
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10113-023-02095-2

SHORT COMMUNICATION

Supply chain disruptions would increase agricultural greenhouse gas 
emissions

Adrian Foong1 · Prajal Pradhan2,3   · Oliver Frör4

Received: 23 March 2023 / Accepted: 23 June 2023 
© The Author(s) 2023

Abstract
We investigate the impacts of a global crisis to trade systems such as the Russia-Ukraine war on agricultural emissions, using 
two emissions accounting approaches: (1) the production-based approach, which only accounts for domestic emissions, and 
(2) the trade-adjustment approach, which considers imports and exports when calculating emissions. We find that global 
emissions can substantially increase in the crisis scenario. The relative degree of change, however, varies between the two 
approaches. At the country level, the largest increases are found in several import-dependent countries. Reasons are likely 
two-fold: (1) high dependence of certain countries on food imports from Russia and Ukraine, and (2) higher emission inten-
sities (i.e., amount of emissions per unit of product) of imported food items relative to emission intensities in Russia and 
Ukraine. Very few countries show lower emissions in the crisis scenario. Our results thus highlight the urgent need for coun-
tries to lower domestic agricultural emission intensities to avoid negative repercussions on their domestic emissions while 
increasing agricultural production. Concurrently, our findings underscore the benefits of an emissions accounting process 
that considers trade flows. By reforming food systems and adopting a trade-adjustment approach in emissions accounting, 
food systems can contribute towards effective climate mitigation as well as become more resilient to global shocks.
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Introduction

The devastating impacts of climate change across the 
world, from the floods in Pakistan to the droughts across 
East Africa, are a stark reminder of the urgent need for the 
global community to address the climate crisis. One area 

where climate action needs to be prioritised is the food sys-
tem. Emissions from the food system contribute 21–37% 
of global anthropogenic greenhouse gas (GHG) emissions, 
or 10.8–19.1 GtCO2e/yr, during 2007–2016 (Rosenzweig 
et al. 2020). Moreover, food production emission intensi-
ties vary strongly between countries. Since a large share of 
the world’s food is internationally traded, global as well as 
national GHG emissions are highly susceptible to trade pat-
terns. For example, almost a third of the world’s wheat was 
traded in 2020 (FAO 2023).

Supply chain disruptions due to climate extremes and 
armed conflicts could severely change existing trade pat-
terns. For example, the Russia-Ukraine war, which began in 
February 2022, has led to major disruptions in agricultural 
trade and compromised food security (Mottaleb et al. 2022). 
Both Russia and Ukraine are critical global agricultural 
exporters, most notably of grains and oilseed crops.

In light of recent food supply disruptions with Russia 
and Ukraine largely dropping out as agricultural and food 
traders, we aim to assess how a global shock can affect agri-
cultural emissions. Global shocks can have indirect conse-
quences to food-related emissions, through its impacts on the 
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prices of agricultural input and food. For example, higher 
input costs could reduce agricultural land use intensification 
and drive up agricultural land expansion and carbon stock 
losses (Alexander et al. 2023).

Specifically, we explore the impacts by using and compar-
ing two emissions accounting approaches: (1) the production-
based emissions (PBE) approach, and (2) the trade-adjusted 
emissions (TAE) approach. The PBE approach is the conven-
tional approach towards emissions accounting based on the 
Intergovernmental Panel on Climate Change (IPCC) frame-
works, which only account for emissions produced within a 
country’s borders. The TAE approach, proposed by Foong 
et al. (2022), adjusts domestic emissions with trade flows 
(i.e., imports and exports) and thus considers consumption 
as driver of emissions. Since the Russia-Ukraine war is on-
going and real trade data is not yet available, we investigate 
the impacts by applying a simulation approach. Based on data 
from the Food and Agriculture Organization Statistical Data-
base (FAOSTAT), we readjust trade flows to and from Russia 
and Ukraine, and compare the new emissions under the two 
budgeting approaches with a ‘business-as-usual’ situation. For 
estimating TAE, we apply the approach described in Foong 
et al. (2022). The objectives of this exemplary simulation 
study are threefold: (1) understanding the effects of disrup-
tions in agricultural and food supply chains on global GHG 
emissions, (2) understanding the respective implications on 
the two alternative national emissions accounting approaches, 
and (3) deriving recommendations on how countries can 
reduce their exposure to risks for their national emissions 
budgets due to supply chain disruptions.

