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Abstract
Background: Geo-spatial aspects affect the susceptibility and containment of infectious disease transmission. Small island geographies may 
make containment easy, but effective quarantine and isolation may be challenging due to different population density and living conditions. The 
mathematical models used in this paper aim to determine the epidemic dynamics of COVID-19, quantify the impact of the non-pharmaceutical 
interventions (NPIs) and forecast infection parameters in two types of island settings. The effects of the NPIs on the capital island and other are 
modelled islands separately.

Methods: The Susceptible, Infectious, Recovered, Deceased (SIRD) model is used to forecast the spread of COVID-19 in the dense and congested 
urban capital island compared with the less populated small island of the Maldives. The model parameter values were informed by published 
materials and fitted to the Maldives.

Results: The model shows that the reproduction number R0, ranged between 1 and 2 in all the NPI states, and R0 could be decreased to less than 1 
with combined interventions (NPI3-NPI5). The effects of interventions are particularly effective in smaller islands, and possible to bring down R0 to 
less than one even with minimal interventions. The densely populated capital city, Male’ will require double the time and double the combinations 
of NPIs to that required by other smaller islands to reach R0 below 1.

Conclusions: Epidemic modelling has greater utility for policy and planning when modelled for different populations separately rather than for 
the whole population especially when there are many geographically dispersed islands in the country, such as those in a number of Small Island 
Developing States. Findings from this model suggest that each community needs a unique mix of the NPIs based on the density and living conditions 
of the community.
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Background
COVID-19 has spread across 215 countries and territories 

worldwide with more than 31 million cases and almost one million 
deaths as of 18 September 2020 [1]. The rapidly spreading COVID-19 
pandemic that emerged from Wuhan China in December 2019 was 
imported to the small islands of Maldives through travelers with 
the first case being reported on 7 March 2020 [2]. In the Maldives, 
COVID-19 was first detected in a tourist resort and in one week, 13 
cases were confirmed with more than 300 people exposed to the cases 
[3] Therefore, the ability to accurately understand and predict the 
pandemic dynamics in the unique environment of islands is of critical 
importance in responding to the COVID-19 in Maldives.

Compartmental models [4] have been used to analyze numerous 
influenza studies in the past and other epidemiological outbreaks 

including the H1N1 pandemics of 1918 and the 1968-1971 H3N2. 
For the COVID-19 pandemic, these modelling approaches were 
used to predict pandemic dynamics [5] to forecast the spread 
[6] and to estimate mortality ratios [7]. There are also modelling 
studies developed for non-pharmaceutical interventions (NPIs) and 
COVID-19 [8], showing the effect of control measures, to assess 
the potential severity and transmissibility of the pandemic, and to 
determine the contagious period of this novel viral strain.

Unlike studies of pandemics that spread in huge population and 
landlocked countries, only a few limited studies have looked into 
its spread in island settings which can have natural containment 
dynamics. In 1971, Mathews JD, et al. [9], estimated R0 of an island 
population for H3N2 outbreak, where the median R0 of 6.4 (95% 
credibility interval 3.7-10.7). This meant that most of the people living 
in the small community were exposed twice, but exposure from the 
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first wave provided protective immunity in the community and few 
became ill during the second wave. Yet the infection rate was high with 
an R0=6.4, which indicates that the proportion of people who became 
immune from the first wave was low and reflects that transmission of 
the virus is high among small communities. The findings are similar to 
that in a closed setting, with a high infection rate posing a higher risk 
of community spread in islands.

The small islands in the Maldives, surrounded by sea make 
containment easy, yet it becomes a challenge to effectively isolate those 
on the island. However, due to the different population density in the 
capital island of Maldives and other islands, we modelled the effects of 
the NPIs on the capital and other islands separately. This is the first time 
the data is publicly available opening a unique opportunity to research 
the COVID-19 pandemic spreading through the geographically 
contained island communities.

The mathematical model aims to determine the epidemic dynamics 
of COVID-19, quantify the impact of the non-pharmaceutical 
interventions (NPIs) and forecast infection parameters.

