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Abstract

Background: Indoor resting patterns of malaria vectors are changing, potentially driven by
housing design including roofing materials, wall construction and associated indoor thermal
and humidity-steered microclimates. This study quantifies how microclimatic gradients shape
the resting choices of Anopheles funestus in southeastern Tanzania, testing whether different
indoor zones create distinct thermal and humidity niches that influence mosquito

microhabitat selection.

Methods: Between November 2024 and January 2026, thirteen sentinel houses, representing
variation in house materials, roofing (metal or grass thatched), and wall material (bricks or
mud) were sampled three times a week. In each house, mosquitoes were collected from
indoor bottom, mid and top section using Prokopack aspirators. Sampling occurred in the
morning (6:00-9:00h) or afternoon (12:00-15:00h). Indoor temperature and relative humidity
were recorded at 30-minute intervals. Associations between house materials and zone,

microclimate and resting behaviour were analysed using mixed-effect models.

Results: Across 153 sampling days, 1,910 An. funestus were collected. Most of these rested
near the bottom house-section (40%), while the top-section had the smallest proportion (27%)
(» = 0.012). Brick-walled houses had 80% higher abundance than mud-walled houses (p <
0.001), and grass-thatched houses had a 52% higher mosquito abundance than metal-roofed
houses (p = 0.002). Indoor thermal microhabitats matched mosquito resting patterns, as both
temperature and humidity varied between house materials and zones. The strong negative
correlation between temperature and relative humidity (» = -0.738) limited the explanatory
value of relative humidity, whereas the weaker correlation between temperature and absolute
humidity enabled separation of temperature and humidity effects on resting behaviour.
Abundance of resting An. funestus was associated with the joint interaction of mean

temperature (T), temperature fluctuations (Tyange), and absolute humidity (AH), with highest

abundance near T=32.7°C and AH=16.4 g/m?, and for minimal temperature fluctuations

(T rangeSOOC).

Conclusion: The joint interaction between mosquito abundance, resting stratification and
environmental variables (temperature and humidity) explains indoor resting patterns of 4n.

Sfunestus. These highlight the importance of incorporating indoor microclimatic heterogeneity
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into vector control strategies where housing improvements could alter indoor suitability for

mosquito resting, survival, and malaria transmission.

Keywords: Indoor, Microclimate, Microhabitat, Anopheles funestus, Resting behaviour,

House structure, House zones, and Vector control.
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Background

The global malaria burden is disproportionally concentrated in sub-Saharan Africa,
accounting for over 90%, particularly among children under five [1,2]. Although substantial
progress has been achieved in the early 2000s in reducing malaria incidence and deaths, gains
have plateaued since 2015, with a slight resurgence observed in 2020 [1]. These setbacks
have been attributed to increasing insecticide resistance, funding constraints, the SARS
corona virus disease 2019 (COVID-19) pandemic, changing climate and extreme weather
conditions, and shifts in mosquito behaviours [1,3]. Nevertheless, integrated vector and

parasite control strategies remain indispensable to achieving the elimination goal [4].

Insecticide treated nets (ITNs) and indoor residual spraying (IRS) are the most commonly
used vector control tools [4,5], providing physical and insecticidal protection against
mosquito bites [5,6]. Although IRS is among the most effective vector control tools [7], its
use has declined in numerous endemic countries due to its higher operational costs [8,9]. This
challenge is further compounded by emerging behavioural shift among malaria vectors,
increasingly resting on surfaces not targeted by IRS such as the floors and ceilings, and other
household items, thereby reducing overall effectiveness [10]. Observed shifts might be
attributed to species-specific resting ecology, insecticide avoidance or adaptive responses to
indoor microclimatic variation driven by house structural features such as roofing and wall
materials [11,12]. Studies have suggested partial and targeted indoor residual spraying to
counteract the observed resting behavioural shift of major malaria vectors, thereby improving

intervention effectiveness while reducing operational costs [10,13—-17].

Evidence from multiple African settings indicates that major malaria vectors, including
Anopheles arabiensis, An. funestus, An. gambiae, and An. coluzzii exhibit diverse indoor
resting behaviours. For instance, findings in Ghana and Zimbabwe revealed that over 45% of
the latter three species were either resting under the roof or other surfaces but fewer (< 40%)
on the wall [14,18,19]. In contrast, An. coluzzii from Cote d’Ivoire exhibited predominant
wall-resting behaviour (63%) compared to under-roof and other surfaces [13]. In southeastern
Tanzania, a substantial proportion of An. arabiensis and An. funestus have been reported
resting under roofs, with a clear preference for grass-thatched houses compared to iron-

roofed houses [20].

