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GRAPHICAL ABSTRACT

Climate-related scenarios

ABSTRACT

Climate change is one of the most significant challenges worldwide. There is strong evidence from research that
climate change will impact several food chain-related elements such as agricultural output, incomes, prices, food
access, food quality, and food safety. This scoping review seeks to outline the state of knowledge of the food
supply chain's vulnerability to climate change and to identify existing literature that may guide future research,
policy, and decision-making aimed at enhancing the resilience of the food supply chain. A total of 1526 publi-
cations were identified using the SCOPUS database, of which 67 were selected for the present study. The
vulnerability assessment methods as well as the adaptation and resilience measures that have been employed to
alleviate the impact of climate change in the food supply chain were discussed. The results revealed a growing
number of publications providing evidence of the weakening of the food supply chain due to climate change and
extreme weather events. Our assessment demonstrated the need to broaden research into the entire food supply
chain and various forms of climatic variability because most studies have concentrated on the relationships
between climatic fluctuations (especially extreme rainfall, temperatures, and drought) and production. A lack of
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knowledge about the effects of climate change on the food supply chain and the underlying socio-economic
consequences could result in underperformance or failure of the food supply chain.

1. Introduction

Crops, livestock, and fisheries all contribute significantly to the
global economy and the well-being of populations, but their production
and supply are highly climate-sensitive (Godde et al., 2021). When
external factors and disturbances such as climate change affect the food
system's components, including food supply, access, and consumption,
food security is threatened (Gomez-Zavaglia et al., 2020). Climate
change is unquestionably one of the greatest challenges worldwide,
influencing the environment, society, and commercial operations
(Ghadge et al., 2020). The extensive interrelatedness of supply net-
works, economic globalization, and climate change places a double
burden on society because, although there are many uncertainties
around climate change, it is evident that both the effects of climate
change and globalization will have an influence on multiple regions,
industries, ecosystems, and social groups (O'Brien and Leichenko, 2000).
All aspects of the food supply chain, including production, processing,
transport, wholesale, retailing, and consumption (Fig. 1), are susceptible
to various environmental changes and natural disruptions. Climate
change has effects that extend beyond local supply chains and are felt
along longer supply networks (Davis et al., 2021). The food supply chain
is affected by a range of climate change-associated events. These events
include increased levels of tropospheric ozone (O3) and atmospheric
carbon dioxide (eCOy), rising sea levels, changes in seasons and pre-
cipitation, fluctuations in mean temperature, and an increase in the
frequency and intensity of extreme weather events such as heat waves,
floods, storms, wildfires, and droughts (Godde et al., 2021; Ghadge
et al., 2020).

The Intergovernmental Panel on Climate Change (IPCC) forecasted
alterations in areas suitable for food production, freshwater, and
biodiversity (Intergovernmental Panel on Climate Change Climate
Change and Land, 2022). Anthropogenic activities impact over 70 % of
the world's ice-free land surface (Arneth et al., 2020). Around 50 %
decline in yields of rain-fed agriculture systems was predicted across
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Africa, with an average temperature increase between 1 and 3 degrees
Celsius (Gomez-Zavaglia et al., 2020). Climate change will make it more
difficult to achieve food security because of the anticipated adverse ef-
fects on agriculture, especially in developing, tropical and subtropical
nations where agricultural yields are expected to drop drastically,
consequently impacting food prices and the economy (Armah et al.,
2011). The prices of the most significant crops, such as rice, wheat, corn,
and soy, will increase due to climate change. Higher feed prices will
result in higher meat prices, which will reduce the consumption of meat
and cereals substantially (Nelson et al., 2023). This increase in food
prices immediately impacts the majority of urban consumers because
they depend primarily on food purchases for their nourishment (Chari
and Ngcamu, 2022). Fisheries and aquaculture play a significant role as
an animal protein source, providing 20 % of the average animal protein
intake for around 3.2 billion people (Das et al., 2020). Changes to
physiology, phenology, distribution patterns, and ecology are just a few
examples of the adaptations that marine organisms may exhibit in
response to climate change. These biological adaptations might cause
deteriorations in the quality of the marine ecosystem and will ultimately
influence the distribution and productivity of marine fisheries (Lam
et al., 2012).

The predicted alterations in global climate provide opportunities and
challenges for society and the economy. Designing effective strategies to
solve climate change issues represents a vast opportunity (Allison et al.,
2009). A better comprehension of the climate change-related elements
influencing the food supply chain's susceptibility is vital to lower the
risks of food and nutrition insecurity brought by food price instability
and food shortages (Hecht et al., 2019; Hoffmann and Schopflin, 2022).
This knowledge will assist in the implementation of suitable measures
and design of resilience policies to combat the profound effects of long-
term climate change, to reduce the rate of climate change and build
robust supply chains (Davis et al., 2021; Hecht et al., 2019; Hoffmann
and Schopflin, 2022).

The present paper evaluates the potential vulnerability issues related
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Fig. 1. Illustration of the food supply chain.
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to the transformative effects of climate change in the food supply chain,
following a scoping review of the available literature. The results and
discussion of this study summarize findings/current knowledge on the
topic, while emphasizing how climate change challenges the global food
supply chain's resilience and food security. The approaches to measure
vulnerability and the strategies to mitigate and/or adapt to climate
change effects are described. Insights that can provide directions for
future research and inform policy discussions are discussed.

This review seeks to shed light on the key climate change-induced
disruptions that can affect food supply chains, the factors that
contribute to the vulnerability of food supply chains, the methods used
to assess the vulnerability of the food supply chain, the different stra-
tegies used for enhancing the resilience of food supply chains to climate
change-induced disruptions, and the implications of the vulnerability of
food supply chains to climate change-induced disruptions for food se-
curity, policy, and practice.

2. Methodology
2.1. Database search and identification of studies

A scoping review of the academic literature was conducted to ach-
ieve the study's goals. Scoping reviews effectively synthesise research
evidence, map the literature, identify knowledge gaps, and provide an
overview of evidence, concepts, or research in a specific field. The
findings of scoping reviews can indicate areas where additional research
may be necessary and guide the development of future research (Pollock
et al., 2021; Munn et al., 2022).

For this scoping study, the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) statement for scoping reviews
served as a methodological guide. A thorough search of the SCOPUS
bibliographic databases was performed using the main keywords
derived from the research topic. SCOPUS was used to conduct this
scoping review because it is the world's largest abstract and citation
database of peer-reviewed literature (this includes journals, books, and
conference proceedings) (Geng et al., 2017). The search process
involved two search string boxes with main keywords in all fields as
follows; a) Search string box 1: ‘Food supply chain’, ‘Climate Change’,
‘Vulnerability’ and ‘Disruptions’, b) Search string box 2: ‘Food supply’,
‘Climate Change’, ‘Vulnerability’ and ‘Disruptions’. The key search
terms were combined with additional keywords in the two search string
boxes to refine the search (Box 1 and Box 2).

The table below (Table 1) provides the inclusion and exclusion

Table 1
Inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

-Articles written in English

- Selected period: January 2010 to March
2023
- Peer-reviewed publications

- Type of publications: original articles,
reviews, scoping reviews, systematic
reviews, meta-analyses, narrative
reviews

- Publications primarily focused on the
food system or stages of the food supply
chain with the aim to analyse,
investigate or demonstrate the
relationship between climate-related
occurrences, productivity, and the
functioning of food chain stages

- Type of publications: Books,
conference papers, proceeding papers
-No access to full text

- Articles that do NOT include relevant
information on the effect of climate-
related events on the food supply chain
(i.e. production, processing,
distribution, consumption)

-Articles focusing on plants, animals,
and derived products that are not in the
food supply chain, meaning they are not
used for consumption by humans or
animals raised for food.
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criteria for the study.
2.2. Screening and selection of publications

In March 2023, initial searches were conducted, and the 1526
identified records were imported into Zotero software. Duplicates were
deleted, and the screening process of the retrieved papers was performed
in two phases. The first phase involved screening based on titles, key-
words, and abstracts. The second phase involved assessing the eligibility
of the retained papers through full-text consultations. The PRISMA flow
diagram summarizing the selection is provided in Fig. 2.

Firstly, the titles and abstracts were screened for eligibility.
Following the initial review of the titles and abstracts, 180 papers were
chosen while the remaining articles were excluded because they did not
match inclusion criteria and/or did not align with our study objectives.
Following that, the authors meticulously reviewed the complete text of
all possibly relevant articles in the second selection phase to confirm
whether or not they should be included. In case of doubts/disagreement,
discussions were carried out to reach a decision on including or
excluding publications. Finally, 67 publications were selected for rea-
sons consistent with the exclusion/inclusion criteria and study
objectives.

3. Results
3.1. Frequency of publication

The database search revealed that the published research in this area
has recently increased. Among the selected publications, there was a
higher number of papers published in 2022. The number of papers
published per year can be seen in Fig. 3.

3.2. Content analysis of selected publications

In this section, the composition of each of the selected publications
was described. The following Table 2 categorizes the articles based on
title, year of publication, supply chain stage (1. Production, 2. Pro-
cessing, 3. Distribution, 4. Consumption), food category (1. Fruits &
vegetables 2. Grains, cereals, nuts, and seeds 3. Meat and poultry
(including eggs) 4. Dairy 5. Fish and seafood 6. Roots and tubers 7.
Beverages 8. Fat (oils and spreads) 9. Herbs and spices), main objective
of the study, and relevant findings. The categorization of supply chain
stages in Table 2 is described as follows: production includes primary
production activities like crop & animal production as well as post-
harvest activities that do not significantly alter farmed products, pro-
cessing involves transforming raw materials (e.g. crops, livestock, fish-
eries) to semi-finished/finished products, distribution includes
wholesale, retail & transport, and consumption includes human con-
sumption (e.g. household consumption).

According to Table 2, most of the publications studied primary
production. The processing stage had the fewest number of articles.
Also, multiple stages of the food supply chain (e.g. distribution and
production or production and distribution) were discussed in some ar-
ticles. While some publications addressed the climate change effect on
the food supply chain in general, this includes papers studying food
systems (such papers were coded as ‘whole food chain’). Fig. 4 shows the
percentage of publication according to their target supply chain
component.

In terms of food categories, some studies did not address any specific
food category. It was observed that, the two most studied food categories
were Grains, cereals, nuts, and seeds followed by fish and seafood. Fig. 5
illustrates the number of studies per food category.
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Fig. 3. Number of publications per year (limited to the articles included in the study, n = 67).

3.3. Assessment of vulnerability of food supply chains to climate change-
induced disruptions

(i) Key climate change-induced disruptions that can affect food
supply chains

Variations in climatic conditions can affect different food categories
and/or component of the food supply chain. Failures or disruptions can
occur at the primary production, processing, wholesale, distribution,
retail, and food donation/assistance levels (Lebot, 2013). Primary pro-
duction (i.e. crop & grain production, livestock rearing, seafood and
poultry farming) is the element of the food chain that is anticipated to
face higher challenges due to climate change, which will have an impact
on industries that use agricultural products as raw materials (Chari and
Ngcamu, 2017). The best-known impact of climate change-associated
disruptions on agricultural systems is reduced productivity that nega-
tively affects the food supply (Tramblay et al., 2020). Climate change
impacts further down the food supply chain might generally be
perceived as being indirect impacts that are consequences of disruptions
suffered by primary production (Myers et al., 2017).

Elevated temperatures and droughts are two major environmental
shocks that negatively affect global food production and yield (Myers
et al., 2017). Heat waves have been linked to farmed product destruc-
tion, hard soils, poor yields, and non-pollination. Drought risk will in-
crease due to falling precipitation, which will contribute to output losses
in the agrifood sector and related industries (Senapati et al., 2019; Lin
et al., 2020). Due to drought and desertification, 12 million hectares of
land are degraded annually (Emadodin et al., 2019). The most

noticeable effects are seen in African, Asian, and Latin American coun-
tries with higher vulnerability to soil degradation, but it is also
becoming more prevalent in other parts of the world, particularly
Eastern European countries and the Mediterranean region (Greece,
Portugal, Spain, Croatia, Italy, Cyprus, France, Malta, Albania, Bosnia
and Herzegovina, Slovenia, and Turkey) (Daszkiewicz, 2022).
Agricultural food production can be disrupted as a result of resource
contamination (e.g. soil and water contamination (Ahmed et al., 2016)
and animal feed contamination (Xu et al., 2022)), growing season failure
associated with lower production due to pests, disease outbreaks (Singh
et al., 2023; Anyamba et al., 2009) or adverse weather phenomena, and
farm business failure (Kingwell and Payne, 2020). Resources such as
soil, water, fuel, seeds, animal feed, fertilizers, pesticides, and pollinator
distribution are inputs that are crucial to food production based on the
food produced and the techniques used during production. These inputs
are susceptible to a number of interrelated environmental shocks, such
as climate change, water scarcity, and biodiversity loss (Chodur et al.,
2018). Crop pollination is impacted by a decrease in the availability of
appropriate habitat, which may result in territory reductions, shifts in
habitat, pollinator loss and incompatibility between the pollinator and
the cultivated crop. For example, a sharp loss in five tomato-pollinating
bee species is expected by the year 2100 in Brazil (Elias et al., 2017).
Leonhardt et al. (2013) reported a reduction in the vulnerability to
pollination instability from warmer to colder EU nations. Hence warmer
southern European regions are more at-risk to pollinator loss than
northern regions because food production in countries located in the
South (particularly Malta and Italy) are highly dependent on pollination
services (Leonhardt et al., 2013). A decline in pollinator populations
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Table 2
Categorization of the articles included in the scoping review.
# Title Year Supply Chain Food Study objective Relevant/key findings Reference
Stage Category

1 Review of climate change 2012  Production Fish & Assesses the opportunities and Infrastructure (like salmon cages) is ~ (Callaway et al.,
impacts on marine seafood dangers of climate change for at danger due to changes in storm 2012)
aquaculture in the UK and aquaculture in Ireland and the frequency and intensity. Changes in
Ireland UK, focusing on the most farmed  rainfall patterns can trigger harmful

aquatic species, blue mussels algal blooms, affecting bivalve

and Atlantic salmon farming. The shift in shoreline
morphology due to sea level rise,
can reduce the size of the area
suitable for production. Ocean
acidification may interfere with
early developmental stages of
shellfish. Diseases, parasites, and
pathogens may become more
virulent, translocate, or emerge as a
result of climate change. Rising
temperatures might favour the
farming of warm-water species in
the UK and Ireland.

