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Social and spatial network analysis is an important approach for
investigating infectious disease transmission, especially for pathogens
transmitted directly between individuals or via environmental reservoirs.
Given the diversity of ways to construct networks, however, it remains
unclear how well networks constructed from different data types effectively
capture transmission potential. We used empirical networks from a popu-
lation in rural Madagascar to compare social network survey and spatial
data-based networks of the same individuals. Close contact and environ-
mental pathogen transmission pathways were modelled with the spatial
data. We found that naming social partners during the surveys predicted
higher close-contact rates and the proportion of environmental overlap on
the spatial data-based networks. The spatial networks captured many
strong and weak connections that were missed using social network
surveys alone. Across networks, we found weak correlations among
centrality measures (a proxy for superspreading potential). We conclude
that social network surveys provide important scaffolding for under-
standing disease transmission pathways but miss contact-specific
heterogeneities revealed by spatial data. Our analyses also highlight that
the superspreading potential of individuals may vary across transmission
modes. We provide detailed methods to construct networks for close-contact
transmission pathogens when not all individuals simultaneously wear
GPS trackers.
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1. Introduction
Infectious diseases are a major threat to human health,
the global economy and international security [1]. Identify-
ing heterogeneities in the contact patterns among host
individuals is important for controlling infectious disease
transmission, as this heterogeneity influences superspreading
and outbreak size [2–5]. The construction and analysis of net-
works provide a powerful and increasingly used approach to
investigate disease transmission pathways [2–5]. In contrast
with compartmental models, network models take into
account non-random, heterogeneous contacts between indi-
viduals [2,6]. Despite the interest in applying network
science to investigate disease transmission, however, few
studies have considered the types of data to use in generating
networks [7,8], which can include survey questions, spatio-
temporal data or proximity loggers. To capture disease
transmission, the sampling methods should capture contact
patterns that are relevant to the transmission mode of the
infectious organism.

In network epidemiology, a network is composed of nodes,
representing individuals, and edges, which quantify inter-
actions that potentially result in pathogen transmission [2].
These interactions may include observed or reported contact
events, proxies for contact such as common membership in a
social group, or spatio-temporal overlap [9]. The ‘importance’
of an individual for infectious disease transmission can be
assessed using various measures of centrality, which capture
the number of connections an individual has (degree central-
ity), their connections to other highly connected individuals
(eigenvector centrality) and their ability to connect disparate
parts of the network (betweenness centrality) [10,11]. An indi-
vidual’s infection risk and superspreading potential can be
quantified by their centrality, with high-centrality individuals
having greater risk [4,5,12,13]. Other network measures con-
sider the overall structure of the network, such as modularity
as a measure of population subdivision [14], which affects
the potential for a pathogen to successfully transmit through-
out the network [15–17].

Here, we take a network-based approach to investigate
potential disease transmission pathways in a rural human
population in Madagascar. Infectious diseases impacting
public health in Madagascar include recurring plague epi-
demics [18,19], large-scale measles outbreaks [20–22] and
diseases associated with Leptospira, hantaviruses and entero-
viruses such as astroviruses and coronaviruses [23–25].
Some of these pathogens are transmitted by close contact
between humans, while others are environmentally trans-
mitted through indirect contact with infected domesticated
animals, wildlife or their waste products. For example, the
risk of Leptospira transmission is greater in flooded rice
fields, probably because of the environmental transmission
of this water-borne bacterium [26]. For this paper, we aim
to compare transmission risk between networks based on
different types of connections, rather than realized infection
status.

More specifically, our first aim is to investigate the esti-
mated transmission potential of pathogens with either close
contact or environmental transmission modes using spatial
data that captured land use by individuals. Transmission
via close contact encompasses pathogens transmitted
person to person via aerosols, droplets and shared body
fluids. We based our close-contact network on the probability
of a dyad (pair of social contacts) coming into proximity and
the probable amount of time they were in proximity. Environ-
mental transmission refers to organisms that can be acquired
through contact with environmental substrates, such as soil
or water, or fomites on surfaces in homes, schools or places
of worship. We used networks based on shared land use to
identify potential transmission pathways of environmentally
transmitted organisms. These networks assume that if a
pathogen is transmitted through an environmental reservoir,
then people who are in contact with the same environmental
substrate are likely to be in contact with the same pathogens
it contains as a function of time spent in that area [27]. Fur-
thermore, when the transmission mechanism of a pathogen
is unknown, information concerning where infected individ-
uals are overlapping in space is key to identifying the source
of an outbreak and beginning to understand the pathogen’s
mode of transmission [28,29].

Our second aim is to investigate how networks based on
spatial proximity and shared land use, which capture key
elements of transmission potential, compare to networks
based on name-generating surveys, a more established
approach to constructing networks. While spatial data can
identify potential transmission events based on the physical
proximity of individuals during a given time period,
survey-based networks also have the potential to capture
contact patterns, and thus potential pathogen transmission,
based on the questions about who an individual contacts
and in which circumstances. This may be important because
GPS tracker data are time-consuming to collect and often lack
social context [30]. In addition, GPS-based data require a var-
iety of assumptions and analytical approaches to analyse. For
example, when two individuals wear tracker devices at
different times, it is no longer possible to simply quantify
their time in proximity from the GPS coordinates and time-
stamps; instead, other sources of data and assumptions are
needed to estimate the contact rate of that dyad.

If the networks resulting from social network surveys are
similar to GPS-based networks, this may provide a way to
more rapidly acquire network data or provide a bridge
between data collected from people wearing GPS devices at
different times. Our analyses aim to reveal which social
network questions or outcomes are most informative for
this purpose.

We investigated several predictions related to aim 2. We
expected that edge weights (interaction intensities) and cen-
trality metrics on the naming network generated from
survey questions would covary positively with those of the
GPS-based close-contact and environmental transmission
networks. Specifically, we predicted that people named as
spending free time with the focal subject would have stronger
connections on the close-contact network generated from
spatial data, while people named as working partners
would best predict edges on the environmental transmission
network that captured overlap in agricultural areas, such as
rice fields. We also predicted that reciprocal naming on the
survey, where both individuals in the dyad named each
other on any of the questions, would predict higher edge
weights on the other networks. Finally, we predicted that cen-
trality on the full naming network and transmission networks
would covary positively, but the naming network would miss
many important, yet weak, connections between individuals,
given that the participants could only name up to five other
people on each of the questions.
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2. Methods
2.1. Data collection
The research was conducted in the village of Mandena (14°28’3600

S 47°48’5000 E) in the SAVA region of Madagascar. Mandena is
located at the edge of Marojejy National Park and serves as the
gateway to the only tourist-accessible region of the park. From
the park, the habitat follows a degradation gradient from semi-
intact forest to secondary forest, then brushy fallow fields, and
agricultural plots leading to the village. The village is roughly
1 km2 in size and is home to approximately 2700 people (based
on census data from local authorities), and there is little immigra-
tion or emigration from villages in this region [28]. The primary
occupation in Mandena is agriculture, with most people enga-
ging in subsistence crop (rice) and vanilla farming [31].

Data collection took place during the transitional period from
the dry to the wet season over the course of 7 weeks from Octo-
ber to mid-November 2019. We conducted 176 social network
surveys of adults aged 18 years or older. The survey was admi-
nistered by J.Y.R. and conducted in the local Malagasy dialect.
Participants included women (n = 67) and men (n = 109) ranging
in age from 18 to 82, with a mean age of 41.8 ± 15.1 (table 1). We
used a ‘snowball sampling’ technique in which name-generating
questions from one round of surveys were used to create a list of
individuals to survey in the next round of surveys [32]. Name-
generating questions were based on a recent social network
study [33] in which respondents were prompted to name up to
five other people who: (i) they meet in their free time, (ii) they
would ask to help them on their farmland, (iii) would come to
them to get help on their farmland, (iv) they would ask if they
urgently needed food, and (v) would come to them if in
urgent need of food (table 2). Questions were pilot tested
within the community and adjusted accordingly to ensure
that they were culturally appropriate and that they
captured deeper relationships and sustained interactions.

