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amonieyemect Abstract
This study assesses the potential macro-economic effects of climate change affect-
ing operations in three maritime chokepoints, i.e, the Panama Canal, the Suez Canal,
and the Turkish Straits. The analysis focuses on agricultural commodities. It couples

a “logistics”model of maritime trade flows with a Computable General Equilibrium
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model considering three modelling alternatives: (1) increase of “iceberg trade costs’,
(2) shadow import tariffs, and (3) shadow export tariffs. Methodologically, we found

a comforting qualitative agreement across methodologies in predicting the direction
of changes in the main economic variables under scrutiny. However, negative GDP
performances are more frequent and larger using the first method that also tends

to predict lower import contractions than the other two methods. The impact assess-
ment, examining storylines of climate-change-induced events delaying chokepoints
operations, highlights that climate change impacts on chokepoints operations can
convey detectable effects on production and prices of agricultural commodities
associated with negative GDP impacts worldwide. In addition, although trade re-
composition generates winners and losers, total losses tend to prevail. The combined
GDP losses of the three chokepoints can reach $34 billion (2014 prices) in 2030. It
shows that weather events in remote locations, such as the Panama Canal, can have
cascading effects on the EU, with potential losses of USD 2 billion $ in GDP. North
Africa, Middle East and Sub-Saharan Africa are particularly vulnerable. They suffer
from a drop in imports of agricultural commodities and GDP losses in all the three
cases. This impact assessment emphasizes another mechanism at play that could
increase the asymmetry and the adverse distributional impacts of climate change

on agriculture.

Keywords: Trade, Chokepoints, Agricultural trade, Climate-change, CGE modeling

Introduction and background

The term “trade chokepoint” refers to narrow pathways connecting bodies of water or
territories, highly transited and subject to congestion in such a way that they are critical
to the world supply chain (US Energy Information Administration, EIA 2017; Wellesley
et al. 2017). Maritime chokepoints are particularly important, because 80 per cent of
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global trade by volume and over 70 per cent of global trade by value are carried by sea-
ways and are handled by ports worldwide (Brooks and Faust 2018; UNCTAD 2019).

Early studies on maritime chokepoints concentrated on energy security (Rodrigue
2004), mainly in association with geopolitical risks, e.g. piracy (Shepard and Pratson
2020). However, the bulk of this literature focused on the direct impact on trade patterns
and risk for trade (Emmerson and Stevens 2012; Meza et al. 2022) with only few contri-
butions assessing potential macroeconomic implications (Komis and Hutzinger 2011),
and none using a systemic approach as that offered by Computable General Equilibrium
(CGE) modeling.

In recent years, climate change has emerged as an increasing threat to the food value
chain, also through its potential impacts on trade routes (Werrel and Femia 2017; Wal-
ton 2019; GTR 2023), although climate change effects on maritime transportation in
chokepoints have been registered at least since 1998 (Washington Post 1998). Pratson
(2023) suggests that 55% of internationally traded maize, wheat, rice and soybean tran-
sit through at least one chokepoint. Considering H2 commodity disaggregation, top-10
commodities in value terms consist of intermediate and finished goods (e.g. electrical
machinery, mineral fuels, mechanical machinery), while by weight top categories include
basic goods, such as cereals. Moreover, estimates based on 2019 data show that the
Suez Canal and the Turkish Straits are key chokepoints with 15.8% and 22.1% of cereal
passing through them with respect to total trade between non neighboring countries,
respectively.

However the economic impact assessment of trade restrictions for agricultural prod-
ucts in chokepoint is narrow, in our knowledge, limited to Bailey and Wellesley (2017),
and Wellesly et al. (2017), where the emphasis is more on the magnitude of the risk asso-
ciated with the interruption in chokepoints than on the cascading effects on the global
economy. According to Zimmerman et al. (2018) trade could play an important role in
climate change adaptation for ensuring food security. Open markets in international
trade could ease the exchange between food surplus regions (high-latitude countries)
and food deficit regions (low-latitude countries). In such a context chokepoints analysis
for agricultural commodities will become more critical.

Since trade node disruptions can be interpreted as a specific case of non-tariff trade
barriers, there is an extensive CGE modeling literature quantifying the higher order
consequences (e.g. on Gross Domestic Product (GDP), production, competitiveness) of
increasing (or decreasing) frictions in trade.

To model changes in trade openness, a typical approach is to translate quantity restric-
tions into shadow tariff-equivalent shocks on exports or imports, to then quantify
the reaction of the economic system, through the CGE analysis (Elbehri and Pearson
2000; Elbehri 2005). An alternative, more commonly used for the analysis of non-tar-
iff, non-quota barriers (e.g.: labels, certifications, technical and quality standards, cus-
toms procedures and inspections, government procurement measures (United Nations
Conference on Trade and Development, (UNCTAD) 2015), or efficiency improvements
in the transportation sectors, is to impose appropriate changes in transportation pro-
ductivity or in "iceberg" trade costs (Andriamananjara et al. 2003; Rojas-Romagosa et al.
2015; Wangsness et al. 2017; Bekkers and Rojas-Romagosa 2018; Bekkers et al. 2018).
This concept was developed by Samuelson (1952) and revived by Krugman (1991) to
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explain the geographic concentration of industrial activity. Operationally, it is a param-
eter that accounts for transportation or “supply chain” costs. It captures the fact that
to deliver a given “value” of a good in a destination country, a higher value should be
shipped from the source country as part of it will be lost during the process. To cal-
culate this parameter, gravity models are seldom coupled with the CGE analysis as in
Rojas-Romagosa et al. (2015) and Bekkers et al. (2018). Here they compute the time sav-
ings on alternative Northern Sea Routes and interpret them as reductions in “iceberg
trade costs” to finally estimate the associated cascading macroeconomic effect with a
CGE model where the technical coefficient governing the productivity of transportation
services has been modified.

