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Abstract
Background: High altitude settings in Eastern Africa have been reported to experience increased malaria burden
due to vector habitat expansion. This study explored possible associations between malaria test positivity rates and its
predictors including malaria control measures and meteorological factors at a high-altitude, low malaria transmission
setting, south of Mount Kilimanjaro.
Methods: Malaria cases reported at the Tanganyika Plantation Company (TPC) hospital’s malaria registers, meteorological data recorded at TPC sugar factory and data on bed nets distributed in Lower Moshi from 2009 to 2018 were
studied. Correlation between bed nets distributed and malaria test positivity rates were explored by using Pearson
correlation analysis and the associations between malaria test positivity rates and demographic and meteorological
variables were determined by logistic regression and negative binomial regression analyses, respectively.
Results: Malaria cases reported at TPC hospital ranged between 0.48 and 2.26% per year and increased slightly at the
introduction of malaria rapid diagnostic tests. The risk of testing positive for malaria were significantly highest among
individuals aged between 6 and 15 years (OR = 1.65; 1.65 CI = 1.28–2.13; p = 0.001) and 16–30 years (OR = 1.49;
CI = 1.17–1.89; p = 0.001) and when adjusted for age, the risk were significantly higher among male individuals when
compared to female individuals (OR = 1.54; 1.00–1.31; p = 0.044). Malaria test positivity rates were positively associated with average monthly minimum temperatures and negatively associated with average monthly maximum
temperatures (incidence rate ratio (IRR) = 1.37, 95% confidence interval (CI) = 1.05–1.78, p = 0.019 and IRR = 0.72, 95%
CI = 0.58–0.91, p = 0.005, respectively). When analysed with one month lag for predictor variables, malaria test positivity rates were still significantly associated with average monthly minimum and maximum temperatures (IRR = 1.67,
95% CI = 1.28–2.19, p = 0.001 and IRR = 0.68, 95% CI = 0.54–0.85, p = 0.001, respectively). Average monthly rainfall and
relative humidity with or without a one month lag was not associated with malaria test positivity rates in the adjusted
models. Explopring possible associations between distribution of long-lasting insecticidal nets, (LLINs) and malaria
test positivity rates showed no apparent correlation between numbers of LLINs distributed in a particular year and
malaria test positivity rates.
Conclusion: In Lower Moshi, the risk of being tested positive for malaria was highest for older children and male
individuals. Higher minimum and lower maximum temperatures were the strongest climatic predictors for malaria
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test positivity rates. In areas with extensive irrigation activity as in Lower Moshi, vector abundance and thus malaria
transmission may be less dependent on rainfall patterns and humidity. Mass distribution of LLINs did not have an
effect in this area with already very low malaria transmission.
Keywords: Malaria, test positivity rates, High altitude malaria, Tanzania

Background
More than 229 million malaria cases occurred globally
in 2019 of which 94% occurred in sub-Saharan Africa
(SSA) [1]. Tanzania contributes 3% of malaria burden in
the malaria endemic African region and was among the
countries which contributed the highest to global malaria
deaths (5%) [1]. Meteorological factors including temperature, rainfall and humidity largely affect distribution of
malaria through its impact on vector development, distribution and abundance [2–7]. Malaria vectors, the Anopheles mosquitoes, develop and survive better at an optimal
temperature of about 27 ℃ in a range of 17–35 ℃ [8, 9].
At optimal temperatures the parasites’ life cycle within
Anopheles is shortened [8], number of blood meals taken
and the number of mosquito eggs laid are increased
and, therefore, the density of the mosquito population is
accelerated [9]. On the other hand, temperatures higher
than the optimal temperature negatively affect mosquito
survival, and thus, malaria transmission.
Malaria transmission intensity is also altitude dependent because temperature decrease with increasing
altitude [10]. Beyond 2400 m above sea level the temperature is too low to support mosquito survival and malaria
transmission [11, 12]. Humidity as well affects malaria
transmission through its effect on adult mosquito activity and length of survival as they become more active and
survive longer in a high humidity environment as compared to low humidity environment [13].
Rainfall also affects malaria transmission as Anopheles
mosquitoes breed in stagnant water that pools following rainfalls and breed more often in fresh rain water
than in polluted water [14]. However, too much rainfall
flushes off breeding sites making malaria transmission
lower than expected [15]. Malaria transmission is usually
preceded by a vector breeding and development period
which also depends on climatic variables, mainly temperature and rainfall. Thus, there is a considerable lapse
between the period of vector development and malaria
transmission with a maximum significant correlation of
one month lag period [16].
Increased agricultural activities such as development
of irrigation channels creates mosquito breeding sites
and hence increased malaria transmission [2, 17, 18].
However, irrigation schemes may also cause less malaria
transmission in areas with previously known stable transmission, proposedly due to better living conditions in

