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Chapter 1 Overview of the Climate Rationale

Introduction

1. As a low laying coastal nation, and the smallest country on the African continent, The Gambia
is particularly vulnerable to the impacts of climate change. The country’s physical location renders it
highly exposed to climate change threats from both land and sea and, due to the small size of the
economy, the country possesses limited capacity to autonomously undertake extensive adaptation efforts
in response to threats for which it contributed little in creating.! In the Notre Dame Global Adaptation
Initiative (ND-GAIN) index, Gambia is the 33rd most vulnerable country and the 53rd least ready country
in the world, reflecting its high vulnerability score and low readiness score.

2. The Gambia’s climate vulnerability is also set in a complex development context. The country is
classified as low income by the World Bank?, and it ranks 172" in the 2020 Human Development Index. In
addition, the Gambia is also now recognised as a Fragile and Conflict-affected Situation (FCS FY21)
country, given its high institutional and social fragility. The average GDP growth of 2.9% over the last
decade has proven insufficient to accelerate development, reduce poverty and improve food security. The
Gambians, particularly the youth, continue to migrate from rural areas to the urbanised coastal zone, but
more importantly to attempt to emigrate to developed countries. In addition, the economic shock induced
by the Covid-19 pandemic on the tourism sector will erase some of the recent developmental gains.

3. Agriculture continues to play an important role in the Gambia’s development, even as its weight
has been decreasing. The agriculture sector, including forestry and fisheries (and related industries)
employs nearly half—46 percent—of the labour force and represents the source of livelihood for 80
percent of the rural population, according to the latest 2015/16 Integrated Household Survey (IHS). For
about 72 percent of poor households and 91 percent of extremely poor rural households, agriculture is
the main source of income. In 2019, the sector contributed 23.7 percent of GDP and a third of all foreign
exchange earnings from exports.

4. Within the broader agriculture sector, the fisheries sub-sector presents both challenges and
opportunities. The sub-sector has generally received significantly less attention and investment from
public, private and international financing sources, when compared with the focus on crops and livestock.
For example, the majority of recent donor funded projects have responded to the Government’s call to
boost crop (particularly rice) production in order to reduce the country’s food import bill. In parallel, the
fisheries sector productive base has continued to deteriorate absent investment, and under pressure from
resource over-exploitation by international vessels operating in the Gambian waters. On the other hand,
in recent years the fisheries and aquaculture sub-sector has grown steadily. For the moment, the fisheries
represent the most significant segment within the primary sector of the Gambian economy (see Chapter
2). This is partly explained by the significant declines in recent years for crops and livestock, while fishing

1 Per capita GHG emissions in The Gambia is 1.11 Mt CO,e, compared to the global average of 6.76 Mt CO»e (source:
https://www.climatewatchdata.org/ghg-emissions?breakBy=regions-PER_CAPITA&chartType=line&gases=all-
ghg&regions=WORLD%2CGMB&sectors=total-including-lucf accessed 3/8/2020).

2 World Bank Country and Lending Groups 2020 (https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-
bank-country-and-lending-groups)
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and aquaculture increased decidedly. In addition, fisheries present excellent opportunities for job
creation, especially for youth and women, and for value addition in synergy with the tourism sector.

5. In this context, the Government of the Gambia has requested FAO’s support for the
development of a project proposal for the Climate Resilient Fishery Initiative for Livelihood
Improvement, to be considered for Green Climate Fund (GCF) financing. FAO has been a long-standing
partner of the Government for the agricultural and rural development of the Gambia. In particular, FAO
has been particularly active in supporting the fisheries sub-sector through a series of technical assistance
projects, which supported capacity development at central level, the introduction of a series of West
African innovations and the promotion of aquaculture. Building on this collaboration, the present proposal
seeks to urgently address the climate vulnerability of the fisheries sector and to build the resilience of
fisher folk’s livelihoods.

Overview of the Climate Rationale for GCF Involvement

6. The story of climate change impacts in The Gambia is largely one of water. No other country has
perhaps as close a relationship with a river’'s course than The Gambia. A majority of the national
boundaries were drawn tracing lines 10 km north and south of the respective riverbanks of the Gambia
River to the furthest navigable point upstream (see Figure 1-1). The water passing through the river
originates as seasonal rainfall in the upland areas of the river’s watershed, which aggregate and drain
through the length of the country on the way to the sea. Along its path the growing volume of fresh water
enters an increasingly saline estuarine environment, impacted by the daily tidal movements of the Atlantic
Ocean, before emptying into the sea. This continuous, dynamic hydrologic system of fresh to saltwater
bodies, and the habitats and species that it supports, is subject to and responds differently to the major
climate change forces encountered along its transect.

7. As illustrated in Figure 1-1, The Gambia has both an oceanic economic exclusion zone extending
200 nautical miles into the Atlantic Ocean, and an associated watershed situated predominantly in
neighbouring countries, Senegal and Guinea. From the starting point of the Gambia River, at an elevation
of 1,125 m in the Fouta Djallon of Guinea, over 1,150 miles inland, to the depths of the economic exclusion
zone 3,000 m below sea level, 370 km offshore, the geographic diversity of The Gambia’s aquatic resource-
base is immense (Agudo-Bravo and Mangas, 2015; ISL, 2014). In terrestrial systems, some of the greatest
impacts of climate change — changes in temperature, precipitation and the atmospheric concentrations
of greenhouse gases — are seen through their direct effects on crop and livestock species, with other
effects felt indirectly through more intricate biotic relationships involving associated species (e.g., pests,
diseases and pollinators).

8. Aquatic systems are vastly more complex. Vlimate impacts aquatic species as various levels. To
take one example, ocean warming, increases in air temperature must first warm surface waters before
this heat can be transferred into the ocean body and impact fish species at varying depths. The transfer
of energy from air to sea, however, is mediated through a complex of interconnected processes involving
differential rates of heating of land and water surfaces, along shore winds, and the confluence of currents,
upwelling events and thermocline barriers, which can slow, even stop, or greatly accelerate the pace of
warming in different locations and at different periods of time. In the same way changes in precipitation



and atmospheric CO; concentrations, the other drivers of direct climate change impacts, are also having
important species-level effects, and in doing so they too must work through equally complex sets of
physical and chemical reactions. Some of the greatest impacts of climate change on aquatic species are
felt through the indirect effects on habitat and food chains, involving several trophic levels of biological
diversity, each with their own requirements, tolerances and dependencies.

Figure 1-1 The Gambia, Gambia River watershed and economic exclusion zone3

Guinea-Bissau

U

9. To address the range of climate change dynamics within the Gambian fisheries, a
comprehensive climate analysis has been prepared as part of the project formulation process. Following
this introduction, the subsequent six chapters each address a different facet of major impacts. Chapter
two introduces and describes the various fisheries, their structure and economic importance, relative
contributions to food security and employment, the sector’s governance, policies and investments.
Chapter three provides an overview of the historical and projected physical aspects of climate change in
The Gambia and the Gambia River watershed. Chapter four examines the climate change impacts and
threats on the oceanic environment. Chapter five explores the Gambia River and mangrove ecology and
the climate change impacts and threats on these key fisheries habitats. Chapter six presents findings of a
focused hydrologic assessment of saltwater intrusion into the Gambia River under climate change and the
risks of the river experiencing a hypersaline disaster. Chapter seven assesses the overall biological impacts

3 Note that the watershed reflects those areas upstream of the maximal extend of permanent saltwater intrusion (KP 64) (Figure
sources: the shape file for the Gambia Watershed was obtained from the HydroSHEDS database
(https://hydrosheds.org/page/overview); The Gambian Economic Exclusion Zone from the Marine Regions Gazetteer
(https://www.marineregions.org/gazetteer.php?p=details&id=8370); Base map, Google Earth Pro.

7


https://hydrosheds.org/page/overview
https://www.marineregions.org/gazetteer.php?p=details&id=8370

of major climate change threats on key target species in the various fisheries — oceanic, coastal, estuary
and river — as presented in the earlier chapters.

10. The climate analysis presents a complex pathway through which climate change will impact
each of the ecological segments of the Gambian fisheries, which in turn will generate biological impacts
on various fish species, resulting in reduced resource availability for the Gambian populations. To begin
with, the Gambian fisheries can be separated into five ecological segments: 1) the open ocean, 2) the
coastal zone, 3) the estuary, 4) the brackish water segment of the river, and 5) the freshwater segment of
the river (kilometre points (KP) are indicated in Figure 1-2 below). Climate change impacts each segment
in different ways and magnitudes; given the very limited information and studies available on the topic of
Gambian fisheries, new research was conducted for the present assessment.

Figure 1-2 Overview of the climate rationale

Chapter 2: The Gambian fisheries sector

Chapter 3: Climate trend analysis and projected climate change (CC)
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11. The climate trend analysis and projections of climate change were conducted (see chapter 3 for
full details), downscaling global circulation models to identify the best fit and forecast changes in
temperature and precipitation. Overall, across the projections there is a mixed through general
agreement in the potential of declines in future precipitation, albeit modest, towards the end of the



century.? Given the historical trend and virtual certainty of continued increases in temperature across all
locations and time periods (demonstrated by the analysis), resulting in greater rates of evaporation, the
conclusion indicates the likelihood of there being a decline in streamflow within the Gambia River in the
decades ahead. Such a conclusion is consistent with a meta-analysis done on studies on river basin runoff
in West Africa, which found that for the Gambia River basin future streamflow will likely decline by 4.5
percent (Roudier et al., 2014).

12. In the off-shore environment, the focus of the analysis was on documenting the impact of
climate change on the open ocean, and on continental shelf and coastal areas (see chapter 4 for full
details). A number of dimensions were investigated, including sea surface and ocean warming, dissolved
oxygen, salinity changes, marine heatwaves, storms, harmful algal blooms, acidification, upwelling and
sea level rise. The findings indicate that the speed, magnitude and inertia of change occurring in the
abiotic conditions in the North Atlantic and CCLME offer limited scope for taking adaptive actions. These
limitations are particularly acute for The Gambia given the extremely small size of the country’s EEZ
compared to the vastness of the oceanic environment and fluidity in movement of key fish stocks. Other
than improved joint monitoring efforts of fish stocks with neighbouring countries and continued
adjustments to fishing pressure and management of residential stocks, and the possible selective
protection of seaward assets, there are few prospects for realizing returns to investments in adaptive
measures in the fishery sector in the oceanic environment.

13. Moving into the estuary and the middle river (brackish water segment), the emphasis of the
analysis turned to the mangrove ecosystems, which play a pivotal role in the lifecycle of major fish
species (see chapter 5 for full details). The analysis documents the Gambia river and estuarine
environments, and presents the mangrove ecosystems in detail, before diving into the climate change
impacts (focused on sea level rise, salinity changes, CO2 increase, pH decrease and soil acidification,
dissolved oxygen (DO) and turbidity changes, and decreased stream flow and drought). In addition, human
activity stressors were considered. Overall, the mangrove ecosystem in The Gambia faces both human
and climatic pressures. Due to the varying sources of these pressures, mangroves may not be able to adapt
or recover if attention is given to only individual stressors. Investments, therefore, need to address both
human and climatic pressures.

14. Salinity intrusion in the Gambia river — a naturally occurring process expected to be exacerbated
by climate change - received particular attention in the climate analysis (see chapter 6 for full details).
This is due to both the direct impact of salinity intrusion on fish biology and their distribution, and the
indirect effect on the mangrove ecosystems. The study commissioned for the present proposal fills an
important knowledge gap for the Gambia and shows that climate change and a planned hydropower dam
will have strong effects on the level of salt intrusion in the Gambia estuary. In the future, the pattern of
salt intrusion will be heavily influenced by changes in precipitation and temperature, sea level rise and
short-term anthropogenic alterations of river flow. This may result in a strong hypersaline estuary before
the end of the century, which would be detrimental for the ecology and economy of The Gambia.

4 This conclusion is also supported by ensemble data from the CORDEX Africa models (https://dap.climateinformation.org). The
analysis in the latter portal also finds variability between models, but 12 out of 18 models project a decrease in precipitation
under RCP4.5 for the period 2041-2070.




15. Tying together the different strands of the above analysis, the climate change vulnerability
assessment investigated the biological responses of the 28 most important (shell)fish species in the
Gambia (see chapter 7 for full details). Building on the rest of the climate analysis, the vulnerability
assessment identified eight key climate stressors (temperature, salinity, oxygen, pH, ocean circulation and
productivity, sea level rise, extreme events and precipitation) and analysed the tolerance and response of
the 28 most important (shell)fish species to the projected changes. A significant number of species,
currently representing a majority of the catch in the Gambia, is projected to be negatively impacted by
climate change in the medium term (see the visual summary in Figure 1-3 below).

Figure 1-3 Visual summary of the climate change vulnerability assessment for the main Gambian fish species

el
ef o
W W i
ce? Ao ol
Ecological o Qg(\ o 5 5‘3\ gs“"‘aﬂ (edé-‘ “a‘:“
Segments e
1370 KM) (70 KM} (KP D) (kP &4) (KF 254) (kP 460)
T p—
T Octopus *Pink Shrimp Pink Shrifi? ™~ "~ African Arow.
Do ater Shii Cuttlefish *Guinea Shri
Os::';usa er shnmp *pink Shrimp *Giant Tiger Shrimp
*Guil i *Stri d Shri .
Cuttlefish Guinea Shrimp - rippe rimp Catfish
rimp
African Catfish
False scad *Catfish/Kosso
*Catfish

*Flat Sardinella
*Bonga Shad

Blue Spotted seabream I:alse scad *Solefish
Red Pandora Croakers African Catfish
Bonga Shad *Catfish/Kosso
*Marine Catfish e
*Flat Sardinella
Round Sardinella . ) -
Blue Spotted seabream Solefish, Highly vulnerable
*Flat Sardinella
Red Pandora Low vulnerability
“Croakers Resilient
*Bonga Shad

*Marine Catfish
(*Mangrove dependent

*Solefish R
species)

16. In addition to this impact pathway, it is important to note that climate change will also have
other indirect effects on the Gambian fisheries by damaging the existing coastal fisheries infrastructure
and the inland aquaculture facilities. The findings of the climate vulnerability assessment at each major
landing site targeted for the project are presented together with the proposed climate-proofing
interventions in part 2 of the Feasibility study.

17. Overall, the climate change impacts on the Gambian fisheries will translate into less fish
availability for the local population, for whom this resource represents both a livelihood and food
source (see chapter 2 for more details). As such, it is imperative to invest in adaptation measures to
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preserve and improve the livelihoods of the Gambian fisher folk, as well as maintain availability of fish —
the cheapest source of protein — for the general population.
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Chapter 2 FISHERIES VALUE CHAIN ANALYSIS IN THE GAMBIA

Introduction

1. The Gambia has one of West Africa’s most productive fishing grounds with over 500 marine fish
species recorded, mostly demersals and pelagics. With a marine coastline of 80 km, The Gambia claims
a continental shelf of 4,000 km2 and an Exclusive Economic Zone of 10,500 km2. As for inland fishing, the
Gambia River, which runs through the entire length of the country (about 460 km), mainly harbours fresh
water species (i.e. catfish or tilapia). The estuary areas are fringed by thick mangrove forests (covering an
estimated 35,000 ha) on both the Northern and Southern sides and attract marine fish and crustacean
species for feeding and spawning purposes, while serving as a refuge for most species too.

2. Fisheries play an important role for the Gambian economy and society, making a significant
contribution to people’s nutrition and livelihoods. Fish is the major source of animal protein for
Gambians due to its low price. Indeed, it accounts for about 40 percent of total animal protein intake.®
The national annual per capita fish consumption is about has been estimated at 25 kg, though more recent
estimates quote the figure of 18.4 kg, while some variability is observed between inland consumers (as
low as 9 kg per capita) and coastal areas where the production is high.® Generally, consumers prefer fresh
small pelagic fish but in case these are not available, they purchase dried and smoked fish (small pelagic
and low quality demersal).’

3. According to The Gambia Bureau of Statistics, in 2019 the fishing and aquaculture sector
accounted for 12.1 percent of GDP. Given that the overall contribution of agriculture, forestry and
fisheries is estimated at 23.7 percent of GDP, for the moment the fisheries represent the most significant
segment within the primary sector of the Gambian economy. This is partly explained by the significant
declines in recent years for crops and livestock, while fishing and aquaculture increased decidedly (19.6
percent in 2018, 18.4 percent in 2019). However, despite representing an important opportunity for
employment and for increasing fish availability inland, aquaculture activities in the country are still at a
nascent stage and their economic contribution is marginal.

4. In terms of employment, it is estimated that about 200,000 people (76 percent of which are
Gambian nationals) are directly or indirectly dependent on fisheries and related activities for their
livelihoods. The value chain engages about 41,000 self-employed fishers, processors, and traders;
158,000 workers in fish processing and distribution; and 1,500 workers in fish processing and export
companies.® Hence, the main wage providers in the value chain are fishers (59 percent) and processors
(39 percent) while retailers accounts for only 2% of total wages.® However, jobs in the production and
processing segments are precarious and/or informal.’® The 2016 Frame survey reports that a fisher’s
household size is, on average, composed of 11 people.

5 Ragusa, 2014, p. 1.
5 FAO, http://www.fao.org/fi/oldsite/FCP/en/gmb/body.htm.
7 Avadi, A. et al., 2020, p. 39.

8 Ibid.
S Ibid., p. 74.
10 |bid., p. 13.
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5. Fisheries is a source of foreign exchange earnings for The Gambia. Fish and fish products
represent 13.6 percent of national exports. In terms of quantity, fresh, dried, or frozen fish accounts for
70.3 percent of the total fish exports.!! The main importers of frozen fish are Korea, Vietnam, the United
Kingdom, and the European Union, while fresh fish is exported mainly to Israel and to the United States,
and dried fish to Korea and the United Kingdom.!? Fishmeal accounts for the remaining 29.7 percent of
total fish exports and is imported by Vietnam and Tunisia. The fisheries value chain gives a positive
contribution to the balance of trade as it registers a trade surplus of around GMD 2.583 billion (US$ 50.6
million).!®* Nevertheless, the sectoral export performance is below its potential even though The Gambia
is part of many bilateral trade agreements. Indeed, supply-side constraints hinder compliance with the
World Trade Organization (WTO) sanitary and phytosanitary requirements, the WTO technical barriers to
trade agreements, and the standards and technical requirements for exporting to the European Union.
Market information gaps are an additional constraint. According to the World Bank, the unrealized export
potential for Gambian frozen fish is estimated at 85 percent for OECD countries and 87 percent for non-
OECD countries.*

6. Gambian fisheries can be divided in two broad sub-sectors: artisanal fisheries, whose activities
are dispersed, labour intensive, and characterised by low capital investment, and industrial fisheries,
characterised by high capital investment and limited to the marine areas. Overall, the two sub-sectors
provide an average annual official landing of around 65,000 t, including both coastal marine and inland
fishing.'® Figure 2-1 below outlines the flow of the fisheries value chain. Gambians consume about 32,000
t of fresh fish, smoked or dried fish per year for a total value of GMD 2,750 million (USS 53.9 million).
Nationally consumed fish is artisanally sourced and processed, and distributed by fishmongers, processed
fish traders or market operators. The industrial sub-sector is completely export-oriented. Foreign vessels
land their catches abroad and industrial processors operating in The Gambia export the totality of their
products although they source their raw material from artisanal fishers via fishmongers. Exported fish and
fish products amount to around 19,000 t per year generating GMD 3,350 million (USS 65.7 million).1®

7. Although women’s participation characterizes almost all segments of the value chain, there is a
highly gendered division of labour reflecting social roles. Indeed, the presence of women in production
is limited to shellfish harvesting but they play a crucial role in domestic processing and marketing. It is
estimated that women represent 80 percent of artisanal processors, 50 percent of fish retailers, and 65
percent of the processing plant workforce.” Despite their involvement in different income-generating
activities, women’s contribution to economic growth is weak due to their limited access to credit and
productive assets. In turn, this translates into lower wages and higher vulnerability to poverty.*®

1 |bid., pp. 39-40, 72.

