
Received: 23 January 2026

Revised: 15 February 2026

Accepted: 25 February 2026

Published: 26 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

A One Health Approach to Water as an Ecological Enabler for
Leptospirosis: A System Dynamics Model
Lydia Fortune Lennon 1 , Oz Sahin 1,2 , Suliasi Batikawai 1,3 and Simon Andrew Reid 1,*

1 School of Public Health, The University of Queensland, Brisbane 4006, Australia;
l.lennon@student.uq.edu.au (L.F.L.); o.sahin@uq.edu.au (O.S.); s.batikawai@uq.edu.au (S.B.)

2 School of Engineering and Built Environment, Griffith University, Gold Coast 4222, Australia
3 International WaterCenter, Griffith University, Brisbane 4111, Australia
* Correspondence: simon.reid@uq.edu.au

Abstract

Leptospirosis is a neglected zoonotic disease of global importance and remains a persistent
public health challenge in Fiji, where outbreaks frequently occur following extreme weather
events. This study developed a One Health System Dynamics model to simulate interacting
human, rodent, and environmental subsystems over a 24-month outbreak-relevant period,
parameterised using published epidemiological and ecological data. Model validity and
robustness were assessed through the reproduction of known epidemiological patterns,
including seasonal trends. Results indicate that leptospirosis incidence is primarily driven
by the interaction between rodent population dynamics and water systems, with standing
water acting as a critical ecological enabler for both Leptospira persistence and rodent habitat
suitability. Extreme scenario testing indicated that eliminating water contamination drove
cases to near zero within 14 months, whereas soil contamination had minimal effect. Sensi-
tivity analyses identified rodent birth and death rates as the most influential parameters
governing system behaviour. While an integrated One Health intervention produced the
greatest cumulative reduction in cases (21.07%), intervention effects were additive rather
than synergistic, reflecting the dominance of underlying ecological feedback structures.
This study offers a novel system-based framework for understanding leptospirosis bur-
den in Fiji. It advances beyond static risk models by capturing endogenous dynamics,
feedback loops, and non-linear interactions. The findings highlight the need for genuine
cross-sectoral coordination and ecologically based rodent management near water bodies
to sustainably reduce Fiji’s disease burden.
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1. Introduction
Leptospirosis is a neglected zoonotic disease caused by infection with pathogenic

bacteria of the genus Leptospira. The disease presents significant public health challenges
globally, particularly in tropical and subtropical regions [1]. Estimates suggest a worldwide
annual burden of approximately 1.03 million cases and 58,900 deaths [2]. The incidence
and severity of outbreaks are projected to increase due to rising temperatures and extreme
weather events [3]. These shifts are driven by a complex interplay of climatic, socioeco-
nomic, and environmental conditions, further intensified by the compounding effects of
climate change, flooding, and agricultural intensification [4,5].

Fiji experiences a high leptospirosis burden, with regular outbreaks often triggered by
extreme weather events such as floods and cyclones [6,7]. In 2012, severe flooding resulted
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in 576 reported cases with a case fatality rate of 7% [7]. More recently, from January to
May 2022, 1528 confirmed cases were reported [8]. Despite the growing threat, accurately
estimating morbidity and mortality remains challenging due to limitations in surveillance
and diagnostic capacity [9].

Leptospira transmission is driven by complex interactions between animals, humans,
and the environment. Most mammalian species, including rodents, horses, and livestock,
act as reservoirs, shedding the bacteria through urine [10]. Humans are incidental hosts,
with infection typically occurring through contact with infected animals or contaminated
water and soil [1,11]. While progress has been made in understanding individual transmis-
sion components, existing research often focuses on single factors while neglecting broader
systemic interactions [7,11,12]. For example, Bierque et al. [12] posited that environmental
reservoirs are central drivers of Leptospira transmission. This perspective suggests a critical
shift in policy focus, moving away from individual personal behaviours towards managing
the ecological and environmental systems that sustain the pathogen [13].

A significant gap exists in understanding the synergy between water and rodents
as drivers of transmission. While some research focuses on rainfall-induced runoff as
the primary source of contamination [14,15], this study proposes that water acts as an
“ecological enabler”. Rodents, particularly Rattus norvegicus, are strongly associated with
riverine habitats where moisture supports both nesting and bacterial survival [16,17]. Thus,
transmission is not merely a result of transient weather events but is sustained by the
ecological relationship between standing water and rodent behaviour.

To address these research gaps, this study applies system dynamics (SD) modelling to
simulate the dynamics of leptospirosis in Fiji. By adopting a One Health framework, which
recognises the interdependence of human, animal, and environmental health, this research
explores the feedback loops and interrelationships that drive incidence over time [18–20].
The study aims to identify and test critical leverage points to provide evidence-based
recommendations for reducing the burden of leptospirosis in Fiji. Through this approach,
the research identifies the interaction between rainfall and rodent ecology, with standing
water as a key enabler, as the primary driver of infection.

2. Materials and Methods
2.1. Study Design and Modelling Approach

This study utilised an SD modelling approach to explore the complex, non-linear
transmission of Leptospira in Fiji. The methodology followed Sterman’s [20] “systems
method,” which consists of three primary stages: (1) problem articulation; (2) dynamic
hypothesis formulation via a causal loop diagram (CLD) (Appendix A); and (3) formulation,
testing, and application of a simulation model. A One Health framework was adopted to
integrate the human, animal (rodent), and environmental domains into a single, cohesive
quantitative structure [18,19].