communities with growing wealth and attraction of mosquitoes that are less able to transmit malaria [19].
Malaria control measures are claimed to have significantly lowered the global malaria prevalence from the
year 2000 to 2015 [20–22], but this decline slowed in rate
after 2015 [1]. Additionally, global warming has impacted
malaria transmission through expansion of vector habitat as temperature has increased in high altitudes which
were previously malaria free settings thus, highland areas
are at an increased risk for malaria transmission [7, 23–
25]. Exploring trends of malaria infections and factors
that may affect malaria transmission in areas prone to
malaria elimination, such as highland areas of Tanzania
are needed to understand the progress towards elimination and the potential for rebound. The aim of this study
was to retrospectively describe 10 years of malaria cases
reported at Tanganyika Plantation Company (TPC)
hospital, a high-altitude malaria pre-elimination zone
of Lower Moshi in Kilimanjaro, from 2009 to 2018 and
explore possible associations between malaria test positivity rates and meteorological variables.

Methods
Design and settings

The study was conducted at TPC Hospital in Lower
Moshi (3021′S, 37,020′E), located 10 km from Moshi
municipality, and about 800 m above sea level, south of
Mount Kilimanjaro in the north-eastern Tanzania. Most
of the population in the area is engaged in irrigation of
rice and sugarcane activities which provide important
breeding sites [17, 26] for Anopheles arabiensis, the predominant malaria vector in the area [27]. Lower Moshi
is an area of low malaria transmission intensity with
malaria prevalence less than 0.1% [17, 26] and entomological inoculation rate (EIR) of 0.54 infective bites/person/year [28]. At TPC hospital the standard diagnostic
tool for malaria was microscopy until 2012, thereafter
rapid diagnostic tests (RDTs) were used for diagnosis and
microscopy was used to quantify parasitaemia and control parasite clearance following treatment.
Data sources

Data used in this study were obtained from the TPC hospital’s haematology laboratory registers on malaria cases
from January 2009 to January 2017; the Health Management Information System (HMIS) for the period between
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February 2017 to November 2017; and the Micro-Health
Initiative (MHI) register on routine malaria testing
between December 2017 and December 2018. Data for
the total daily number of individuals tested for malaria,
number of malaria-confirmed cases and the type of
malaria diagnostic tool used were extracted.
Meteorological data from 2009 to 2018 recorded at the
TPC estate meteorological station included daily rainfall
in millimetres, minimum and maximum relative humidity, and minimum and maximum temperature. Data on
numbers of long-lasting insecticidal nets (LLINs) distributed in the area for the study period were obtained from
the national malaria control programme (NMCP) focal
team for Moshi District Council. All malaria test data
available for a 10-year period (January 2009-December
2018) was included in the analysis. All records that did
not have complete information, e.g., if the testing tool
was not indicated were excluded.
Variables and definitions

