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Impact of Climate Variability on
Foodborne Diarrheal Disease:
Systematic Review and Meta-Analysis

Tesfaye Gobena and Dechasa Adare Mengistu *

School of Environmental Health, College of Health and Medical Science, Haramaya University, Harar, Ethiopia

Objective: To determine the impacts of climate variability on foodborne diarrhoeal
disease worldwide.

Methods: This work was performed based on PRISMA guideline. Articles were retrieved
from the PubMed, MEDLINE, Web of Science, Scopus, DOAJ, and Google Scholar. The
search was made using Boolean logic operators, medical subject headings, and main
keywords related to foodborne diarrheal disease. STATA version 17 was used to perform
an analysis. The quality of the articles was evaluated using Joanna Briggs Institute
appraisal tools.

Results: The present study included 54 articles with an estimates of 103 findings. An
increases in temperature, relative humidity, precipitation, rainfall, and flooding were
associated with 4% [RR: 1.04; 95% CI: 1.03, 1.05], 3% [RR: 1.03; 95% CI: 1.01,
1.06], 2% [RR: 1.02; 95% CI: 1.01, 1.03], 1% [RR: 1.01; 95% CI: 1.00, 1.02], and
42% [RR: 1.42; 95% CI: 1.26, 1.57] increases in foodborne diarrhoeal disease,
respectively.

Conclusion: There was a significant association between foodborne diarrhoeal disease
and climate variability, and indicate the need for building a climate-resilient food safety
system to reduce foodborne diarrheal disease.

Systematic Review Registration: identifier CRD42024532430.

Keywords: foodborne diarrheal disease, diarrheal disease, food safety, climate variability, climatic factors

INTRODUCTION

Foodborne diseases constitute one of the major causes of mortality and morbidity worldwide, even
though they are common in developing countries [1]. Among foodborne disease, foodborne
diarrheal disease is common and imposes significant health and economic burdens across the
world, particularly in the African and Southeast Asian regions [2]. According to the World Health
Organization (WHO) estimates of foodborne disease, there were approximately 600 million cases of
foodborne illness globally in 2010, resulting in approximately 33 million disability-adjusted life years

Abbreviations: DOAJ, Directory of Open Access Journals; MeSH, Medical Subject Heading; JBI, Joanna Briggs Institute;
PRISMA, Preferred Reporting Items for Systematic Review and Meta-Analysis; WASH, Water, Sanitation, and Hygiene; WHO,
World Health Organization.
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TABLE 1 | General characteristics of the studies reporting the impacts of different climatic factors or climate variability on foodborne diarrheal disease, worldwide, 2024

(54 articles: 103 estimates).
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1999 to
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2003 to
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1992 to
2000
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2000
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1992 to
2008
2000 to
2010
2000 to
2010
2000 to
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Target
group

Children
All age
All age
Children
All age
All age
All age

Children
All age

All age
All age
All age
All age
All age
All age
All age
All age
All age
Children
All age
All age
All age
All age
All age
All age
All age
All age
Children
All age
All age
All age

All age

Foodborne diarrheal

disease

Diarrhea
Rotavirus
Salmonellosis
Gastroenteritis
Diarrhea
Diarrhea
Diarrhea

Diarrhea
Gastroenteritis

Diarrhea
Campylobacter jejuni
Campylobacter coli
Salmonellosis
Salmonellosis
Salmonellosis
Salmonellosis
Salmonellosis
Diarrhea

Diarrhea

Bacillary dysentery
Salmonellosis
Cholera cases
Salmonellosis
Campylobacter
infection

E. Coli case
Campylobacter cases
Diarrhea

Diarrhea
Salmonellosis
Salmonellosis
Salmonellosis

Salmonellosis

Outcome: RR:95%ClI

T°:0.98: 0.97, 0.99
Rh:1.026:1.00-0, 1.053
Rh: 1.03:1.02-1.05
Rh:1.039: 2.8, 5.0
Rh:1.0213: 1.0179, 1.0247
Rh:1.0166: Rh:1.0151, 1.0181
Rh:1.23: 1.21-1.25