Each different method to implement trade restrictions, or expansions has strengths
and weaknesses. However, many authors have criticized the application of iceberg trade
costs especially when trade changes to analyze are “large”. Along this train of thought,
Balistreri and Hillberry (2006) show that in gravity trade models the parameter could
turn out to indicate that implausibly high values of production would "melt" in transit. A
direct consequence is a weakness in formulating and evaluating policy actions (McCann
2005). Fugazza and Maur (2008) also discourage the use of productivity parameters to
simulate the effects of non-trade barriers, deeming this acceptable only for moderate
shocks. Rather, they advise the use of shadow taxes on imports and exports, as long as
the variation in government consumption affected by the artificial variation in collected
taxes is controlled. Finally, Walmsley & Strutt (2021) show that shocks to the efficiency
parameter tend to overestimate impacts on GDP proposing an alternative method that
considers changes in consumer willingness to pay when facing improving product qual-
ity because of bilateral trade agreements.

This paper contribution to the literature is three-fold. Firstly, we discuss and apply
three alternative modelling approaches (i.e. endogenous “iceberg trade costs” or produc-
tivity in bilateral trade; endogenous import-shadow tax; endogenous export-shadow tax)
to trade restrictions and non-tariff barriers in the ICES model to understand their mac-
roeconomic consequences in a comparative static exercise. Secondly, we offer a mac-
roeconomic perspective to chokepoint analysis in relation to climate change induced
events. We consider the Panama Canal, the Suez Canal, and the Turkish Straits and
focus on potential trade impacts of four agricultural commodities, i.e., rice, wheat, other
grains, and oil seeds. Thirdly, as already stressed, this work closes a gap in literature to
include not only direct impacts of closing maritime chokepoints but the cascading effect
of the whole economy globally.

We simulate the occurrence of three event- based storylines that could be triggered
by climate change causing trade disruption. They are implemented in the form of bilat-
eral trade restrictions affecting the traded share of agricultural commodities transiting
through the selected chokepoints. In the case of the Panama Canal, the simulation repli-
cates the possible consequences of prolonged droughts which reduces navigation capac-
ity similarly to what was observed in 2016 when the transit of big carriers was reduced
for six months. The shock consists of a 54% reduction in annual trade. In the case of the
Suez Canal, the simulation assesses the effect of high wind speeds and dust storms that
can impede navigation similarly to what witnessed in March 2021. In that month strong
wind provoked the grounding of the 400-m Ever Given container ship in the Suez Canal,
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causing a blockage to this vital waterway with huge economic losses. During the six
days it took to refloat the Ever Given an estimated $9.6 billion of trade was held up each
day (BBC 2021) (nearly 19,000 vessels transited the Canal in 2019 (Guardian 2021)). The
shock consists of a 6-week interruption of trade equivalent to 12% of annual trade. In the
case of the Turkish Straits, we consider a similar size shock, given the fact that weather
conditions, coupled with already heavy traffic congestion, have led to an increase in the
number of accidents with the increase in regulations limiting traffic in case of extreme
weather events. Notably, in the last decades there were at least 6 episodes of blockade
of the Turkish Straits due to poor visibility conditions and snowstorm in winter months
(Bailey and Wellesley 2017). Restrictions on the canal have also been associated with
ship-to-ship accidents and oil spills, resulting from congestion, and various other fac-
tors, including climatic factors (Note by the Ministry of Foreign Affairs of the Republic
of Turkey, MFA (2017). The most significant accident registered was the collision of two
oil tankers in 1994, with a suspension in transit of 1 week, MFA (2017). Tonoglu et al.
(2022), present evidence that external environmental factors account for 37% of all the
accidents registered in the Turkish Straits.

The paper is organized as follows. "Importance of the chokepoints for the agricul-
tural products” section describes the importance of the three chokepoints in the con-
text of agricultural good trade with a focus on the European Union (EU). "Methods"
section describes the methodological approach, including a description of the models
used. "Scenarios” section presents the scenarios analyzed. "Results” section describes
the “higher order” or macroeconomic impacts of shocks affecting the chokepoints. In
reporting the final impacts, we highlight changes in global trade, GDP, production of
agricultural products and the food industry, and the prices of these commodities at
the consumer level. Finally, conclusions are presented in "Discussion and conclusions"

section.

Importance of the chokepoints for the agricultural products

Our analysis focuses on three maritime choke points, namely the Panama Canal (PAN),
the Suez Canal (SUE), and the Turkish Straits (TUK). All three chokepoints (see Table 1)
cover 35% of global imports of the all selected agricultural commodities, totaling 83
bill.$. Together they cover 23% of wheat, 56% of wheat, 36% of other grains, and 23% of
oil seeds.

The relative importance of each chokepoint differs according to the type of commod-
ity. The transit of rice through the Suez Canal is relatively important, reaching the high-
est share, 18% of global trade, among the other choke points considered. In the Turkish
Strait, wheat is a relatively important commodity, reaching 30% of global trade. In the
Panama Canal, there are two key commodities, Oil Seeds (13.7%) and other grains (13%).