2 Yield stability for cerealsina 2012  Production Grains, Discusses the effect of abiotic Improving cereal productivity (Powell et al.,
changing climate cereals, nuts,  stressors on reproductive should not only target increasing 2012)

and seeds development and productivity yield, but also enhanced tolerance
in cereals, focusing on to abiotic stresses for grain yield to
temperature stresses (cold/frost be maintained under environmental
and heat), and extremes of constraints associated with climate
water availability (drought and change. The development of
waterlogging). enhanced abiotic stress tolerance
characteristics in cereals is impeded
by a lack of accurate screening
techniques, the availability of
adequate germplasm, and a lack of
understanding of the physiological
and molecular foundations of
abiotic stress tolerance traits.

3 Challenges for drought 2012  Production NA To show how geospatial It is essential to promote drought (Vicente-Serrano
mitigation in Africa: The technology-based drought preparedness and mitigation at the etal., 2012)
potential use of geospatial information systems, employing  national and regional levels in order
data and drought information both static and real-time data, to manage drought risk using a
systems might enhance drought crisis-response-based reactive

mitigation in Africa. approach.

4 Coping with insularity: The 2013  Production Fruits & Reviews the adaptation In the Pacific area, there are few (Lebot, 2013)
need for crop genetic vegetables potential of Pacific food cropsto  attempts to increase food self-
improvement to strengthen Roots & climate change. sufficiency and resilience. The
adaptation to climatic change tubers creation of breeding initiatives with
and food security in the the goal of enlarging the genetic
Pacific bases of the main food crops ought

to be prioritised.

5 Economic gain, stability of 2013  Production NA To calculate economic gains Dependence on insect pollination (Leonhardt et al.,
pollination and bee diversity attributed to pollination and rose from the north to the south, but ~ 2013)
decrease from southern to their contribution to the total there was a lower variability in the
northern Europe value of crop production economic benefit from insect

(vulnerability) from 1991 to pollination, implying that the

2009 for countries in the Mediterranean nations had more

European Union. consistent yields of crops dependent
on pollinators and more dependable
pollination services.

6 Global climate change, threat 2013  Consumption NA Examines the impact of climate Negative impacts of climate change  (Odeku, 2013)
to food safety and poverty change on food security, affect food security and production.

farmers' activities, and poverty, This increases hunger and poverty.

focusing on developing A holistic application of sustainable

countries. development which also applies to
agriculture should be pursued to
have better food access and
sustainable livelihoods.

7 Climate change risks and 2014  Production Fish & To examine potential impacts of ~ Climate change consequences are (Fleming et al.,
adaptation options across seafood climate change across seafood well recognized at the harvest stage, ~ 2014)

Australian seafood supply
chains — A preliminary
assessment

supply chains

and there is evidence of potential
repercussions and supply chain
disturbance. However, there is no
significant drive for change further
in the chain. Holistic adaptation
planning along the supply chain is
required, supported by customized
information and policy for the

(continued on next page)
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# Title Year Supply Chain Food Study objective Relevant/key findings Reference
Stage Category
catch, processing and distribution,
and marketing stages.

8 The role of international 2015  Distribution & NA Investigates the increasing inter- ~ The changing climate will lead to (Baldos and
trade in managing food Consumption annual supply-side volatility, greater food price volatility. The Hertel, 2015)
security risks from climate adaptations to this volatility as food price consequences of climatic
change well as the role of international hazards are likely to hit hardest

commerce in reducing the people already vulnerable to

negative effects of volatility on poverty and hunger. Improved

food security. market integration and the
elimination of trade bottlenecks can
help to reduce food price volatility
caused by climatic extremes.

9 Resilience to global food 2015  Whole food NA This study addresses approaches ~ Food stockpiles, agriculture, and (Baum et al.,
supply catastrophes chain for enhancing food supply foods derived from other (non- 2015)

resilience to climate-related sunlight) energy sources such as

hazards. biomass and fossil fuels are
mentioned as three solutions for
enhancing food supply resilience.

10  Toward strategies to adapt to 2015  Production NA The study's main goal was to The researchers emphasized the (Kirezieva et al.,
pressures on safety of fresh provide insights from a systems necessity to improve pesticide 2015)
produce due to climate viewpoint regarding which management, irrigation techniques,
change climate-induced incidents puts pest control, water treatment and

pressure on safety of fresh quality monitoring, personal
produce and what primary hygiene specifications, and (cold)
production response measures storage management to ensure food
can be employed. safety in a changing climate

11  The vulnerability of the US 2015  Production NA Explores the climate change Lower water resources, warmer (Lengnick, 2015)
food system to climate vulnerability of the food supply ~ winters, and more altering spring
change in the United States. weather are especially disruptive to

vegetable and fruit cultivation in
the Northwest and Southwest.
Greater weather unpredictability,
such as warmer winters, heat waves,
and scorching summer evenings, as
well as flooding induced by more
frequent heavy rains puts grain
production in the Midwest and
Great Plains at risk. The high
volume of cattle, pig, and poultry
farming in confined animal feeding
operations in the southern Great
Plains and Southeast is especially
vulnerable to a higher incidence
and severity of extreme weather, as
well as interrupted feed, water, and
power supplies.

12  Potential impacts of climate 2015  Production NA This article discusses some of Significant changes in local (Lennon, 2015)
change on agriculture and the major climate change- ecosystems are expected. There
food safety within the island related processes that are might be new pest species arising,
of Ireland anticipated to have animpacton  such as invading insects, weeds, or

food safety and security, with a fungus. Due to the novel nature of

focus on the island of Ireland. the pests and farmers' lack of
experience with controlling them,
through pesticides or other
techniques, management responses
may cause food safety issues.
Mycotoxins may pose a greater
threat if the environment becomes
more conducive to the spread of
diseases.

13 Double Exposure to Climate 2015  Production NA To examine the exposure and Agriculture in Langui is (Lennox, 2015)
Change and Globalization in adaptations of small-scale experiencing several adjustments as
a Peruvian Highland farmers in Langui (Peru) using people shift from growing
Community individual observations, traditional crops to planting

interviews, & district-level data improved species of grasses for
from the 1994 and 2012 dairy and livestock production.
Peruvian agricultural censuses.

14  Post-disaster grain supply 2015  Distribution Grains, To identify the best options for Extreme weather conditions and (Yang and Xu,
chain resilience with cereals, nuts,  grain supply chain (GSC) natural disasters hinder grain 2015)
government aid and seeds contingency plan when grain transportation, negatively

processors encounter supply
chain constraints due to natural
catastrophes.

influencing prices. When the
government intervenes to sell
unhusked rice in the market during
agricultural recovery periods
following disasters, processors and

(continued on next page)
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# Title Year Supply Chain Food Study objective Relevant/key findings Reference
Stage Category

retailers have higher profits. As a
result, government assistance can
assist them in increasing revenues
(or reducing losses) through
recovery behaviour. Although
government intervention is
necessary to stabilize prices, it can
only serve as a supplement to, not a
replacement for, market
mechanisms.

15 Economic costs of reduced 2016  Production NA To examine the economic An estimated 241,000-374,000 ha (Bekchanov and
irrigation water availability impacts of decreasing water (6.3-9.7 %) of irrigated land could Lamers, 2016)
in Uzbekistan (Central Asia) supply in Uzbekistan, a nation be abandoned due to a 10-20 %

that houses over 50 % of Central ~ decrease in mean water supply for

Asia's irrigated crop lands irrigation, which would result in
5.1-8.2 % job loss in the farming
sector and 7.9-9.6 % job loss in the
entire economy

16  Vulnerabilities to agricultural 2016 Production Grains, To study the potential The cumulative effects of the (Lunt et al., 2016)
production shocks: An cereals, nuts,  implications of agricultural simulated agricultural production
extreme, plausible scenario and seeds system disruptions through the shocks (i.e. winter snows, drought,
for assessment of risk for the generation of a multiple-crop strong rains, etc.) result in
insurance sector production shock scenario due worldwide crop output losses of 10

to climate extremes and biotic % for maize, 11 % for soy, 7 % for

stresses. wheat, and 7 % for rice. As a result,
rising commodity prices and
commodity stock volatility, along
with civil instability will arise,
resulting in negative humanitarian
implications and major financial
losses worldwide.

17  Environmental policies to 2017  Production Grains, The article explores simple It is suggested that proactive steps (Burhan et al.,
protect pollinators: Attributes cereals, nuts,  adaptations and prospective be taken to solve reduced pollinator ~ 2017)
and actions needed to avert and seeds measures that might help lessen  services; otherwise, the
climate borne crisis of oil the impact of climate change on  geographical area for oil seed crops
seed agriculture in Pakistan pollinator health and may decline, resulting in a low

performance, thereby reviving market stability index. A suggested

Pakistan's oil seed production. plan of action could record current
pollinator and insect-pollinated
flora characteristics, investigate the
role of various drivers in causing
such tendencies, examine the
ecological and monetary impacts of
these changes and possible
mitigation procedures that can be
implemented, and disseminate
outcomes to a wide range of
stakeholders.

18  An assessment of the impact 2017  Production Dairy This study used a mixed-method  Natural disaster risks have had a (Chari and
of disaster risks on dairy approach including structured detrimental effect on dairy supply Ngcamu, 2017)
supply chain performance in questionnaires, semi-structured chain since they have lowered
Zimbabwe interviews, and observations to productivity and hampered business

explore the influence of disaster =~ growth. Droughts, veld fires, and

risks on the efficiency of extreme weather conditions were

Zimbabwe's dairy supply chains. ~ among the natural catastrophes that
damaged pastures and overall milk
supply. Many individuals lost their
jobs, causing many families to face
food insecurity.

19  Climate change threatens 2017  Production Fruits & Investigate the potential Climate change is expected to have (Elias et al., 2017)
pollination services in tomato vegetables implications of climate change a detrimental influence on various
crops in Brazil on the spatial distribution of 5 species related with tomato

native bee species, as well asthe ~ production in Brazil by the year
potential effects of bee 2100.

geographical shifts on the

cultivation of tomatoes in Brazil.

20  Potential climate change 2017  Production Fruits & This study investigates the Future evapotranspiration and (Fares et al., 2017)
impacts on citrus water vegetables effects of projected climate citrus irrigation requirements are

requirement across major
producing areas in the world

change on citrus irrigation
needs in important citrus
producing regions such as
Africa, Asia, Australia, the
Mediterranean, and the
Americas.

expected to fall by up to 12 and 37
%, respectively, as CO»
concentrations rise.

(continued on next page)
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# Title Year Supply Chain Food Study objective Relevant/key findings Reference
Stage Category

21  Shocks to fish production: 2017  Production Fish & This research applied a Shocks were most common in the (Gephart et al.,
Identification, trends, and seafood statistical shock detecting Caribbean, Central America, Middle 2017)
consequences methodology to find shocks East, North Africa, and South

(including environmental America. Asia, Europe, and Africa

shocks) in historical aquaculture  experienced the biggest severity

and fisheries data from 1976 to levels. Shocks were also more

2011. common in aquaculture systems
than in capture operations.

22 Projected climate change 2017  Production Fruits & A total of 95 pollinators of 13 By 2050, anticipated climate (Giannini et al.,
threatens pollinators and vegetable crops were evaluated for their change will lower the probability of ~ 2017)
crop production in Brazil spatial distribution in relationto  pollinator occurrence by about

climate change, and their 0.13. Pollinator species will be lost

corresponding effects on crop in over 90 % of the municipalities

productivity were determined. studied, affecting the cultivation of
crops such as tomato, persimmon,
mandarin, and sunflower. Climate
change may benefit several
communities in northern Brazil
since pollinators for some crops may
increase.

23 Exploring future scenarios for =~ 2017  Production Fish & The goal was to provide a Relatively minor changes were (Mullon et al.,
the global supply chain of Seafood framework for simulating global ~ observed in the global tuna supply 2017)
tuna scenarios of tuna fisheries, chain. There is a chance that tuna

considering biological (climate habitat carrying capacity won't
change) and economic (changes  decline. The most significant effect
in tuna demand and of climate change on tuna fisheries
establishment of high seas is probably going to be on
protected areas) processes. recruitment.

24  Climate Change and Global 2017  Production, NA To review the potential effects There are a lot of unknowns when it  (Myers et al.,
Food Systems: Potential distribution & of climate change on food comes to the extent to which the 2017)
Impacts on Food Security and consumption distribution and production, as climate will undergo alterations, as
Undernutrition well as any resulting effects on well as to how plants, animals, and

food and nutrition security farm workers will respond and/or
adapt to these changes. It is
necessary to be ready for a wide
range of potential outcomes, even
though these uncertainties make it
difficult to anticipate precise
changes in future food production.
Also, habitats that are already
exposed to high temperatures and
have the fewest resources for
adaptability are often adversely
affected by the changing climate.

25  Food network resilience 2017  Whole food NA To provide a comprehensive This analysis demonstrated that (Umar et al., 2017)
against natural disasters: A chain framework for enhancing the there is still a lot to learn about food
conceptual framework resilience of the food supply supply chain in catastrophe

chain and assisting in scenarios. The authors noted the

understanding supply chain lack of available data on the

resilience performance and resilience of food
supply systems in regions affected
by natural catastrophes as well as
the need for more studies on food
supply chain resilience.

26 Assessing food system 2018  Whole food NA This paper describes a prototype  Failures in the food supply chain (Chodur et al.,
vulnerabilities: A fault tree chain version of a fault tree, that may  can occur at the stages of 2018)
modelling approach be used in modelling to production, processing, wholesale,

highlight fundamental and distribution, retail, or food donation

intermediate elements that sources. Each of these levels is

might lead to food system vulnerable to events caused by

failures. adverse weather, contamination,
and insufficient resources.