T°:1.081: 1.02-1.14, Rf: 1.009: 1.004, 1.015
T°:1.21: 1.09, 1.34

T°: 1.006: 1.005, 0.6, Rf: 1.05: 1.049, 1.051
T°:1.161: 1.072, 1.249
T°: 1.188:1.048, 1.328
T°:1.102:1.087, 1.116
T°: 1.056:1.043, 1.07
T°: 1.049: 1.03, 1.064
T°: 1.051:1.038, 1.065
T°: 1.041:1.031, 1.052
T°: 1.013:0.998, 1.027, Rh: 1.030:1.004, 1.057
T°: 1.08: 1.07, 1-09, Rh: 0-97: 0-97, 0-98
T°: 1.04: 1-00, 1-07
T°: 1.043:1.008, 1.084, Rh: 0.987:0.981, 0.994, Rf:
1.008: 1.002, 1.015
T°: 1.052: 1.04, 1.06, Rf: 1.025: 1.01-1.04
T°: 1.012: 1.009, 1.015
T°: 1.022: 1.019, 1.024
T°: 1.06: 1.05, 1.069
T°: 1.045: 1.033, 1.058
T°: 1.049: 1.036.1.062
T°: 1.1666: 1.164-1.168, Rf: 1.00167:
1.00131,1.00193
T°:1.0232:1.0038, 1.0427, Pr: 1.0024: 1.0002, 1.0046
T°: 1.055:1.022, 1.088, Pr: 1.005:1.001, 1.01

T°: 1.0156:1.027, 1.058, Pr: 1.001:1.003, 1.004

T°: 1.00: 1.031, 1.029, Pr: 1.001:1.006, 1.008

Location

Vietnam
Bangladesh
Iran

Japan
Indonesia
Indonesia
China

Nepal
Spain

Bhutan
Israel

Israel
Australia
Australia
Australia
Australia
Australia
Singapore
Peru

China
Singapore
Zambia
Canada
Canada
Canada
Canada
Bangladesh
Ethiopia
Russia
Kazakhstan
Kazakhstan

Kazakhstan

Quality

High
High
High
Medium
High
High
High

High
High

High
High
High
Medium
Medium
Medium
Medium
Medium
High
Medium
High
High
High
High
High
High
High
High
High
High
High
High

High
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TABLE 1 | (Continued) General characteristics of the studies reporting the impacts of different climatic factors or climate variability on foodborne diarrheal disease, worldwide,
2024 (54 articles: 103 estimates).
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29,639

11,194

44,926

710,202

710,202

4,117

97,918

8,309

3,928

217,734

6243

105

14,800

33,927

18,976

24,536

45,131

9,255

4,812

Survey
year

2000 to
2010
2001 to
2002
1997 to
2014
2002-2012
1999 to
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2007 to
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2006 to
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2014 to
2016
1990 to
2012
1990 to
2012
2004 to
2011
2013 to
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2017-2019
2010 to
2012
2003 to
2009
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2013 to
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2013 to
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2002 to
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2002 to
2011
2013 to
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2016 to
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2015 to
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2004 to
2013
2013 to
2014
2004 to
2010
2004 to
2009
2006 to
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2004 to
2010
2005 to
2011

Target
group

All age
All age
All age

All age
All age

All age
Children
All age
All age
All age
All age
Children

Children
Children

Children
All age
All age
All age
All age
Children
Children
Children
Children
All age
All age
All age
All age
All age
All age
All age
All age

All age

Foodborne diarrheal
disease

Salmonellosis
Gastroenteritis
Diarrhea

Salmonellosis
Shigellosis

Bacillary dysentery
Bacillary dysentery
Bacillary dysentery
Campylobacter cases
Salmonellosis
Diarrhea

Diarrhea

Diarrhea
Bacillary dysentery

Diarrhea

Bacillary dysentery
Bacillary dysentery
Bacillary dysentery
Diarrhea

Diarrhea

Rotavirus
Norovirus

Diarrhea

Hepatitis A
Shigellosis
Salmonellosis
Diarrhea

Bacillary Dysentery
Dysentery
Diarrhea

Bacillary dysentery

Bacillary dysentery

Outcome: RR:95%Cl

T°: 1.085:1.021, 1.09, Pr: 1.001:1.006, 1.035
T°: 1.0248: 1.0101, 1.039
T°:1.0364: 1.0335, 1.0393, Pr: 1.0104: 1.0042, 1.0166
T°:1.041: 1.013, 1.069, Pr: 1.056:1.035, 1.078
T°:1.06: 1.04, 1.09, Rh: 1.01: 1, 1.01, Pr: 1.04:
1.01, 1.07
T°:1.0106:1.0063, 1.0149, Rf: 1.0022: 1.0012, 1.0032
T°: 1.0158: 1.0046, 1.0271
T°:1.017: 1.012, 1.021
T°: 0.995: 0.993, 0.997
T°: 1.013: 1.008, 1-019
T°: 1.07:1.04-1.08, Rh: 1.13:1.12, 1.15, Rf: 1.05:
1.05-1.08