The predictor variables were age, gender, rainfall, temperature, humidity and bed nets distributed and the outcome variable was malaria test positivity rates. Rainfall
data was analysed as total monthly rainfall; temperature
was analysed as average monthly minimum temperature
and average monthly maximum temperature; humidity was analysed as average monthly minimum relative
humidity and average monthly maximum relative humidity. Parasitaemia was categorised as low (< 1000 parasites/
µl), moderate (1000–4999 parasites/µl), high (5000–
99,999 parasites/µl) and hyperparasitaemia (≥ 100,000
parasites/µl).
Statistical analysis

Data were analysed using Stata version 14·0 (StataCorp.
2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP). Pearson’s correlation statistic
was used to measure the strength of linear relationship
between malaria test positivity rates and bed nets distributed. Logistic regression analysis was used to determine
the associations between malaria test positivity rates and
characteristics of individuals tested for malaria. Univariate and multivariate negative binomial regression analyses were used to determine associations between malaria
test positivity rates and meteorological variables. Time
series negative binomial regression analysis was also used
to adjust for the lagged association between malaria test
positivity rates and meteorological variables. All meteorological variables analysed in the univariate analysis
were included in the multivariate analysis as they are all
important predictors of malaria transmission and for all
variables, the degrees of collinearity were found to be less
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than 45%. A p-value < 0.05 was considered statistically
significant in all tests.

Results
Characteristics of individuals tested for malaria at TPC
hospital from 2009 to 2018

A total of 73,694 individuals were tested for malaria at
TPC hospital from 2009 to 2018 of these 1.21% (n = 895)
tested positive for malaria. Individuals aged between 16
and 30 years represented the population most tested for
malaria (n = 19,158; 26.00%) and more female individuals were tested (n = 38,351; 52.04%). Parasitaemia was
recorded for 872 (97%) individuals out of 895 malaria
positive cases and nearly 40% (n = 337) had moderate
parasitaemia (Table 1).
Trends of annual proportion of malaria cases reported
from 2009 to 2018

Trend of malaria and numbers of individuals tested for
malaria using either microscopy or RDTs are depicted
in Fig. 1, where the upper graph shows the number of
individuals tested by either microscopy or RDTs and
the lower graph shows the annual proportion of malaria
cases among individuals tested. A total of 73,694 individuals were tested for malaria using either microscopy
(n = 37,072) or RDTs (n = 36,622) during the 10-year
Table 1 Characteristics of individuals tested for malaria at TPC
hospital from 2009 to 2018 N = 73,694
Variable

n

%

Age category
0–5

13,633

18.50

6–15

10,244

13.90

16–30

1158

26.00

31–45

17,417

23.63

46–65

9003

12.22

66 +

4239

5.75

Median age in years (range)

26 (0–110)

Gender
Female

38,351

52.04

Male

35,343

47.96

Malaria test
Positive

895

Negative

72,799

Parasitaemia (n = 872)

1.21
98.79

Low parasitaemia

309

35.44

Moderate parasitaemia

337

38.65

High parasitaemia

216

24.77

Hyperparasitaemia

10

1.15

Geometric mean (SD)
SD Standard deviation

2035 (4.84)
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mRDT

(Fig. 2 and Additional file 1). After 2012, during the heavy
rainy seasons malaria test positivity rates increased and
peaked either towards the end of the rainy season or
immediately after the rains. During the second rainy seasons, malaria test positivity rates did not seem to follow
the rain pattern for most of the years.
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Large numbers of LLINs were distributed to households
in the villages in Lower Moshi in 2014 (n = 21,068) and
2016 (n = 56,913) (Additional file 1). In the other years,
up to 3,680 LLINs were distributed through all health
facilities within Lower Moshi. However, bed net increase
did not seem to associate with malaria test positivity rates
(Pearson’s correlation coefficient (r) = 0.109; p = 0.765).
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Fig. 1 Proportion of malaria positive cases tested by either
microscopy or RDTs between 2009 and 2018 at TPC Hospital

study period (2009–2018). The total number of tested
individuals (6427–8563/year) did not differ markedly
between the years 2009 and 2018. Of those tested, 895
(1.21%) were positive for malaria (Fig. 1 and Additional
file 1).
Overall, the yearly proportions of malaria cases were
low, fluctuating between 0.48 and 2.26% with a relatively
lowest period from 2010 to 2013 and a small increase in
2014 with the highest number of recorded cases. From
2015 to 2018 the proportions of recorded malaria cases
were between 1.01 and 1.91% (Fig. 1).