27  Vulnerability of juvenile 2018  Production Fish & The authors evaluated how Low pH and darkness had a (Ragagnin et al.,
hermit crabs to reduced seafood lower pH and shading affected significant effect on mortality. No 2018)
seawater pH and shading growth, mortality, calcification, difference in calcification was

displacement behaviour from recorded in acidic environments.
live predators, and other factors
in juvenile hermit crabs.

28  Resilience in agri-food supply 2018  Whole food NA To provide a unique framework Disruptions cannot be seen as an (Stone and

chains: a critical analysis of chain for agri-food supply networks isolated event due to the complexity =~ Rahimifard, 2018)

the literature and synthesis of
a novel framework

resilience by using a systematic
literature review to determine
which transdisciplinary features
of resilience are applicable to
agri-food supply chains.

of the food supply chain phases and
their sensitivity to external
interference; as a result, resilience
must focus on the capacity to
sustain essential functions while

(continued on next page)
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also adapting to changing
circumstances.

29  Decreases in global beer 2018  Processing & Beverages Assessed the vulnerability of Depending on the severity, extreme  (Xie et al., 2018)
supply due to extreme Distribution beer supply to climate extremes  events may result in average barley
drought and heat (e.g. heat and drought) yield losses of between 3 % and 17

% worldwide. Reduced supplies of
barley result in proportionately
bigger reductions in the amount of
barley used for beer production,
which eventually cause a drop beer
consumption (e.g. 32 % fall in
Argentina) and price hikes (e.g. 193
% rise in Ireland).

30  Theimpact of climate change 2018  Whole food NA To identify vulnerabilities of the =~ Power outages caused by climate (Zeuli et al., 2018)

on the food system in toronto chain food system in Toronto extremes are likely to have the
(Canada) to floods, heat waves biggest effects on food access &
and ice storms safety, while fuel and transportation
network disruptions could greatly
impact distribution.

31  Increasing risks of multiple 2019  Production Grains, This research estimates the Exceeding the 1.5 °C warming (Gaupp et al.,
breadbasket failure under 1.5 cereals, nuts,  hazards to agricultureinaworld  threatens global food security. The 2019)
and 2 °C global warming and seeds that is 1.5 and 2 °C warmer, by probabilities of multiple

studying climate risks posed to breadbasket failures rise

wheat, soybeans and maize in considerably in maize, from 6 % to
global food-producing zones 40 % at 1.5°Cto 54 % at 2 °C
(US, Argentina, Brazil, China, temperature rise.

India, and Australia)

32  Revisiting Emergency Food 2019  Distribution & NA This study investigated Most decisionmakers consider that (Lassa et al., 2019)
Reserve Policy and Practice Consumption Malaysian, Philippine, and having sufficient emergency food
under Disaster and Extreme Indonesian policies on stores may mitigate national food
Climate Events emergency food supplies price volatility, shocks from

reserves. catastrophes and climate change,
and cushion trade disruptions
caused by export prohibitions
during disasters and emergencies
associated with climate change.

33 The climate change, food 2019  Whole food NA To demonstrate the intricate Climate-related events in the food (Schnitter and
security and human health chain connection between the effects chain may have a detrimental Berry, 2019)
nexus in Canada: A of climate change and the food influence on food security (a key
framework to protect system, as well as how this determinant of health) and could
population health connection affects Canada's food  have an indirect effect on human

security and public health. health. Climate change's physical
effects on the food chain,
particularly those influencing
nutrition and foodborne infections,
may also have an influence on
human health.

34  Drought tolerance during 2019  Production Grains, To assess the potential yield Drought stress resistance during (Senapati et al.,
reproductive development is cereals, nuts,  advantages of drought tolerance  reproductive development is crucial ~ 2019)
important for increasing and seeds in wheat ideotypes' for high yield features and
wheat yield potential under developmental stages under production stability.
climate change in Europe climate change circumstances in

Europe and to identify relevant
cultivar characteristics for crop
improvement.

35  Modelling food sourcing 2019  Production & Fruits & To determine if businesses The investigation revealed that (Srinivasan et al.,
decisions under climate Distribution vegetables should adjust their sourcing while certain areas are currently 2019)
change: A data-driven Grains, options in light of more conducive for growing certain
approach cereals, nuts, environmental alterations and crops, they may become less

and seeds how such changes are suitable in the future. Due to
anticipated to influence the changes in the suitability of
appropriateness and risk of production areas, decisions about
various locations for growing the procurement of common food
certain food items. products are likely to necessitate
major alterations.

36 Role of market agents in 2019 Distribution Grains, To evaluate the contribution of Domestic and international market (Xie et al., 2019)
mitigating the climate change cereals, nuts,  domestic markets and global inefficiencies would result in a 3.5
effects on food economy and seeds trade in reducing the loss of % and 0.6 % increase in local supply

agricultural production driven
by climate change, using the
case of barley.

deficits respectively, for importers
of barley under the worst-case
scenario of extreme events. Market
integration policies can successfully
serve as climate change adaptation
strategies.

(continued on next page)
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37  Assessment of household- 2020  Consumption NA To study how socioeconomic A home's susceptibility to (Dargin et al.,
level food-energy-water variables and integrated disruptions that inhibit access to 2020)
nexus vulnerability during infrastructure disruptions affect food, water & energy depends on a
disasters household susceptibility to variety of factors, including

disasters (e.g. hurricane physical characteristics, the severity

Harvey). of disruptions, household
preparation habits, social and
demographic characteristics. This
illustrates the idea that a
household's risk and susceptibility
to disasters are significantly
influenced by the pre-disaster
conditions of the community in
which they reside.

38  Supply chain management 2020  Production Meat and This study examines the supply The supply chain management (Gomera and
enablers, barriers and poultry chain management-related disruptions in the animal feed Mafini, 2020)
disruptions in the animal feed (including contributors to development business were primarily associated
industry in the Western Cape eggs) (enablers), impediments, and with economic factors, illnesses,

Province of South Africa Dairy disruptions in the livestock natural disasters, and low customer
business in South Africa's loyalty.
Western Cape Province.

39  Cross-Strait climate change 2020  Production & NA The purpose of this study is to Agriculture, forestry, fisheries, (Lin et al., 2020)
and agricultural product loss Distribution assess the direct and indirect wholesale, retail, animal feed

effects of natural disasters on industry, and inorganic fertilizer

Taiwanese and Mainland industry are highly affected by the

Chinese agricultural sector. value-added losses induced by
natural disasters. Agriculture is the
most affected by disasters,
accounting for 94.6 % of total value-
added losses in Taiwan. Losses
caused by typhoon and heavy rain
had the greatest effect on
agriculture, with 83 % losses in
Taiwan.

40  Challenges for drought 2020  Production NA This review aims to give abroad =~ The Mediterranean area is under (Tramblay et al.,
assessment in the overview of the current pressure from population growth 2020)
Mediterranean region under challenges in estimating and urbanization, which
future climate scenarios droughts and the consequences necessitates increased water supply

in the Mediterranean basin to meet agricultural, industrial, and

under climate change. domestic needs and, as a result,
great deal of strain is placed on the
scarce and vulnerable water
resources of the Southern and
Eastern nations, in particular. The
distribution and consumption of
water will suffer because of the
current circumstances, which are
predicted to get worse due to
climate change.

41  Cross-border climate 2021  Production & NA The goal of this study is to assess ~ Due to climate change, more than (Ercin et al., 2021)
vulnerabilities of the Distribution the European Union ‘s cross- 44 % of agricultural imports into the
European Union to drought border climatic vulnerabilities European Union (EU) will be

by estimating the change in extremely vulnerable to drought.

drought sensitivity under Compared to current levels, the

climate change for the years drought severity in the regions

2030, 2050, and 2085. where imported products are
produced will increase by 35 % in
2050. This is particularly true for
goods coming from Turkey, India,
Brazil, Indonesia, Vietnam, and
Thailand. Also, future agricultural
imports from Kenya, Uganda, Peru,
Ecuador, Nigeria, and Russia will be
less susceptible.

42 How to Prevent and Cope 2021  Whole food NA In this article, pressing issues Climate change remains the single (Fan et al., 2021a)
with Coincidence of Risks to chain that have the biggest effects on most serious threat to food systems,
the Global Food System the world food system are exacerbating all others.

reviewed.

43 Flooding Causes Dramatic 2021  Production Grains, To investigate how flooding Flooding causes negative changesin  (Francioli et al.,
Compositional Shifts and cereals, nuts,  affects the spring wheat- the composition of wheat 2021)
Depletion of Putative and seeds microbiota complex microbiota. Floods cause

Beneficial Bacteria on the
Spring Wheat Microbiota

10

hydrological stress that is
detrimental for crop fitness and
growth.

(continued on next page)
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Supply Chain
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Food
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Study objective

Relevant/key findings

Reference

44  Overview of bee pollination
and its economic value for
crop production

45  Puerto Rican Farmers'
Obstacles Toward Recovery
and Adaptation Strategies
After Hurricane Maria: A
Mixed-Methods Approach to
Understanding Adaptive
Capacity

46  The perfect storm: extreme
weather events and
speculation along cardamom
commodity chains in
Southwest China

47  Economic impacts of climate-
induced crop yield changes:
evidence from agri-food
industries in six countries

48  Looking across diverse food
system futures: Implications
for climate change and the
environment

49  Impact of floods on
undernutrition among
children under five years of
age in low- and middle-
income countries: a
systematic review

2021

2021

2021

2021

2021

2022

Whole food
chain

Production

Whole food
chain

Production

Whole food
chain

Consumption

NA

NA

Herbs &
spices

Grains,
cereals, nuts,
and seeds

NA

NA

This study examined the
resilience and vulnerability of
the management of crisis in the
food supply chain in Puerto
Rico.

This study evaluated the use of
adaptation strategies by Puerto
Rican farmers considering the
challenges they encountered in
recovering from 2017's
Hurricane Maria.

This study investigates how
stakeholders in the black
cardamom supply chain were
influenced by severe weather in
Southwest China in 2016.

This research examines the
economic effects of eight
temperature rise scenarios
ranging from 1.5 to 4 degrees
Celsius on rice and wheat
harvests in China, India, Brazil,
Egypt, Ghana, and Ethiopia.

This document synthesizes the
primary drivers of food system
transformation, with a special
emphasis on the consequences
for environmental and climate
change.

To present comprehensive
information on the effects of
floods on child malnutrition in
South Asia (Bangladesh, India,
Nepal, and Pakistan).

11

100 % of participants agreed that a
complete system collapse would
have a significant impact on their
food business. After hurricane
Maria several food supply chain
stakeholders were unable to swiftly
resume operations due to
inadequate transportation systems,
loss of telecommunications,
electricity interruptions & lack of
government intervention

Farmers who suffered a complete
loss made the most effective
adaptations and farmers with higher
levels of education were inclined to
employ more adaptation
techniques, indicating a link
between human capital and the
ability to modify farming operations
following total losses. Despite being
devastating, natural disasters like
Hurricane Maria present
opportunities to foster
transformation and resilience. But
being able to seize such
opportunities depends not only on
each farmer's human capital and
social networks, but also on the
institutional organizations and
infrastructure that are currently
available for recovery.

The opportunities, benefits, and
risks linked with the extreme
weather events were distributed
among those currently engaged in
the cardamom supply chain. These
stakeholders were affected in varied
ways, in ways that mirrored and
sustained actors' pre-disaster power
dynamics and distinctive powers in
influencing the market, but not their
previous potential to gain from the
cardamom trade.

Agricultural production changes
associated with warming of up to
3.5 and 3.0 °C have slight
advantages on GDP and welfare in
China, respectively. This is because
rising rice productivity are expected
to reduce rice prices. However,
when temperatures rise above these
levels, the above events begin to
reverse. Other nations are facing
difficulties because of falling crop
yields and rising prices for domestic
and imported rice and wheat, with
India and Ethiopia being
particularly impacted.

Adapting to the effects of climate
change is critical to sustaining our
ability to feed the world's rising
population. However, it is not clear
how much adaptation will be
sufficient to mitigate the negative
effects of changing climatic
variables across nations and
agroecological zones.

Stunting was the most prevalent
form of undernutrition in flood-
affected communities.

(Orengo Serra and
Sanchez-Jauregui,
2021)

(Rodriguez-Cruz
et al., 2021)

(Rousseau and Xu,
2021)

(Wang et al.,
2021)

(Zurek et al.,
2021)

(Agabiirwe et al.,
2022)

(continued on next page)
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50 Multifaceted Social and 2022 Production Grains, To assess the resilience of 360 Farmers that grow coffee are the (Andani et al.,
Environmental Disruptions cereals, nuts, smallholder farmers to social most adaptive smallholders. More 2022)

Impact on Smallholder and seeds and environmental shocks in six ~ than half of the farmers are less
Plantations' Resilience in Fat (oils and villages in Bengkulu (Indonesia)  resilient to disruptions. Farmers
Indonesia spreads) regarded climate change as the most
significant disruptive phenomenon
on their plantations in terms of
environmental shocks.

51 Human induced fish declines 2022 Production Fish and The goal is to examine and The main causes of past, current, (Brain and Prosser,
in North America, how do seafood contrast the major factors and future decreases in freshwater 2022)
agricultural pesticides leading to the reduction of fish populations in North America
compare to other drivers? freshwater fish populations in include habitat modification, dams,

North America. invaders, overfishing, and climate
change.

52 Assessing changes in food 2022  Distribution NA The purpose of this paper is to After floods, the majority of locals (Casellas Connors
pantry access after extreme describe how access to food are able to access the current food et al., 2022)
events pantries has changed in Harris pantry locations and the distance to

County, Texas after flooding the food pantries only slightly

incidents. increase. Nevertheless, flooding
tends to limit food pantry access for
hundreds of thousands of residents,
particularly in regions with a high
chance of food insecurity and many
low-income families.

