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Agriculture has been implicated as a potential driver of human infectious diseases. However,
the generality of disease-agriculture relationships has not been systematically assessed,
hindering efforts to incorporate human health considerations into land-use and development
policies. Here we perform a meta-analysis with 34 eligible studies and show that people who
live or work in agricultural land in Southeast Asia are on average 1.74 (CI 1.47–2.07) times as
likely to be infected with a pathogen than those unexposed. Effect sizes are greatest for
exposure to oil palm, rubber, and non-poultry based livestock farming and for hookworm (OR
2.42, CI 1.56–3.75), malaria (OR 2.00, CI 1.46–2.73), scrub typhus (OR 2.37, CI 1.41–3.96)
and spotted fever group diseases (OR 3.91, CI 2.61–5.85). In contrast, no change in infection
risk is detected for faecal-oral route diseases. Although responses vary by land-use and
disease types, results suggest that agricultural land-uses exacerbate many infectious diseases
in Southeast Asia.
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gricultural land-use and land-use change, including agricultural intensiﬁcation and the conversion of forests,
wetlands and grasslands into forest monocultures, crops
and pasture, has led to major increases in the production of food,
timber, housing and other commodities1–3. Although delivering
economic and social beneﬁts, these human activities have also
resulted in substantial negative socio-ecological consequences,
such as increased CO24,5, air pollutant emissions5, loss of biodiversity6–11, modiﬁcations in surface ﬂuxes of heat and water
vapour resulting in changing regional weather patterns12–14,
degradation of air and water quality15–17 and a decrease in the
supply of renewable fresh water18.
This trade-off between the considerable costs and beneﬁts at
stake places the agricultural sector at the heart of global sustainability, health and environmental frameworks (e.g., Sustainable Development Goals, Paris Agreement, Aichi Biodiversity
Targets), and makes simultaneous achievement of key targets a
formidable challenge19.
While the impacts of agricultural land-use activities is relatively
well characterised in some sectors (e.g., carbon emissions
accounting frameworks20, biodiversity loss11,21,22), less well
established are the potential impacts on human health, where the
majority of existing research signposts towards the health impacts
of occupational pesticide, chemical and heavy metal exposure23,24. In particular, the evidence linking human-induced landuse changes and infectious disease risk outcomes in humans,
many of which are related to agriculture25–32, has not been systematically evaluated or quantiﬁed.
Numerous case studies support a link between agricultural
land-use or land-use change and infectious disease risks33. For
example, irrigation-based agriculture and rural development can
expand breeding habitats of Culex vectors and has led to Japanese
encephalitis virus establishing a secondary cycle in domestic pig
populations where it ampliﬁes and spills over into human populations33–36. Deforestation and associated environmental changes
may facilitate the transmission of Plasmodium knowlesi (cause of
zoonotic malaria) to humans in Malaysian Borneo37; expansion
and changes in agricultural practices are associated with the
emergence of Nipah Virus in Malaysia38 and increased Leptospira
infections and fatalities in Thailand have been observed in open
habitats such as rice ﬁelds that are prone to ﬂooding39.
In addition, a number of theoretical modelling studies and
meta-analyses suggest potentially generalisable links between
land-use or land-use change and biodiversity loss (a key outcome
of land-use change, albeit not necessarily speciﬁc to agricultural
activities31,40), some of which may be linked to increases in disease risk. For example, Guo et al.41 ﬁnd a general increase in host
or vector community competence associated with land-use
changes. Rohr et al.41 report that agricultural drivers are associated with >25% of emerging infectious diseases and >50% of
emerging zoonotic infectious diseases in humans. Faust et al.31
highlight changing host population densities and edge effects as
mechanisms that could drive disease emergence in converted
landscapes. Civitello et al.43 show that host diversity inhibits
parasite abundance (e.g., infection prevalence for microparasites,
mean parasite load for macro-parasites, density of infected vectors for vector-borne parasites or percent diseased tissue for plant
parasites) and therefore suggest that a generalisable ‘dilution
effect’ may modulate disease risk across a number of disease
systems. However, the extent to which these effects extend to
human infectious diseases remain highly contentious44, and few
studies focus on speciﬁc land-use types.
Here, we test for a generalisable or net impact of occupational
or residential exposure to agricultural land-use on the risk of
infectious disease in humans in Southeast Asia (SE Asia) via a
systematic review and meta-analysis approach, following
2

PRISMA reporting standards for medical and epidemiological
evidence syntheses.
A global review was deemed infeasible due to the vast collection of citations that would require double review to achieve
PRISMA standards (~50,000 citations). We considered a narrower focus on SE Asia (deﬁned here as the ASEAN region,
including, Vietnam, Cambodia, Laos PDR, Thailand, Myanmar,
Malaysia, Indonesia, Singapore, Philippines, East Timor and
Brunei) as an appropriate model system given its combination of
biologically diverse landscapes8, differing land-uses45 and because
it is considered a zoonotic, parasitic and emerging disease hotspot
area46,47. Speciﬁcally, we quantiﬁed an overall association
between where people live or work in SE Asia and disease risk,
ﬁnding that those in agricultural land are on average almost twice
as likely to be infected with a pathogen than controls (odds ratio
(OR) 1.74, conﬁdence interval (CI) 1.47–2.07, p < 0.001). We also
report consistent associations between forest monoculture agriculture (oil palm and rubber) and a number of speciﬁc diseases of
differing ecologies and epidemiologies, while accounting for
potential effects of publication bias and both within and betweenstudy confounding. Although responses clearly vary by land-use
and disease types, generalisable results from this and further
studies will help identify co-management opportunities for health
and the environment.
Results
Regional analysis. The search strategy returned 15,426 potentially
relevant publications in total, 58 of which met the inclusion criteria for full text analysis (Fig. 1). Of these, 34 mutually exclusive
studies were included in the regional meta-analysis and a total of
37 mutually exclusive studies were included in the multiple subgroup analyses. Studies spanned ﬁve countries (Thailand = 11,
Malaysia = 10, Vietnam = 9, Philippines = 2, Lao PDR = 2), two
designs (cross-sectional = 27, case–control = 7) and were assessed
as being of varying quality using two study quality tools (Ofﬁce of
Health Assessment and Translation (OHAT)—deﬁnitely low risk
of bias = 2, probably low risk of bias = 25, probably high risk of
bias = 10 and National Heart, Lung, and Blood Institute (NHLBI)
—good = 7, fair = 23, poor = 4). A total of 80 effect estimates
were extracted consisting of 26 infectious diseases and 12 different
exposures. All included studies were in English and no studies
were found to be in any other language. Full details of sample
characteristics for each study including analysis groups are presented in Supplementary Data 1.
Overall, occupational or residential exposure to agricultural
land-use was consistently associated with increased infectious
disease risks, but effects varied widely among studies, differing
disease groups and agricultural types. A regional analysis of 34
mutually exclusive crude odds ratios from 34 studies demonstrated that people exposed to agricultural land either occupationally or residentially were at a 74% increased risk of being
infected with a pathogen than those unexposed (OR 1.74, CI
1.45–2.05, p < 0.001, E = 2.01, Fig. 2). Although a larger number
of positive studies were included within our sample data set, as
shown in the funnel plot (Fig. 3), linear regression tests and the
trim and ﬁll analyses (Fig. 2) highlighted no evidence of
publication bias on the overall effect size. High between-study
heterogeneity (I2 = 83.8%) was nevertheless observed, indicating
considerable variability in effects among studies.
To assess the impact for within study confounding, a metaanalysis of 17 mutually exclusive adjusted odds ratios from
17 studies was conducted suggesting that people exposed to
agricultural land either occupationally or residentially were
similarly at signiﬁcantly increased risk of being infected with a
pathogen than those unexposed (OR 1.46, CI 1.11–1.92, p < 0.001,
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Fig. 1 PRISMA diagram. A ﬂow chart of the study selection process