Methods
To formulate and develop the values for each compartment we 

developed an optimal model using the following assumptions (Table 1).

a)	 This model comprised four compartments Susceptible as 
S(t), Infected as I(t), Recovered as R(t) and Deaths as D(t) at any time t 
≥ 0. The population N(t) [14] is assumed to have natural containment 
due to island structures of the Maldives, without any demographic 
changes such as births or deaths due to natural causes, therefore at a 
point the population of Maldives can be described using:

(t) S(t) I(t) R(t) D(t)N = + + + 		  (1)

b)	 The people can contact each other and is homogeneous 
unless otherwise stated by the NPI. Where NPI is modelled by 
exposure variable u(t), where 0 ≤ u(t) ≤ b < β. Since most of the 
NPIs involves reducing contact within the population, once stringent 
measure is implemented the rate of infection is lowered from b at Do 
Nothing scenario to b-u(t) for all other scenarios.

c)	 Only people from the susceptible state can move to infected 
compartment. Once infected they can either die at a constant rate, 
τ or recover at a constant rate, g. It should be noted that the whole 
population is susceptible, and only from this state people get infected. 
This means the virus kills τ of the people it infects, the people who 
recover (1-τ) will move to recovered compartment.

Based on these assumptions, the following schematic diagram 
(Figure 1) can be used to depict the four compartments of SIRD 
model: Susceptible(S), Infected(I), Recovered(R), Deceased(D).

Data collection
The epidemiological data on COVID-19 was published by the 

Health Protection Agency (HPA), Maldives, daily from the start of 
the epidemic until the end of March 2020. The data for the forecast 
that was obtained from the HPA included information on number of 
people tested for COVID-19, number of contacts traced, number of 
those identified as suspects and the number quarantined or isolated.

The susceptible population for Male’ and an average island (small 
island) were derived from the population figures published by the 
National Bureau of Statistics [10]. For the Male’ population, a total of 
313,854 is used which includes local residents and estimated foreign 
migrant population. Small islands are considered to have a population 

of 1,837 which is an average of the population of the rest of the 187 
islands.

In the model, the susceptible population (S) moves to infected 
compartment at the rate “β” if they come into contact with an 
infectious person, thus reducing the susceptible population. This 
controlled dynamics is used in similar NPI setting [14] and denoted 
by the time derivatives which are non-linear differential equations. 
Therefore, the time derivatives for the variables in the model are 
represented as follows:

(t) ( u(t))s(t) i(t)s β= − − 				   (2)

i(t) ( u(t))s(t) i(t) ( ) i(t)β γ τ= − − + 		  (3)

(t) (t)r iγ= 					     (4)

d(t) (t)iτ= 					     (5)

Where the sum of all-time derivatives is equal to 1, i.e.: 
(t) i(t) r(t) d(t) 1s + + + = , s(t), i(t), r(t), d(t) ≥ 0, and the control, u(t). 

Thus, we calculated the number of people in each of the compartment 
S, I, R, D at t1, t2, t3… tn.

Experiments

The SIRD model was applied for different rates of protection for 
each implemented containment measure applied in the islands. 
The effect of the NPIs were quantified and compared with the “Do 
Nothing” scenario, to investigate whether the spread of epidemic could 
have been prevented using NPIs, what proportion of the population 
was susceptible over the course of the epidemic, and how many new 
infections and deaths were generated by the NPIs. The outbreak was 
simulated using parameter values from the actual numbers on the 
first 13 cases in the Maldives and values from the literature, fitted to 
the geospatial and societal context of the Maldives (Table 2). Each 
simulation started with 2 infected individuals at t0, with the rest of the 
population being in the susceptible state.

Ethical Issues/Statement
Ethical approval was sought from National Emergency Operations 

Committee (NEOC) established to oversee COVID-19 operations and 
National Health Research Council (NHRC) of Ministry of Health, 
Maldives.

Results
The model output showed that stringent NPIs in combination 

can substantially reduce R0, distilling the effect of the epidemic on 
the health system and reducing the deaths (Figure 2 and Figure 3). 
However, when the NPIs are implemented as a single intervention, the 
effect is less visible.