53  Food Production in the 2022  Production NA The essay provides a review of Agriculture and food productionare  (Daszkiewicz,
Context of Global the most critical food security already impacted by climate 2022)
Developmental Challenges challenges in the context of change. Climate change reduces the

global development-induced availability of water, which causes

changes and the resulting land drought and the desertification

consequences. of huge portions of land.
Desertification and drought cause
the loss of 12 million hectares of
land, equivalent to 20 million tons
of grain loss.

54  What do changing weather 2022  Whole food NA To assess how weather and Future shocks and pressures (Falloon et al.,
and climate shocks and chain climate extremes affect the UK brought on by extreme weather 2022)
stresses mean for the UK food food system events and climatic changes will
system? have a profound influence on the

food chain in the UK. There are still
significant knowledge gaps
regarding their effects on the
production of non-cereal crops,
livestock, and fisheries, and on food
supply chain elements beyond the
scope of primary production.

55  Uncovering the Research 2022  Whole food NA This paper explored the ways in ~ The potential consequences of (Farooq et al.,
Gaps to Alleviate the chain which climate change affects climate change are not clear, 2022)
Negative Impacts of Climate our food systems as well as the particularly at the regional levels.

Change on Food Security: A social and economic elements Food insecurity problems are

Review that play a role in achieving fair ~ predicted to get worse in locations

food distribution. already susceptible to climate

change. Human-induced climate
change is likely to have an influence
on food availability, quality, and
quantity, as well as on our capacity
to distribute food equitably.

56  Largevariation in availability =~ 2022  Production NA To evaluate the changes in the 445 plant species have a total of 577 (Fedick and
of Maya food plant sources availability of edible plants edible parts available during a Santiago, 2022)
during ancient droughts during drought periods in the normal year with no drought.

Maya Lowlands During a short drought, 413 edible
plant species will be available for
consumption. During moderate
drought, 108 food-producing plant
species were available. In extreme
drought, only 56 edible plant
species will be available for
consumption.

57  Pest Management in the 2022  Production Grains, The review discussed how Climate change has an influence on  (Gerken and
Postharvest Agricultural cereals, nuts,  climate change affects product insect and pest populations. It is Morrison, 2022)
Supply Chain Under Climate and seeds quality after harvest and how generally recognized that pest/

Change

adaptation strategies in food
facilities reduce the impact of
climate change

12

insects can swiftly adapt to a variety
of biotic and abiotic alterations (e.g.
pesticide resistance, temperature

stress, and disturbance levels). The
resilience and adaptive capacity of

(continued on next page)
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food facilities to climate change
may be boosted by a number of
integrated pest management (IPM)

techniques.

58  Climate-related hazards and 2022  Distribution NA This study quantifies the risks The results suggest that local (Harris et al.,
Indian food supply: Assessing associated with climatic hazards  production and state-to-state trade 2022)
the risk using recent in order to evaluate the might be negatively impacted by
historical data probability of detrimental climate-related events in India,

effects on the food supply in which could have a negative
Indian States influence on the nation's food
supply.

59  Research priorities for global 2022  Whole food NA The goal of this work is to Multiple food system risks fell into
food security under extreme chain pinpoint food system risks and the climate category. This includes
events research opportunities combined events such as droughts

and heat waves in Sub-Saharan
Africa and monsoon and melt water
in Asia. The potential of key
infrastructure, transportation, and
public utility failure that might
affect several actors and activities
sequentially or simultaneously was
one growing issue regarding the
food system's sensitivity to
cascading hazards.

60  Sub-Saharan Africa 2022  Production Fish & This article offers a thorough Climate change has various impacts ~ (Muringai et al.,
Freshwater Fisheries under seafood review of the literature on the on freshwater environments, such 2022)
Climate Change: A Review of impact of climate change on as elevated water temperatures,

Impacts, Adaptation, and freshwater fisheries, the altered hydrological processes,

Mitigation Measures adaptation strategies employed increased stratification, and
by fishery-dependent heightened pollution. To mitigate
individuals, as well as the the effects of climate-induced
management and mitigation fluctuating fishery resources,
measures undertaken to address  fishery-dependent communities
the problems posed by climate have implemented diverse
change. adaptation strategies, including

fishing gear modification,
intensified fishing, species
diversification and diversification of
their income sources.

61  Multi-level impacts of climate 2022  Production Roots & The objective is to measure the The effects of disruptive events vary ~ (Rahman et al.,
change and supply disruption tubers diverse economic consequences among agents in the supply chain 2022)
events on a potato supply of various severe weather and product types. During, fresh
chain: An agent-based occurrences on distinct phases potato prices increase more than
modelling approach of a food supply network, using  processed potatoes, causing
the potato supply chain as an consumers to switch to the latter.
example. This, in turn, aggravates the price

increase as processed potatoes
require more fresh potatoes as raw
material. However, once processed
potatoes prices increase due to
higher input costs, their demand

decreases.
62 Climate-induced increases in 2022 Production Fish and Determine reef fisheries' Significant enhancements in the (Robinson et al.,
micronutrient availability for seafood nutritional value and climate nutrient supply to reef fisheries 2022)
coral reef fisheries impacts on availability of were observed over a period of
micronutrients. twenty years subsequent to coral

bleaching, with a notable emphasis
on iron and zinc following
macroalgal regime alterations. This
shows increase in nutritional value
of coral reef fish despite climate.

63  Social-ecological interactions 2022  Production NA This paper analyses the food In the aftermath of Hurricane (Rodriguez-Cruz
in a disaster context: Puerto security status of Puerto Rican Maria, a total of 69 % of farmers et al., 2022)
Rican farmer households' farmers' households after suffered from food insecurity for a
food security after Hurricane Hurricane Maria in 2017, using minimum of one month, while 38 %

Maria a social-ecological perspective. reported persistent food insecurity
lasting for three months or more.

64 A district-level analysis for 2022  Production Grains, This study examines the impact Rainfall and temperature affect rice ~ (Saravanakumar
measuring the effects of cereals, nuts,  of alterations in the average yield significantly, according to the et al., 2022)
climate change on production and seeds values and fluctuation of results. Also, weather variability,
of rice: evidence from meteorological variable on rice measured by temperature and
Southern India production by modelling data rainfall standard deviations, has an

from 1971 to 2018 in Tamil adverse impact on rice yields.

Nadu State in India.

(continued on next page)
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65 The Impacts of Climate 2022  Production NA The objective of this In the short term, more carbon (Tagwi, 2022)
Change, Carbon Dioxide investigation was to assess the emissions are linked to higher
Emissions (CO2) and association between agricultural ~ productivity and agricultural
Renewable Energy expansion, climate change, growth. But over time, this
Consumption on Agricultural carbon dioxide emissions, and relationship is less significant.
Economic Growth in South the utilization of renewable When there is less rain and higher
Africa: ARDL Approach energy sources. temperatures, the farming economy
went down in the short term. This
means that when climatic variables
change, the growth of the farming
industry decreases. But in the long
term, climate change benefits the
agricultural economy.
66  Foresighting future climate 2022  Production Fish and This evaluates how climate It is highly probable that climate (Tran et al., 2022)
change impacts on fisheries seafood change could affect Vietnam's change will result in significant
and aquaculture in vietnam fishing industry. It focuses on hydrological changes caused by
four important types of fish: storm surges, coastal aquifer
tuna, pangasius catfish, tilapia, salinization, saline water intrusion,
and shrimp. and coastal erosion. These changes
are expected to have a profound
impact on aquaculture production
systems that are susceptible to
water quality, pH, and salinity
levels changes, and may lead to the
complete fish if inundation occurs.
The effects of climate change on
Tilapia, Pangasius, Tuna, and
prawns in Vietnam will vary
depending on their respective
habitats, but climate change poses a
danger to the sustainable
production of each species.
67  Mapping Firms' adaptive 2022  Production Fish and The objective of this research is The Chilean mussel production (Fernandez et al.,
profiles: The role of seafood to better understand the industry is marked by notable 2023)

experiences and risk
perception in the aquaculture
industry

adaptive behaviour in the
mussel industry in response to
climate change in the Los Lagos
Region (Chile).

heterogeneity, with a coexistence of
entrepreneurs, small-scale
producers, and large corporations.
A significant distinction is evident
between the large producers and
small to medium-sized enterprises.
For instance, more than 50 % of
large firms are willing to invest in
early warning systems while the
majority of smaller firms with lower
production capacities are either
reluctant to pay or willing to pay
values below the average

M Production ™ Processing M Distribution M Consumption M Whole food chain

Fig. 4. Distribution of studies according to the supply chain component.
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accounts for low productivity of oilseed crops in Pakistan, which sub- drastic changes in the beneficial soil bacterial population (Francioli
sequently affects the local edible oil market (Burhan et al., 2017). Also, et al., 2021).
plant growth can significantly reduce as a result of flooding that, causes Food processing operations could be halted in case of damage to food

"
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Fig. 6. Identified gaps in literature following database search on climate-induced food supply chain vulnerability.
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processing facilities following hazardous events and disturbed food
sourcing mechanisms due to lower availability of agricultural raw ma-
terials. This leads to higher prices, contributing to the economic inac-
cessibility of food and beverages. According to Xie et al. (2018), extreme
climatic events can potentially reduce barley yields by 3 % to 17 %
globally, causing a decreases in global barley supply and shortage of
barley grains available to make beer, resulting in dramatic decreases in
beer availability and final beer price increases (Xie et al., 2018). Food
supply chain failures may hinder access to nutritious foods, leading to
malnutrition. Stunting was identified as the most prevalent type of un-
dernutrition among children under 5 in flood-affected regions in low-
and middle-income nations (Agabiirwe et al., 2022). It is estimated that
the effects of climate change on food security will result in 529,000
additional deaths globally in 2050 (Fan et al., 2021a). Although there is
growing evidence on food supply chain vulnerability to climate change,
some knowledge gaps that reduce our understanding of the topic were
identified (Fig. 6).

(ii) Factors that contribute to the vulnerability of food supply chains
3.4. Smallholders, rural and remotely located communities

Smallholder farmers and rural communities are more susceptible to
harm from the effects of climate change because they heavily depend on
natural resources for their daily activities and are, in fact, more inclined
to conduct farming operations in vulnerable landscapes, including hill-
sides, deserts, and floodplains (Lennox, 2015). Food producers and
consumers in remote areas (e.g. villages and islands), roadless localities,
and areas only accessible through waterways (i.e. by boat or ship) are
particularly vulnerable to climate change disruptions to local food
production and supply because alternative foods from supermarkets,
imports and terrestrial sources may be costly, limited, or unavailable
(Berger et al., 2020). Due to their geographic isolation, heavy reliance
on imported food and beverages, and weak economies, small island
nations are particularly susceptible to the effects of climatic and envi-
ronmental changes. Sea level rise, high tides, cyclones, floodings, and
landslides pose a growing threat to coastal and island territories (Lebot,
2013; Orengo Serra and Sanchez-Jauregui, 2021).

3.5. Economic growth and income level of countries

Climate-related disasters impact every territory in both developing
and developed nations. Nevertheless, low-income/developing nations,
particularly in the Global south, are more vulnerable to climatic
anomalies and environmental hazards (Chari and Ngcamu, 2017; Fan
et al., 2021a). This is because they tend to lack dedicated, evidence-
informed, affordable, and targeted policies to address the potential im-
pacts of climate change on food productivity. In Sub-Saharan Africa for
instance, investments are still made based on the supposition that pre-
cipitation rates will follow past trends in most cases (Godber and Wall,
2014). However, though they might not be particularly focused on the
impacts on food productivity, some low-income nations have imple-
mented policies and measures to address climate change, such as
reducing greenhouses gases (GHG) emissions (Assess Vulnerability and
Risk, 2023). Regions in the developing world, like Africa, are vulnerable
to extreme weather events for the production and processing of food due
to significant deficits in key infrastructures and a lack of technology-
driven processes (Govindan and Al-Ansari, 2019). The most significant
climatic factor found to affect GDP per capita growth in Africa is
persistent (prolonged) drought events. Drought has reduced agricultural
yields over the past few decades in several African nations (Vicente-
Serrano et al., 2012). Over the past 50 years, droughts, floods, cyclones,
and earthquakes had detrimental impacts on the agribusiness value
chain of Mozambique, causing an estimated 5000 metric tons of cereal
deficit annually. The overall milk production from various farming areas
was reduced due to animal diseases associated with extreme
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temperatures in Peru as well as droughts, veld fires, and extreme
weather events in Southern African countries like Zimbabwe (Lennox,
2015; Chari and Ngcamu, 2017).

3.6. Food type and region of origin

The vulnerability varies greatly for each food product and produc-
tion/exporting region. For example, climate vulnerability analyses of
key agricultural products imported by the European Union (EU)
revealed that the susceptibility to drought for sunflower seeds and maize
is low. In contrast, the vulnerability to drought for coffee, cocoa, and
palm oil is very high. Moreover, coffee from Indonesia, Brazil, and
Vietnam is more vulnerable to drought than Colombia, Uganda, Peru,
Ethiopia, and Kenya (Ercin et al., 2021). In the Indian state of Punjab,
the wheat yield was estimated to be negatively impacted by a 5 %
rainfall coefficient, and a 1 °C rise in maximum temperature reduces
wheat harvest by 2.012 %. A 10 % rise in rainfall negatively affects rice
productivity, and a 1 °C rise in the maximum temperature resulted in a
2.606 % reduction in rice yield (Saravanakumar et al., 2022). In the
Mediterranean region, it is anticipated that wheat and legume crops,
which have an essential part to play in feeding people and livestock, will
be among the crops most negatively impacted by the anticipated more
regular and intense drought events (Tramblay et al., 2020). A climate
catastrophe in one region may affect the national or wider food supply,
especially if that area is a food production hub. Therefore, knowledge of
where food is sourced is crucial for characterizing climate risks to food
security and guiding adaptation strategies (Harris et al., 2022).