2.2. Model Formulation and Subsystems

A pre-developed CLD (Appendix A) served as the foundation for the model formu-
lation phase [13]. This conceptual model was developed through an iterative process to
capture the key feedback mechanisms and circular causalities of Leptospira transmission
in Fiji. Major inputs for the conceptual model included Bierque et al. [12], McPherson
et al. [21], and Reid et al. [13]. The causal relationships identified in the CLD provided the
structural basis for the development of the quantitative Stock and Flow Model, which was
constructed using Vensim® DSS Version 10.3.1 (Appendix B) [22]. To maintain focus on
the primary ecological drivers, qualitative feedback loops from the initial CLD regarding
reactive public health responses, such as health communication and dynamic behaviour
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change, were excluded from the quantitative simulation. Model structure and parametrisa-
tion were informed by Fiji-specific epidemiological data, systematic reviews, and historical
records. In instances where empirical data were unavailable, specifically regarding certain
environmental transmission pathways, parameters were based on logical assumptions
derived from system behaviour and expert opinion. These assumptions were not arbitrary;
they were constrained by logical limits and subsequently tested through rigorous sensitivity
analysis to mitigate uncertainty. The model comprised three interconnected subsystems:

• Human Sub-model: This subsystem followed a susceptible–exposed–infected–recovered
(SEIR) framework [23]. The susceptible population, based on Fiji’s average density
of 50 people/km2 [24], entered the transmission cycle where a proportion of the
population became “exposed” via exposure to contaminated environmental stocks
and infected rodents. This “infecting” flow was determined by the total infectious
contacts, which combine the calculated risk from both the environmental pathway
(contaminated soil and water) and the animal pathway (direct contact with infected
rodents). It was assumed that 90% of the exposed population progressed to asymp-
tomatic infection, while 10% developed symptomatic disease with a 5% case fatality
rate [25,26].

• Animal (Rodent) Sub-model: Rodents (Rattus spp.) were identified as the primary
biological reservoir. The model assumed a constant infected rodent fraction (26.7%)
to determine the density of carriers within the population [27]. Rodent population
dynamics were modelled based on a population dynamics framework [20] and driven
by rainfall deviations, where increased rainfall supported births through improved
resource availability [28,29]. The rodent subsystem “bridged” to the environment via a
defined contamination fraction, where the rate of transition from clean to contaminated
water stocks was proportional to the number of infected rodents and their respective
contamination constants.

• Environmental Sub-model: This tracked the accumulation and decay of Leptospira in
contaminated soil and water stocks. Water accumulation was determined by monthly
rainfall and a runoff coefficient of 0.2 [30,31]. The soil system was modelled over a
1000 km2 area, with an initial contamination level of 20%. Bacterial survival was set
at 0.9 months for soil and 2 months for water [12]. In instances where empirical data
were unavailable for specific environmental parameters, values were based on logical
assumptions derived from system behaviour and expert opinion.

Full details on model inputs, equations, units, and references are provided in the
Appendix C.

The model was simulated over a 24-month period with a 0.25-month (one week) time
step to capture seasonal fluctuations in Fiji’s transmission cycle across the time period
covered by the 2012 to 2013 leptospirosis outbreak in Fiji.

2.3. Model Validation and Calibration

Model validity was assessed through direct structure tests and behaviour pattern
tests [20,32]. The model was calibrated by establishing a ‘base case’ that reproduced Fiji’s
typical seasonal endemic curve, which peaks between December and February. Accuracy
was further verified by successfully replicating the 2012 Western Division outbreak, using
historical rainfall data and an adjusted population density of 53 people/km2 [33].

2.4. Sensitivity Analysis and Extreme Scenario Testing

Model uncertainty was addressed using inbuilt functions in Vensim® DSS Version
10.3.1 [22]. Monte Carlo simulations (1000 iterations) simultaneously varied rodent mor-
tality, environmental contact, and contaminated rainfall within a uniform distribution to
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assess outcome variance. A tornado analysis individually varied ±10% from base case
values to rank the relative influence on cumulative symptomatic cases. Finally, extreme
scenario testing isolated high-leverage drivers (e.g., water contamination, rodent birth rate)
by either removing (setting to zero) or amplifying variables to evaluate their specific impact
on transmission dynamics compared to the established base case.

2.5. Intervention Scenario Design

Four multisectoral interventions were evaluated against the model’s established base
case. Intervention parameters were designed using conservative estimates informed by
stakeholder analysis and existing policy frameworks in Fiji [21].

1. Rodent Control: A 15% increase in coordinated control effectiveness to reduce reser-
voir populations.

2. Personal Protective Equipment (PPE) Use: A 15% increase in compliance among
agricultural and outdoor workers.

3. Water Management: A 10% increase in infrastructure effectiveness, such as improved
drainage to reduce environmental contamination.

4. One Health Intervention: An integrated strategy combining all three individual
measures to assess potential synergistic or additive effects.

2.6. Declaration of Generative AI

During the preparation of this study, generative artificial intelligence (AI) tools were
employed to assist with modifying the tone and style of the written content. All intellectual
decisions, critical analysis, synthesis of sources, and final technical wording remain the
authors’ own, and the final manuscript reflects the authors’ personal academic work and
understanding of the SD model.

