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Plague, the zoonotic vector-borne disease caused by the bacterium
Yersinia pestis, shows seasonal infection patterns across the Central
Highlands of Madagascar. The disease persists within a complex
ecological network involving host and vector species, all influenced
by climate. Due to this complexity, links between climate, Y. pestis
ecology and human infection remain incomplete. This study developed
microclimate-based models to assess climatic impacts on growth cycles
of plague vectors Xenopsylla cheopis and Synopsyllus fonquerniei. Using
microclimatic modelling, the vector development index (VDI) was
calculated to estimate annual developmental phases for each flea species.
The uncorrected VDI suggested that development rates were highly
variable for X. cheopis compared to S. fonquerniei, which shows greater
temporal consistency. Elevated VDI slopes, representing an increased rate
of vector development, correlated with plague cases across 61.8-14.7%
of areas, implying possible climatic influence on vector-driven disease
cycles. However, these associations were not maintained after adjusting
modelled temperatures using limited field validation. These findings
highlight the complex interactions between climate, vector dynamics and
Y. pestis transmission, and emphasize the need for further investigation
into burrow microclimates and their seasonal epidemiological roles.

1. Introduction

Yersinia pestis, the bacterium that causes the acute febrile disease known
as plague, occupies a prominent place in human history, having claimed
tens of millions of lives through periodic pandemics, and is arguably the

© 2026 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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most dangerous bacterial pathogen that humans have ever had to face. In 2006, the World Health Organization (WHO) n
classified Y. pestis as a re-emergent pathogen primarily due to an increase in infection rates across Africa [1,2]. Madagascar
records the highest annual number of human plague cases globally [3] with a permanent reservoir cycling between human and
wildlife populations [4,5]. Seasonal outbreaks and high fatality rates highlight the susceptibility of vulnerable groups of the
Madagascan population to the disease [6]. When considered in the context of the speed of transmission, high level of virulence
and extremely rapid time to death, the importance of understanding factors that may facilitate the zoonotic transmission of Y.
pestis from wildlife reservoirs to human populations is paramount.

Wildlife reservoirs and human populations in the rural areas of the Central Madagascan Highlands experience seasonal
fluctuations in Y. pestis infections [7,8] above 800 m above sea level, with further cases occasionally reported in the north and
on the west coast of the island [9,10]. Human plague cases normally occur during the warm and rainy season from September
to March, although in recent years, cases have been reported in August [11]. The beginning of the plague season is thought
to follow a period of low host species abundance and coincides with high abundance of adult fleas of the endemic species
Synopsyllus fonquerniei [7,11-13].

The geographical isolation of the disease in the Central Highlands is probably due to the infection and transmission of
specific host and vector species. The timing of vector development is thought to be pivotal to the timing of the plague
season, as bubonic plague infections are caused by a Y. pestis-infected flea bite. The black rat (Rattus rattus) is considered
the primary host, although other species such as the brown rat (Rattus norvegicus) and the Asian shrew (Suncus murinus),
as well as endemic species such as the forest-dwelling Tenrecinae subfamily, have also tested seropositive for Y. pestis
[14-16]. A range of flea species parasitize these hosts, but Xenopsylla cheopis and S. fonquerniei are those most commonly
found to be infected with Y. pestis and hence considered key to the maintenance of Y. pestis [4,7,9,10,16]. The primary
vector of Y. pestis globally is X. cheopis, while S. fonquerniei is endemic to Madagascar [9,10,17]. Due to its temperature
tolerances, S. fonquerniei is confined to the Central Highlands and may be an important factor in limiting the spread of Y.
pestis beyond the endemic regions [9].

Climate may influence the incidence of Y. pestis infections in humans and host species globally [18,19], and in Madagascar,
human plague incidence is correlated with regional climate drivers such as El Nifio-Southern Oscillation and Indian Ocean
Dipole [12]. However, host and vector species in their micro-habitats do not experience broad-scale climate phenomena directly
but through micro-habitats that may differ from the broader macroclimate [20]. Developmental rates of S. fonquerniei and
X. cheopis depend on temperature and humidity, thus the conditions to which these species are exposed in the wild could
predict their respective population dynamics [21]. Both species” pre-imaginal development occurs in rodent burrows, which are
somewhat protected from changes in ambient temperatures [22]. The temperature of a burrow is a depth-dependent weighting
of above-ground temperature and soil temperatures [23]. In the Central Highlands, burrow temperature and humidity vary
throughout the dry and wet seasons (17-22°C, 65-81% and 23-28°C, 84-94%, respectively) [24], while burrows within human
dwellings, which are preferred by X. cheopis, are generally found to be warmer and dryer with less variation; this coincides
with a limited seasonal variation of X. cheopis abundance [25,26]. This suggests that the population dynamics of this species
may not impact the timing of human plague seasonality [7]. In contrast, the maximum abundance of S. fonquerniei is observed
in October/September, after a prolonged period of development throughout the cooler dry season (May-September) when
both humidity and burrow temperature are low [25]. As such, this maximum abundance coincides with the beginning of the
human plague infection season in the Central Highlands [7]. Together, these patterns suggest that both the distribution and the
seasonality of human plague infection in Madagascar may be strongly dependent on the temperature and humidity sensitivity
of S. fonquerniei.