T°: 1.046: 1.007, 1.088

T°:1.0397: 1.0292, 1.0502, Rf: 1.0012: 1.0017, 1.0008
T°: 1.113:1.1047, 1.1212

T°:1.03: 1.02, 1.05
T°: 1.032: 1.024, 1.041, Rh: 1.007:1.001, 1.013, Pr:
1.01; 0.9997, 1.0003
T°:1.01: 1.00, 1.02, Rh: 0.998:0.99, 1.00, Pr: 1.0101:
1.003, 1.019
T° 1.04:1.03, 1.05, Rh: 1.00: 0.99, 1.01, Pr: 1.001:
1.00, 1.01
T°:1.0539: 1.0461, 1.0617, Pr: 1.0113: 1.0102, 1.0124
T° 1.103: 1.009, 1.206, Rh: 0.973: 0.953, 0.994, Pr:
1.0305: 2.09, 4.01, Rf: 0.999:0.999, 1.000
T°: 1.0332: T°: 1.026.1.0424, Rf: 1.004: 1.002, 1.0079
T°: 1.0234: T°: 1.0152, 1.0358, Rf: 1.0193:1.0121,
1.0309
T°: 1.019:1.0034, 1.0347, Rf: 1.0004:1.0001, 1.0007
Pr: 0.97: 0.94, 1.00
Pr: 1.18: 1.06, 1.33
Pr: 1.146: 1.092, 1.203
Rf: 1.35: 1.14-1.60
Fl: 1.17: 1.03-1.33
Fl: 1.66: 1.52, 1.82
Fl: 1.24: 1.11-1.40
Fl: 1.78 : 1.61, 1.97

FIl: 1.29: 1.14, 1.46

Location

Kazakhstan
Australia
Mozambique

USA
Vietnam

China
China
China
Australia
Australia
Vietnam
Bangladesh

India
China

Australia
China
China
China
Indonesia
Indonesia
China
China
Ethiopia
Korea
USA
Australia
Ecuador
China
China
China
China

China

Quality

High
Medium
High

High
High

High
High
High
High
High
High
High

High
High

High
High
High
High
High
Medium
High
High
High
Medium
High
High
Medium
High
High
High
High

High
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TABLE 1 | (Continued) General characteristics of the studies reporting the impacts of different climatic factors or climate variability on foodborne diarrheal disease, worldwide,

2024 (54 articles: 103 estimates).

References Sample Survey Target Foodborne diarrheal
size year group disease
[63] 274,621 2013 to All age Diarrhea
2017
[67] 45,691 2005 to All age Bacillary dysentery
2016
[65] 7,591 2004 to All age Dysentery
2010
[66] 2,852 2001 to All age Diarrhea
2007
[68] 359,580 2013 to All age Diarrhea
2017

Outcome: RR:95%Cl Location Quality
Fl: 1.11: 1.01, 1.23 China High
FI: 1.393:1.216, 1.596 China High
Fl: 1.74:1.56, 1.94 China High
Fl: 1.55: 1.12, 2.15 Bangladesh  High
Fl: 1.29: 1.15, 1.46 China High

Keys: Fl, Flooding; Rf, Rain Fail; Pr, precipitation; Rf, Relative humidity; RR, relative risk; Cl, confidence interval; T°, Temperature.

(DALYs), of which 550 million were due to diarrheal diseases
caused mainly by norovirus, Campylobacter spp., Vibrio cholerae,
Shigella spp., enteropathogenic Escherichia coli (E. coli), and
enterohemorrhagic E. coli [3].

According to the European Food Safety Authority (EFSA)
report, the overall incidence of diarrheal per 100,000 people was
highest for Campylobacter (19.5), followed by Salmonella (17.1),
Shigella (4.8), Cyclospora (1.5), Yersinia (1.4), Vibrio (0.9), and
Listeria (0.3) [4]. In Africa alone, approximately 91 million people
become sick, and 137,000 die annually [1].

These problems occurred not only in lower-income countries
but also in higher-income countries, including Europe, which
reported 41-49 DALYs per 100,000 people attributable to
foodborne disease [5]. Climate variability is considered a
serious global challenge influencing the growth and survival of
different pathogens that cause food- and water-borne diarrheal
diseases and their transmission pathways [6].

Climate variability such as long-term changes in temperature,
humidity, rainfall patterns, and extreme weather affect food safety
throughout the food chain, including during farming, and they
can also affect the nutritional quality of food by influencing the
occurrence and intensity of foodborne diseases, particularly
foodborne diarrheal diseases [4]. Many foodborne pathogens
are zoonotic in nature, and are the major cause of foodborne
diarrheal disease; therefore, there is a need for the integration of
public health and veterinary communities for early disease
detection and control of pathogens in food [7].

There is a need for precise information on the burden of
foodborne diseases, particularly foodborne diarrheal diseases
which can adequately inform policymakers and help allocate
appropriate resources for food safety control and intervention
efforts [3]. Because climate change is resulting in increased
extreme weather and the emergence or re-emergence of
pathogenic microorganisms, the integration of these factors
into risk-based approaches for surveillance and response is an
important element of improved preparedness [8].