Over the same time period, we distributed GPS trackers
(iGot-U 120; Mobile Action, New Taipei City, Taiwan) to
consenting participants (n = 134) after they completed the
name-generating survey. The final GPS dataset contained 123
individuals (i.e. 7503 unique pairs of individuals), with some
attrition due to device malfunction or participant non-compli-
ance. The mean age of participants for whom we obtained GPS
data was 44.38 ± 15.33 (table 1). The devices were distributed to
participants on Fridays and Saturdays and collected one week
later. We excluded the day of distribution from the analysis to
adjust for behavioural patterns that were generated through
interaction with our research team. Participants were instructed
to wear the GPS tracker at all times and to set it close by
during times such as sleeping or bathing when they were not
wearing the device. To make the device easier to wear, it was
attached to a lanyard. We also instructed participants to inform
us if they forgot to wear the device so we could remove that
period from the dataset. The device recorded the participant’s
location every 3 min until the devices were returned or the bat-
tery died (mean duration of function was 5.2 ± 1.2 days). The
average reported location estimation accuracy across varying
degrees of cover for the iGot-U 120 is 9.2 m (±0.2 m) [34].

2.2. Data preparation
All data preparation and analyses were completed in R v. 4.0.5
[35].

2.2.1. Social ‘naming’ network
We assigned a unique identifier to each person named by an
interviewee during the name-generating portion of the survey.
Individuals who were named and subsequently surveyed
during our study were assigned a definitive identifier, while
those who were named but not surveyed, owing to our limited
time frame or them choosing not to participate, were assigned
an identifier based on their name, known nicknames and
gender with help from a community member. Care was taken
to assign the same identifier to individuals named by multiple
interviewees. For these analyses, we excluded individuals who
were not surveyed and surveyed individuals who did not opt
to wear a GPS tracker. We generated directed and undirected
social networks based on who named each other in the survey
using the package igraph [36]. We created a ‘full’ network using
all the names an interviewee listed regardless of the question, a
‘free time’ network (question 1), a ‘farming’ network (questions
2 and 3) and a ‘food’ network (questions 4 and 5). Edges were
weighted by the number of times individuals named each
other (e.g. a weight of 1 if an individual named the person
once). For undirected network representations, we summed the
directed edge weights between the two individuals (range
1–10). To identify reciprocated naming edges, we used the
igraph::which_mutual function on the full directed network to
identify dyads where both individuals named the other
regardless of the question.

2.2.2. GPS data preparation
We focused on interactions that occurred in Mandena and the
immediately surrounding area. GPS tracker data were thus
cleaned to remove fixes that were determined to be inaccurate,
recorded outside our study area or were recorded on days the par-
ticipant did not wear the GPS. Specifically, we defined our study
area by selecting a boundary thatmaximized the number of points
included and minimized the total area. We created the boundary
by calculating the minimum convex polygon (MCP) [37] for all
GPS data from 90% to 100% in 0.5% to 0.01% increments using ade-
habitatHR::mcp.area [38]. This resulted in a 63.1 km2 sized grid
with 10 m2 cells that included 94.64% (584 871/617 968) of the
recorded locations. To account for days when participants did
not wear the GPS (i.e. left the tracker at home), we calculated
the daily 99% MCP and excluded days for which the entire 99%
MCP fell within 1 ha, based on two assumptions: (i) everyone
leaves their house regularly to access water for bathing, outdoor
latrines and agricultural land outside the village (K Kauffman &
CS Werner 2019, personal observation); (ii) studying the trajec-
tories of individuals with less than 1 ha MCP, we found
that they followed a ‘starburst’ pattern, indicating that the total
area was likely to be the result of the scatter of inaccurate GPS
points. This resulted in the removal of 26.4% (154 675/584 871)
of the remaining data points. This resulted in a dataset containing
123 individuals (7503 dyads) and 1115 days of GPS data with a
mean of 9.1 ± 6.3 days (2.1 ± 1.2 weeks) of GPS data per individual
(range 1–28 days, 1–6 weeks).

To quantify space use across the landscape, we estimated the
home range and usage probability, or utilization distributions
(UDs), for each individual using a dynamic Brownian Bridge
Movement Model [39] in the move package [40]. To quantify
each pair of individuals’ time-independent interactions, we cal-
culated the volume of intersection (VI) using a dBBMM-suited
adaptation of the overlap function in adehabitatHR [38,41]. We
chose to use VI instead of the UD overlap index because it is
better suited to non-uniformly distributed UDs with a high
degree of overlap. We assumed for the overlap calculations
that individuals had similar UDs week to week and used the
entirety of each individual’s GPS data to calculate their UD.
We tested this assumption using 14 individuals for whom we
had more than 10 days of GPS data spanning at least three
weeks by calculating a UD for each week that the individual
wore a GPS and computing the VI of their home range (95%
UD) between weeks for each individual. We found that the
mean VI from week to week of all these individuals (n = 14)
was 66.68% ± 6.74%.



Table 1. Demographic summary of individuals named, surveyed, or surveyed and wore a GPS tracker during the study. All network comparisons included in this
study are limited to the individuals who wore a GPS tracking device.

surveyed (n = 176)a GPS (n = 123)

female male female male

% (n) 38.1 (67) 61.9 (109) 44.7 (55) 55.3 (68)

age (years)

mean ± s.d. 44.9 ± 14.7 39.9 ± 15.1 45.8 ± 15.2 43.1 ± 15.5

(range) (18, 82) (18, 79) (18, 82) (18, 79)

have a partner

% (n) 62.7 (42) 83.5 (91) 61.8 (34) 83.8 (57)

main activity, % (n)

crop farmer 73.1 (49) 56.9 (62) 69.1 (38) 55.9 (38)

mixed crop and livestock 23.9 (16) 42.2 (46) 27.3 (15) 42.6 (29)

other 3.0 (2) 9.2 (1) 3.6 (2) 1.5 (1)

education, % (n)

higher 4.5 (3) 15.6 (17) 3.6 (2) 13.2 (9)

secondary 23.9 (16) 21.1 (23) 27.3 (15) 26.5 (18)

primary 67.1 (45) 56.9 (62) 63.6 (35) 51.5 (35)

none 4.5 (3) 6.4 (7) 5.5 (3) 8.9 (6)
aOf all people named (n = 745) during the course of this study, 40.4% (n = 301) were female and 59.6% (n = 444) were male.
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2.2.3. Close-contact networks
For individuals who wore a GPS on the same day(s), we calcu-
lated the close-contact rate or proportion of proximal GPS fixes
out of all simultaneous fixes. We used a distance threshold of
17.04 m to define a proximal contact, which captures 98% of
true positive contacts given the location accuracy of the iGot-U
120, using the findDistThresh function of the contact package in
R [42]. We defined simultaneous fixes as all fixes recorded
within 1 min 30 s (half the sampling window) of each other.
We also calculated the number of fixes where the pair remained
in continual contact (e.g. consecutive fixes that were also proxi-
mal), the mean length of contact time (assuming that all
contacts, including instantaneous contacts, were at least equal
to the temporal threshold) and the total time elapsed of all con-
tinual contacts. The observed close-contact rate between
individuals wearing a GPS at the same time only provided a
snapshot of the full network because different sets of individuals
wore devices each week and therefore unobserved edges could
reflect unobserved contacts (e.g. either or both individuals were
not wearing a GPS during a contact) or true absences. The full
close-contact network was imputed from the observed close-
contact network, using all dyads that had a minimum of 240
simultaneous fixes (44.9%, n = 3369).

We imputed the missing edges (55.1%; n = 4134) and all the
edgeweightswith a two-step analysis: first,we used an exponential
random graph model (ERGM) [43–45] to determine whether an
edge existed; next, we multiplied the probability an edge exists by
its edge weight, as predicted by the general linear model (GLM).
We give details on these steps in the next three subsections.

2.2.4. Exponential random graph model-based edge imputation
We used the ergm package [46,47] to fit the ERGM, assess model
convergence and simulate edges. Because the ERGM was
intended to predict edges between all participants, not just par-
ticipants who wore a GPS tracker during the same week, we
pooled all of an individual’s GPS trajectories at the scale of a
single week (pooled proximity), then recalculated proximity
using the methods described above. We used pooled proximity
to create a binary network, where the upper 50% of values
were assigned an edge. This 50th percentile contact rate corre-
sponded to approximately one contact per day.