The dynamics of host and vector species and microclimate in combination mediate the seasonal fluctuation of Y. pestis
infections across Madagascar [5]. Thus, understanding the mechanisms that link the abiotic variables, the dynamics of all these
species, and Y. pestis is key to understanding the spatio-temporal distribution of plague across Madagascar. However, the
complexity of the plague—climate nexus has made it difficult to identify the mechanisms that contribute to observed climate
and plague correlations [12,27], and relying on macroclimate models to predict microclimate is limited as they operate at higher
spatio-temporal scale and fail to account for subtle variations such as ground temperatures below seasonal vegetation [28].
Fortunately, microclimates can be surveyed using localized climatic monitoring and modelling [29-31] and then used in vector
disease studies that enable predictions of vector population dynamics that reflect biologically relevant microclimatic conditions
[21,32].

Here, we model spatio-temporal rates of plague vector development as a function of microclimate variation across the
Central Highlands from 2014 to 2020. We then test the hypothesized relationship between vector development, particularly of S.
fonquerniei, and human plague infection by determining whether the timing and location of human plague cases have been more
likely to occur when conditions have been favourable for vector development.
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2. Methods
(a) Study area

We focus on the Central Highlands of Madagascar (approx. 170000 km? figure 1) and consider two administration levels:
districts and communes. Microclimate data were obtained from the Ambositra, Antsirabe and Ankazobe districts and weather
station data from Ankazobe and Antananarivo. Human plague case data included information from across Madagascar, which
we subset to include only data from the Central Highlands.
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Figure 1. The Central Highlands of Madagascar, and the area of data validation. Grey shading is used to show altitudes above 800 m; the dashed line denotes the
Central Highlands. The expanded area of interest map shows key cities, district boundaries and locations of micro- and macroclimatic validation.

(b) Microclimate modelling and validation

The open-source mechanistic microclimate model microclimf (https://github.com/ilyamaclean/microclimf) was used to model the
below-ground temperature at a depth of 15 cm to represent burrows inhabited by R. rattus. microclimf is part of a suite of
microclimate modelling packages including microclima [31] and microclimc [33], with functionality shared across all 3. microclimf
was developed specifically for computational efficiency across large spatial extents while further refining the method used for
quantifying heat and vapour transfer below the canopy [34].

Meteorological and environmental data, including temperature, humidity, precipitation, land cover and soil texture
classification, were used as inputs for the microclimf model (figure 2). These data were derived from ERA5 climate reanalysis,
MODIS land cover and iSDA soil databases, ensuring compatibility with the model’s requirements through specific transfor-
mations [35-37] (electronic supplementary material, text S1). Validation of the macroclimatic data was conducted with field
measurements from two weather stations, recording data at a 15 min resolution since installation (July 2023 to present).
Microclimate measurements were recorded from 15 sites across the Central Highlands using a combination of TOMST TMS-4
loggers and Easy Log data loggers (EL USB-2, Lascar Electronics) at a resolution of 15 and 30 min, respectively, across 24 h data
collection periods at each site (figure 1; electronic supplementary material, text S2 and figure S1).

(c) Modelling vector development

We used methods adapted from Kafle et al. [38] to transform the microclimatic model to a temporal model of vector develop-
ment, which we refer to as the vector development index (VDI). This VDI represents the count of pre-imaginal (larval and
pupal) development cycles a vector could complete within a set amount of time, given the climatic conditions to which it was
exposed, all else being equal. Although mortality decreased at higher temperatures in both species, we did not attempt to
include the impact of temperature on mortality rate, as it was only calculable during the larval growth phase, as death day
could not be accurately determined for pupae [24]. Furthermore, Kreppel [25] highlights how climatic effects on mortality differ
between field and laboratory conditions, cautioning against overinterpreting these findings. The slope of the VDI, therefore,
represents a proxy for development rate. This vector development model was subsequently analysed against the timing of
human plague cases across the Central Highlands to investigate if there could be a causal link (figure 2).