Methods

To assess the economic effects of restrictions in chokepoint operability we coupled
the Intertemporal General Equilibrium System with MRIO specification (from now on
ICES-MRIO) model with the Chatham House Maritime Analysis Tool (CH-MAT) as
shown in Fig. 1.
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Table 1 Percentage shares of world total import value of selected agricultural commodities
transiting through the selected chokepoints in 2018. Source: Elaboration based on UN-Comtrade
(2024) and information provided by ChatHam House

% Share of world PAN (%) SUE (%) TUK (%) All three CHP
Imports (%)
Rice 35 18.1 14 230
Wheat 7.5 18.1 30.2 558
Other Grains 13.0 11.5 11.1 356
Oil Seeds 13.7 54 33 22.5
All 4 comm 10.7 11.6 12.3 346
Bill.$ PAN SUE TUK All three CHP
Rice 0.9 4.7 04 6.0
Wheat 52 12.5 20.8 385
Other Grains 57 50 49 15.7
Oil Seeds 13.7 54 33 225
All 4 comm 255 27.7 294 826

CMCC CGE Model:

ICES — MRIO
Step2: Chatham House
Step1: Baseline simulations: 2030  Unconstrained Trade Flows Maritime Analysis Tool

SSP2 — SSP3 scenarios
* Endogenous trade flows (CH-MAT).
couples bilateral trade
of agricultural
commodities (UN
Comtrade) with a set of
detailed assumptions
on the most likely
routes taken by food-
carrying dry bulk
vessels between any
two regions.

Step3: Impact simulation:

* Exogenous Trade in
specific regions (affected) Restricted Trade Flows

* Alternative methods:
1) End. Productivity in bilateral trade
2) End. Export tariff
3) End. Import tariff

< =

Results: GDP, production, prices

Fig. 1 Interlinkages between the ICES-MRIO model and the CH-MAT

ICES-MRIO is a multi-country multi-sector recursive-dynamic general equilibrium
model based on models and databases from the Global Trade Analysis Project (GTAP),
it is based on the GTAP-E model (Burniaux and Truong 2002) and GTAP database ver-
sion 10a (Aguiar et al. 2019) calibrated in 2014. This database provides a series of inter-
linked Social Accounting Matrices (SAMs) with a comprehensive account of payments
among productive sectors, final uses (private and public consumption, and investment),
trade, and factor income distribution. For this analysis, we enriched the model database
with the GTAP Multi Regional Input Output (GTAP-MRIO) database (Carrico et al.
2020). The MRIO framework harmonizes input—output (I0) tables for multiple regions
and links trade flows directly from producers or firms in each region to importing firms
and consumers in other regions. Accordingly, it extends the standard ICES Database by
additionally distinguishing bilateral trade and tariff flows by agents (See Delpiazzo et al.
2021). This is an improvement over the original database, where imports could be traced
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only by origins and destinations but not uses. In the current exercise the model features
32 regions, 26 sectors, and 8 endowments.

The Chatham House Maritime Analysis Tool (CH-MAT) is a (Excel-based) data-anal-
ysis tool for assessing the importance of maritime chokepoints to global food trade. The
CH-MAT couples bilateral trade of agricultural commodities (from UN Comtrade) with
a set of detailed assumptions on the most likely routes taken by food-carrying dry bulk
vessels between any two regions. The routing assumptions are based primarily on dis-
tance and shipping time. Where two or more routing options are available a decision is
made on whether to assign the totality of the region-to-region flow to one route or to
split it between two. In those cases where the difference in shipping time between two
routes is three days or greater, the shortest route is preferred; where two routing options
are of comparable distance—with a difference in shipping time of less than three days—
the region-to-region flow is split equally between both routes. The distance between two
regions is calculated using the online searates.com tool.

The coupling between ICES- MRIO and CH-MAT is based on three steps. Firstly two
simulation baselines, for SSP3 and SSP2, are projected until 2030. Under these SSPs we
consider not only different socio-economic pathways but also different attitudes towards
international trade. SSP3, indeed, represents a future with more fragmented interna-
tional markets due to concerns on energy security and food provisioning. In the base-
lines trade flows are endogenously calculated by the model (step 1 in Fig. 1). Then, the
shares of global food trade at risk for chokepoints disruptions calculated by CH-MAT
are applied to the trade flows for agricultural commodities in the 2030 baselines (step 2
Fig. 1). Finally, the ICES-MRIO model is forced to restrict global food trade accordingly
(step 3 Fig. 1) using three alternative methods: endogenizing (1) productivity in bilateral
trade, (2) export tariffs, or (3) import tariffs.

The bilateral trade contraction affecting a particular commodity associated to a spe-
cific chokepoint, is calculated considering its share of bilateral trade transiting the
chokepoint, and the share of annual trade affected in the chokepoint. The former share is
provided by CH-MAT, the latter share derives from exogenous assumptions mimicking
historical events, trends, and narratives described in Delpiazzo et al. (2021). Table 2 pro-
vides examples of these calculations for each chokepoint and selected trading partners
and commodities. In this study, following CH-MAT data, on average, in each choke-
point, 350 bilateral trade flows of agricultural commodities are considered.

Scenarios

The macroeconomic assessment is produced through a comparison of contrasting sce-
narios, namely baselines and counterfactuals. Firstly, two baselines are run to quantify
how the World economy will evolve up to 2030. Given the focus of the analysis, we con-
sider two Shared Socio-Economic Pathways (SSPs) contrasting in their interpretation of
international trade (O’Neill et al. 2014). On the one hand, the World will evolve accord-
ing to the SSP2 scenario with a medium international trade openness; on the other hand,
we assume an SSP3 evolution of the World economy with a lower degree of interna-
tional trade cooperation due to food security and energy dependency fears. Specifica-
tions about targets and assumptions underlying the baselines are schematically reported
in Table 3.
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Table 2 Illustration of the input’s shocks in the ICES- MRIO model. Source: based on Delpiazzo et al.