12 |bid.

B bid., p. 12.

1 World Bank, 2019. p.14.

15 Avadi et al., 2020. p. 11. Average taken over the range 2014-2018.
%bid., pp. 30, 44.

Ylbid., p. 92.

18 |bid., p. 13.
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Figure 2-1 Flow chart of the fisheries value chain in the Gambia
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Artisanal Fisheries
8. Gambian artisanal fisheries are a multipurpose activity associated with a host of ancillary socio-

economic activities. These activities range from boatbuilding and net making, fishing operations,
offloading of catch, onshore auctioning/marketing, processing (both in-situ and/or at home) to
distribution and marketing (national, regional and international). These processes involve inputs and
outputs which are sourced and supplied accordingly, linking fisheries to other sectors’ value chains. The
artisanal sub-sector fully supplies the fresh and processed domestic fish market.®

9. Artisanal fishers can be classified into two categories, according to their working environment:
marine and continental or estuarine. Fish capturing involves investing in a fishing unit: a canoe, an engine
(motorized canoes) and fishing gears. While canoes are locally constructed, engines and fishing nets can
be sourced within or outside the country.?’ Small-scale fishers use planked dug-out and fiberglass canoes
(mostly along the coast) but dug-out canoes are used for shrimping, oyster harvesting, line fishing, and
for inland fishing. The larger canoes (powered by an outboard engine) are employed in the coastal marine
fishing, while the smaller dug-out canoes are used in the estuary and inland fishing. The crew number
depends on the size of the canoe and the fishing gear-type being operated. Most common fishing gears
used in the Gambia include: gillnets (set, bottom and suspended nets) for demersal and mid-water fish,
drift nets surrounding or entangling nets for small pelagic, cast nets for pelagic, hook and lines for a variety
of species, purse seines for schooling fish and, stow nets for shrimp fishing. Crew size ranges from 3 to 6

% Jones S., 2021. p. 2.
20 According to Avadi et al., 2020, people employed in related outboard motor mechanics and carpentry are
around 500.
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people (in canoes up to a length of 5 meters) to 10 to 15 people (for 17- to 25-meter-long canoes). Fishing
ventures can be self-financed, financed through partnerships, from a funding agent or agencies.
Partnerships or sponsorships may be conditional to some share of proceeds or to granting exclusive
purchasing rights on the catch.

10. The 2016 Frame Survey estimated the number of units operating at sea as 565 (2 812 fishers),
while the number of those operating in the continental environment was estimated at 658 units (1420
fishers). Shellfish collectors are estimated to be 756. Fishing is predominantly carried out by men and
women are only involved directly in shellfish harvesting within the estuarine areas. However, some
women have their own fishing unit and/or provide funding and equipment to other fishers.

11. Sea fishing in The Gambia is carried out mainly by foreigners. The 2016 Frame Survey identified
300 Senegalese units out of 502 motorised units. Conversely, Gambians dominate mainland fishing as this
sector employs only 63 Senegalese and 31 Malians out of 728 units. The majority of fishers do not
seasonally migrate. Senegalese fishers are mainly engaged in sardinella, shrimp, and demersal species
while Malians in Clarias species. 2

12. Fishers’ average wage is estimated at GMD 42,760 per month ranging from GMD 13,200 for
fishers on board a purse seine up to GMD 87,560 for fishers on board a bottom gillnet.?> Hence, the
income of many fishery workers is much higher than the guaranteed minimum professional wage in the
formal sector, standing at GMD 15,000.2% Only the income generated by pure seine fishers is not sufficient
to cover operating expenses of the fishing units.?* The 2016 Frame Survey estimates that the average
fisherman’s household size is composed of 11 people.

13. The artisanal annual average catch is around 54,300 t, which accounts for about 83 percent of
total landing. ZAtlantic and inland shares account respectively for 67 percent and 16 percent of the total
artisanal landing. The main species landed by artisanal vessels are bonga shad (about 26 percent),
sardinella species (21 percent), and demersal fish such as catfishes, rays and sharks ( about 8 percent).?
Most key commercial species are either fully exploited or overexploited. Artisanal catches are landed and
sold for direct consumption and transformation in the country. However, a marginal part of artisanal
captures (4.6 percent of total artisanal catch) consisting mainly of small pelagic is landed abroad.?”

14. Artisanal catches are loaded on board the canoes. Ice is used depending on its price and on the
duration of the fishing trips, which can last for several days. The production capacity of ice-making plants
in the landing sites are low and cannot satisfy the sector needs. Moreover, artisanal operators complain
about the high unit cost per ice kilo, due to the prohibitive cost of energy in The Gambia. All catches
(100%) are landed in base or other fish landing sites. There are over 150 landing in the Gambia, eleven in

21 Jones S., 2021. p. 2.

22 Avadi et al., 2020. p. 10.
23 |bid., p. 12.

2 |bid., p. 11.

% |bid.

% |bid., p. 33-34.

27 |bid., p. 43.
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the marine coastline and the rest inland. Generally, they are characterized by minimal infrastructure
accommodating numerous artisanal processing facilities.?®

15. Catches are offloaded by crew members or by a group of men and women with plastic pans or
baskets on their heads known as “dunular” in Mandinka dialect. The number of fish off-loaders per
canoe depends on the canoe gear: small pelagics canoes attract more people than demersal canoes whose
crew members normally offload the catch. The off-loaders are primarily paid in kind, a few fish, which
they sell in-situ/on the beach for cash or take home for family consumption. Catches are landed in poor
sanitary conditions at landing sites where they are insufficiently protected from contact with the soaked
soil and/or poorly conditioned. The fish is occasionally loaded directly into trucks with layers of ice
scattered over the product. The lack of adequate facilities and appropriate practices for fish handling and
storage increases the incidence of fish degradation and hinders the development of fish distribution.
Depending on the season, post-harvest losses are estimated at 20-30 percent. Prearranged sales of catch
is a normal practice in the artisanal fisheries sub-sector. Wheelbarrows are used to transfer sold fish to
other transports or to be directly brought to smokehouses. Most catches are marketed fresh (the one
bought by distributors), while some are smoked and sundried before being sold.?® Once fish is landed from
the canoes, its auctioning or marketing is largely done by fishers’ wives or close relatives. The preferred
fish by Gambian consumers, the bonga, is marketed at GMD 25,000 per t at the landing sites while
substitute species (i.e. flat and round sardinella of quality 1) are sold at GMD 20,000 per t. However, the
price for all species (quality 2) goes down to GMD 10,000 for fishmeal plants.°

16. A large number of agents participates in the primary distribution segment. Fishmongers and
retailers buy the bulk of the artisanal catch (57 percent), while fishmeal plants buy 31 percent and the
rest (12 percent) is left for self-consumption. Some artisanally caught high-value fish (shrimp, soles, sea
bream, lobster) is bought by fish merchants appointed by industrial fishing companies for processing and
export abroad. Both fishmongers and retailers register a positive net operating profit.3! They mainly deal
with small pelagic and demersal species. The Department of Fisheries estimates a total of 10,330
fishmongers. However, this number reaches 30,399 if their employees are included. Indeed, each
fishmonger hires an average of three employees to assist them at different stages of the distribution
process (conditioning fish, driving trucks, sailing fish).32 They are usually self-employed and self-financed.
Moreover, they often finance small-scale fisheries conditional on the exclusivity of the catch. Fishmongers
buy their fish at landing sites and according to the amount of fish bought, they are classified as large (5 to
10 t of fish per day) or medium (3 t of fish per day). Large fishmongers are almost exclusively men while
30% of medium fishmongers are women.3* Mostly Senegalese, large fishmongers distribute fish to central
points in townships and inland markets using either insulated trucks with ice for fresh fish or open trucks
for processed products. However, product loss often occurs as trucks are old and not adequate to fish

28 Jones S., 2021. p. 2.

2% Avadi et al., 2020. p. 35.

30 |bid.

31 Avadi et al. (2020) report a net operating profit of GMD 7 528 000 for large fishmongers, GMD 681 000 for
medium fishmongers, and GMD 1 947 240 for retailers.

32 Ibid., p. 64.

3 Ibid., p. 26.
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transportation. Similarly, Gambians account only for 30% of medium fishmongers.>* However, medium
fishmongers deliver fish kept under ice to inland or neighbouring markets within the urban areas using a
personally hired land rover or a collectively hired truck. They sell their fish either to retail buyers, to
restaurants and hotels, or directly to consumers displaying their product on cement tables provided by
markets authorities. 3

17. Fish retailers, called Banabanas, are mostly Gambian women, facing competition from
fishmongers. 3 The low presence in the big distribution compared to the small one is justified by their
very weak financial base and by fish trade requirements such as long absences away from the family or
overnight stays in the country hinterland.?” Generally, they buy smaller quantities of fish (3 to 4 baskets
of 50 kg each per day carried in with ice) from fishers at the landing beaches. They supply fish to markets
in the immediate environment and nearby villages and towns. Depending on the distance to the sale point,
retailers may use public (i.e. bush taxis) or private transportation (bicycles or motorcycles). They do not
have cooling facilities and fish is laid either on wooden tables, on the floor, or on plastic sheets, normally
without ice. However, in addition to selling directly to consumers, retailers also deliver to hotels and
restaurants.

18. Distributors include also factory buyers. Mostly independent and self-financed, these traders buy
high value fish from different small-scale fishers. In turn, they aggregate the collected product and sell it
to industrial processors, which provide them with ice and private transport.®

19. Artisanal catches undergo both artisanal (62 percent of artisanal landings) and industrial
processing (7 percent of artisanal landing except fishmeal).?® The Department of Fisheries counted
25,420 fish processors. However, as each processor employs around five people, the total number of
people involved in processing activities reaches 127,100. Gambian nationals, particularly women (80
percent), dominate the processing segment. However, women processors have limited cash availability
and handle small volumes of fish and consequently, they are forced to buy their raw materials at the
prevailing market rates.*® There are more than 350 artisanal processing units, mostly located at the
landing sites.*! Artisanal fish processing mainly consists of smoking and drying, predominantly carried out
using traditional methods. Fresh fish processed by artisanal smoking amounts to 5, 212 t per year, while
4, 614 t per year are processed by artisanal drying.** However, artisanal process yield is only 77 percent.
Several drying and smoking technologies have been tried and a few are being used such as the modified
Gambian Banda oven. While drying processors record a positive net operating profit, the smoking
processors are characterised by negative net operating profit.** There are about 86 artisanal smoking units
divided between those exclusively producing smoked bonga, the most important product of the artisanal

34 1bid.

35 |bid.

36 |bid. Women account for 95% of retailers.
97 |bid., p. 63.

32 |bid., p. 35.

3 |bid., p. 43.

40 |bid., pp. 15, 62.

4 |bid., p. 37.

4 |bid., p. 11.

3 Ibid., p. 12.
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fisheries sector, and those processing different species like catfish, skate and ray.** While the first group
is composed by men and women, the second group consists only of women. Women processors mostly
use pit and barrel ovens with low capacity and poor hygienic conditions because of cultural practices and
the high cost of improved smoking facilities and. However, some major landing sites also operate some
community-owned ovens.*

20. Large quantities of fuelwood are used in fish smoking operations. The Department of Fisheries
estimates that men operating in two main landing sites (Tanji and Gunjur) use over 8,000 tonnes of forest
resources per year. The overall impact of the use of such large quantities of firewood in highly inefficient
processes is depletion of forest resources and emission of large quantities of carbon dioxide (CO2)
resulting in environmental degradation and climate change. Moreover, because of the increasingly scarce
supplies and high cost of firewood, women smokers may use other fuels such as carton or plastic materials
to smoke their fish releasing toxic substances. This practice exposes them to a high health hazard and
results in highly toxic compounds in the traditionally smoked fish products.*®

21. There are about 259 artisanal units involved in fish drying. Artisanal driers are mostly women
(95 percent) operating in all major landing sites.*” They predominantly process high-value fish landed as
spoilt (e.g. sharks, skates, and rays). The drying process includes fermentation, cleaning, gutting, dripping,
salting, and drying. Drying racks are locally made from materials taken in the forest. Pest infestation of
products and rain are the main problems causing product loss.*® However, both drying and smoking
practices reduce the high level of fish waste and ensure supply of fishery products for domestic
consumption and export. Indeed, some high-value fish is smoked fresh for international markets (i.e.
North America).

22. The secondary distribution segment is carried out by either processing fish wholesalers or
retailers. Wholesalers sell large quantities to the semi-wholesalers at the primary and secondary national
markets and to sub-regional markets, where profit margins are higher. Generally, they are men as they
can travel long distances to sell smoked and dried fish products with a longer shelf life. Their substantial
financial resources allow them to afford transportation and storage costs to reach rural areas and cities
in the hinterland. *° On the other hand, processed fish retailers are generally women who trade hot-
smoked fish with a relatively short shelf life in urban and domestic markets. Given their low financial
capacity, they are involved in small-scale marketing on a daily basis using public transport. They source
their products directly from processors, wholesalers, or semi-wholesalers and sell them to the consumer
on stalls. Their profit margins are usually low.>°

4 Ibid., p .37. The bonga, the preferred fish of Gambians consumers, is marketed on average at GMD 25 000 per t
against GMD 20 000 for substitute species (i.e. sardinella).

4 Ibid.

4¢ |bid., p. 46.

47 Ibid., p. 37.

“8 |bid.
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23. Overall, Gambians consume about 32,300 t of fish products each year for a value of GMD 2,750
million.>* Smoked fish products are mainly sold in urban markets. In The Gambia, there are 28 registered
markets trading fresh, smoked, and dried fish products in addition to other food such as vegetables and
meat. They are characterised by inadequate infrastructures and poor hygienic conditions.>? Generally,
Gambian consumers show a preference for fresh small pelagic fish followed by dried or smoked small
pelagic and low-quality demersal fish.>3

Shellfish Production and Marketing

24, Shellfish harvesting happens in the Tanbi Wetlands National Park (TWNP) and in other
mangrove areas along the estuary of the Gambia River. It involves mostly wild oysters but also cockles.
The Gambia granted exclusive rights to manage shellfish resources in the TWNP to a community-based
organization of women shellfish harvesters, the TRY Oyster Women’s Association. Generally, the sector is
dominated by Gambian women but men are also involved. Indeed, the 2016 Frame Survey identified 397
women and 359 men practicing oyster collection, but the TRY women’s association alone lists more than
600 female members.>* Women take control over all segments of the oyster value chain, from production
to retailing. However, sometimes marketing is done by harvesters’ family members.

25. Wild oysters and cockles are collected by cutting mangroves using axes or knives. Harvesting
sites are mostly reached by walking at low tide. However, few harvesters use small non-motorized dug-
out which are 3- or 4-meter long and can carry from 1 to 3 women who paddle from their base to the
harvesting areas. The harvesting season last from March to June for oysters and from July to November
for cockles. Bivalves represent an important source of livelihood for women. Nevertheless, they are
involved in other activities outside the harvesting season, such as farming or fish trading. Wild oyster and
cockle collection amounts to an average of 273 t per year.>® Oyster aquaculture practice is still limited.>®

26. Oyster and cockles processing takes place at the landing sites or in makeshift quarters lacking
hygiene and potable water. Processing consists of steaming, boiling, or roasting on metal grill or sheet
by using fuelwood (mostly mangroves) to ease the extraction of the flesh from the shell. In particular,
roasting is time consuming and requires a large amount of firewood. Hence, both harvesting and
processing use a substantial quantity of mangroves leading to significant cover loss. The flesh is extracted
with knives, collected in woven baskets, and marketed often after being washed or even reheated.
Sometimes, before being marketed, the flesh is preserved by salting and sun drying to low moisture
contents. Marketing of processed products takes place in processing sites, neighbourhoods, urban market
places, weekly market days (“loumo”), and along roadsides.>” Buyers include individual consumers, street
food vendors. and restaurant operators. Limited quantities of oysters are exported by the Gambian
Diaspora as gift to relatives or to be sold in niche markets in the European Union and the United States.

51bid., p. 44. This estimate also includes shellfish products.

52 |bid., p. 39.

53 |bid.

54 1bid., p. 44.

55 |bid., p. 11. Annual average is taken over the period 2014-2018.
56 Ibid., p. 44

57 Ibid., p. 56.
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Oyster shells are gathered in heaps and sold to industries producing white lime, brick, chicken feed and
fertilisers for horticulture.

Industrial fisheries

27. Foreign or foreign-operated industrial vessels completely dominate the Gambian industrial
capture fishery. Foreign vessels are licensed to fish in Gambian waters conditional on landing 10 percent
of their total catch (by weight and species) in the shores of the country. This license condition also provides
for the option of paying the equivalent in cash. However, inadequate rule monitoring and enforcement
has resulted in discharges of species with low commercial value which are consumed locally. Moreover,
it has been argued that foreign industrial vessels land their catches in foreign ports, especially in Senegal,
because the Banjul Fisheries Jetty lacks appropriate landing and handling facilities and the industrial
processing capacity is limited. Besides, foreign vessel owners enter into contract with Gambian fishing
companies to meet national licensing requirements. The industrial fleet is mainly composed of shrimp (5
units registered under the Gambian flag and one unit under the Senegalese flag) and demersal trawlers
( 49 units, out of which 39 flying the Gambian flag and the rest flying Ivory Coast, Chinese or Egyptian
flags).>® Industrial production accounts for about 10,700 t per year or 17 percent of total annual landings,
90 percent of which is landed in foreign ports of origin or other.>®

28. Industrial fish processors purchase their raw material, mainly high-value fish, from artisanal
fishery. Sourcing fish from foreign vessels operating in Gambian waters is uncommon as the unfavourable
exchange rate makes it very costly. Industrial processing mainly consists of 10 plants freezing high value
demersal fish for export to regional and international markets (mainly to the EU, North America and Asia).
However, there are three Chinese-owned, export-oriented fishmeal companies.®® Processing plants are
mostly located around Banjul due to better access to water, electricity and services. Industrial processing
employs 1,500 workers and women represent 65 percent of this workforce. The industrial processing
segment records positive net operating profit.®!