We then fitted the ERGM by using the following edge covari-
ates: VI of the home range (95%) and core-use area (50%), separate
VIs of the home range at night and during the day; the interaction
of distance between individuals’ houses and whether they lived
less than 25 m apart; the weighted full, undirected naming net-
work (weights range 1–10); whether naming was reciprocal. We
also included nodal covariates for gender match and age differ-
ence, as well as the structural terms edges, geometrically
weighted edgewise-shared partner (GWESP), and geometrically
weighted non-edgewise-shared partner (GWNSP) [46]. We used
a Markov chain Monte Carlo (MCMC) interval of 1000, a burn-
in of 70 000 and a maximum of 10 000 iterations to fit each
model, then determined model fit using ergm::mcmc.diagnostics
[48] and examining diagnostic convergence plots. We ranked all
models based on the Akaike information criterion (AIC) values
and predictive accuracy using the held-out predictive evaluation
method for cross-validation [49]. To implement this, we randomly
sampled 80% of observed edges from the observed proximity net-
work as a training dataset and simulated 500 networks using the
held-out 20% of observed edges. Then,we calculated the sensitivity,
specificity and predictive accuracy of each model (electronic
supplementary material, table S1).

After identifying the best-performing ERGM, we simulated
1000 complete interaction matrices using the ergm::simulate
function with observed proximity as the basis network.
2.2.5. General linear mixed model edge weights
We predicted the edge weights (e.g. proportion of close contacts)
using GLM models. Fixed effects were the same nodal and edge



Table 2. Name-generating questions asked in the social network survey.
The responses to all questions were grouped to form a ‘full naming
network’, and subsets of the questions were grouped to form ‘free time’
(question 1), ‘farming’ (questions 2 and 3) and ‘food’ (questions 4 and 5)
networks.

naming network question

full free time 1. Please list the first and last names of 5

people who you meet with in your free

time.

farming 2. Please list the first and last names of 5

people who would help you if you need

help in your farmland if you want to

finish it fast.

3. Please list the first and last names of 5

people who come to you for help in

their farmland if they want to finish

work fast.

food 4. Please list the first and last names of 5

people you would go to if you urgently

needed rice or other groceries.

5. Please list the first and last names of 5

people who could come to you if they

urgently need rice or other groceries.
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covariates used in the ERGM. We modelled the observed close-
contact rate between two individuals as a function of their VI
calculated from GPS fixes recorded when both individuals
were wearing a tracker and compared this with models using
separate VIs of the home range at night and during the day.
The data for the response (proportion of proximal contacts)
and predictors (VI, naming, house distance and age difference)
were right-skewed and zero-inflated; to address this, we mod-
elled the data using a Tweedie distribution with the index
parameter between 1 and 2 [50].

We ranked all model combinations by AIC using the MuMIN
package [51]. To assess the sensitivity, specificity and predictive
accuracy of the top models, we trained the models using 80%
of the data from pairs of individuals who wore the GPS at
the same time and tested on the withheld 20% of the data. The
threshold for the accuracy measures was determined using the
ROCR package [52]. Using the top model by predictive accuracy,
we estimated proportions of close contacts between all pairs (n =
7503), including individuals who did not wear a GPS at the same
time, by using the VI of each dyad’s complete UD, instead of the
subset VI used to build the model.

2.2.6. Simulated close-contact network
We then multiplied the 1000 simulated interaction matrices
derived from the ERGM by the interaction matrix derived from
the GLM to weight the probability of edge presence by the
expected contact rates. This resulted in a distribution of 1000
full close-contact networks.

2.2.7. Environmental overlap network
To determine the co-use of different land-use areas, and thus
sites of potential transmission of environmental pathogens, we
classified the habitat around the village from satellite imagery.
We searched for low cloud cover (0–5%) Sentinel-2 satellite ima-
gery over the area of interest from October 2019 to October 2020.
We used a 10-m-resolution image dated 14 July 2020 and built a
composite image using the first nine bands. Areas within and
immediately surrounding the village, large rice fields and
water sources (priority areas) were manually divided into poly-
gons based on land-cover type. Rice fields and water sources are
permanent, although there may be slight seasonal variation in
their size. Additional training samples were then created for
each of seven land-use categories (primary forest, secondary
forest, rice, brushy regrowth, village, water and bare ground)
and were used to perform supervised classification of the rest
of the landscape using a support vector machine model in
ArcGIS Pro (v. 2.5.0). An accuracy assessment performed on
the pre-converted raster showed 84% accuracy (κ = 0.785,
n = 500 points generated from stratified random sampling). We
also verified accuracy by investigating the land-type composition
using polygons created by visiting discrete land-cover areas
(i.e. a rice field or secondary forest patch) and creating GPS
traces of their perimeter. Results showed that, on average, 89%
of the area covered by rice polygons was classified as rice, and
93% of the area in secondary forest polygons was classified as
such (electronic supplementary material, table S2).

We created discrete land-use areas by overlaying a grid with
cells sized 30 × 30 m over the study area. For each grid cell, we
counted the number of pixels that were classified as each land-
cover class and calculated the proportion of each individual’s
home range (95% UD) that was spent within each grid cell using
the exact_extract function in the exactextractr package [53]. To control
for the random effect of the grid position, we repeated this process
nine times, shifting the grid location by 10 m each time to cover all
unique grid locations, then took the average values for each grid
cell. We then created a bipartite network of individuals and grid
cells, using time spent in a location (proportion of UD) as edge
weights; therefore, interactions were scaled to the time a person
was exposed to that substrate. This network was then divided into
subsets by land-use category (rice, water and village) to aid in
describing shared habitats relevant to the transmission modes of
different pathogens. Finally, we created a unipartite projection of
individuals connected by shared polygon spaces weighted by the
sum of the product of the dyad’s UD proportions in each grid cell.
2.3. Statistical analysis
For all network-wide comparisons, we used igraph functions:
is.connected, diameter, average.path.length, reciprocity, graph.density,
transitivity and modularity [36,54–57]. We compared modularity
between all the networks to assess the overall modularity of each
network, with communities detected via the Louvain method
[58]. To compare individuals’ positions on each network, we calcu-
lated their eigenvector (Pagerank for the directed naming network),
strength and betweenness centrality on each network [10,55,59–61].
To calculate these statistics for the close-contact network, we calcu-
lated the aforementioned metrics on each of the 1000 simulated
networks and used the median values for further analysis. We
then investigated correlations among centrality metrics on these
networks using Spearman’s rank correlation test. We used the Wil-
coxon rank-sum test to investigate differences in edge weights
between dyads who did not name each other, named each other
and reciprocally named each other. For the close-contact network
edge weight comparison, we used the mean predicted edge
weights. For all tests, the alpha level was 0.05.
3. Results
The demographic profiles of those who did and did not wear
GPS devices were similar (table 1). Of those named in the
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survey, 40.4% (n = 301) were female, which was comparable
to our surveyed (38.1%, n = 67) and GPS-wearing subpopu-
lations (44.7%, n = 55). The mean age of survey participants
was 41.8 ± 15.1 years and that of participants who chose to
wear a GPS was 44.3 ± 15.4 years. The ages of participants
in both groups ranged from 18 to 82 years. Farming was
the reported main activity of 98.3% of survey participants
(n = 173) and 97.6% of participants who chose to wear a
GPS (n = 120). Education attainment of survey participants
was similar to that of participants who chose to wear a
GPS with, respectively, 60.8% (n = 107) and 56.9% (n = 70)
having up to a primary education and 33.5% (n = 59) and
35.8% (n = 44) having a secondary or higher education.

3.1. Imputing the close-contact network
Edges in the close-contact network were best predicted by the
ERGM that includes the covariates VI of the dyad’s home
range at night and during the day, the interaction of the dis-
tance between their houses and if they lived less than 25 m
apart, gender match and age difference, along with the struc-
tural terms edges, GWESP and GWNSP. The chosen model
had a sensitivity of 0.54, specificity of 0.89 and accuracy of
0.78 (electronic supplementary material, table S1). Among
the 1000 simulated networks, 6.49% (n = 474) of edges were
present in every simulation and 1.63% (n = 125) of edges
were not present in any simulations. A model containing
edges, the undirected full naming network, if their naming
was reciprocated, house distance, GWESP and GWNSP had
a 16.2 point lower AIC. However, the edge predictions were
highly correlated with those of the model not containing
the naming data (Spearman’s ρ = 0.97222, p < 0.001; electronic
supplementary material, table S1), so we used the model
without naming data in further analyses.