(2021)
Panama Canal Suez Canal Turkish Straits

Commodity OilSeeds Wheat Other Grains

Main Trade Partner USA—China North EU—MENA Ukraine—MENA

affected in volume (ori-

gin—destination)

(1) % bilateral trade 75.1% 77.3% 100%

through choke point

(2) % trade affected in 54% 12% 12%

choke point

Nature of the event and Extreme dry season (2016 Extreme winds reduce Extreme weather (i.e. fog

duration the most recent) reduce for 6 weeks transit of big and snowstorms) worsens
for 6 months the transit of ~ carriers current congestion and
big carriers delays

Specific bilateral trade — 40.6% —93% —12.0%

Shock (to implement in

ICES):=(1) *(2)

The table is just an example, there are around 350 bilateral shocks for each chokepoint

Secondly, for each baseline we apply event- based storylines that represent plausible
realistic future events, based on past episodes conditioned to socio-economic bound-
ary conditions (van den Hurk et al. 2023). The approach is rooted in the concept of “cli-
mate storyline” used in the physical climate modeling research community to produce
decision-relevant climate information (Shepherd et al. 2018). While in that context they
were used for putting historic events in the context of a changing climate (Baldisseri
Pacchetti et al. 2023), here we want to explore how these historic events connected to
chokepoint disruptions could exacerbate their negative repercussions on the economic
system supposing alternative economic development pathways.

The event based storylines are briefly summarized below.

Storyline #1: El Niflo impacts the transit through the Panama Canal

A strong El Nifio event brings long periods of dry weather to Central America, causing
water levels to drop in the Gatun and Miraflores lakes leading to the introduction of
depth restrictions on vessels transiting the Canal. Similarly, the 2016 El Nifo-induced
event affected nearly a fifth of vessels using the canal. On that occasion traffic was
reduced by 5.6%.

We assume that the depth restrictions apply for six months during which 75% of
annual agricultural throughput occurs and that the half of vessels affected are responsi-
ble for carrying 70% of all agricultural commodities. Therefore 53% (0.75 x 0.7) of annual
agricultural produce transiting the canal is affected, that means an import reduction
of $ 28,057 million globally. Notably, in 2024 annual trade through the Canal has been
already cut by 33% on an annual basis.

Storyline #2: Storms affect the Suez Canal operability
Strong storm surges in the Red Sea’s Gulf of Suez at the southern end of the canal

would affect vessels in transit and lead to infrastructure damage at Port Taofik where
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Table 3 SSPs baselines narrative along selected dimensions. Source: Based on DelpiazzoAuthor et al.

(2021)
SSPs dimensions SSP2 SSP3 ICES-MRIO used variables Data source for targets
Total and labor population Med High Total population and total labor Target growth rates are based on
force Kc and Lutz (2017)
Income growth Med Low The total factor productivity Target growth rate of GDP are
is endogenously adjusted to based on Dellink et al. (2017)
achieve the targeted GDP
Yield growth Med Low  Primary factor productivity for ~ From Wang et al. (2020) we con-
land sider their estimates for regional
specific land intensity
Energy efficiency Med Low Intermediate input produc- For Med, we assume an annual
tivity parameters for energy increase by 0.56% and 0.63%
commodities in all production  for developed and developing
sectors are diversified between  countries, respectively (based on
developed and developing IEA 2011, 2012, and Bosello & Par-
countries rado 2014). For Low, these annual
increases are lowered by 20%
Fossil fuels prices Med Med Fossil fuels resources are For Med, we consider trends in
endogenously adjusted to fossil fuels prices in the period
meet price targets 2014-2050 from EIA (2020) and
then we extend it up to 2070.
For High, we assume this trend
decreases by 20%
International trade openness Med Low  Import tariff rate for all goods For Low, the import tariff rates

Export tax for agricultural and
energy goods

for all goods are increased with
respect to the base-year, follow-
ing assumptions by Fujimori et al.
(2017). For Med, we assume no
change to base-year tax rate

For Low, the export tax rates for
energy goods (oil, coal, gas, oil
products, and electricity) and
agricultural goods are increased
to represent the preference of
internal consumption instead of
exporting following assumptions
by Fujimori et al. (2017). For Med,
no change to base-year export
tax rate for energy and agricul-
tural goods is assumed

Med, Medium; Low, low; High, high

the Red Sea and Suez Canal meet. In 2021, when the Ever Given container ship was
grounded in the Suez Canal. High wind speeds and a dust storm, aggravated by a
rare heatwave in the region that dried the soil and made it more prone to becom-
ing windswept, were blamed for blowing the vessel off course and reducing visibility
for navigation. Although rare, strong winds have previously delayed shipping traffic
or closed the Suez Canal on at least two occasions in December 2010 and February
2015. Direct attribution of discrete events to climate change remains challenging.
However, it is possible that climate change could have contributed to the extreme
large-scale weather pattern responsible for the 2021 sandstorm. Under the indica-
tive future event, we assume such damages could render the canal unnavigable for six
weeks while damage is repaired, and ships are re-floated. Under this scenario, 12% of
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agricultural commodity throughput would be affected with an import fall quantified
in $ 3100 million at the global level.