Materials and methods

We use data on agricultural production, trade and emissions for 
2015-2017 available from FAOSTAT. We calculate PBEs and 
TAEs for the average year 2016 for both a 'business-as-usual' 
scenario and a ‘crisis’ scenario. We then compare the results 
of both approaches between the two scenarios. TAEs are cal-
culated as shown in Equation (1):

Data processing and calculations are made using the same 
approach as in Foong et al. (2022).

For the crisis scenario, we make the following changes to 
the approach used by Foong et al. (2022):

•	 Emission intensities: We recalculate regional and global 
emission intensities for all food groups, in light of our 
exclusion of agricultural production from Russia and 
Ukraine. Emission intensities are the total amount of green-
house gas emissions generated within the farm gate that 

(1)TAE = PBE + Import emissions − Export emissions

is associated with the production of one unit of commod-
ity (FAO 2019a). Specifically, we exclude the agricultural 
emissions of Russia and Ukraine when calculating the 
emission intensities for each food group.

•	 Trade flows with Russia: We set all agricultural and food 
trade flows from and to Russia to zero. The assumption is 
that all other countries have imposed trade bans and eco-
nomic sanctions on Russia, although we acknowledge that 
this is not the case for all countries. For example, the cur-
rent set of economic and trade sanctions have mostly been 
imposed by the United States, the European Union and 
several other high-income countries (Ruta 2022). However, 
we consider the assumption because the war is still ongo-
ing, and its severity remains uncertain.

•	 Trade flows with Ukraine: We set all trade flows from 
Ukraine to zero. The assumption is that the war has dis-
rupted the country’s infrastructure for agricultural produc-
tion, transport and trade, thus impeding trade outflows from 
the country (UNCTAD 2022). While Russia and Ukraine 
have signed agreements to resume exports of grains and 
fertilisers since the outbreak of the war (Hayatsever and 
Nichols 2023), we maintain the assumption as the war and 
its trade implications remain uncertain.

•	 Agricultural production replacements: With no imports 
from Russia and Ukraine, all other countries would need 
to replace Russian and Ukrainian imports with domestic 
production or trade from other food-producing countries. 
We therefore replace Russian and Ukrainian imports with 
exports previously headed to Russia. For the remainder 
of the replacements, we replace imports with domestic 
production if a country is an agricultural producer of that 
food item. If a country is not a producer of a food item, we 
replace Russian and Ukrainian imports with imports from 
the country’s region. In other words, we assume that a non-
producer country imports from another country within the 
same region.

One key assumption of our simulation is that we exclude 
any behavioural change among other food-exporting countries 
due to both the war and any effects caused by associated food 
price changes. We argue that behavioural and price changes 
are secondary effects of the war and depend on the specific 
shock considered. As our study’s primary aim is to investigate 
the war’s first-level effect, i.e., on trade-adjusted emissions, we 
argue that the secondary effects would not affect our study’s 
general findings.

Results

Using both the PBE and TAE approaches, we find that 
global emissions are substantially higher under the crisis 
scenario than the business-as-usual scenario. The higher 
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emissions under the crisis scenario are because of the 
switch to domestic production for certain countries with 
more emission-intensive production systems.

Moreover, we find that the relative increase in global 
emissions in the crisis scenario is especially higher under 
the PBE approach than the TAE approach. In PBE terms, 
the increase is 1.5%, or 74.4 MtCO2e. In TAE terms, the 
increase is 1.3%, or 63.6 MtCO2e. Theoretically, at the 
global level, both the PBE and TAE approaches should 
have the same values. The differences can be explained by 
inconsistencies in export-import figures in the FAOSTAT 
trade datasets. The inconsistencies can arise, for example, 
when partner countries record a commodity under different 
names, or if reporting countries record a different place of 
origin or destination for a commodity, leading to partner 
country mismatches (FAO 2019b).