Proximity was best explained by the GLM that included
the cube root of the VI of the home ranges (95%), the cube
root of the VI of the core-use area (50%), the distance between
individuals’ houses and the gender match term. Models (n =
3) containing the above predictors and either the difference in
age between individuals, if individuals lived within 25 m of
each other, or the number of times individuals named each
other also had substantial support (ΔAIC < 2). The chosen
model was the simplest, and all predictors were present in
all the other models with substantial support. This model
has a sensitivity of 0.88, specificity of 0.75 and accuracy of
0.80 using a threshold of 0.0016, which is equivalent to
slightly less than one contact per day (0.768).

3.2. Network-wide comparisons
The resulting full naming network for the 123 individuals
who wore a GPS is shown in figure 1 and electronic supple-
mentary material, figure S1a. This network is disconnected
because four individuals were named by survey participants
who did not wear a GPS, and they subsequently named
individuals who either did not wear a GPS or were not sur-
veyed. The close-contact network was strongly connected
in 13.2% (132/1000) of simulations; the mean network is
shown in figure 1 and electronic supplementary material,
figure S1b.

The entire environmental overlap network (figure 1 and
electronic supplementary material, figure S1c) was strongly
connected, and the flooded rice fields environmental overlap
network (figure 1 and electronic supplementary material,
figure S1d) had four disconnected nodes. We would expect
environmentally transmitted pathogens to potentially
spread most quickly on the environmental overlap networks
because of the relatively high transitivity and low modularity
of these networks (table 3) [62]. However, when the bipartite
nature of these networks is taken into account, the modular-
ity of the flooded rice field overlap network increases
substantially from 0.55 to 0.75, demonstrating the importance
of incorporating locations into networks of shared land use
(electronic supplementary material, table S3).

The modularity of the close-contact network (0.63 ± 0.003)
is higher than the unipartite projection of the flooded rice
field network but lower than its bipartite projection
(table 3). The naming network has the lowest density (0.02)
and transitivity (0.16) and the highest modularity (0.71);
thus, we would expect pathogens to transmit more slowly
using this network alone. Descriptions of the bipartite
environmental overlap and all naming networks based on
subsets of the questions (whom you spend your free time
with, whom you help and who helps you in their/your
field, whom you help and who helps you if they/you need
food) can be found in the electronic supplementary material,
table S3.

3.3. Correlations in centrality
Correlations in eigenvector centrality (Pagerank for directed
naming network) ranged from −0.21 to 0.72. Strength central-
ity (degree for directed naming network) correlations ranged
from −0.21 to 0.73 and betweenness centrality ranged from −
0.09 to 0.19. Spearman rank correlations were low when com-
paring the measures of centrality on the close-contact and
environmental networks with centrality on the naming net-
work (figure 1). The mean of the absolute values of the
correlation coefficient (ρ) was 0.13 ± 0.07 (range 0.005–0.24).
Pagerank centrality on the naming network was significantly
correlated with eigenvector centrality on the entire environ-
mental network (0.19, p = 0.03) and close-contact network
(0.20, p = 0.03). Betweenness centrality on the naming net-
work was significantly correlated with betweenness
centrality on the close-contact network (0.19, p = 0.04) and
betweenness centrality (0.19, p = 0.027) and strength central-
ity (0.23, 0.01) on the rice fields environmental network.
Degree on the naming network was correlated with between-
ness on the close-contact network (0.24, p = 0.01) and strength
on the rice network (0.23, p = 0.01).

We consider individuals with the highest centrality (top
10%) for each centrality metric by network as the potential
superspreaders on the given network. Across all metrics
and networks, 58% (71/123) of individuals were identified
as a potential superspreader at least once. Of those 71 indi-
viduals, 23 individuals are particularly strong suspects for
being potential superspreaders because they were high-
centrality individuals on two (n = 18, 25%) or three (n = 5,
7%) networks regardless of which centrality metric was used.

3.4. Reciprocal naming and edge weights
Each of our networks with 123 nodes inherently includes
7503 dyads (e.g. possible edges). The full naming network
consists of 176 edges where only one individual in a dyad
named the other (named edge) and 66 edges where both indi-
viduals in the dyad named each other (reciprocated edge),
resulting in a reciprocity of 0.43. Edge weights in the close-
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Figure 1. Workflow schematic and network comparisons. (i) Name-generating surveys were used to form a ‘full naming network’ based on survey questions
regarding free time, help with farming and help with food. (ii) Survey participants also wore a GPS tracker from which we inferred a close-contact network.
Given that participants work GPS trackers at different times, we inferred close contacts (ii.A) using a pseudo-hurdle model (ii.B) where the probability of edge
presence was determined using an ERGM and edge weight was determined using a GLM. We also calculated an environmental overlap network (iii) by first classify-
ing land cover based on GPS imagery (iii.A). We calculated the proportion of time that each person spent in a given grid cell of a given land-cover class (iii.B). We
then used these data to create a bipartite network of all shared spaces (iii.C), as well as a sub-network of flooded rice field co-use to demonstrate land-cover specific
overlap. Finally, we calculated the unipartite projection for each of these environmental overlap networks. Eigenvector (E), betweenness (B) and strength (S) cen-
trality were calculated on all GPS-based networks. Pagerank (P) centrality replaced eigenvector centrality on the naming network to account for edge directionality.
We used Spearman rank correlations (ρ) between the full naming network and each GPS tracker-based network to compare each participant’s relative importance on
each network (§3.3). Significant correlations ( p < 0.05) are indicated by an asterisk. Final network graphs are provided in high resolution in electronic supplemen-
tary material, figure S1.
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contact network were significantly higher if that edge was
named ( p < 0.001) or reciprocated ( p < 0.001) than if it was
not named in the naming network (figure 2a). The close-con-
tact edge weights of reciprocated edges were also
significantly higher than the named edges (p < 0.001;
figure 2a). Edge weights on the entire environmental overlap
network were also significantly higher if named (p < 0.001) or
reciprocated ( p < 0.001) than if not named, but reciprocated
edges did not have a significantly higher weight than non-
reciprocated edges ( p = 0.095; figure 2b). For the flooded
rice field environmental overlap network, edge weights
were significantly higher if the edge was reciprocated than
if it was not named ( p < 0.001) or named ( p = 0.015), but no
significant differences were found between not named and
named edges ( p = 0.51; figure 2c).

We repeated the above comparisons for the specific ques-
tions in table 2, predicting that the free time question (1)
would covary most strongly with the close-contact network
and the farming questions (2 and 3) would covary most
strongly with the flooded rice field environmental overlap
network. We found that on the close-contact network the
greatest difference in mean edges weights (range 9.75 × 10−8

to 1.0) was between the not named and reciprocally named
groups on the food network (questions 4 and 5), with the
mean edges weight of the reciprocated edges being 0.161
higher than the not named edges (p < 0.001). This was fol-
lowed by a difference of 0.114 between the reciprocally
named and not named edges on the free time (question 1)
network ( p < 0.001). On the entire environmental overlap net-
work, the greatest difference in mean edge weights (range
1.88 × 10–13 to 0.138) was again between the reciprocal
named and not named edges on the food network (0.061
higher, p < 0.001), followed by the free time network (0.058,
p < 0.001). Most of the differences in edge weights (range
3.91 × 10−14 to 7.61 × 10−5) among the three groups were not
significant on the flooded rice field overlap network; how-
ever, the greatest significant difference was between
reciprocal named edges and not named edges on the farm
network (6.05 × 10−6, p = 0.0015).