Associations between malaria test positivity
and characteristics of individuals tested for malaria at TPC
hospital

In the adjusted model, the risk of testing positive for
malaria was significantly higher among individuals
aged between 6–15 years (OR = 1.65; CI = 1.28–2.13;
p = 0.001) and 16–30 years (OR = 1.49; 1.17–1.89;
p = 0.001) when compared to individuals aged between
46–65 years. When adjusted for age, the risk of testing positive for malaria was significantly higher among
male individuals when compared to female individuals
(OR = 1.54; 1.00–1.31; p = 0.044) (Table 2). Strikingly,
children under 5 years were not at higher risk of testing
positive.

Malaria test positivity rate and rainfall pattern

The rainfall pattern for Lower Moshi generally peaked
twice every year, with a heavy rainy season within the
months of March to May, and another rainy season with
less rain within the months of October to December
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Fig. 2 Monthly proportion of malaria cases among individuals attending the TPC Hospital from 2009 to 2018 and total monthly rainfall for Lower
Moshi
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Table 2 Associations between malaria test positivity and
characteristics of individuals tested for malaria at TPC hospital
Variable

COR (95% CI)

p-value

AOR (95% CI)

p-value

Age categories
0–5

0.78 (0.59–1.03)

0.085

0.78 (0.59–1.03)

0.083

6–15

1.64 (1.27–2.12)

0.001

1.65 (1.28–2.13)

0.001

16–30

1.48 (1.17–1.88)

0.001

1.49 (1.17–1.89)

0.001

31–45

1.13 (0.88–1.45)

0.351

1.13 (0.88–1.45)

0.329

46–65

1

66 +

1.03 (0.72–1.45)

0.884

1.32 (0.72–1.48)

Female

1

Male

1.12 (0.98–1.28)

0.083

1.54 (1.00–1.31)

1
0.858

Gender
1
0.044

COR crude odds ratios, AOR adjusted odds ratios

Associations between malaria test positivity rates
and meteorological variables without time lag

The association between malaria test positivity rate and
meteorological variables without the introduction of a
time lag phase are shown in Table 3. The range of average monthly minimum and maximum temperatures were
16.2–22.7 and 27.2–35.7 °C, respectively (Additional
file 1). In the adjusted analysis, malaria test positivity
rates were significantly associated with average monthly

minimum temperatures and negatively associated with
average monthly maximum temperatures (IRR = 1.37;
CI = 1.05–1.78; p = 0.019 and IRR = 0.72; CI = 0.577–
0.91; p = 0.005, respectively). Regarding relative
humidity, the crude malaria test positivity rates were significantly associated with average monthly maximum relative humidity (IRR = 1.06; CI = 1.01–1.10; p = 0.009) and
average monthly minimum relative humidity (IRR = 1.03;
CI = 1.01–1.06; p = 0.007), but not in the adjusted model.
There was no significant association between rainfall and
malaria test positivity rates, both in the crude and the
adjusted models (Table 3).
Associations between malaria test positivity rates
and meteorological variables with a one month lag phase

The association between malaria test positivity rates and
meteorological variables was estimated with one month
lag for the predictor variables (Table 4). In the adjusted
analysis, malaria test positivity rates were significantly
associated with average monthly minimum temperatures
(IRR = 1.67; CI = 1.28–2.19; p = 0.001) and negatively
associated with average monthly maximum temperatures (IRR = 0.68; CI = 0.54–0.85; p = 0.001). Malaria test
positivity rates were significantly associated with average monthly maximum relative humidity (IRR = 1.07;
CI = 1.03–1.11; p = 0.002) and average monthly