 
Figure 1: Adapted SIR model to form SIRD model-each compartment.
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List of notations Description Values

s(t) Susceptible population at time t (t=0,1,2…n)
Note: average island population size

S(t0)=313,854 (Male’)
S(t0)=1,837 (islands) [10]

i(t) Infected population at time t I(t0)=2

r(t) Recovered population at time t R(t0)=0

d(t) Deaths at time t D(t0)=0

u(t) Decision variable to model containment measure; u(t)=pxqxb U(t0)=0

β Infection rate; β=pxq 5.74×10ˆ-6 for Male’
4.78×10ˆ-6 for islands

p

Probability of contact with infected person; p=k/N

P=12/313,854 (Male’)* 3.82×10ˆ-5 for Male’

P=10/1,837 (islands) 5.44×10ˆ-3 for islands

q Probability falling ill if contact with an infected person 0.15 [11]

k
Average number of adequate contacts made by an infected individual per time.
*Note: The first 13 cases are used to calculate contacts per person which is12 for Male’ 
region and 10 for islands. Thus, these exact values are used to calculate infection rate.

12 for Male’
10 for islands

N

Total population size (National Bureau of Statistics, 2020) with 100,000 undocumented 
immigrants.
Assumed that 80% of migrants will reside in Male’ and 20% of migrants will be distributed 
equally among 187 islands).

N(t)=313,854 (Male’)
N(t)=1,837 (islands)
[10]

τ Rate of death: approximated average mortality rate of the disease. 0.02 [6,12,13]

γ Rate of recovery; γ=(1-τ)
Everyone will recover except the percentage that dies. 0.98 [13]

b Reduction in infection by implementation of containment measures Refer to table 2

Table 1: List of notations used in the model.

Scenarios Definition Effect value Reviewed papers

No NPI: Do 
nothing All exposed 0% -

NPI1:

Combination of Thermal screening, checking of travel 
history and health declaration form screening, case 
isolations and quarantine all suspects at a facility: no 
exposure to public or HH members (Quarantine and 
Isolation)

18%
Anderson RM, et al., Browne C, et al., Keeling MJ, et 
al., Klinkenberg D, et al., Müller J, et al., Rivers CM, et 
al. [15-20]

NPI2: NPI1 and no mass gatherings, including social, public and 
religious gatherings (No mass gatherings) 25%

Anderson RM, et al., Gastañaduy PA, et al., Kelso JK, et 
al., Pasquini-Descomps H, et al., Uscher-Pines L, et al. 
[15,21- 24]

NPI3:
NPI1, NPI2 and Social distancing within government, 
institution-based businesses and education (Social 
distancing)

32%

NPI4:

NPI1, NPI2, NPI3 and all social activities prohibited: Closure 
of school, universities, café's, gyms, spas, mosques, social 
visits, government and business closure (Restrictive social 
distancing).

38%
(Ahmed F, et al., Ball F, et al., Chu CY, et al., Halloran 
ME, et al., Kleczkowski A, et al., Milne GJ, et al. [25-
30]).

NPI5: NPI1, NPI2, NPI3, NPI4 and closing of border, closing shops, 
businesses, island closures (Semi-lockdown). 43.4% (Bi Q, et al., Chung LH, et al., Selvey LA, et al., Tay J, et 

al., WHO [31-35])

Table 2: NPI categories, definitions and assumed reduction in infection by implementation of NPIs.
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When the model is run with assumption that all the simulations 
are not-mutually exclusive, unless otherwise stated, with the b values 
fitted to Maldivian context, the total infections, total deaths, duration 
of the epidemic and R0 changed to various control measures. This 
model suggests that change in ‘b’ values affected by all the non-
pharmaceutical interventions, delay the peak incidence, as well as the 
peak of the outbreak and lengthening the epidemic (Table 3).

For a small population island in the Maldives, without any social 
distancing scenarios, infections peak at 62% while deaths are at 1.2% 
of population. From NPI1 to NPI3 the duration of epidemic increases, 

however NPI4 (restrictive social distancing) and NPI5 (semi-
lockdown) shows a short epidemic duration with a reproduction 
number less than 1 (Figure 4 and Figure 5).