Behavioural shifts in malaria vectors are becoming increasingly important as indoor

environments are becoming progressively heterogeneous as a result of housing
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transformation and urbanization. In many malaria-endemic regions, traditional houses are
being replaced or modified with metal-sheet roofs, brick or cement walls, and altered
ventilation systems, all of which substantially influence indoor temperature, humidity, and
airflow dynamics [21-23]. These structural changes may alter indoor microclimates by
altering heat retention, moisture regulation, and air circulation. For instance, metal-sheet
roofs often enhance daytime heat accumulation, whereas grass-thatched roofs provide more
thermally buffered and stable conditions [24]. Collectively, these variations generate distinct
indoor microhabitats that may influence mosquito resting site selection and survival. These
microhabitats are likely to be vertically stratified, extending from the house floor to the roof
space, with each house zone characterized by unique microclimatic conditions. Moreover,
these gradients vary throughout the day, with upper house zones becoming progressively
warmer and drier during the day, while lower zones, including floors and lower wall surfaces,
remain relatively cooler and more humid. However, whether observed mosquito behavioural
shifts reflect species-specific resting ecology, microclimatic preferences, house structure,

insecticide avoidance, or a synergistic interaction among these factors remains unclear.

Although several studies have highlighted the influence of house construction materials, far
fewer have explicitly examined the role of housing-induced microclimate in shaping
mosquito biting and resting patterns. Environmental temperature and humidity can either
enhance or constrain mosquito development, survival, reproduction, and disease transmission
depending on species-specific physiological thresholds [25,26]. Exposure to high but non-
lethal temperatures accelerates mosquito development, potentially increasing population size
and disease transmission. However, these benefits often occur at the cost of reduced adult
survival, smaller body size, lower fecundity, and shortened gonotrophic cycles [27-31].
Ngowo ef al. demonstrated that a 1°C increase of indoor temperature prompted An.
arabiensis but not An. funestus to shift towards outdoor biting behaviour [32]. Such responses
likely reflect species-specific thermal limits and tolerance ranges of both malaria vectors and
the pathogens they carry, which may vary across developmental stages, physiological status,
and genetic background [33-36]. Thus, behavioural adaptations such as selecting cooler and
humid indoor microhabitats for resting during warmer periods might play a critical role in

buffering mosquitoes against thermal stress.

This study aimed to investigate how indoor resting patterns of An. funestus are shaped by

both housing characteristics and microclimatic conditions (temperature and humidity) in
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south-eastern Tanzania. First, we quantified how house structure, including roof materials,
wall material, and house zones (bottom, mid, top), influence mosquito resting behaviour.
Second, we assessed how these structural features generate distinct indoor microclimates.
Third, we quantified how mosquitoes respond to these environmental conditions, with the
aim of identifying the temperature and humidity ranges that shape resting abundance. For the
purposes of this study, microclimate refers to the temperature and humidity conditions

measured directly on indoor surfaces (walls, floors, and under-roof spaces).

Methods
Study area

The study was conducted in two villages located approximately S50km apart in south-eastern
Tanzania (Fig. 1A). The area comprises low-lying valley plains at approximately 150m above
sea level, which rise sharply toward the neighbouring Udzungwa and Mahenge mountain
ranges, exceeding 1,000 m in elevation. Local livelihoods are primarily based on rice
cultivation and livestock keeping, and the area receives annual rainfall of approximately 1000
mm [37]. Malaria vector population is dominated by An. arabiensis and An. funestus, with the
latter responsible for over 80% of malaria transmission even when being collected at lower
densities than the former [38,39]. ITNs remain the primary vector control intervention in the
area, with no history of IRS, while local vector populations exhibit resistance to commonly

used insecticides [40,41].

House characterization and environmental conditions

Sampling houses were purposively selected to represent the most common construction
materials in the study area. These included: (i) mud walls with a grass-thatched roof, (i1) mud
walls with an iron roof, (ii1) un-plastered brick walls with a grass-thatched roof, (iv) un-
plastered brick walls with an iron roof (Fig. 1B). Indoor house surfaces were categorized into
three mosquito sampling zones, the bottom, middle, and top sections of the house, hereafter
referred to as microhabitats. This classification incorporated both bare surfaces and
associated structural components. For instance, the bottom section comprised the bare floor,
objects located within approximately 30 cm above the ground (e.g. furniture and utensils),
and the lower 30 cm of the wall (Fig. 1C). The top section included the upper 30 cm of the
wall and under-roof surfaces while the midsection included wall surfaces above the bottom
section and below the top section. Data loggers (HOBO MX1101 Temp/RH; accuracy

+0.21 °C and £2% RH) were installed on each predefined mosquito sampling surface,
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precisely on the floor, mid-wall, and directly under the roof, continuously recording

temperature and relative humidity (Fig. 1C). To capture both diurnal and seasonal

fluctuations, loggers were configured at 30-minute data capturing intervals throughout the

study period.
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Figure 1. Map of the study area showing the study village locations in south-eastern Tanzania
(A) Six and seven houses were sampled in Igumbiro and Sululu villages respectively. (B)
Sampled houses examples by construction materials, separated into roof materials on the
horizontal (metal or grass thatched) and wall materials on the vertical (mud or brick). (C)
Indoor house schematic with classification of the resting surfaces (top, middle and bottom
section), and section-specific environmental condition monitoring (temperature, humidity)

using a climate data logger (HOBO MX1101).