3. Results
3.1. Model Subsystems

A high-level schematic overview of the model is presented in Figure 1, which illus-
trates the interconnected human (red), rodent (blue), and environment (green) subsystems.
The SD model was developed based on the pre-existing CLD (Appendix A) to map the
interconnections between these subsystems [13]. While Figure 1 provides the structural
framework for the transmission pathways, the full, detailed model structure is further
described in Appendix B. The components of the SD model, including stocks, flows, and
auxiliary variables, are detailed in Appendix C.
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Figure 1. Schematic overview of the Leptospira transmission SD model, showing the human (red),
rodent (blue), and environment (green) subsystems.

3.2. Model Validation and Behaviour Pattern Testing

The model successfully reproduced the oscillating annual trends of leptospirosis
incidence in Fiji, with peak incidence typically occurring between December and February.
Validation was further confirmed by replicating the 2012 Western Division outbreak. By
adjusting rainfall data and increasing the population density to 53 people per km2, the
model successfully simulated the sharp case peak in March followed by a rapid decline by
June, aligning with the real-world 2012 outbreak trajectory (Figure 2) [34]. Mass balance
tests and dimensional consistency checks verified that no flows were unintentionally
constructed or destroyed, ensuring the structural integrity of the model [20].
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Figure 2. Incidence of symptomatic leptospirosis cases in the human population over two years,
comparing the base case model (red) with a scenario approximating the 2012 leptospirosis outbreak
in Fiji’s Western Division (blue). Month 0 corresponds to January 2012.

3.3. Sensitivity Analysis

Two methods of sensitivity analysis were utilised to identify the primary drivers of
uncertainty and transmission within the system.

3.3.1. Monte Carlo Sensitivity Simulation

A 1000-run simulation varied the rodent death rate, environmental contact rate, and
contaminated rainfall fraction. The analysis revealed that uncertainty increased substan-
tially over the simulation period. By month 22, symptomatic cases ranged from approxi-
mately 200 (50th percentile) to nearly 800 (100th percentile), indicating that small variations
in rodent and environmental parameters produce increasingly divergent outcomes over
time (Figure 3).

 

Figure 3. Monte Carlo sensitivity simulation modelled uncertainty in symptomatic leptospirosis cases
due to variability in rodent death rate, environmental contact rate, and contaminated rainfall fraction.
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3.3.2. Tornado Sensitivity Analysis

This analysis varied modifiable parameters by ±10% to rank their relative influence
on cumulative symptomatic cases (Table 1). The results (Figure 4) identified rodent-related
variables (e.g., rodents per litter, rodent birth rate, and rodent death rate) that produced
the largest deviations in transmission outcomes. Environmental factors such as average
rainfall and contact rates showed a moderate impact, while intervention-related variables
like PPE use and water management demonstrated significantly smaller changes in total
case numbers.

Table 1. Input values for key parameters varied in the tornado sensitivity plot.

Variable −10% Value Base Case +10% Value Reference

PPE Use 0.05 0.1 0.15 [21]
Environment contact rate 1800 2000 2200 Estimation
Water Management 0 0.1 0.2 [15]
Average rainfall 149.4 166 182.6 [35]
Rodent control measures 0.05 0.1 0.15 [21,36]
Rodent death rate 0.29 0.39 0.49 [37]
Rodent birth rate 0.15 0.25 0.3 [38]
Rodents per litter 3 4 5 [38]

Abbreviations: PPE = personal protective equipment.

Figure 4. Tornado sensitivity plot illustrating the mean deviation in symptomatic leptospirosis
cases resulting from ±10% changes in key model parameters. Abbreviations: PPE = personal
protective equipment.

3.4. Extreme Scenario Testing: Identifying Key Drivers

Extreme parameter testing was conducted to isolate the role of specific animal, human,
and environmental variables by either removing them or amplifying them by +10%. The
results of these simulations, compared against the predefined base case scenario, are
presented in Figure 5.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 5. Impact of extreme scenario testing of human leptospirosis cases over time. (a) infectivity
from animal exposure; (b) infectivity from environmental exposure; (c) rodent births; (d) rodent
mortality; (e) soil contamination; (f) water contamination. Note: (a) base case and infectivity from
animal exposure are superimposed.

• Animal vs. Environmental Exposure: Removing infectivity from environmental ex-
posure drove cases toward zero by month 12 (Figure 5b). However, eliminating or
increasing infectivity from direct animal exposure produced no notable differences
compared to the base case (Figure 5a), suggesting direct contact is not a primary driver
of overall transmission dynamics in this system.

• Rodent Ecology: Eliminating rodent births resulted in a sharp exponential decline
until month 12 (Figure 5c), while increasing rodent mortality led to case numbers
nearing zero by month 16 (Figure 5d). Increasing rodent births caused cases to rise
substantially above the base case after month 17 (Figure 5c).

• Water vs. Soil Contamination: Eliminating water contamination caused a strong
exponential decline in cases, approaching zero by month 14 (Figure 5f). Conversely,
removing soil contamination led to only a minor reduction in cases, which continued to
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follow the seasonal base case pattern (Figure 5e). This suggests soil is a less important
driver of symptomatic disease compared to water.

3.5. Intervention Scenario Testing

Four intervention strategies were simulated and compared against the base case over
the 24-month period (Table 2).

Table 2. Cumulative and stepwise reduction (%) in leptospirosis cases over 24 months under different
intervention scenarios in Fiji.