Modelled temperature at a depth of 15 cm below the ground surface (-0.15 m) was used as an input variable to a further
mechanistic model to determine the number of pre-imaginal (larval and pupal) development cycles a vector could complete in 1
year in each grid cell (VDI) [38]. We initially calculated annual degree days (ADD) for each vector species. ADD were calculated
as the sum of the daily temperatures in a year when the mean daily temperature (derived from the hourly below-ground
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Figure 2. Data processing pathway. lllustrating analysis from the initial input and validation of land cover data through to microclimate model creation. This was
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representation of the VDI for each species. A VDI slope (vector development rate) was then calculated and finally compared to the occurrence of human plague cases
across the Central Highlands of Madagascar.

temperature data) was within the temperature development range of each species [38]. The lower development limit was 9°C
and 12.5°C for S. fonquerniei and X. cheopis, respectively [24,39]. The upper limit for X. cheopis was 36.5°C [26]. As the upper
developmental limit S. fonquerniei has not, to our knowledge, been determined, we also used 36.5°C for this, which may not
account for the observed cold adaptation of S. fonquerniei [24,26]. ADD were not determined for days where the mean daily
temperature was outside the development range. K-values for each species were then calculated as the sum of degree-days
required for 50% of the population to complete their pre-imaginal growth stages (682 for S. fonquerniei and 425 for X. cheopis).
K was estimated as the reciprocal of the slope of a linear regression of development time against temperature [24]. These data
were then combined cumulatively across the period of investigation. To compute the VDI, the ADD was then divided by each
species’s K-value.

(d) Human plague data

We used positive reported human plague cases from across the Central Highlands from 2014 to 2020 at two administrative
resolutions. The data at the second administrative level (districts) cover the 2014-2020 time window, and the data at the third
administrative level (communes) cover the 2018-2020 time window. The human plague case data from 2014 to 2020 were
gathered from notifications of suspected plague cases to the Central Laboratory for Plague of the Malagasy Ministry of Health,
housed within the Plague Unit of the Institut Pasteur de Madagascar. From these data, only confirmed plague cases, as defined
by the WHO plague case definitions, were included in the analysis [40]. Only bubonic plague cases were used, as they result
from an infected flea bite and are therefore likely to be representative of the Y. pestis—vector-—transmission cycle. There was a
small discrepancy in bubonic case reporting between the district and the commune administrative levels.

(e) Prediction of human plague using vector development index

We tested the hypothesized link between climate, vector development and human plague cases by assessing whether the rate
of vector development (slope of VDI vs time) in each area prior to human plague cases was greater than expected if human
plague cases occurred randomly. At each human plague case location, we calculated the VDI slope prior to each case for a range
of potentially biologically relevant periods (1, 2, 3 and 6 months), based on the lifespan of adult X. cheopis of between 2 and 9
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months, as the lifespan of S. fonquerniei was not specified in the literature [41]. The slope was determined as the coefficient of “
a linear model of mean VDI against time for the 1, 2, 3 and 6 month windows prior to the recorded cases. We then compared
the extracted slopes to null slopes. These null slopes were generated by randomly moving the date of the recorded cases in
each area while maintaining the temporal structuring of the cases across that area within the sampling windows (2014-2020
and 2018-2020). The null slopes were then calculated by extracting the slopes prior to these null human plague cases, and this
process was repeated 1000 times per area. We then determined whether the recorded VDI slopes were significantly greater than
the null values, which, if confirmed, would suggest that climatically mediated vector development contributes to initial plague
infection in humans. To determine whether the recorded VDI slopes were significantly greater than the nulls, p-values were
calculated directly following eqn 1 in Ruxton ef al. [42].

3. Results

(a) Climatic data validation

The ERA5 data showed a high agreement with weather station data for Ankazobe and Antananarivo, with Spearman correla-
tion coefficients of 0.941 and 0.929, respectively, and RMSE values below 2°C for both locations (electronic supplementary
material, figure S2). However, the microclimate model underpredicted both above- and below-ground temperatures, with the
largest discrepancies observed below ground (electronic supplementary material, figure S3). There may be a precedent for the
TOMST TMS-4 loggers over-reading temperature at near and below surface height, which may contribute to the observed
model underprediction; however, this underprediction was observed using both the TOMST TMS-4 and Easy Log data loggers
(electronic supplementary material, text S3) [43]. To account for this possible bias, we performed subsequent analyses using
the modelled burrow temperatures before and after applying a temperature correction. The temperature correction, which
we applied to the -0.15 m modelled temperatures, was +6.03°C, which was the mean difference between the modelled and
measured temperatures at —0.15 m depth (electronic supplementary material, text S3, figures S2 and S3). The results are
presented using the uncorrected and corrected temperatures throughout.