Mosquito sampling strategy

Indoor resting mosquito collections were conducted using Prokopack aspirators [42] (John W.
Hock Company, Florida, USA) between November 2024 and January 2026 with a total of
153 sampling days per house materials and surface. Aspiration procedures were done at least
30 cm away from the adjacent sampling surface to minimize disturbance and collecting
mosquitoes from untargeted surface. A minimum of twelve collections per month (3 times per
week) were undertaken in houses and maintained as sentinel to capture temporal variation in
resting behaviour. To correlate mosquito resting microhabitats with daily fluctuations on
indoor temperature and humidity, sampling was performed at two time points: morning
(06:00 - 09:00) or midday (12:00 - 15:00). Each house was sampled once per day, either in

the morning or midday, to represent diurnal resting patterns across the study period.

To minimize bias arising from mosquito movement during sampling, the order in which
resting surfaces were aspirated (bottom, mid and top section of the house) was rotated daily.
For instance, when sampling began on the walls on a given day, it would begin on the bottom
or top section the following day. Collected mosquitoes were kept separately by surface on
which they were collected and thereafter transported to Ifakara Health Institute laboratory for
further processing. In this study, the “bottom section” category included the ground surface
and any objects or items located within approximately 30 cm above the ground. The “top
section” category includes top 30 cm of the wall and under-roof surface, predominantly with

no ceiling.

Sample processing and identification
All An. funestus group mosquitoes were identified morphologically using the Gillies and
Coetzee identification key [43,44]. Further laboratory analyses were conducted on a 20%

subsample to identify sibling species, detect malaria parasites and identify blood meal
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sources in blood-fed females. Sibling species within the 4An. funestus group were identified
molecularly using polymerase chain reaction (PCR) assays targeting the non-coding internal
transcribed spacer 2 (ITS2) region for An. funestus [45]. Enzyme linked immunosorbent
(ELISA) assays were used to detect the presence of Plasmodium falciparum parasite-
circumsporozoite proteins (CSP) in the salivary glands of An. funestus [46]. False positive
results were eliminated by boiling ELISA lysate for 10 minutes at 100°C, to effectively
eliminate heat-labile non-P. falciparum parasite antigens and the samples were re-assayed
[47]. Engorged mosquitoes were analysed for host bloodmeal identity by the antibody-
sandwich ELISA to detect human, bovine, dog, goat, and chicken IgG [48]. Positive controls
prepared from host sera and negative controls (laboratory reared, non-fed female mosquitoes

prepared in the same way as the test samples) were included for each ELISA plate.

Microclimate sampling and variable definition

Indoor temperature (7) and relative humidity (RH) were continuously recorded at each pre-
defined house microhabitat (bottom, mid, and top sections) using HOBO MX1101 Temp/RH
data loggers (accuracy 7: +0.21 °C; accuracy RH: £2%). Loggers were positioned directly on
representative resting surfaces, including the bottom, mid, and top wall sections (Fig 1C),
and recorded data at 30-minute intervals throughout the study period. To match
environmental conditions with mosquito sampling, data were subsampled to the defined
sampling windows (morning: 06:00-09:00; midday: 12:00-15:00). From temperature (7) and
relative humidity (RH) we derived absolute humidity (AH) as water vapor content, in grams

of H>O per cubic meter air (g/m™) as

( 17.67 T )
__ 6.112-e T +243.5/-RH-2.1674 (1)

AH =
T+273.15

Environmental conditions were summarized for specific mean values and ranges per house,
microhabitat, and sampling period. Metrics included mean temperature, relative humidity,
and absolute humidity (T, RH and AH, respectively), as well as their corresponding ranges
(Trange, RHrange and AHrange, respectively). Means and ranges were calculated as the average

and the central 95% of observed values within each sampling period, respectively.

Data analysis
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All analyses were conducted in R version 4.5.0 [49]. The dataset was filtered to include only
An. funestus mosquitoes. First, we quantified how house structure determines mosquito
resting abundance. Second, we assessed how house structure generates variation in indoor
microclimatic conditions, specifically temperature and humidity. Third, we evaluated how
mosquito resting behaviour responds to these environmental conditions. This stepwise
approach allows separation of structural effects from the underlying environmental

mechanisms that drive mosquito resting site selection.

Analysis of mosquito resting abundance in different micro-habitats

In the first step, we quantified how house structure determines mosquito resting abundance
across indoor microhabitats. The relationship between mosquito abundance and household
characteristics (house zones, wall and roof materials), as well as sampling time, was
evaluated using generalized additive models (GAMs) with a negative binomial distribution to

account for overdispersion. Specifically, mosquito counts were modelled as

log(N,) = House zone + Roof material + Wall material + Collection time + s(Date) + (1 |

Day),

where s(Date) represents a smooth function (cubic regression spline) of sampling date to

capture seasonal variation.

Sampling day was included as a random effect to account for repeated measures, and
interaction terms were included to capture potential context-dependent effects. Estimated
marginal means (EMMs) and pairwise contrasts were calculated using the emmeans package

[50] with Tukey adjustment.

Analysis of thermal and humidity conditions in different
microhabitats

In the second step, we assessed how house structure generates variation in indoor
microclimatic conditions across different in-house microhabitats. Environmental data were
first quality-checked by excluding extreme outliers in temperature and relative humidity
measurements before analysis. Daily mean temperature, temperature range, mean relative
humidity, and relative humidity range were calculated for each house zone (bottom,

midsection, and top section), roof materials, and wall material. Absolute humidity (g/m?) was
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subsequently derived from temperature and relative humidity values using the saturation

vapour pressure equation (Eqn 1).