The outliers with high edge weights in the close-contact
and environmental overlap networks that were present (e.g.
not named) on the full naming network were investigated
further. We found across these networks that the outliers had
significantly higher VI of their core-use areas ( p < 0.0001)
than the non-outliers. On the close-contact network, the out-
liers had a mean VI of their 50% UD of 2.56 ± 6.30 compared
with 0.0004 ± 0.014 for the non-outliers. On the entire and
flooded rice environmental overlap networks, the mean VI



Table 3. Network characteristics comparisons.

network diameter average distance density transitivity modularity (Louvain)

full naming network, directed 22 5.2 0.02 0.16 0.71a

close contactb 0.12 ± 0.05 1.77 ± 1.02 0.27 ± 0.01 0.47 ± 0.01 0.63 ± 0.00

environmental, full <0.01 1.03 0.97 0.98 0.54

environmental, rice <0.01 1.41 0.59 0.76 0.55
aCalculated on an undirected network.
bThe mean ± the standard deviation for each of the 1000 simulated close-contact networks.
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was, respectively, 2.90% and 1.17% higher. This aligned with
outliers living on average closer together than non-outliers
( p < 0.001) on the three networks. The mean distance between
houses of outliers was 113 m less than non-outliers on the
close-contact network, on the entire environmental overlap
networkwas 142 m less and on the rice environmental overlap
network was 35 m less. Outliers were also more likely to live
less than 25 m apart from each other than non-outliers ( p <
0.05). No significant differences were found between dyads
of the same gender versus dyads of different genders ( p >
0.05) on the three networks.
4. Discussion
Integrating spatial and social network-based information into
the analysis of disease transmission pathways enables better
prediction of when and where transmission events occur
[63–65]. Our study shows that the networks based on surveys
are not perfectly comparable to GPS-derived networks based
on close contacts and shared space use. We found only weak,
positive correlations between centrality metrics on the differ-
ent networks, and individuals exhibiting the highest
centralities often differ across networks, suggesting that pre-
dictions for superspreading potential would also vary
[4,5,12,13]. Yet we also discovered that naming and reciprocal
naming within a dyad predicted significantly higher edge
weights in the corresponding close-contact and entire
environmental overlap networks (figure 2), demonstrating
that some signatures of strong connections based on social
surveys also predict transmission-relevant overlap. The con-
nections identified in the social network were important on
the close-contact and environmental transmission potential
networks. However, the structure of these networks was
not fully captured using the social network surveys
owing to many missed strong and weak connections. The
structural differences between these networks highlight the
importance of GPS tracker data to capture direct interactions
between people and indirect interactions via the co-use of
spaces that are relevant to pathogen transmission [63,66].

Identifying dyads who showed discordant connections in
survey and GPS data provides insight into the contact hetero-
geneities that are captured by GPS-based networks. We
found that individuals with a high degree of overlap who
did not name each other were more closely associated with
each other spatially, as measured by a high VI of their core-
use areas (50% UD) and living closer together. We expect
transmission potential within a household to be high and
thus within-household edge weights in all our networks to
be higher. However, given the density of homes in the village
and the accuracy of the GPS tracking devices we used, it is
likely that we also imputed that neighbours had a higher
edge weight on the close-contact network and the entire
environmental overlap network. Reflecting on these findings
given the name-generating questions we asked (table 2), we
suspect that participants were not naming individuals in
their household because the questions asked about circum-
stances in which cohabitants would likely be in the same
circumstance as the participant and therefore not someone
they would go to or would come to them for help. Further-
more, participants might not have listed household
members as people with whom they spend their free time,
instead of naming friends outside of the home.

Previous studies comparing networks as described
by participants based on their social connections or recall
of close contacts are limited in their ability to describe
transmission because numerous weak connections between
individuals are missed [8]. Furthermore, participants’
descriptions of interaction strength are influenced by their
perceptions, as shown by the low reciprocity on our full
naming network (0.43), which is a common phenomenon
on social networks [67]. Spatio-temporal data-based network
studies are limited in that participants need to simul-
taneously wear trackers, and the fix rate, or the resolution
of the tracker, needs to be extremely precise to capture true
contacts (see [42]). We were able to expand the time frame
in which GPS tracker data can be used by implementing
spatial ecology methods to estimate where individuals are
likely to be located. The resulting close-contact network
was much denser and less modular than the full naming net-
work. Likewise, the entire environmental overlap network
and flooded rice field overlap networks were also denser
and less modular. The potential ‘superspreaders’ on these
networks (e.g. high-centrality individuals) were mostly
different across networks, with 18.7% (23/123) of individuals
being identified as a superspreader regardless of the
centrality metric used on more than one network.

To model a specific pathogen of interest additional fac-
tors, such as the effects of the seasonality of pathogen
reservoirs and satellite imagery, resolution and accuracy of
GPS tracker data, and temporal thresholds for contacts
should be considered. The major limitations to our study
arise from participants wearing GPS trackers during different
weeks of the study. To overcome this, we assumed no seaso-
nal variation in our study period and that individuals
exhibited regular movements, or high fidelity, from week to
week, which we tested and found support for by comparing
the VI of individuals’ home ranges between weeks [41]. How-
ever, in doing so, we introduced more uncertainty into our
GPS-based networks. Likewise, our close-contact network
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Figure 2. Edge weights on GPS-derived networks were higher between individuals who named each other in social network surveys. Edge weights connecting individuals
on the (a) close contact, (b) entire environmental and (c) flooded rice field environmental networks were significantly higher when both individuals named one another
(reciprocated) for any of the survey questions. Post hoc comparisons were conducted using the Wilcoxon rank-sum test with an alpha level of 0.05.
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does not provide a description of the actual number of times
a pair of individuals was in close proximity; instead, the net-
work provides a probability that a pair came into contact and
the predicted contact rate. The distance threshold we used to
determine when a dyad was in proximity probably overesti-
mated the contact rates between individuals. Conversely,
the temporal resolution at which GPS fixes were recorded
and removal of erroneous points probably resulted in missing
brief contacts and underestimating the duration of contacts.

Additional limitations are also worth noting. Non-compli-
ance with the use of the GPS created a challenge because it
resulted in excluding days from our analysis. Our exclusion
method based on the area traversed in a calendar day poten-
tially excluded days from our analysis when the participant
was wearing the GPS device and truly not moving from
their house. However, based on observations of daily routines
in rural Madagascar, we are comfortable assuming everyone
leaves their house daily and were able to validate this by
identifying a ‘starburst’ pattern in GPS tracks from those
days, indicating the total area was likely to be due to the scat-
ter of inaccurate GPS points. In addition, a mismatch may
occur between the naming and GPS-based networks because
we collected GPS data during a single season and partici-
pants probably did not limit the people they named during
the survey to the same time frame. Lastly, we only had data
on about 10% of adults living in the village and no children,
who have been identified in other studies as playing an
important role in close-contact transmission [68].
5. Conclusion
Simultaneous spatial and social network data provide a more
complete and more complex framework to study disease
transmission potential and build a framework to investigate
the spatial and social heterogeneities of pathogen transmission
[63]. We have shown that networks representing GPS tracker-
based close contact and environmental overlap in select
land-use areas identify different central individuals and
important connections between individuals, thus capturing
heterogeneities in contact patterns that are relevant to patho-
gen transmission. The many strong and weak connections
that are missed when using survey data alone are likely to
be important to pathogen community structure and trans-
mission. Thus, social network surveys provide context to
understanding disease transmission pathways but do not sub-
stitute for spatial data. Future directions include incorporating
data on the infection status of individuals with directly and
environmentally transmitted pathogens to validate
these networks.

Ethics. The Institutional Review Board (IRB) at Duke University (pro-
tocol no. 2019-0560) and Malagasy Ethics Panel (137 MSNP/SG/
AGMED/CERBM) approved survey protocols used in this study
and required written consent from participants wearing GPS trackers.

Data accessibility. All code is available at https://github.com/Madagas
carEEID/Compare-TPN-Mandena1. Data are available in the elec-
tronic supplementary file; however, location data are unavailable as
they are personally identifiable.

The data are provided in the electronic supplementary
material [69].