Storyline #3: Extreme weather events harms traffic through the Turkish Straits
Restrictions on the canal have been associated with ship-to-ship accidents and oil spills,
resulting from congestion, and various other factors, including climatic factors (Note by
the Ministry of Foreign Affairs of the Republic of Turkey, MFA (2017). Accordingly, since
the beginning of its operations in 1936, the most significant accident in terms of magni-
tude was the collision of two oil tankers in 1994, which led to the closure of the canal
for a week. Since then, safety measures have been introduced which have reduced the
number of accidents from 50/year in the 1990s to 5/year at present. Tonoglu et al. (2022)
measure risk factors in Turkish Straits concluding that external environmental factors
account 37.35%, human factors 40.76%, and internal environmental factors 21.89%.

Bailey and Wellesly (2017, Additional file 2: Appendix 2, page 101) list the weather
events that caused channel closures between 2013 and 2017. These are not annual sta-
tistics, but examples of significant weather events that occurred in those years that led
to closures of the Turkish Strait. These include low visibility caused by heavy snow, haze,
and fob. A follow-up in the local press indicates that such disruptive weather phenom-
ena continue to be reported. For example, Anadolu Agency (AA, 2018 and AA, 2024)
reports for 2018 and 2024 that thick fog halted traffic in Istanbul’s Bosphorus Strait.
Harriyet Daily News, (HDN 2021) reports the closure of the Bosphorus Strait due to
extreme winds. The Turkish State Meteorological Service (TSMS), TSMS (2024), states
that the number of extreme events is increasing. In 2023, 1475 extreme events were
recorded across Turkey, compared to 840 in 2018 and 461 in 2013. Although these
extreme events are of all types and include heavy rain, floods, windstorms, hail, heavy
snow, frost, fog, fire, etc. and refer to a national geographic area, they are a clear indica-
tion of a trend affecting Turkish straits. Under the indicative future event, we assume
such extreme events could either trigger more accidents as the one experienced in 1994,
or call for passage restrictions for six weeks. Under this scenario, a 12% shock similar to
the Suez Canal.

Table 4 summarize the direct impact on imports and exports of agricultural commodi-
ties, respectively which have been replicated by the CGE model simulation.

Results

In reporting the results, for the sake of clarity we group the 32 regions analyzed into
five macro-categories according to their trade status (in Additional file 1: Appendix
A—Table 4), except for Europe which is considered as a single block. Consequently
the groups are: (1) Europe (EU) (a mix of net exporters and net importers of agri-
cultural commodities), (2) Absolute exporting countries (Abs.Exp), (3) Relative net
exporting countries (Rel.Exp), (4) Absolute importing countries (Abs.Imp), and (5)
Relative net importing countries (Rel.Imp). The group "Absolute exporters" consists
of countries with a trade surplus (exports — imports >0) in each of the agricultural
commodities. The status of “Relative net exporter” refers to countries with a posi-
tive net export position considering the algebraic sum of all four agricultural com-
modities (total exports — total imports >0), but with the possibility that one or more
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Fig. 2 GDP losses in $ billion for the alternative modeling approaches, regions, and SSPs

commodities show a negative trade balance. These conditions, mutatis mutandis,
define absolute and net relative importers.

This section firstly reports aggregated effects on GDP, production, imports, exports,
and prices of the selected agricultural commodities as stemming from the application
of the three alternative approaches discussed. Secondly, it presents a more detailed
regional analysis focusing on the three choke points considered in both SSPs.

Macroeconomic impacts: comparing methodologies to model trade restrictions

Impacts on GDP

Macroeconomic losses from chokepoints’ restrictions are negligible in percent-
age change, ranging between — 0.02% of world GDP in the case of Panama Canal
to — 0.004% in the case of Suez Canal, with a — 0.002% in the case of the Turkish
Straits. Losses in global GDP vary significantly across methodologies, being higher,
as expected from Walmsley and Strutt (2021), when they are implemented through
the iceberg trade cost parameter (totalling $ 31 billions loss), see Fig. 2. Losses are
recorded in most country groups, importers and exporters. However, the biggest
losses are always on the importers’ side. Importers’ losses (absolute and relative) rep-
resent more than 80% of total losses.
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Endogenizing import and export tariffs produce the second and third higher aggre-
gated GDP effects respectively ($ 9.1 billions and $ 2.17 billions loss in 2030). They
also highlight more potential winners within country groups from trade diversion after
restrictions: these are the USA (absolute exporter) and Japan (absolute importer) in the
Panama case, the EU and relative net exporters in the case of Suez, the EU and Russia
(relative exporter) in the case of the Turkish Straits. Details on GDP impacts on specific
countries are provided in Additional file 1: Appendix A—Table 5.

Notwithstanding within group heterogeneity, the different methodologies behave con-
sistently with expectations in the aggregated country-group performances. Accordingly,
a shadow tax on imports penalizes more absolute and relative importers, while a tax
on exports, absolute and relative exporters. Iceberg trade costs tend to penalize more
evenly, and more intensely both categories (see more on this below).

The three methods agree in pointing shocks to the Panama Canal as the major driver
of GDP losses ($ 22 billion vs the $ 6 and 3 billion related to the Suez Canal and the
Turkish Straits respectively using the iceberg cost method, $ 8 billion vs $ 0.5 and 0.6 bil-
lions of the Suez Canal and the Turkish Straits respectively, using the shadow import tar-
iffs method; 2 billion compared to $0.1 billion and $0.07 billion for the Suez Canal and
the Turkish Straits, respectively, using the shadow export tariff methods). These results
are robust also when the Panama Canal is imposed a 12% contraction to its transits, as
the rest of the other chokepoints, confirming, at least in the case of agricultural com-
modities, the node’s higher global importance compared with the other two.!