58 |bid., p. 32-33.

9 Jones S. 2021, p.1.

80 Avadi et al., 2020. p. 37.

51 |bid, p. 12. The net operating profit is GMD 77,542,000 for a freezing plant and GMD 12.153 miillion for a
fishmeal plant.
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Policy and legislative frameworks

International policy commitments

29. As reflected in its policy commitments, the Government of the Gambia recognizes the
importance of addressing the strongly interlinked issues of livelihood improvement and climate change
mitigation and adaptation. Indeed, it has ratified the United Nations Framework Convention on Climate
Change (UNFCCC) in 1994, the Kyoto Protocol in 2002, and the Paris Agreement in 2016. In fulfiiment of
The Gambia’s obligations under the UNFCCC, The Gambia has submitted its Nationally Appropriate
Mitigations Actions (NAMAs) in 2011, its National Adaptation Programme of Action (NAPA) in 2008
outlining appropriate measures to adapt to the negative impacts of climate change in the fisheries sector,
and its first Nationally Determined Contributions (NDC) in 2016 and in the recently submitted Second
NDC®2, It has also submitted three National Communications (the last one in 2020) which document the
status of socio-economic and ecological conditions as they relate to greenhouse gas emissions and
vulnerability to climate change, particularly for some key affected sectors such as fisheries. Furthermore,
these communications include some adaptation measures to be taken and identifies implementation
problems.

30. In 2016 the Government of the Gambia has signed its third United Nations Development
Assistance Framework (UNDAF) 2017-2021 describing the strategic direction, programme areas, and
results to be achieved from cooperation between the Government of the Gambia and the United Nations
Country Team. The UNDAF mainstreams the international development agenda guided by the Sustainable
Development Goals (SDGs), Africa Agenda 2063, other international declarations such as the 2015 Paris
Climate Conference (CoP 21), and national development priorities. Mentioning fisheries as part of the
critical agricultural and natural resource sector, the UNDAF aims to ensure, among other outcomes, that
“sustainable, inclusive and integrated natural resource and environment management is enhanced for
food security, income generation and, safe environment”. This will be achieved through institutional
capacity and system strengthening in planning and implementation of programmes to increase
opportunities, efficiency and effectiveness in addressing development and humanitarian challenges.

National legislative framework

31. The significant role played by the fishery sector in the growth of the Gambian economy has been
stated in the long-term vision and overarching plan of the Third Republic, the National Development Plan
2018-2021 (NDP). Closely aligned with the Sustainable Development Goals (SDGs) and the Agenda 2063
of the African Union, the NDP goal is to “deliver good governance and accountability, social cohesion, and
national reconciliation and a revitalized and transformed economy for the wellbeing of all Gambians”. To
achieve this goal, the Plan sets out eight strategic priorities to pursue, the third being “Modernizing our
agriculture and fisheries for sustained economic growth, food and nutritional security and poverty
reduction”. Complementing these priorities, the NDP identifies seven crosscutting critical enablers, among
which there are the promotion of environmental sustainability, climate resilient communities, and

62 Second Nationally Determined Contribution of The Gambia (2021) — available at this link.
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appropriate land use; and the empowerment of Gambian women to realize their full potential.®
Furthermore, the NDP outlines an accountability framework with the unprecedented involvement of
regional-, ward- and village-levels structures. Finally, it elaborates a financing strategy for the whole plan.

32. Regarding the fisheries and aquaculture sector, the NDP’s goal is to promote a vibrant sector
through research, sustainable environmental management and utilization of the fisheries resources that
would enhance employment and livelihood opportunities, income and foreign exchange earnings, food,
and nutrition security. To attain this goal, the Plan identifies the key issues to address: the poor
management of fisheries (involving fish resources and fishing activities), the inadequate post-harvest
handling of catches, and the increased frequency and severity of climate-related hazards. In this respect,
proposed interventions focus on the strengthening of the institutional development (legislative, policy
and regulatory framework, human resources, systems and tools) which shall, among others, include a
strong incentive to attract the youth to the sector; the enhancement of fisheries infrastructure; and the
improvement of value chains for fisheries and aquaculture.

33. Nationally, the Government of The Gambia has initiated various policies, plans and strategies to
support climate change mitigation and adaptation. In line with the UNFCCC, the Gambia’s Intended
Nationally Determined Contribution, and its NDP, the National Climate Change Policy (NCCP) 2018 is
the overarching policy framework to steer the transition to a climate-resilient society within a thriving
low-emissions economy “through systems and strategies that mainstream climate change, disaster risk
reduction, gender and environmental management, for sustainable social, political and economic
development”. Its goal is “by 2025, to achieve the mainstreaming of climate change into national planning,
budgeting, decision-making, and programme implementation, through effective institutional mechanismes,
coordinated financial resources, and enhanced human resources capacity”. For this purpose, the NCCP
specifies “comprehensive and crosscutting policy directions to implement national development strategies
in a climate resilient manner, drawing on all sectors of the population in a spirit of partnership and
collaboration”. It also promotes the principle of community-based management as a cost-effective
approach to support the sustainable management of natural resources. Furthermore, it outlines enhanced
institutional arrangements for coordination and mainstreaming such as the National Climate Change
Council, a new integrated approach to resource mobilisation, a clear policy direction for human
resource development. Finally, the NCCP advocates for the adoption of a national climate change
response strategy and action plan to serve as the NCCP implementation framework.

34, Recognizing the fisheries sector as particularly vulnerable to climate change, the NCCP identifies
various measures to promote the sustainable adaptive management of the fisheries resources such as
strengthening the Fisheries Department to integrate climate change risks into planning; promoting of
awareness of climate change risks, and capacity building and strengthening of fishing communities;
facilitating access to finance to enhance the resilience against climate change and disaster recovery of
industrial and artisanal fishermen, and young women processors; increasing collaborative research and

63 |t is worth to note that the Government of the Gambia recognizes the pivotal role of its youth in the country’s development
including their potential in the fisheries and aquaculture sector. Indeed, rather than being a critical enabler, the NDP considers
their empowerment a strategic priority of its own.
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information exchange among national and international research institutions; or upgrading onshore
fishing infrastructure to withstand more severe weather linked to climate change.

35. The Agriculture and Natural Resources (ANR) Policy 2017-2026 sets out the long-term vision for
the sector, that is “the creation of a marketed-led commercialized, efficient, competitive and dynamic ANR
sector in the context of sustainable development”. As for the fisheries and aquaculture sector, the ANR
policy puts high priority on: aquaculture development through the facilitation of access to funds,
equipment, technical expertise and support to conduct research activities; the improvement of the
artisanal and industrial fisheries production systems through enhanced institutional capacity, regulatory
and licensing mechanisms, quality assurance, harvesting and post-harvesting infrastructure, and the
facilitation of private sector participation.®* It also advocates for the active participation of fishermen’s
associations to modernize the ANR sector. In this respect, the ANR policy provides for measures mitigating
the low capital base and lack of technical and managerial expertise.

36. To provide a legal framework for the management of the fisheries sector, the Government of the
Gambia enacted the Fisheries Act 2007 and its attendant Fisheries Regulations 2008. Incorporating
international trends in fisheries such as the principles of the Code of Conduct for Responsible Fisheries
(CCRF), the Act aims “to provide for the conservation, management, sustainable utilisation and
development of fisheries and aquaculture in the fisheries waters and in the territory of The Gambia”.
Hence, the provisions of the Act relate to the artisanal, industrial and aquaculture sub-sectors. In
particular, its policy objectives are: a rational and long-term utilization of the fisheries resources while
promoting bio-diversity enhancement and preventing environmental degradation; the use of fish as a
means to improve the nutritional standards of the population; the increase of employment opportunities
for Gambians in the sector and specifically the participation of women and youth; the increase of foreign
exchange earnings; the development of aquaculture; and the strengthening of regional and international
collaboration in the management and sustainable exploitation of shared stocks.

37. The Fisheries Act outlines the institutional and administrative responsibilities for the sector.
Indeed, the overall authority is the Ministry of Fisheries and Water Resources, while the Director of
Fisheries is responsible for its technical implementation. The Act identifies the Gambia Navy as the
responsible for the enforcement of licensing conditions. It also provides for the establishment of a Fishery
Advisory Committee and the Community Fisheries Centres (CFCs) for advisory purposes and decentralized
fisheries co-management.

38. To enhance the effective implementation of the NDP, the Fisheries Act, and other sectoral and
national policies, the Department of Fisheries in collaboration with the FAO developed the Fisheries and
Aquaculture Sector Strategy (FASS) 2017-2021. The FASS aims to develop the sector to “be recognized
one of three most critical contributors to national economic growth, food and nutrition security,
employment creation and exchange earnings” by 2021. This vision will be achieved “through the
recognition of fisheries and aquaculture potentials as natural economic resources and by ensuring
responsible and ecologically sustained fishing and aquaculture practices, to optimally harness The

54 For instance, the ANR policy recommends the adoption of improved fish curing kilns that do not use fuel wood
(e.g. mangroves vegetation) so as to minimize health hazard and to preserve coastal forests.
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Gambia’s fisheries and aquaculture resources and to deliver employment, foreign exchange support, food
and nutrition security in achieving accelerated national growth and development”. Special emphasis is
placed on the empowerment of the Gambian women and youth in the sector to eradicate gender poverty
in a sustainable way.

39. To accomplish its mission, the FASS identifies three strategic priorities. First, it envisages
institutional restructuring, rearrangements and capacity strengthening. This includes the transformation
of the Department of Fisheries into a National Fisheries Commission for increased operational and
financial autonomy. Second, it provides for key sector stakeholder capacity building and sensitisation.
Third, it advocates the improvement of inter-sectoral linkages and the optimisation of the overall value
chain advantages of the fisheries and aquaculture sector for increased government and donor budgetary
support and better alignment with relevant key sectors. Besides, emphasis is put on improving the
collaboration and partnership with key international, regional, and national stakeholders. Finally, the FASS
includes a detailed strategy coordination, financing, implementation and monitoring framework.
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CLIMATE TREND ANALYSIS and PROJECTED CLIMATE CHANGE
in The GAMBIA and OVER the GAMBIA RIVER WATERSHED

Introduction

1. As part of the global hydrologic system, the Gambia River is directly affected by changes
occurring in the principal drivers of climate change. From the global to national scales, changes in
temperature and rainfall regimes, and associated changes in moisture loss through evaporation, are
altering the movement of water within the river and watershed, and subsequently impacting key
ecological segments along the river and Gambian fisheries. To understand the magnitude and rate of
current and future changes, it is necessary to interrogate appropriate datasets for the presence of
important trends, historically, as well as those that are reasonable to anticipate in the coming decades.

2. This chapter presents a summary of a detailed analysis undertaken to identify the underlying
physical attributes of historical and projected changes of temperature and precipitation within the
watershed. This analysis was further used to inform the assessment of climate change impacts on the
ocean environment and river ecologies, and in modelling the impact of climate change on the saline
intrusion into the Gambia River, presented in the following chapters. These additional chapters, together
and separately, are used in assessing the likely biological impacts of climate change on the various
fisheries, and individual species, as well as aiding in the physical location of specific adaptive activities.

Data

3. Over two-thirds of the Gambia River watershed is located within Senegal, with the remaining
portion split near evenly between The Gambia and Guinea.®® Due to the cross-border nature of the
watershed, in order to undertake a trend analysis of possible changes in historical weather patterns that
might be affecting the basin’s hydrology, as well as projecting future trends, it is necessary to rely on
weather records at a commensurate spatial scale, above national level. The EWEMBI (EartH2Observe,
WFDEI and ERA-Interim data Merged and Bias-corrected for ISIMIP) dataset was selected for this purpose
(Lange, 2018; Dee et al., 2011; Weedon et al., 2014; Dutra, 2015). The EWEMBI dataset is a robust, global
dataset compiled and maintained by the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) in
support of impact assessment teams contributing to the Intergovernmental Panel on Climate Change
(IPCC) assessment reports. The dataset provides daily precipitation and temperature data, covering the
period from 1979-2018, at a global scale with 0.5° resolution (roughly 55.5 km? at the equator).

4. In assessing climate trends in the Gambia River watershed, daily temperature (maximum,
minimum and average) and precipitation values were reconstructed as monthly averages. This
reconstruction was carried out for two reasons. First, it simplified the dataset for use in trend detection,
where seasonal changes in magnitude and spatial distribution of precipitation within the watershed are
the primary concerns. Secondly, use of monthly timescale was adequate for the data inputs needs of the

65 14 percent of the watershed lays in The Gambia, 71 percent in Senegal and 15 percent in Guinea (Oréade-Bréche and ISL
Ingénierie, 2014). The shape file for the Gambia Watershed was obtained from the HydroSHEDS database
(https://hydrosheds.org/page/overview). The watershed includes those areas upstream from the extent of permanent saltwater
intrusion into the river at KP 64.
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SALNST salinity model being used to project changes in the saltwater intrusion into the Gambia River (see
Chapter 6). For this later purpose, in additional to precipitation data, daily maximum and minimum
temperatures were used to calculate potential evapotranspiration values using Thornthwaite’s equation,
which is based on temperature (Thornthwaite, 1948).

5. For future climate projections, five global circulation models (GCMs) used by FAO in other
national assessments were selected. The models selected are: the GFDL-ESM2M (Geophysical Fluid
Dynamics Laboratory — Earth System Model 2M)(Dunne et al., 2012); the MIROC-ESM (Model for
Interdisciplinary Research on Climate — Earth System Model)(Watanabe et al., 2011); the IPSL-CM5a-MR
(Institut Pierre-Simon Laplace-Climate Model 5a-Mid-Resolution)(Dufresne et al., 2013); the NORESM
(Norwegian Earth System Model 1-M)(Bentsen et al., 2013), and the HadGEM2-ES (Hadley Centre Global
Environment Model ver.2-Earth System)(Martin et al., 2011). All of these models are part of the Coupled
Model Intercomparison Project 5 (CMIP5), used in conducting analysis for the IPCC Fifth Assessment
Report (AR5).%®

6. To assess the correlation between the different GCMs and the EWEMBI dataset, a quality
control check was performed. The Root Mean Square Error (RMSE) was used to determine the best fit
between each of the models’ re-creation of historical daily precipitation and temperature values for the
period 1979 to 2016 covered by the EWEMBI dataset. Figure 3-1 shows the RMSE by geographic location
for each of the models, and Figure 3-2 shows the RMSE by months. The MIROC-ESM, developed by the
University of Tokyo, the National Institute for Environmental Studies (NIES) and the Japanese Agency for
Marine-Earth Science and Technology (JAMSTEC), had the lowest RMSE values for precipitation and close
to lowest for temperature. Based on the low RMSE, the MIROC-ESM was selected for use in generating
the projected weather for use in the SALNST salinity assessment.®’

Figure 3-1 GCM to EWEMBI Root Mean Square Error values (1979-2016) for temperature and precipitation across
the Gambia River watershed (lighter colors denote smaller RMSEs)

RMSE for temperature, in °C
GFDL-ESM2M | MIROC-ESM IPSL-CMSA-MR | NorESM1-M | HadGEM2-ES

‘ :
l\ _ \\ _ . l\ _ S ‘\ _ .
. . . . .

.
. 1 . . 1 . 1 . -

40

RMSE for precip. (monthly accumulated values), in mm
GFDL-ESM2M MIROC-ESM IPSL-CMSA-MR NorESM1-M HadGEM2-ES

I o
\\__ N S \'\_ . I\_
™ ™
L e . 1

~ - ~,
™ N ™~

Source: FAO analysis of EWEMBI dataset

66 For  further details see the IPCC AR5 Chapter 9 "Evaluation of  Climate Models”
(https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5 Chapter09 FINAL.pdf) and IPCC Data Distribution Center AR5
Reference snapshot http://www.ipcc-data.org/sim/gcm _monthly/AR5/Reference-Archive.html

57 For further details on data processing for the SALNST assessment, see chapter 6.
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Figure 3-2 GCM to EWEMBI Root Mean Square Error values for monthly temperature and precipitation (1979-2016)
in the Gambia River watershed
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Analysis

7. Historical trends. Considering the whole of the Gambia River watershed over the period 1979-
2016, average annual precipitation has shown a non-significant increase of about 1 mm per year, while
temperatures have increased on average 0.02°C per year, or about 0.74°C in total over the period
(statistically significant at the 95 percent confidence interval) (see Figure 3-3). This rate of warming is
approximately 40 percent less than the average rate of temperature increase for Africa, which warmed at
the rate of 0.028 C/yr over the same time period, or 1.06 °C total (NOAA, 2020). Geographically,
temperatures have increased uniformly over the entire watershed, while precipitation have declined
slightly in the central watershed, with slight increases seen in the upper reaches of the watershed, and
along the coast (see Figure 3-4).
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Figure 3-3 Annual changes in temperature and precipitation within the watershed, 1979-2016 (the solid
line indicates a statistically significant trend)
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Figure 3-4 Average annual change in temperature and precipitation, 1979-2016 (grid cells with black dots
indicate statistically significant trends)
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8. When viewed at decadal time intervals between 1979 and 2016 (1979-1988; 1989-1998; 1999-
2008; 2009-2016), the data show a strong evolution in spatial trends in both precipitation and
temperature. As seen in Figure 3-5, the general cooler and relatively wet decade of the 1980s is followed
by consecutive decades of sustained warming and an initial shifting and subsequent decades of decline in
precipitation. Of particularimportance with regards to precipitation is the shift from increases in the 1979-
1988/1989-1998 period, to declines in 1999-2008/2009-2016 period. The plans for the Sambangalou dam
used historical rainfall patterns (1970 - 2001) (ISL, 2014) for modelling future hydrology of the watershed.
The lower current and potential future rainfall may, therefore, lead not only to an under performance of
the dam in generating hydroelectric power but also hold significant implications for the hydrologic
dynamics and biological communities downstream within The Gambia (more details on this issue area
presented in Chapter 6 on saline intrusion).