Discussion
The unique geographic setting of Maldives restricts the population to 

small communities varying from 200 to 2000 people in most inhabited 
islands, except a few inhabited islands and the capital Male’, where 
more than a third of the population resides. By using the real epidemic 
data for Maldives, the model is fitted with nonlinear optimization, to 
estimate the transmission parameters in the Maldives islands, to Male’ 

 Figure 2: Estimated infections in Male’.

 
Figure 3: Estimated deaths in Male’.
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 Figure 4: Estimated infections in an island.

Male’ (Capital island) Small Island in Maldives

Total infections Total deaths Duration in days R0

Total 
infections Total deaths Duration in days R0

No NPI
248,616 4,972

35 1.8
1,139 23

30 1.5
-79.20% -1.60% -62.00% -1.20%

NPI1
188,385 3,768

54 1.5
670 13

51 1.3
-60.00% -1.20% -36.50% -0.70%

NPI2
154,176 3,084

69 1.4
414 8

72 1.1
-49.10% -1.00% -22.50% -0.50%

NPI3
110,878 2,218

100 1.2
127 3

104 1
-35.30% -0.70% -6.90% -0.10%

NPI4
64,045 1,281

170 1.1
26 1

37 0.9
-20.40% -0.40% -1.40% 0.00%

NPI5
3,553 71

206 1
13 0

18 0.9
-1.10% 0.00% -0.70% 0.00%

Table 3: Infections, deaths, duration and change in reproduction number due to control measures.

and average sized small island scenarios. Unlike many early studies of 
COVID-19 transmission that considered either huge populations like 
China, its cities [36], Italy and the international spread of infection 
[14], the investigation of the pandemic, with assumed ‘b’ values for 
the effect of different NPIs taking into consideration the atoll/island 
setting of the Maldives islands with a SIRD model, provided the best fit 
given the high transmission and reported fatality of the disease.

The epidemic dynamics are different in Male’ compared to the 
average small island. The effect of containment measures appears to be 
more effective in the small island settings which is, likely to be driven 
by the smaller population and also the smaller number of exposures 
due to differences in housing characteristics in the two settings. This 
observation is in contrast to findings of Mathews and colleague [9] 
for island settings, but more likely in relation to the situation in Male’ 

Male’ which has a high population density and a number of communal 
living arrangements among the migrant labour force [37].

The results of the model appear to be realistic, considering the 
multiple but synergistic efforts by different stakeholders involved in 
the national emergency activities in creating awareness and infection 
prevention and control measures. The HPA issued daily reports on the 
pandemic, urging individuals to maintain hand hygiene in local and 
foreign languages, and indicating measures they could take to avoid 
infection. Furthermore, the population is well connected socially as 
well as digitally, and the young population structure in the country 
makes them high social media users [38].

Without any containment measures and any disruptions to the 
social or economic movements of the society (the “Do Nothing” 
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scenario), high mortality and morbidity is predicted due to the 
COVID-19 transmission, in both Male’ (capital city) and in the 
small island settings. However, with NPI1 (where only quarantine 
and isolation of the cases are observed) and NPI2 (where in addition 
to NPI1, mass gatherings are restricted) mortality is reduced. In 
these two scenarios the epidemic duration is extended however the 
number of infections continues to be quite large and likely to cripple 
the health system. However, NPI3 (the same as NP2 with additional 
social distancing measures within the community and businesses), 
the effect is markedly different in both the small island setting and 
Male’. This is of the Male’. Low levels utmost important as it indicates 
minimal containment measure is effective for small islands, but less 
effective in of restrictions are encouraging as the living conditions in 
mall islands will not be severely affected and community can function 
at a state near to normal. This is observed in the current situation 
of Maldives, where the epidemic spread has been easily contained 
without taking measures of NPI4 and NPI5 in small islands outside 
Male’ [3]. However, the case for Male’ is different as it requires NPI4 
(where all social activities are restricted) and NPI5 (semi-lockdown 
measures) to contain the epidemic, consistent with actual observed 
in the current epidemic situation in the Maldives. While the semi-
lockdown halted the spread of the epidemic in Male’ it affected the 
livelihoods and social support mechanisms. The ease of lockdown to 
NPI3 level in Male’ resulted in surge of cases which required further 
restrictions as in NPI4 [3]. This is consistent with the model outputs 
that the control of the epidemic in Male’ can be achieved with some 
restrictions of movement and daily life, while movement restrictions 
need not be enforced in small islands.