Until this review was conducted, there is no study has
provided comprehensive evidence regarding the impacts of
various climate variability on foodborne diarrheal disease
worldwide. Some of the previous studies reported regional-
based evidence on foodborne diseases [9, 10] while another

studies were not reported quantitative outcomes, particularly
of associations between Climate variability and foodborne
diarrheal disease [9-12], whereas other studies have been
conducted on single pathogenic bacteria [13]. This indicate
there is a need to provide a comprehensive pooled evidence
which is necessary for effective intervention, particularly
foodborne diarrheal disease associated with climate variability.
Therefore, this review aimed to present the impacts of different
climate variability on foodborne diarrheal disease.

METHODS

Protocol and Registration

The current systematic review and meta-analysis was performed
under the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) protocols and guidelines. This review
protocol is registered on PROSPERO, with a registration code of
CRD42024532430.

Eligibility Criteria
Inclusion Criteria

e Population: Studies conducted on all age groups.

¢ Outcome: studies that reported quantitative outcomes
(relative risk, risk ratio, and hazard ratio with a 95%
confidence interval), particularly those that presented the
associations between foodborne diarrhoeal diseases and
temperature, relative humidity, rainfall, precipitation, and
flooding. This review included studies conducted on any
type of foodborne diarrheal disease, regardless of the type of
foodborne diarrheal disease.

¢ Intervention or exposure reviewed: Foodborne diarrheal
disease and climate variability

e Types of Articles: full-text, peer-reviewed, and published
articles, particularly those written in English.

¢ Publication and survey year: there was no limitation in
terms of publication or survey year.

e Regions: studies conducted in any region or country around
the world.

¢ Exclusion criteria: Review articles, reports, commentaries,
editorial papers, short communications, case studies,

Public Health Reviews | Owned by SSPH+ | Published by Frontiers

February 2025 | Volume 46 | Article 1607859



Gobena and Mengistu Climate Variability and Foodborne Diarrheal Disease

Author (s) Effegc;“;:zzlwlth \)V(%;)g)ht
Thompson et al.. 2015 . 0.98 [ 0.97, 0.99] 2.28
Bhandari et al.. 2020 — - 1.08[ 1.02. 1.14] 1.27
Morral-Puigmal et al., 2018 - 1.21 [ 1.08, 1.33] 0.50
Wangdi and Clements. 2017 —— 1.01 [ 0.98. 1.03] 1.98
Rosenberg et al.. 2018 B 1.16 [ 1.07, 1.25] 0.83
Rosenberg et al.. 2018 1.19[ 1.05, 1.33] 0.42
D’Souza et al.. 2004 - 1.10[ 1.09, 1.12] 2.22
D’Souza et al., 2004 L 1.06 [ 1.04, 1.07] 2.24
D’Souza et al., 2004 L 1.05[ 1.03, 1.07] 2.18
D’Souza et al., 2004 L 1.05[ 1.04, 1.06] 2.24
D’Souza et al.. 2004 - 1.04 [ 1.03. 1.05] 227
Aik et al., 2020 - 1.01 [ 1.00, 1.03] 2.22
Checkley et al., 2000 L 1.08 [ 1.07. 1.09] 2.28
Cheng et al., 2017 —_— 1.04 [ 1.00, 1.07] 1.81
Aik et al., 2018 —-— 1.04[ 1.00, 1.08] 1.69
Luque Fernandez et al.. 2009 L 1.05[ 1.04. 1.06] 2.28
Fleury et al., 2006 L 1.01[ 1.01. 1.01] 2.33
Fleury et al., 2006 | 1.02 1.02. 1.02] 2.33
Fleury et al., 2006 . 1.06 [ 1.05, 1.07] 2.28
Fleury et al.. 2006 | 1.04[ 1.03. 1.06] 2.25
Haque et al., 2024 = 1.05[ 1.04, 1.06] 2.24
Alemayehu et al.. 2020 L 1.17 [ 1.16. 1.17] 2.33
Grjibovski et al., 2013 - 1.02[ 1.00, 1.04] 2.14
Grjibovski et al.. 2014 —i— 1.05[ 1.02, 1.09] 1.86
Grjibovski et al.. 2014 - 1.03[ 1.01, 1.05] 2.11
Grjibovski et al.. 2014 - 1.02 [ 1.01. 1.04] 2.22
Grjibovski et al.. 2014 —-— 1.03[ 1.00, 1.07] 1.83
Hall et al., 2011 L 1.02[ 1.01, 1.04] 222
Horn et al., 2018 L 1.04[ 1.03, 1.04] 2.33
Jiang et al., 2015 —.— 1.04 [ 1.01, 1.07] 1.97
Lee et al., 2017 —-— 1.06 [ 1.03, 1.08] 2.04
Lietal.. 2015 O 1.01 [ 1.01, 1.01] 2.32
Lietal.. 2016 - 1.02[ 1.00, 1.03] 2.27
Liu et al., 2020 L 1.02 1.01, 1.02] 2.32
Milazzo et al., 2017 - 0.99[ 0.99. 1.00] 2.33
Milazzo et al.. 2016 L 1.01 [ 1.01. 1.02] 2.32
Phung et al., 2015 - 1.07 [ 1.05, 1.09] 2.13
Rahaman et al.. 2023 —-,— 1.05[ 1.01. 1.09] 1.69
Singh et al., 2021 | 1.04 [ 1.03. 1.05] 2.27
Wang et al., 2021 | .11 [ 1.10, 1.12] 2.30
Xu et al., 2013 - 1.03[ 1.01, 1.04] 222
Xu etal., 2018 [ 1.03[ 1.02, 1.04] 2.29
Zhang et al., 2021 - 1.01 [ 1.00, 1.02] 2.28
Zhang et al., 2021 - 1.04 [ 1.03, 1.05] 2.28
Wibawa et al., 2023 L 1.05[ 1.05. 1.06] 2.30
Dharmayanti et al.., 2022 . 1.10 [ 1.00. 1.20] 0.72
Wang et al.. 2018 - 1.03 [ 1.02. 1.04] 2.30
Wang et al., 2018 L 1.02[ 1.01, 1.03] 2.28
Azage et al., 2017 1.02 [ 1.00, 1.03] 2.21
Overall ’ 1.04 [ 1.03. 1.05]
Heterogeneity: 1’=89%., p value= 0.000
1 1.1 1.2 1.3
FIGURE 1 | Association between temperature and foodborne diarrheal disease among the study participants, worldwide, 2024.