3.7. Reliance on the ocean economy

Greater frequency or degree of coral bleaching, sea level rise, rising
water temperatures, and altered currents, have been identified as risk
factors in the seafood industry, leading to modifications in catch po-
tential, changes in species distribution, loss of productivity, and changes
in the food supply of seafood (Fleming et al., 2014; Robinson et al.,
2022). Floods and droughts are widely acknowledged as potentially
posing a serious threat to the fisheries industry now and in the future
(Tran et al., 2022). Declines in wild fish populations (stocks), fish di-
versity and aquaculture output, along with changes in species distribu-
tion, are exacerbated by changes in climatic conditions. For over fifty
years, fishermen in southern Chile have been concerned about HABs,
which prevent the consumption of aquatic products such as fish and
molluscs (Berger et al., 2020). As a result of habitat degradation driven
by a warming planet, models projected that cold water fish species
would disappear from their current range in Canada while warm water
species may augment their habitat range (Brain and Prosser, 2022).
Growing food safety concerns about the rising incidence of infectious
diseases among aquatic organisms exist. Additionally, the increased
regularity of extreme weather events associated with climate change
could have detrimental effects on the channels used for processing,
packaging, and distribution, which would further reduce the availability
of seafood (Cooney et al., 2023).

3.8. Infrastructural facilities

Pre-hazard conditions equally influence vulnerability to disruptions.
The inexistence of adequate infrastructure before climatic hazards can
lead to an increase in the duration of the disruptions and a decrease in
disaster readiness, hence raising vulnerability (Dargin et al., 2020).
Consequently, the food supply chain is subject to operational risks due to
the deterioration of infrastructure and associated services (Govindan
and Al-Ansari, 2019). Absence of safe water and sanitation systems fa-
cilitates access to pathogenic bacteria, parasites, mycotoxins, and a va-
riety of viruses when precipitation extremes (both higher rainfall and
persistent drought conditions) occur (Myers et al., 2017). The trans-
portation networks are highly vulnerable to climate change-induced
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natural hazards (e.g. floods). The constant provision of food along wider
food supply change is at risk because agro-industrial products now tra-
verse greater distances from the supplier to the final consumer due to
globalization (Parker et al., 2019).

(iii) Approaches to assessing the vulnerability of the food supply chain
to climate change?

The vulnerability approach is used to evaluate how resilient the food
supply chain is to climate change-derived trends and hazards. The ca-
pacity of a defined entity (in this case the food supply chain) to with-
stand perturbations or shocks while retaining crucial structures and
functions is known as resilience. It refers to the ability to successfully
recover from disturbances without a loss in primary purpose. On the
other hand, vulnerability is defined as being susceptible to stress derived
from environmental and societal changes and lacking adaptability
(Proag, 2014; Nelson et al., 2016). For example, crop vulnerability
measures how at risk a crop is to climate change-derived drought and
water scarcity and how well it can withstand those hazards. Therefore,
as the supply chain's vulnerability decreases, its resilience increases (Yue
et al., 2018).

Evaluating the impact of climate change on different food supply
chains is a difficult task because a given climatic event of equal severity
can have different effects in different regions and systems due to un-
derlying vulnerabilities and adaptive capacity (Chari and Ngcamu,
2017; Fan et al., 2021a). High-quality data is required to evaluate the
effects of and vulnerability to climate change to design adaptation
strategies. This data includes measurement and monitoring of climatic
variables, such as temperature, snow and ice cover, rainfall, sea level
rise, wind speed, and the magnitude and frequency of extreme events, as
well as non-climate-related information on water resources, agriculture,
food security, public health, terrestrial ecosystems, biodiversity, and
coastal zones (UNFCCC, 2007). For instance, to determine the vulnera-
bility of coastal agricultural systems to the intensification of tropical
cyclones and storm surges, it is necessary to monitor sea surface tem-
perature and sea level rise. It is worth mentioning that the nature, in-
tensity, and frequency of climate variability influences vulnerability.
Furthermore, the climate vulnerability of the food supply chain varies
from one country, region or community to another and within specific
sectors (Climate Adapt Impacts, Risks and Vulnerabilities — English,
2023).

Therefore, a vulnerability assessment is a procedure which involves
the identification, quantification, and prioritization of a system's (i.e.
food supply chain) vulnerabilities to a disturbance or hazard (i.e. climate
change) (Altaf et al., 2015). This is necessary to determine whether the
food supply chain is susceptible to climate change and to what extent
(Feindouno, 2018). Also, it enables the description of risk profiles. In
other words, determining which element is more likely or less likely to
experience damage across the food supply chain. Evaluating climate
vulnerability is more cost-effective than not being prepared for a future
catastrophe (Climate Change Quantitative Vulnerability Assessments,
2023).

3.9. The three component-approach of vulnerability

According to the theory framework of the IPCC, there are three
components for assessing vulnerability and obtaining a vulnerability
rating: exposure, sensitivity, and adaptive capacity. The combination of
these three elements is used to analyse the likelihood that climate
change would have a negative impact on a system. The term “exposure”
refers to the type, degree, and aggregation of climatic variations that a
location experiences as a result of factors like temperature, precipita-
tion, and severe weather (Baca et al., 2014; Parker et al., 2019). Expo-
sure is the only factor directly related to climate parameters, including
the nature, severity, and rate of the variation in climate (Fritzsche et al.,
2014). Sensitivity measures the likelihood of being impacted or the
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nature and potential degree of the impact of climate change on various
processes (e.g. the extent to which crop yields or human nutrition might
be affected). Some indicators of sensitivity include prevalence of food
insecurity and self-sufficiency (Godber and Wall, 2014). To determine
whether a system or entity is vulnerable, the system's sensitivity to the
hazardous event it is exposed to should be considered. Is the food supply
chain or elements of the food supply chain susceptible to damage from
the hazard? (Assess Vulnerability and Risk, 2023). Adaptive capacity is
the capability of a system to adapt to climate change, to lower or miti-
gate potential damage or to take advantage of opportunities derived
from the changing climatic variables (Baca et al., 2014; Fritzsche et al.,
2014). Indicators of adaptive capacity include the population's health
and the performance of the economy (Godber and Wall, 2014). Under-
standing the adaptation potential of the food supply chain is crucial
because although an element of the food supply chain is sensitive to a
climatic hazard, it is not inherently vulnerable if it possesses the ability
to cope with or adapt to climate-related risk or consequences. An
effective way to deal with climatic hazards and unpredictability is to
improve adaptive capacity. Nevertheless, adaptive capacity is signifi-
cantly influenced by access to resources and the cost of using those re-
sources (Saeed et al., 2023).

Li et al. (Li et al., 2015) analysed the vulnerability of China's agri-
cultural sector to climate change as a function of the three components:
exposure, sensitivity, and adaptive capacity. The study highlighted the
effectiveness of using multiple indicators to assess climate vulnerability
and showed that agricultural vulnerability is already important in
Guizhou, Guangxi, and Yunnan provinces, with a high probability of
worsening in the 2040s. The three components of vulnerability have
been used previously to assess the vulnerability of fisheries (Allison
et al., 2009; Gomez Murciano et al., 2021) and livestock (Godber and
Wall, 2014). All these studies reported that most of the world's under-
developed nations are most at risk from climate change's effects because
poorer regions lack adequate adaptive capacity.

3.10. Vulnerability index

A vulnerability index has been created to measure the susceptibility
of different areas or entities to climate-related events. To determine the
areas or entities with the highest vulnerability, data analysis methods
such as cluster analysis, gray system theory, and principal component
analysis were used. This was done by assigning weights to environ-
mental, sensitivity, and adaptability indicators (Feng and Chao, 2020).
For example, Yeni and Alpas (Yeni and Alpas, 2017) used the three-
component approach (exposure, sensitivity and adaptability) as a tool
to identify the extreme weather patterns that threaten food safety by
comparing the performances of 118 countries to maintain the safety of
food production in the face of climatic hazards based on a ranking of the
countries' vulnerability index scores. Similarly, selected indicators were
assigned a score to create a vulnerability index for dynamic floods in
mountainous regions (Papathoma-Kohle et al., 2019). The indicators are
elements linked to the climatic hazards which can reveal details about
the features of the event (Bottero, 2011). Nevertheless, Guo et al. 2021
stated that establishing quantitative relationships between the magni-
tude of the environmental phenomenon and vulnerability indices is
challenging when utilizing a variety of indicators that are difficult to
compare in indicator-based vulnerability assessments. Therefore,
quantifying the potential loss or damage from climate change is limited
(Guo et al., 2021).

3.11. Vulnerability curves

Several researchers generated physical vulnerability curves (Fig. 7)
as a means to quantify the vulnerability of crop value chains such as
wheat (Wang et al., 2013), rice (Guo et al., 2021), and maize (Wang
et al.,, 2016) to climate change-related events and natural disasters.
Vulnerability curves demonstrate how vulnerable a physical system is
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Fig. 7. Illustration of a vulnerability curve to climate change and natu-
ral hazards.

based on two factors: the severity of the hazardous event and the
magnitude of the potential loss (Papathoma-Kohle, 2016). In the agri-
cultural industry, crop yield represents hazard exposure, while the drop
in crop productivity relative to the yield expected under normal climatic
conditions defines the vulnerability, hence reflecting the harm caused by
the hazard to an asset (like arable land, for example). In numerous
studies, the scale used to describe the damage caused to the asset ranges
from O (no loss) to 1 (complete loss) (Monteleone et al., 2022). The
development of physical vulnerability curves comprises using models (e.
g. EPIC, ORYZA and WOFOST) to simulate the growth of plants under
different environmental conditions to determine the impact of climatic
variability on crop growth (Guo et al., 2021; Antle and Capalbo, 2010;
McMaster et al., 2014).

3.12. Censuses and surveys

Censuses and surveys are for providing most of the data used to
measure indicators of adaptive capacity (and, to a lesser degree, sensi-
tivity), thus assessing vulnerability in the food supply chain (Fritzsche
etal., 2014). Harvey et al. conducted surveys consisting of 197 questions
in 10 villages in Madagascar to assess the vulnerability of smallholder
farmers to climate change. This research highlighted the vulnerable
state of Madagascar's smallholder farmers, their high risk exposure, and
the pressing need to lessen their present and future vulnerability to these
risks (Harvey et al., 2014). Other vulnerability assessment methods
include vulnerability simulation based on the process-based physical
model simulation (Feng and Chao, 2020), and top-down & bottom-down
vulnerability analysis (Nelitz et al., 2013; Kao et al., 2016).

(iv) Effectiveness of different strategies for enhancing the resilience of
food supply chains to climate change-induced disruptions?

A wide range of resilience measures have been employed and sug-
gested to alleviate climate change consequences in the food supply
chain. Climate-resilience strategies incorporate both mitigation and
adaptation (Mbow et al., 2014). Mitigation aims to reduce the escalating
industrial causes of climate change and its negative consequences. In
contrast to mitigation, adaptation refers to adjusting (coping) to current
or projected environmental conditions, particularly their associated
impacts, to prevent damage. Strategies should assist in reducing impacts
to the point where the function of the system is guaranteed or can be
restored to its normal state in the shortest amount of time (Pyykko et al.,
2021; Reddy, 2014). Resilience in supply chain management refers to
“the ability to respond to a sudden disruption (or shock) and resume
normal supply network processes and operations” (Rice and Caniato,
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2003).

Each country's circumstances, ability, and resources should be
considered when developing climate change resilience strategies. Solu-
tions can be expensive, particularly when there is little financial room
available. Using initiatives from the private sector, such as startup in-
novations, is one of the options that national governments should closely
consider. Enhancing water management, modifying sowing and harvest
times, disseminating knowledge, and adopting new crop varieties and
livestock breeds that exhibit tolerance or resistance to unfavourable
conditions are examples of high-impact adaptation strategies (Rother
et al., 2022).

Improving access to information (e.g. through early warning sys-
tems, disseminating weather and price information), encouraging
research and development initiatives, and implementing risk manage-
ment, and training programs for agricultural producers are the most
effective ways of reducing vulnerability to crop and livestock yield re-
ductions due to climate variability (Sofi et al., 2019; Raza et al., 2019).
Implementing efficient integrated monitoring systems is an important
adaptation strategy. This entails using surveillance systems to provide
sufficient details on the physical and chemical changes in environmental
conditions, the existence of pests, including harmful algal blooms, and
the early discovery of diseases (Perez et al., n.d.). Mitigating strategies
usually target carbon sequestration by increasing carbon capture in the
agricultural and agroforestry systems, as well as reduction of GHG
emissions/preventing future emissions, via improved productivity,
enhanced input efficiency, reduced food loss or waste, adoption of diets
based on foods with lower carbon footprints, and conservation of forests
(Campbell et al., 2016).

Furthermore, governmental programs that implement insurance
schemes to compensate farmers for damage caused by environmental
shocks both in the short and long term are necessary. These compen-
sation plans could incentivise farmers to use more modernized agricul-
tural techniques, reducing countries' dependence on food imports and
raising food self-sufficiency and security (Saravanakumar et al., 2022).
Switching to cooperative agricultural production could, however,
effectively lessen or disperse crop failure risk due to hailstorms, which
are hazards that are usually very isolated geographically (Lennox,
2015).

Food banks and disaster response organizations could set up buffer
stocks or backup distribution points in areas that are likely to experience
significant disruptions or isolation (Casellas Connors et al., 2022). In-
frastructures should be built to continue operating during and after
climatic hazards and offer similar services as expected under normal
climatic conditions (Dargin et al., 2020). Capacity building is frequently,
if not always, a necessary component of climate change adaptation ef-
forts to improve the management of climatic hazards. This includes
programs that contribute to augmenting skills in drought management
& planning, particularly in the use of geospatial drought information
products to assess the risk and vulnerability to drought, as well as to
develop surveillance and early-warning mechanisms that use live data to
aid decision-making (Vicente-Serrano et al., 2012). Adaptive gover-
nance, which involves leveraging past experiences to plan for future
uncertainties, can enhance food supply stability under changing climatic
conditions (Mason et al., 2022). Table 3 summarizes the climate change
adaptation and mitigation strategies that are discussed in the present
study.

a) Reduction of greenhouse gas (GHG) emissions

GHG emissions are used to estimate the carbon footprint of each food
system activity. Nowadays, the term “carbon footprint” refers to all
GHGs that contribute to climate change, not just CO5 or other carbon-
derived GHG (Filho et al., 2022). The agricultural and food supply
chain GHG emissions increased by 17 % from 1990 to 2019. The overall
global emissions from agri-food system activities in 2019 were 16.5
billion metric tonnes (Gt CO2 eq. yr™}), equivalent to 31 % of all
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Table 3
Summary of effective climate change adaptation and mitigation strategies.