Interestingly, in a “socio-economically fragmented” scenario like SSP3, the macroeco-
nomic effects of chokepoint interruptions are more damaging than in the more open
and collaborative "middle of the road" narrative of SSP2. Accordingly, the subsequent
emergence of further trade flows contraction in SSP3 becomes more impactful. This out-
come is more evident when the trade disruption concerns the Panama Canal, where the
loss in total GDP increases roughly by 14% ($ 1-3 billion depending on the approach).
The losses associated with the two other chokepoints increase around 7%.

Impacts on imports, exports and domestic production

Chokepoint restrictions implemented through shadow import tariffs have stronger
effects on imported quantities than implementation through shadow export tariffs
(Fig. 3). They also affect more acutely the imports of absolute and relative importers,
than those of exporters. Moreover, they induce a stronger response in domestic produc-
tions to compensate for the declines in imported commodities than export tariffs, which
are reducing the trade flows from exporters toward importers, but at the source. More
specifically, shadow import tariffs increase domestic production both in the absolute
and relative importers. On the contrary, shadow export tariffs, with the exception of the
Panama case, increase domestic production only in absolute importers and by a lower
amount. Symmetrically, exporters tend to respond with declines in domestic production
either to an import or an export tariff. However, this decline is larger and common to
both absolute and relative exporters in the case of an import tariff. Chokepoint transit

! Not shown, results available upon requests.
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Fig. 3 Impact on imports of agricultural commaodities in $ billion for the alternative modeling approaches,
regions, and SSPs

restrictions have a net negative impact on export volumes too (see Fig. 4). Also in this
case the larger effects of an import compared to an export tariff are confirmed. In line
with expectations, exports from absolute exporters contract more than exports from
absolute importers. All this hints that acting on the importer (demand) side triggers
lower substitutability across suppliers (and probably across goods in household demand)
than acting on the exporter (supply) side. The final outcome are the larger GDP losses in
the former case.

Endogenization of iceberg trade costs operates in a quite different way. Increase
in global domestic production is larger than with the tariffs (see Fig. 5), while global
imports increase rather than decline. Higher iceberg trade costs mean that a higher value
of the traded commodities is lost during the shipping process. Accordingly, to partly
compensate for this, not only more should be produced domestically, but also imported.
The net effect is a worsening in trade balances with a larger negative effect on GDP.

Figures 3 and 4 also report the value of the initial shocks on imports and exports deriv-
ing from the restrictions in the operability of chokepoints. They substantially differ from
the final effects. This is a consequence of re-routing or importers-exporters substitution

processes that are commented by chokepoint in the next section.
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Fig. 4 Impact on exports of agricultural commodities in $ billion for the alternative modeling approaches,
regions, and SSPs

Impacts on world prices

The iceberg trade cost and shadow export tariff methods, which are both negative
supply shocks, show positive impacts on the prices of most agricultural products
(see Fig. 6). Increases are larger in the case of the shadow export tariff, particu-
larly for Other Grains (6.3% vs. 0.1%) and Oil Seeds (2.6% vs. 0.4%). In the case of
the import tariff method, prices decrease in all agricultural commodities except rice.
The larger decreases are observed in Oil Seeds and Other Grains (—1.2% and —0.8%

respectively).

Macroeconomic impacts: Choke point analysis

Panama Canal

The transit restrictions in the Panama canal are those producing the largest negative
GDP impacts. The EU, that, as a whole, is a relative importer, is an interesting case. Pro-
duction and export of agricultural commodities increase in all EU regions, irrespectively
of the way in which the restrictions are modeled. This highlights on the one hand the
need to compensate domestically the curtailment from non EU suppliers, on the other
the opportunity to substitute them. However, EU GDP declines particularly in Northern
EU and Mediterranean EU. This occurs as the forced re-orientation towards agricultural
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Fig. 5 Impact on production of agricultural commodities in $ billion for the alternative modeling
approaches, regions, and SSPs

production and exports turns to be suboptimal, draining resources away from other
more rewarding activities.

In the group of absolute exporters, the US and Argentina (the latter particularly in
relation to oil seeds production and exports) are the most negatively affected. On the
contrary, Ukraine exports, channeled mostly through the Bosporus, increase irrespec-
tively upon the shock implementation method, reflecting re-routing effects in trade.
When chokepoint disruption is implemented through tariffs, increased exports from
India are also observed.

Among relative exporters, Canada is particularly exposed to shocks in the Panama
Canal. Here it is worth stressing the increased production and exports of Brazilian oil
seeds, mostly toward China and Thailand overcompensating the reduced imports from
Japan, that is also particularly affected.

All the importers experience a decrease in imports, particularly in China for oil seeds,
Middle East and North Africa (MENA) for wheat, South Korea for other grains.

Suez Canal
66% of EU rice imports transits through the Suez Canal. Suez reduced operability is
indeed the more impacting on the EU rice domestic production that increases with a

positive cascading effect on exports in all EU regions. The same applies to oil seeds. On
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Fig. 6 Impact on world prices of agricultural commodities in percentage change (%), SSPs

the contrary, wheat production, import and exports increase only in the Mediterranean
EU while declining, with few exceptions, elsewhere. This result indicates that the Medi-
terranean EU can substitute wheat trade with other suppliers that channel their com-
modities through Suez. These outcomes are robust across all restriction implementation
methods. However, when observed, reduction in imports are larger using shadow import
tariffs than using iceberg trade costs. All these adjustments translate anyway into a net
GDP loss for the EU area (in almost all individual EU regions, particularly Northern EU)
with the only exception of the restrictions simulated through shadow export tariffs that,
as said, tend to do less harm to importers.

Among absolute exporters, India and Ukraine experience higher absolute losses in
production and exports: the former in oil seeds, the latter in other grains, and wheat.
An evident substitution/re-routing effect increases production and exports of cereals
from the US, that of wheat from India, and that of oil seeds from Argentina. Net of these
recompositions, however, the group GDP performance unambiguously worsens.