preprints, theses and dissertations, and articles with a high ~ from 8 April 2024, to 25 April 2024. The authors (DAM and TG)

risk of bias were excluded from the current review used a combination of Boolean logic operators (AND, OR, and
NOT), medical subject headings (MeSH), and main keywords

Information Sources and Search Strategies such as climate change, foodborne disease, salmonellosis,
The authors (DAM and TG) retrieved articles from the following  shigellosis, dysentery diarrhea, listeriosis, Campylobacter
databases and websites: PubMed, MEDLINE, Web of Science,  infection, temperature, relative humidity, rainfall, precipitation,
Scopus, Cochrane Library, CINAHL, DOA], and Google Scholar  flooding, and extreme events, particularly to retrieve articles from
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Aik etal.. 2018
Hashizume et al.. 2008
Leeetal.. 2017

Nili et al.. 2021
Onozuka and Hashizume. 2011
Phung et al.. 2015
Xuetal.. 2018

Zhang et al.. 2021
Zhang et al.. 2021
Wibawa et al.. 2023
Wibawa et al.. 2023
Dharmayanti et al.. 2022

Wang et al.. 2019

Overall

Heterogeneity: 1°=99.81%.

Effect size Weight
ARSI with 95% CI (o,
Aik et al.. 2020 B 1.03 [ 1.00. 1.06] 6.47
Checkley et al.. 2000 ] 0.97[0.97. 0.98] 6.74

B 0.97 [ 0.95.

0.991 0.98. 0.99] 6.73

1.03 [ 1.00. 1.05] 6.47

01 1.00. 1.02] 6.74

1.03[ 1.01. 1.04] 6.66
041 1.03. 1.05] 6.70
] 113 1.11. 1.15]  6.66
1.01[ 1.00. 1.01] 6.73
1.00 [ 0.99. 1.00] 6.74
1.00[ 0.99. 1.01] 6.71
1.02[ 1.02. 1.02] 6.74

02 1.02. 1.02] 6.75

apg¥¥nm -..*.

0.99] 6.58
B 1.23[ 1.21. 1.2

1.03 [ 1.00. 1.06]

N

] 6.59

Random-effects model r
9

FIGURE 2 | Association between relative humidity and foodborne diarrheal disease regardless of the study group, worldwide, 2024.

the included data sources. Furthermore, the reference lists of the
included articles were further screened for additional articles. The
search strategies employed in this study are available as
Supplementary Material (Supplementary Material S1).

Study Selection Process

A PRISMA flow chart was used for the selection process of studies
included in the current review. The number of articles included in
and excluded from the study is presented in the PRISMA flow
chart, with the reasons for exclusion. The authors used Endnote
(Thomson Reuters, United States) to remove duplicate articles.
The authors independently screened and evaluated the articles to
determine their eligibility. Disagreements made in the selection
process, were resolved by discussion. Finally, those articles that
met the inclusion criteria and were eligible for inclusion were
included in the current review.

