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Abstract: Poor subsistence farmers who live in a semi-arid area of northern Ethiopia build irrigation systems to overcome
water shortages. However, there is a high risk of malaria transmission when increased standing water provides more fa-
vorable habitats for mosquito breeding. This is a serious problem because there are many barriers to malaria control
measures and health care systems in the area. Using a causal loop diagram and computer simulations, the author at-
tempted to visually illustrate positive and negative feedbacks between mosquito and human populations in the context of
Simret, which is a small village located in northern Ethiopia and is generally considered a malaria-free area. The simulation
results show that the number of infectious mosquitos increases to 17,215 at its peak, accounting for 3.5% of potentially
dangerous mosquitos. At the same time, the number of sick people increases to 574 at its peak, accounting for 15% of
local population. The malaria outbreak is controlled largely because of a fixed number of vulnerable people or local popu-

lation that acts as an intermediate host.
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INTRODUCTION

Simret is a small village located in the Hawzen district of
eastern Tigray region in northern Ethiopia (13°58'N 39°26'E).
The surrounding area is mostly plateau and semi-dry with a
short rainy season. The average annual rainfall and tempera-
ture are respectively 650 mm and 21°C (max. 25°C, min.
17°C). The majority of local population are poor subsistence
farmers who cultivate a variety of cereal crops and raise live-
stock for household consumption and incomes [1]. Water
scarcity is a root cause of the low productivity of agriculture
that is heavily dependent on the short rainy season between
June and September [2]. The area is also severely degraded by
soil erosion and nutrient depletion because of high popula-
tion density: traditionally, many Ethiopians migrated to mid-
highlands due to fear of malaria [3]. The population pressure
resulted in overgrazing and deforestation, which further aggra-
vated extensive drought and famine in the region [3]. There-
fore, villagers built small scale irrigation systems to overcome
the low productivity and water shortages; however, there was a
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high risk of increasing malaria transmission [4,5].

Malaria is a leading public health problem in Ethiopia.
About 67% of the population live in malaria-risk areas accord-
ing to the WHO malaria report in 2014 [6]. It is endemic in
western and southeastern lowlands of Ethiopia with varying
intensity of transmission, whereas the northern dry highlands
receive relatively low rainfall and are generally malaria-free [7].
The density of vectors or mosquito populations tends to de-
crease with increasing altitude in highland areas [8]. There are
many factors affecting malaria prevalence such as climatic,
physical, household, and socioeconomic conditions in Ethio-
pia [9-12]. In particular, malaria prevalence is strongly associ-
ated with the amount of rainfall in the Tigray region of north-
ern Ethiopia. It normally coincides with the rainy growing sea-
son during which labor requirements are highest [13-15].

Among other factors, human activities can also influence
the prevalence of malaria. Agricultural development, defores-
tation, and construction of dams for hydro-electric power gen-
eration lead to ecological changes, which exert considerable
influence on the proliferation of mosquito breeding sites and
thus malaria transmission [13]. Many farmers build wells and
store water in dugouts or bunds to overcome water shortages:
these water storage sites and other standing water provide fa-
vorable habitats for mosquito larval development [14]. Well-
maintained canals and irrigations can prevent mosquitos from
breeding extensively, but small standing pools of water, seep-
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age, and improper maintenance can give rise to and sustain
breeding opportunities in the dam areas [15]. The Tigray
Health Bureau found that malaria and schistosomiasis across
the region averaged more than 10% of the population, which
was significantly higher than the pre-micro-dam period [15].
Plasmodium falciparum and Plasmodium vivax account for 65%
and 35% of the infections, respectively, in the Tigray region
[16].