Supplementary Fig. 1). Tests of the potential effect of unmeasured
confounders suggested that an excluded variable(s) would have to
have a minimum odds ratio of 2.03 with both the exposure and
outcome to fully explain away the pooled result (E = 2.03).
Subgroup analyses. To evaluate the impact of between-study
confounding, we examined the inﬂuence of a range of additional
study and sample characteristics on effect size and direction,
including study type and methodology, socio-demographic
characteristics (gender, whether children were included in the
sample population, and rural vs. urban), both study quality
assessments and study location. In this test, associations consistent with the overall positive effect were observed irrespective
of study and sample characteristics (Fig. 4), strengthening conﬁdence that the pooled result is robust to a range of measured
and, by extension, unmeasured confounders. In addition, the
signiﬁcant heterogeneity observed among studies in the regional
pooled analysis (Fig. 2) does not suggest the presence of systematic bias from unmeasured confounders.
Nevertheless, one effect modiﬁer/confounder variable (study
setting) exhibited a divergence in effect sizes between groups,
suggesting a possible interaction with the main effect of
agricultural exposure. Here, the effect of agricultural exposure
on infection was more than twice as strong in studies in urban
than in rural settings, preserving the possibility that the pooled
effect is vulnerable to the effect of unmeasured confounders, albeit
here insufﬁcient to explain away the pooled result. In addition, a
single subgroup indicated a lack of signiﬁcant association (studies
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based in Lao PDR). However, given the effect sizes and direction
for these groups did not deviate considerably from the pooled
effect, we considered this more likely due to small sample size than
evidence of potential confounding. Finally, low heterogeneity for
some stratum speciﬁc covariates alongside consistent effect sizes
indicates that the source of heterogeneity is likely coming from
elsewhere, warranting the use of further subgroup analyses to
scrutinise the pooled result and to test our hypotheses on
differences in effect between agricultural types and disease groups.
Further subgroup analysis was performed using mutually
exclusive estimates based on common exposure types (Figs. 5
and 6) and for speciﬁc disease classes (Fig. 7). Consistent
associations between agricultural exposure and infection were
again evident. For the non-speciﬁc agricultural group, a similar
effect was observed with all infectious diseases (OR 1.71, CI
1.38–2.13). When stratifying the non-speciﬁc agricultural group
by disease class, signiﬁcant effects were observed for parasitic (OR
1.74, CI 1.41–2.13), vector-borne (OR 1.85, CI 1.18–2.90) and
zoonotic diseases (OR 1.63, CI 1.19–2.24). A marginal nonsigniﬁcant effect was found for bacterial diseases (OR 1.79, CI
0.97–3.31, I2 = 89.4%) (Fig. 5 and Supplementary Table 1).
Among the speciﬁc agricultural subgroups, the effect was
higher in populations working or living in or near oil palm and
being infected with vector-borne and zoonotic diseases (leptospirosis and P. knowlesi) compared to those unexposed (OR 3.25,
CI 2.29–4.61). Similarly, exposure to rubber plantations increased
the risk of being infected with all types of pathogens (OR 2.27, CI
1.82–2.82). This effect was also consistent when stratiﬁed by
disease class where signiﬁcant associations were found for
bacterial (OR 2.27, CI 1.79–2.89), parasitic (OR 2.24, CI
1.35–3.74), vector-borne (OR 2.27, CI 1.82–2.82) and zoonotic
(OR 2.31, CI 1.83–2.94) disease class subgroups (Fig. 6 and
Supplementary Table 1).
Signiﬁcant associations were observed for general livestock
farming (Fig. 6 and Supplementary Table 1) and all diseases (OR
2.54, CI 1.37–4.72), zoonotic (OR 2.46, CI 1.35–4.48), vectorborne (OR 2.52, CI 1.48–4.28) and bacterial (OR 4.47, CI
1.30–15.39) diseases. A marginal non-signiﬁcant-positive association was also established between livestock farming and viral
diseases (OR 1.55, CI 0.83–2.81). Further subgrouping by
livestock type showed consistent marginal non-signiﬁcantpositive effects. Speciﬁcally, marginal associations were observed
between porcine animals and all diseases (OR 3.57, CI
0.84–15.23), vector-borne (OR 3.09, CI 0.58–16.46), zoonotic
(OR 3.57, CI 0.84–15.23) and viral (OR 4.31, CI 0.49–37.81)
diseases. Effect sizes found for bovine animals were consistent for
all, vector-borne or zoonotic diseases (OR 2.09, CI 0.80–5.49) and
bacterial diseases (OR 2.40, CI 0.57–10.12). No associations were
found for exposure to poultry and all, vector-borne or zoonotic
diseases (OR 0.91, CI 0.24–3.45). There was no evidence of
publication bias for any other exposure-based subgroups
(Supplementary Table 2).
Exposure to rice paddy farming (Fig. 5) resulted in a nonsigniﬁcant association for all diseases (OR 1.34, CI 0.81–2.23),
bacterial (OR 1.40, CI 0.71–2.77), zoonotic or vector-borne (OR
1.17, CI 0.62–2.21) disease class subgroups. However, trim and ﬁll
tests (Supplementary Table 2) indicated the presence of
publication bias in which positive associations between agricultural exposure and general infection were under-reported among
studies on rice paddy farming. When accounted for, the effect of
agricultural exposure on infection risk within the rice paddy
farming subgroup became signiﬁcant (OR 1.81, CI 1.04–3.17, p =
0.037 (Z-test), E = 1.47), suggesting that the overall effect is likely
conservative.
A ﬁnal subgroup analysis based on speciﬁc diseases or disease
complexes again showed consistent associations between
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107
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12
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40
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436
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0
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0
7
228
14
39
24
737

56
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2167
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79
32
0
11
2
10
1146
0
8
0
16
304
45
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0
1545
326
10
0
562
0
2
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36
32
357
103

2
189
10
2
124
226
165
132
68
849
280
75
52
1285
0
71
0
93
339
174
24
0
160
489
186
0
174
0
188
397
35
82
23
2617

Odds ratio [95% Cl]

30
250
36
18
329
362
591
263
115
53
29
59
54
3458
0
38
0
45
418
58
89
0
507
702
57
0
3880
0
103
380
195
45
1567
660

4.55 [0.99, 21.05]
1.26 [0.93, 1.72]
1.95 [0.93, 4.07]
1.17 [0.26, 5.34]
1.52 [1.23, 1.90]
2.42 [1.55, 3.79]
2.58 [1.79, 3.71]
0.98 [0.64, 1.52]
2.48 [1.45, 4.26]
2.08 [0.12, 35.11]
0.81 [0.39, 1.69]
4.72 [1.02, 21.91]
1.87 [0.79, 4.42]
2.08 [1.86, 2.32]
0.44 [0.25, 0.78]
2.68 [1.14, 6.29]
2.30 [1.03, 5.14]
0.91 [0.45, 1.83]
1.48 [1.20, 1.82]
1.39 [0.89, 2.15]
2.08 [1.20, 3.62]
5.03 [2.92, 8.66]
1.97 [1.62, 2.40]
1.92 [1.60, 2.31]
1.84 [0.88, 3.82]
3.23 [0.95, 10.97]
1.19 [0.80, 1.77]
1.32 [0.84, 2.07]
1.92 [0.39, 9.40]
2.06 [1.57, 2.70]
2.17 [1.06, 4.43]
0.67 [0.37, 1.21]
4.58 [2.56, 8.21]
1.80 [1.44, 2.26]

RE model pre fill and trim (Q = 113.04, df = 33, p = 0.000; I 2 = 83.5%)

1.74 [1.47, 2.07]

RE model post fill and trim (Q = 160.23, df = 39, p = 0.00; I 2 = 86.6%)

1.55 [1.29, 1.87]
0

0.25

1

100

Odds ratio

Fig. 2 Regional meta-analysis. Regional meta-analysis of mutually exclusive risk estimates to determine the association between occupational or residential
exposure to agricultural land-use and infectious disease prevalence. Exposure to 'agriculture' is deﬁned as a category where a person indicates they work or
live in or near agriculture regardless of the type of agriculture. Square points show the crude odds ratio for each study, solid diamonds show the pooled
meta-analysis estimates and error bars are deﬁned as the 95% conﬁdence interval. Note: Q, the Cochrane Q-test. Df, degrees of freedom. p, p-value. I2, test
for heterogeneity. RE, random effects

infection and agricultural exposure (Fig. 7 and Supplementary
Table 3), notably for spotted fever group rickettsioses (OR 3.91,
CI 2.61–5.85), hookworm (OR 2.42, CI 1.56–3.75), scrub typhus
(OR 2.37, CI 1.41–3.96), malaria (OR 2.00, CI 1.46–2.73), S.
japonicum (OR 1.71, CI 1.18–2.48) and T. trichuria (OR 1.40, CI
1.27–1.53). In contrast, no signiﬁcant association was observed
for the A. lumbrocoides, O. viverrini, E. histolytica, G. intestinalis,
Leptospirosis and R. typhi subgroups. Again, there was little
evidence of publication bias or unmeasured confounding for
signiﬁcant effect sizes, although heterogeneity remained present
in many groups (see Supplementary Tables 1, 2 and 3 for all
estimates).

0

Standard error

0.361

0.721

1.082

1.442
–4

–2

0
Log odds ratio

2

4

Fig. 3 Funnel plot for the regional meta-analysis. A plot of the logarithmic
risk estimates vs. the precision (standard error) for each study, with
adjustment using the trim and ﬁll method. Closed circles denote identiﬁed
studies and their summary measures, respectively. Open circles represent
missing studies after adjustment for funnel plot asymmetry and the
summary measure incorporating hypothetical studies, respectively. Key
areas of statistical signiﬁcance have been superimposed on the funnel, and
the plot is now centred at zero. The yellow zones show effects between p =
0.10 and p = 0.05, and the orange zones show effects between p = 0.05
and p = 0.01. Effects in the white zone are greater than p = 0.10 and effects
in the grey zones are smaller than p = 0.01. A Z-test was conducted to
calculate p-values
4

Discussion
Agricultural land-use or land-use change has been repeatedly linked
to infectious disease risks in humans25,27,28,30,31,37,41,42,48–53; however, no study has systematically assessed or quantiﬁed this association. Based on currently available evidence from 37 eligible
studies drawn from a corpus of over 15,000 peer-reviewed publications, our results strongly suggest that exposure to agricultural
land-use either occupationally or residentially is consistently associated with increased infectious disease risk (average 74% increase),
an effect evident across a wide range of agricultural types and
disease groups. After pooling adjusted risk estimates from 17 eligible studies, a similar signiﬁcant association was still evident,
suggesting that there was little within study confounding.
Effects were most pronounced for oil palm monoculture (>3
times the risk) and rubber (>2 times the risk) forest monocultures
and a strong association was also found for livestock farming.
Associations for speciﬁc diseases or disease complexes were
present for spotted fever group rickettsioses, hookworm, scrub
typhus, malaria, S. japonicum and T. trichuria, but absent for
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n

p value
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E value

Study type
Case control
Cross sectional

8
27

0.00
0.00

38.43
87.52

2.73
2.42

1.93 [1.45, 2.57]
1.71 [1.39, 2.11]

Sampling strategy
Purposive
Random

12
22

0.00
0.00

61.28
86.54

2.37
2.25

1.68 [1.39, 2.03]
1.60 [1.28, 2.02]