O6HTST0 €67 § 205y 70l qdsy/jewnof/BioBuysyqndiiaposiefos

(b) Vector development index comparison between species and areas

Consistently across administrative areas and temperature correction methodology, X. cheopis had a higher mean VDI than S.
fonquerniei (figure 3). The difference in mean VDI was relatively small across the uncorrected temperatures with mean values of
7.215 (min = 4.499, max = 9.119) and 9.232 (min = 4.999, max = 14.342) at the district level and 7.344 (min = 5.553, max = 9.141) and
9.423 (min = 6.530, max = 14.568) at the commune level for S. fonquerniei and X. cheopis, respectively. This difference in mean VDI
was much higher for corrected microclimatic temperatures with means of 10.882 (min = 9.033, max = 12.657) and 17.374 (min
= 13.332, max = 20.311) at the district level and 10.90 (min = 9.737, max = 12.978) and 17.41 (min = 15.134, max = 20.83) at the
commune level for S. fonquerniei and X. cheopis, respectively (figure 3).

Variation in slope of the mean cumulative VDI was observable across species, communes and districts, and temperature
treatments (uncorrected versus corrected); however, the degree of slope variation varies greatly (figure 4). There was a
consistently greater variation in the VDI slope for X. cheopis (figure 4b,d,f,h) in comparison to S. fonquerniei (figure 4a,ce,g).
This was most obvious when comparing the two species across the same area (electronic supplementary material S1). Similarly,
greater slope variation was observed under the uncorrected temperature treatment (figure 4a,b,e,f) than the corrected tempera-
ture treatment (figure 4c,d,g h). Consequently, variation in slope was most clearly visible for X. cheopis under the uncorrected
temperature treatment. For example, in Andrembesoa commune (high-altitude commune approx. 1200 m), there was a plateau
in the VDI slope from May/June to October/November (figure 4f). The muted variation in VDI slope observed across the
corrected temperature treatment (figure 4c,d,g,h) means that there are no clear periods of complete cessation in development,
indicated by a plateau. However, the shallowest slope was generally concurrent with the May/June to October/November
period, though it was difficult to confirm this across regions and treatments that show minimal slope variation, particularly for
S. fonquerniei, under the corrected temperature treatment (figure 4c,g).

(c) Null models of vector development index slopes

The proportion of districts or communes where the VDI slope preceding a human plague case was significantly steeper than
expected from the null distribution was much higher for the uncorrected temperature treatment (61.8-14.7%, figure 5a,c,e,g)
compared to the corrected treatment (13-5.9%, figure 5b,d,f,h). Generally, the proportion of slopes significantly steeper than the
null distributions were highest under the 1 month gradient period and decreased as the gradient period was increased over 2, 3
and 6 months.

There were 34 districts that reported human plague cases across the 20142020 period (figure 5a,b,c,d) and 75 communes
across the 2018-2020 period (figure 5e,f,g,h). We would expect 5% of the p-values across both administrative areas to be
significant due to chance. This equates to 2 (1.7) and 4 (3.75) for districts and communes, respectively. For the uncorrected
temperature treatment, many more districts (5-21 districts or 14.7-61.8% of all districts) and communes (18-43 communes or
24-57.3% of all communes) were observed to have VDI slopes preceding human plague cases that were significantly steeper
than expected from the null distribution. The values were much lower for the corrected temperature treatment, with fewer
districts (24 districts or 5.9-11.8% of all districts) and communes (5-10 communes or 6.7-13% of all communes) showing
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the SD in VDI across each area. The inset maps show the location of the selected district or commune. VDI slope plots for the remainder of the areas are in electronic
supplementary material S1.

significance. The values across the corrected temperature treatment are closer to, although still slightly higher than, the expected
significance due to chance. S. fonquerniei showed a consistently greater proportion of significant areas in comparison to X.
cheopis for the uncorrected, but not for the corrected, treatment.