Several countries that are major importing partners with 
Russia and Ukraine have some of the largest increases in 
PBE and TAE in the crisis scenario (Fig 1). It is espe-
cially the case for several countries in the Middle East 
and North Africa (MENA), a region where high import 
dependence has been associated with domestic food inse-
curity and political instability (Mbow et al. 2019). For 
example, Egypt, Libya and Saudi Arabia have a 12.9%, 

25.7% and 26% increase in PBEs, respectively (equiva-
lent to 3.44 MtCO2e, 0.64 MtCO2e and 1.43 MtCO2e). 
In terms of TAE, the increases are 4.6%, 9.8% and 4.5%, 
respectively (equivalent to 1.95 MtCO2e, 0.4 MtCO2e 
and 0.94 MtCO2e). Possible reasons are two-fold. First, 
all three countries highly depend on Russian and Ukrain-
ian cereal imports. According to FAOSTAT trade figures, 
13.8%, 27.8% and 12.4% of their cereal supply in 2016 
were derived from both countries. Second, these countries 
have emission intensities for cereals that are approximately 
three times higher than in Russia and Ukraine.

Besides the MENA region, other importing regions also 
exhibit large increases in emissions. Notable cases include 
Georgia and Norway, where the percentage increases in 
PBEs under the crisis scenario are 25.3% and 17%, respec-
tively (equivalent to 0.54 MtCO2e and 0.82 MtCO2e). In 
terms of TAE, the increases are 17.8% and 13%, respec-
tively (equivalent to 0.43 MtCO2e and 7.8 MtCO2e). The 
reasons are likely also two-fold. Both countries are major 
importers of Russian and Ukrainian oilseed crops such as 
rapeseed and sunflower. At the same time, their emission 
intensities for the food group 'others' (of which these prod-
ucts fall under) range between 2 to 20 times higher than in 
Russia and Ukraine.

Fig. 1   Estimated production-based emissions (PBE) and trade-
adjusted emissions (TAE) under the crisis scenario for the mean year 
2016 (top row). Differences in PBEs and TAEs between the crisis 
scenario and business-as-usual scenario are shown in MtCO2e (mid-

dle row), and in percentage terms (bottom row). Red colours indicate 
larger PBEs and TAEs under the crisis scenario, while blue colours 
indicate lower PBEs and TAEs under the crisis scenario
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Out of the 203 countries analysed in this study, only 16 
countries show lower TAEs in the crisis scenario. Further-
more, the percentage changes are small. The largest decrease 
is in Syria, where the reduction in TAE is 0.2%, or 0.014 
MtCO2e. It is likely because of two reasons. Syria’s emis-
sion intensities for cereals (0.12 kgCO2e/kg) are lower than 
in Russia and Ukraine (>0.13 kgCO2e/kg). Moreover, almost 
half of Syria’s cereal imports are derived from both countries.

Interestingly, when comparing the differences between 
the two emissions accounting approaches (i.e., between PBE 
and TAE), there is a reverse in the sign of the differences 
for some countries when looking at the crisis scenario. It 
is particularly the case for Kazakhstan, Spain and Türkiye. 
Under the business-as-usual scenario, TAEs are higher than 
PBEs for the three countries. However, under the crisis sce-
nario, PBEs become higher than TAEs. Again, the reasons 
are likely due to the relatively higher emission intensities of 
certain food items in the three countries compared to those 
in Russia and Ukraine. For example, more than a quarter 
of Türkiye’s imported cereals are derived from Russia. At 
the same time, Türkiye’s emission intensity of cereals (0.26 
kgCO2e/kg) is larger than in Russia (0.13 kgCO2e/kg). As 
Türkiye has to increase domestic cereal production with the 
cessation of Russian imports, Türkiye’s PBE exceeds that of 
its TAE under the crisis scenario.