Type Description

Reduction of GHG emissions Reducing the emission of GHGs from food
production activities and post-production
operations through waste management and
valorisation approaches such as recycling,
composting, preventing the disposal and wastage of
food

This involves enhancing soil quality (e.g. by
improving the efficiency of fertilizers, employing
reduced tillage, reducing salt levels), using of
climate resilience crops, improving water usage
efficiency (e.g. rainwater collection, water reuse,
water-saving irrigation techniques), using weather
forecasting and early warning systems, and adopting
adapted culture techniques such as agroforestry,
intercropping and mixed-crop livestock system.
This includes approaches such as improving
breeding strategies and using genetic improvement
to enhance animal resilience, adjusting feeding
regimes to optimize feed efficiency and nutritional
value, combating thermal stress, and improving
pasture management to reduce damage to pasture
and forage crops.

Recommended techniques include adopting
integrated systems (e.g. integrated aquaculture-
agriculture), diversifying production (for example
by farming multiple fish species), breeding farmed
species for tolerance, resilience traits, or improved
growth rates, using water-efficient systems such as
recirculating aquaculture systems, and
implementing monitoring systems of climatic
variables and early notification systems.

This includes using green and energy-efficient
technologies such as non-thermal processing,
reducing water consumption, shifting to
biodegradable/sustainable packaging, reducing
food waste from processing, distribution, and
consumption, building cold storage facilities and use
of refrigerated transportation.

Agricultural systems
resilience strategies

Animal husbandry resilience
strategies

Aquaculture and fisheries
resilience strategies

Post-production activities
resilience strategies

emissions produced by anthropogenic activities. Global emissions from
crop and livestock production processes accounted for 7.2 metric tonnes,
and pre-and post-farming operations (such as the production of fertil-
izers, food processing, packaging, transportation, retail, final con-
sumption, and disposal of agrifood waste) accounted for 5.8 metric
tonnes (Tubiello et al., 2022). GHG emissions and, consequently, climate
change, are significantly exacerbated by food waste. There are signifi-
cant opportunities for reduced GHG emissions from food chain activities
by improved waste management and optimizing processes and resource
utilization (Filho et al., 2022).

Several countries worldwide have integrated the recycling of
biodegradable food waste (including kitchen waste and waste from food
processing factories) into their waste management policies to reduce
GHG emissions. Preventing the disposal and wastage of edible food-
stuffs, also known as food loss, is essential to reduce GHG emissions
(Matsuda et al., 2012). By changing the “use by” and “best by” date
labelling and educating consumers about the meaning of these labels, a
shift in consumer food disposal behaviour could be initiated to prevent
food products that can still be eaten from being discarded earlier
(Gustafson et al., 2021).

Anaerobic digestion (AD) and composting are viable means for the
sustainable treatment of food waste that lowers GHG emissions without
compromising the nutritional content of the waste substrate (Filho et al.,
2022; Xu et al., 2018; Moraes et al., 2017; Grigatti et al., 2020). AD is a
controlled process during which a mixed culture of symbiotic microor-
ganisms degrades organic waste without air, producing digestate (fer-
tilizer) and biogas (methane). Biogas can then be used as a renewable
energy source to generate heat or electricity (Gautam et al., 2019).
Composting is the decomposition of organic waste in aerobic conditions
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by microorganisms, converting the waste substrate into a more stable
form of organic matter. Heat and CO, are released in the process.
(Kumar, 2011).

AD is usually preferred for the treatment of food waste, in compar-
ison to composting, due to improved sustainability related to lower GHG
emissions (Moult et al., 2018). AD may be more profitable for large-scale
or centralized biowaste processing, such as food waste or sewage;
whereas, composting may be preferable for smaller-scale and decen-
tralized waste processing directed to waste feedstocks such as on-farm
livestock manure (Lin et al., 2018). Furthermore, producing biogas
and nutrient-rich digestate during AD improves energy, food, and water
security. This is because the digestate can be used as soil fertilizer, and
the production of methane-containing biogas decreases the water con-
sumption associated with the production of energy from fossil fuels (Lin
etal., 2018; Yang et al., 2014). Further mitigation of GHG emissions can
be achieved through producing bioethanol from food waste by
employing fermentation. It is an eco-friendly fuel that improves air
quality, boosts rural household economies, and reduces GHG emissions
by 70-90 % (Roukas and Kotzekidou, 2022). However, additional
research is necessary to render the food-waste-derived biofuel synthesis
more feasible by overcoming a few technical challenges associated with
pre-treatment and conversion of food waste into bioethanol (Kazemi
Shariat Panahi et al., 2022).

b) Agricultural systems resilience strategies

Climate change significantly affects the agriculture of a given region
(Raza et al., 2019). Consequently, governments should invest in tillage
techniques, genetic improvement, and modern planting technologies
that allow grain and crop output to adjust to shifting climatic conditions.
Secondly, the employment of sophisticated climate-smart farming
practices, such as permanent irrigation and new crop varieties that de-
mand less water and are highly productive under high temperatures,
will help in preventing reduced yields of significant crops like wheat and
rice (Ragagnin et al., 2018). Actions to be taken to protect the vital
pollination process required for crop production include measures that
involve the management of cultivation sites by putting forage plants
close to crops, providing bee nesting areas, and preserving native
grassland since fragmentation and loss of habitat are a serious danger to
pollinators (Bekchanov and Lamers, 2016).

3.13. Soil management

Enhancing resilience of agricultural soils can be achieved through
improved tillage management (e.g. zero tillage) to reduce GHG emis-
sions, performing soil analysis for efficient application of fertilizers
based on results, application of manure on agricultural fields, avoidance
of bare cropping land, using appropriate plant varieties like legumes as
green manure (cover crops) (Bakala et al., 2020; Gross and Glaser, 2021;
James and Merfield, 2021), and decontamination of soils using phy-
toremediation, a “green-clean” and low-cost technology that degrades or
removes toxic contaminants, to increase agricultural output on polluted
lands (Dhankher and Foyer, 2018).

The absorption of atmospheric CO3 by soils (known as soil organic
carbon(SOC) sequestration) enhances fertility, ensures long-term pro-
ductivity of plots, and combats climate change through the reduction in
atmospheric COy (Tessema et al., 2020). Mitigation measures for SOC
sequestration may assist cropping systems in coping with floods and
droughts (Rosenzweig and Tubiello, 2007). Conservation ploughing,
crop rotation with legumes, application of cover crops or manure, in-
tegrated nutrient management, irrigation management, agroforestry
(tree-planting), and grassland/pasture management are among soil
management practices for the restoration of SOC (Elbasiouny et al.,
2022).

Legume cover crops can reduce nitrous oxide gas emissions, which
are highly associated with applying nitrogen (N) fertilizer and soil
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nitrate (NO3) in agricultural soils. According to research by Mahama
et al. (2020), cumulative nitrous oxide (N2O) emissions were higher in
crop production systems in which nitrogen fertilizer (180 kg/ha and 90
kg/ha) was used than in nitrogen-free systems that used cover crops
(Mahama et al., 2020). In cereal cultivation, enhanced efficiency fer-
tilizers (EEFs) have been suggested as a possible approach to reduce NyO
emissions. Scheer and co-workers observed that two EEFs (urea with the
nitrification inhibitor 3,4-dimethylpyrazole phosphate and polymer-
coated urea) decreased yearly N,O emissions from soils by 83 % and
70 %, respectively (Scheer et al., 2016).

3.14. Salt levels management

Reclamation of saline lands and reduction of salt salinity levels via
techniques such as flushing of surface salts with water, scraping (me-
chanical removal of salt), leaching (removal of excess salts from soils
with irrigation, rain or extra water), surface & subsurface drainage to
prevent accumulation of salts, and addition of organic and mineral
amendments (e.g. compost, gypsum, molasses, leonardite, zeolites, etc.)
to regulate pH and improve the physicochemical composition of the soil
(Medina Litardo et al., 2022; Mary et al., 2020). Sustainable irrigation
methods can be employed for soils with higher-than-normal salt content.
For example, alternate application of good quality and saline water
separately using spray or drip irrigation techniques to leach salts from
the plant's rhizosphere, such irrigation technique equally improves
water use efficiency (Hanson and May, 2010).

3.15. Climate-resilient crops

Adopting improved plant cultivars with tolerance/resistance to
stresses such as low-water availability, drought, heat, high-salt envi-
ronments, flooding and using other climate-resilient crops such as early
maturing crops can prevent declines in yields improve and resilience.
Introducing tolerant characteristics is a sustainable way to lower the risk
of crop failure because it enhances a crop's ability to survive for
extended periods in sub-optimal conditions, reduces crop water de-
mands, and improves water use efficiency (Sofi et al., 2019; Acevedo
et al., 2020). For example, using rice varieties that are submergent-
tolerant mitigates the risk of a decrease in rice productivity due to rice
paddy field flooding since submergence stress causes severe damage and
is deadly to rice seedlings (Dhankher and Foyer, 2018). Although rela-
tively few studies exist on the subject, de novo domestication has been
proposed as a promising technique to improve crop resilience for food
and feed production. This entails selecting wild plant species that exhibit
a natural resistance to climatic stresses, improving their productivity
through mutations mimicking domestication procedures of major food
crops, and performing iterations of conventional plant breeding (Zsogon
et al., 2022; Fernie and Yan, 2019).

3.16. Better management of water resources

Improvement of water usage efficiency in agricultural systems
through the installation of more efficient irrigation systems like water-
saving irrigation technologies, recycling, and reuse of wastewater in
farms to adapt to the predicted decrease in rainfall and groundwater,
and to alleviate water scarcity and environmental issues, such as
excessive groundwater pumping for irrigation in arid areas and/or areas
with extreme water shortage (Liu et al., 2020; Niu et al., 2022). A
growing number of regions respond to water scarcity by implementing
rainwater collection systems such as inter-row harvesting, inter-plot
harvesting, and water storage in farm ponds, tanks, and reservoirs
(Bakala et al., 2020). For instance, collected rainwater irrigates culti-
vated fields in Burkina Faso (Rother et al., 2022).

20

Science of the Total Environment 920 (2024) 171047
3.17. Weather forecasting and warning strategies

Improvement of weather forecasting can be achieved by installing
automatic weather stations on farms and observatories to gather up-to-
date information on weather conditions such as rainfall, temperature,
and wind velocity. This is useful for disseminating up-to-date climatic
data and divulge warnings related to unfavourable weather conditions
(e.g. drought) in farming communities (Reddy, 2014; Bakala et al.,
2020). This will aid farmers in identifying suitable planting times
(Codjoe and Owusu, 2011). In addition, incorporating vulnerability
curves in early warning systems is useful in supplying details on the
potential effects of upcoming climatic conditions on agricultural pro-
ductivity and can therefore assist farmers in their selection of cultivars,
planting dates, and crop management practices (Guo et al., 2016).

3.18. Adapted cultivation systems

Adapted culture techniques such as diversification of production
through the practice of agroforestry (incorporating perennial trees into
crop cultivation), mixed crop-livestock farming, crop rotation, and
intercropping (e.g. legume-cereal cropping system) have a high poten-
tial to improve the performance of cultivated crops despite climate
change (Bakala et al., 2020; Teixeira et al., 2018). Crop rotation aids in
weed, disease, and bug control. Reduced on-farm GHG emissions were
achieved by including grain legumes in crop rotation, improving crop
methane uptake. Also, there is a negative association between crop
rotation and soil erosions (Barton et al., 2013). Mixed farming strategies
consisting of diverse trees, crops, and livestock preserves biodiversity,
prevent soil erosion, reduce harm from flooding, and improve water
storage, thus increasing productivity and efficiency while using fewer
resources and land (Sistla et al., 2016). Livestock provides manure to
crops, while crop remains are fed to livestock in mixed farming (Osei-
Amponsah et al., 2019).

c) Animal husbandry resilience strategies

Climate change has a negative impact on animal production outputs
as well as the quantity and quality of animal feed. Therefore, adaptation
and mitigation strategies are crucial to reduce climate change vulnera-
bility in animal husbandry.

3.19. Breeding and genetic improvement

Improving breeding techniques can enable animals to be more
resilient to diseases and heat duress while enhancing their growth and
reproductive capacity (Rojas-Downing et al., 2017). Genetic improve-
ment is a more profitable adaptive approach that results in a long-lasting
change in the animal flocks and herds. This could be achieved by per-
forming genetic selection for stress tolerance to conditions like heat and
disease. A path forward could be identifying local breeds adapting to
environmental stresses and introducing stress-tolerant genes in these
breeds (Osei-Amponsah et al., 2019).

Scientists examined the selection strategies of heat-tolerant animals
in farms. The complexity of the thermal adaptation responses and the
antagonistic effect between thermal tolerance and productivity make
selection a difficult task. The use of inexpensive tools to identify
phenotypic heat stress biomarkers is a suggested selection procedure. In
addition, omics technologies are required to generate genomic indices to
select the best breeding group (Carabano et al., 2019). A study by
Hammami et al. (2015) highlighted that the individual milk fatty acid,
oleic acid (C18:1 cis-9) could be an affordable thermal stress biomarker
(Hammami et al., 2015). Incorporating genetic improvement for heat
tolerance in the selective breeding of animals with good product per-
formance will be more advantageous to animal husbandry systems that
possess resources for the mitigation of heat, suitable nutritional supply,
and control of pathogens and parasites. Contrastingly, crossbreeding
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local animal groups with speciality breeds possessing high productive
abilities will be more advantageous for farms with limited resources
(Bernabucci, 2019). More than 85 % performance improvement in
broiler and layer poultry varieties is been attributable to the genetic
development of production breeds aimed at optimizing feed conversion
efficiency by breeding programs, along with adequate nutrition (Athrey,
2020).