Study setting
Rural
Urban
National level data

28
3
3

0.00
0.00
0.01

80.60
43.71
69.04

2.31
4.61
2.37

1.65 [1.36, 1.99]
3.33 [1.97, 5.65]
1.69 [1.13, 2.52]

Outcome measurement
Laboratory diagnosis
Clinical diagnosis

31
3

0.00
0.01

85.88
0.00

2.46
2.27

1.74 [1.44, 2.11]
1.61 [1.15, 2.27]

Study quality NHLBI
Good
Fair
Poor

7
23
4

0.05
0.00
0.01

93.25
56.15
0.00

2.70
2.42
1.84

1.91 [1.01, 3.59]
1.72 [1.51, 1.96]
1.34 [1.07, 1.69]

Study country
Thailand
Malaysia
Vietnam
Philippines
Lao PDR

11
10
9
2
2

0.01
0.00
0.00
0.01
0.44

80.40
82.32
57.87
61.14
92.37

2.29
2.73
2.42
2.40
2.76

1.63 [1.14, 2.33]
1.93 [1.31, 2.85]
1.72 [1.44, 2.05]
1.70 [1.16, 2.49]
1.95 [0.36, 10.68]

Children included in study population
Yes
25
No
7

0.00
0.00

71.51
86.50

2.28
3.52

1.63 [1.39, 1.91]
2.50 [1.36, 4.62]

Gender distribution
Equal ratio
Over 60% female
Over 60% male

18
7
7

0.00
0.01
0.00

73.87
85.57
73.85

2.07
2.69
3.43

1.49 [1.22, 1.81]
1.90 [1.19, 3.04]
2.44 [1.69, 3.52]

Study quality OHAT
Definitely low risk of bias
Probably low risk of bias
Probably high risk of bias

1
25
8

0.00
0.00
0.00

0.00
87.65
46.08

3.62
2.39
2.40

2.58 [1.79, 3.71]
1.69 [1.37, 2.09]
1.70 [1.26, 2.31]

[95% Cl]

1
0.25
Odds ratio

0

100

Fig. 4 Sensitivity analysis of the regional meta-analysis. A priori subgroups based on study characteristics to test the sensitivity of the regional metaanalysis. Results suggest that subgroups based on study characteristics do not signiﬁcantly alter the direction of the association between occupational or
residential exposure to agricultural land-use and infectious disease prevalence. Circle points show the pooled subgroup estimates and error bars are
deﬁned as the 95% conﬁdence interval. Note: n, number of studies included in each pooled estimate. CI, conﬁdence intervals. OHAT, Ofﬁce of Health
Assessment and Translation. NHLBI, National Heart, Lung and Blood Institute

Disease class

All disease

Bacterial
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Zoonotic

Agricultural exposures

Non-specific agriculture

Oil palm plantation

Rice paddy

Rubber plantation

0
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2

3

4
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Odds ratio

Fig. 5 Agricultural exposure-based subgroup analysis. Subgroups were created a priori based on exposures that had two or more mutually exclusive
estimates. Agriculture (non-speciﬁc) is deﬁned as a category where a person indicates they work in agriculture regardless of the type of agriculture. Square
points show the pooled subgroup estimates and error bars are deﬁned as the 95% conﬁdence interval
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Fig. 6 Livestock exposure-based subgroup analysis. Livestock farming is deﬁned as a category where a person indicates they are exposed to livestock
generally regardless of the speciﬁc type of livestock (e.g., chickens). Porcine, Bovine or Poultry exposure is deﬁned as a person being exposed to each of
these respective animal types. Square points show the pooled subgroup estimates and error bars are deﬁned as the 95% conﬁdence interval
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Fig. 7 Disease-based subgroup analysis. Subgroups were created a priori based on diseases that had two or more mutually exclusive estimates. Orientia
tsutsugamushi is also known as Scrub typhus. Rickettsia typhi is otherwise known as murine typhus. Opisthorchis viverrini is also known as Opisthorchiasis.
Square points show the pooled subgroup estimates and error bars are deﬁned as the 95% conﬁdence interval

other groups (A. lumbrocoides, G. intestinalis, E. histolytica, leptospirosis, opisthorchiasis and R. typhi). No evidence of publication bias was detected in the regional meta-analysis, but
evidence of bias was present in the rice paddy farming subgroup
analysis, whereby studies documenting positive associations
between agriculture and all types of infection were under-represented, suggesting the overall effect is conservative. Considerable
heterogeneity among studies and subgroups alongside negative
tests for potential confounding from both measured and
unmeasured effect modiﬁers further suggest that the results are
robust to a range of possible sources of bias.
Subgroup analysis, in which data were grouped by common
exposures and then stratiﬁed by aetiological agent (parasitic, viral,
bacterial), transmission mode (vector-borne, zoonotic) or speciﬁc
6