Discussion

Our study shows that disruptions in agricultural and food 
supply chains such as the Russia-Ukraine war would lead 
to a substantial increase in global agricultural emissions. 
To avoid such undesired side effects of regional conflicts 
on domestic and global emissions, our study’s findings thus 
highlight the need for countries to keep their domestic agri-
cultural emission intensities low. We have seen, for example, 
how having higher emission intensities for heavily traded 
agricultural products (e.g., grains and oilseeds) compared 
to the emission intensities of the exporting partner countries 
(in this case, Russia and Ukraine) can increase a country’s 
trade-adjusted agricultural emissions by more than 25% in 
the event of a global shock.

Conversely, for countries with lower emission inten-
sities than in the crisis countries, we observe that their 
overall trade-adjusted agricultural emissions are lower 
under the crisis scenario. In other words, countries with 
low emission intensities can avoid increasing their domes-
tic agricultural emissions in a global shock. However, as 
we have seen in our analysis, such cases are few given the 
specific food groups considered. Therefore, food systems 
need to be readjusted to more sustainable and resilient 
structures worldwide.

In light of our findings, what actions can countries take 
to avert a global food system emission spike when a global 
shock strikes? An obvious first step would be to lower 
domestic agricultural emissions, for example, by adopting 
agricultural technologies that reduce emissions and improve 
soil carbon storage (Northrup et al. 2021). Technological 
changes could include, for example, improvements in agri-
cultural yields to reduce the need for cropland expansion, 
and changes in irrigation, cropping, and fertilisation methods 
as well as in manure management (Springmann et al. 2018; 
Billen et al. 2021). Additionally, there is scope for countries 
to lower emissions in other parts of the food supply chain, 
such as transport and food loss and waste (Porter et al. 2016; 
Pradhan et al. 2020). At the broader level, efforts should also 
seek to transform food systems towards a more needs-based 
system, combined with more equitable income distribution 
and carbon pricing strategies to make food systems carbon 
neutral (Bodirsky et al. 2022).

Countries should also consider substituting domestic 
food consumption with other similar food types with lower 
emission intensities. Substitutions in food consumption 
could include, for example, replacing high red meat intake 
with less emission-intensive meats and more plant-based 
food items. In the context of the Russia-Ukraine war, dietary 
changes can also help strengthen the resilience of food sup-
ply systems from global shocks by, for instance, reducing the 
demand for grains needed for animal feed (Sun et al. 2022). 
In addition, dietary changes from highly emission-intensive 
food items could offer a number of health benefits (Tukker 
et al. 2011;  Bodirsky et al. 2019).

To keep track on changes in domestic emissions, trading 
partners should also adopt a trade-adjustment approach. The 
approach presents a number of benefits. First, a trade-adjust-
ment approach takes into consideration both trade flows and 
relative emission intensities, which enables countries to 
more accurately track changes in emissions embodied in the 
food trade (Foong et al. 2022). As we have seen in the exam-
ples of Kazakhstan, Spain and Türkiye, the trade-adjustment 
approach produces noticeably different patterns of calculated 
emissions relative to the production-based approach, when 
estimating the effects of trade disruptions.

Second, the trade-adjustment approach follows the bilat-
eral trade input-output (BTIO) method, which is suited for 
analysing bilateral political agreements and trade and cli-
mate policies. By following the BTIO method, the trade-
adjustment approach is therefore helpful in informing cli-
mate and trade policymaking (Peters 2008).

By showing how domestic agricultural emissions can 
increase with trade disruptions, our study highlights the 
urgent need for countries to implement sustainable food 
system reforms to reduce domestic emissions. To calcu-
late emissions, countries need to incorporate trade flows 
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into their respective emissions accounting processes. Trade 
considerations are particularly important as trade is, and is 
likely to remain, an important means for many countries to 
access food and essential nutrients. By transforming food 
systems and ensuring that emissions embodied in trade are 
adequately considered, food systems can become not only an 
important driving force towards effective climate mitigation, 
but also a sector that is resilient to major global changes.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the German Academic Exchange 
Service (DAAD) for the ForHimSDG project (57611837) under the 
SDG Partnerships 2022—2025 call.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Alexander P, Arneth A, Henry R, Maire J, Rabin S et al (2023) High 
energy and fertilizer prices are more damaging than food export 
curtailment from Ukraine and Russia for food prices, health and 
the environment. Nat Food 4:84–95. https://​doi.​org/​10.​1038/​
s43016-​022-​00659-9