Mean daily environmental conditions (temperature and humidity means and ranges) were
examined using generalized additive models (GAMs) with Gaussian errors, incorporating
roof material, wall material, house zone, daytime, and household identity as fixed effects,
including relevant interactions. Sampling round was included as a random effect to account
for repeated observations. The models were specified with the environmental variable of
interest (temperature or humidity metric) as the response variable and date as a smooth

predictor term using cubic regression splines.

Analysis of effect of microclimate conditions on mosquito resting
abundance

In the third step, we analysed how mosquito resting behaviour responds to indoor
microclimatic conditions. We explored the joint distribution of mosquito abundance and
environmental variables to assess how mosquito abundance co-varies with temperature and
humidity across the observed environmental gradient. This step allowed us to evaluate the
structure of the environmental space, identify potential dependencies among variables, and
determine the extent to which temperature and humidity can be treated as independent
predictors in subsequent modelling. We considered both relative humidity (RH) and absolute
humidity (AH) to assess how temperature co-varies with different measures of atmospheric

moisture and to guide variable selection for the subsequent analysis.

Third, we quantified these relationships using generalized linear models (GLMs) with a log
link function, in which mosquito abundance was modelled as a function of mean temperature,

mean humidity, and their corresponding ranges. Specifically, we defined the model as:
log(Np) =Bo + ,BlT + .BZTZ + .BSH + .B4H2 + .BSTrange + .BGHrangev

where the humidity term H represents either absolute humidity (AH) or relative humidity
(RH), which capture different aspects of atmospheric moisture. We therefore fitted models

using both variables to assess their explanatory power.

We included quadratic terms for mean temperature and mean humidity to allow for unimodal

physiological responses, while we included range variables as linear terms to represent the
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effect of environmental variability. We evaluated model fits using Poisson and negative
binomial error distributions to account for overdispersion, and final model selection followed

standard criteria (model selection and statistical inference).

By acknowledging a non-linearity between mosquitoes and environmental conditions,
optimal mean temperature (’T"Opt) and humidity (Hopt) values were computed from the model

estimates as

pt = _%' Hope = _2'3_;4' @)

T,
where f; and £, represent the linear and quadratic effects of temperature, respectively, while
p5 and S, represent the linear and quadratic effects of humidity, respectively. We did not
include housing variables (house zone, roof material, wall material, and sampling time) in
these models because they act by generating variation in temperature and humidity. Including
these variables would reduce the environmental gradient and obscure the functional

relationship between microclimate and mosquito behaviour.

To evaluate the joint effects of environmental variables, we constructed two-dimensional
response surfaces from model predictions for combinations of temperature and humidity
(mean and range). We further characterized the role of individual variables by deriving
predicted abundance profiles from the fitted models while holding all other variables constant

at their mean values.

Model selection and statistical inference

Model selection was guided by ecological relevance, biological interpretability, and
information criteria (Akaike’s Information Criterion, AIC, and Bayesian Information
Criterion, BIC), ensuring that retained models captured the expected mechanistic
relationships while avoiding overfitting. Overdispersion in count data was assessed by
comparing Poisson and negative binomial model fits, with negative binomial models used

where appropriate. Model assumptions were evaluated using residual diagnostics.

Effect sizes were quantified as standardized differences in model-predicted values divided by

the residual standard deviation of the fitted model as



d = A predicted values

= . 3)

Oresidual

315  This metric is equivalent to Cohen’s d and reflects the magnitude of differences between

316  conditions independently of sample size.

317  Differences were considered statistically significant when p < 0.05, and were interpreted as
318  having a large effect size when d > 0.5 and a small effect size when d < 0.5. Differences
319 that satisfied both criteria (p < 0.05 and d > 0.5) were considered both statistically

320  significant and biologically meaningful. This combined interpretation allows distinguishing
321  between statistically detectable differences and those that are also of ecological relevance.
322 Where relevant, pairwise comparisons were performed using Wilcoxon tests with Bonferroni

323 correction. All visualizations were generated using ggplot2.

324 Results

325 Indoor resting patterns of Anopheles funestus

326  Atotal of 1,910 indoor-resting An. funestus were collected across 153 sampling days

327  (rounds). The majority of these mosquitoes was resting on the bottom section (40%, n = 758
328  mosquitoes), followed by the wall-midsection (33%, n = 640), and the smallest proportion
329  recorded on the top section (27%, n = 512) (Table 1). With respect to house characteristics,
330  An. funestus were collected more frequently from brick-walled houses (80%, n = 1,531) than
331  from mud-walled houses (20%, n = 379). Similarly, grass-thatched roofs harboured a higher
332  number of mosquitoes (52%, n = 993) than metal-roofed houses (48%, n = 917) (Table 1). To
333  determine whether indoor microhabitats (bottom, mid, top sections), housing characteristics,
334  and sampling time significantly influenced resting abundance, descriptive patterns were

335  further evaluated using generalized additive models.

336  Table 1. Observed and generalized additive model predicted indoor-resting An. funestus
337  distribution by collection timing, house zones, and house characteristics (roof and wall

338  materials), excluding environmental parameters.