disease types or disease complexes, nevertheless highlight the
potential complexity and variability of agriculture-infectious
disease associations. The particularly strong effects that were
observed for the two-forest monoculture-based agricultural types
(oil palm and rubber) are key ﬁndings. All these crops have been
planted extensively in recent decades and been major contributors to land-use changes in this region. For example, between
2005 and 2010, almost 250,000 hectares of natural vegetation with
tree cover was converted to rubber plantations in SE Asia54,55,
and the loss of primary forests for the cultivation of oil palm in
Indonesia (especially on Sumatra and Borneo islands) quadrupled
between 2000 and 2012 to 800,000 hectares a year56. In 2010, with
an estimated 122 million people working in agriculture in SE
Asia, ~115 million hectares (approx. 28% of the total area) were
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harvested for rice, maize, oil palm, natural rubber and coconut57,58. Our results thus have far reaching implications for a
large fraction of SE Asia currently under cultivation or planned
for agricultural conversion; that agricultural land-uses and even
differing agricultural types appear to exacerbate infectious disease
risks more than others raises the possibility that land-use decisions could be tailored to minimise human health impacts.
Mechanisms by which crop monocultures impact the risk of
infectious diseases are difﬁcult to untangle and likely idiosyncratic. Deforestation or different agricultural land-uses may
favour some disease hosts or vectors (inﬂuencing e.g., abundance,
distributions or transmission dynamics), while the loss of biodiversity has also been linked to increases in disease risk in some
cases48. For example, a decrease in wild mammal species richness
in fragmented habitats was associated with a higher seroprevalence of Chagas disease in small mammal reservoir
hosts27,59. In other cases, different agricultural land-use types
could be frequented by people, modifying contact rates with
animal hosts or vectors, and combinations of these effects are also
probable. Fornace et al.37, for example, show that a higher incidence of P. knowlesi is associated with larger amounts of forest
loss surrounding villages, which may have caused changes in
macaque or mosquito habitats in addition to increased levels of
human activity, thereby increasing the risk of infection in
humans.
Landscape factors such as distribution, density, behaviour and
population dynamics of vectors and their hosts are partially
controlled by landscape features such as vegetation cover, surface
moisture, topography or soil type, which in turn may also
inﬂuence the level of transmission of an infection28. Oil palm,
rubber plantation and rice paddy monocultures have reduced
species richness compared with primary and secondary forests60,61, and these monocultures are structurally less complex
than natural forests typically exhibiting a more uniform age
structure, lower or no canopy, sparse undergrowth, less stable and
more extreme microclimates, and greater levels of human disturbance and presence61,62. Evidence suggests that such changes
related to physical characteristics of the landscape or biodiversity
loss itself could favour disease carrying hosts or vectors or
increase the efﬁcacy of disease transmission to remaining hosts
(in this case people). For example, Burkett-Cadena and Vittor63
suggest that an increased mosquito vector abundance was positively associated with deforestation. Of the mosquito species that
were favoured by deforestation, 56.5% were conﬁrmed vectors of
human pathogens, compared to 27.5% of species that were
negatively impacted by deforestation. Faust et al.31 also suggest
that the greatest risk of spillover events occur at intermediate
levels of habitat loss, whereas the largest, but rarest, epidemics
occur at extremes of land conversion. Our results are thus consistent with these previous empirical64,65 and modelling studies31,37,49–51, and further support suggestions that deforestation
resulting in crop monocultures is particularly problematic for
elevating infection risks in susceptible nearby populations.
Whereas many previous studies have focussed on land-use
change and deforestation explicitly, our analysis is largely blind to
prior land-cover history. We nevertheless ﬁnd variation in disease
risk among speciﬁc agricultural land-use types, suggesting that an
effect on disease risk likely goes beyond simply a change in land
cover (e.g., from forest to crop monoculture) to include the ﬁnal
characteristics of modiﬁed agricultural landscapes. To further
untangle mechanisms here would require a more detailed data set
on land-cover history (e.g., class transitions), scale and context.
Previous research on the association between livestock farming
and infectious disease risk has been inconsistent39,66–72, whereas
here we ﬁnd consistent associations between infectious disease
risks and exposure to livestock farming. Our subgroup analysis
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for separate livestock categories (Fig. 5) suggests that infection
risk may vary according to exposure to the type of animals
farmed, with pigs and cattle exposure being positively associated
with infection while poultry exposure having no association. Our
results further show consistent positive associations between
livestock farming and differing disease classes, whereby exposure
to livestock can result in two to four times the risk of being
infected with vector-borne, bacterial or zoonotic diseases. We also
ﬁnd a marginal association with livestock farming and viral diseases, albeit with small sample sizes likely limiting power to
conﬁrm the positive effect. Livestock disease transmission can
occur through multiple routes, including airborne, direct faecaloral, animal bites and scratches, contaminated animal products
and consumption of uncooked meat70,73. Alternatively, the
impact of livestock may be to act as ampliﬁer hosts74,75, while
livestock housing studies show that keeping livestock, such as
cattle in the house as opposed to shelters outside the house
contributes to increased disease risk rather than zooprophylaxis76,77. In addition, global changes in climate, agricultural intensiﬁcation and expansion for livestock, trade, travel
and closer interactions with livestock have facilitated infectious
disease transmission78. Further empirical data from appropriately
powered epidemiological studies are required to conﬁrm our
results and better identify mechanisms.
Effect variability was also observed among speciﬁc disease or
disease complex subgroups. Signiﬁcant associations ranging
between 1.4 and 2.9 times the risk of infection when exposed to
agricultural land-use were identiﬁed for hookworm, malaria,
scrub typhus, S. japonicum, spotted fever group rickettsioses and
Trichuris trichiura. In contrast, no effect was seen for A. lumbrocoides, E. histolytica, G. intestinalis, O. viverrini, Leptospirosis
and R. typhi. These results again illustrate the potential complexity of agriculture-disease associations, whereby agricultural
land-use could be impacting the transmission cycles of these
disease groups in different ways or otherwise unmeasured effect
modiﬁers could be at play.
Speciﬁc disease traits or epidemiological characteristics likely
explain these differences, at least in part. For example, previous
research suggests that arthropod vectors, such as mosquitoes and
ticks, and helminths may be more vulnerable to environmental
changes, such as agricultural land-uses than other taxa67. Since
we ﬁnd signiﬁcant associations only for parasitic or vector-borne
diseases (and no association for directly transmitted zoonotic or
faecal-oral route diseases) our results broadly support this suggestion. Mechanistically, this may be linked to the modiﬁcation of
environmental niches, changes in the community composition, or
alterations in the behaviour or movement of vector species26,27,52,62,79. For example, malaria in the Mekong region has
been associated with dense forest cover and also with cultivated
areas80,81. Forest-fringe and deforested regions can also create
suitable habitats for malaria vectors (e.g., Anopheles minimus)82.
Therefore, the wide mosquito vector diversity and the potential
for mosquito vectors to adapt in deep-forests and forest-fringes,
in addition to the movement of susceptible humans to and from
the forest, provide ideal conditions for sustained and novel
transmission81.
Despite this trend, some diseases for which no effect was
observed were helminths, and in this case variation in effect may
be related to subtler transmission characteristics or other
unmeasured confounders. A. lumbrocoides or O. viverrini, for
example, are transmitted via the faecal-oral route, whereas T.
trichuria, S. japonicum and hookworm are transmitted through
skin penetration. Although both cases and controls will be
infected via the same transmission mechanism, people exposed to
agriculture may be more susceptible to infection with faecal-oral
route transmitted diseases due to the use of night soil (human
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faeces) as fertiliser to improve crop yield. Using night soil as
fertiliser is prevalent in SE Asia, although there are no estimates
on how widespread it may be83–85, making it difﬁcult to include
explicitly as a potential confounding factor. Similarly, variation in
effects between diseases could be a result of differential responses
to public health interventions. For example, the efﬁcacy of praziquantel mass drug administration is higher for A. lumbrocoides
compared to T. trichuria or hookworm86, but again incorporating
treatment history as a potential effect modiﬁer was not
possible here.
Results show signiﬁcant associations between exposure to
agriculture and spotted fever group rickettsioses or scrub typhus,
but not R. typhi. This difference could again be linked to transmission characteristics. Although all are vector-borne, both
spotted fever rickettsioses and scrub typhus are tick-borne
typhus-based diseases, while R. typhi is ﬂea borne. This is in
line with current research that suggests ticks are highly susceptible to environmental change87,88. For example, Lyme disease (a
tick-borne disease) has increased with forest fragmentation in
North America89–91. Ostfeld et al.92 also ﬁnd that tick-borne
infection prevalence was lowest when forest cover within a 1 km
radius was high. We ﬁnd very little research to suggest environmental change as having large impacts on ﬂea borne diseases87,88.
Previous research does suggest that R. typhi is largely an urban
disease where overcrowding, poor public health and sanitation
measures are considered key risk factors for transmission93.
Speciﬁcally, R. typhi typically thrives in markets, grain stores,
breweries and garbage depots where rats serve as the main
reservoir, which may explain the lack of association with agriculture reported here93.
Our results also contrast with previous studies in the case of
agriculture and leptospirosis. Whereas we found no overall effect
for leptospirosis, previous studies have yielded mixed results94–96.
Research conducted in Thailand suggests that the sources of
human and rodent infections are different, where humans are
infected in villages in non-forested areas located near rivers while
rats are infected in forest patches situated in the hilly areas39. In
Asia, humans are known to be infected through prolonged contact with water that may be contaminated by infected animal
hosts97,98. Such environmental transmission is directly linked to
frequent occupational exposure to agricultural land-use and
establishing causal pathways between the environment, animal
hosts and human risk is therefore required for such complex ecoepidemiologies.
Although we ﬁnd a consistent association between agricultural
land-use and infectious disease risk in humans, there are several
inherent challenges in resolving agriculture-disease associations
and some limitations in this study that could be improved upon
or resolved in future studies.
First, despite the diverse range of generally robust results
reported in this study, our systematic assessment of study quality
does highlight an apparent lack of robust and high-quality studies
that assess the impact of differing agriculture types, the degree of
exposure to agriculture (e.g., more or less) and land-use change
on infectious disease risks in SE Asia. Considering an initial
15,476 articles were generated from a sensitive and speciﬁc search
strategy, just 34 (0.2%) met the inclusion and exclusion criteria
and were included in the regional meta-analysis. All retained
articles focus on agriculture as the main land-use types, as
opposed to other conventional land-use practices, such as road
building, dam building, mining and urbanisation. Only a small
number of studies focus on the ﬁnal human health outcome,
while in contrast many studies focus on infectious diseases in
plants or animals52,99–101. Similar research aiming to evaluate the
impacts of agricultural land-use on biodiversity appears far more
prevalent and incorporates a wider range of land-use
8

types7,22,102,103. Caution is therefore advised in interpreting our
results so as to avoid generalisations not supported by the data.
In addition, studies in the meta-analysis were all either case
control or cross-sectional studies, which, in the hierarchy of
evidence within the medical sciences, are considered more prone
to bias and confounding than some other study designs (i.e.,
cohort studies or randomised controlled trials)104. Nevertheless,
most of the studies were evaluated to have probably low risk of
bias or be of fair quality, indicating that there is only a small
chance that a fatal ﬂaw would invalidate an individual study’s
ﬁndings. Despite this, we identify a general paucity of the highest
quality studies on the human health implications of land-use
decision making and policy, and its impacts on infectious diseases. Further studies that capture bias, confounding and effect
modiﬁcation would be particularly valuable.
Second, we were not able to determine whether the associations are signiﬁcant spatially and temporally or if the associations are transient. Understanding whether the association
between land-use and infectious disease is consistent both
spatially and temporally is an important avenue for future
research. Speciﬁcally, understanding the causal relationships,
leading from distal environmental changes to alterations in
more proximal environmental characteristics and disease
transmission cycles, which eventually lead to a shift in the risk
of infectious diseases at the landscape level53 should be prioritised for future research.
Third, although we made extensive efforts to control (through
our inclusion/exclusion criteria and the subgroup analysis) or at
least detect (through tests of heterogeneity, the meta-analysis of
adjusted odds ratios and E-score tests) the potential effect of
confounders and effect modiﬁers, there are likely to be environmental, social, demographic or even economic factors that could
impact the association between land-use and infectious disease
risks. Participatory epidemiology offers the opportunity to conduct bottom up agro-system analytical research on the patterns of
diseases in animal and human populations105–107. Participatory
epidemiological research has previously provided insights into
how social factors (which can be potential confounders or effect
modiﬁers) can impact ecological processes. For example, the
involvement of women in the care and preparation of poultry
carcasses in Egypt could contribute to higher incidence of highly
pathogenic avian inﬂuenza in women106,108. Similarly, understanding how local indigenous herder knowledge on the clinical
signs of classical acute and milder rinderpest has previously aided
in the control and eradication of rinderpest106,109. Hence, participatory mixed methods research is an ideal platform to assess
effect modiﬁcation and confounding and their potential impact
on disease-agriculture relationships.
Finally, substantial heterogeneity was also observed in our
regional meta-analyses, where I2 values were >80%. The substantial heterogeneity may be due to clinical heterogeneity or
statistical heterogeneity. Clinical heterogeneity occurs where the
exposure is modiﬁed by factors that vary across studies, the type
of exposure (e.g., different agricultural types—rice vs. rubber) or
study participant characteristics110. Differences between studies
in the deﬁnition or the measurement of exposure or outcome,
may all lead to a difference in effects. In contrast, statistical
heterogeneity exists when the true effects being evaluated differ
between studies and may be detectable if the variation between
the results of the studies is above that expected by chance111.
Further subgroup and sensitivity analysis showed that heterogeneity decreased to a moderate level (I2 < 60%) only for certain
subgroups111,112. This suggests that some of the observed heterogeneity is attributable to epidemiological and environmental
differences within this subgroup111,113. There was little evidence
of signiﬁcant publication bias in our analyses (except for rice
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paddy farming), and any publication bias that was present had
very little impact on the pooled association.
This meta-analysis provides broad evidence that occupational
or residential exposure to differing types of agriculture can consistently exacerbate infectious disease risks in humans in SE Asia.
These trends suggest that further expansion or intensiﬁcation of
land-use for agricultural purposes may result in the novel
emergence of pathogens as observed elsewhere (e.g.,
refs. 30,38,50,114,115) or increased transmission of zoonotic, parasitic or vector-borne diseases (e.g., refs. 37,51,81). However, the
results presented in this study also provide an opportunity for
land-use decision makers, governments, companies and agriculturalists to recognise the impact that agricultural land-use or
land-use change may have on susceptible populations and
proactively identify measures to mitigate these risks.
Given a range of other negative externalities of agriculture
identiﬁed in other ﬁelds (e.g., carbon emissions, air pollution,
biodiversity loss), the potential for better land-use decisions to
collectively minimise infectious disease impacts alongside these
other impacts is large. Enhancing the sustainability of agriculture
has already been identiﬁed as a nexus issue that is central to
meeting a diverse range of development and environmental targets, such as the SDGs, the Aichi biodiversity targets, and the
Paris agreement19. Key measures are already being proposed to
sustainably meet this multiplicity of demands through policy
changes, such as reducing food wastage throughout the food
supply chain116,117, advocation of reduced emissions and more
sustainable diets118,119, efforts in soil management techniques120,
responsible consumption of animal products120 and biodiversityfriendly farming practices121. Our study provides critical additional evidence to propel human health impacts from infectious
diseases into this mix to further advance health targets (e.g.,
SDG3, Target 3.3)122 as a central component of improving the
sustainability of agricultural development more broadly.
Methods
Search strategy and selection process. Following PRISMA protocol and
reporting standards for systematic reviews, we independently and systematically
screened articles in April 2017 using ﬁve academic literature databases: Medline,
PubMed, Global Health, Web of Science and EMBASE alongside Google Scholar.
Search strings were created through a PECOS statement using three categories
(exposure, location and outcome) with Boolean operators AND between categories
and OR within categories. Where applicable, MeSH terms for communicable
disease, SE Asia, land-use and agriculture were also used. Differing land-use types
were incorporated into the search strategy to improve the sensitivity of the search.
To improve the speciﬁcity of the search strategy, the location category was only
applied for title and abstracts, to capture all publications that had a study context
within SE Asia. No language restrictions were placed within the search strategy. An
example of the search strategy can be found in the Supplementary Note 1.
Articles were initially assessed for relevance ﬁrst by title, as well as keywords if
these were available, then by abstract and ﬁnally by full text. We simultaneously
assessed the suitability of the studies retained after screening for full text analysis
for their potential inclusion in meta-analyses, rejecting studies for which risk or
odds estimates could not be calculated. Disagreements were resolved by consensus,
and where no consensus was achieved a third investigator was consulted. One
reviewer (H.S.) then extracted outcome and exposure data as well as data on
population and study characteristics into a bespoke data extraction framework,
which was then validated by a second reviewer (P.H.)112.