Billen G, Aguilera E, Einarsson R, Garnier J, Gingrich S et al (2021) 
Reshaping the European agro-food system and closing its nitrogen 
cycle: The potential of combining dietary change, agroecology, 
and circularity. One Earth 4:839–850. https://​doi.​org/​10.​1016/j.​
oneear.​2021.​05.​008

Bodirsky BL, Chen DM-C, Weindl I, Soergel B, Beier F et al (2022) 
Integrating degrowth and efficiency perspectives enables an emis-
sion-neutral food system by 2100. Nat Food 3:341–348. https://​
doi.​org/​10.​1038/​s43016-​022-​00500-3

Bodirsky BL, Pradhan P, Springmann M, Springmann M (2019) 
Reducing ruminant numbers and consumption of animal source 
foods are aligned with environmental and public health demands. 
J Sustain Org Agric Syst 69:25–30. https://​doi.​org/​10.​3220/​
LBF15​81688​226000

FAO (2023) FAOSTAT. Food Balances (2010-). License: CC BY-NC-
SA 3.0 IGO. https://​www.​fao.​org/​faost​at/​en/#​data/​FBS. Accessed 
12 Mar 2023

FAO (2019a) FAOSTAT domain Emissions intensities. Methodologi-
cal note, release 2019. http://​fenix​servi​ces.​fao.​org/​faost​at/​static/​
docum​ents/​EI/​EI_e_​2019_​final.​pdf. Accessed 17 Mar 2020

FAO (2019b) Trade. Crops and livestock products. http://​fenix​servi​ces.​
fao.​org/​faost​at/​static/​docum​ents/T/​T_e.​pdf. Accessed 17 Mar 2020

Foong A, Pradhan P, Frör O, Kropp JP (2022) Adjusting agricultural 
emissions for trade matters for climate change mitigation. Nat 
Commun 13:3024. https://​doi.​org/​10.​1038/​s41467-​022-​30607-x

Hayatsever H, Nichols M (2023) Ukraine Black Sea grain deal extended 
for two months. https://​www.​reute​rs.​com/​world/​europe/​last-​ship-​
leave-​ukrai​ne-​fate-​black-​sea-​grain-​deal-​russi​as-​hands-​2023-​05-​
17/. Accessed 28 May 2023

Mbow C, Rosenzweig C, Barioni LG, Benton TG, Herrero M et al 
(2019) Food Security. In: Shukla PR, Skea J, Calvo Buendia E, 
Masson-Delmotte V, Pörtner H-O et al (eds) Climate Change and 
Land: an IPCC special report on climate change, desertification, 
land degradation, sustainable land management, food security, and 
greenhouse gas fluxes in terrestrial ecosystems. https://​doi.​org/​10.​
1017/​97810​09157​988.​007

Mottaleb KA, Kruseman G, Snapp S (2022) Potential impacts of 
Ukraine-Russia armed conflict on global wheat food security: A 
quantitative exploration. Glob Food Sec 35:100659. https://​doi.​
org/​10.​1016/j.​gfs.​2022.​100659

Northrup DL, Basso B, Wang MQ, Morgan CLS, Benfey PN (2021) 
Novel technologies for emission reduction complement conser-
vation agriculture to achieve negative emissions from row-crop 
production. Proc Natl Acad Sci U S A 118:1–7. https://​doi.​org/​
10.​1073/​pnas.​20226​66118

Peters GP (2008) From production-based to consumption-based 
national emission inventories. Ecol Econ 65:13–23. https://​doi.​
org/​10.​1016/j.​ecole​con.​2007.​10.​014