Sampled data Predicted number
Predictors Categories
Total (n) Proportion (P) | Mean ([X) 95% CI

Collection time  06:00-09:00h 944 0.494 0.548 0.455 - 0.658
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348

12:00-15:00h 966 0.506 0.563 0.469 - 0.676

Grass-thatch 993 0.520 0.627 0.523 -0.750
Roof materials

Metal 917 0.480 0.492 0.410-0.591

Top section 512 0.268 0.469 0.383 -0.573
House zone Midsection 640 0.335 0.554 0.455-0.675

Bottom section 758 0.397 0.659 0.543 - 0.801

Bricks 1,531 0.802 1.128 0.952 -1.338
Wall materials

Mud 379 0.198 0.273 0.225-0.333

The estimated number of mosquitoes was significantly lower on the house top section

compared to the bottom section (I =0.469 [0.383-0.573] and {i =0.659 [0.543-0.801],

respectively; mean [95% confidence interval]; p=0.012; Fig. 2). However, there was no

significant difference between the bottom section and the wall-midsection (p=0.153).

Importantly, mosquito abundance correlated with house structural characteristics, with metal

roofs and mud-walled houses harbouring significantly lower mosquito numbers compared to

grass-thatched and brick-walled houses (p<0.05; Fig. 2). Estimated means of indoor-resting

An. funestus were not significantly different between the morning and afternoon sampling

periods (1 =0.548 [0.455-0.658] and {1 =0.563 [0.469-0.676]), respectively; p = 0.729; Table

1, Fig. 2).
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Figure 2. Number of An. funestus mosquitoes collected by variable (collection time, roof
material, house zone, and wall material), estimated using a generalized additive model,
smoothing on sampling date. Each panel shows estimated marginal means and confidence
intervals (emms=ClI) per variable, while keeping all other variables at their mean value.
Statistical significance between conditions is highlighted based on p-value as: *** (p<0.001);

% (p<0.01); * (p<0.05); “ns” (p>0.05).

Indoor microclimatic conditions

Thermal conditions within different indoor microhabitats

Indoor microhabitats (bottom, mid, and top house section) showed clear and consistent daily
differences in thermal conditions. The bottom zone remained the coolest microhabitat, while
the top zone was consistently the warmest, with mean temperatures of approximately 28°C
and 31°C, respectively (AT = 3.3°C, Cohen’s d = 0.9, p<0.001; Fig. 3C). Similarly, the
bottom section exhibited the lowest temperature fluctuation compared to the top section of
the house (ATrange = 2.8°C, d = 1.2, p<0.001; Fig. 4C). In contrast, the difference in mean
temperature between the wall-midsection and the top zone was smaller but statistically

significant (AT=1.6°C, d = 0.45, p<0.001; Fig. 3C). Despite relatively small difference in
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mean temperature, the wall-midsection and the top zone differed substantially in their diurnal
temperature variability, with greater fluctuations observed in the top zone (ATrange = 2.0°C, d

= 0.82, p<0.001; Fig. 4C).

Thermal conditions also varied markedly across sampling periods and house characteristics
whereas mean indoor temperature was significantly higher during the midday sampling
period (12:00—15:00 hrs) compared to the morning period (06:00 - 09:00 hrs) (AT=5.6°C, d
=1.55, p <0.001; Fig. 3A). The corresponding difference in temperature fluctuation between
these periods was relatively small but statistically significant (ATrange = 0.5°C, d =0.23, p <
0.001; Fig. 4A). House structural characteristics further influenced indoor thermal
environments where metal-roofed houses exhibited significantly higher mean temperatures
(AT=3.1°C, d = 0.86, p < 0.001) and greater temperature fluctuations (ATrange = 1.3°C, d =
0.56, p <0.001) compared to grass-thatched houses (Fig. 3B & 4B). In contrast, mud-walled
houses tended to be cooler than brick-walled houses, although the effect sizes for both mean

temperature and fluctuation were small (d <0.5; Fig. 3D & 4D).

Humidity conditions among the different indoor microhabitats
Predictor categories with relatively higher temperatures consistently exhibited lower relative
humidity than their respective counterparts (Fig. 3E - H). Indoor microhabitats (bottom, mid,
and top house section) showed a clear and consistent daily differences in humidity conditions
(Fig. 3G). Except for wall materials which showed only statistical significance but smaller
effect size, timing of the day, roof materials and indoor house zones had higher effect size and
were statistically significant (d > 0.5, p <0.001; Fig. 3F-H). Overall, the bottom section of
the house was the least fluctuating and most humid zone compared to top section (ARH =
6.5%, d=0.5, p <0.001). Additionally, metal roofed houses experienced drier and more
variable humidity compared to grass-thatched houses (ARH = 7.8%, d = 0.6, p < 0.00).
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391  Figure 3. Indoor temperature and relative humidity mean across sampling periods, house
392  zones, and structural house features (roof and wall materials). Violin plots show mean
393  distributions for temperature (pale red; A - D) and relative humidity (pale blue; E - H). Data

394  point with whiskers shows estimated means and their 95% confidence intervals. Coloured



395  square brackets with asterisks highlight significance (***: p < 0.001; **: p <0.01; *: p <
396  0.05) and effect size (blue: d > 0.5; red: d <0.5) between conditions.
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398  Figure 4. Indoor temperature range across sampling periods, house zones, and structural

399  features (roof materials and wall materials). Data point with whiskers shows the estimated
400  temperature range (mean = 95% confidence interval). Coloured square brackets with asterisks
401  highlight significance (***: p <0.001) and effect size (blue: d > 0.5; red: d < 0.5) between

402  conditions.