4. Discussion

Our results were partially consistent with the hypothesis that climatically mediated vector development was a key contributor
to the initiation of the human plague season in the Central Highlands of Madagascar. However, the findings must be caveated
by the greatly diminished consistency with the hypothesis observed when a temperature correction, based on short-term field
validation, was applied to our model. Through this short-term field validation, we found that the microclimf model consistently
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Figure 5. Significance of pre-plague case VDI slopes when compared to null cases across all districts (a, b, c and d) and communes (e, f, g and f) across the Central
Highlands of Madagascar. The terracotta plots represent p-values of the comparisons of VDI with the null values for S. fonquerniei (a and b), and the grey plots
represent X. cheopis (c and d). Plots are presented for the uncorrected (a, ¢, e and g) and corrected (b, d, f and h) temperatures. The dashed line indicates the 0.05
significance level; values to the left of this show that VDI slopes prior to human plague cases were significantly higher than those for the null cases. The percentage
below each plot shows the percentage of districts or communes in which the VDI slope preceding a plague case was significantly higher than the null (1 decimal place).

underpredicted below-ground microclimate temperatures across the Central Highlands, and to a lesser degree, above ground
at low heights (electronic supplementary material, text S1-S3). Confirming the microclimate within burrows was key to our
understanding of this system, as the uncorrected temperature analysis was consistent with our hypothesis. However, once the
temperatures had been corrected in line with the field validation, there was only minor seasonal variation in VDL

The temperature treatment considered had the largest single impact on determining whether districts and communes
exhibited a significantly higher VDI slope prior to recorded human plague cases than our nulls (i.e. vector development rates
prior to human plague cases were not significantly greater than prior to null time points). The uncorrected temperature results
(figures 3a, 4a,b,e f, 5a,ce,g) were generally consistent with the hypothesis that climatically mediated vector development was
influencing human infection. Annual slope variation differs between area and species, with X. cheopis in high-altitude (colder)
areas showing the greatest slope variation (e.g. figure 4f). The timing of this variation was consistent with the cool winter
period (May/June and October/November), showing the lowest VDI slopes. This low period of VDI slope matches well with
the observed low-plague season, from April to September [11]. The greatest proportion of areas with significantly higher VDI
slopes prior to human plague cases was across the 1 month gradient period (47.1-61.8%), decreasing as the gradient period
increased to 6 months (14.7-29.3%). This suggests that, if climate-mediated vector development was indeed influencing human
plague infection, the mechanism linking climate to plague infection functions rapidly and was hence most observable over a 1
month time scale. Although this work suggests that vector development was a key part of this mechanism, we do not capture
several other potentially co-incident factors such as flea activity and transmission of Y. pestis, both of which are impacted by
microclimate and hence warrant further investigation [44-46]. The combined influence of climate and vector development was
much less consistent across the corrected temperature model, in which all temperatures were increased by +6.03°C, based on
brief (24 h) field validation. This increase in temperature works to reduce the variation in VDI slope, as there were very limited
periods where both species were outside of their thermal development window. Under the corrected temperature treatment,
several districts and communes exhibited a significantly higher VDI slope prior to recorded human plague cases than our nulls;
however, this occurred much less frequently than under the uncorrected temperature treatment (5.9-13.0%). When considering
the hypothesis that climate-mediated vector development influenced human plague cases, the two temperature treatments
showed different levels of consistency, underscoring the need to investigate burrow microclimates and their role in vector
development more closely.

Earlier studies revealed that flea development rates were highly correlated with temperature and relative humidity, although
in some species, relative humidity had a weaker relationship if certain humidity thresholds had been achieved [47,48]. Humid-
ity has not been observed to impact development times of the two species investigated here, although it may increase mortality
in S. fonquerniei [24]. We therefore expected temperature to be the primary factor that mediated vector development and thus
contributed to the peak in S. fonquerniei abundance at the beginning of the human plague season [7,49]. Given the experimental
evidence that revealed the development of the two investigated species was not strongly influenced by humidity and that host
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burrow humidity was maintained at a stable high humidity (67.5-100%), it is unlikely that humidity is a development-limiting n
factor in this system either (electronic supplementary material, figure S4) [24].

There are several biotic factors not captured by our model that may influence pre-imaginal development, such as intra-
and interspecies competition for food resources among pre-imaginal fleas within the burrow. Flea larvae commonly feed on
organic debris within the burrow, which ranges from host (rodent) and flea faeces to flea eggs, younger larvae and naked pupae
[41]. However, such specific competition was rarely observed in the highlands, with rodents sampled within houses mostly
infected with X. cheopis, whereas S. fonquerniei was commonly found in agricultural and forest areas [16]. This suggests that in
the pre-imaginal phases, species rarely share the same burrows, thereby limiting the potential for within-burrow interspecies
competition. To validate this, further sampling of the burrow systems is required to identify the flea species during the
pre-imaginal phases.