Figure 3-5 Decadal average temperature and rainfall within the Gambia River watershed (grid cells with black dots
indicate statistically significant trends)
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9. From a temporal perspective, Figure 3-6 shows a general increase in temperature and slight
shifting in timing for precipitation by decade. The slight delay in onset of the rainy season and lengthening
in the peak rainfall period in the most recent decade (2009-2016), suggests a somewhat later, but longer
wet season flood, delaying the entry of saline water into the upper reaches of the estuary.
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Figure 3-6 Decadal average monthly temperature and precipitation (1979-2016) in the Gambia River watershed
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10. Future projections. Each of the five GCMs were used to generate future downscaled

temperature and precipitation projections for the watershed, reported here at three future time
intervals, near (2011-2040), medium (2041-2070) and far (2071-2099) future. For this report, it was
decided to include only references to projected impacts resulting from Representative Concentration
Pathway (RCP) 8.5, a high emissions business as usual scenario resulting in 8.5 watts/m? of additional
energy being retained within the earth’s atmosphere. Projections under the more moderate emission
scenarios, e.g., RCP 4.5, can be assumed to be similar in sign with possible modest variance in intensity,
geographic and temporal distribution. The decision to use RCP 8.5 for projecting possible future climate
is based on the metrics presented in Figure 3-7 (where it is indicated that (fig. A) Rates of emissions have
continue to increase (Global Carbon Project, 2019); (fig. B) Observed atmospheric concentrations of CO,
continue to rise (NOAAa, 2020); (fig. C) Radiative forcing of the global climate system, from all greenhouse
gases, continues to rise (CISRO, 2019); (fig. D) Global air and sea surface temperatures (SST) continue to
rise — 2019 witnessed the second highest average global temperature, and the highest sea surface
temperatures — the past five years are the hottest five years on record (air and sea surface temperatures),

and the past decade the hottest decade ever recorded (air and sea surface temperatures) (NOAAb, 2020;
Cheng, et al., 2020).
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11. Currently, global warming is at 1.1 C° above pre-industrial times (range among the five global
datasets 1.05 — 1.2 C°) (WMO, 2020), and on-track for 2.3 — 4.7 C° of warming by 2060 (90 percent
confidence interval) (Sherwood et al., 2020). The voluntary nationally determined commitments to
reduce greenhouse gas emissions under the Paris Agreement, if implement to 100 percent effectiveness,
are assessed to allow global temperatures to rise to 2.8 — 3.5 C° by 2100 (Climate Action Tracker, 2019),
consistent with an RCP8.5 trajectory. The vast majority of countries are assessed to be lagging behind in
implementing their current national commitments (FEU-US and ACT, 2019). Evidence emerging from the
new generation of global circulation models (CMIP6) being used in preparing the upcoming IPCC 6
assessment report suggest that climate sensitivity may have been seriously underestimated, by over 30
percent, with the potential warming equilibrium (and rate of warming) from a doubling of CO; over 2
degrees warmer than previously thought (e.g., Zelinka et al., 2020). In sum, based upon the evidence,
there is currently no empirical basis for anticipating anything other than the projected impacts associated
with an RCP 8.5 future. Should future progress be made in reducing greenhouse gas emissions, various
projected impacts can be assumed to somewhat less, but consistent in sign, to those indicated in this
report.

12. Below, Figure 3-8 shows the generally mixed projections for precipitation, with both mixed
results between the models at each time interval, and within each model across the three periods. Only
one model projects a consistent, through slight, declining trend in precipitation across all three time
periods, while most models show a decline in precipitation in the medium and far future time periods.
This divergence in model output is consistent with studies focusing on projected precipitation within the
Sahelian zone, where models general split between those predicting precipitation increases and decreases
(Giannini, 2016). Figure 3-9 shows the various projected changes in the seasonal distribution of
precipitation across the different time periods, with three models indicating an increasingly later start to
the rainy season, and two showing a slight lengthening of the rainy period. Again, variance in model output
and the seasonal shifting in precipitation is high, and is to be expected.
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Figure 3-8 Projected geographic trend in precipitation for RCP 8.5 across three time periods (near (2011-2040),
medium (2041-2070) and far (2071-2099) future) for five GCMs — (A) HADGEM2-ES; (B) NORESM1-M; (C) IPSL-
CMb5a; (D) MIROC-ESM; (E) GFDL-ESM2M)(grid cells with black dots indicate statistically significant trends)
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Figure 3-9 Projected trend in seasonal precipitation for RCP 8.5 across three time periods (near (2011-2040),
medium (2041-2070) and far (2071-2099) future) for five GCMs — (A) HADGEM2-ES; (B) NORESM1-M; (C) IPSL-
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13. In contrast to the projected trends for precipitation, the trends for temperature change show a
much higher degree of consistency across both the different models and time periods (Figure 3-10). All
models, across all time periods, show a sustained upward trend in mean temperatures, consistent with
what is known about the future of global climate change, with mean minimum temperatures rising at
roughly twice the rate as mean maximum temperatures. The output from all models is statistically
significant at a 95 percent confidence interval. There do not appear to be any important trends in terms
of the temporal distribution of rising temperatures as shown in Figure 3-11.
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Figure 3-10 Projected geographic trend in temperature for RCP 8.5 across three time periods (near (2011-2040),
medium (2041-2070) and far (2071-2099) future) for five GCMs — (A) HADGEM2-ES; (B) NORESM1-M; (C) IPSL-
CMb5a; (D) MIROC-ESM; (E) GFDL-ESM2M )(grid cells with black dots indicate statistically significant trends)
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Figure 3-11 Projected trend in temperature for RCP 8.5 across three time periods (near (2011-2040), medium (2041-
2070) and far (2071-2099) future) for five GCMs — (A) HADGEM2-ES; (B) NORESM1-M; (C) IPSL-CM5a; (D) MIROC-

ESM; (E) GFDL-ESM2M)
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Conclusions

14. Overall, across the model projections there is a mixed though general agreement in the
potential of declines in future precipitation, albeit modest, towards the end of the century.® Given the
historical trend and virtual certainty of continued increases in temperature across all locations and time
periods, resulting in greater rates of evaporation, one conclusion to be gained from this analysis is the
likelihood of there being a decline in streamflow within the Gambia River in the decades ahead. Such a
conclusion is consistent with a meta-analysis done on studies on river basin runoff in West Africa, which
found that for the Gambia River basin future streamflow will likely decline by 4.5 percent (Roudier et al.,
2014). Human activities that contribute to greater removal of water from the river (e.g., irrigation) and
increased evaporation (e.g., from irrigated surfaces and dam reservoir), will accelerate the process of
climate change driven moisture loss. For example, Gambia’s National Water Management Strategy
estimates a 7 percent reduction in stream flow in the Gambia River at Kedougou, immediately

58 This conclusion is also supported by ensemble data from the CORDEX Africa models (https://dap.climateinformation.org).
The analysis in the latter portal also finds variability between models, but 12 out of 18 models project a decrease in
precipitation under RCP4.5 for the period 2041-2070.
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downstream from the Sambangalou dam under construction in Senegal, due to evaporation from the
dam’s reservoir (GoTG, 2015). This volume of moisture loss translates roughly into a 3.5 percent reduction
in stream flow as the river enters The Gambia.®®

15. From the perspective of ecological niches and the life cycle of individual species, the potential
shifting in the seasonality (timing and length) of the annual flood/recession cycle, within a context of
declining overall streamflow, may have even greater effect. Such trends, when combined with the
offtake of water for irrigation in the freshwater portions of the river, increased evaporation and further
alterations in the flood cycle imposed by the water retention and release schedule of the Sambangalou
dam, will greatly amplify the impacts of climate change alone (these issues are explored in greater detail
in Chapters 6 and 7).
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CLIMATE CHANGE and the OCEAN ENVIRONMENT

Introduction

1. The world’s oceans occupy 71 percent of the planet’s surface and contain 97 percent of
earth’s water. This vast volume serves as the primary sink of additional energy trapped by the
anthropogenic release of greenhouse gases, absorbing approximately 93 percent of the additional
heat (Cheng et al., 2019; IPPC, 2019a). The connected global oceans also serve as one of the major
sinks of atmospheric CO,, having absorbed between 20-30 percent of CO, emissions since the 1980s
(IPCC, 2019a). These primary responses of the world’s ocean to changes in atmospheric chemistry are
driving a number of associated abiotic changes in the ocean environment, which in turn have set in
motion an even greater number of direct and indirect effects on oceanic biological systems.

2. In considering the major abiotic changes effecting The Gambia’s fisheries, this review begins
with the major impacts occurring in the open ocean and moves shoreward to consider the
continental shelf and coastal environment. The oceanic environment ultimately connects with the
mangrove dominated estuary and freshwater ecosystems of the Gambia River covered in the following
chapter. Each of these environmental segments supports different fisheries — oceanic, coastal,
estuary, riverine — and are exposed to differing climate change threats, while exhibiting varying
sensitivities, and will each receive dedicated attention in the chapters ahead.

Observed Climate Change Impacts on the Open Ocean

3. The ocean environment along the West African coast is a dynamic body. In addition to tidal
surges, the ocean is in constant motion driven by a complex of shifting gyres, currents and eddies, as
well as vertical upwellings and subsidence. The result is a heterogeneous mixing of waters along
different spatial and temporal scales (from hourly to decadal) although, as shall be illustrated, this
mixing is imperfect with regards to some key effects of climate change forcing. With relevance to The
Gambia, the most important macro feature of the ocean environment is the North Atlantic Tropical
Gyre, an important feature of the Eastern Boundary currents off the West African coast, referred to
most commonly in the literature (and in this section) in the context of the Canary Current Large Marine
Ecosystem (CCLME) within which The Gambia is located (Pelegri and Pefia-lzquierdo, 2015a). Situated
within the southern half of the CCLME (see Figure 4-1), The Gambia lays claim to a band of coastline
approximately 65 km in width. Extended seaward 200 nautical miles (370 km) this narrow band
demarcates the country’s exclusive economic zone (EEZ).”° Due to the small size of the EEZ, dynamic
nature of the larger physical environment within which it is situated, and the paucity of local data, the
climate change evidence presented here, and assumed to be impacting The Gambian waters, is drawn
principally from global, North Atlantic and CCLME references.

70 The maximum width of The Gambia’s EEZ is approximately 65 km (Zeller and Pauly, 2015; see also Flanders Marine
Institute, 2019).
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Figure 4-1 Ocean currents of the CCLME and the relative
position of The Gambia EEZ

C_;_
rd
0
:’," )L *( ) 15 Y
Longitude [E]
Source: adapted from: Pelegri and Pena, 2015a
4. Ocean warming. The Atlantic Ocean covers 20 percent of earth surface (106.5 million sq km).

Across this vast expanse off The Gambia’s Western coast, several important physical exchanges take
place. The first and most significant is the gradual heating of the ocean surface, the top few meters,
and the transfer of this heat into deeper ocean layers. Without this thermal transfer taking place,
average global temperatures would have already warmed at nearly twice the current rate, or at the
same rate as land surface temperature rise (IPCC, 2019b), pushing global warming well above the 1.5
°C threshold. As outlined in recent global assessment reports the impacts of this level of warming
would be nothing short of catastrophic (IPCC, 2019a, b; IPCC, 2018; Steffen et al., 2018).

5. Overall, average ocean temperatures have risen steadily since 1970 (IPCC, 2019a), with the
rate of increase rising dramatically over the past three decades (see Figure 4-2). Between 1955-1986
ocean warming grew at a rate of 2.1 +/- 0.5 ZJ/year. From 1987 to 2019, the rate of warming increased
to 9.4 +/- ZJ/year — approximately 450 percent faster (Cheng et al., 2020). Average global ocean
temperatures in the upper 2000 m in 2019 were the highest ever recorded; the past five-years, the
warmest ever recorded; the past decade, the warmed 10-years on record (Cheng et al., 2020). In the
CCLME, upper ocean temperatures (0-200 m depth) have risen on average 0.28 °C per decade over
the 32-year period of 1982-2013 (Vélez-Belchi et al., 2015), or 0.9 °C of total warming, with areas
within this zone warming at double this rate, at 0.65 °C per decade. The warming of surface waters
within the CCLME exhibit a strong seasonal trend, with the highest values observed during periods of
greater downwelling, especially in locations where this occurs during the summer months, leading to
observed warming trends of over 0.90 °C per decade during peak warming periods of the year. The
areas off The Gambian coast are reported to have increased downwelling (Vélez-Belchi et al., 2015),
thus indicating the potential for higher warming trends, although in situ measurements are lacking to
substantiate this trend.
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Figure 4-2 Trend in Global Warming of the Upper Ocean (1955-2019)
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6. The increase in sea surface temperatures is associated with three corresponding abiotic
changes. The first is an increase of salinity levels. As seawater warms its density decreases. To
maintain equilibrium, salinity levels increase as temperatures rise.”* Measurements in the CCLME
show both, an increase in temperatures of the surface layer, and a corresponding increase in salinity
of 0.03 +/- 0.023 per decade (Vélez-Belchi et al., 2015).

7. Secondly, the rise in surface temperatures increases the stratification of the water column,
resulting in less mixing of upper and lower water layers (IPCC, 2019a). Stratification has increased
globally 5 percent in recent decades, with over 70 percent of the increase occurring in the upper 200
m (Li et al, 2020). The decrease in vertical mixing has important implications for the cycling of inorganic
ocean nutrients and dissolved oxygen levels. Measurements within the CCLME, while documenting
the increase in surface temperatures, show little or no changes in water temperatures at intermediate
depths and the deep ocean (Vélez-Belchi et al., 2015), suggesting weak vertical mixing.

8. Third, there is the decrease in dissolved oxygen content within the more rapidly warming
surface waters. As water warms, it is able to hold less oxygen due to changes in gas solubility. Greater
stratification of surface waters increases residency times and prevents mixing. Stratification is
responsible for 80 percent of global deoxygenation of surface waters (Li et al.,, 2020). Globally,
dissolved oxygen levels have decreased by 2 percent since the 1950s, with the volume of water
completely devoid of oxygen quadrupling since the 1960s (IPCC, 2019a; Laffoley and Baxter, 2019).
Over this same time period the number of ocean sites suffering from low oxygen levels has grown
from 45 to over 700 in 2011 (Laffoley and Baxter, 2019). These changes mean that although the oxygen
content of the ocean in only 0.6 percent of that in the atmosphere the ocean has become a net source
of atmospheric oxygen, due to the rise in sea surface temperatures and ability of warm water to hold
less oxygen, (Laffoley and Baxter, 2019). Eastern boundary upwelling systems (EBUS) are known for
their low levels of dissolved oxygen. Of the major EBUS the oxygen minimum zone in the CCLME is the
least hypoxic globally, but the rate of decline in dissolved oxygen levels observed in the CCLME is twice
as fast as other oxygen minimum zones (Pelegri and Pefia-lzquierdo, 2015b; Stramma et al., 2008).

9. Imbedded within this general, slow-onset trend of increasing sea surface temperatures, and
associated secondary effects, is a commensurate increase in the potential of marine heatwaves,

"L Increased salinization in the Atlantic is also linked to a basin-wide freshwater transfer from the Atlantic to Pacific resulting
from an intensification in the hydrologic cycle (evaporation and precipitation) (Li et al., 2020).
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violent storms and harmful algal blooms. As with land surfaces, the ocean environment is also subject
to extreme, rapid on-set, heating events in the form of marine heatwaves. Globally the frequency of
marine heatwaves have doubled since 1982, becoming increasingly intense, with longer-duration and
covering larger areas (IPCC, 2019a). As example of the magnitude and effect of these events, in
2015/16 during a particularly strong el nifio event, a major marine heatwave occurred in the North
Pacific that raised sea surface temperatures 1-2 °C killing an estimated one million seabirds through
impacts on the food chain beginning with a decline in plankton primary productivity (Piatt et al., 2020).
The energy transfer from periods of gradual and rapid heating of the sea surface is stored within the
ocean and feeds the formation of major storms. In the same year, 2015/16, Hurricane Patricia formed
over the eastern Pacific, with wind speeds of over 320 km/hr, the strongest storm ever recorded. The
paucity of data specific to the CCLME do not allow observations to be made on trends, however, in
general the tropical North Atlantic is the source of tropical depressions, storms and hurricanes, which
once formed, strengthen and are pushed westward by the overlaying trade winds, striking North
America (see Figure 4-3). Due to the connectedness of the global ocean and consistency in drivers, it
is likely that similar tendencies are occurring in the CCLME environment as well.

Figure 4-3 Tropical Depressions (blue), Storms (green) and Hurricane Tracks (yellow, orange, red) in the North
Atlantic Ocean (1842-2018)
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10. Due to the high level of nutrients in upwelling water, the major EBUSs worldwide are
susceptible to the development of harmful algal blooms (Pitcher and Jacinto, 2019). Four main types
of harmful algal blooms — paralytic shellfish poisoning, diarrhetic shellfish poisoning, amnesic shellfish
poisoning, cigautera fish poisoning and cyanobacteria poisoning — have been reported in the CCLME
(Pitcher and Fraga, 2015). The principle species responsible for these blooms are all regular
components of the phytoplankton communities found in the CCLME upwelling zones. Depending on
the emergence of favorable conditions found along the upwelling system, individual populations of
toxin producing species can dominate, leading to an outbreak in one of the poisoning related harmful
blooms noted. The main species of marine life affected by harmful algal blooms are shellfish, whereas
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cigautera poisoning occurs through the consumption of affected fish, principally top-predators who
have assimilated high levels of toxins, accumulated through several trophic levels of biomagnification.
Human consumption of either contaminated shellfish or sea fish can lead to serious health
consequences even death. Cyanobacteria blooms, which can occur in ocean, brackish or fresh water,
produce toxins that can directly affect human or livestock coming into contact.

11. The increased appearance of ciguatoxic fish within the CCLME is interpreted as another
indicator of the shift in bioregions northwards towards higher latitudes brought on by higher sea
surface temperatures (Dickey and Plakas et al., 2010; Otero et al., 2010). It has been noted that the
first recorded cyanobacteria blooms in the CCLME appeared in association with the highest seasonal
temperatures since 1912 and the occurrence of significant Saharan dust storms that deposited Fe
laden dust in offshore waters required for the growth of the bacteria (Pitcher and Fraga, 2015).7?

12. Acidification. The second major exchange taking place at the sea surface is the diffusion of
atmospheric CO; into the ocean body. Between one-fifth and a third of total CO, emissions since the
1980s have been sequestered in the global ocean (IPCC, 2019a). The impact on seawater pH
(acidification) of this vast amount of sequestered CO; is the resulting balance of a complex set of
interactions. Increasing atmospheric concentrations of CO; raise the CO, partial pressure (pCO3) with
respect to seawater, leading to more CO; entering the ocean and a decrease in pH at the sea surface
(see Figure 4-4). In contrast, as sea surface temperatures warm, the solubility of CO,declines, lowering
the amount of additional CO; that can be absorbed (Gonzalez-Davila and Santana-Casiano, 2015). In
upwelling areas the induction of cold water, rich in inorganic nutrients and high in CO,, rising to the
surface supports the development of massive phytoplankton blooms, which assimilate carbon
dissolved in seawater through photosynthesis, resulting in a raise in pH and a lowering of pCO;
(Loucaides et al., 2012; Lachkar and Gruber, 2013), allowing more CO, to enter the ocean.