3.20. Changes in animal feeding

To deal with the issue of lower quality animal fodder or to ensure
adequate nutrient intake during unfavourable weather conditions such
as extreme heat, feeding regimes can be adjusted by adopting various
practices such as modifying feed formulation to enhance its nutritional
value, changing feeding schedules and frequency to cooler times of the
day (e.g. early morning or evening), adding tree crops from agroforestry
to the animal's diet, and educating farmers on producing and preserving
forage for optimal feedstock management based on different agro-
ecological zones (Rojas-Downing et al., 2017). The detrimental effects
of heat stress on chickens could be minimized by feeding them more
herbal additives (e.g. Artemisia annua, moringa, rosemary), fat supple-
ments (e.g. palm oil), and low protein diets (Nawaz et al., 2021). It is
well known that changes in feed strategies, such as introducing water to
the animal feed, substantially improve farmed animals' well-being.
When compared to no-water feed at normal temperatures, wet feeding
advantages include increased feed intake, body weight gain, increased
growth rate, feed conversion efficiency, and reduced wasting of feed and
water (Chae, 2000; Naga Raja Kumari and Narendra Nath, 2018). When
corn silage is used in lieu of grass silage in the diet of ruminant animals,
methane emissions can be decreased. Due to their reduced fibre content
compared to grass silage, using legume silages to feed animals could also
reduce methane emissions (Hristov et al., 2018).

3.21. Heat stress alleviation

According to references (Hristov et al., 2018; Sossidou et al., n.d.),
mitigating the impact of thermal stress on livestock can be achieved
through the implementation of measures such as using natural or arti-
ficial shades for sun protection, utilizing evaporative cooling and me-
chanical ventilation. These practices help to maintain the animals'
energy requirements at levels equivalent to those of a normal temper-
ature range since they may require more energy for maintenance and
thermoregulation when temperatures are high. Elevated temperatures
reduce feed intake. Hence, It's essential to meet energy and nutritional
requirements despite a lower feed intake by farmed animals, particularly
when combined with increased water consumption to regulate body
temperature (Naga Raja Kumari and Narendra Nath, 2018). Anzures-
Olvera et al. (2015) found that the milk output of Holstein cows
decreased by 50 % in the summer without a cooling system (Anzures-
Olvera et al., 2015). Excessive reductions in meat and milk production in
high temperature seasons could be avoided by installing water supply
systems to ensure that animals have access to sufficient water, housing
animals in facilities with high ventilation, modifying feeding schedules,
avoiding moving or handling livestock during the hottest times of the
day, and using misting fan systems (Theusme et al., 2021). Liang and
colleagues indicated that sprinkler technology reduces heat stress in
poultry farms and uses 66 % less water compared to evaporative cooling
systems (Liang et al., 2020).

3.22. Management of pasture

Reduced carrying capacity of pasture to levels at which animal
husbandry production activities become unprofitable is one of the most
severe potential climate change impacts on ranching. The confluence of
rising summer temperatures and an increase in the frequency of drought
causes this decline. Minimizing damage to pasture and forage crops is
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possible by shifting to rotational grazing (Holechek et al., 2020). A study
by Dong et al. (2020) reported that rotational grazing under moderate
grazing intensity may preserve or enhance grasslands' height, cover,
productivity, and biodiversity. It may also decrease GHG emissions in
the ecosystems. (Dong et al., 2020). Rotational grazing improves live-
stock production because more animals can be nourished on the same
land area resulting in more efficient use of the pasture (Rolando et al.,
2017).

d) Aquaculture and fisheries resilience strategies

The direct effects of climate change on fisheries and aquaculture
include further declines in production due to rising sea levels, ocean
acidification, and warming waters (Dey et al., 2016). The implementa-
tion of adaptation and mitigation measures to climate change in the
seafood industry is presently limited. This is partially due to the absence
of political incentives to recognize and develop preparedness for climate
change effects (Bryndum-Buchholz et al., 2021). Several approaches
have been recommended to overcome present obstacles and support
adaptation to climate change in the fishing sector.

3.23. Production diversification and integrated systems

Diversification of production systems in the form of polyculture (i.e.
simultaneous production of multiple fish/aquatic species such as IMTA-
integrated multi-trophic aquaculture), and integrated aquaculture-
agriculture (IAA) systems (e.g. fish-vegetable farming, rice-fish cul-
ture, pond-dike cropping, etc.), to optimize resource utilization and to
increase climate change resilience of aquaculture (Reid et al., 2019;
Limbu et al., 2017).

Polyculture of six to eight carp varieties led to a productivity rise
from 12 to 15 tons per hectare per year to 30-40 tons per hectare per
year (Miao and Yuan, 2007). Similarly, the production output from an
IAA system using fish and vegetables was 3 and 2.5 times greater than
fish and vegetables farmed alone, respectively (Limbu et al., 2017). The
most frequent beneficial interactions between agriculture and aquacul-
ture in IAA systems involve using livestock manure as nutrient-rich
fertilizer for crops, using crop by-products as supplemental fishmeal,
using fish pond sediments as inland crop fertilizers, and crop irrigation
using aquaculture wastewaters (Zajdband, 2011). For example, rice-fish
co-culture is a sustainable farming system that allows simultaneous fish
farming and rice cultivation in the same area, thereby minimizing GHG
emissions and reducing pressure on water resources and agricultural
land (Saiful Islam et al., 2015). Fish inhale dissolved oxygen and release
carbon dioxide, which rice plants use for photosynthesis. Fish movement
and foraging for food in rice fields excrete phosphorus and nitrogen,
which enriches soil fertility by increasing the availability of phosphorus
and nitrogen in rice paddies.

Furthermore, fish consumes pests and weeds, creating weed-free rice
environments and reducing the use of herbicides and pesticides (Zajd-
band, 2011; Ahmed and Turchini, 2021a). Dike-pond systems can aid
fish in coping with warmer water, hence reducing thermal stress.
Growing vegetables and planting fruit trees on fish pond dikes provide
shade to the fish (Ahmed and Diana, 2016).

3.24. Selective breeding for quality traits

Employing well-designed breeding strategies to support the sus-
tainable genetic improvement of economically important traits, such as
heat or cold tolerance, salinity tolerance and disease resistance, has a
great potential to satisfy the growing demand for seafood in the face of
climate change (Houston et al., 2020). Farmed oysters selectively bred
for rapid growth and disease resistance were more resilient to ocean
acidification due to their ability to adjust their shell development
mechanism (Abisha et al., 2022). Breeding species for increased growth
rate can be used as a strategy to increase feed conversion efficiency
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because selective breeding for rapid growth improves feed utilization
efficiency. This enables higher production with lower feed consumption,
thus lowering production cost (Sae-Lim et al., 2017). A frequent cause of
farmed fish production loss is the occurrence of disease caused by fungi,
virus, bacteria, and parasites. According to Gjedrem et al. (2015),
breeding programs to increase disease resistance can raise the percent-
age of survival by minimum 12.5 % per generation in fish and shellfish
(Gjedrem, 2015). Farming salt-tolerant fish in high salinity water en-
ables the utilization of degraded water and optimizes the use of water
resources (Food and Agriculture Organization, 2016).

3.25. Recirculating aquaculture systems (RAS)

Recirculating aquaculture systems (Fig. 8) have been recommended
as one of the potential measures to develop eco-friendly and sustainable
aquaculture while adapting to climate change (Ahmed and Turchini,
2021D). RAS are water-efficient intensive aquaculture systems with high
productivity that do not have negative environmental effects like habitat
degradation, water pollution and algal blooms, or reduced biodiversity
because of species escapes, disease outbreaks, and parasitic transmission
(Li et al., 2023; Shitu et al., 2022). Additionally, because RAS is per-
formed in a closed system with controlled environmental conditions,
climatic variables like variations in rain, floodings, droughts, global
warming, cyclones, salinity fluctuations, ocean acidification, and sea
level rise have a minimal impact on their functioning (Ahmed and
Turchini, 2021b; Balasubramanian, 2020). RAS contributes to increased
efficiency in feed conversion, although, compared to open farming
systems, RASs demand higher technical input and consume more energy
for water aeration and purification in order to provide the fish with ideal
conditions (Bergman et al., 2020).

3.26. Integrated monitoring and notification systems

The development of integrated monitoring systems (e.g. temperature
and rain monitoring), risk communication plan, and early notification
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systems to inform and prepare stakeholders of the fish and seafood
sector. An example is the Technological Institute for the Control of the
Marine Environment (INTECMAR) monitoring program, which can be
readily accessed online and offers alerts and warnings about upcoming
red tides and other water conditions important for mussel farms.
Routine monitoring and surveillance of aquaculture facilities are espe-
cially useful in vulnerable areas to assist farmers and other stakeholders
in anticipating weather anomalies and upcoming hazardous events
(Reid et al., 2019; Chang et al., 2013; Desilva and Soto, 2009; Poulain
et al., 2018).

3.27. Sea level rise adaptation

Upgrading physical protection by building robust infrastructure such
as sea walls and groynes and relocating fishing activities away from
some low-lying coastal and deltaic zones to areas that are less prone to
clime change hazards will be required to protect fish farming operations
from rising sea level threats, flood hazards, inundation, storms, and
degradation of water quality and infrastructure (Global Adaptation and
Resilience to Climate Change and Zolnikov, 2019; Sharaan et al., 2022;
Lim-Camacho et al., 2015).

e) Post-production activities resilience strategies

Food and beverage manufacturing companies, researchers, policy-
makers, and other stakeholders acknowledge the need for the trans-
formation of post-production activities (i.e. food & beverage manufac-
ture, packaging, transport, retail and disposal), to become sustainable
and resilient to the changing climate (Galanakis, 2023). Reducing GHG
emissions and increasing production can both be accomplished by using
energy and resources more efficiently during food & beverage
manufacturing, distribution, and retail (Vermeulen et al., 2012).
Lowering the carbon emissions of food and beverage processing has a
wide range of options, including automation to boost production output
while consuming less energy, process optimization to achieve
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Fig. 8. Schematic diagram of a recirculating aquaculture system.
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minimized heating and cooling requirements, minimizing food waste
generation, valorisation of food industry waste and by-products, adop-
tion of renewable energy sources, and the development of environ-
mentally friendly packaging (Sovacool et al., 2021). Traditional
preservation technologies, like thermal food processing, emit high
amounts of GHGs due to their higher energy requirements, whereas
green technologies, like non-thermal processing technologies (e.g. high-
pressure processing and UV-C technology), have a lower energy
requirement and carbon footprint (Hassoun et al., 2022).

Different sectors (i.e. beer manufacture, beverage production, fruit
and vegetable processing, etc.) have implemented measures to reduce
water consumption in response to decreased water availability. These
measures include recovering industrial process water, reusing cooling
water, reducing rinsing water quantity for bottle cleaning in beverage
manufacturing facilities, steam-peeling fruits and vegetables without the
use of cold water to condense water vapor (Valta et al., 2016). The most
common sustainable packaging transition strategies include usage of
alternative plastic-free materials, the use of reusable, recyclable, or
compostable packaging, and banning the use of plastic packaging
identified as controversial (e.g. polyvinyl chloride (PVC)) or non-
essential (e.g. plastic straws) (Phelan et al., 2022). Furthermore, food
and agricultural waste are considered a promising raw materials for
producing biodegradable packaging, which can further lead to reducing
food waste (Gupta et al., 2022).

According to a United Nations report, if food waste were a country, it
would be the world's third largest emitter of GHGs. Food processing
firms and grocery stores can offer leftover food and items close to
expiration at discount prices for pickup by clients after closing times
(Riesenegger and Hiibner, 2022). In addition, food deemed unfit for
human consumption in the retail sector can be reused for feeding ani-
mals in the pig and poultry sectors. Another potential application is the
use of discarded food in anaerobic digestion to produce compost and
biogas (Halloran et al., 2014).

One adaptation response that can be implemented along the supply
chain is to locate farms close to major roadways to ensure easier access
to transportation and reduce the risk of inaccessibility to major trans-
portation lines after extreme weather events such as cyclones. Addi-
tional recommendations are to install cold storage infrastructure closer
to markets and in areas with lower vulnerability to weather extremes
and natural hazards, guaranteeing that products can still reach mar-
ketplaces (Lim-Camacho et al., 2015). Refrigerated transportation and
storage will combat quality deterioration associated with rising tem-
peratures (Parajuli et al., 2019).

(v) Implications of the vulnerability of food supply chains to climate
change-induced disruptions for food security, policy, and practice

Reduced food supply due to disruptions in operations along the food
chain causes increases in production, processing, distribution, or retail
costs that are transferred to the customer and greatly contribute to high
food prices (Umar et al., 2017). While some people already struggle to
buy food, continuous increases in food prices or a decline in purchasing
power could greatly expand the scope and severity of this issue. More-
over, when the population is unable to travel to food procurement
points, physical food inaccessibility may follow (Chodur et al., 2018).
Food procurement centres such as retail sites might become inaccessible
because of the rupture of transportation networks due to extreme
weather events. After severe flooding, individuals in some areas might
not be able to reach marketplaces and food pantries to source food due to
treacherous road conditions. Additionally, flooding can lengthen travel
times to food sourcing facilities because people may not be able to use
the facilities nearest their houses (Casellas Connors et al., 2022).

In the event of harvest lost or damage to infrastructure like roads or
market, a climate catastrophe could indirectly impact individuals and
entities that export food to other countries (Harris et al., 2022). The
interconnectivity of food trade in the world indicates that climate-
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related disruptions greatly impact the global food market since coun-
tries depend on one another to ensure a sufficient and diverse supply of
food. Policy initiatives should concentrate on diversifying trading net-
works (and food procurement sources) to spread out risk and disperse
disruptions as well as investing efforts in striking a balance between
increased domestic production resilience and diversified food produc-
tion and consumption (to reduce dependency on major food crops),
while maintaining the effectiveness of international trade (Puma et al.,
2015; Schollaert Uz et al., 2019). Losses from climatic events are
decreased by local food sourcing and food supply chain shortening.
Climate-induced disruptions on roadways result in fewer disturbances
and losses when the average distance between the producer/supplier
and the buyer is decreased (Colon et al., 2021; Vicente-Vicente et al.,
2021).