Eligibility. Following PRISMA guidelines and the PICOS framework, we considered the following factors to determine eligibility criteria: ‘study question’,
‘populations’, ‘exposure’, ‘comparators’ and ‘outcome’. A description of each
follows.
Study Question—Is there an association between occupational or residential
exposure to agricultural land-uses and being infected with a pathogen for adults
aged 18 and above in SE Asia?
Study Design—Empirical observational studies (longitudinal cohorts, case
control or cross-sectional) studies conducted in the Association of Southeast Asian
Nations (ASEAN) region and reported in English were considered eligible. We
anticipated that the extent and effects of language bias may have diminished
recently because of the shift towards publication of studies in English123; however,
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we reserved the option to have non-English articles translated to bolster sample
sizes if a reasonable number of non-English studies were found.
Populations—This study drew participants from the general adult population
aged 18 and above in SE Asia. Studies that recruited participants of all ages
(including children) were also included. Studies that focused exclusively on the
child population were excluded.
Exposure—The primary exposure of interest was deﬁned as occupational or
residential exposure to agriculture or agricultural land-use. This was deﬁned as
whether study participants would be working or living in or near agricultural land.
Speciﬁcally, agricultural exposure was deﬁned as any person who partakes in the
cultivation of land and breeding of animals and plants to provide food, ﬁbre,
medicinal plants and other products either for domestic, residential, occupational
or economic purposes88.
Comparators—Studies were included if they compared outcomes in the exposed
group with those in a group of unexposed people (people who are not
occupationally or residentially exposed to agriculture or agricultural land-use).
Outcome—Studies were included if one of the primary outcomes include
prevalence, seroprevalence or incidence for all infectious diseases that have a
biologically plausible link to agriculture or agricultural land-use.
Studies that investigated non-communicable disease or infectious diseases of
plants, invertebrates or ﬁsh were excluded. We also excluded studies that were not
based on SE Asia, did not include some form of land-use as an exposure or study
focus, were theoretical research papers, reviews, commentaries or letters, or were
not published in English (following determining that few non-English studies
meeting all other criteria were available, see above). Studies that presented odds
ratios based on the co-infection of >1 disease were excluded as co-infection could
increase susceptibility to other infectious diseases124. Studies that assessed the
impact of using human faeces (night soil) as fertiliser in agriculture were also
excluded83–85. This is because using human faeces as fertiliser was not considered a
land-use but rather a confounding behavioural activity. Studies that assessed risk
factors of disease in children were also excluded125,126 as children may be exposed
to agricultural work but may also be more susceptible to certain diseases. An
explicit bulleted inclusion and exclusion criteria can be found in the Supplementary
Note 2.
Study quality. A methodological study quality assessment was conducted using
two quality appraisal tools sourced from the OHAT and the NHLBI Quality
Assessment website.
The ﬁrst tool was the OHAT Risk of Bias Rating Tool for Human and Animal
Studies, which evaluates the assessment of whether the design and conduct of the
study compromised the credibility of the link between exposure and outcome. The
OHAT for human studies contains 11 risk-of-bias questions that cover six different
domains, including selection, confounding, performance, attrition/exclusion,
detection, and selective reporting bias. Six of the 11 questions are applicable for
cross-sectional and case control studies and are answered using one of four
predeﬁned answer choices (1) deﬁnitely low risk of bias; (2) probably low risk of
bias; (3) probably high risk of bias; and (4) deﬁnitely high risk of bias. Studies were
excluded from this review if they had an average rating of deﬁnitely high risk of
bias and/or if there was substantial evidence that the studies showed threats to
internal validity.
The second set of tools were for Observational Cohort and Cross-Sectional
Studies (QAT—OCCSS), and for case control studies (QAT—CCS). Both tools had
14 and 9 items, respectively, that classiﬁed study quality using speciﬁc
epidemiological parameters, such as transparency of research question, sources of
potential bias (e.g., selection or measurement), study power, confounding and
other items that inferred internal validity of each study127,128. A greater number of
Yes responses indicated a higher study quality for both study quality tools. Studies
were classed as good if they presented information on all key criteria within the
tools such as: research question, study population, sample size justiﬁcation,
exposure measurement and outcome measurement. Studies were classed as fair if
they presented some information on the key criteria. Poor studies were classed as
studies that could not satisfy the majority of key criteria.
Data synthesis and statistical analysis. Data were summarised as the number of
individuals with and without infection stratiﬁed by whether they were exposed to
agricultural land-use or not. Associations were quantiﬁed using the odds ratio (OR)
with a 95% conﬁdence interval. This was extracted where possible from the studies
or self-calculated using relevant data where possible. Where ORs could not be
extracted or calculated due to poor or non-reported data, studies were excluded
from the meta-analysis112.
A regional meta-analysis was conducted with a random effects model110,129 to
calculate a pooled estimate that quantiﬁes the overall impact of how any
occupational or residential exposure to agricultural land-use impacts the odds of
infectious disease prevalence. For this, we selected mutually exclusive studies and
odds estimates to be incorporated into the regional meta-analysis. This was to
avoid any double counting of estimates, which could otherwise bias pooled
estimates. Only one estimate was used per study and other estimates from the same
study population were excluded. This was achieved by systematically selecting risk/
odds estimates based on agriculture as a general occupational exposure. However,
in some cases, studies provided multiple agricultural exposures or multiple disease
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outcomes in the same study (e.g., oil palm, rice, rubber as an exposure type or
hookworm, T. trichuria and A. lumbrocoides infection as the outcome). In these
types of studies, we selected the exposure and outcome that had the largest number
of cases to maximise study power. In some instances, there were multiple
publications by the same author analysing the same study population130–132. In
these cases, only the most recent publication was selected for incorporation into the
overall analysis.
Random effects meta-analyses assume that a distribution of effects exists across
all studies included in the analyses, resulting in heterogeneity among study results.
The use of a random effects model was considered appropriate here because we
assume that the associations between occupational or residential exposure to
agricultural land-use or land-use change and infectious disease risks are likely to be
inconsistent and idiosyncratic, which might otherwise bias the results. Therefore,
we considered a random effects meta-analysis to be a more conservative approach
than ﬁxed effects analysis110,129.
All analyses were conducted in R version 3.2.5133 with the metafor package134.

Data availability
The authors declare that all published data collated during the systematic review
supporting the ﬁndings of this study are available within the paper and its Supplementary
Information ﬁles. The ﬁnal data set is presented in Supplementary Data 1 and
Supplementary Note 3. This data set presents information extracted by the reviewers and
highlights the estimates used for each analysis. A description of the data set is presented
in Description of Additional Supplementary Files.
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OR + sqrt {OR × (OR − 1)}135.
When calculating the E-value, unmeasured confounders are not listed and
tested explicitly. Additionally, the E-value, does not assess measurement or
selection bias. The E-value results also do not guarantee that if a confounder with
parameters of a particular strength exists, then it necessarily explains away the
effect. Rather, it is, only possible to construct scenarios in which it could. Readers
and other researchers may then assess whether any confounding associations of
that magnitude are biologically plausible135.
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Publication bias. We assessed publication bias in three ways. First, we plotted
individual study effect sizes against the standard error of each study as a measure of
the study size in funnel plots to visually assess asymmetry136. Second, we tested this
asymmetry using Egger’s linear regression test, in which signiﬁcant asymmetry
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further assess if there was a likelihood of missing studies that might exist and
whether this would impact the pooled estimate. This method imputes hypothetical
negative unpublished studies to mirror the positive studies, and recalculates a
pooled estimate to assess the impact these hypothetical studies have on the pooled
effect size138,139.