Quality Assessment

In the present study, the quality of the studies was evaluated
using the Joanna Briggs Institute Critical Assessment Tool
(JBI) [14]. This tool contains nine evaluation criteria
(Supplementary Material S2). Each evaluation criterion

parameter was given a value of one if it met the criteria
and zero if it did not. On the basis of the total score obtained
from these nine evaluation criteria, each article was
categorized as low, moderate, or high quality; those
articles scored 60% or less, 60%-85%, and 85% and above,
respectively. Finally, those articles of moderate or high
quality were included in this study. Disagreements
between the authors during the quality assessment were
solved by discussion and repeating the same procedures.

Data Extraction

The authors extracted the data using Microsoft Excel
(developed by the authors). The following data were
extracted from the included articles: authors, sample size,
survey year, publication year, region or countries where the
study was conducted, target group or study population, types
of Climate variability or climatic factors (temperature,
relative humidity, rainfall, flooding and precipitation), and
their associations with foodborne diarrheal disease, including
salmonellosis, Escherichia coli infection, dysentery diarrhea
(shigellosis), Campylobacter infection, hepatitis A, norovirus,
and rotavirus infections.
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FIGURE 3 | Association between foodborne diarrhoeal disease and precipitation regardless of age group, worldwide, 2024.

Statistical Procedures and Data Analysis
The pooled estimate of the associations between foodborne

diarrhoeal disease and climate variability, particularly
temperature, relative humidity, rainfall, flooding, and
precipitation, was performed via STATA version 17 statistical
software. The pooled estimate of the associations between
foodborne diarrhoeal disease and temperature, relative
humidity, rainfall, flooding, and precipitation. Finally, the data
were visualized and presented via a random-effects forest plot.

The heterogeneity of the articles was evaluated using the
I-square test (I* statistic). The level of heterogeneity is
presented as no significant heterogeneity (0%-25%), low
heterogeneity (25%-50%), moderate heterogeneity (50%-75%),
or high heterogeneity (>75%) [15]. The publication bias was
assessed using the funnel plots. Subgroup analysis was performed
based on the study population or target group to determine the
pooled estimate among different to assess the potential
explanation for heterogeneity.

Sensitivity Analysis

Sensitivity analysis was performed by excluding one or the highest
outcome expected to influence the overall estimate of an
association between foodborne diarrheal disease, and
temperature, relative humidity, rainfall, flooding, and precipitation.

RESULTS

Study Selection Process

The authors (DAM and TG) retrieved 2,981 articles from the
electronic databases and websites (PubMed, Web of Science,
Medline, Science Direct, and Google Scholar as well as
screening of references from the eligible articles). A total of
1791 duplicate articles were excluded. Then, 1,190 articles
were evaluated on the basis of their title followed by their
abstract, of which 642 were excluded because they were
unrelated titles and research areas.
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FIGURE 4 | Association between rainfall and foodborne diarrheal disease among the study participants, worldwide, 2024.

Furthermore, 548 articles were further evaluated on the
basis of their full text, of which 109 were not available in the
full text. Finally, 611 articles were evaluated on the basis of
their objectives, methods, and outcomes of interest. Finally,
54 articles, with 103 estimates, that reported an association
between different factors and foodborne diarrheal disease were
included in the current study (Supplementary Material S3).

General Characteristics of the

Included Articles

In the present study, 36 [2, 16-50] studies, with 49 estimates,
reported an association between temperature and foodborne
diarrheal disease, of which 6 articles reported more than one
outcome. The estimates ranged from RR: 0.98, 95% CI: 0.97,
0.99 in Vietnam [46] to RR: 1.21:95% CI: 1.09, 1.34 in Spain
[47]. Among the included articles, 36 focused on all age
groups [2, 16, 17, 19-22, 24-30, 32-34, 38, 40-42, 45, 47,
49], whereas 13 focused on children [18, 23, 31, 35-37, 39, 43,
44, 46, 48, 50].

A total of 13 studies [2, 18, 20, 29, 34, 40-43, 51-54], with a
total of 15 estimates, reported an association between relative
humidity and foodborne diarrheal disease. Among these studies,
10 [2, 20, 29, 34, 40-42, 51, 52, 54] were conducted on all age
groups, whereas three studies were conducted on children [18, 43,
53]. Furthermore, 11 studies, with 16 estimates reported an
association between precipitation and foodborne diarrheal
disease among all age groups [24, 25, 27-29, 40-42, 55-57].
The sample size ranged from 105 study participants in the USA
[56] to 7315738 in Mozambique [27].

Furthermore, a total of 12 articles reported an association
between rainfall and foodborne diarrheal disease [20, 21, 23, 30,
34, 36, 43-45, 48, 50, 58], with the number of study participants
ranging from 461 in India [36] to 1,483,316 in Bhutan [45].
Among these studies, six were conducted on all age groups [20,
21, 30, 34, 45, 58], whereas seven were conducted on children [23,
36, 43, 44, 48, 50]. In the present study, 10 articles reported an
association between flooding events and foodborne diarrheal
disease [59-68], with the number of study participants ranging
from 2,852 in Bangladesh [66] to 359,580 in China [68] (Table 1).
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FIGURE 5 | Association between flooding and foodborne diarrheal disease among the study participants, worldwide, 2024.