Authors’ contributions. K.K.: conceptualization, data curation, formal
analysis, methodology, visualization, writing—original draft and
writing—review and editing; C.S.W.: conceptualization, data cura-
tion, formal analysis, methodology, writing—original draft and
writing—review and editing; G.T.: conceptualization, data
curation, formal analysis, methodology, visualization, writing—
original draft and writing—review and editing; M.P.: data
curation, investigation, project administration, writing—original
draft and writing—review and editing; J.Y.R.: investigation,
methodology, writing—review and editing; J.P.H.: funding acqui-
sition, project administration and writing—review and editing;
J.T.S.: methodology, validation and writing—review and editing;
A.S.: investigation and writing—review and editing; V.S.: project
administration and writing—review and editing; P.T.: method-
ology, writing—original draft and writing—review and editing;

https://github.com/MadagascarEEID/Compare-TPN-Mandena1
https://github.com/MadagascarEEID/Compare-TPN-Mandena1
https://github.com/MadagascarEEID/Compare-TPN-Mandena1


royalsocietypublishing.org/jou

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 M

ay
 2

02
3 
R.K.: conceptualization, funding acquisition, methodology, super-
vision, writing—original draft and writing—review and editing;
J.M.: conceptualization, funding acquisition, methodology, super-
vision, validation, writing—original draft and writing—review
and editing; P.J.M.: conceptualization, funding acquisition, meth-
odology, supervision, validation, writing—original draft and
writing—review and editing; C.N.: conceptualization, funding
acquisition, methodology, project administration, supervision,
writing—original draft and writing—review and editing. All
authors gave final approval for publication and agreed to be
held accountable for the work performed herein.
Competing interests. We declare we have no competing interests.
Funding. Funding was provided by the joint NIH-NSF-NIFA Ecology
and Evolution of Infectious Disease award no. 1R01-TW011493–01
and a Duke University Provost’s Collaboratory grant. This work
was supported in part by the Zuckerman STEM Leadership
Program (J.T.S.).

Acknowledgements. We thank the Duke Lemur Center SAVA Conserva-
tion for logistical support and the Malagasy Ethics Panel for
permission to conduct the research. We greatly appreciate the
community of Mandena for their participation in this study and hos-
pitality. We specifically thank Desire Razafimahatratra for locating
participants and clarifying people’s names.
rnal/rsif
J.
References
R.Soc.Interface
19:20210690
1. Sands P, Mundaca-Shah C, Dzau VJ. 2016 The
neglected dimension of global security–a
framework for countering infectious-disease crises.
N Engl. J. Med. 374, 1281–1287. (doi:10.1056/
NEJMsr1600236)

2. Bansal S, Grenfell BT, Meyers LA. 2007 When
individual behaviour matters: homogeneous and
network models in epidemiology. J. R. Soc. Interface
4, 879–891. (doi:10.1098/rsif.2007.1100)

3. Christley RM, Pinchbeck GL, Bowers RG, Clancy D,
French NP, Bennett R, Turner J. 2005 Infection in
social networks: using network analysis to identify
high-risk individuals. Am. J. Epidemiol. 162,
1024–1031. (doi:10.1093/aje/kwi308)

4. White LA, Forester JD, Craft ME. 2017 Using contact
networks to explore mechanisms of parasite
transmission in wildlife. Biol. Rev. 92, 389–409.
(doi:10.1111/brv.12236)

5. Moody J, Benton RA. 2016 Interdependent effects
of cohesion and concurrency for epidemic potential.
Ann. Epidemiol. 26, 241–248. (doi:10.1016/j.
annepidem.2016.02.011)

6. Vasylyeva TI, Friedman SR, Paraskevis D, Magiorkinis
G. 2016 Integrating molecular epidemiology and
social network analysis to study infectious diseases:
towards a socio-molecular era for public health.
Infect. Genet. Evol. 46, 248–255. (doi:10.1016/j.
meegid.2016.05.042)

7. Emch M, Root ED, Giebultowicz S, Ali M, Perez-
Heydrich C, Yunus M. 2012 Integration of spatial
and social network analysis in disease transmission
studies. Ann. Assoc. Am. Geogr. 102, 1004–1015.
(doi:10.1080/00045608.2012.671129)

8. Stehlé J et al. 2011 Simulation of an SEIR infectious
disease model on the dynamic contact network of
conference attendees. BMC Med. 9, 87. (doi:10.
1186/1741-7015-9-87)

9. Meyers LA. 2006 Contact network epidemiology:
bond percolation applied to infectious disease
prediction and control. Bull. New Ser. Am. Math Soc.
44, 63–87. (doi:10.1090/S0273-0979-06-01148-7)

10. Freeman LC. 1978 Centrality in social networks
conceptual clarification. Soc. Networks 1, 215–239.
(doi:10.1016/0378-8733(78)90021-7)

11. Bonacich P. 1972 Factoring and weighting
approaches to status scores and clique identification.
J. Math Sociol. 2, 113–120. (doi:10.1080/0022250X.
1972.9989806)
12. Pilosof S, Morand S, Krasnov BR, Nunn CL.
2015 Potential parasite transmission in multi-
host networks based on parasite sharing.
PLoS ONE 10, e0117909. (doi:10.1371/journal.pone.
0117909)

13. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM.
2005 Superspreading and the effect of individual
variation on disease emergence. Nature 438,
355–359. (doi:10.1038/nature04153)

14. Newman MEJ, Girvan M. 2004 Finding and
evaluating community structure in networks. Phys.
Rev. E Stat. Nonlin. Soft Matter Phys. 69, 026113.
(doi:10.1103/PhysRevE.69.026113)

15. Griffin RH, Nunn CL. 2012 Community structure and
the spread of infectious disease in primate social
networks. Evol. Ecol. 26, 779–800. (doi:10.1007/
s10682-011-9526-2)

16. Nunn CL, Jordán F, McCabe CM, Verdolin JL, Fewell
JH. 2015 Infectious disease and group size: more than
just a numbers game. Phil. Trans. R. Soc. B 370, 1669.
(doi:10.1098/rstb.2014.0111)

17. Sah P, Leu ST, Cross PC, Hudson PJ, Bansal S. 2017
Unraveling the disease consequences and
mechanisms of modular structure in animal social
networks. Proc. Natl Acad. Sci. USA 114,
4165–4170. (doi:10.1073/pnas.1613616114)

18. Andrianaivoarimanana V et al. 2013 Understanding
the persistence of plague foci in Madagascar. PLoS
Negl. Trop. Dis. 7, e2382. (doi:10.1371/journal.pntd.
0002382)

19. Andrianaivoarimanana V et al. 2019 Trends of
human plague, Madagascar, 1998–2016. Emerg.
Infect. Dis. 25, 220–228. (doi:10.3201/eid2502.
171974)

20. Nimpa MM et al. 2020 Measles outbreak in 2018-
2019, Madagascar: epidemiology and public health
implications. Pan. Afr. Med. J. 35, 84. (doi:10.
11604/pamj.2020.35.84.19630)

21. Makoni M. 2019 Madagascar’s battle for health.
Lancet 393, 1189–1190. (doi:10.1016/S0140-
6736(19)30682-8)

22. Rasambainarivo F et al. 2021 Monitoring for
outbreak-associated excess mortality in an African
city: detection limits in Antananarivo, Madagascar.
Int. J. Infect. Dis. 103, 338–342. (doi:10.1016/j.ijid.
2020.11.182)

23. Guillebaud J et al. 2018 Study on causes of fever in
primary healthcare center uncovers pathogens of public
health concern in Madagascar. PLoS Negl. Trop. Dis. 12,
e0006642. (doi:10.1371/journal.pntd.0006642)

24. Rabemananjara HA et al. 2020 Human exposure to
hantaviruses associated with rodents of the Murinae
subfamily, Madagascar. Emerg. Infect. Dis. 26,
587–590. (doi:10.3201/eid2603.190320)

25. Randremanana RV, Razafindratsimandresy R,
Andriatahina T, Randriamanantena A,
Ravelomanana L, Randrianirina F, Richard V. 2016
Etiologies, risk factors and impact of severe diarrhea
in the under-fives in Moramanga and Antananarivo,
Madagascar. PLoS ONE 11, e0158862. (doi:10.1371/
journal.pone.0158862)

26. Herrera JP, Wickenkamp NR, Turpin M, Baudino F,
Tortosa P, Goodman SM, Soarimalala V, Ranaivoson
TN, Nunn CL. 2020 Effects of land use, habitat
characteristics, and small mammal community
composition on Leptospira prevalence in northeast
Madagascar. PLoS Negl. Trop. Dis. 14, e0008946.
(doi:10.1371/journal.pntd.0008946)

27. Caraco T, Cizauskas CA, Wang IN. 2016
Environmentally transmitted parasites: host-
jumping in a heterogeneous environment.
J. Theor. Biol. 397, 33–42. (doi:10.1016/j.jtbi.2016.
02.025)

28. Woodroffe R, Donnelly CA, Ham C, Jackson SYB,
Moyes K, Chapman K, Stratton NG, Cartwright SJ.
2016 Badgers prefer cattle pasture but avoid cattle:
implications for bovine tuberculosis control. Ecol.
Lett. 19, 1201–1208. (doi:10.1111/ele.12654)

29. Robertson C, Nelson TA, MacNab YC, Lawson AB.
2010 Review of methods for space–time disease
surveillance. Spat. Spatiotemporal Epidemiol. 1,
105–116. (doi:10.1016/j.sste.2009.12.001)

30. Adams J, Faust K, Lovasi GS. 2012 Capturing
context: integrating spatial and social network
analyses. Soc. Networks 34, 1–5. (doi:10.1016/j.
socnet.2011.10.007)

31. Herrera JP, Rabezara JY, Ravelomanantsoa NAF,
Metz M, France C, Owens A, Pender M, Nunn CL,
Kramer R. 2021 Food insecurity related to
agricultural practices and household characteristics
in rural communities of northeast Madagascar. Food
Security 13, 1393–1405.