403  Interaction between temperature, humidity and An. funestus
404 resting patterns

405  Diurnal abundance of An. funestus was highest within relatively narrow climatic limits

406  characterized by mean temperatures of 25 - 35°C, absolute humidity levels of 15 - 25 g/m?,
407  and diurnal temperature fluctuations below 5°C (Fig. 5A - D). High mosquito counts

408  occurred across a wide range of relative humidity values, consistent with the strong negative

409  correlation between temperature and relative humidity (r = -0.738), suggesting limited
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explanatory value of relative humidity alone (Fig. SA). In contrast, high counts clustered
around the 15 - 25 g/m? absolute humidity isolines, and the weak correlation between
temperature and absolute humidity (r = 0.072) indicated that this relationship was largely
independent of temperature (Fig. 5SB). Elevated mosquito abundance was also restricted to
environments with low diurnal temperature variability, with temperature ranges exceeding
5°C consistently associated with lower abundance (Fig. 5C - D). Consequently, absolute
humidity was selected over relative humidity for subsequent modelling analyses due to

limited explanatory power of relative humidity alone (Supplementary Table S1).
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Figure 5. Indoor microclimate and Anopheles funestus abundance. Datapoints show
individual sampling results, where colour and size depict number of collected mosquitoes.
(A-B) An. funestus abundance as a function of (A) mean temperature and relative humidity,
and (B) mean temperature and absolute humidity. The black and blue curved and horizontal

lines depict isolines of constant relative and absolute humidity, respectively (curved AH
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isolines in A correspond to horizontal isolines in B and D; curved RH isolines in B
correspond to horizontal isolines in A and C). Temperature and relative humidity are strongly
negatively correlated (r = - 0.738), which reduces the statistical power to separate their
respective effects on abundance. In contrast, temperature and absolute humidity show only
weak correlation (» = 0.072), improving the ability to distinguish independent effects of

temperature and humidity on abundance.

Table 2. Adjusted incidence rate ratios (alRR) for An. funestus abundance across predictor
categories, adjusted for indoor mean temperature and fluctuations (range), and mean absolute
humidity and fluctuation (adjusted variance inflation factors (VIF < 2)). Results are presented
as the mean and 95% confidence intervals (95% CI) of the model-predicted aIRR per
category, and the corresponding p-value. Significant p-values < 0.05 are highlighted in bold.

alRR
Predictors Categories p-value
mean 95% CI
Mean (T) 1.59 1.41-1.80 <0.001
Temperature Mean? (T?) 0.99 0.99 - 0.99 <0.001
Range (Trange) 0.94 0.92-0.97 <0.001
Mean (AH) 1.77 1.42-2.22 <0.001
Absolute humidity Mean? (AH?) 0.98 0.98 - 0.99 <0.001
Range (AHrange) 1.03 0.99 - 1.08 0.140

Overall, An. funestus abundance was significantly associated with both mean temperature and
absolute humidity, with evidence of non-linear relationships for both variables (Table 2; Fig.
6). Mean temperature was positively associated with mosquito abundance (alRR =1.59 [1.41
- 1.80], p <0.001), while the negative quadratic term (alRR = 0.99 [0.99 - 0.99], p <0.001)
indicated a unimodal response. Similarly, mean absolute humidity showed a positive
association with mosquito abundance (alRR = 1.77 [1.42 - 2.22], p < 0.001), whereas the
significant negative quadratic term (alRR =0.98 [0.98 - 0.99], p < 0.001) suggested an
optimum moisture level beyond which mosquito abundance declined. Temperature variability
was negatively associated with mosquito abundance, with each unit increase in temperature
range reducing expected mosquito counts by approximately 6% (alRR =0.94 [0.92 - 0.97], p
< 0.001). In contrast, absolute humidity variability was not significantly associated with

mosquito abundance (alRR =1.03 [0.99 - 1.08], p = 0.140).
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The response surface showed that An. funestus abundance peaked under moderate
temperature and humidity conditions (Fig. 6A), closely corresponding to the climatic
conditions where the highest observed mosquito counts occurred. Marginal effect plots
showed that mosquito abundance increased with mean temperature up to an optimum of
approximately 32.7°C before declining sharply at higher temperatures (Fig. 6D). Similarly,
abundance increased with mean absolute humidity up to approximately 16.4 g/m?® and
subsequently decreased at higher moisture levels (Fig. 6F). Declined abundance at both lower
and higher values of temperature and absolute humidity, confirmed the unimodal

relationships identified by the significant quadratic terms in the regression model (Table 2).