Associations Between Temperature and Foodborne
Diarrhoeal Disease

The current study revealed that every 1°C increase in temperature
is associated with a 4% (RR: 1.04; 95% CI: 1.03, 1.05) increase in
the number of foodborne diarrheal disease worldwide, regardless
of the age and type of foodborne diarrheal disease reported in the
studies included in the study (Figure 1).

On the basis of the subgroup analyses by the age group of the
study participants, the evidence from the current findings
revealed that every 1°C increase in temperature was associated
with a 4% [RR: 1.04; 95% CI: 1.03, 1.04) increase in the number of
foodborne diarrheal disease cases among all age groups, whereas
it accounted for a 6% [RR: 1.06; 95% CI: 1.01, 1.1] increase in
foodborne diarrheal disease among children across the world.
The total increase in the number of foodborne diarrhoeal cases
after the subgroup analysis was 5% [RR: 1.05; 95% CI: 1.03, 1.07]
for every 1°C increase in temperature (Supplementary
Material S4).

Furthermore, to determine the effects of extreme values
expected to affect the pooled outcome, four extreme findings
were removed. After four findings were removed, a 1°C rise in
temperature was associated with a 4% [RR: 1.04; 95% CI: 1.03,

1.05) rise in foodborne diarrhoeal disease (Supplementary
Material S5).

Associations Between Relative Humidity and
Foodborne Diarrhoeal Disease

This study revealed that an increase in relative humidity was
associated with a 3% [RR: 1.03; 95% CI: 1.01, 1.06] increase in the
number of foodborne diarrheal disease cases worldwide,
regardless of the age and type of foodborne diarrheal disease
reported in the studies included in the study (Figure 2).

The subgroup analysis findings revealed that an increase in
relative humidity was associated with a 4% [RR: 1.04; 95% CIL:
1.01, 1.08] increase in the number of foodborne diarrhoeal disease
cases among all ages. Furthermore, an increase in relative
humidity was associated with a lower number of foodborne
diarrhoeal cases among children [RR: 0.99; 95% CI: 0.95,
1.04]. However, the overall evidence after subgroup analysis
revealed that an increase in relative humidity was associated
with a 3% [RR: 1.03; 95% CI: 1.01, 1.06] increase in the number of
foodborne diarrhoeal disease cases, which is similar to the
findings of a previous subgroup analysis (Supplementary
Material S6).
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After the two largest outcomes were excluded from the
analysis, an increase in relative humidity was associated with a
2% [RR: 1.02; 95% CI: 1.00, 1.02] increase in the number of
foodborne diarrheal disease cases (Supplementary Material S7).

Associations Between Precipitation and Foodborne
Diarrhoeal Disease

An increase in precipitation is associated with a 2% [RR: 1.02;
95% CI: 1.01, 1.03] increase in the number of foodborne diarrheal
disease cases across the world, regardless of the age groups and
types of diarrheal disease reported by the studies included in the
study (Figure 3).

Furthermore, to determine the effects of extreme values
expected to affect the pooled outcome, four findings were
removed. After four findings were removed, an increase in
precipitation was associated with a 1% [RR: 1.01; 95% CI: 1.00,
1.02] increase in diarrheal disease (Supplementary Material S8).

Associations Between Rainfall and Foodborne
Diarrhoeal Disease

The evidence from 13 estimates revealed that an increase in
rainfall was associated with a 1% [RR: 1.01; 95% CI: 1.00, 1.02]
increase in foodborne diarrheal disease, regardless of the study
participants (Figure 4).

This study revealed that an increase in rainfall was associated
with a 3% [RR: 1.03; 95% CI: 1.01, 1.05) increase in the number of
foodborne diarrheal disease cases among all age groups, whereas
it accounted for 1% [RR: 1.01; 95% CI: 1.00, 1.01) among the
children (Supplementary Material S9).

After one largest outcome was excluded from the analysis, the
study revealed a similar association before excluding the largest
outcome, which was expected to affect the pooled evidence [RR:
1.01; 95% CI: 1.00, 1.02) (Supplementary Material S10).

Associations Between Flooding and Foodborne
Diarrhoeal Disease

The current study revealed that an increase in flooding events was
associated with a 42% [RR: 1.42; 95% CI: 1.26, 1.57] increase in
diarrhoeal disease cases, regardless of the study group (Figure 5).