Intervention Scenarios Stepwise Reduction
¯
Rstep,t (SD) Cumulative Reduction

Rodent control −17.49% (15.66) −13.92%
PPE use −8.82% (3.2) −7.69%
Water management
systems −1.42% (1.13) −1.13%

One Health −25.51% (16.99) −21.07%

Abbreviations: PPE = personal protective equipment, Rstep,t = mean stepwise reduction (%) at time step t, standard
deviation (SD).

• One Health Intervention: This integrated approach (combining rodent control, PPE,
and water management) was the most effective, resulting in a 21.07% cumulative
reduction in symptomatic cases.

• Rodent Control: A 15% increase in coordinated control effectiveness was the second
most effective strategy, achieving a 13.92% reduction. Notably, both rodent control and
One Health interventions helped prevent the resurgence of cases in the later months
of the simulation, whereas other scenarios saw renewed increases.

• PPE Use and Water Management: Increased PPE use resulted in a modest 7.69%
reduction, while improved water management systems yielded the smallest impact
at 1.13%.

While the interventions reduced the magnitude of the incidence, all curves followed
the same general temporal trend, with peaks and troughs corresponding to the underlying
seasonal rainfall patterns (Figure 6). This indicates that the simulated interventions reduced
the total burden but did not fundamentally alter the underlying transmission dynamics of
the system. Furthermore, the effects of the One Health intervention were additive rather
than synergistic, suggesting that the current leverage points operate independently.

Figure 6. Simulated incidence of symptomatic human leptospirosis under proposed intervention
scenarios in Fiji, including the base case. Scenario 1 = 15% increase in rodent control; Scenario 2 = 15%
increase in PPE use; Scenario 3 = 10% increase in water management systems; Scenario 4 = combined
15% rodent control, PPE use +15%, and 10% water management systems.
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4. Discussion
4.1. Model Validity and Theoretical Contributions

The SD model demonstrated strong alignment with real-world epidemiological trends,
successfully reproducing the oscillating annual trends of reported leptospirosis cases in Fiji
and the specific magnitude of the 2012 Western Division outbreak [34]. However, while the
model captures the appropriate magnitude representing an outbreak, real-world peaks are
often greater because the current model structure does not accommodate reporting bias [39].
In Fiji, reporting bias is frequently driven by surges in public awareness and intensive public
health campaigns that typically accompany an outbreak. These campaigns lead to increased
testing and case identification, producing a peak in surveillance data that is exacerbated
by human behaviour rather than ecological drivers alone [40]. Because the model cannot
currently calculate this behavioural feedback, it may not produce the exact intensified peaks
seen in real-life records [39,41]. Despite this limitation, the model’s base case provides
a strong approximation of the outbreak data over the 24-month period, demonstrating
particularly close alignment from month 4 onwards. This validation confirms the model’s
credibility in capturing complex disease transmission dynamics and reinforces its value for
testing theoretical assumptions and identifying fundamental systemic patterns that drive
the disease in Fiji.

While the initial conceptual model (CLD; Figure A1, Appendix A [13]) suggested soil
and bacterial survival were critical nodes, the quantitative simulation revealed that these
factors contribute to background behaviour but do not function as primary leverage points.
This highlights the model’s value in testing theoretical assumptions and shifting the focus
from static conceptualisations of risk toward dynamic ecological feedback. This quantita-
tive transition was essential because the initial CLD was informed by prior quantitative
and qualitative research, including work that emphasised soil as a critical node in the trans-
mission system to develop Fiji’s national strategy [12,13,21]. By simulating these dynamics,
the model proves that while soil is a necessary environmental reservoir, it is insufficient to
sustain the transmission peaks observed in Fiji, thereby providing the evidence-based rigor
required to shift policy toward the true system leverage points identified in this study.

4.2. The Synergy Between Water and Rodent Ecology

A central finding of this study is that standing water acts as an “ecological enabler” of
transmission rather than a mere spatial correlate of risk. Previous research often describes
river proximity as a risk factor without explaining the underlying mechanism [7]. This
model clarifies that rodents, particularly R. norvegicus (the brown rat), are biologically
tethered to riverine habitats where moisture supports both nesting and long-term bacterial
survival [16,27,42]. This synergy explains why environmental exposure via water was
identified as the most influential driver of transmission in the model [43,44]. The findings
suggest that rainfall facilitates the spread of Leptospira through water and simultaneously
drives rodent population surges, reinforcing the threat posed by climate change as the
frequency of extreme weather events increases [4,13]. Crucially, the removal of water
from the model drove cases toward zero within a year, whereas soil contamination had
a negligible impact, appearing to contribute only when mediated by water saturation or
flooding [9].

4.3. Challenging Prevailing Paradigms: Rodents vs. Livestock

The results challenge existing literature that identifies livestock as the primary driver
of Leptospira in Fiji [45]. While spatial correlations often link livestock presence to human
infection [14], the SD model indicates that rodent ecological behaviour is the more central
biological driver. Rodents frequently co-occur with livestock in riverine environments
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where water, food, and shelter are abundant [16,46]. Consequently, high livestock areas
may simply be overlapping habitats for rodents, which act as the primary amplifiers within
the shared environment [47,48]. This distinction is critical for public health, as it shifts the
priority toward ecologically based rodent management (EBRM) rather than focusing solely
on livestock or soil-based interventions [49–52].