13. Due to the induction of cold water through upwelling events, containing high levels of
dissolved CO,, coastal areas such as the CCLME naturally have among the most extreme pH levels in
the world with pH reported as low as 7.6-7.7 (Feely et al., 2008). Since pre-industrial times, the pH of
the global ocean has declined by 0.1 units, equivalent to a 30 percent increase in acidity (Caldeira and
Wickett, 2003). In the CCLME, monitoring data collected at a site in the Canary Islands since 1994,
shows a decline in pH of -0.0013/yr to -0.0025/yr, roughly double the global rate of ocean acidification.
That said, the ocean waters in the CCLME are highly heterogenous, the result of complex processes
associated with varying upwelling intensities, sea surface temperatures, mixing with underlying water
layers and rate of phytoplankton uptake of dissolved carbon, each of which are influenced by various
attributes of climate change, making generalized statements about changes to pH beyond global
trends difficult to substantiate (Santana-Casiano and Gonzalez-Davila, 2015).

|u

72 Qver half (55 percent) of the global atmospheric dust input comes from the Saharan desert and Sahel. “Atmospheric dust
deposition is an important source of essential and limiting nutrients and metal to the oceans, affecting the oceanic carbon
uptake, phytoplankton growth and productivity...dust inputs may promote nitrogen fixation, by providing iron and other
trace metals” (Gelado-Caballero, 2015; internal citations withheld).

46



Figure 4-4 Change in Ocean pH and CO2 Partial Pressure
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Observed Climate Change Impacts along the Continental Shelf and Coastal Areas

14. Shifting focus from the open ocean shoreward, to the continental shelf and coastal
environment, the most important abiotic forces influencing fish populations and biological habitat are
upwelling events and sea level rise. The coastal environment of the CCLME is one of four major global
EBUS (see text box). Along the Gambian coast, the continental shelf begins to drop away
approximately 70 km from shore, with head of the slope in roughly 200 m of water and base at 2500-
3000 m (Agudo-Bravo and Mangas, 2015). Upwelling occurs along the declining slope of the
continental shelf, whereas sea level rise is felt most acutely along the shore and the extent of seawater
intrusion into the Gambia River estuary.

15. Upwelling. The differential rates of warming of adjacent sea and coastal land surfaces give rise
to increased alongshore winds, the driver of upwelling events (Bakun, 1990; Bakun et al., 2010). The
nutrient rich waters brought to the surface through upwelling events along the continental shelf feed
the oceanic food chain through the stimulation of massive blooms of phytoplankton, visible in satellite
images as filaments, the signature of upwelling areas, and subsequently blooms of zooplankton
(Demarcqg and Somoue, 2015; Berraho et al., 2015) (see Figure 4-6).”*> Measurements in the CCLME
have detected an increase in alongshore wind, favorable to producing upwelling events (Benazzouz et
al.,, 2015), yet remote sensing data has not detected a corresponding decrease in sea surface
temperature associated with increased coastal winds (ibid). A drop in sea surface temperatures is
normally associated with upwelling events as cooler water is brought to the surface. Satellite imagery
have also not detected an increase in filaments of plankton bloom down current from traditional
upwelling areas.” Primary productivity has been assessed as generally stable across the CCLME, with

73 Surface waters in the CCLME are “...characterized by high temperatures and salinities, high dissolved oxygen and low
nutrient concentrations” (Pastor et al., 2008; 2015).

74 Measurements in the CCLME observe that between 30 — 60 percent of the primary productivity in exported horizontally
off of the continental shelf, moved by Ekman transport (Alvarez-Salgado, 2015; Sangra, 2015).
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a possible slight decrease in productivity in the southern portion off the Gambian coast as evident in
the data analyzed from 1998 to 2014 (Demarcq and Benazzouz, 2015).

Eastern Boundary Upwelling

EBUS occupy less than 3 percent of the global ocean surface (Large and Danabasoglu, 2006), but contribute from
between 20 to 40 percent of the total fish catch (Pauly and Christensen, 1995; Capone and Hutchins, 2013; Laffoley
and Baxter, 2019), comprised primarily of small pelagic species™ and those that feed upon them (e.g., tunas).
EBUS are driven by three primary factors: alongshore wind, the Coriolis effect and Ekman transport mechanism
(Bakun, 1990; Ekman, 1905). Alongshore winds create friction over the ocean surface, tending to pull surface
waters with it. The combined forces of the Coriolis effect and Ekman transport mechanism in turn act on these
moving waters, deflecting their path of travel to 45° of the wind direction. In the northern hemisphere, water
moves to the right of the wind direction (Chelton at al., 2004; Pelegri and Benazzouz, 2015). Surface water that
are drawn away from shore, create nearshore suction, pulling deeper waters to the surface —forming an upwelling
event (Mann and Lazier, 2006). In contrast, surface waters pushed further shoreward are forced downwards,
creating an area of downwelling. Along the Gambian coast upwelling occurs most frequently during the autumn
and winter months, when prevailing winds are towards the equator, whereas downwelling occurs during the
spring and summer when winds turn poleward (ibid) (see Figure 4-5).

Figure 4-5 Seasonal Wind Directions and Intensities in the CCLME and Relative Position of the Gambian EEZ
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Source: adapted from Pelegri and Benazzouz, 2015

f.n. In slow and very rapid upwelling currents, small phytoplankton species dominate delaying somewhat the buildup of grazing
populations of zooplankton and larger organisms that in turn feed higher trophic levels in the food chain. Populations of large-
sized plankton thrive in moderate upwelling currents, leading to more rapid buildup of zooplankton, filter feeders and small
pelagic species within the food chain (van der Lingen et al., 2009 and 2006; Rykaczewski, 2018). Productivity of the CCLME is
such that small pelagic biomass can double in the course of a single season.
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Figure 4-6 Phytoplankton Filament Detected from the MODIS Sensor, 10-19 March, 2010, and relative position
of the Gambian EEZ
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16. Although the dynamics are not fully understood, it is believed that rapidly increasing sea
surface temperatures have increased the strength of the thermocline barrier between the upper and
intermediate ocean layers. The observed increase in the alongshore winds, normally associated with
an increase in upwelling events, are thought to not exert sufficient vertical lifting force for subsurface
waters to break through the temperature gradient. As a result, there has been no observable increase
in upwelling activity, with observable decreases in sea surface temperatures (from upwelled cooler
water) or visible plankton blooms down current (Demarcq and Benazzouz, 2015).

17. Sea level rise. The other important abiotic impact of climate change on the coastal zone is sea
level rise. Although sea level rise affects the entire ocean environment, the most meaningful point of
reference is when the ocean comes into contact with shore, and in the case of The Gambia, where the
ocean meets the outgoing river estuary. From 1900 - 2013, sea levels rose risen by approximately 22
cm, with close to half this increase (9.6 cm; 3.3 mm/yr) occurring since 1993 (NASA, 2020) (see Figure
4-7). Across the CCLME the rate of sea level rise confirms the global trend, although the southern
portion has risen more quickly with recorded increases of up to 4.5 mm/yr for the period 1992-2013
(Pérez-Gémez et al., 2015). The rapid increase in the global rate of sea level rise, more than doubling
in recent decades, obscures an important shift occurring in the source of sea level rise. Initial increases
were driven primarily by thermal expansion; the warming of the oceans (warmer water takes up more
volume). More recently, however, the contribution of additional fresh water from melting glaciers and
ice sheets have come to dominate. Over the period 1993 to 2018, thermal expansion contributed 42
percent of the recorded sea level rise, while melting glaciers and ice sheets contributed 44 percent
(IPCC, 2019a). Over the recent decade, 2007-2016, the rate of additional fresh water from the
Greenland ice sheet has doubled, and those from the Antarctic ice sheets have tripled, relative to
1997-2006 (IPCC, 2019a). The exceptional melting in 2019 saw the Greenland ice sheet alone
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contribute 40 percent, 1.5 mm, of the total 3.75 mm observed sea level rise (Tedesco and Fettweis,
2020).

Figure 4-7 Sea Level Rise since 1993
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18. The Gambia’s capital, Banjul, sites perilously close to historical sea level, with the port and

much of the city within 2 m of sea level (see Figure 4-8). Extreme wave heights in the South Atlantic
have increased on average by 1 cm per year since 1985, over 30 cm total, further threatening coastal
lands and infrastructure (IPCC, 2019a).75 Also exposed to rising sea levels, the Gambia River has an
extremely flat profile, falling less than one meter (57 cm) over the final 500 km of length (ISL, 2014).
Such a flat profile exposes the river environment to substantial impacts from continued sea level rise;
in the absence of river discharge, each additional centimeter of sea level rise potentially allows
seawater to reach many kilometers further inland. Assessments of the mangrove along river estuary
have detected a decline of 47 percent in the mangroves tree cover between 1981-92 and 2009-10,
due changes in salinity levels from drought, sea level rise and human activities (GoTG, 2010).

Figure 4-8 Banjul and Surrounding Coastline with Approximate Impacts of 0 - 2 m of Sea Level Rise
(https://www.floodmap.net/?ct=GM)d; accessed 29/01/2020)
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75 Globally, “nearly 50 percent of coastal wetlands have been lost in the last 100 years, as a result of the combined effects of
localized human pressures, sea level rise, warming and extreme events” (IPCC, 2019a).
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Projected Impacts and Trends

19. Stated most simply, all of the impacts of climate change noted in the previous sections are
anticipated to worsen in the coming decades. As our understanding improves on how the various
dynamics and interrelations of abiotic features of the earth system respond to increased CO2
concentrations and global warming, estimates on future impacts, the relative timing of their onset and
geographic precision of where impacts will be felt, will become more exact. With regards to the
CCLME, and areas off the Gambian coast, the impact of future changes are best guided by estimates
at the global level, keeping in mind that with regards to many measures the CCLME has shown itself
to be more sensitive that other non-EBUS environments.

Notable Anticipated Impacts in the Open Ocean

20. Sea surface and ocean warming. As a principle driver of many other abiotic changes occurring
within the ocean environment, what happens with regards to sea surface temperatures is of upmost
importance. The IPCC anticipates that under RCP 8.5, the upper 2000 m of the ocean will take up 5-7
times more heat by 2100 (IPCC, 2019a). For even the slowest warming areas of the CCLME, this will
mean an increase of sea surface temperatures of 1.4 to 1.9 °C per decade. The cumulative effect of
this rate of warming makes it difficult to conceive of any of the major existing fisheries being sustained
without significant impact. Given that warming of the ocean body is not reversable over meaningful
time periods, taking millennia to stabilize (IPCC, 2019a; Laffoley and Baxter, 2019; Cheng et al., 2020),
what happens in the coming decades in terms of emission reductions will have a profound effect on
the future of ocean biological systems.

21. The ongoing assessment of a possible underestimation of the relative sensitivity of the climate
system to levels of atmospheric forcing (i.e., the global temperature response to greenhouse gas
emissions) makes the attention given to reducing emissions all the most important. Outputs from the
new generation of global circulation models being used in preparation of the IPCC sixth assessment
report show an upward trend in both the predicted rate of warming and ultimate equilibrium as
compared to those used in the past (e.g., Zelinka et al., 2020; Nijsse et al., 2020). If such an
underestimation has occurred, expected global warming from greenhouse gas emissions already
released (as well as those anticipated) will require that even more aggressive actions are taken to
reduce greenhouse gas emissions to meet the target set by the Paris Agreement.

22. Dissolved oxygen. As sea surface continues to warm, ocean circulation is expected to slow,
leading to a 50 percent reduction in oxygen levels in the upper 1000 m, and a 98 percent reduction at
depths greater than 1000 m (IPCC, 2019a). Implications for the CCLMLE are that deep ocean waters,
the source of upwelling currents, already noted to be low in oxygen, will become even more oxygen
deprived. In terms of general sensitivities, it is noted that “[o]cean deoxygenation...affects marine
systems as soon as conditions depart from full aeration” (Laffoley and Baxter, 2019). The loss of viable
habitat due to oxygen depletion will threaten the pelagic fisheries across the entire CCLME (Aristegui
et al., 2006; Stramma et al., 2012). [Note: The global oxygen minimum zones are also a major source
of N,O”® (Garcon et al., 2019), responsible for approximately 22 percent of the annual global N,O
emissions. It is predicted that an expansion of oxygen deleted zones will intensify global nitrous oxide

76 N,O is a powerful greenhouse gas, exerting 298 times more warming over a 100-year period than CO; (IPCC, 2013).
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(N20) fluxes (Capone and Hutchins, 2013), further contributing to global warming and its related
impacts on the marine environment.]

23. Salinity changes. No specific projections are made regarding changes to salinity levels. Due to
the relationship between sea surface temperatures, water density and salinity, and the major
influences of surface evaporation and precipitation, it can generally be anticipated that salinity levels
in the upper oceans will continue to rise as waters warm and evaporation relative to precipitation
intensifies.

24, Marine heatwaves. By 2100, marine heatwave frequency is projected to increase by 50 times,
relative to 1900 under RCP 8.5, with an increase in intensity of 10 times (IPCC, 2019a).

25. Storms. Globally it is projected that oceanic storms will increase with the continued warming
of sea surfaces, leading to increased storm frequency and intensity and propagation of more category
4 and 5 hurricanes (IPCC, 2019a). The IPCC (IPCC, 2019a) predicts a decrease in maximal wave height
in the North Atlantic, however, it is unclear whether this pertains to the CCLME as well. In any event,
the combined forces of sea level rise, increased storm and highwater events will likely have a
progressive and greater impact on coastal erosion and shoreline infrastructure.

26. Harmful algal blooms. The decreasing intensity of the Atlantic Meridional Overturn
Circulation is expected to lead to a decrease Sahelian rainfall (IPCC, 2019a), which, due to its
teleconnection with the CCLME, would be expected to contribute to greater dust transport and
deposition, effectively seeding the CCLME with Fe and potentially contributing to an increase in
harmful algal blooms associated with dust deposits and warmer water temperatures.

27. Acidification. Ocean pH levels are projected to continue to decline by an estimated 0.3 — 0.4
units under RCP 8.5. These pH levels will threaten keystone shell-forming species, by crossing
aragonite stability thresholds by 2100 (IPCC, 2019a), thus effecting shellfish along the Gambian coast
and saltwater estuary. Recent analysis indicates that the oceans may be absorbing 25 percent more
CO; than previously thought (Watson et al., 2020), underscoring the likelihood of pH levels exceeding
critical biological thresholds more rapidly than anticipated.

Notable Anticipated Impacts along the Continental Shelf and Coastal Areas

28. Upwelling. Stratification of the upper 200 m of surface water is expected to intensify by an
additional 12-30 percent, thus further limiting the mixing and exchange of dissolved oxygen, nutrients
and carbon within the water column (IPCC, 2019a; see also Li et al., 2020). Due to the impacts of
increased stratification, net primary productivity is predicted to decline 7-16 percent by 2081-2100
(IPCC, 2019a), thus precluding a doubling of net primary productivity of phytoplankton in response to
a doubling of upwelling inducing wind speed predicted by some models for the central and northern
CCLME (Lachkar and Gruber, 2013).

29. Sea level rise. Concerning sea level rise, the normative and admittedly conservative
projections of the IPCC are for sea level rise of 0.84 m by 2100 under RCP 8.5, potentially increasing at
a rate of 15 mm per year (IPCC, 2019a). In contrast, a growing body of evidence (see Sieger et al.,
2020) places anticipated sea level rise associated with high levels of warming at over 2 m by 2100
(NOAA, 2017; Bamber et al., 2019) (see Figure 4-9). Historically, the last time global temperatures
were 2-3 °C warmer than pre-industrial levels, sea surface levels were over 16 m higher than present
(Dumitru et al., 2019). New research indicates that 2.3 °C of total warming by 2100 is already
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committed through the GHG emissions currently in the atmosphere (Zhou et al., 2021). The volume
of water held in the Antarctic and Greenland ice sheets, which if melted, has the potential of rising
sea levels an additional 58.3 m and 7.4 m respectively (WCRP, 2018). Recent studies have assessed
that the Greenland ice sheet and artic permafrost have crossed tipping points of sustained melting,
which will continue for several centuries regardless as to efforts in reducing GHG emissions (King et
al., 2020; Randers and Goluke, 2020). In the near term, through 2100, and depending on other
hydrological changes within the Gambia River watershed, .84 m to 2 m of sea level rise can be
anticipated, allowing sea water to enter well into the Gambia River (chapter xx presents a detail
analysis of saltwater intrusion associate with sea level rise), as well as potentially contributing to
hypoxia conditions within estuary (IPCC, 2019a) and hypersaline conditions in the brackish segments
of the river (e.g., Savenije and Pages, 1992), and would inundate much of the capital city (see Fig. X
above). In addition, under RCP 8.5, the frequency of extreme sea levels events, which have occurred
once per century in the past, are projected to occur annually by 2050 in many locations (IPCC, 2019a);
The Gambia’s vulnerability to this additional threat is unclear.

Figure 4-9 Projected Sea Level Rise Under Different Emission Pathways
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Conclusions
30. To summarize, in the oceanic environment the combined direct and indirect impacts of

rising concentrations of atmospheric CO2, increasing ocean temperatures, declining pH levels,
strengthening of thermocline barriers affecting nutrient cycling and oxygen levels have led to an
overall poleward shift in the physical parameters that provide suitable habitats for major marine
species. The IPCC (2019a) notes a global poleward movement of individuals species at a rate of
between 52 +/- 33 km per year to 29 +/- 16 km per year for species in the upper 200 m and seafloor,
respectively, as well as the likely vertical and horizontal compression of viable habitat for the marine
species that remain (Braham and Corten, 2015; Laffoley and Baxter, 2019). Additional impacts on the
entire upwelling system foodchain of the CCLME, as well as potential damage due to sea level rise and
highwater events on coastal infrastructure and further saltwater intrusion into the Gambia River
estuary, are imminent.
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31. One conclusion to be taken from these findings is that the speed, magnitude and inertia of
change occurring in the abiotic conditions in the North Atlantic and CCLME offer limited scope for
taking adaptive actions. These limitations are particularly acute for The Gambia given the extremely
small size of the country’s EEZ compared to the vastness of the oceanic environment and fluidity in
movement of key fish stocks. As will be detailed further in the biological assessment of climate change
impacts on key fish stocks, beyond improved joint monitoring efforts of fish stocks with neighboring
countries and continued adjustments to fishing pressure and management of residential stocks, and
the possible selective protection of seaward assets, there are few prospects for realizing returns to
investments in adaptive measures in the fishery sector along the country’s coast and in the oceanic
environment.
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Chapter 5 THE GAMBIA RIVER, MANGROVE ECOSYSTEM and CLIMATE
CHANGE IMPACTS

Introduction

40. The Gambia river transitions through three distinct segments as it descends through the
length of the country on its way to the sea. In the first segment, furthest upstream, the river is entirely
freshwater. The extent of the freshwater segment begins at the upstream border with Senegal at
Kilometer Point (KP) 460 to a point downstream approximately at Kuntaur (KP254), the historical
average maximum extent of annual saltwater intrusion.