DISCUSSION

The current study revealed that an increase in temperature is
associated with a 4% [RR: 1.04; 95% CI: 1.03, 1.05) increase in
the number of diarrhoeal disease cases across the world, regardless
of the age and group of the study participants. The finding of the
current study is supported by another meta-analysis, which
reported a 7% (RR: 1.07; 95% CI: 1.03, 1.10) increase in
diarrheal diseases among all cases in developing countries [69],
this study revealed that the incidence of foodborne diarrheal disease
was greater among children [6% (RR: 1.06; 95% CI: 1.01, 1.1)] than
among all age groups [4% (RR: 1.04; 95% CI: 1.03, 1.043)].

An increase in relative humidity was associated with a 3% [RR:
1.03; 95% CI: 1.01, 1.06] increase in the number of foodborne
diarrheal disease cases worldwide. However, an increase in
relative humidity was associated with a lower number of

Climate Variability and Foodborne Diarrheal Disease

foodborne diarrhoeal cases among children [RR: 0.99; 95% CI:
0.95, 1.04]. Furthermore, after two estimates with the highest
outcome were excluded from the analysis, particularly to assess
the influence of extreme outcomes on the pooled estimate, an
increase in relative humidity was associated with a 2% [RR: 1.02;
95% CI: 1.00, 1.02] increase in the number of foodborne diarrheal
disease cases, which indicates no potential impacts of extreme
outcomes on the pooled estimate.

An increase in precipitation was associated with a 2% [RR:
1.02; 95% CI: 1.01, 1.03] increase in the number of foodborne
diarrheal disease cases worldwide, regardless of the target
population. In addition, to determine the effect of an extreme
outcome on the pooled estimate, the data were analysed by
excluding the estimate with the highest value, and an increase
in precipitation was associated with a 1% [RR: 1.01; 95% CI: 1.00,
1.02] increase in foodborne diarrheal disease, which was relatively
lower than the pooled finding before an extreme outcome was
excluded. However, there was a significant association.

According to this study, an increase in rainfall was associated
with a 1% [RR: 1.01; 95% CI: 1.00, 1.02] increase in foodborne
diarrhoeal disease, regardless of the target population. This
finding is supported by another study that reported an
association between a rise in extreme rain events and
increased incidence of diarrhoeal disease (IRR: 1.26; 95% CI:
1.05, 1.51) [70]. The present study revealed a lower incidence of
foodborne diarrhoeal disease, which may be attributed to the
variation in the scope of the study, outcome, and geographical
location. Because the current study was conducted across the
world, it focused particularly on foodborne diarrheal disease.
Unlike the association between temperature and foodborne
diarrhoeal disease, a higher incidence of foodborne diarrhoeal
disease was reported among all age groups [RR: 1.03; 95% CI:
1.01, 1.05) than among children (RR: 1.01; 95% CI: 1.00, 1.01).

In addition, the current study revealed that an increase in
flooding events was associated with a 42% [RR: 1.42; 95% CI:
1.26, 1.57] increase in foodborne diarrheal disease cases,
regardless of the study group. This finding was supported by a
review conducted in China [RR: 1.48; 95% CI: 1.14-1.91] but was
slightly greater than the current findings [71]. Furthermore, another
review reported a significant association between flooding and the
incidence of diarrhea [RR: 1.40, 95% CIL: 1.29-1.52] [72]. The
variation may be attributed to the difference in their scope in
terms of the study region and the number of articles included.
Relative humidity, rainfall, and precipitation, flooding events
presented major potential impacts on foodborne diarrhoeal disease.

In general, the present study revealed a significant association
between foodborne diarrhoeal disease and the following climatic
factors or climate variability: temperature, relative humidity,
rainfall, precipitation, and flooding. This indicates the need for
effective interventions or strategies, particularly for establishing a
climate change-resilient food safety system to reduce the health
and economic burdens associated with different types of
foodborne diarrheal diseases.

Strengths
This study used multiple databases and websites to retrieve
articles regardless of the region where the study was
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conducted and the publication period. The extracted data were
re-entered to avoid errors. The quality of the included articles was
assessed via standard quality appraisal tools. Furthermore, this
study was conducted according to the PRISMA guidelines for
systematic review and meta-analysis.

Limitations of the Study

There were some limitations, including the unequal distribution of
the studies across the world due to the lack of eligible studies and the
lack of studies on the impacts of climate variability on foodborne
diarrhoeal disease. In addition due to the lack of systematic reviews
and meta-analyses conducted in these research areas, the authors
compared some review articles with the current findings.

CONCLUSIONS

According to the current study, there were significant associations
between foodborne diarrhoeal disease and various climate
variability, such as temperature, relative humidity, rainfall,
precipitation, and flooding. The prevalence of foodborne
diarrhoeal disease associated with climatic factors was greater,
particularly for flooding, followed by temperature and relative
humidity. In general, the current findings highlight the need for
community-based tailored intervention strategies for establishing
a climate change-resilient food safety risk management system to
reduce the burden of foodborne diarrheal diseases.
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