4.4. Intervention Scenarios and the One Health Approach

Among the tested scenarios, the One Health intervention produced the greatest reduc-
tion in symptomatic cases (21.07%), confirming the value of multisectoral coordination [53].
However, the finding that results were additive rather than synergistic suggests that current
leverage points operate independently within the system. Without genuine cross-sectoral
integration—including shared planning and coordinated implementation—the potential
for these interventions to reinforce one another remains constrained [53].

• Rodent Control: This was the second most effective strategy, yielding a 13.92% reduc-
tion. The model suggests that EBRM to disrupt breeding sites is more effective than
reactive culling, as rodent birth rates and litter size have a greater cumulative impact
than death rates alone [49,50].

• PPE and Water Management: These interventions were less effective (7.69% and 1.13%
reductions, respectively). PPE use is often confined to occupational settings and does
not address everyday environmental exposure [7]. Similarly, water management
strategies often target runoff rather than the existing standing water that already
sustains the rodent–pathogen cycle [47].

4.5. Cultural Relevance and Future Directions

Future interventions must bridge ecological risk with the cultural significance of
water in Fiji. Water governance is deeply embedded in local social systems and spiritual
practices [43,44,54]. Any strategy aiming to limit rodent access to water or reduce human
contact with contaminated areas must be developed in partnership with local communities
and water committees to ensure sustainable compliance.

4.6. Limitations

The model’s use of a monthly time step limits its ability to capture dynamics occurring
on shorter scales, such as the 12-day human incubation period or short-term bacterial
survival fluctuations in soil [12,25,26]. Additionally, several environmental parameters
were based on logical assumptions due to a lack of empirical data. While sensitivity
analyses mitigated these uncertainties by identifying the most influential components, the
model should be viewed as a conceptual tool for hypothesis testing rather than a precise
predictive instrument.

5. Conclusions
This study provides a novel system-based framework for understanding and address-

ing the burden of leptospirosis in Fiji, advancing beyond static risk models by identifying
dynamic ecological drivers and feedback loops. The central conclusion of this research
is that Leptospira transmission in Fiji is fundamentally governed by the synergy between
standing water and rodent ecology. This interaction reframes water not merely as a medium
for rainfall-induced runoff but as a critical “ecological enabler” that supports both reservoir
nesting habitats and the long-term environmental persistence of the pathogen.

The findings challenge prevailing assumptions in existing literature that prioritise soil
contamination or livestock as primary drivers. Simulation results demonstrated that while
soil may contribute to background environmental presence, it is insufficient to sustain
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the transmission peaks observed in Fiji without the mediating role of water. Instead,
transmission is a system-governed process shaped by climatic feedback where rainfall
drives rodent population surges and maintains the standing water sources necessary for
reservoir–host interaction.

From a policy perspective, the model provides a valuable decision-support tool for
evaluating multisectoral interventions. While the One Health approach achieved the
greatest reduction in symptomatic cases (21.07%), its effects were found to be additive
rather than synergistic, suggesting that current interventions in Fiji operate as independent
“parallel silos”. To achieve true synergy, future strategies must move toward genuine
cross-sectoral integration, prioritising EBRM that targets habitat modification near critical
water bodies. Ultimately, by bridging ecological risk with the sociocultural and cultural
significance of water in Fiji, public health authorities can develop more sustainable, context-
specific interventions to reduce the nation’s leptospirosis burden.
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Appendix A

 

Figure A1. Causal loop diagram of the Leptospira transmission system in Fiji [13]. Colours indicate
the subsystems: animal reservoir (orange; environmental transmission (green); socio-behavioural
exposure (dark blue); health care access and response (purple); governance and response (light blue);
urbanisation and infrastructure (grey).

Appendix B

 

Figure A2. System dynamics model of Fiji’s Leptospira transmission system, including human, animal,
and environment subsystems. Grey arrows indicate inflows and outflow associated with system
stocks, while blue arrows represent auxiliary variables within the model.
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Appendix C

Table A1. Stocks, flows, and variables used in the model, and their type, units, equations, and values.

Variable Name Type Units Equation/Value Reference

Human Subsystem

Susceptible Population Stock People

INTEG (Min (0, −Infecting), Total population − Initial
asymptomatic population − Initial exposed
population − Initial recovered population − Initial
infected population)

Exposed Population Stock People
INTEG (Infecting − Asymptomatic emergence
rate − Symptomatic emergence rate, (IF THEN ELSE (Flood
associated risk = 1, 1, 3.37)) × Initial exposed population)

Asymptomatic infected
population Stock People

INTEG (Max (0, Asymptomatic emergence
rate − Asymptomatic infected recovering), Initial
asymptomatic population)

Infected Population Stock People INTEG (Symptomatic emergence rate − Infected Death rate
− Recovering, Initial infected population)

Deaths Stock People INTEG (Infected Death rate, 0)

Recovered Stock People
INTEG (Asymptomatic infected
recovering + Recovering − Immune,
Initial recovered population)

Infecting Flow People/month

IF THEN ELSE (Susceptible Population > 0, (IF THEN ELSE
(Occupation = 1, 1, 0.35)) × Total infectious
contacts × Susceptible Population ÷ Total
population × UC3, 0)

Asymptomatic infected
recovering Flow People/month Asymptomatic infected population ÷ Asymptomatic

Recovery Time

Symptomatic emergence rate Flow People/month Max (0, (1 − Asymptomatic ratio) × Exposed
Population ÷ Incubation time)