Using computer simulations and mathematical models,
many researchers described the life cycle and population dy-
namics of mosquitos that are interacting with their physical
environments and humans, and also examined their behavior
in response to climate changes and control policies or inter-
ventions [17-21]. The author chose to use system dynamics to
evaluate the impact of irrigation extension on malaria trans-
mission. System dynamics modelling is a relatively new tech-
nique that utilizes a causal loop diagram and computer simu-
lations to describe dynamic patterns of system behavior over
time. System dynamics is useful when one intends to study a
feedback between the mosquito and human populations [22,23].
In short, the aim of this study was to illustrate the feedback
between mosquitos and human populations in the context of
Simret, northern Ethiopia, which is generally considered a ma-
laria-free area. This study neither applies nor estimates precise
values to determine mosquito and infected human popula-
tions. Rather, the author attempted to present an informative
article about host-parasite relationships using simple differen-
tial equations and computer simulations. It may provide a bet-
ter understanding of how a large malaria epidemic can occur
and be controlled for readers without a strong foundation in
parasitology.

MATERIALS AND METHODS

System dynamics modelling is comprised with 2 parts,
namely a causal loop diagram and a stock and flow diagram.
A causal loop diagram depicts endogenous relationships
among system components and defines the type of feedback
structure. A stock and flow diagram defines the underlying
physical structure and decision rules in mathematical equa-
tions. Stocks describe and provide information about the state
of a system. Flows make adjustments in stocks through addi-
tion and subtraction over time. A system continuously ob-
serves information from stocks and then makes adjustments
through in and out flows. The following sections demonstrate

how the system dynamic modelling was done.

Causal loop diagram

The feedback relationship between mosquito and human
populations is illustrated in Fig. 1. A female mosquito lays
eggs on standing water. An adult female mosquito that emerg-
es from the pupa is potentially dangerous. An increase in the
number of potentially dangerous mosquitos is likely to in-
crease the number of incubating mosquitos, depending on the
chance of biting infectious people. The potentially dangerous
mosquito that bites an infectious person undergoes the incu-
bating period and then becomes infectious. An increase in the
number of infectious mosquitos is likely to increase the num-
ber of incubating people, depending on the chance of biting
vulnerable people. A vulnerable person who is bitten by an in-
fectious mosquito undergoes the incubating period and then
becomes infectious, increasing the chance of transmitting the
parasite to mosquitos. There is a positive feedback loop be-
tween the mosquito and human populations at this point.
However, there is a balancing force at the same time. As the
number of sick people increases as a result of malaria trans-
mission, the number of immune and vulnerable people de-
creases, given a finite number of local inhabitants. Conse-
quently, the chance of biting vulnerable people quickly de-
creases at the peak of malaria outbreak.
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Fig. 1. Feedback between mosquitos and humans.



Chung: Impact of irrigation extension on malaria transmission in Ethiopia

Table 1. Parameter definitions and values used in model simulations
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Parameter Description Units Values

i Initial number of female mosquitos Mosquito 3,500

oc Eggs per oviposition Egg 100

f Larval development period 1/day 0.25 (1/4)

u Mosquito unsafe period 1/day 0.333 (1/3)
b* Bites per day per mosquito bite/day/mosquito 0.222 (4/18)
o} Incubating mosquito per bite 1/day 1

Cq Chance of biting contagious persons Dimensionless I—ItC / HtT

r Mosquito incubating period 1/day 0.083 (1/12)
e Mosquito infectious period 1/day 0.333 (1/3)
Q2 Infectious person per bite person/bite 1

G Chance of biting vulnerable persons Dimensionless HtV / HtT

\% Human incubating period 1/day 0.222 (1/4.5)
k Infectious period 1/day 0.222 (1/4.5)
s Sick period 1/day 0.4 (1/2.5)
D Death fraction Dimensionless 0.005

Note: the parameter values for periods are calculated by taking a reciprocal of the period days obtained from an expert’s opinion and Albin [23].
*This value was derived by dividing the total number of bites in a mosquito’s life by the average mosquito lifespan (4/18). We assume that the mosqui-

to life spanis 18 days.

