collar collection at the end. Erroneous fixes asso-
ciated with speeds greater than 20 km/h between locations were removed. Home ranges were calculated using continuous time
movement models to estimate 95% auto-correlated kernel density estimates (AKDEgs), using the package ctmm (v0.5.5).*

Ponds were identified and digitised using QGIS (v2.18.1) by manually searching DigitalGlobe satellite imagery. Search areas were
determined by creating a bounding box around all relocation points in the hot-dry season, when dogs ranged furthest (1463 km? for
Sarh East, 486 km? for Sarh West and 147 km? for Guelendeng; Figure 1). All satellite imagery was collected in either February or
January 2018, therefore satellite imagery best represented the cool-dry season, when rainfall has stopped but water levels have
not substantially fallen. Ponds were considered as present in the hot-dry and cool-dry season if water was visible in the satellite
imagery. For the wet season, the boundaries of water bodies were extended if visual evidence suggested they became larger
(e.g., images indicate concentric rings caused by varying water content in the surrounding soil). Of the ponds recorded directly
with GPS in the field, 64 of 78 (82%) were detected in satellite imagery. To infer dog activity at ponds, we determined the number
of GPS fixes in the vicinity (100 m) of water bodies not connected with the main river.

Dogs were tracked for a mean of 37 (SE 1.3), 35 (1.2) and 34 (0.9) days in the hot-dry, wet and cool-dry seasons, respectively. Me-
dian start and end dates of tracking for each dog were: 13 March to 4 May 2018 in the hot-dry season, 9 August to 26 September 2018
in the wet season, and 18 January to 1 March 2019 in the cool-dry season. Ranging analyses were conducted for 77, 228 and 207
dog-seasons in Guelendeng, Sarh East and Sarh West study areas, respectively. Home ranges were estimated for 174, 148 and 190
dogs in each of the hot-dry, wet and cool-dry seasons, respectively. Median ranges (AKDEgs) were 0.56 km? (Inter-quartile range =
0.09-5.99 km?) in the hot-dry season, 0.30 km? (0.07—1.03 km?) in the wet season, and 0.57 km? (0.09-3.33 km?) in the cool-dry sea-
son. The median percentage of GPS fixes of dogs near ponds was 0.25% (Inter-quartile range = 0%—-2.96%), 0.23% (0%-0.87%) and
0.26% (0%-3.11%) in the hot-dry, wet and cool-dry seasons, respectively. Additional detail of the spatial behaviors of these dogs is
provided by Wilson-Aggarwal et al.?®

QUANTIFICATION AND STATISTICAL ANALYSIS

Correlates of the dog’s history of Guinea worm emergence were analyzed using a logistic model with a binomial response and an
offset for the number of years at risk. Correlates of worm emergence rates were analyzed in a logistic regression model, since emer-
gence rate is a proportional measure. For both responses, separate models were run for each of the three seasons, and the predictor
variables were: relative magnitude of the contribution of fish to diet, home range size (log,-transformed AKDEygs), the proportion of
time spent near ponds, and the distance of the dog’s household from the River Chari, reported water provision by households for
animals, and dog sex, age and body condition. A random term for village was included to control for baseline differences in disease
rates between villages.

Model selection followed an information theoretic approach, using ranked values of the Akaike Information Criterion corrected for
sample sizes (AICc). Top model sets were selected using a difference in AlCc (AAICc) of < 2 from the top model.*® To maximize sam-
ple size, a staged analysis was conducted; each seasonal model included all dogs with seasonal dietary and spatial information, but
the model was first run using data for individuals with no missing data. Models were then run again having removed the variables that
had a sum of weights of < 0.5 over the top model set, thus allowing the inclusion of further individuals with missing data. See Table S3
for detail of top model sets. To determine 2, relative risks and bootstrapped 95% confidence intervals, the top model of this set was
selected as the final model (which in all cases included all terms with a sum of weights of > 0.5).

Following identification of the effects of the relative magnitude of the contribution of fish to individual dogs’ diets on worm emer-
gence rates, we refined analysis of temporal variation in this effect by running logistic models for each month. Predictor variables
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were the mean relative contribution of fish to the diet of each dog in that month, household distance from the River Chari, to control for
any colinearities with fish consumption, and dog age, with village as a random effect. Model selection proceeded as described
above.

Finally, we analyzed variation in the relative magnitude of the contribution of fish to dog diets using two linear mixed-effects models
(LMMs): one for the average contribution over a season and the second for each month. Predictor variables were season/month and
household distance from the river, and the interaction between these terms, sex, age, body condition and district. Dog identity was
included as a nested random effect within village in both models, in order to account for repeated sampling of dogs over time. Within
the seasonal model, seasonal spatial behaviors of dogs were also included: home range size (log,-transformed AKDEgs), the propor-
tion of time spent near ponds, and an interaction between the proportion of time spent near ponds and season.

Except where otherwise stated, results are expressed as the central estimate of effect and associated 95% confidence interval (Cl)
from bootstrapping (with 10,000 simulations based on model parameter estimations). For binomial models of infection, results are
expressed as the relative risk (RR) of disease for the average (mean) dog in that time period’s dataset. As worm emergence rates
had low values, relative risks approximate odds ratios for these models. Marginal and conditional r? values were calculated to repre-
sent the approximate amount of variation in the data explained in the final model by the marginal (fixed) and conditional (fixed and
random) effects.”® Sample sizes and measures of variance are reported in the Results, STAR Methods, and supplemental informa-
tion. Analyses were undertaken in R (v4.0.0).°° Ime4 (v1.1-23)°° was used to run GLMMSs and bootstrapping procedures, MuMIn
(v1.43.17)°¢ for model selection and r? calculation. The fit of GLMMs was assessed with the DHARMa package (v0.3.2.0).%”

e4 Current Biology 32, 775-782.e1-e4, February 28, 2022



	Seasonal fishery facilitates a novel transmission pathway in an emerging animal reservoir of Guinea worm
	Introduction
	Results
	Guinea worm disease and risk factors
	Dog ecology and diets

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Dog husbandry and disease history
	Dog diets
	Dog movement ecology

	Quantification and statistical analysis