Table 3 The association between malaria test positivity rates and temperature, humidity, and rainfall in Lower Moshi from 2009 to
2018
Variable

Crude analysis
IRR (95% CI)

Adjusted analysis IRR
(95% CI)

p-value

p-value

Total monthly rainfall

1.00 (1.00–1.001)

0.464

1.00 (0.99–1.00)

0.217

Average monthly max
temp

0.87 (0.81–0.94)

0.001

0.72 (0.58–0.91)

0.005

Average monthly min
temp

0.92 (0.82–1.02)

0.115

1.37 (1.05–1.78)

0.019

Average monthly max RH

1.06 (1.01–1.10)

0.009

1.00 (0.92–1.10)

0.918

Average monthly min RH

1.03 (1.01–1.06)

0.007

0.99 (0.95–1.03)

0.583

RH Relative Humidity, IRR incidence rate ratio, CI confidence interval, max maximum, min minimum, temp temperature

Table 4 The association between malaria test positivity rates and one month lag temperature, humidity, and rainfall in Lower Moshi
from 2009 to 2018
Variable

Crude analysis
IRR (95% CI)

p-value

Adjusted analysis
IRR (95% CI)

p-value

Total monthly rainfall

1.00 (1.00–1.003)

0.554

1.00 (0.99–1.00)

0.212

Average monthly max temp

0.92 (0.85–0.99)

0.030

0.68 (0.54–0.85)

0.001

Average monthly min temp

1.04 (0.93–1.17)

0.458

1.67 (1.28–2.19)

0.001

Average monthly max RH

1.07 (1.03–1.11)

0.002

0.99 (0.92–1.09)

0.974

Average monthly min RH

1.03 (1.01–1.06)

0.007

0.99 (0.95–1.03)

0.626

RH Relative Humidity, IRR incidence rate ratio, CI confidence interval, max maximum, min minimum
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minimum relative humidity (IRR = 1.03; CI = 1.01–1.06;
p = 0.007) in the crude analysis. However, in the adjusted
model, malaria test positivity rates had no association
with rainfall and relative humidity.