Temperature variability exhibited a consistently negative effect on mosquito abundance
where predicted numbers decreased progressively as temperature range increased (Fig. 6E).
Mosquitoes were more abundant under thermally stable conditions, at temperature
fluctuations approximately below 5°C. This pattern was evident in both the mean temperature
against temperature range (Fig. 6B) and absolute humidity against temperature range (Fig.
6C) response surfaces. The clustering of observed mosquito catches within areas of low

temperature variability supported this relationship.
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Figure 6. Empirical and modelled effect of indoor microclimatic conditions on the in-house
resting abundance of 4An. funestus. (A-C) Combined effect of temperature (mean and range)
and absolute humidity on indoor mosquito resting abundance. Datapoints show individual
sampling results, where colour and symbol size depict number of collected mosquitoes (see
legend in A). The coloured contour plots show modelled resting abundance as a function of
microclimatic conditions, based on the sampled data (see the legend in C). The different
panels show An. funestus abundance as a function of (A) mean temperature and absolute
humidity, (B) mean temperature and temperature range, and (C) temperature range and
absolute humidity. (D-F) The isolated effects of (D) mean temperature, (E) temperature

range, and (F) absolute humidity on An. funestus resting abundance, as estimated by the
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generalized linear model with quadratic function. The coloured dot-dashed curves show
predicted mosquito abundance as a function of the specific microclimate parameter, while
keeping the other parameters constant at the mean value. The specific curves in (D-F)
correspond to the same-coloured dot-dashed lines in (A-C). These combined results show that
mosquito abundance peaks at a mean temperature of approximately 32.7°C (A, B, D), an
absolute humidity of 16.4 g/m’ (A, C, F), and when temperature fluctuations are minimal (B,

C, E).

Molecular analysis and fitness parameters

A total of 384 blood-fed 4n. funestus group specimens were analysed to determine sibling
species composition, blood meal sources, and P. falciparum infection status. PCR
amplification success was 98% (n = 375). Of these, 98% (n = 367) were identified as 4n.
funestus s.s, while a small proportion were identified as An. rivulorum (1.6%, n = 6) and An.
leesoni (n = 2). Among the 367 An. funestus s.s individuals, six individuals (1.6%) were
positive for P. falciparum sporozoites and exclusively detected to have fed on human blood.
Of the 384 engorged mosquitoes analysed for blood meal origin, 92% (n = 352) had fed
exclusively on humans. Of the remaining 8%, 12 comprised of mixed blood meals including
human-goat (n = 1), human-bovine (n = 1), human-chicken (n = 8), and human-dog (n = 2),

whereas 20 yielded no identifiable blood source.

Species-specific analysis showed that 94% (n = 344) of An. funestus s.s. had exclusively fed
on humans, 3% (n = 11) yielded no detectable blood meal source, and the remainder had
mixed blood meals, including human-chicken (n = 8), human-dog (n = 2), human-bovine (n =
1), and human-goat (n = 1). Among An. rivulorum (n = 6), 50% (n = 3) had fed on humans,
while the remaining three specimens had no detectable blood meal source. Of the 26
mosquitoes that were not successfully identified to sibling species, 65% (n = 17) had non-
detectable blood meal source, 27% (n = 7) had fed on humans, and 8% (n = 2) had mixed

human-dog blood meals.

Discussion

Malaria vector control strongly relies on understanding how mosquitoes interact with their
environment during larval development, blood-feeding, and resting periods. The post-feeding
resting phase provides a critical opportunity for vector control interventions [51-53].

However, resting behavioural shifts away from wall surfaces towards alternative sites,
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including under-roof spaces, lower wall sections, floors, and household items, may alter the
effectiveness of conventional strategies [10]. In the present study, 4n. funestus predominantly
rested on the lower sections of house walls and floors, whereas only approximately one-third
of mosquitoes occupied mid-wall surfaces traditionally targeted by control interventions.
These findings are consistent with reports from other sub-Saharan African settings
demonstrating that a substantial proportion of 4An. funestus rest on non-wall surfaces
[10,13,14,19,20]. Collectively, these observations support the need for understanding species-
specific resting behaviours and fine-scale environmental heterogeneity within houses [13,15—

17].

Simultaneous evaluation of indoor mosquito resting distribution and diurnal microclimatic
conditions revealed a vertical temperature and humidity stratification within houses. Lower
house sections consistently represented the coolest indoor microhabitats, whereas upper
sections were the warmest, particularly during warmer months (Fig. 3). Consistent with
Okech et al. [11,12], temperature and humidity-driven microhabitats exist even within
individual houses. Observed resting distributions are likely to reflect ecological responses to
indoor microclimatic conditions rather than insecticide-induced behavioural avoidance since
IRS has never been implemented in the study area [54]. Housing construction materials
substantially modified these microclimatic gradients. Grass-thatched and mud-walled houses
maintained cooler and less variable indoor conditions than metal-roofed and brick-walled
houses, while upper house sections and metal-roofed houses experienced the greatest
temperature fluctuation (Fig. 3 & 4). Humidity patterns showed similar heterogeneity, with
house materials, indoor zones, and periods of the day that were associated with higher
temperature consistently exhibiting lower humidity levels than their counterparts (Fig. 3).
Sampling time, roof material, and indoor zone exerted both statistically significant and
biologically meaningful effects on humidity, whereas wall material showed a weaker,
although significant, influence. Together, these findings demonstrate substantial
heterogeneity in indoor thermal and moisture conditions, with warmer environments tending
to be consistently drier. Therefore, traditional houses which are being replaced or modified
with metal-sheet roofs, brick or cement walls with altered ventilation systems might
substantially alter mosquito resting dynamics [21-23]. For instance, metal-sheet roofs often
enhance daytime heat accumulation, and drier air might discourage indoor resting unlike