Model setting and description

The time bound for simulation is 1 year or 365 days. The
mosquito population begins to increase on day 152, which
marks the onset of rainy season in northern Ethiopia. The
model described in this section builds upon Mecoli [22] and
Albin [23] who described the dynamic relationship between
mosquito and human populations. The model can be repre-
sented by the ordinary differential equations, which define a
stock and flow diagram of a system dynamics model. Stocks
represent mosquito and human populations. Each stock is ad-
justed by inflows and outflows, which are in turn determined
by stocks and exogenous variables or parameters. The parame-
ter definitions and values are provided in Table 1.

The mosquito life cycle and infection process

The duration of the larval stage as well as the lifespan of
adult mosquitos are influenced by species of mosquitos and
physical conditions. Also, adequate larval habitat is an impor-
tant prerequisite for the proliferation of mosquitos. It is as-
sumed that new irrigation systems increase favorable breeding
sites for larval development in Simret. There are 4 compart-
ments for the mosquito population, namely mosquito eggs,
potentially dangerous mosquitos, incubating mosquitos, and
infectious mosquitos. A female mosquito mates once in its
lifetime and must have a blood meal before it can lay eggs. Eq
(1) shows that a female mosquito lays about 100 eggs per ovi-
position. Using the pulse function of Vensim software, it is as-

sumed that 350,000 eggs (i) (calibrated by trial stimulations)
are laid by female mosquitos daily starting from day 152 and
then enters the stock of mosquito eggs for the next 100 days.
Concurrently, a fraction (f) of the mosquito eggs develops into
adult mosquitos. Roughly a half of them emerges into female
mosquitos and leaves the stock of mosquito eggs. The larval
development takes 4 days on average, and then adult mosqui-
tos emerge from the pupa. Eq (2) shows that the fraction of
mosquito eggs (fME) laid by female mosquitos develops
into adult mosquitos and enters the stock of potentially dan-
gerous mosquitos. The adult mosquitos leave the stock of po-
tentially dangerous mosquitos if they are not infected within 3
days (uMP) because they have a short lifespan: if the mosqui-
tos are not infected by malaria parasites within 3 days, it is un-
likely that the mosquitos survive long enough to infect hu-
mans. The number of times a mosquito bites per day (b) is de-
fined as the average number of bites in a mosquito’s life divid-
ed by the average lifespan. The probability or chance of biting
an infectious human (C,) is defined as a ratio of infectious
people to total population. The potentially dangerous mos-
quitos leave the stock of potentially dangerous mosquitos
when they bite an infectious human (MF - b - q, - C;). Eq(3)
shows that the potentially dangerous mosquitos enter the
stock of incubating mosquitos when they bite an infectious
human and then leave the stock after undergoing 12 days of
incubation (rM?2). Eq (4) shows that the incubating mosqui-
tos become infectious after the incubating period and then en-
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ter the stock of infectious mosquitos. The infectious mosquitos

have 3 days to live and infect a vulnerable person (eM[)and

then leave the stock of infectious mosquitos by death.
Equations (1) to (4) are as follows:

E . ME
£ — - pulse(152,100) — ! 5 d

am?

(2) T =fM{ — uM{ —M{(b-q,-C,)
Q
t
= (b-qy - COM — M}
M} 0 ,
(4) W = T‘Mt - eMt
where,

ME = stock of mosquito eggs
M?F = stock of potentially dangerous mosquitos
Mf = stock of incubating mosquitos

M! = stock of infectious mosquitos

Human population

Eq (5) shows that infectious mosquitos bite vulnerable peo-
ple with a probability defined as a ratio of vulnerable people
to total population (b - q, - C, - M}). Vulnerable people who are
bitten by infectious mosquitos enter the stock of incubating
people and then leave the stock after 4.5 days of incubating
period (vH?). It is assumed that there are initially 100 incubat-
ing people who are carrying the malaria parasites. These peo-
ple are most likely to have returned from other malaria risk ar-
eas; many villagers migrate to lowlands to work as daily farm
labor. Eq (6) shows that after 4.5 days the incubating people
enter the stock of infectious people who can transmit the dis-
ease to potentially dangerous mosquitos. They become sick af-
ter another 4.5 days of infectious period (kHf) and then leave
the stock of incubating people. Eq (7) shows that the infec-
tious people enter the stock of sick people and suffer from the
disease for 2.5 days on average (s). Then, they leave the stock
of sick people (sH;). At this point, a very small fraction of sick
people dies from the disease (d). The rest recovers after 2.5
days (1-d) and leaves the stock of sick people. Hence, each per-
son is visibly sick for 7 days, but no longer transmits the dis-
ease thereafter. Eq (8) is the stock of immune people who re-
cover from the sickness. Eq (9) is the sum of people at differ-
ent stages.