23.

24.

25.

26.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
10

Lawler, J. J. et al. Projected land-use change impacts on ecosystem services in
the United States. Proc. Natl. Acad. Sci. 111, 7492–7497 (2014).
Costanza, R. et al. Changes in the global value of ecosystem services. Glob.
Environ. Chang. 26, 152–158 (2014).
Costanza, R. et al. The value of the world’s ecosystem services and natural
capital. Nature 387, 253–260 (1998).
Houghton, R. A. Revised estimates of the annual net ﬂux of carbon to the
atmosphere from changes in land use and land management 1850-2000.
Tellus, Ser. B Chem. Phys. Meteorol. 55, 378–390 (2003).
Vermeulen, S., Campbell, B. & Ingram, J. Climate change and food systems.
Annu. Rev. Environ. Resour. 37, 195–222 (2012).
Wilcove, D. S., Giam, X., Edwards, D. P., Fisher, B. & Koh, L. P. Navjot’s
nightmare revisited: logging, agriculture, and biodiversity in Southeast Asia.
TRENDS Ecol. Evol. 28, 531–540 (2013).
Sodhi, N. S. et al. Deforestation and avian extinction on tropical landbridge
islands. Conserv. Biol. 24, 1290–1298 (2010).
Sodhi, N. S., Koh, L. P., Brook, B. W. & Ng, P. K. L. L. Southeast Asian
biodiversity: an impending disaster. Trends Ecol. Evol. 19, 654–660 (2004).
Wanger, T. C. et al. Effects of land-use change on community composition of
tropical amphibians and reptiles in Sulawesi, Indonesia. Conserv. Biol. 24,
795–802 (2010).
Newbold, T. et al. A global model of the response of tropical and sub-tropical
forest biodiversity to anthropogenic pressures. https://doi.org/10.1098/
rspb.2014.1371
Gibson, L. et al. Primary forests are irreplaceable for sustaining tropical
biodiversity. Nature 478, 378–381 (2011).
Houghton, J. T. et al. Climate Change 2001: The Scientiﬁc Basis. (Cambridge
University Press, 2001).
Pielke, R. A. & Betts, R. A. Land use and climate change. Sci. (80-.). 310,
1625–1626 (2005).
Feddema, J. J. The importance of land-cover change in simulating future
climates. Sci. (80-.). 310, 1674–1678 (2005).
Scanlon, B. R., Jolly, I., Sophocleous, M. & Zhang, L. Global impacts of
conversions from natural to agricultural ecosystems on water resources:
quantity versus quality. Water Resour. Res. 43, W03437 (2007).
Hall, R. I., Leavitt, P. R., Quinlan, R., Dixit, A. S. & Smol, J. P. Effects of
agriculture, urbanization, and climate on water quality in the northern Great
Plains. Limnol. Oceanogr. 44, 739–756 (1999).
Aneja, V. P., Carolina, N., Carolina, N., Schlesinger, W. H. & Erisman, J. A. N.
W. effects of agriculture upon the air quality and climate: research, policy, and
regulations. Environ. Sci. Technol. 43, 4234 (2009).
Moss, B. Water pollution by agriculture. Philos. Trans. R. Soc. B Biol. Sci. 363,
659–666 (2008).
Rockström, J. et al. Sustainable intensiﬁcation of agriculture for human
prosperity and global sustainability. Ambio 46, 4–17 (2017).
IPCC. Land Use, Land-Use Change, and Forestry. Intergovernmental Panel on
Climate Change (IPCC, 2000).
Newbold, T. et al. Has land use pushed terrestrial biodiversity beyond the
planetary boundary? A global assessment. Science (80-.). 353, 288–291 (2016).
Newbold, T. et al. Global effects of land use on local terrestrial biodiversity.
Nature 520, 45–50 (2015).
Muchuweti, M. et al. Heavy metal content of vegetables irrigated with
mixtures of wastewater and sewage sludge in Zimbabwe: Implications for
human health. Agric. Ecosyst. Environ. 112, 41–48 (2006).
Wesseling, C., McConnell, R., Partanen, T. & Hogstedt, C. Agricultural
pesticide use in developing countries: health effects and research needs. Int. J.
Heal. Serv. 27, 273–308 (1997).
Patz, J. A. et al. Unhealthy landscapes: Policy recommendations on land use
change and infectious disease emergence. Environ. Health Perspect. (2004).
https://doi.org/10.1289/ehp.6877
Patz, J. A., Graczyk, T. K., Geller, N. & Vittor, A. Y. Effects of environmental
change on emerging parasitic diseases. Int. J. Parasitol. (2000). https://doi.org/
10.1016/S0020-7519(00)00141-7

NATURE COMMUNICATIONS | (2019)10:4299 | https://doi.org/10.1038/s41467-019-12333-z | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12333-z

27. Gottdenker, N. L., Streicker, D. G., Faust, C. L. & Carroll, C. R. Anthropogenic
land use change and infectious diseases: a review of the evidence. Ecohealth
(2014). https://doi.org/10.1007/s10393-014-0941-z
28. Lambin, E. F., Tran, A., Vanwambeke, S. O., Linard, C. & Soti, V. Pathogenic
landscapes: Interactions between land, people, disease vectors, and their
animal hosts. Int. J. Health Geogr. 9, 54 (2010).
29. McFarlane, R. A., Sleigh, A. C. & McMichael, A. J. Land-use change and
emerging infectious disease on an island continent. Int. J. Environ. Res. Public
Health (2013). https://doi.org/10.3390/ijerph1007269
30. Murray, K. A. & Daszak, P. Human ecology in pathogenic landscapes: two
hypotheses on how land use change drives viral emergence. (2014). https://doi.
org/10.1016/j.coviro.2013.01.006
31. Faust, C. L. et al. Pathogen spillover during land conversion. Ecol. Lett. 21,
471–483 (2018).
32. Jones, B. A. et al. Zoonosis emergence linked to agricultural intensiﬁcation and
environmental change. Proc. Natl Acad. Sci. 110, 8399–8404 (2013).
33. Kock, R. A. Vertebrate reservoirs and secondary epidemiological cycles of
vector-borne diseases. Rev. Sci. Tech. 34, 151–163 (2015).
34. Erlanger, T. E., Weiss, S., Keiser, J., Utzinger, J. & Wiedenmayer, K. Past,
present, and future of Japanese encephalitis. Emerg. Infect. Dis. 15, 1–7 (2009).
35. Misra, U. K. & Kalita, J. Overview: Japanese encephalitis. Prog. Neurobiol. 91,
108–120 (2010).
36. Keiser, J. et al. Effect of irrigated rice agriculture on Japanese encephalitis,
including challenges and opportunities for integrated vector management.
Acta Trop. 95, 40–57 (2005).
37. Fornace, K. M. et al. Association between landscape factors and spatial
patterns of Plasmodium knowlesi infections in Sabah, Malaysia. Emerg. Infect.
Dis. (2016). https://doi.org/10.3201/eid2202.150656
38. Walsh, M. G. Mapping the risk of Nipah virus spillover into human
populations in South and Southeast Asia. Trans. R. Soc. Trop. Med. Hyg. 109,
563–571 (2015).
39. Della Rossa, P. et al. Environmental factors and public health policy associated
with human and rodent infection by leptospirosis: a land cover-based study in
Nan province, Thailand. Epidemiol. Infect. 1–13 (2015). https://doi.org/
10.1017/S0950268815002903
40. Baeza, A., Santos-Vega, M., Dobson, A. P. & Pascual, M. The rise and fall of
malaria under land-use change in frontier regions. Nat. Ecol. Evol. 1, 0108
(2017).
41. Guo, F., Bonebrake, T. C. & Gibson, L. Land-use change alters host and vector
communities and may elevate disease risk. Ecohealth 1–12 (2018). https://doi.
org/10.1007/s10393-018-1336-3
42. Rohr, J. R. et al. Emerging human infectious diseases and the links to global
food production. Nat. Sustain. 2, 445–456 (2019).
43. Civitello, D. J. et al. Biodiversity inhibits parasites: Broad evidence for the
dilution effect. Proc. Natl Acad. Sci. USA 112, 8667–8671 (2015).
44. Salkeld, D. J., Padgett, K. A. & Jones, J. H. A meta-analysis suggesting that the
relationship between biodiversity and risk of zoonotic pathogen transmission
is idiosyncratic. Ecol. Lett. (2013). https://doi.org/10.1111/ele.12101
45. Coker, R. J., Hunter, B. M., Rudge, J. W., Liverani, M. & Hanvoravongchai, P.
Emerging infectious diseases in southeast Asia: regional challenges to control.
Lancet (Lond., Engl.) 377, 599–609 (2011).
46. World Health Organization (WHO). WHO | Communicable Diseases in the
South-East Asia Region of the World Health Organization: Towards A More
Effective Response. (WHO, 2011).
47. Coleman, J. L. et al. Top 100 research questions for biodiversity conservation
in Southeast Asia. Biol. Conserv. 234, 211–220 (2019).
48. Keesing, F. et al. Impacts of biodiversity on the emergence and transmission of
infectious diseases. Nature 468, 647–652 (2010).
49. Herrera, D. et al. Upstream watershed condition predicts rural children’s
health across 35 developing countries. Nat. Commun. 8, 811 (2017).
50. Olivero, J. et al. Recent loss of closed forests is associated with Ebola virus
disease outbreaks. Sci. Rep. 7, 14291 (2017).
51. Pienkowski, T., Dickens, B. L., Sun, H. & Carrasco, L. R. Empirical evidence of
the public health beneﬁts of tropical forest conservation in Cambodia: a
generalised linear mixed-effects model analysis. Lancet Planet. Heal. 1,
e180–e187 (2017).
52. Myers, S. S. & Patz, J. A. Emerging threats to human health from global
environmental change. Annu. Rev. Environ. Resour. 34, 223–252 (2009).
53. Eisenberg, J. N. S. et al. Environmental determinants of infectious disease: a
framework for tracking causal links and guiding public health research.
Environ. Health Perspect. (2007). https://doi.org/10.1289/ehp.9806
54. Ahrends, A. et al. Current trends of rubber plantation expansion may threaten
biodiversity and livelihoods. Glob. Environ. Chang. POLICY Dimens. 34,
48–58 (2015).
55. Bartholomé, E. & Belward, A. S. GLC2000: a new approach to global land
cover mapping from earth observation data. Int. J. Remote Sens. 26,
1959–1977 (2005).