41. The next segment alternates between freshwater and saline and is demarcated by the
maximal extent and retreat of saltwater intrusion into the river, as determined by the position of the
1-part-per-thousand (ppt) saline front, with increasing levels of salinity on the downstream side of the
front. The position of the saline front, and its movement, reflect the annual cycle of dry and rainy
seasons, and the amount of rainfall received within the watershed during the wet period. This
segment, referred to as brackish in this analysis, begins at or around KP254, reaching above KP300
during exceptionally dry periods, and descends to a point downstream, KP64, traditionally used to
demarcate the extent of permanent seawater intrusion (Risley et al., 1993).

42. The final segment is that of the permanent saltwater estuary beginning at Kemoto (KP64;
KP100 is alternatively referenced as the extent of permanent seawater) and extending to the river
mouth and the open ocean at KP O (see Figure 5-1).

Figure 5-1 Relative locations of River segments based on salinity
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43, The mangrove ecosystem is found throughout the saltwater estuary and brackish portions
of the river.”” The mangroves are home to a great diversity of residential fish and aquatic species, and

N mangrove is a tree or shrub which grows in tidal, chiefly tropical, coastal swamps and estuaries, having numerous
tangled roots that grow above ground and form dense thickets. The latter function as spawning grounds and nurseries for
many fish and other aquatic species. The term mangrove is also used for the vegetation consisting of such trees and
shrubs.
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support an even larger number of species who are transitory, residing in the mangroves for a portion
of their lifecycle, often during their reproductive or early developmental stages, while still other
species depend on the productivity of the mangrove as the base of their food chain.” The tree species
composition of the mangroves varies along the river, and with it the associated communities of
organisms. Species distribution is influenced by the hydrologic regime, both in terms of water depth
and salinity. These diverse mangrove communities in turn shape the immediate environment and
water quality in the river more broadly.

The Gambia River and Estuarine Environment

44, Hydrology of the Gambia River. The Gambia River saltwater and brackish estuary, and
estuarine ecosystems in general, are predominantly shaped by the annual hydrologic cycles of the
watershed and by daily tidal movements. Discharge from the Gambia River watershed typically
reaches its maximum in September with the flow decreasing progressively until the end of the dry
period and start of the subsequent rainy season, generally in May. Roughly half of the river’s volume
as it enters The Gambia originates in the Guinea highlands, while the remainder is added from rainfall
occurring in the portion of the watershed located elsewhere in Senegal (ISL, 2014). It is estimated that
less than 10 percent of the river’s flow (Risley, 1987) comes from rainfall occurring within The
Gambia’s borders. The river’s outward flow of freshwater keeps the intrusion of saltwater from
reaching further inland. The relative dynamics of the timing of rainfall, river flow downstream and
positioning of the saline front are shown in Figure 5-2.

Figure 5-2 Rainfall at Labe, Guinea, River Flow at Gouloumbou, Senegal (KP492), and position of the 1-ppt
Salinity front within The Gambia (year 1973)
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78 See: Blader, 2013; White et al., 2012; Louca et al., 2009; DeGeorge and Reilly, 2007; Manson et al., 2005; Albaret et al.,
2004; Panfili et al., 2004; Vidy et al., 2004.
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45. Throughout the year the diurnal tide heights at the river mouth (KP 0) vary from 0.9 m to 1.6
m, with maximal spring tides exceeding 2 m (ISL, 2014). Tidal surges are felt the entirety of the river’s
460 km length within the country, with recorded tide heights of 1 m at Basang, 310 km upstream, and
tides of 10 — 30 cm extending beyond the border with Senegal to Gouloumbou (KP 492)(ISL, 2014).
The resulting variation in daily and annual flood depth and concentration of salinity at different points
in the river estuary influence the extent and dominance of herbaceous species along the shore and
the associated communities of aquatic and terrestrial species.

46. The Gambia River has a catchment area of 77,000 km2, spread across The Gambia (14
percent), Senegal (71 percent) and Guinea (15 percent) (ISL, 2014). From its origins in the Fouta Djallon
plateau, the river flows 1,150 km to sea at Banjul. In its final portion, the Gambia River is nearly flat,
its most distinct characteristic, falling a mere 57 cm over the last 500 km (ibid). In addition to tidal
surges felt across the entirety of this flat topography, the river’s hydrology is driven by the short
monomodal rainy season in the upper watershed, resulting in one of the most widely variable salinity
regimes in the world with saltwater penetrating nearly 200 km upstream (from KP64 to KP254) into
the river during the dry season each year (Ceesay et al., 2017). The rainy season in the watershed
occurs from May through October with the highest precipitation received in August. Peak river
discharge occurs in September and declines rapidly with little discharge from January to the beginning
of July (Albaret et al., 2004). The outflow of the Gambia River is influenced by the morphology of the
river’s large mouth, flat topography, rainfall intensity and timing upstream, sea level and evaporation.
This natural equilibrium is being increasingly altered through human activities, particularly the
abstraction of water for irrigation and, in the near future, the anticipated completion and operation
of the Sambangalou dam in Senegal.

47. Water chemistry and quality characteristics of the Gambia River. For aquatic species,
individual species niches are most strongly associated with characteristics of water quality and
chemistry. Withing the floodplains the water quality factors most strongly associated with species
preferred habitat are salinity, water depth, vegetative cover and pH (Louca et al., 2009), with dissolved
oxygen and temperature exerting a critical overall influence. In the river’s main channel, salinity,
temperature, turbidity, depth, strength of the current and dissolved oxygen have been identified as
critical factors (Albaret et al., 2004). In addition to those parameters directly associated with species
habitat, other water quality variables are essential for supporting the food chain upon which riverine
species depend (e.g., phosphate, nitrogen, silica). Most variables are influenced by the seasonal
variations in river flow (e.g., salinity, temperature, dissolved oxygen, pH, turbidity), while others are
directly or indirectly associated with the tidal surge (water depth, strength of the current, vegetative
cover).

48. The water in the Gambia River is high in reactive phosphate in the lower part of the estuary,
due to tidal mixing and the resuspension of river-borne organic waste products. The concentration of
nitrates, carried downstream, ranges from 7.7 to 54 pg/L from the beginning to the end of the flood
season. The Gambia River also carries down Silica, which is needed for diatoms development, in high
concentrations (Binet et al., 1995). Together, phosphorus, nitrogen and silica are essential for
phytoplankton growth and are responsible for the high phytoplankton productivity within the river
estuary and in areas immediately offshore, which in turn supports key fisheries.
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49, Seasonal flooding into the upper reaches of the “bolong” (shifting river channels) during the
rainy season has been observed to coincide with a drop in river acidity (pH). This annual dip in pH
results from the flushing of iron sulphates that accumulate in the mangrove soils. The regular removal
of sulphates maintains mangrove soil health and is associated with the annual shifting in species
richness and biomass within the floodplain environment (louca et a., 2009).

50. There are important annual fluctuations in the movement of floodwater and the presence of
suspended particles, influencing water transparency in the Gambia Estuary. The latter ranges from 0.1
m to 1.8 m with an overall mean of 0.6 m. During the wet season, transparency decreases rapidly to
0.2 m starting at KP20 and remains low upstream. During the dry season, with decreased streamflow,
higher transparency is observed in the upper river (Albaret et al., 2004). The transparency of water in
the estuary determines the relative exposure of larvae and juveniles of key fisheries species to
predators. The period of lowest transparency corresponds with the main breeding period of many key
species (Manson et al., 2005; Louca et al., 2009; Panifili et al., 2004).

51. River salinity, while generally well mixed within the water column, shows a wide range in
temporal and geographical variation. During the dry season (ending annually in May), and periods of
drought, the salinity front reaches and may exceed KP254 upstream, at Kuntaur, while being pushed
back as far as KP64, at Kemoto, during the peak of rainy season discharge. Savenije and Pages (1992)
describe the similarities between the Casamance and Gambia Rivers in terms of their hydrologic
characteristics, and the potential for the latter experiencing a hypersaline disaster similar to what
occurred in the Casamance. The Casamance river became hypersaline during the early 1980s, with
saline levels exceeding 100 ppt within the river estuary resulting in the death of most river life.
Similarities between the two rivers suggest the potential of the same fate for the Gambia River should
a minimum water outflow not be maintained. In fact, during the dry season, and periods of drought,
salinity levels in the upper reaches of some of the bolong exceed that of seawater (Ceesay et al., 2017).
Due to the importance of the issue, a specific study on the positioning of the saline front under future
weather conditions, sea level rise and water management regimes, and the risk of a hypersaline
disaster, was commissioned in preparation for this proposal, the results of which are presented in
detail in the following chapter.

52. As with salinity, river water temperature is also well mixed, differing less than 1°C between
surface and river bottom. The mean surface temperature is 27.4°C, with a mean bottom temperature
of 26.9°C. There is, however, a significant longitudinal gradient maintained throughout the year with
higher temperatures occurring upstream in the river. Sea water intrusion plays an important role in
cooling the river’s freshwater discharge, regulating water temperature. During the flood period, in
summer and early autumn, water temperatures in the river vary from 28°C downstream to 30°C
upstream. At this time of year, seawater intrudes least and is at its warmest (approximately 24.5 C),
while during the dry season, seawater intrudes most and is at its coldest (approximately 20.5°C),
resulting in river temperatures that vary from 24°C downstream to 26°C upstream (Albaret et al., 2004;
Vélez-Belchi et al., 2015).

53. Dissolved oxygen levels in the river are generally non-limiting for the growth and development
of aquatic organisms. Oxygen saturation ranges from a low of 60 percent in September at the peak of
the flood, when biological activity is at its highest, rising to 95 percent by the end of the dry season
(April). A minimum of 20% oxygen saturation is needed to allow biological development in the River
(Albaret et al., 2004), a level that is maintained within the river throughout the year.
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Estuarine Ecology and Mangrove Ecosystem

54, The estuarine ecology is characterized by its high primary productivity driven by two
complementary sources of nutrient supply emanating from the water bodies feeding the system. River
flooding carries with it organic material washed down from upstream and from along the river bank
(Binet et al., 1995). Mangrove roots and accumulated debris catch up to 80% of the sediment flow
(Krauss et al., 2014). These sediments, and the addition of mangrove leaf litter and wood residues, are
fed upon by herbivores, especially crabs, considered as the “architects” of the mangrove, detritivores
and bacteria. The decomposition and release of nutrients from this material in turn feeds the
development of phytoplankton blooms (Binet et al., 1995), which form the base of the mangrove
estuary food chain (Saifullah et al., 2015). As flood waters recede through the dry season, seasonal
upwelling events along the coast, most common during the winter months, are carried further
upstream into the estuary bringing nutrients from the oceanic side, as well as populations of
zooplankton which had been limited by river outflow during the rainy season. Zooplankton feed on
the rich concentration of riverine phytoplankton, forming the second level of the estuarian food chain.
This seasonal shift in nutrient source and plankton populations drives the foodchain and overall
productivity of the River’s mangrove ecosystem.

55. The physical extent of the mangrove ecosystem is shaped by three boundaries — terrestrial,
water depth and water quality (salinity levels) — that are driven by the natural rhythm of tidal
inundation, varying salinity levels and shifting sediments. Seasonal flooding and daily tides influence
the diversity of the herbaceous landscape more than 2 km inland from each riverbank. Due to the
dynamic nature of the mangrove environment the notion of river course and bank are relative, being
comprised of a permanent river channel, seasonally inundated areas, networks of creeks and drainage
channels (bolong), permanent water pools, associated mangrove areas and halophyte communities
and unvegetated mudflats (Ettritch et al., 2018) (see Figure 5-3).

56. The current extent of the mangrove vegetation in The Gambia is estimated at approximately
35,700 ha (GoTG, 2010).”° The Tanbi wetlands, located near the River’'s mouth, contain the largest
concentration of mangrove in the country, over 4,100 ha (Ceesay et al., 2019). Across its range, two
principal mangrove sub-systems are distinguished, fringe mangroves and the riverine mangroves. The
fringe mangrove sub-system is found along the coast with direct exposure to open ocean and storms,
providing protection against coastal erosion. This system is concentrated in the Niumi National Park
on the Northern side of the river, and the Tanji Bird Reserve to the South, whereas most of The
Gambia’s coastline is open, unprotected and subjected to erosion (McLeod and Salm, 2006). The
riverine mangrove sub-system includes areas found along both sides of the river from the mouth up
to the border with Senegal 460 km upstream (Lee et al., 2009). Other major riverine mangrove sections
include those in the secondary tidal canals, known locally as bolongs. The Mandina, Jaleh Cassa, Bulok,
Brefet, Payama and Bitang bolongs are the principal bolongs located on the Southern riverbank, while
the Sami, Surrunku, Tabirereh, Tambana, Mini Minium and Kerewan bolongs are found on the
Northern riverbank. The riverine mangroves are the most productive due to the high concentration of
nutrients, dissolved oxygen and sediments found in the river (McLeod and Salm, 2006).

79 The National Forest Assessments of 1981/82 and 1997/98 reported 66,900 ha and 58,800 ha of mangrove respectively
(GoTG, 2010). The 2009/10 Assessment found that mangrove forest cover had declined by 47 percent since 1983,
representing 73 percent of all forest loss in the country (GoTG, 2010).
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Figure 5-3 Land cover classification based on the multi-temporal analysis of Landsat imagery (1986-2016) at
upper Balingho

[ River Gambia / Major Tributaries

B Creeks / Drainage Channels

I Permanent Water

I Mangrove

I savannah Woodland

B Partially Vegetated Mudflats
Peripheral Rice Fields

Mid / Riparian Rice Fields
Unvegetated Mudflats

I Halophytic Vegetation

0 8 ‘ ' A ‘
O Km

Source: Ettritch et al., 2018

57. The roots of riverine mangrove trees (esp. Rhizophora spp.) are especially important in
providing suitable habitat for the larvae of aquatic species and juveniles, through direct protection,
leaf shade and important seasonal variations in water quality. The annual retreat downstream of the
salinity front during the seasonal flooding, for example, serves as a barrier for saltwater predators,
while the increased turbidity of flood waters and low light penetration within the mangroves limit
predators’ opportunities at a time of year when many species are spawning (Albaret et al., 2004). For
terrestrial fauna, including avifauna, mangrove is also an important habitat due to prolific sources of
food and low human presence (see Figure 5-4).
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58. By supporting nutrient cycling, soil formation, biodiversity habitat and food chain productivity,

mangroves serve as shelters, spawning grounds and feeding zones for both residential and migratory

aquatic and terrestrial species. As such, birds, mammals, and more than 3,000 aquatic species are

found in mangrove systems that provide a wide range of ecosystem services.

Figure 5-5 Ecosystem services assessment of the Gambian mangroves based on Millennium ecosystem

assessment (2005)
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59. Provisioning services. The most valuable fisheries for local communities are found in and

depend on the mangrove ecology, for example the pink shrimp (Peneaus notialis), bonga shad
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(EthmolosafFimbriata), mangrove oyster (Crassostrea gasar) and cockles (Anadara senilis), among
other marine and brackish water species. Most shrimp aquaculture in the tropics depends on wild-
harvested fry.

60. Regulating services. Mangroves help mitigate climate change through carbon sequestration,
with a per hectare carbon storage potential of 3 to 5 times that of tropical dry forests, especially soil
storage (Donato et al., 2011). Mangroves can also help to mitigate the effects of flood and tidal events
by increasing soil height and limiting shore and riverbank erosion through trapping sediment as water
levels rise. Mangroves have been found to be 5 times more effective than other barriers, such as
breakwaters, in protecting coastlines (e.g., Narayan et al.,, 2016). Mangroves also provide water
filtration and purification functions, especially for aquaculture effluents, where 2-5 ha mangroves
were able to treat the effluence from 1 ha of aquaculture production (Primavera et al., 2007).

Gambian Mangrove Ecosystem Composition

61. The flora of the mangrove ecosystem is composed of mangrove tree and shrub species and
other halophytes. Species are located along two gradients, from fresh to saltwater (from up to
downstream) and water depth, from the riverside inland. Along these gradients, mangrove faces two
main sources of stress: water stress, due to their exposure to saline waters, and oxygen stress due to
waterlogged soil. The various mangrove species have different biophysiological adaptations and
tolerance levels to salinity and flooding. According to their anatomic features, they adapt to anaerobic
conditions in waterlogged soil through creating a vertical oxygen transport through their woody tissue,
and, varying by species, they adapt to salinity through three strategies: salt exclusion, excretion and
accumulation (Parida, 2010).

62. Mangrove flora and tolerances. In the Gambia, due to the high salinity, fewer mangrove
species are found than in other estuarine environments, with 7 major mangrove species reported (Lee
et al., 2009). The riverine mangrove sub-system is composed of a mangrove succession that begins
within the tidal zone (estuarine slikke). Here, mangroves reach the height of 7 meters or more and are
dominated by Rhizophora racemosa in locations within its salinity tolerance. At the high tidal line,
Rhizophora harrisonii and Rhizophora mangle are the dominant species, which, in association with
Avicennia africana, form a closed woodland. Further inland, above the tidal line, Avicennia africana
becomes the sole species remaining with the mangrove height decreasing to below 7 meters. Along
the flat tidal flood areas, acidic sulphate tanne and hypersaline soils prevent mangroves from
developing, with herbaceous development constrained to the edges of the bare salty and acidic tanne.
At higher elevations, above the tanne, mangrove trees (Avicennia nitida) reappear (Claude, 1985; Diop
et al., 2002). A general profile of the mangrove environment and associated features, during the wet
and dry seasons, is presented in Figure 5-6 and Figure 5-7 below.
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Figure 5-6 Mangrove profile within the estuary during the flood period (September)
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Figure 5-7 Mangrove profile within the estuary at the end of the dry period (May-June)
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63. Mangroves in the fringe sub-system along the coast, such as the Niumi national park, have a
similar profile and slightly more diverse species composition, including: Rhizophora mangle,
Rhizophora harrissonii, Rhizophora racemosa, Laguncularia racemosa, Avicennia germinans and
Avicennia africana. Here too, the profile gradient of mangrove species is influenced by the extent of
tidal flooding. Red mangroves (Rhizophora mangle) are the most tolerant, withstanding flooding 50-
70 percent of the year, while black mangrove (Avicennia germinans) and white mangrove
(Laguncularia racemosa) are less tolerant to flooding duration (<50 percent) (McLeod and Salm, 2006).
These species-specific tolerances and niche requirements underscore the point that the various
mangrove species do not offer one-to-one replacement options, and in turn provide suitable
environments for varying communities of associated organisms.