Asymptomatic emergence rate Flow People/month max (0, Asymptomatic ratio × (Exposed
Population) ÷ Incubation time)

Recovering Flow People/month IF THEN ELSE (Infected Population > 0, Infected Population
× (1 − Mortality rate) ÷ Recovery Time ÷ UC2, 0)

Asymptomatic infected
recovering Flow People/month (Asymptomatic infected population ÷ Asymptomatic

Recovery Time)

Infected Death rate Flow People/month IF THEN ELSE (Infected Population > 0, SMOOTH3
((Infected Population × Mortality rate), stime2), 0)

Immune Flow People/month Recovered × time to become immune [55]

Initial exposed population Constant People 1000 Estimation

Initial asymptomatic
population Constant People 1000 Estimation

Initial infected population Constant People 200 Estimation

Initial recovered population Constant People 10,000 Estimation

Total population Auxiliary People Population density × Land size ÷ km2 to m2 conversion

Total infectious contacts Auxiliary Per month

SMOOTH3 ((IF THEN ELSE (Behaviour = 1, 1, IF THEN
ELSE (Behaviour = 2, 2.5, IF THEN ELSE (Behaviour = 3, 4.5,
3)))) × (Contacts with contaminated
environment × infectivity of environment
exposure + Contacts with infected rodents × infectivity of
animal exposure), 3)

Contacts with
contaminated environment Auxiliary Contacts/month

(Contaminated Water ÷ Clean Water Contaminated
Soil ÷ Clean Soil) × (Contact rate with
environment ÷ (1 + PPE Use))

Contacts with infected rodents Auxiliary Contacts/month Contact rate with rodents × Infected Rodents

Population density Constant People/km2 50 [24]

Infectivity of
environment exposure Constant Per contact 0.50 Estimation

Infectivity of animal exposure Constant Per contact 0.00223 [27]

Contact rate with environment Constant Contacts/Month 2000 Estimation

Contact rate with rodents Constant Contacts/Month 10 Estimation

Behaviour Constant Dimensionless 1 = general population, 2 = swimming, 3 = fishing,
4 = walking barefoot

Swimming (OR
2.5), fishing (OR

4.5), and walking
barefoot (OR 3.0)

[11].
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Table A1. Cont.

Variable Name Type Units Equation/Value Reference

Human Subsystem

PPE Use Constant Dimensionless 0.10 [21]

Occupation Constant Dimensionless 1 = General public, 2 = indoor occupation
Indoor

Occupation OR
0.35. [11]

Flood-associated risk Constant Dimensionless 1 = General population, 2 = flood-associated risk
3.37-fold increase

in leptospirosis
cases [34]

Incubation time Constant Month 1 [25]

Asymptomatic ratio Constant Dimensionless 0.90 [25]

Mortality rate Constant Per month 0.05 [25]

Asymptomatic Recovery Time Constant Month 3 Estimation

Recovery Time Constant Month 3 Estimation

Time to become immune Constant Per month 0.90 [25]

UC3 Constant People 1 Unit Convertor

UC2 Constant Per month 1 Unit Convertor

Rodent Subsystem

Rodent Population Stock Rodents INTEG (Rodent births − Rodent deaths, Initial Rodent
Population)

Rodent births Flow Rodents/month (Rodent Population ÷ 2) × Rodents per litter × Rodent birth
rate fraction × (Rainfall ÷ average rainfall)

Rodent deaths Flow Rodents/month Rodent death rate fraction × Rodent
Population × (1 + Rodent Control Measures)

Initial Rodent Population Constant Rodents 10 Estimation

Infected Rodents Auxiliary Dimensionless (Rodent Population ÷ Initial Rodent Population) × Infected
rodent fraction

Rodents per litter Constant Rodents/litter 4 [38]

Rodent birth rate fraction Constant Litter/rodents/month 0.25 [38]

Rodent death rate fraction Constant Per month 0.30 [37]

Rodent Control Measures Constant Dimensionless 0.10 [21,36]

Infected rodent fraction Constant Dimensionless 0.267 [27]

Environment Subsystem

Contaminated Soil Stock m2 INTEG (Contaminating soil − Leptospira death in soil, Land
size × 0.2) [56]

Clean Soil Stock m2 INTEG (Leptospira death in soil − Contaminating soil, Land
size × 0.8)

Contaminated Water Stock m3
INTEG (contaminated rainfall inflow + Contaminating water-
contaminated overflow − Contaminated water
usage − Leptospira death in water, Water size × 0.2)

[56]

Clean Water Stock m3
INTEG (clean rainfall inflow + Leptospira death in
water − Clean overflow − Clean water
usage − Contaminating water, Water size × 0.8)

Leptospira death in soil Flow m2/month Contaminated Soil ÷ Leptospira survivability in
soil × (1 − EXP (−TIME STEP ÷ stime3))

Contaminating soil Flow m2/month Min (Clean Soil × UC2, max (0, Clean Soil × Infected
Rodents × Soil contaminated from rodents))

Contaminated rainfall inflow Flow m3/month
Rainfall × Contaminated fraction rainfall × Runoff
coefficient × Land size × mm to m conversion ÷ (1 +
Water management)

Clean rainfall inflow Flow m3/month

Min (UC2 × (Water size − Clean Water), (inflow
fraction × mm to m conversion ×
Rainfall × (1 − contaminated fraction rainfall) × runoff
coefficient × Land size) ÷ (1 + Water management))

Leptospira death in water Flow m3/month SMOOTH3 (max (0, min ((Water size − Clean Water) × UC2,
Contaminated Water)), Leptospira survivability in water)

Contaminating water Flow m3/month Min (Clean Water × UC2, Clean Water × Infected
Rodents × Water contaminated from rodents)

Contaminated water usage Flow m3/month
IF THEN ELSE (Contaminated Water > 0, min (water
demand, Contaminated Water × UC2), 0) × Contaminated
Water ÷ Clean Water
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Table A1. Cont.