Turning to relative exporters the more evident result is the negative export perfor-
mance of Russia both in wheat and other grains which is compensated by increased
exports from Australia, Brazil, and Paraguay. Interestingly Canada records a negative
wheat export as the country is directly affected in its exports to MENA, Sub-Saharan
Africa (SSA), and Other Asian Countries but in general do not benefit from re-direction
of trade.
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The simulation thus emphasizes a re-orientation of cereal commodity production and
export from the Eastern Countries towards the Americas.

Importers are also affected. With few exceptions they increase domestic production to
compensate for the flow contraction. The absolute importer group performance is domi-
nated by MENA and by the “Tigris Euphrates” region, that of relative importers by the
SSA region and China.

Turkish Straits

Although the global macroeconomic impacts stemming from the simulated blockade of
the Turkish Straits are the smallest across the three chokepoints, they are the highest,
and negative, for the cereal exporting economies nearby like Russia, and Ukraine, but
also for importers like Turkey, MENA, or the Eastern European Countries.

Differently from the Suez case, the EU now responds by increasing its production of
wheat, and decreasing that of rice under all forms of shock implementation. Other grains
production increases when restrictions are implemented through iceberg costs and
shadow tariffs, that of oil seeds only with iceberg costs. Within the EU area, responses
are differentiated, but all methods point to the decreased production and exports of
wheat and other grains in the Eastern EU. All these adjustments translate in a net GDP
loss particularly in Med-EU (independently of the method implementation). Restrictions
simulated through shadow export tariffs tend to increase GDP in the North-EU.

Among exporters (absolute and relative) Ukraine and Russia, whose cereal trade is
highly dependent upon transit through the Bosporus are the most negatively affected,
particularly in wheat, and other grains. On the contrary, Argentina (in other grains),
India (in wheat and other grains), Brazil (in other grains), the USA (in wheat and other
grains), Canada (in wheat), due to their unaffected supply chain, find opportunities to
substitute Russian and Ukrainian exports.

The drop in imports, widespread to all agricultural commodities, affects mostly Tur-
key, MENA, the Tigris and Euphrates area, in relation to wheat, and China.

Macroeconomic impacts: sensibility analysis

The sensitivity analysis we consider here consists of assessing the impact of a 12% trade
restriction on the three chokepoints considered. Since a 12% shock had already been
considered in the previous sections for the Suez Canal and the Turkish Straits, this is
actually an additional simulation for Panama. In the case of this specific chokepoint, it
consists in simulating a possible event that would be double the one recorded in 2016,
when the traffic flow was reduced by 6%. This homogeneous shock serves to test the
relative importance of these 3 shock points. We will refer in particular on this occasion
to the results on GDP. The results now show a very similar impact on GDP between the
Suez Canal and the Panama Canal, $5.7 billion and $5.5 billion respectively. The results
now show a very similar GDP impact between the Suez Canal and the Panama Canal,
$5.7 billion and $5.5 billion respectively when considering the impact on the iceberg-
cost (method that reports the largest GDP reduction). When it comes to the rest of the
methods used, the Panama Canal shows the largest losses, confirming the importance
of the Panama Canal. In the case of the results for EU, it is highlighted, at least with the
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Table 4 GDP losses in $ billion, original shock vs homogenous shock in 2030, SSP2 Scenario

EU Abs.Exp Rel.Exp Abs.Imp Rel.Imp Total
PAN (Original/Homogeneous)
AMS —14/—-04 0.7/0.2 —12/-03 —42/—18 —156/—32 —218/-55
™S —04/-0.1 1.1/0.3 —0.5/0.1 —52/—13 —34/-07 —84/1.9
TXS —03/-0.1 —13/03 —0.9/-0.1 1.1/0.01 —1.0/—-04 —23/-03
SUE (Criginal)
AMS —0.12 —0.07 —0.18 —4.98 —0.39 —574
TMS —0.04 —0.01 0.01 —034 —0.05 —043
TXS 0.06 —0.02 0.00 —0.13 —0.02 —0.10
TUK (Original)
AMS —0.70 —0.18 —1.04 —0.63 —0.28 —285
TMS —0.02 —0.11 0.02 —041 —0.04 —0.55
TXS 0.20 —0.15 0.03 —-0.17 0.01 —0.07

iceberg-cost method, that remote events in the Panama Canal can generate impacts that

can be significant. Results are presented in the Table 4.

Discussion and conclusions

The study demonstrates that climate change impacts on chokepoints’ operations can
convey detectable effects on production and prices of agricultural commodities associ-
ated with negative GDP impacts worldwide. In addition, although trade re-composition
generates winners and losers, total losses tend to prevail. The combined GDP losses of
the three chokepoints can reach $34 billion (2014 prices) under the SSP3 scenario. This
confirms the findings of other studies on the importance of these chokepoints for global
trade, Pratson (2023). The study also reveals that weather events in remote locations,
such as the Panama Canal, can have cascading effects on the EU, with potential losses of
USD 2 billion $ in GDP. The restrictions in the Panama Canal increase transits through
other nodes, the Suez Canal for instance, generating readjustments in the supply chain
(production, exports, and imports). There are opportunities for the EU to increase pro-
duction and trade in agricultural products with regions and countries connected to the
Suez Canal. This situation suggests that further trade restrictions could lead to even
greater losses for the EU.