64. Mangrove fauna and tolerances. The flora of the mangrove ecosystem serves as the base of
the estuary food chain and as an important breeding ground and nursery area for the larvae and
juveniles for many species (e.g., Diop et al., 2002), each with their own requirements and tolerances
to physical parameters. In addition to the more than 30 species of fish that directly and indirectly
depend on the mangrove ecosystem (Louca et al., 2009; DeGeorges and Reilly, 2007; Viday et al., 2004;
Albaret et al., 2004) (see assessment presented in Chapter 7), the mangrove habitat is home to cockles
(Anadara senilis) and others gastropods (e.g., Murex spp and Cymbium spp.), shrimp (Macrobrachium
vollenhovenii, Penaeus notialis) and crab (Callinectes amnicola) and many other species. The
Mangrove Oyster (Crassostrea gasar/tulipa), for example, attaches itself to roots and branches of
mangroves in the intertidal zone and is resistant to a broad range of salinity levels from 5 ppt to 50
ppt, with higher survival and growth rates around 25 ppt (Gosling, 2015). Survival rates under 5 ppt
and over 50ppt are low, making oysters highly sensitive to changes in the hydrologic regime involving
freshwater and hypersaline water events (Funo et al., 2015). Gonad development and reproduction
of oysters peak when seawater temperature increases close to 30 °C and salinity declines to 24 ppt
(Gomes et al., 2014; Diadhiou, 1995), corresponding to the flooding period in September. Cockles, in
contrast, are found in the mud in the intertidal area in-between mangroves roots, with densities
reaching several hundred cockles per square meter. A general decline in their populations, however,
has been observed, with local communities noting the impact of rainfall on cockle production
(Descamps, 1991). Tidal variation and dry periods decrease both oysters’ and cockles’ exposure to
predation (Jaiteh and Sarr, 2011). Based on individual species’ environmental requirements, Chapter
7 takes up a detailed assessment of the current and likely future impacts of climate change on key
species in the different fisheries.

65. It is important to note that in addition to the aquatic species, the Gambian mangrove
environment is also home to a high diversity of wildlife, some rare, including large marine mammals,
such as the dolphin (Soussa teuszii), manatee (Tricherus senegalensis), clawless otter (Aonyx capensis)
and hippopotamus (Hippopotamus amphibius), reptiles such as crocodiles (Crocodylus niloticus) and
turtles (Kinixys belliana), antelopes (Tragelaphus scriptus scriptus and Tragelaphus spekei), small
terrestrial mammals such as monkeys (Cercopithecus aethiops) and honey badger (Mellivora
capensis), and avifauna of international importance, with more than 362 species identified (Diop et
al., 2002; Lee et al., 2009).
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Climate Change Impact

66. Historical changes to the mangrove environment. The changing extent of mangrove forest
cover in The Gambia has been the focus of several investigations. Except for the earlier National Forest
Assessments, carried out in 1981/82 and 1997/98 where aerial photography and ground surveys were
used (GoTG, 2010), more recent estimates of mangrove cover have been derived through remote
sensing using various sources of data and analytic techniques (e.g., Corcoran et al., 2007; Spalding et
al., 2010; Fent et al., 2019). These studies, and those of the National Forest Assessments, have reached
widely different conclusions (see Figure 5-8). For the preparation of this proposal, basic statistics from
the National Forest Assessments will be used due to their primary reliance on ground-based data,
supplemented by findings from specialized change detection studies not benefiting from ground-
truthing (e.g., Fent et al., 2019).

Figure 5-8 Estimates of Mangrove extent (km2) by year and source

GoTG, 2010 Corcoran et al., Spalding et al., Fent et al., 2019
2007 2010

1980 704

1981/82 669

1988 574

1997/98 588

1999 699

2006 581

2009/10 357 581 722

2018 868

67. The most recent National Forest Assessment conducted in 2009/10, using remote sensing

data (Aster 15 m resolution) and extensive ground surveys, shows a 47 percent decline in mangrove
forest cover since the 1981-82 Assessment, representing 73 percent of all forest loss in the country
over this time period. Change in the extent of mangrove cover, however, is not unidirectional. The
most recent analysis of mangrove surface area (Fent et al., 2019), using 30m resolution Landsat
imagery, indicates significant changes in mangrove extent over the 30-year period from 1988 to 2018,
with evidence of mangrove re-establishment occurring upstream within the bolong and along areas
of the riverside (Figure 5-9). In contrast, a decadal view from the middle of this 30-year period, 1999
to 2009, shows evidence of mangrove loss, likely due to short-term droughts and human pressures
(Figure 5-10).

68. The dynamic expansion and contraction of mangrove forested area reflects the relative
sensitivity of the mangrove environment to changes in hydrology and salinity. The Gambia River
watershed, as across the Sahel, has experienced tremendous changes in the rainfall regime over the
past fifty years. Following an unusually wet period, during the 1950s and 60s, the subregion was
stricken by a devastating drought beginning in most locations in 1968-70 (see Figure 5-11). Over the
ensuing three decades, rainfall levels declined by 20-25 percent, and stayed there. Stream gauge
measurement at Gouloumbou, Senegal, where the river enters The Gambia, recorded a 35 percent

70



decline in average streamflow from 1953 — 1970 to 1970 — 2001 (GoTG, 2015). The precipitation in the
most recent decade in the record shows a return in roughly half of the years with rain levels above the
long-term average, yet with a high degree of interannual variability. A detailed study of the fringe sub-
system mangrove community in the Tanbi Wetland National Park found an increasing aged population
(>60 years), dating roughly to the downturn in sub-regional fall in 1970, with little evidence of
rejuvenation, exhibited by low seedling survival, stunting and dwarfism, attributed to the enduring,
unstable hydrologic conditions of more recent decades (Ceesay et al., 2017).

Figure 5-9 Major recovery of the mangrove between 1988-2018 upstream bolong and upland, based on (Fent
etal.,, 2019)
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Figure 5-10 Mangrove dynamics between 1999-2009 and drought impact on upstream mangroves and upland
mangroves, based on (Ashley Fent, 2019)
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Figure 5-11 Sahelian annual precipitation anomalies 1950-2017
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69. The future extent and condition of mangrove forest cover will depend on a number of factors,

including the pace of sea level rise, future trends in rainfall within the watershed, the multiple effects
of temperature increase, as well as the success of preservation efforts, mangrove restoration
initiatives, and a decrease in the cross-border wood trade (Fent et al., 2019; Carney J., 2014). The
profile of potential mangrove expansion fits quasi perfectly with the mapping of inundated areas
resulting from 1 m of sea level rise (Jaiteh and Sarr, 2011). Such observations underline the adaptive
capacities for mangrove to move upstream along the river and bolongs. No data are available,
however, on the potential for changes in the proportions of mangrove forest species between upland
Avicennia spp and lowland Rhizophora spp, in response to changing abiotic conditions.

70. Sea level rise. A 1 m rise in sea level would submerge about 8 percent of The Gambia’s land
area, including 61 percent of the current mangroves, and 33 percent of swamps (Jaiteh and Sarr, 2011;
Jallow et al., 1999). Mangroves can adapt to sea level rise in two ways: (i) by vertical gain or (ii) through
horizontal expansion inland. The mechanics of vertical adaptation are based on mangrove’s capacity
to trap sediment in the root zone, especially Rhizophora spp. (Kathiresan, 2003), the accretion of
organic matter with low decomposition rates and benthic mat development. Nevertheless, if the rate
of sea level rise exceeds that of sedimentation and soil elevation increase, the flooding of air lenticels
in mangrove roots will lead to oxygen stress, root die-off and subsurface root decomposition, resulting
in soil compaction and a reduction in sediment retention in a positive feedback loop of system
degradation.

71. In the riverine mangrove sub-system, soil surface levels can increase up to 6 mm/yr (Ken W.
Krauss, 2014) suggesting a potential for vertical adaptation that would keep pace with current rates
of sea level rise of +4.5 mm/yr (Pérez-Gomez et al., 2015). This assumes, however, that sediment loads
and transport within the river are maintained and that the mangroves do not come under additional
stresses that would interfere with their normal growth. For the Gambia river, a decrease in sediment
transport resulting from the construction of the Sambagalou dam is highly likely, as is the increase in

80 http://research.jisao.washington.edu/data_sets/sahel/, doi: 10.6069/H5MW2F2Q, accessed 1/09/2020.
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air and water temperatures and salinity levels due to climate change, thus placing the mangrove under
biological stress, and limiting their ability to continue to adapt to sea level rise through vertical growth.
The anticipated increase in the rate of sea level rise, reaching 15 mm/yr by 2100 (IPCC, 2019a),
indicates that at some point, regardless as to the health status of the mangrove, the rate of sea level
rise will exceed the mangrove’s capacity for vertical adaptation.

72. Alternatively, mangroves might potentially adapt to sea level rise through horizontal
expansion, landward, as well as movement upstream/downstream in response to changes in salinity
levels if local conditions, such as soil, infrastructure and topographical features do not block their
expansion. The vegetative succession of mangrove species place Rhizophora racemosa and mangle as
pioneers, occupying the most inundated locations. Their expansion towards higher ground inland,
with a potential movement of 1 m per decade, would in most locations be constrained by the presence
of Avicennia (Semeniuk, 1994). Avicennia expansion in turn, would be limited by inland areas of barre
tanne, with saline and acid sulfate soils. The possible expansion through propagule recruitment is
another mechanism through which mangrove might adapt to sea level rise, although studies indicate
that higher salinity levels and periods of hyper-salinity inhibit successful mangrove colonization
through propagule establishment (Ceesay, et al., 2017).

73. Salinity change. The convergence and combined influence of multiple forces determine the
location and relative salinity level within the river at any one time. Principal drivers include the rate of
river discharge, sea level, abstraction of river water for irrigation and the evaporation of water within
the river and watershed. The salinity gradient is the main factor determining species composition for
mangrove, fish and invertebrates within the estuarine environment (Ceesay et al., 2017; Albaret et al.,
2004; Darboe, 2002), and would have tremendous impacts along major portions of the river course
should major changes occur (see Figure 5-12). For example, the optimum salinity tolerance for
Rhizophora growth is reported to be from 8 ppt to 26 ppt (Duke and Allen, 2006). In general, estuaries
with higher salinity level, such as found in The Gambia, support less biodiversity (e.g., Blader, 2013;
DeGeorge and Reilly, 2007). Mangroves are generally adapted to saline conditions, however, when
species-specific salinity thresholds are exceeded, individuals become stressed, resulting in stunting
and dwarfism, with slowed or no growth, smaller leaves, lowered reproduction and establishment,
and ultimately mangrove death (Diop, 1991; Ceesay et al., 2017). Salinity and hypersaline stress within
the estuary is highest at low tide due to overheating and desiccation of the exposed soil surface, and
the evapotranspiration of any remaining available water (Asish Kumar Parida, 2010). The homogenous
high clay content soils found in the Gambia River, in contrast to others regional rivers, reinforces this
negative effect especially during the dry season (Claude, 1985). The potential of an accumulated
“memory” of previous hypersaline events, in terms of salt accumulation in estuarine soils, is a
potential that has not be explored (Savenije and Pages, 1992).

73



Figure 5-12 Salt intrusion in the Gambia River under hypersaline conditions (based on Savenije, 1992)
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74. The annual change in salinity levels in the river, due to the passing of the rainy season and
cycle of river discharge, is a major factor affecting the distribution of aquatic species and plays a role
in their lifecycle. The higher nutrient and lower salinity levels in the estuary associated with the
flooding period supports the development of phytoplankton populations (Binet et al., 1995). Lower
salinity is also favored by larvae and juveniles of many species and plays a protective role, acting as a
barrier keeping out large marine predators (Binet et al., 1995). The progressive increase in salinity
through the dry season leads to seasonal changes in the distribution of fish and invertebrate species,
for example the entry of adult shrimp further upstream (Binet et al., 1995). Due to its extremely flat
topography, with seasonally low dry season flow, the increased residency time of saline water within
the estuary can result in saline levels rising above those of pure seawater as the evaporative removal
of water results in a concentration of salt. Reduced stream flow due to drought/dry years is typically
the trigger of hyper salinity (see Figure 5-13). Depending on the extent of the elevated salt level,
hypersaline events can have disastrous effects, with the number of fish species decreasing
proportionally to the increase in salinity from more than 45 species at a 35 ppt to no species remaining
as salinity levels exceed 90 ppt (Binet et al., 1995), as happened in the Casamance estuary during the
1980s (DeGeorge and Reilly, 2007; Savenije and Pagés, 1992).
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Figure 5-13 Mangrove potential profile within the estuary following recurrent drought within dry period
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75. Air and seawater temperatures increase. Air and seawater temperatures both directly affect
mangrove heath and influence other important abiotic parameters. Mangrove temperature stress
begins to occur when seawater temperatures rise above 25°C resulting in a decline in the leaf
formation rate. Air temperature above 35°C cause a decline in root development and depresses
propagules establishment. Above 38-40°C photosynthesis stops. Surface water temperature currently
range from 24°C to 30°C during the year with low temperature during the dry season and higher
temperature at the end of the flooding period when warmer water from upstream dominates the
estuary. Spatially, temperature increase regularly from the mouth of the estuary to upstream.
Therefore, the adaptive strategy of mangroves moving upstream to avoid increased salinity
downstream may be limited by warmer upstream waters. Other aquatic life is equally sensitive to
increase in water temperature. Shrimp species, for example, will not tolerate increases of more than
30C to 50C over current temperatures, and would move seaward (Lee et al., 2009).

76. CO2 increase. CO2 increase would support the growth of mangrove at low salinity levels for
most of the mangrove species, except for L. racemose. The reproduction cycle of Rhizophora mangle,
for example, was found to decrease from 2 years to 1 year under higher CO2 levels (McLeod and Salm,
2006). In the Gambia case, however, these biological benefits from an increase in CO2 will be limited
by a rise in salinity associated with sea level rise and a possible decrease in river flow.

77. pH decrease and soil acidification. Soil pH in the mangrove ecosystem is mainly acid from the
riverbank upland. Due to annual flooding, pH changes within areas forested by Rhizophora from 5 to
7, and in Avicennia areas from 3 to 6, respectively during the dry and flood periods. The higher
tolerance to low pH by Avicennia spp. indicates that they are more adapted to acid soils. Nevertheless,
in highly salty and acid sulphuric tannes, where pH range from 3 to 5, little vegetation is found (e.g.,
Sesuvium portulacastrum ou Philoxerus vernicuaris) except for the border of such areas (Thornton
and Gigliole, 1965; Claude, 1985). Recurrent drought might exacerbate and lead to an expansion of
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areas where low pH conditions are found. Soils under Rhizophora spp. along the riverbank are high in
pyrite, which oxidates after mangroves die-off during periods of intense drought. When this occurs,
pH can drop as low as 2; no herbaceous species are able tolerate such low pH. Once acidified, such
areas would remain bare (Thornton and Gigliole, 1965; Claude, 1985).

78. Dissolved oxygen (DO) and turbidity changes. Dissolve Oxygen (DO) is a critical parameter for
aquatic life and is a standard measure of river water quality. In the Gambia River, DO is close to
saturation and is not limiting, ranging from 100 percent saturation in the dry season down to 60
percent at the end of the flooding period (Albaret et al., 2004). DO, however, is sensitive to higher
temperature with warmer water capable of holding less oxygen. Continued air temperature increases
across the watershed may led to future reductions in DO, and would be exacerbated by decreased
stream flow, leading to longer residency times, and a greater exposure to warming. Should DO fall as
low as 20 percent, species of shrimp will die out, and most aquatic life of commercial value would
disappear (Lee et al., 2009).

79. Decreased stream flow and drought. Periods of sustained drought, as documented in the case
of the neighboring Casamance river (see Textbox below) and elsewhere (Duke et al., 2017), show
mangroves’ high vulnerability to changes in streamflow. As indicated in the summary descriptions of
water parameters above, a significant reduction in streamflow can have a catalytic effort on several
key chemical and water quality values affecting the mangrove habitat, as well as the physical structure
of the mangrove environment.

80. A reduction in river flow, when combined with temperature increase, and related
evaporation, and sea level rise will lead to a fundamental alteration in the aquatic environment, with
greater salt-water intrusion and the likelihood of a regime shift towards hypersaline conditions later
in the century. Human activities, such as the removal of river water in support of expanded irrigation
and changes to the natural flood cycle resulting from the operation of the Sambangalou dam (covered
in the following chapter), will lead to further decreases in the extent and timing of freshwater river
flow, as well as a decrease in sediment availability. A primary impact of these changes will be a
reduction in mangroves’ vertical adaptive capacity, resulting in the exceedance of both water depth
and saline tolerances of individual species. A significant die-off in the mangrove root zone would lead
to soil subsidence and erosion of shoreline substrate, triggering a cycle of further decrease in soil
elevation and an increase in inundated areas. Such consequences are based on observations of the
aftermath of the 1970s drought in the Casamance.

81. A drastic decrease in river flow, resulting from drought conditions within the watershed, will
lead to less freshwater, fewer nutrients and a decline in sediment transported downstream. The river
would become more saline, with greater saltwater intrusion trending towards establishment of an
inverse estuary hydrology, with a greater volume of water entering from the sea than moving
downstream through the river due to high evaporative losses along the river course. Downstream,
under such a scenario, riverain phytoplankton development would be severely limited due to high
salinity and lack of nutrients. Salinity increase and reduced flood cycle will favor the entry of marine
species and predators within the estuary throughout the year. A decrease in turbidity and
phytoplankton concentration, and the increased presence of predators, will disrupt the food chain
resulting in a reduction of survival rates of juveniles, larvae and mollusk’s within the estuary. Further
upstream, a combination of low waterflow, increased temperatures and evaporation and sea level rise
would led to warmer river water and an increase in potential of hypersaline conditions. Such an event
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would first lead to mangrove death with a subsequent loss of habit (herbaceous and mangroves) and
associated biodiversity richness. Secondary impacts would be the acidification of soil under previous
Rhizophora and Avicennia groves resulting in increased extent of barre tanne, which would not allow
reestablishment of Rhizophora along the river edge once drought conditions subsided. In parallel, only
highly saline and warm tolerant fish would remain in areas where salinity levels reach 80 ppt. Cockles
would lose their habitat due to high erosion, mud acidification and losses in nutrient. Oyster colonies
would lose their habitat due to mangrove die-off. Those remaining would face salinity, warm and
nutrient stresses. Where salinity levels exceed 90 ppt only orange algae would survive; no information
is available on other potential long-term impacts. The purely freshwater portion of the river, furthest
upstream, would contract and potentially disappeared from within The Gambia’s boarder during
portions or all of the year.