Variable Name Type Units Equation/Value Reference

Human Subsystem

Contaminated overflow Flow m3/month IF THEN ELSE (Contaminated Water > Water size,
Contaminated Water − Water size, 0) × UC2

Clean water usage Flow m3/month
IF THEN ELSE (Clean Water > 0, min (Water demand, Clean
Water × UC2) × (1 − Contaminated Water ÷ Max (Clean
Water + Contaminated Water, 1 × 10−6)), 0)

Clean overflow Flow m3/month IF THEN ELSE (Clean Water > Water size, Clean
Water − Water size, 0) × UC2

Rainfall Lookup Table mm/month WITH LOOKUP (Rainfall time, ([(0, 90) − (24, 400)], (0, 216),
. . ., (24, 191))) [31]

Rainfall time Stock Month INTEG (1, 0)

Land size Constant m2 1.00 × 109 Land size. 1000
km2

Water size Constant m3 1.30 × 108 [57]

Leptospira survivability in soil Constant Month 0.90 [12]

Soil contaminated by rodents Constant Per month 0.025 Estimation

Leptospira survivability
in water Constant Month 2 [12]

Water contaminated
by rodents Constant Per month 0.50 [16]

Runoff coefficient Constant Dimensionless 0.20 [30]

Average rainfall Constant mm/month 207 [35]

Inflow fraction Constant Dimensionless 0.07 Estimation

Contaminated fraction rainfall Constant Dimensionless 0.005 Estimation

Water demand Constant m3/month 228,061 [58]

Water management Constant Dimensionless 0.10 [15]

mm to m conversion Constant m/mm 0.001 Unit Convertor

km2 to m2 conversion Constant m2/km2 1 × 106 Unit Convertor

stime3 Constant Month 5 Time step

stime2 Constant Dimensionless 2 Time step

Bold text indicates each subsystem in the model. Abbreviations: INTEG = integer, EXP = exponential.
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85–99.
37. Feng, A.Y.; Himsworth, C.G. The secret life of the city rat: A review of the ecology of urban Norway and black rats (Rattus

norvegicus and Rattus rattus). Urban Ecosyst. 2014, 17, 149–162.
38. Department of Primary Industries and Regional Development (Western Australia). Pacific Rat-Animal Pest Alert; Department of

Primary Industries and Regional Development (Western Australia): Perth, WA, Australia, 2018.
39. Britton, T.; Scalia Tomba, G. Estimation in emerging epidemics: Biases and remedies. J. R. Soc. Interface 2019, 16, 20180670.

[CrossRef]
40. van der Steen, J.T.; Ter Riet, G.; van den Bogert, C.A.; Bouter, L.M. Causes of reporting bias: A theoretical framework. F1000Research

2019, 8, 280.

https://doi.org/10.3390/systems14030237

https://doi.org/10.1371/journal.pntd.0003843
https://doi.org/10.1016/j.ijid.2024.107678
https://www.ncbi.nlm.nih.gov/pubmed/38402984
https://doi.org/10.1016/j.onehlt.2024.100701
https://www.ncbi.nlm.nih.gov/pubmed/38468609
https://doi.org/10.1186/1478-4505-12-50
https://doi.org/10.3934/mbe.2014.11.761
https://doi.org/10.5495/wjcid.v6.i4.61
https://doi.org/10.1002/ps.8260
https://doi.org/10.1034/j.1600-0706.2000.880302.x
https://weatherspark.com/y/150224/Average-Weather-in-Fiji-Year-Round
https://weatherspark.com/y/150224/Average-Weather-in-Fiji-Year-Round
https://doi.org/10.4269/ajtmh.18-0335
https://www.ncbi.nlm.nih.gov/pubmed/30141390
https://doi.org/10.1098/rsif.2018.0670
https://doi.org/10.3390/systems14030237


Systems 2026, 14, 237 18 of 18

41. Noufaily, A.; Ghebremichael-Weldeselassie, Y.; Enki, D.G.; Garthwaite, P.; Andrews, N.; Charlett, A.; Farrington, P. Modelling
reporting delays for outbreak detection in infectious disease data. J. R. Stat. Soc. Ser. A 2015, 178, 205–222.

42. Krøjgaard, L.; Villumsen, S.; Markussen, M.; Jensen, J.; Leirs, H.; Heiberg, A.-C. High prevalence of Leptospira spp. in sewer rats
(Rattus norvegicus). Epidemiol. Infect. 2009, 137, 1586–1592.