32. Naderifar M, Goli H, Ghaljaie F. 2017 Snowball
sampling: a purposeful method of sampling in
qualitative research. Strides Dev. Med. Educ. 14, 3.
(doi:10.5812/sdme.67670)

http://dx.doi.org/10.1056/NEJMsr1600236
http://dx.doi.org/10.1056/NEJMsr1600236
http://dx.doi.org/10.1098/rsif.2007.1100
http://dx.doi.org/10.1093/aje/kwi308
http://dx.doi.org/10.1111/brv.12236
http://dx.doi.org/10.1016/j.annepidem.2016.02.011
http://dx.doi.org/10.1016/j.annepidem.2016.02.011
http://dx.doi.org/10.1016/j.meegid.2016.05.042
http://dx.doi.org/10.1016/j.meegid.2016.05.042
http://dx.doi.org/10.1080/00045608.2012.671129
http://dx.doi.org/10.1186/1741-7015-9-87
http://dx.doi.org/10.1186/1741-7015-9-87
http://dx.doi.org/10.1090/S0273-0979-06-01148-7
http://dx.doi.org/10.1016/0378-8733(78)90021-7
http://dx.doi.org/10.1080/0022250X.1972.9989806
http://dx.doi.org/10.1080/0022250X.1972.9989806
http://dx.doi.org/10.1371/journal.pone.0117909
http://dx.doi.org/10.1371/journal.pone.0117909
http://dx.doi.org/10.1038/nature04153
http://dx.doi.org/10.1103/PhysRevE.69.026113
http://dx.doi.org/10.1007/s10682-011-9526-2
http://dx.doi.org/10.1007/s10682-011-9526-2
http://dx.doi.org/10.1098/rstb.2014.0111
http://dx.doi.org/10.1073/pnas.1613616114
http://dx.doi.org/10.1371/journal.pntd.0002382
http://dx.doi.org/10.1371/journal.pntd.0002382
http://dx.doi.org/10.3201/eid2502.171974
http://dx.doi.org/10.3201/eid2502.171974
http://dx.doi.org/10.11604/pamj.2020.35.84.19630
http://dx.doi.org/10.11604/pamj.2020.35.84.19630
http://dx.doi.org/10.1016/S0140-6736(19)30682-8
http://dx.doi.org/10.1016/S0140-6736(19)30682-8
http://dx.doi.org/10.1016/j.ijid.2020.11.182
http://dx.doi.org/10.1016/j.ijid.2020.11.182
http://dx.doi.org/10.1371/journal.pntd.0006642
http://dx.doi.org/10.3201/eid2603.190320
http://dx.doi.org/10.1371/journal.pone.0158862
http://dx.doi.org/10.1371/journal.pone.0158862
http://dx.doi.org/10.1371/journal.pntd.0008946
http://dx.doi.org/10.1016/j.jtbi.2016.02.025
http://dx.doi.org/10.1016/j.jtbi.2016.02.025
http://dx.doi.org/10.1111/ele.12654
http://dx.doi.org/10.1016/j.sste.2009.12.001
http://dx.doi.org/10.1016/j.socnet.2011.10.007
http://dx.doi.org/10.1016/j.socnet.2011.10.007
https://doi.org/10.5812/sdme.67670


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20210690

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 M

ay
 2

02
3 
33. Mohanan M, Thirumurthy H, Rajan VS. 2018
Mobilizing communities for a healthier future: impact
evaluation of social accountability interventions in
Uttar Pradesh. Washington, DC: The World Bank.
See http://documents.worldbank.org/curated/en/
340831537776397782/Mobilizing-Communities-for-
a-Healthier-Future-Impact-Evaluation-of-Social-
Accountability-Interventions-in-Uttar-Pradesh-India.

34. Morris G, Conner ML. 2017 Assessment of accuracy,
fix success rate, and use of estimated horizontal
position error (EHPE) to filter inaccurate data
collected by a common commercially available GPS
logger. PLoS ONE 12, e0189020. (doi:10.1371/
journal.pone.0189020)

35. R Core Team. 2021 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https://
www.R-project.org/.

36. Csardi G, Nepusz T. 2006 The igraph software
package for complex network research. InterJournal
Complex Syst. 1695, 1–9.

37. Mohr CO. 1947 Table of equivalent populations of
North American small mammals. Am. Midland
Naturalist 37, 223. (doi:10.2307/2421652)

38. Calenge C. 2006 The package ‘adehabitat’ for the R
software: a tool for the analysis of space and
habitat use by animals. Ecol. Model 197, 516–519.
(doi:10.1016/j.ecolmodel.2006.03.017)

39. Kranstauber B, Kays R, Lapoint SD, Wikelski M, Safi
K. 2012 A dynamic Brownian bridge movement
model to estimate utilization distributions for
heterogeneous animal movement. J. Anim. Ecol. 81,
738–746. (doi:10.1111/j.1365-2656.2012.01955.x)

40. Kranstauber B, Smolla M, Scharf AK. 2020
Visualizing and analyzing animal track data [R
package move version 4.0.2]. Comprehensive R
archive network (CRAN). See https://CRAN.R-project.
org/package=move.

41. Fieberg J. 2005 Kochanny quantifying home-range
overlap: the importance of the utilization distribution.
J. Wildl. Manage. 69, 1346–1359. (doi:10.2193/0022-
541X(2005)69[1346:QHOTIO]2.0.CO;2)

42. Farthing TS, Dawson DE, Sanderson MW, Lanzas C.
2020 Accounting for space and uncertainty in
real-time location system-derived contact
networks. Ecol. Evol. 10, 4702–4715. (doi:10.1002/
ece3.6225)

43. Robins G, Pattison P, Kalish Y, Lusher D. 2007 An
introduction to exponential random graph (p*)
models for social networks. Soc. Networks 29,
173–191. (doi:10.1016/j.socnet.2006.08.002)
44. Holland PW, Leinhardt S. 1981 An exponential
family of probability distributions for directed
graphs. J. Am. Stat. Assoc. 76, 33–50. (doi:10.1080/
01621459.1981.10477598)

45. Wasserman S, Pattison P. 1996 Logit models and
logistic regressions for social networks: an
introduction to Markov graphs. Psychometrika 61,
401–425. (doi:10.1007/BF02294547)

46. Hunter DR, Handcock MS, Butts CT, Goodreau SM,
Morris M. 2008 ergm: a package to fit, simulate and
diagnose exponential-family models for networks.
J. Stat. Softw. 24, nihpa54860. (doi:10.18637/jss.v024.
i03)

47. Handcock M, Hunter D, Butts C, Goodreau S,
Krivitsky P, Morris M. 2020 ergm: fit, simulate and
diagnose exponential-family models for networks.
See https://statnet.org. R package version 3.11.0,
see https://CRAN.R-project.org/package=ergm.

48. Raftery AE, Lewis SM. 1995 The number of
iterations, convergence diagnostics and generic
Metropolis algorithms. Practical Markov Chain Monte
Carlo 7, 763–773.