Porter SD, Reay DS, Higgins P, Bomberg E (2016) A half-century 
of production-phase greenhouse gas emissions from food loss & 
waste in the global food supply chain. Sci Total Environ 571:721–
729. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​07.​041

Pradhan P, Kriewald S, Costa L, Rybski D, Benton TG et al (2020) 
Urban Food Systems: How Regionalization Can Contribute to Cli-
mate Change Mitigation. Environ Sci Technol 54:10551–10560. 
https://​doi.​org/​10.​1021/​acs.​est.​0c027​39

Rosenzweig C, Mbow C, Barioni LG, Benton TG, Herrero M etal 
(2020) Climate change responses benefit from a global food 
system approach. Nat Food 1:1–4. https://​doi.​org/​10.​1038/​
s43016-​020-​0031-z

Ruta M (2022) The Impact of the War in Ukraine on Global Trade 
and Investment

Springmann M, Clark M, Mason-D’Croz D, Wiebe K, Bodirsky BL 
et al (2018) Options for keeping the food system within envi-
ronmental limits. Nature 562:519–525. https://​doi.​org/​10.​1038/​
s41586-​018-​0594-0

Sun Z, Scherer L, Zhang Q, Behrens P (2022) Adoption of plant-based 
diets across Europe can improve food resilience against the Rus-
sia–Ukraine conflict. Nat Food 3:905–910. https://​doi.​org/​10.​
1038/​s43016-​022-​00634-4

Tukker A, Goldbohm RA, De Koning A, Verheijden M, Kleijn R et al 
(2011) Environmental impacts of changes to healthier diets in 
Europe. Ecol Econ 70:1776–1788. https://​doi.​org/​10.​1016/j.​ecole​
con.​2011.​05.​001

UNCTAD (2022) Maritime Trade Disrupted: The war in Ukraine and 
its effects on maritime trade logistics

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

Page 5 of 5    94Regional Environmental Change (2023) 23:94

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1016/j.oneear.2021.05.008
https://doi.org/10.1016/j.oneear.2021.05.008
https://doi.org/10.1038/s43016-022-00500-3
https://doi.org/10.1038/s43016-022-00500-3
https://doi.org/10.3220/LBF1581688226000
https://doi.org/10.3220/LBF1581688226000
https://www.fao.org/faostat/en/#data/FBS
http://fenixservices.fao.org/faostat/static/documents/EI/EI_e_2019_final.pdf
http://fenixservices.fao.org/faostat/static/documents/EI/EI_e_2019_final.pdf
http://fenixservices.fao.org/faostat/static/documents/T/T_e.pdf
http://fenixservices.fao.org/faostat/static/documents/T/T_e.pdf
https://doi.org/10.1038/s41467-022-30607-x
https://www.reuters.com/world/europe/last-ship-leave-ukraine-fate-black-sea-grain-deal-russias-hands-2023-05-17/
https://www.reuters.com/world/europe/last-ship-leave-ukraine-fate-black-sea-grain-deal-russias-hands-2023-05-17/
https://www.reuters.com/world/europe/last-ship-leave-ukraine-fate-black-sea-grain-deal-russias-hands-2023-05-17/
https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1016/j.gfs.2022.100659
https://doi.org/10.1016/j.gfs.2022.100659
https://doi.org/10.1073/pnas.2022666118
https://doi.org/10.1073/pnas.2022666118
https://doi.org/10.1016/j.ecolecon.2007.10.014
https://doi.org/10.1016/j.ecolecon.2007.10.014
https://doi.org/10.1016/j.scitotenv.2016.07.041
https://doi.org/10.1021/acs.est.0c02739
https://doi.org/10.1038/s43016-020-0031-z
https://doi.org/10.1038/s43016-020-0031-z
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s43016-022-00634-4
https://doi.org/10.1038/s43016-022-00634-4
https://doi.org/10.1016/j.ecolecon.2011.05.001
https://doi.org/10.1016/j.ecolecon.2011.05.001

	Supply chain disruptions would increase agricultural greenhouse gas emissions
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References