43. Vave, R. Five culturally protected water body practices in Fiji: Current status and contemporary displacement challenges. Ambio
2022, 51, 1001–1013. [CrossRef] [PubMed]

44. Nelson, S.; Abimbola, S.; Mangubhai, S.; Jenkins, A.; Jupiter, S.; Naivalu, K.; Naivalulevu, V.; Negin, J. Understanding the
decision-making structures, roles and actions of village-level water committees in Fiji. Int. J. Water Resour. Dev. 2022, 38, 518–535.
[CrossRef]

45. Benacer, D.; Thong, K.L.; Verasahib, K.B.; Galloway, R.L.; Hartskeerl, R.A.; Lewis, J.W.; Mohd Zain, S.N. Human leptospirosis in
Malaysia: Reviewing the challenges after 8 decades (1925–2012). Asia Pac. J. Public Health 2016, 28, 290–302. [CrossRef] [PubMed]

46. Holt, J.; Davis, S.; Leirs, H. A model of leptospirosis infection in an African rodent to determine risk to humans: Seasonal
fluctuations and the impact of rodent control. Acta Trop. 2006, 99, 218–225. [CrossRef]

47. Jupiter, S.D.; Jenkins, A.P.; Negin, J.; Anthony, S.; Baleinamau, P.; Devi, R.; Gavidi, S.; Latinne, A.; Mailautoka, K.K.; Mangubhai,
S. Transforming place-based management within watersheds in Fiji: The Watershed Interventions for Systems Health project.
PLoS Water 2024, 3, e0000102. [CrossRef]

48. Ramsay, G. Integration of livestock in traditional farming systems in the Pacific Islands. In Proceedings of the Traditional Farming
Systems for the South Pacific, Suva, Fiji, 18–22 October 1999; pp. 18–22.

49. Brown, P.R.; Tuan, N.P.; Singleton, G.R.; Ha, P.T.T.; Hoa, P.T.; Hue, D.T.; Tan, T.Q.; Tuat, N.V.; Jacob, J.; Müller, W.J. Ecologically
based management of rodents in the real world: Applied to a mixed agroecosystem in Vietnam. Ecol. Appl. 2006, 16, 2000–2010.
[CrossRef]

50. Singleton, G.R.; Leirs, H.; Hinds, L.A.; Zhang, Z. Ecologically-Based Management of Rodent Pests; Australian Centre for International
Agricultural Research: Canberra, ACT, Australia, 1999; Volume 31.

51. Saif, A.; Frean, J.; Rossouw, J.; Trataris, A.N. Leptospirosis in South Africa. Onderstepoort J. Vet. Res. 2012, 79, 133. [CrossRef]
52. Taylor, P. Managing Urban Rats & Rodent-borne Diseases in a Squatter Camp—The Cato Crest Model? Palmnut Post 2006, 9,

18–20.
53. World Health Organisation. One Health. Available online: https://www.who.int/health-topics/one-health#tab=tab_1 (accessed

on 2 May 2025).
54. The Lancet. One Health: A call for ecological equity. Lancet 2023, 401, 169. [CrossRef]
55. Esteves, L.M.; Bulhões, S.M.; Branco, C.C.; Mota, F.M.; Paiva, C.; Cabral, R.; Vieira, M.L.; Mota-Vieira, L. Human leptospirosis:

Seroreactivity and genetic susceptibility in the population of Sao Miguel Island (Azores, Portugal). PLoS ONE 2014, 9, e108534.
[CrossRef]

56. Sayanthi, Y.; Susanna, D. Pathogenic Leptospira contamination in the environment: A systematic review. Infect. Ecol. Epidemiol.
2024, 14, 2324820. [CrossRef]

57. United Nations Statistics Division. Environment Statistics Country Snapshot: Fiji; United Nations: New York, NY, USA, 2016.
58. Food and Agriculture Organization of the United Nations. Country Profile: Fiji-Irrigation and Drainage (AQUASTATE Survey 2016);

Food and Agriculture Organization of the United Nations: Rome, Italy, 2016.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/systems14030237

https://doi.org/10.1007/s13280-021-01620-z
https://www.ncbi.nlm.nih.gov/pubmed/34495489
https://doi.org/10.1080/07900627.2021.1916449
https://doi.org/10.1177/1010539516640350
https://www.ncbi.nlm.nih.gov/pubmed/27044535
https://doi.org/10.1016/j.actatropica.2006.08.003
https://doi.org/10.1371/journal.pwat.0000102
https://doi.org/10.1890/1051-0761(2006)016[2000:EBMORI]2.0.CO;2
https://doi.org/10.4102/ojvr.v79i2.478
https://www.who.int/health-topics/one-health#tab=tab_1
https://doi.org/10.1016/S0140-6736(23)00090-9
https://doi.org/10.1371/journal.pone.0108534
https://doi.org/10.1080/20008686.2024.2324820
https://doi.org/10.3390/systems14030237

	Introduction 
	Materials and Methods 
	Study Design and Modelling Approach 
	Model Formulation and Subsystems 
	Model Validation and Calibration 
	Sensitivity Analysis and Extreme Scenario Testing 
	Intervention Scenario Design 
	Declaration of Generative AI 

	Results 
	Model Subsystems 
	Model Validation and Behaviour Pattern Testing 
	Sensitivity Analysis 
	Monte Carlo Sensitivity Simulation 
	Tornado Sensitivity Analysis 

	Extreme Scenario Testing: Identifying Key Drivers 
	Intervention Scenario Testing 

	Discussion 
	Model Validity and Theoretical Contributions 
	The Synergy Between Water and Rodent Ecology 
	Challenging Prevailing Paradigms: Rodents vs. Livestock 
	Intervention Scenarios and the One Health Approach 
	Cultural Relevance and Future Directions 
	Limitations 

	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