Equations (5) to (9) are as follows:
Q
L= (b g2 CIM — vHE

— kHE

H

FT kHE — sdH; — s(1 — d)H?
dH! R

(8) 7 = S(l - d)Ht

(9) HI = HY + H? + HE + HS +H]

where,

HY = stock of vulnerbale people

Hf = stock of incubating people

Hf = stock of infectious people

H? = stock of sick people

H! = stock of immune people

H] = stock of total population

RESULTS

The model estimated that the stock of mosquito eggs in-
creases to 1.4 million during the rainy season between June
and August. Consequently, the potentially dangerous mosqui-
to population (female) rises exponentially from day 152 and
maintains about half a million during the rainy season as
shown in Fig. 2. The simulation results also showed that the
incubating and infectious mosquitos begin to rise exponen-

600,000 -

450,000 [-
3
2 300,000 |-
8
=

150,000

0
73 146 219 292 365
Time (day)

Potentially Dangerous Mosquitos: Malaria Epidemic 444—1—1%
Incubating Mosquitos: Malaria Epidemic
Infectious Mosquitos: Malaria Epidemic 8—3%—3%

Fig. 2. Dynamics of mosquito population at different stages. The
baseline simulation assumes zero values for mosquitos and thus
is not shown.
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Fig. 3. Dynamics of local population at different stages.

tially on and around day 230. The incubating mosquito popu-
lation increases to 74,790 on day 261 at its peak, accounting
for 15% of the potentially dangerous mosquitos. Concurrent-
ly, the infectious mosquito population increases to 17,215 on
day 264 at its peak, accounting for 3.5% of the potentially
dangerous mosquitos and 23% of the incubating mosquitos.
The infectious mosquitos transmit the malaria parasites to vul-
nerable people after which they bite infectious people. This is
the point where the positive feedback loop intensifies. The in-
cubating and contagious (or infectious) people begin to in-
crease exponentially on and around day 234, while the num-
ber of vulnerable people decreases proportionally as shown in
Fig. 3. The number of incubating people increases to 1,486 on
day 258 at its peak, accounting for 38% of the local popula-
tion. The number of infectious people increases to 1,125 on
day 260 at its peak, accounting for 30% of the local popula-
tion. The number of sick people increases to 574 on day 263
at its peak, accounting for 15% of the local population.

The majority of sick people recovers from the disease and
becomes immune. The mosquito population begins to fall af-
ter mid-September, which marks the end of rainy season. At
the same time, there are few vulnerable people who can be in-
fected by infectious mosquitos. The malaria epidemic quickly
comes to an end.

DISCUSSION

A favorable aquatic habitat as a result of the irrigation exten-
sion increases the number of eggs laid by female mosquitos
either on damp ground or directly on standing water [5]. The
pupae emerge into adult mosquitos whose female population

rise exponentially to about half a million at the onset of the
rainy season. These mosquitos are potentially dangerous as
they begin to bite local inhabitants. However, their chances of
finding and biting an infectious person are extremely low de-
spite the pronounced increase in mosquito population. The
probability of biting an infectious person is approximately
6.3%10™'%. Mosquitos become more active by the end of rainy
season in September. Hence, there is about 2-3 months of
time delay before malaria transmission begins to escalate.
Their chances of biting an infectious person begin to increase
dramatically from around day 247.