ARTICLE

56. Margono, B. A., Potapov, P. V., Turubanova, S., Stolle, F. & Hansen, M. C.
Primary forest cover loss in indonesia over 2000-2012. Nat. Clim. Chang. 4,
730–735 (2014).
57. Redfern, S. K., Azzu, N. & Binamira, J. S. Rice in Southeast Asia: facing risks
and vulnerabilities to respond to climate change. In Building Resilience for
Adaptation to Climate Change in the Agricultural Sector (ed. Meybeck, A.)
295–314 (UN Food and Agriculture Organization, Rome, 2012).
58. The World Bank Group. Employment in Agriculture (% of Total Employment)
(Modeled ILO Estimate) | Data. (2018). Available at: https://data.worldbank.
org/indicator/sl.agr.empl.zs?end=2014&start=1991&year_high_desc=true.
(Accessed: 23rd July 2018)
59. Vaz, V. C., D’Andrea, P. S. & Jansen, A. M. Effects of habitat fragmentation on
wild mammal infection by Trypanosoma cruzi. Parasitology 134, 1785–1793
(2007).
60. Savilaakso, S. et al. Systematic review of effects on biodiversity from oil palm
production. (2014). https://doi.org/10.1186/2047-2382-3-4
61. Martin, K. & He, P. Effects of rubber cultivation on biodiversity in the
Mekong Region. CAB Rev. 10, 1–7 (2015).
62. Fitzherbert, E. B. et al. How will oil palm expansion affect biodiversity? Trends
Ecol. Evol. 23, 538–545 (2008).
63. Burkett-Cadena, N. D. & Vittor, A. Y. Deforestation and vector-borne disease:
Forest conversion favors important mosquito vectors of human pathogens.
Basic Appl. Ecol. 26, 101–110 (2018).
64. Sparagano, O. A. E. Impact of ticks and tick-borne diseases on agriculture and
human populations in Europe. J. Agric. Sci. 143, 463–468 (2005).
65. Janko, M. M. et al. The links between agriculture, Anopheles mosquitoes, and
malaria risk in children younger than 5 years in the Democratic Republic of
the Congo: a population-based, cross-sectional, spatial study. Lancet Planet.
Heal. 2, e74–e82 (2018).
66. Forrer, A. et al. Spatial distribution of, and risk factors for, opisthorchis
viverrini infection in southern lao PDR. PLoS Negl. Trop. Dis. 6, e1481 (2012).
67. Lindahl, J. F. & Grace, D. The consequences of human actions on risks for
infectious diseases: a review. Infect. Ecol. Epidemiol. 5, 11 (2015).
68. Arnold, C. Infectious diseases associated with livestock production. Sci. Sel.
121, 8837 (2013).
69. Tomley, F. M. & Shirley, M. W. Livestock infectious diseases and zoonoses.
Philos. Trans. R. Soc. B Biol. Sci. 364, 2637–2642 (2009).
70. Klous, G., Huss, A., Heederik, D. J. J. & Coutinho, R. A. Human-livestock
contacts and their relationship to transmission of zoonotic pathogens, a
systematic review of literature. One Heal. 2, 65–76 (2016).
71. Fèvre, E. M. et al. An integrated study of human and animal infectious disease
in the Lake Victoria crescent small-holder crop-livestock production system,
Kenya. BMC Infect. Dis. 17, 1–14 (2017).
72. Kimman, T., Hoek, M. & De Jong, M. C. M. Assessing and controlling health
risks from animal husbandry. NJAS—Wagening. J. Life Sci. 66, 7–14 (2013).
73. Cantas, L. & Suer, K. Review: the important bacterial zoonoses in ‘one health’
concept. Front. Public Heal. 2, 1–8 (2014).
74. Pulliam, J. R. C. et al. Agricultural intensiﬁcation, priming for persistence and
the emergence of Nipah virus: a lethal bat-borne zoonosis. J. R. Soc. Interface
9, 89–101 (2012).
75. Ricklin, M. E. et al. Vector-free transmission and persistence of Japanese
encephalitis virus in pigs. Nat. Commun. 7, 1–9 (2016).
76. Pesavento, P. A. & Murphy, B. G. Common and emerging infectious diseases
in the animal shelter. Vet. Pathol. 51, 478–491 (2014).
77. Hasyim, H. et al. Does livestock protect from malaria or facilitate malaria
prevalence? A cross-sectional study in endemic rural areas of Indonesia.
Malar. J. 17, 1–11 (2018).
78. Loh, E. H. et al. Targeting transmission pathways for emerging zoonotic
disease surveillance and control. Vector-Borne Zoonotic Dis. 15, 432–437
(2015).
79. Murray, K. A., Olivero, J., Roche, B., Tiedt, S. & Guégan, J. -F. Pathogeography:
leveraging the biogeography of human infectious diseases for global health
management. Ecography (Cop.). (2018). https://doi.org/10.1111/ecog.03625
80. Singhasivanon, P. Malaria in tree crop plantations in south eastern and
western provinces in Thailand. Southeast Asian J. Trop. Med. Public Heal. 30,
399–404. (1999).
81. Guerra, C. A., Snow, R. W. & Hay, S. I. A global assessment of closed forests,
deforestation and malaria risk. Ann. Trop. Med. Parasitol. 100, 189–204
(2006).
82. Lane, R. P. & Crosskey, R. W. Medical Insects and Arachnids. (Springer
Netherlands, 1993).
83. Trang, D. T. et al. Skin disease among farmers using wastewater in rice
cultivation in Nam Dinh, Vietnam. Trop. Med. Int. Heal. 12, 51–58 (2007).
84. Trang, D. T., Hien, B. T. T., Mølbak, K., Cam, P. D. & Dalsgaard, A.
Epidemiology and aetiology of diarrhoeal diseases in adults engaged in
wastewater-fed agriculture and aquaculture in Hanoi, Vietnam. Trop. Med.
Int. Heal. 12, 23–33 (2007).

NATURE COMMUNICATIONS | (2019)10:4299 | https://doi.org/10.1038/s41467-019-12333-z | www.nature.com/naturecommunications