4. Discussion
4.1. Overview of findings of included studies

The findings of the current study highlighted that the vulnerability of
the food supply chain to climatic disruptions is a result of intricate in-
teractions among numerous stakeholders and factors including
geographic location, producers, consumers, food procurement points,
infrastructure systems (such as roads, retail sites, electrical power gen-
eration facilities, and farm facilities), government, scientific community,
and insurance (Lunt et al., 2016). This indicates the usefulness of part-
nerships across industries and sectors to respond to and plan better and
more effectively for concurrent food supply chain shocks and failures.

The primary production sector was discussed in several publications
(Lennon, 2015; Lunt et al., 2016; Burhan et al., 2017; Elias et al., 2017;
Gaupp et al., 2019; Lin et al., 2020; Gerken and Morrison, 2022; Rahman
et al., 2022; Tagwi, 2022; Fan et al., 2021b) and was recognized to be
the most vulnerable component of the food chain to climatic variations,
with several production systems already affected, namely; rice (Wang
et al., 2021; Saravanakumar et al., 2022), wheat (Powell et al., 2012;
Senapati et al., 2019; Francioli et al., 2021; Wang et al., 2021), potato
(Rahman et al., 2022), tomato (Elias et al., 2017), citrus (Fares et al.,
2017), black cardamom (Rousseau and Xu, 2021), livestock (Godde
et al., 2021; Holechek et al., 2020; Soni et al., 2022; Giridhar and
Samireddypalle, 2015; de Vries et al., 2016; Oyas et al., 2018; Tyler
et al., 2021) and poultry (Nawaz et al., 2021; Liang et al., 2020; Wasti
et al., 2020). This finding is in accordance with those of Malik et al.
(2022), stating that the impacts of climate change are noticed in all three
of the main production sectors: agriculture, fisheries, and livestock, with
the vegetable and livestock industries being the most impacted.
Furthermore, the impacts of climate change extend to other food supply
chain components, like transportation and consumption (Malik et al.,
2022). On the other hand, some models do not predict the negative ef-
fects of climate change on the primary production of tuna in the coming
decades (Mullon et al., 2017). A variation in the damage caused by
climatic hazards was equally observed. This is because each catastrophe
is unique and might not present a similar severity and hazard level to
other events (Lin et al., 2020). The severity, geographical extent,
duration, and timing of climate extremes relative to the food production
stage (e.g. crop growth phase or animal rearing stage) affect the shock
intensity (Schollaert Uz et al., 2019).

Extreme temperatures and droughts were seen to have pronounced
effects on the food supply chain. The drought effects vary among
different producers, and in the majority of instances, the lower water
supply is responsible for the reduced production capacity of food pro-
duction and processing (Perdana et al., 2022). The current work high-
lights the impacts of declines in agricultural output on food prices,
labour, food processing activities and associated supply chain activities.
Similarly, Bekchanov and Lamers (2016) indicated that reduced farm
yields cause a drop in labour demand and capital resources and would
result in higher prices of agricultural goods. The reduced farming output
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would also lead to decreased agrifood processing productivity (Bek-
chanov and Lamers, 2016). Nevertheless, it was argued that crop failure
risk and production loss could be greatly reduced if the increase in global
temperatures is limited to 1.5 °C (Gaupp et al., 2019).

Food production and availability are impacted by climate change in
many diverse ways, which affects the supply of food. However, agri-
cultural food production activities account for a third of greenhouse
gases (GHGs) (Gilbert, 2012). The increased human exploitation of
natural resources to meet rising living standards, increasing energy
utilization, population growth, and diet changes are all human-induced
factors contributing to the climate crisis (Tong et al., 2022; Osman et al.,
2023). These factors lead to an increase in emissions of GHGs such as
carbon dioxide (CO5), methane (CH,), nitrous oxides (N;0), and water
vapor, resulting in higher temperatures referred to as ‘global warming’
and increased precipitation rates in some regions, causing extreme
weather patterns (Binns et al., 2021; Affoh et al., 2022). Due to the
growing population and increased demand for food, a significant portion
of the world's freshwater resources have been used up, and agricultural
production is declining worldwide (Islam et al., 2019). Food shortages
and a sharp rise in food inflation have been brought on by a severe fall in
agricultural yields and climate-derived obstacles in providing food items
across the world (Misra, 2014). Moreover, a rise in stunting and wasting
with lower agricultural yields has been observed especially in low- and
middle-income nations (Ebi and Loladze, 2019). Three major ways
through which climate change and environmental shocks negatively
impact food access and availability are a) decreased food production for
consumption; b) lower earnings for people who depend on agriculture
and natural resources for a living, which reduces their food purchasing
power; and c) food price increase and volatility following climate
shocks, which lowers the ability to purchase food of individuals who
depend on markets to obtain food items (Holleman et al., 2020). Table 4
synthesizes the findings from each stage (production, processing, dis-
tribution, consumption) to present a more cohesive picture of the supply
chain's overall vulnerability.

This table highlights the interconnectivity and vulnerability of each
stage of the food supply chain to climate change. It underscores the need
for integrated strategies that address the unique challenges at each stage
while ensuring the overall resilience of the food supply chain.

4.2. Limitations and strengths of the study

This review provided details on the food supply chain vulnerabilities
associated with climate change and described some negative economic
effects in terms of production output, food prices, and welfare changes.
This study can improve theory, practice, and policy design by offering a
broad and in-depth view based on vulnerability assessment to evaluate
various risk factors in the food supply chain and transform food supply
chains to better adjust to climate change disturbances.

This scoping review is founded on content analysis. Despite our ef-
forts to reduce subjectivity during the article selection process, it is
possible that some bias may still exist. For example, it is possible that
some pertinent publications were overlooked because they were either
not yet published or were found in databases that were not searched.
Additionally, there may have been some selection bias caused by the
inclusion and exclusion criteria. For instance, additional relevant arti-
cles may have been missed since the search method concentrated pri-
marily on English-language publications. On the other hand, the
strength of this review includes the diverse nature of the articles
included in this scoping review, that studied different supply chain
stages, different food types, and the food supply chain as a whole. The
study comprehensively reviewed existing evidence on the impact of
climate-related shocks on the food supply chain while considering po-
tential benefits, adaptation/resilience strategies as well as negative
impacts. The risks of bias were minimized as all the publications were
analysed equally without preference for the publisher/source.

This research represents the first authors' attempt to evaluate the
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Summary of findings of food supply chain stages.

Supply chain Key vulnerabilities Implications Potential strategies
stage for resilience
Production - Elevated - Decreased food - Enhanced soil
temperatures, production quality and water
droughts affecting capacity. usage efficiency.
global food
production and
yield.
- Resource - Impact on - Adoption of
contamination, industries using climate-resilient
growing season agricultural crops and
failure, and farm products as raw improved farming
business failure. materials. techniques.
- Reduced - Challenges in - Genetic
productivity primary production improvement in
negatively affecting anticipated to be livestock and crop
the food supply. higher due to varieties.
climate change.

Processing - Damage to food - Halting of food - Using green and
processing facilities processing energy-efficient
from hazardous operations. - Higher  technologies.
events. food prices

contributing to
malnutrition and
undernutrition.
- Disturbed food - Potential global - Reduction of
sourcing increase in deaths water consumption
mechanisms due to due to food and sustainable
lower availability of  insecurity. packaging. -
agricultural raw Implementing non-
materials. thermal processing
technologies to
reduce GHGs.
- Economic
inaccessibility of
food and beverages
due to higher prices.

Distribution - Operational risks - Disruptions in the - Enhanced
due to constant provision infrastructure to
infrastructure of food along wider ~ withstand climatic
deterioration. supply chains. hazards.

- Transportation - Potential - Implementing
networks highly inaccessibility to insurance schemes
vulnerable to food procurement for farmers.
climate change centers due to
extreme weather
events.
-induced natural - Developing more
hazards. efficient integrated
monitoring
systems.

Consumption - Decreased - Wider impact on - Setting up buffer

availability of food security and stocks in

nutritious foods.
- Increased food

nutrition.
- Potential increase

vulnerable areas.
- Building capacity

prices affecting in malnutrition, in drought

consumer particularly in management and

purchasing power. vulnerable planning.
communities.

- Geographical - Leveraging

inaccessibility due adaptive

to extreme weather
events disrupting
transportation
networks.

governance to
enhance food
supply stability.

food supply chain vulnerability to climatic variability. Despite efforts to
comprehend our changing climate, we are unable to anticipate specific
climatic anomalies, particularly on the long-term. It is not yet clear to
what extent each dimension of the food supply chain as well each food
product from various origins will be impacted by climate change. The
food supply chain is composed of interconnected elements that each
require in-depth evaluation to better understand the climate-related
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shocks that might impact the functioning of each individual element in
various regions of the world, as well as the supply of various food
products on the short-term and long-term.

4.3. Recommendations for future research

It is important to note that the impacts of climate change risks will
worsen if nothing is done (Odeku, 2013). Many studies included in the
current work explored the vulnerabilities of the production sector and
agricultural supply chain to climate change, but fewer studies examined
the impacts on food processing, transport, distribution (retail) and
consumption. In the animal production sector, a higher number of
studies have focused on the seafood sector (Gephart et al., 2017; Mullon
et al., 2017; Ragagnin et al., 2018; Brain and Prosser, 2022; Muringai
et al., 2022; Robinson et al., 2022; Tran et al., 2022), in comparison to
other industries. Regarding the distribution sector, a relatively higher
number of studies have been published on access to retail food facilities.
However, there has been little investigation into physical access to food
pantries to better understand their importance as a food procurement
point in the wake of disasters. These gaps need to be filled to improve the
readiness of the wider food supply chain for environmental shocks.
Another challenge for future research is to understand the relationship
between climate change, smallholder farmers' income (especially in sub-
Saharan Africa), food supply chain disruptions, nutrition outcomes, and
human health (Schnitter and Berry, 2019).

Numerous studies have focused on the reductions in yield while
disregarding the cascading effects (physical, social, and economic) that
occur further along the supply chain until food consumption and
disposal. Despite the fact that there is an increasing number of studies in
this field, the impact of climate change on major crops and staple foods
such as rice, wheat, and maize have been discussed extensively. More
studies into the effects of a variety of unanticipated climatic disruptions
are necessary to address the issue of data unavailability regarding
various food supply chain types and certain regions of the world,
particularly in low- and middle-income countries.

The application of process-based models of supply chain functions
such as production, processing, logistics and distribution could account
for better predictability of future climatic scenarios as well as their
impacts on food supply. It is necessary to document desirable future
changes in the food industry in the context of a changing climate to
support policy reforms and measures to be undertaken by the stake-
holders of the food industry to reach targeted outcomes that are char-
acterized by sustainability to achieve climate change resilience.

There continues to be little quantitative knowledge of the diverse
socioeconomic implications (for example, GDP changes, global market
dynamics, commodity prices and changes in livelihoods) of climate-
induced modifications in food production, provision and consumption
in various countries (Wang et al., 2021). There is a need to improve the
documentation of climate effects and potential resilience options along
the food supply chain to better equip policymakers with information
about opportunities and challenges in food security policy formulation.
Contingency plans for the worst-case scenarios need to be developed or
updated taking into consideration the available natural, human, and
capital resources. In low-income nations, much effort needs to be done
in view of the huge vulnerability of developing countries.

Furthermore, it was recently argued that industry 4.0 components
such as the internet of things (IoT) offer a plethora of solutions through
the use of smart sensors and devices to collect real-time information
from different stages in the food supply chain, including temperature,
quality, transportation data, storage data, and environmental informa-
tion. IoT sensors enable temperature monitoring at critical control
points within cold food supply networks to provide key food safety data
(Hassoun et al., 2022). As a result, there is a growing need to explore the
potential of industry 4.0 technologies to help with resource efficiency,
monitoring, and addressing complex food supply chain issues. To sum
up, closing the data gap is critical to addressing the vulnerability of food
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supply chains to climate change and improving their resilience. This will
promote evidence-informed policies and targeted interventions that are
sustainable, affordable and effective. This is true for all countries and
regions of the world, and even more so for low-income countries.

5. Conclusion

Climate-related events threaten all dimensions of the supply chain of
locally produced food and imported foodstuffs, and consequently, food
and nutrition security. A higher vulnerability to climate change has been
noted in the production sector. As a result, the primary production
component of the food supply chain has received much attention. Even
though the production end of the chain may merit such consideration,
resilience planning is unlikely to be effective unless all food supply chain
links are taken into account. According to the current research findings,
the effects of climate change on the food supply chain may equally result
in reduced welfare levels in society.

Increased awareness of the stressors responsible for climate vari-
ability and change is required to effectively address predicted environ-
mental changes. There are possibilities for improvements in the
monitoring or modelling of major climate change impacts on the food
supply chain to enhance the predictability of climate change. Additional
evaluations that closely mimic real-world conditions are required to
ameliorate future projections and better the resilience of our global food
supply chain to climate change in the upcoming years.

Ensuring the supply of wholesome food in a climate changing world
necessitates synergies across sectors to improve urban and rural devel-
opment planning that takes into account agriculture and food systems,
thus fostering an effective supply network linking food producers and
markets. Private sector, academics, and governments are required to
work together to implement actions that will improve resilience or
reduce the vulnerability of the food supply chain to climate change.
Such actions include domestic yield improvements, de novo domesti-
cation of crops, reduction in GHG emissions, investment in public food
buffer stocks, and safeguarding or preservation of primary production
zones. Therefore, climate change is a complex issue that requires a
multifaceted approach, highlighting the need for further studies
focusing specifically on the collaborative dynamics and cooperative
strategies within food supply chains in the face of climate change.
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