There is a positive feedback between the human and mos-
quito populations at this point: as the chance of biting an in-
fectious person increases, the number of infectious mosquitos
increases rapidly [23]. The probability of biting an infectious
person quickly rises up to nearly 30%. The model estimated
that, at its peak, 15% of the potentially dangerous mosquitos
bite an infectious person and undergo the incubating period.
However, a slightly larger number of the incubating mosquitos
die simultaneously due to their limited lifespan and other
death factors [19]. Therefore, only 23% of the incubating mos-
quitos or 3.5% of the potentially dangerous mosquitos have a
chance to bite and transmit the malaria parasites to vulnerable
people.

As the infectious mosquitos aggressively seek and bite vul-
nerable people, the number of incubating and contagious (or
infectious) people increases rapidly. These people undergo the
incubating and contagious periods whose time spans are
slightly different from one another, creating a time delay in
transition from the stock of incubating people to the stock of
contagious people. Therefore, the number of contagious peo-
ple is a bit smaller than that of incubating people at their
peaks, but extends a bit longer period of time. The number of
sick people increases to 576 at its peak, which is in line with
other findings that malaria incidences average about 10% of
local population after the construction of micro-dams in the
Tigray region [15]. The number of immune people increases
rapidly as the majority of sick people recovers fast and few
people die from the disease: the sick period of less than 3 days
on average is relatively shorter than the incubating and conta-
gious periods.

The seemingly low risk of malaria in Simret may lead to a
conviction among villagers and local authorities that malaria
is not a serious problem to be addressed. However, the simula-
tion results suggest that the irrigation extension in Simret is
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likely to increase malaria transmission because of the in-
creased habitat sites for mosquito breeding. There is a positive
feedback between the human and mosquito populations, as
the chance of biting an infectious person increases, and the
number of infectious mosquitos increases rapidly [23].

The malaria epidemic is controlled largely because of the fi-
nite number of vulnerable people or local inhabitants in the
model. However, there is an escalating risk of malaria trans-
mission in the region if villagers freely move from one anoth-
er. The establishment of health facilities, availability of malaria
drugs, and implementation of control measures such as insec-
ticide treated bed nets and indoor residual spraying may help
curtail malaria outbreak in Simret [16]. Unfortunately, all vil-
lage areas are not adequately covered by the indoor residual
spraying programs, which are only allocated to high malaria
risk areas. Therefore, increasing the supply of indoor residual
spraying and insecticide treated bed nets should be put into
consideration when constructing new irrigation schemes in
Simret.

ACKNOWLEDGMENT

This work was supported by the Ministry of Education of
the Republic of Korea and the National Research Foundation
of Korea (NRF-2016S1A5B8925203)

CONFLICT OF INTEREST

We have no conflict of interest related to this work.
REFERENCES

1. Pender J, Gebremedhin B. Determinants of agricultural and land
management practices and impacts on crop production and
household income in the highlands of Tigray, Ethiopia. J Afr
Econ 2008; 17: 395-450.

2. Muller C. A test of separability of consumption and production
decisions of farm households in Ethiopia. ] Poverty Alleviation
Int Dev 2014; 5: 1-18.

3. Deressa W, Ali A, Berhane Y. Review of the interplay between
population dynamics and malaria transmission in Ethiopia.
Ethiop ] Health Dev 2006; 20: 177-144.

4. Yewhalaw D, Getachew Y, Tushune K, Kifle WM, Kassahun W,
Duchateau L, Speybroeck N. The effect of dams and seasons on
malaria incidence and Anopheles abundance in Ethiopia. BMC
Infect Dis 2013; 13: 161.

5. Yohannes M, Haile M, Ghebreyesus TA, Witten KH, Getachew A,

Byass P, Lindsay SW. Can source reduction of mosquito larval
habitat reduce malaria transmission in Tigray, Ethiopia? Trop
Med Int Health 2005; 10: 1274-1285.

6. World Health Organization. World Malaria Report, 2014 [cited
7 May 2016]. Geneva, Switzerland. Available from http://www.
who.int/malaria/publications/world_malaria_report_2014/
wmt-2014-no-profiles.pdf.