grass-thatched roofs which provide more thermally buffered and stable conditions [24].
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Although these observations suggest a strong influence of indoor microclimate on mosquito
resting behaviour, identifying the specific environmental drivers require a more detailed
examination of temperature and moisture effects. In this study, temperature and relative
humidity were strongly negatively correlated, limiting the ability to disentangle their
independent effects on mosquito abundance. In contrast, temperature and absolute humidity
(AH) exhibited only a weak correlation, allowing clearer separation of the influences of
temperature and atmospheric moisture or resting behaviour. Therefore, absolute humidity
rather than relative humidity is the better environmental variable to predict mosquito thermal
biology since it quantifies the actual water content in air independent of temperature [55].
Two-dimensional response surface analysis indicated that mosquito abundance peaked within
moderate temperature (25 - 35 °C) and AH (15 - 25 g/m?®) ranges, declining sharply under
hotter or drier conditions (Fig. 6). Importantly, microclimatic variability appeared to be more
influential than mean temperature alone. Increased temperature fluctuations were associated
with reduced mosquito densities, highlighting the importance of thermal stability in shaping
An. funestus resting site selection (Table 2; Fig. 6).

Collectively, these findings indicate that indoor An. funestus abundance is maximized under
thermally stable, moderately warm conditions with sustained atmospheric moisture.
Consistent with previous studies, this suggests a negative effect of thermal variability on
larval development rates and adult survival of malaria vectors [56,57]. The observed
preference for cooler and more thermally stable resting locations suggests that lower house
surfaces may function as microrefugia, particularly during periods of elevated environmental
temperatures. Such microhabitats may buffer mosquitoes against thermal stress and
desiccation, thereby sustaining vector populations, whereas elevated temperatures combined
with low humidity are likely to accelerate water loss and reduce survival [58]. More broadly,
these findings highlight the interactive effects of temperature and atmospheric moisture on
mosquito ecology and vectorial capacity [30,55], supporting the hypothesis that An. funestus
selectively occupies microhabitats that optimise physiological performance while minimizing
desiccation risk. Furthermore, declined abundance at both lower and higher values of
temperature and absolute humidity suggest that An. funestus occupies a restricted
microclimatic niche. This pattern agrees with thermal performance theory, where ectotherm
performance peaks within an optimal environmental range and declines beyond physiological

limits [26,55].



569  While the study provides evidence linking indoor microclimatic conditions to resting

570  behaviour, several limitations should be considered when interpreting these findings. First,
571  houses were purposefully selected to represent common construction materials, which may
572 limit the generalisability of results beyond the study area. Second, the observational design
573  precludes definitive inference regarding causal relationships between microclimatic

574  conditions and mosquito resting preferences. Additional household-level factors, including
575  house size, eave openness, occupancy, bed-net use, indoor clutter, livestock proximity, and
576  distance to larval habitats, may also have influenced mosquito abundance and resting

577  behaviour. Finally, although temperature and humidity were measured at high spatial and
578  temporal resolution, the study did not directly assess mosquito survival, movement, exit
579  behaviour, or malaria transmission outcomes. Future experimental studies and housing-
580  modification trials are needed to determine whether manipulating indoor microclimates can

581  reduce resting suitability and improve vector control effectiveness.

582 Conclusion
583  This study demonstrates that the indoor resting behaviour of An. funestus is strongly shaped

584 by fine-scale microclimatic conditions generated by house structure and environmental

585  variation. Mosquitoes preferentially occupied cooler and more thermally stable microhabitats,
586  particularly in the lower section of houses, while abundance declined under hotter and drier
587  conditions. Future investigations of malaria vector ecology should prioritize absolute

588  humidity rather than relative humidity when assessing microclimatic effects, as it provides a
589  more independent measure of atmospheric moisture and allows clearer interpretation.

590  Together, these findings highlight the importance of incorporating indoor microclimatic

591  heterogeneity into vector surveillance and control strategies. Therefore, housing

592 improvements could reduce indoor environmental suitability for mosquito resting and thus

593  reduced malaria transmission risk.
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Supplementary materials

Supplementary table S1. Adjusted incidence rate ratios (aIRR) for An. funestus abundance
across predictor categories, adjusted for indoor mean temperature and fluctuations (range),
and mean relative humidity and fluctuation. Results are presented as the mean and 95%
confidence intervals (95% CI) of the model-predicted alRR per category, and the
corresponding p-value. Significant p-values < 0.05 are highlighted in bold.

alRR
Predictors Categories ean 05% C1 p-value
Mean (T) 1.36 1.18 - 1.57 <0.001
Temperature Mean? (T?) 0.99 0.99 - 1.00 <0.001
Range (7range) 0.97 0.92-1.01 0.146
Mean (RH) 1.01 0.98 - 1.04 0.649
Relative humidity Mean? (RH?) 1.00 1.00 - 1.00 0.148
Range (RHrange) 0.99 0.98 - 1.01 0.419
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