Under the methodological viewpoint, this study compares three alternative ways to
implement trade frictions, in our case related to direct or indirect climate change trig-
gers, affecting operations in three key chokepoints for maritime trade: the Panama and
the Suez Canals and the Turkish Strait. The analysis of cascading, indirect effects on
regional production, import and export highlights a rather comforting agreement across
methodologies in the direction of changes in the above mentioned variables. The iceberg
trade cost method agrees in 77% of cases with that of tariffs. Import tariffs agree to 80%
of export tariffs. The lowest concordance, that anyway remains between the 64% and the
76%, is found in the prediction of imports reaction. The lower agreement is obtained
comparing the iceberg trade cost with the shadow import tariff method. The former

approach tends to show a lower number of import contractions than the latter.
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Changes in absolute values are, however, quite different compared to the iceberg
trade cost method predicting (on average 4 to 5 times) larger impacts than the other
two. This translates into different magnitudes and sometimes direction of the overall
economic country performance as summarised by GDP. The lower import contrac-
tion, in particular, leads to slightly more frequent, but substantially larger GDP losses
that, depending on the region and the chokepoint considered, are 2.6 to 57 times
larger using iceberg costs than the tariffs.

Which method should be preferred? According to all the three approaches, export-
ers are expected to react to a more difficult chokepoint transit with lower domestic
production and export, while importers respond with increased domestic production
to compensate for the reduction in foreign supply. The more notable qualitative dif-
ferences across methodologies can be found in the behavior of imports from import-
ing countries—that according to the iceberg cost method may sometimes slightly
increase while they clearly decline in response to higher tariffs—and in price reac-
tions, that decrease in response to the import tariffs, but increase when export tariffs
or iceberg costs are used.

The historical evidence, including the recent disruptive events in the global food
production and distribution due to the Covid-19 pandemic, emphasizes significant
increases in agricultural commodity prices in response to frictions in the supply chain
(Elleby 2020). This tends to exclude, in this specific case, the use of shadow import
tariffs. Then, comparing shadow export tariffs and iceberg trade costs, the latter
sometimes highlights increases in imports which are rather difficult to justify. At the
same time, the use of shadow export tariffs is not free from criticalities, the first being
the revenues that are generated, whose effects have to be neutralized through appro-
priate redistribution to firms. In conclusion, to simulate trade frictions, our prefer-
ence would be in favor of shadow export tariffs. However, the iceberg cost method
can still offer useful indications of the upper bound for macroeconomic costs.

Turning to the impact assessment, the blockades of the Panama Canal appear to be
more critical, originating the larger macroeconomic impacts, globally and for the dif-
ferent country groups. Among exporters, the US and Canada are the clear losers in
favor of Ukraine and India. The EU area responds with increases in agricultural pro-
duction and exports as well, but scores anyway, in aggregate, a slightly negative GDP
performance. All the importers experience a decrease in imports, particularly acute
in China for oil seeds, MENA for wheat, South Korea for other grains.

Trade restrictions on the Suez Canal tend to penalize Ukrainian, Russian, and partly
Indian exports favoring the USA, Argentina, Australia, Brazil, and Paraguay. The drop
in imports is particularly evident in the MENA, SSA, and in the “Tigris and Euphra-
tes” area. The impacts on the EU are particularly evident in rice production that
increases.

Operability restrictions of the Turkish Straits have the largest negative impacts for
Russia and Ukraine whose cereal exports are mostly conveyed through that route. It
tends to favor other exporters like Argentina (in other grains), India (in wheat and
other grains), Brazil (in other grains), the US (in wheat and other grains), Canada
(in wheat). The EU responds by increasing its production and export of wheat and
decreasing that of rice under all forms of shock implementation. Within the EU area
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also a substitution emerges between Mediterranean and Eastern European grain
producers. A particularly concerning drop in imports, in agricultural commodities,
affects mostly Turkey, MENA, the Tigris and Euphrates area in relation to wheat and
China.

Being aware of the highly hypothetical nature of our exercise, we can conclude that
the MENA, the Tigris and Euphrates area and SSA could be particularly vulnerable to
climate change also under the point of view of chokepoint disruption. They suffer from
a drop in imports of agricultural commodities in all the three cases. Although the abso-
lute values of losses are moderate, these should be considered anyway of concern. Many
of the countries affected are mid- and low- income countries. Furthermore, the nega-
tive impacts will add on top of crop yield losses induced by climate change that are also
expected in those regions. Our simulations thus show that friction in the effectiveness of
international trade to act as an impact-smoothing mechanism can occur.

This exercise thus highlights other mechanisms at play that could increase the asym-
metry and adverse distributional effects of climate change on agriculture.

A natural follow up of this exercise is to extend the effect of frictions to all the dif-
ferent commodities transiting through the chokepoints. This will be possible once the
CH-MAT model is expanded in this direction. A second enrichment will consist in
implementing the negative shocks simultaneously to the different choke points to detect
potential interaction effects. The third will be, obviously, to use input shocks which are
less speculative and more grounded in climate and logistics sciences.

Policy implications

The expected increase in the frequency and intensity of extreme weather events (IPPC
2021) requires short and medium-term adaptation measures to be taken by the authori-
ties responsible for managing these watercourses. The measures include investments in
monitoring and control systems and investments in infrastructure. These include invest-
ments to improve the monitoring and forecasting systems for climatic variables by the
authorities responsible for these channels, to improve their own- and third-party naviga-
tion systems (VTS), and to increase the response capacity of emergency teams. Invest-
ments in infrastructure involve dredging and enlargement of existing canals (Suez and
Turkish Straits), and investments in water storage systems in the case of the Panama
Canal. International cooperation is needed, not only for the design and construction, but
also for financing.
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