The differing thermal development thresholds between S. fonquerniei and X. cheopis (9°C and 12.5°C, respectively) have been
hypothesized as a key factor in explaining the limited distribution of S. fonquerniei and subsequently Y. pestis below 800 m
[24]. At higher and cooler altitudes across the Central Highlands, S. fonquerniei and X. cheopis are both present; however, they
exploit differing niches, with X. cheopis restricted to warmer indoor locations, while S. fonquerniei is present across rural and
agricultural settings [24]. This difference in niche used by the two species makes it hard to determine the impact of competition.
Compared to X. cheopis, S. fonquerniei fleas demonstrate higher transmission efficiency of Y. pestis, which may contribute to the
distribution of the bacteria across Madagascar. Our modelling suggested that within the burrow environments in the Central
Highlands, temperatures rarely drop below the development threshold for S. fonquerniei, as can be seen by variation in VDI
slopes throughout our investigation periods (figure 4b,f). Furthermore, there was only a minor difference in the mean annual
VDI completed between species, despite the longer development period for S. fonquerniei. We did not, however, attempt to
model or sample microclimates within houses; therefore, despite our model suggesting that the Central Highland climate may
favour the development rate of S. fonquerniei, further work is required to determine whether any competition occurs between
these two vector species.

This study aimed to determine whether a pathway existed between climate, vectors and disease incidence without the need
to integrate the dynamics of host species. The assumption is that the host species are not involved in the pre-imaginal develop-
ment of the vectors, as this occurs off-host; hence, the vectors and the bacterium can operate independently of hosts. This is
similar to the plague niche hypothesis, which posits that the distribution of Y. pestis is not simply a patchwork of possible host
distributions but has a distribution independent of host species [50]. However, R. rattus abundances in the Central Highlands
have recently been observed to be highly seasonal with peak abundances observed in June to August (dry season) [10,16,51].
Further, their distribution is likely to be seasonal, driven by both climate and, given their commensality, agricultural practices
[52,53]. These factors may then suggest that the host species does, in fact, have an impact on pre-imaginal development of
vectors, possibly through their metabolic impact on burrow environments, or larval stages consuming organic matter produced
by hosts [41]. The climatic dynamics of host species may partially explain the geographically limited positive findings reported
here. This suggests that vector and host dynamics, as well as the impact of external factors such as agricultural harvesting and
storage, all impact zoonotic transmission of Y. pestis. It is possible that there is a stronger relationship between VDI and plague
infection in rodents, but unfortunately, data relating to Y. pestis infection in rodents are currently unavailable to enhance our
models. Human cases represent only spillover events, while transmission within rodent populations should be more directly
linked to vector abundance. Efforts should be made to further understand and model the movement ecology and behaviour

of host species, not just R. rattus, but other potentially important reservoir (introduced and endemic) species across this area
[7,51,54].
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5. Conclusion

Our findings contribute to a more nuanced understanding of the role of microclimate in shaping Y. pestis vector dynamics in
the Central Highlands of Madagascar. This study provides evidence that microclimatic variation, particularly as represented
by our uncorrected temperature treatment, can influence Y. pestis vector development and, in turn, plague case timing in
Madagascar’s Central Highlands. The uncorrected temperature outputs showed markedly higher proportions of locations
where vector development rates preceding human plague cases were significantly elevated compared with the null expectation,
whereas the corrected temperature treatment reduced this pattern substantially. This discrepancy highlights the sensitivity of
modelled outcomes to assumptions about burrow temperatures and highlights the need for long-term monitoring of rodent
burrow microclimates across representative habitats. The findings from this work will contribute to the development of
future methods for modelling Y. pestis dynamics across varied landscapes and timeframes. Future work should integrate
burrow microclimate measurements with concurrent trapping of host species, quantification of flea populations and pathogen
detection. By combining these datasets within mechanistic frameworks, it will be possible to disentangle interactions in the
climate-vector-host-pathogen system and improve predictions of high-risk locations and time periods. Such knowledge could
enhance plague surveillance, guide targeted interventions and ultimately contribute to reducing Y. pestis persistence in endemic
landscapes.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The meteorological and environmental data for construction of the microclimate model are all freely available. Sample code,
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