Discussion
Climate changes, increased use of vector control measures, better testing tools, more effective treatment with
anti-malarial drugs and improved socio-economic status
is changing the epidemiology of malaria [22, 29].
In Lower Moshi, malaria transmission is low (annual
malaria prevalence < 0.1%), but malaria cases are seen
throughout the year with an increase in number of cases
around the end of the rainy seasons or shortly after. Most
likely, irrigation activities are one of the main drivers of
persistent malaria transmission during the dry seasons
in Lower Moshi as also supported by other studies [17,
26]. The findings of this study showed that malaria cases
reported at TPC Hospital in Lower Moshi between 2009
and 2018 were few. Cases were lowest from the year
2010 to 2013 until a small increase in 2014 followed by a
slight decline until 2018. The small increase in the number of malaria positive cases in 2014 may be accounted
for by the introduction of RDTs, which compared to
microscopy is a more sensitive and rapid diagnostic tool
[30], but may also introduce some false positive results
[31]. On the contrary, other studies have reported large
increases in number of malaria positive cases following
the introduction of RDTs [32, 33]. Lack of this observation in the current study could be due to the accuracy of
blood slide test performance due to the presence of qualified staff and performance of quality controls. Unfortunately, there was too little overlap in the usage of RDTs
and microscopy to do a sensitivity analysis in the current
study.
Similar findings, though on a greater scale, have been
reported in other settings in Tanzania with different
malaria transmission intensities where the total number
of cases increased from the year 2012 to 2015 followed by
a slight reduction in number cases reported in 2016 and
2017 [34, 35]. These findings are partly contrary to what
has been reported on the overall trends of malaria in
sub-Saharan Africa, where the number of malaria cases
showed a significant decline from the year 2000 to 2015
[1, 20, 21] and continued to decline, though, at a muchslower rate after 2015[1]. The inconsistency may be
caused by difference in time points when control measures were introduced in the different parts, variations in
weather conditions and/or other factors which may contribute to local variations.
Studies have showed that malaria control measures,
particularly LLINs, have significantly averted malaria
cases in sub-Saharan Africa since the year 2000 to 2015
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[21, 36, 37]. In this study, despite immense distribution
of LLINs during 2014 and 2017 there was no effect on the
numbers of malaria positive cases reported at TPC Hospital. This could probably be due to weather conditions
favourable for mosquito population growth at the time,
especially moderate prolonged rainfall (Fig. 2), or due
to irrational use of bed nets [38, 39]. However, the possible impact of LLINs on malaria incidence is in this particular setting of Lower Moshi also difficult to assess, as
the number of malaria cases is already very low. Further
studies on LLINs coverage, ownership and usage are warranted to better understand how this affect the malaria
trend in the study area.
In this study, the risk of testing positive for malaria
was significantly higher among individuals in the age
groups 6–30 years when compared to individuals aged
between 46 and 65 years. Two different studies conducted in Kisumu Kenya and Gabon also reported similar
findings, and showed higher malaria prevalence among
children older than 5 years of age [40, 41]. As previously suggested, this is probably due to lower utilization
of insecticide treated bed nets (ITNs) by older children [42]. Another study also found significantly higher
malaria test positivity among individuals aged between
11 and 20 years [43]. In the present study the risk of testing positive for malaria was not significantly high among
individuals aged above 30 years. This is probably due to
development of clinical immunity caused by many years
of previous exposures in this low transmission area [44].
Furthermore, the risk of testing positive for malaria was
significantly higher among male than female individuals
which could be due to differences in behaviour related to
exposure where women are more likely to use bed nets
than men [45].
Meteorological variables including rainfall, temperature and relative humidity did not show any change in
Lower Moshi over the course of the ten years investigated, but regular annual patterns which affect
malaria transmission temporarily. Temperatures for
Lower Moshi showed an annual pattern with average
monthly temperatures ranging from 16.2 to 31.4 °C
during the cool months of July and August and reached
temperatures of 19.7–35.7 °C during the hot months
around January to March. Malaria test positivity rates
increased with increasing average monthly minimum
temperature. These findings are supported by previous
studies which have documented that very low temperatures do not support mosquito survival, lowering the
malaria transmission [11, 12]. Malaria cases decreased
with increasing average monthly maximum temperature when analysed with and without one month time
lag. Other studies have shown a similar association
that temperature was a strong predictor for malaria

Kassam et al. Malar J

(2021) 20:193

incidence when compared to other meteorological variables [4, 16] and it has previously been documented
that extremely low temperatures below 17 ℃ and
extremely high temperatures above 32 ℃ negatively
affects mosquitoes survival [7, 46] and that malaria
transmission peaks at 27 ℃ [9, 46].
Rainfall and relative humidity are important factors for
malaria transmission as rainfall creates breeding sites that
increase vector populations [14] and a humid environment prolongs the lifespan of vectors and increases vector activity [13] where mosquito abundance and malaria
transmission are higher during the most humid months
of a year [47, 48]. In this study, there was no significant
association between malaria incidence and either rainfall
or relative humidity. In Lower Moshi, irrigation activities
make important breeding sites for mosquitoes during the
dry season and probably lowers the effect of rainfall and
humidity on malaria transmission as seen in non-irrigation settings. A previous study also documented that, the
presence of irrigation activities has dampening effect on
the rainfall seasonality of malaria transmission in Tropical Africa [49].
The limitations of this study included lack of access to
data on malaria cases imported from other areas and data
on other possible malaria transmission confounding factors such as socio-economic status.
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