7. Degefa T, Zeynudin A, Godesso A, Michael YH, Eba K, Zemene E,
Emana D, Birlie B, Tushune K, Yewhalaw D. Malaria incidence
and assessment of entomological indices among resettled com-
munities in Ethiopia: a longitudinal study. Malar ] 2015; 14: 24.

8. Kulkarni MA, Kweka E, Nyale E, Lyatuu E, Mosha FW, Chan-
dramohan D, Rau ME, Drakeley C. Entomological evaluation of
malaria vectors at different altitudes in Hai district, northeastern
Tanzania. ] Med Entomol 2006; 43: 580-588.

9. Abeku TA, van Oortmarssen GJ, Borsboom G, de Vlas §J,
Habbema JD. Spatial and temporal variations of malaria epi-
demic risk in Ethiopia: factors involved and implications. Acta
Trop 2003; 87: 331-340.

10. Animut A, Balkew M, Lindtjorn B. Impact of housing condition
on indoor-biting and indoor-resting Anopheles arabiensis density
in a highland area, central Ethiopia. Malar J 2013; 12: 393.

11. Ayele DG, Zewotir TT, Mwambi HG. Prevalence and risk factors
of malaria in Ethiopia. Malar J 2012; 11: 195.

12. Tesfaye S, Belyhun Y, Teklu T, Mengesha T, Petros B. Malaria
prevalence pattern observed in the highland fringe of Butajira,
Southern Ethiopia: a longitudinal study from parasitological
and entomological survey. Malar J 2011; 10: 153.

13. Alemayehu T, Ye-ebiyo Y, Ghebreyesus TA, Witten KH, Bosman A,
Teklehaimanot A. Malaria, schistosomiasis, and intestinal hel-
minths in relation to microdams in Tigray, northern Ethiopia.
Parassitologia 1998; 40: 259-267.

14. Asenso-Okyere K, Asante FA, Tarekegn J, Andam KS. A review of
the economic impact of malaria in agricultural development.
Agr Econ 2011; 42: 293-304.

15. Amacher GS, Ersado L, Grebner DL, Hyde WE Disease, micro-
dams and natural resources in Tigray, Ethiopia: impacts on pro-
ductivity and labour supplies. ] Dev Stud 2004; 40: 122-145.

16. Ghebreyesus TA, Alemayehu T, Bosman A, Witten KH, Tekle-
haimanot A. Community participation in malaria control in Ti-
gray region Ethiopia. Acta Trop 1996; 61: 145-156.

17. Bomblies A. Agent-based modeling of malaria vectors: the im-
portance of spatial simulation. Parasit Vectors 2014; 7: 308.

18. Diouf I, Deme A, Ndione JA, Gaye AT, Rodriguez-Fonseca B, Cis-
se M. Climate and health: observation and modeling of malaria
in the Ferlo (Senegal). C R Biol 2013; 336: 253-260.

19. Eckhoff PA. A malaria transmission-directed model of mosquito
life cycle and ecology. Malar J 2011; 10: 303.

20. Lutambi AM, Chitnis N, Briet OJ, Smith TA, Penny MA. Cluster-
ing of vector control interventions has important consequences
for their effectiveness: a modelling study. PLoS One 2014; 9:
€970065.

21. Tonnang HE, Kangalawe RY, Yanda PZ. Predicting and mapping



Chung: Impact of irrigation extension on malaria transmission in Ethiopia 405

malaria under climate change scenarios: the potential redistribu-
tion of malaria vectors in Africa. Malar J 2010; 9: 111.

22. Mecoli M, De Angelis V, Brailsford SC. Using system dynamics
to evaluate control strategies for mosquito-borne diseases spread
by human travel. Comput Oper Res 2013; 40: 2219-2228.

23. Albin S. Building a System Dynamics Model. Part 1. Conceptu-

alization: the Massachusetts Institute of Technology; 1997 [up-
dated 25 November 2005, cited 7 May 2016]. Available from
http://ocw.mit.edu/courses/sloan-school-of-management/15-
988-system-dynamics-self-study-fall-1998-spring-1999/read-
ings/building pdf.