49. Wang C, Butts CT, Hipp JR, Jose R, Lakon CM. 2016
Multiple imputation for missing edge data: a
predictive evaluation method with application to
Add Health. Soc. Networks 45, 89–98. (doi:10.1016/
j.socnet.2015.12.003)

50. Dunn P, Smyth G. 2014 Generalized linear
models. Berlin, Germany: Springer.

51. Barton K. 2020 MuMIn: multi-model inference
(Version R package version 1.43. 17).

52. Sing T, Sander O, Beerenwinkel N, Lengauer T. 2005
ROCR: visualizing classifier performance in R.
Bioinformatics 21, 3940–3941. (doi:10.1093/
bioinformatics/bti623)

53. Baston D. 2020 Fast extraction from raster datasets
using polygons [R package exactextractr version
0.5.1]. See https://CRAN.R-project.org/package=
exactextractr.

54. Wasserman S, Faust K. 1994 Social network analysis:
methods and applications. Cambridge, UK:
Cambridge University Press.

55. Barrat A, Barthelemy M, Pastor-Satorras R,
Vespignani A. 2004 The architecture of
complex weighted networks. Proc. Natl Acad.
Sci. USA 101, 3747–3752. (doi:10.1073/pnas.
0400087101)

56. Clauset A, Newman MEJ, Moore C. 2004 Finding
community structure in very large networks. Phys.
Rev. E Stat. Nonlin. Soft Matter Phys. 70, 066111.
(doi:10.1103/PhysRevE.70.066111)
57. West DB. 1996 Introduction to graph theory. Upper
Saddle River, NJ: Prentice Hall.

58. Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E.
2008 Fast unfolding of communities in large
networks. J. Stat. Mech 2008, P10008. (doi:10.
1088/1742-5468/2008/10/P10008)

59. Bonacich P. 1987 Power and centrality: a family of
measures. Am. J. Sociol. 92, 1170–1182. (doi:10.
1086/228631)

60. Brin S, Page L. 1998 The anatomy of a large-scale
hypertextual Web search engine. Comp. Networks
ISDN Syst. 30, 107–117. (doi:10.1016/S0169-
7552(98)00110-X)

61. Brandes U. 2001 A faster algorithm for betweenness
centrality. J. Math Sociol. 25, 163–177. (doi:10.
1080/0022250X.2001.9990249)

62. Gómez JM, Verdú M. 2017 Network theory may
explain the vulnerability of medieval human
settlements to the Black Death pandemic. Sci. Rep.
7, 43467. (doi:10.1038/srep43467)

63. Albery GF, Kirkpatrick L, Firth JA, Bansal S. 2020
Unifying spatial and social network analysis in
disease ecology. J. Anim. Ecol. 1, 45–61.

64. Manlove K, Aiello C, Sah P, Cummins B, Hudson PJ,
Cross PC. 2018 The ecology of movement and
behaviour: a saturated tripartite network for
describing animal contacts. Proc. R. Soc. B 285,
20180670. (doi:10.1098/rspb.2018.0670)

65. Silk MJ, Croft DP, Delahay RJ, Hodgson DJ,
Boots M, Weber N, McDonald RA. 2017 Using
social network measures in wildlife disease
ecology, epidemiology, and management.
Bioscience 67, 245–257. (doi:10.1093/biosci/
biw175)

66. Onnela JP, Saramäki J, Hyvönen J, Szabó G, Lazer D,
Kaski K, Kertész J, Barabási AL. 2007 Structure and
tie strengths in mobile communication networks.
Proc. Natl Acad. Sci. USA 104, 7332–7336. (doi:10.
1073/pnas.0610245104)

67. Hammer M. 1985 Implications of behavioral and
cognitive reciprocity in social network data. Soc.
Networks 7, 189–201. (doi:10.1016/0378-
8733(85)90005-X)

68. Mossong J et al. 2008 Social contacts and mixing
patterns relevant to the spread of infectious
diseases. PLoS Med. 5, e74. (doi:10.1371/journal.
pmed.0050074)

69. Kauffman K et al. 2022 Comparing transmission
potential networks based on social network surveys,
close contacts and environmental overlap in rural
Madagascar. FigShare.

http://documents.worldbank.org/curated/en/340831537776397782/Mobilizing-Communities-for-a-Healthier-Future-Impact-Evaluation-of-Social-Accountability-Interventions-in-Uttar-Pradesh-India
http://documents.worldbank.org/curated/en/340831537776397782/Mobilizing-Communities-for-a-Healthier-Future-Impact-Evaluation-of-Social-Accountability-Interventions-in-Uttar-Pradesh-India
http://documents.worldbank.org/curated/en/340831537776397782/Mobilizing-Communities-for-a-Healthier-Future-Impact-Evaluation-of-Social-Accountability-Interventions-in-Uttar-Pradesh-India
http://documents.worldbank.org/curated/en/340831537776397782/Mobilizing-Communities-for-a-Healthier-Future-Impact-Evaluation-of-Social-Accountability-Interventions-in-Uttar-Pradesh-India
http://documents.worldbank.org/curated/en/340831537776397782/Mobilizing-Communities-for-a-Healthier-Future-Impact-Evaluation-of-Social-Accountability-Interventions-in-Uttar-Pradesh-India
http://dx.doi.org/10.1371/journal.pone.0189020
http://dx.doi.org/10.1371/journal.pone.0189020
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://dx.doi.org/10.2307/2421652
http://dx.doi.org/10.1016/j.ecolmodel.2006.03.017
http://dx.doi.org/10.1111/j.1365-2656.2012.01955.x
https://CRAN.R-project.org/package=move
https://CRAN.R-project.org/package=move
https://CRAN.R-project.org/package=move
https://doi.org/10.2193/0022-541X(2005)69[1346:QHOTIO]2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)69[1346:QHOTIO]2.0.CO;2
http://dx.doi.org/10.1002/ece3.6225
http://dx.doi.org/10.1002/ece3.6225
http://dx.doi.org/10.1016/j.socnet.2006.08.002
http://dx.doi.org/10.1080/01621459.1981.10477598
http://dx.doi.org/10.1080/01621459.1981.10477598
http://dx.doi.org/10.1007/BF02294547
https://doi.org/10.18637/jss.v024.i03
https://doi.org/10.18637/jss.v024.i03
https://statnet.org
https://statnet.org
https://CRAN.R-project.org/package=ergm
https://CRAN.R-project.org/package=ergm
http://dx.doi.org/10.1016/j.socnet.2015.12.003
http://dx.doi.org/10.1016/j.socnet.2015.12.003
http://dx.doi.org/10.1093/bioinformatics/bti623
http://dx.doi.org/10.1093/bioinformatics/bti623
https://CRAN.R-project.org/package=exactextractr
https://CRAN.R-project.org/package=exactextractr
https://CRAN.R-project.org/package=exactextractr
http://dx.doi.org/10.1073/pnas.0400087101
http://dx.doi.org/10.1073/pnas.0400087101
http://dx.doi.org/10.1103/PhysRevE.70.066111
http://dx.doi.org/10.1088/1742-5468/2008/10/P10008
http://dx.doi.org/10.1088/1742-5468/2008/10/P10008
http://dx.doi.org/10.1086/228631
http://dx.doi.org/10.1086/228631
http://dx.doi.org/10.1016/S0169-7552(98)00110-X
http://dx.doi.org/10.1016/S0169-7552(98)00110-X
http://dx.doi.org/10.1080/0022250X.2001.9990249
http://dx.doi.org/10.1080/0022250X.2001.9990249
http://dx.doi.org/10.1038/srep43467
http://dx.doi.org/10.1098/rspb.2018.0670
http://dx.doi.org/10.1093/biosci/biw175
http://dx.doi.org/10.1093/biosci/biw175
http://dx.doi.org/10.1073/pnas.0610245104
http://dx.doi.org/10.1073/pnas.0610245104
http://dx.doi.org/10.1016/0378-8733(85)90005-X
http://dx.doi.org/10.1016/0378-8733(85)90005-X
http://dx.doi.org/10.1371/journal.pmed.0050074
http://dx.doi.org/10.1371/journal.pmed.0050074

	Comparing transmission potential networks based on social network surveys, close contacts and environmental overlap in rural Madagascar
	Introduction
	Methods
	Data collection
	Data preparation
	Social ‘naming’ network
	GPS data preparation
	Close-contact networks
	Exponential random graph model-based edge imputation
	General linear mixed model edge weights
	Simulated close-contact network
	Environmental overlap network

	Statistical analysis

	Results
	Imputing the close-contact network
	Network-wide comparisons
	Correlations in centrality
	Reciprocal naming and edge weights

	Discussion
	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