Numerous mathematical modelling is emerging to examine the 
COVID-19 epidemic, although to the authors’ knowledge this is the 
first modelling study done for an island nation or small populations. 

While most simulations and modelling studies approach to predict the 
future pandemic dynamics, this model is applied for the current NPIs 
applied in the Maldives, modelling the effects of each NPI at a stage 
where community spread of COVID-19 starts in the small islands.

The results suggest that the more stringent NPIs which include 
a combination of social distancing measures give protection to 
the population. The susceptible compartment constitutes a large 
number of the population in each of the scenario, except the “Do 
Nothing” scenario, at which point, more new infections spread to this 
compartment and is converted to the infection compartment. The 
results are sensitive to the NPIs and identify the importance of the 
NPIs in containing the epidemic. The model indicates that in small 
islands, NPIs if combined and stringent enough would be sufficient to 
reduce R0 below 1, similar to scenario 3, which limits mass and public 
gatherings but allows government and institutional businesses and 
education to function.

The susceptible compartment increases in size with the NPIs 
implemented, which might be due to several overlapping interventions 
instituted prior to the reporting of the first case in the Maldives context 
that determined the probability of exposure. The NPIs implemented 
include screening at the ports of entry even before the COVID-19 was 
imported to Maldives, and all the arrivals to the country, irrespective 
from where they arrive, being held at quarantine and isolation facilities 
depending on their clinical status. In modelling the scenarios, the 
effects of these two NPIs are considered to be in place, with respect to 
the other NPIs. Therefore, the susceptible population is likely to have 
remained at high level.

Finding reliable transmission data in small island populations to 
shed light on COVID-19 dynamics is presently difficult, as was the 
case during the 2009 H1N1 pandemic [9] and are confounded by 

 
Figure 5: Estimated deaths in an island.
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inconsistent data collection, results and emerging new findings. Thus, 
it is noted that R0 for countries differ, and is the same in Maldives 
with R0 between 1-2. Without comparable data from a small island 
population, basic transmission parameters, including R0, can be more 
accurately determined for a smaller island state like Maldives.

This model is limited to a population of a small island states, 
geographically dispersed and may not be generalizable to land-locked 
countries. However, the results are relevant for many settings that 
share characteristics of Maldives-namely, small islands which are 
separated by sea with low but close-knit populations. Secondly, this 
model assumed a closed population in which the small population 
did not leave for the duration of the pandemic, given the current 
movement control restriction applied. However, in the medium 
term, it is unlikely to be a strictly closed population as a small 
percentage of population may travel in and out of the community. 
Thirdly, currently available transmission data for the novel virus 
is used here, however, with new research this analysis may need to 
be repeated with the new data. There is also a need to further explore 
the effects of the measures during the community spread and expand 
modelling to plan resources for the community spread scenarios to 
reduce the health system burden.

Conclusions
The model applied to Maldives provides a deeper insight into the 

dynamics of the spread of COVID-19 and quantify the impact of 
the NPIs in a small island context. The effect of implementation of 
multiple NPIs before and early at the onset of the community spread 
is seen in reducing R0 below 1.0 and protects a large portion of the 
population. The model produces different outputs for the measures 
in the small island setting compared to the more densely populated 
capital city island which is consistent with what is currently observed 
in Maldives. While the epidemic can be controlled via quarantine 
and isolation along with social distancing practices without much 
restriction on day-to-day life in the less congested small island context, 
more restrictions on work and daily activities have to be applied in 
Male’ to control the spread. The model provides valuable information 
for containment planning for small island settings (similar to a closed 
setting), which have limited resources to respond to community 
spread. Hence, the findings may not be generalized to large and open 
populations. Further modelling with actual data from the community 
spread of the epidemic is needed to refine the model assumptions that 
can more accurately guide response in small island developing country 
settings.
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