11

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12333-z

85. Trang, D. T., Mølbak, K., Cam, P. D. & Dalsgaard, A. Helminth infections
among people using wastewater and human excreta in peri-urban
agriculture and aquaculture in Hanoi, Vietnam. Trop. Med. Int. Heal. 12,
82–90 (2007).
86. Keiser, J. & Utzinger, J. Efﬁcacy of Current drugs against soil-transmitted
helminth infections. JAMA 299, 1937–1948 (2008).
87. Dantas-Torres, F. Climate change, biodiversity, ticks and tick-borne diseases:
The butterﬂy effect. Int. J. Parasitol. Parasites Wildl. 4, 452–461 (2015).
88. Beugnet, F. & Chalvet-Monfray, K. Impact of climate change in the
epidemiology of vector-borne diseases in domestic carnivores. Comp.
Immunol. Microbiol. Infect. Dis. 36, 559–566 (2013).
89. Killilea, M. E., Swei, A., Lane, R. S., Briggs, C. J. & Ostfeld, R. S. Spatial
dynamics of lyme disease: a review. Ecohealth 5, 167–195 (2008).
90. Brownstein, J. S., Skelly, D. K., Holford, T. R. & Fish, D. Forest fragmentation
predicts local scale heterogeneity of Lyme disease risk. Oecologia 146, 469–475
(2005).
91. Allan, B. F., Keesing, F. & Ostfeld, R. S. Effect of forest fragmentation on lyme
disease risk. Conserv. Biol. 17, 267–272 (2003).
92. Ostfeld, R. S., Levi, T., Keesing, F., Oggenfuss, K. & Canham, C. D. Tick-borne
disease risk in a forest food web. Ecology 99, 0–1 (2018).
93. Aung, A. K., Spelman, D. W., Murray, R. J. & Graves, S. Rickettsial infections
in Southeast Asia: implications for local populace and febrile returned
travelers. Am. J. Trop. Med. Hyg. 91, 451–460 (2014).
94. Sharma, S., Vijayachari, P., Sugunan, A. P., Natarajaseenivasan, K. & Sehgal, S.
C. Seroprevalence of leptospirosis among high-risk population of Andaman
Islands, India. Am. J. Trop. Med. Hyg. 74, 278–283 (2006).
95. Monno, R. et al. Seroprevalence of Q fever, brucellosis and leptospirosis in
farmers and agricultural workers in Bari, Southern Italy. Ann. Agric. Environ.
Med. 16, 205–209 (2009).
96. Cifuentes, E. et al. Risk factors for Giardia intestinalis infection in agricultural
villages practicing wastewater irrigation in Mexico. Am. J. Trop. Med. Hyg. 62,
388–392 (2000).
97. Mwachui, M. A., Crump, L., Hartskeerl, R., Zinsstag, J. & Hattendorf, J.
Environmental and behavioural determinants of leptospirosis transmission: a
systematic review. PLoS Negl. Trop. Dis. 9, 1–15 (2015).
98. Victoriano, A. F. B. et al. Leptospirosis in the Asia Paciﬁc region. BMC Infect.
Dis. 9, 147 (2009).
99. Vanwambeke, S. O. et al. Impact of land-use change on dengue and malaria in
northern Thailand. Ecohealth 4, 37–51 (2007).
100. Yasuoka, J. & Levins, R. Impact of deforestation and agricultural development
on anopheline ecology and malaria epidemiology. Am. J. Trop. Med. Hyg. 76,
450–460 (2007).
101. Gilbert, M. et al. Mapping H5N1 highly pathogenic avian inﬂuenza risk in
Southeast Asia. Proc. Natl. Acad. Sci. 105, 4769–4774 (2008).
102. Hughes, A. C. Understanding the drivers of Southeast Asian biodiversity loss.
Ecosphere 8, e01624 (2017).
103. Schipper, J. et al. The status of the world’s land and marine mammals:
diversity, threat, and knowledge. Sci. (80-.). 322, 225–230 (2008).
104. Mann, C. J. Observational research methods. Research design II. Emerg. Med.
J. 20, 54–61 (2003).
105. Chenais, E. & Fischer, K. Increasing the local relevance of epidemiological
research: situated knowledge of cattle disease among basongora pastoralists in
Uganda. Front. Vet. Sci. 5, 1–12 (2018).
106. Catley, A., Alders, R. G. & Wood, J. L. N. Participatory epidemiology:
approaches, methods, experiences. Vet. J. 191, 151–160 (2012).
107. Allepuz, A., De Balogh, K., Aguanno, R., Heilmann, M. & Beltran-Alcrudo, D.
Review of participatory epidemiology practices in animal health (1980-2015)
and future practice directions. PLoS ONE 12, 1–16 (2017).
108. Kaoud, H. A. Eco-epidemiologic impacts of HPAI on avian and human health
in Egypt. Int. J. Poult. Sci. 7, 72–76 (2008).
109. Mariner, J. C. & Roeder, P. L. Use of participatory epidemiology in studies of
the persistence of lineage 2 rinderpest virus in East Africa. Vet. Rec. 152,
641–647 (2003).
110. Haidich, A. B. Meta-analysis in medical research. Hippokratia 14, 29–37
(2010).
111. Higgins, J. P. T. & Thompson, S. G. Quantifying heterogeneity in a metaanalysis. Stat. Med. 21, 1539–1558 (2002).
112. Chandler, J., Higgins, J., Deeks, J., Davenport, C. & Clarke, M. in Cochrane
Handbook for Systematic Reviews of InterventionsVers. 5.2.0 (eds Higgins J. P.
T., Churchill R., Chandler J., Cumpston M.) Ch. 1 (The Cochrane
Collaboration, Oxford, 2017).
113. Higgins, J. P. T., Thompson, S. G., Deeks, J. J. & Altman, D. G. Measuring
inconsistency in meta-analyses. BMJ Br. Med. J. 327, 557–560 (2003).
114. Allen, T. et al. Global hotspots and correlates of emerging zoonotic diseases.
Nat. Commun. 8, 1–10 (2017).
115. Daszak, P. et al. Interdisciplinary approaches to understanding disease
emergence: the past, present, and future drivers of Nipah virus emergence.
Proc. Natl Acad. Sci. USA. 110(Suppl), 3681–3688 (2013).

12

116. Kummu, M. et al. Lost food, wasted resources: Global food supply chain losses
and their impacts on freshwater, cropland, and fertiliser use. Sci. Total
Environ. 438, 477–489 (2012).
117. Parﬁtt, J., Barthel, M. & MacNaughton, S. Food waste within food supply
chains: Quantiﬁcation and potential for change to 2050. Philos. Trans. R. Soc.
B Biol. Sci. 365, 3065–3081 (2010).
118. Dangour, A. et al. Environmental impacts of current and future diets in India.
Lancet Planet. Heal. 2, S28 (2018).
119. Springmann, M. et al. Health and nutritional aspects of sustainable diet
strategies and their association with environmental impacts: a global modelling
analysis with country-level detail. Lancet Planet. Heal. 2, e451–e461 (2018).
120. Keesstra, S. et al. Effects of soil management techniques on soil water erosion
in apricot orchards. Sci. Total Environ. 551–552, 357–366 (2016).
121. Kovács-Hostyánszki, A. et al. Ecological intensiﬁcation to mitigate impacts of
conventional intensive land use on pollinators and pollination. Ecol. Lett. 20,
673–689 (2017).
122. Raviglione, M. & Maher, D. Ending infectious diseases in the era of the
sustainable development goals. Porto Biomed. J. 2, 140–142 (2017).
123. Cochrane Handbook—Language Bias. Available at: https://handbook-5-1.
cochrane.org/chapter_10/10_2_2_4_language_bias.htm. (Accessed: 30th May
2019)
124. Lello, J. et al. The relative contribution of co-infection to focal infection risk in
children. Proc. R. Soc. B Biol. Sci. 280, 1–7 (2013).
125. Vonghachack, Y. et al. Transmission of Opisthorchis viverrini, Schistosoma
mekongi and soil-transmitted helminthes on the Mekong Islands, Southern
Lao PDR. Infect. Dis. Poverty 6, 1–15 (2017).
126. LIU, W. et al. Risk factors for Japanese encephalitis: a case-control study.
Epidemiol. Infect. 138, 1292–1297 (2010).
127. Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies
—NHLBI, NIH. (2017). Available at: https://www.nhlbi.nih.gov/health-pro/
guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort. (Accessed:
24th October 2017)
128. Quality Assessment Tool for Case Control Studies—NHLBI, NIH. (2017).
Available at: https://www.nhlbi.nih.gov/health-topics/study-qualityassessment-tools. (Accessed: 24th October 2017)
129. Borenstein, M., Hedges, L. V., Higgens, J. P. T. & Rothstein, H. A basic
introduction to ﬁxed-effect and andom-effects models for meta-analysis. Res
Synth Methods 1, 97–111 (2010).
130. Kaewpitoon, S. et al. Community-based cross-sectional study of carcinogenic
human liver ﬂuke in elderly from surin province, thailand. Asian Pac. J.
Cancer Prev. 13, 4285–4288 (2012).
131. Kaewpitoon, S. et al. Opisthorchis viverrini infection among people in the
border areas of three provinces, northeast of thailand. Asian Pac. J. Cancer
Prev. 17, 2973–2977 (2016).
132. Kaewpitoon, N., Loyd, R., Kaewpitoon, S. & Rujirakul, R. Malaria risk areas in
Thailand border. J. Med. Assoc. Thai. 98(Suppl 4), S17–S21 (2015).
133. R Core Team & R Development Core Team. A Language and Environment for
Statistical Computing. (R Core Team & R Development Core Team, 2013).
134. Viechtbauer, W. Conducting meta-analyses in R with the metafor package. J.
Stat. Softw. 36, 1–48 (2010).
135. VanderWeele, T. J. & Ding, P. Sensitivity analysis in observational research:
introducing the E-value. Ann. Intern. Med. 167, 268 (2017).
136. Sterne, J. A. C. et al. Recommendations for examining and interpreting funnel
plot asymmetry in meta-analyses of randomised controlled trials. BMJ 343,
d4002 (2011).
137. Egger, M., Davey Smith, G., Schneider, M. & Minder, C. Bias in meta-analysis
detected by a simple, graphical test. Br. Med. J. 315, 629–634 (1997).
138. Duval, S. & Tweedie, R. A Nonparametric ‘trim and ﬁll’ method of accounting
for publication bias in meta-analysis. J. Am. Stat. Assoc. 95, 89 (2000).
139. Duval, S. & Tweedie, R. Trim and Fill: a simple funnel-plot-based method of
testing and adjusting for publication bias in meta-analysis. Biometrics 56,
455–463 (2000).

Acknowledgements
We thank Julie Wendling for research support. We thank Julia Dunn (Imperial College
London) for her insights into the epidemiology and control of helminths. We also thank
the many experts that provided constructive feedback on earlier drafts of the manuscript,
including Professor Paolo Vineis, Dr Roman Carrasco, and members of the EXPOsOMICS and Malaria Modelling teams at Imperial College London. We also acknowledge
joint Centre funding from the UK Medical Research Council and Department for
International Development (MR/R015600/1). H.S. is a Grantham Institute and Commonwealth Scientiﬁc and Industrial Research Organisation (CSIRO) funded Ph.D student with the Science and Solutions for a Changing Planet Doctoral Training Partnership
at the Grantham Institute, Imperial College London. P.H. is a Natural Environment
Research Council (NERC) funded Ph.D student with the Science and Solutions for a
Changing Planet Doctoral Training Partnership at the Grantham Institute, Imperial
College London.

NATURE COMMUNICATIONS | (2019)10:4299 | https://doi.org/10.1038/s41467-019-12333-z | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12333-z

Author contributions
H.S., J.E. and K.M. designed the study. H.S. and P.H. conducted the systematic review.
H.S. wrote the modelling code, conducted the analysis and generated the ﬁgures. H.S. and
K.M. wrote the manuscript, and all authors contributed to edits and revisions.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-12333-z.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Peer review information Nature Communications thanks Richard Kock and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

ARTICLE

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:4299 | https://doi.org/10.1038/s41467-019-12333-z | www.nature.com/naturecommunications

13