Box 1 Changes to water flow - the case of hypersalinity in the Casamance River

In the Casamance river, located immediately to the south of The Gambia, the abrupt changes in
freshwater discharge during the 1970-1980 drought had a tremendous impact on the river’s
biological diversity, resulting in: i) the loss of all fish species in areas where water salinity rose above
90 ppt, even the most saline tolerant species, Sarotherodon melantheron; ii) a collapse in pink
shrimp catch numbers; iii) the retreat seawards of oysters and cockles populations (Crassostrea
gasar and Anadara senilis); iv) blocked movement of migrant species travelling from the sea
upstream by the warm and hypersaline water; and v) the death of large vertebrates (hippopotamus,
crocodile and manatee) due food shortages. Riverian flora was also greatly affected. Freshwater
reed swamps (Phragmites communis) retreated 100 km upstream. Rhizophora mangrove totally
disappeared, only remnant communities of Avicennia survived far from the riverbanks (Savenije and
Pages, 1992; Claude, 1985) which remained bare years after the event (Savenije and Pages, 1992).

A comparison of aquatic biodiversity found in the Casamance and Gambia rivers suggest that the
hypersaline event caused a shift in dominant species from freshwater fauna to marine, with an
overall decrease in the fauna abundance (Binet et al., 1995). While massive mortalities are to be
expected during hypersaline events, some fish species (e.g., Ethmolosa fimbriata, Sarotherodon
melanotheron and Tilapia guineensis) showed themselves to be tolerate of salinity levels as high as
82 ppt (Binet et al., 1995). Other freshwater fish species (e.g., Gymnachus niloticus, Herterotis
niloticus, Clarids, and Cichlids), however, suffered systematic spawning and recruitment failures,
resulting in reduced populations as their spawning grounds turned hypersaline (Jaiteh and Sarr,
2011). Overall, high salinity levels reduced fish spawning success and growth rates (Binet et al.,
1995). Oyster and cockles lost habit due to the disappearance of mangrove substrate, and a shift
towards acid sulphate and saline soils.

Human Actions and Conclusions

82. There is a general consensus that the major decline of mangrove forest cover seen in the
aftermath of the 1968-1974 Sahelian drought was due to water and salinity stress (Carney et al., 2014).
The effects, however, of various human pressures on the mangrove habitat cannot be ignored. Of
these additional pressures, the construction of the Sambangalou dam in Senegal is the most
important.
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83. The Environmental and Social Impact Assessment (ESIA) for the dam’s construction, prepared
in 2004 and updated in 2014 (ISL, 2014), did not identify significant negative environmental impacts
downstream. In contrast, however, a growing body of independent studies make clear the many likely
negative impacts resulting from dam’s construction and operation on the river’s hydrology, especially
the highly productive bolong, the mangrove ecosystem generally, fish assemblages and individual
species (Savenije and Pages, 1992; White et al., 2012; DeGeorge and Reilly, 2007; Louca et al., 2009;
Ceesay et al., 2017; Panfili et al., 2004). A 2005 study on saline intrusion (Verkerk and van Rens, 2005)
clearly shows the potential ecological disaster related to the dam’s construction and calls for a
preventive strategy by insuring a continuous and a minimum water streamflow of 40m3/s for the
Gambian water. In addition to the effects to the dam, the impacts of other human activities also
warrant attention, including potential expansion of irrigated rice production, aquaculture and
unsustainable oyster harvesting practices, urban growth, and the harvesting of fuelwood and
construction materials

84. Expansion of agriculture and aquaculture. Tidal rice cultivation and aquaculture on the
riverbanks can cause significant degradation to mangroves. In Asia, for example, shrimp aquaculture
is known to be responsible for 38 percent of mangrove loss through the creation of extensive pond
systems. The release of effluence from tidal rice fields or aquaculture ponds, rich in organic matter
and nutrients into the river can cause secondary problems through the development of algae blooms
and eutrophication, drastically decreasing DO and potentially killing aquatic life. The oxidation of soil
pyrite that occurs when ponds or fields are drained and exposed to air leads to soil acidification, with
pH dropping to as low as two, resulting in the need to abandon such sites, replacing them through
expansion into new areas.

85. Urbanization pressure. Impacts from the expansion of the built environment is mainly an issue
along coastal areas and around the Tanbi wetland mangrove due to the growth of Banjul and increased
discharge of grey water effluent.

86. Fuelwood and construction material. Rhizophora species are the most impacted species by
deforestation due to their prized qualities as building material and firewood. Rhizophora colonizes
predominantly populate the banks of tidal creeks and estuaries and are easily reached by cutters using
pirogues, whereas Avicennia covers areas of higher ground more readily reached through the
expanding road network (Carney et al., 2014; Fent et al., 2019).

87. In sum, the mangrove ecosystem in The Gambia face both human and climatic pressures.
Due to the varying sources of these pressures, mangroves may not be able to adapt or recover if
attention is given to only individual stressors. Investments, therefore, need to address both human
and climatic pressures.
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SALINE INTRUSION in the GAMBIA RIVER
Part 1 — Introduction

1. Due to fish species’ specific water quality requirements, sea level rise and changes to the
hydrologic regime of the Gambia River affecting the extent of saline intrusion is a critical issue for the
future of capture fisheries — both within the river, and species dependent on the riverain environment
for some portion of their lifecycle — as well as the selection and placement of aquaculture activities
within the country. The most recent study on saline intrusion into the Gambia River was conducted in
2005, using data from the 1990s and earlier.

2. A re-analysis of saline intrusion, using the SALNST model, has been commissioned as part of
the preparation of the funding proposal. The new analysis uses updated sea level rise estimates,
updated precipitation and temperature records from the past 20 years, and utilizes downscaled
projections of future precipitation and temperature drawn from the most recent generation of global
circulation models, further bias corrected to ensure the most accurate fit possible. The recent
historical and projected data covers the entire river watershed, not just the section of river within The
Gambia’s national boarders, while comparing a historical reference scenario with 29 simulated
combinations, involving two representative concentration emission pathways (RCP 4.5 and 8.5), two
rates of sea level rise (.84 m and 2 m), three levels of irrigation development and two dam release
schedules, and a reservoir filling scenario. The analysis places particular attention on assessing the risk
of hypersaline condition emerging due to climate change and the construction of the dam at
Sambangalou.

Part 2 — Rationale for the Assessment

3. Previous studies on saline intrusion in the Gambia River were commissioned by the
Organisation pour la Mise en Valeur du fleuve Gambie (OMVG) as part of the Gambia River Basin
Hydraulic Masterplan (1999) and of the feasibility studies for the construction of the Sambangalou
dam (2004).8? Both computational irregularities and deficiencies were noted in these earlier studies
(summarized in Table 6-1 Comparison of the salinity intrusion studies). For example, the 1999 Masterplan
did not take into consideration sea level rise, while the 2004 feasibility study did not include water use
forirrigation. Both of the earlier studies relied on historical (rainfall and temperature) data as the basis
for estimating future precipitation and evaporation, and not climate projections. Given these
shortcomings, a reanalysis of the extent of salinity intrusion was justified (Verkerk and van Rens,
2005).

81 The dam project, financed by the African Development Bank, has been much delayed, with initial pre-
feasibility studies carried out in 2002-2004, and a second round of feasibility studies carried out in 2006-08,
subsequently reviewed and verified in 2014. The OMVG website mentions the issuing of three contracts in early
2019 for construction on the dam. The latest satellite imagery available on Google Earth (10/31/2019), shows
no obvious signs of physical work taking place.
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Table 6-1 Comparison of the salinity intrusion studies

OMVG Master Dam Feasibility University of FAO (2021)
Plan (1999) Study (2004) Twente
(2005)
Model SALNST SALNST SALNST SALNST
Hydroelectric cap. | 40 MW 128 MW n/a n/a
Precipitation data Historical station Historical station Projected (2070- Historical station
data — future data — future 2100) — data — for model
changes not changes not downscaled calibration;
considered considered precipitation and Projected (MIROC-
temperature ESM) 2 scenarios:
(HadCMm3) RCP 4.5

RCP 8.5

Evapotranspiration

Historical values —

Historical values —

Comparison using

Thornthwaite using

future changes not | future changes not | projected projected weather
considered considered precip/temp data
(HadCM3):
-Thornthwaite
-Linacre
Stream flow Historical values — | Historical values — | Historical Historical
future changes not | future changes not | (Gouloumbo) and (Gouloumbo) and
considered considered Projected (with Projected (with
release scenarios) | release scenarios)
Irrigation 3 scenarios: Not considered 3 Scenarios: 3 pump irrigation
Operating 1,500 No irrigation; scenarios:

ha rice;

Total existing
3,000 ha rice;
All possible
14,000 ha rice,
3,700 ha other
crops

All tidal on swamp
land (6,600 tidal,
8,800 pump);

All pump (15,300).

Current (2,625 ha),
Expected (5,635 ha),
Maximum (14,727
ha)

Geomorphology

Future changes
not considered

Future changes
not considered

2 scenarios:

River widens
proportional to 60
cm sea level;
River widens
disproportionally
to 60 cm sea level
rise

1 scenario, widening
in response to sea
level rise of .84 m
and2m

Sea level rise Not considered 2 scenarios: 60 cm/95 yrs (6.3 2 Scenarios:
20 cm (0.21 mm/yr) .84 mto 2100 (8.9
mm/yr); mm/yr)(conservative)
50 cm (0.51 2 mto 2100 (21.3
mm/yr) mm/yr)(max
expected)
Dam release 4 scenarios from 2 Scenarios:

OMVG and
1 additional

-environmental
power generation
(OMVG);

-power maximization
(ensuring minimum
20 m3/sec flow at
KP460)
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Source (authors) OMVG Master Dam Feasibility Verkerk and van van der Scheer, 2021
Plan, 1999 Study, 2004 Rens, 2005
Noted errors Reference point Uses decreased Current rate of sea
used is 13 km ET; increased level rise
upstream from elevation in 3.3mm/yr; 10.5
actual estuary of 6 m mm/yr projected

Sources: OMVG, 1999; IRD, 2004, Verkerk and van Rens, 2005; FAO, 2021

Part 3 —Theory on salt intrusion

1. To understand how this study deals with salt intrusion in the Gambia river the necessary
theory is presented in this chapter. The theory of salt intrusion starts with the use of geography and
followed by the formulas for determining steady state and unsteady state dispersion and salinity, both
the theory and model are explained. This chapter follows the reasoning of Savenije (2012). The chapter
will finish with an explanation of several types of salt intrusion and hyper salinity and its effects.

3.1 Geography of the Gambia estuary

2. The Gambia estuary is a coastal-plain estuary. It consists of small sediment that based on the
sediment supply and flow can erode or build up. Since an estuary is the transition between river and
ocean hydraulics of both play a role. Waves and tides from the ocean transport sediment up and
downstream while the river supplies the estuary with fresh sediment.

3. The clear shape in The Gambia estuary can be described by the ‘ideal estuary theory’ of
Pillsbury (1956). He relates the often-clear funnel shape in coastal-plain estuaries to the dampening
of tidal forces while waves travel upstream. The width and area reduce in such a way, increasing the
wave amplitude, that they match the amount of friction that decreases wave amplitude. This results
in a constant wave amplitude. In cases where this theory cannot be applied the estuary is often shaped
differently, either by bound by geography (e.g. rivers in rocky layers) or by manmade structures such
as the Dutch river system.

4. The funnel shape according to the ideal estuary theory has a clear geometry. It starts wide
and converges while following the river upstream. This can be described mathematically (e.g.,
Savenije, 1986; Davies and Woodroffe, 2010) by:

_x
B(x)=Bo'e b

Where By is the width at the mouth, x the distance from the mouth and b the width convergence
length. Similarly, the cross-sectional area can be described:

X
A(x) =A0'€ a

Where Ap is the cross-sectional area at the mouth and a is the area convergence length. These
parameters are dependent on the dominant hydraulics at the location x in the estuary. The hydraulics
at the mouth of the river are often dominated by the ocean, although there are cases of steep rivers
and rivers with large flows that are dominated by river hydraulics. In the case of ocean dominated
hydraulics, a deflection point exists after a distance x;. The distance x; is the distance in which the
energy of ocean waves has been dissipated and riverine hydraulics determine new parameters for the
cross-sectional area and width. These describe the further course of the estuary. Therefore, formulas
for the width and cross-sectional area become respectively:
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X

By e b1 x < x;

B(x) = _x—xq x> x
Bi-e D2 1

_x

AO e M1 X S x1

Alx) = _x—xq x> x
Aie * 1

5. If further upstream the riverine hydraulics change significantly again more deflection points

can be determined. Zhilin Zhang [2019] improved these relations for width and cross-sectional area
for more riverine estuaries, by letting the area and with converge towards the cross-sectional area
and width of the river far upstream. These improved relations have not been used in this study since
The Gambia estuary is tidally dominated.

6. If one assumes the depth to be relatively constant over the width the depth can be determined
with the formulas above, resulting in:
A(x) A, x(a=b)
= e ab

" =5 T B,

This shows that if the area convergence length is larger than the width convergence length the depth increases and vice
versa. However, it has been found by Savenije (1992) that these convergence lengths are often close to each other. In the

case of the Gambia estuary they are the same. This results in a more or less constant depth over the estuary. Figure 6-1

Figure 6-1 Geometrical results from the survey in 1971
7. The inflection point is clearly visible in the cross-sectional area and width. Furthermore, it can be seen
that the depth is more or less constant throughout the estuary.below, shows the shape of the Gambia
estuary with two inflections points. A survey in 1971 supervised by H.H.G. Savenije measured the
cross-sectional area, the width, the depth and took salinity measures which will be presented later.
Since the area convergence length and the width convergence length are equal, the extended area
after 420 km has the same assumption and by using areal imagery the modelled river length has been
increased to 650 km.

Figure 6-1 Geometrical results from the survey in 1971
The inflection point is clearly visible in the cross-sectional area and width. Furthermore, it can be seen that the
depth is more or less constant throughout the estuary.
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Additional geographical changes

8. The Gambia is a flat country, especially alongside the river. A stroke on both sides of the river
of multiple kilometres is close to sea level (see Figure 6-2Error! Reference source not found.). This
continues up to the border of Senegal where the river banks as well as the surrounding area slowly
elevate. Farmers make smart use of these low elevations next to the river. When high tide pushes up
freshwater to the level of their fields, they open small gates which allows freshwater to wet their
fields. At low tide they open the gates once more to let the excess water escape.

Figure 6-2 Digital elevation map of The Gambia, showing elevation with respect to sea level

(3 The Gambia outline
DEM-data
<2m
B 50m
B 19.1m
B 33.1m
B 47.2m
Bl 612m
Bl 752m
Bl 33.2m
1:1600491 M 99.0 m

Source: https://www.diva-gis.org/gdata

9. Since the amount of sea level rise this century is unknown a worst-case scenario should be
taken into account. Therefore, two stages in the Gambia river can be distinguished. Below a certain
threshold value, the river majorly increases in depth with increasing sea level. Above this threshold
value the river also increases in width. A study of Ettritch et al. (2018) focused on the widening
(flooding) due to sea level rise and compared two digital elevation models. This study took place on
the Gambia river albeit on a relatively short section. Nonetheless their results have been used to
create relations for the additional width and cross-sectional area. Where SLR is the sea level rise in
meters, Hthreshold the threshold value for sea level rise and c1 and c2 constants deducted from
Ettritch et al. (2018) their research. These relations have been visualized in
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10. Figure 6-3. It can be seen that a small increase in water level above the threshold value
accounts for a significant increase in width. This results in a strong increase in surface area once the
threshold value is exceeded.

W =1 (SLR) 1
add = M o -
SLR SLR H H
Agga =—" (ln (_) _ 1) _ Hthreshotd <1n( threshold) _ 1)
C2 1 c, el
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Figure 6-3: Effect of sea level rise
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11. Another change that should not be overlooked is the possible increase in irrigated surface.
Agriculture is an important sector in The Gambia and effort is being made to increase the work done
in this sector. Studies in The Gambia as well as Senegal determined several scenarios on the possible
development inirrigated surface. Since crops do not like saline water the water extraction is upstream
of the saline front. Therefore, an increase in irrigated surface decreases the amount of freshwater
discharge in the river. This could potentially have a significant influence on the salt intrusion length
and concentration.

3.2 Advection and dispersion

12. Salt distribution along the river can be described by two processes: advection and dispersion.
Advection, where salt is transported by river flow, is the most effective at distributing salt. This process
is predominantly noticeable during the wet season, when large volumes of water flush the salt from
upstream towards the mouth of the river. However, also during the dry season advection has a
significant role. Due to the high evaporation and limited freshwater availability, there is a point along
the river where all freshwater has been evaporated. Further evaporation of water results in seawater
being sucked inlands thereby having the opposite effect as the advection during the wet season,
where salt is flushed to sea.

13. Dispersion can be seen as a combination of diffusion and mixing. Diffusion is the process
where areas of high salinity diffuse into areas of low salinity. Mixing contains several processes where
water fluxes actively bring volumes of higher salinity in contact with areas of lower salinity which are
then mixed. The process of dispersion is only dominant during the dry season, when there is little flow.
Several types of mixing can be distinguished, here the main processes are described and visualized
below.

14. The three main mixing types are gravitational mixing, trapping and tidal pumping and are
visualized in Figure 6-4. Gravitational mixing occurs due to saline water having a higher density than
freshwater. To balance water pressures the water level at the freshwater side is a little higher than at
the saline side. The pressures are equal but work on different elevations, therefore creating a flux in
which salt water is transported on the bottom of the river in upstream direction while freshwater is
transported on top of the river in downstream direction.

15. Trapping consists of areas that flood when there is high tide. When the tide reverses and water
flows back to these small areas a small phase lag compared to the tide in the river is introduced.
Therefore, the water that flows back has a different salinity and density than the river water it flows
into.
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16. Tidal pumping has to do with how water is flowing in and out of the river mouth. During high
tide when sea water flows into the river the water comes from all directions however during low tide
the river water forms more a waterjet and penetrates deeper into the ocean. Therefore, the water
that is flowing back into the river during the next high tide is more saline.

Figure 6-4: The visualization of the main mixing mechanisms that contribute to dispersion

Ocean
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17. Earlier research tried describing individual dispersion components and adding them together

but to no avail. There are always processes that are overlooked or overlap. Simultaneously such a
bottom-up approach is sensitive to equifinality (e.g. Sivapalan, 2003; Savenije, 2005). Therefore, to
counter equifinality all dispersion mechanisms are captured in Van der Burgh’s K value. The Van der
Burgh K value is an empirical value that links the effective dispersion to the freshwater discharge under
steady-state conditions (Van der Burgh, 1972).

18. Secondly, two types of dispersion can be distinguished, steady-state dispersion and unsteady-
state dispersion. During steady-state conditions the flow in the river does not differ much and Van der
Burgh’s method for steady-state dispersion can be applied. However, during part of the year the flow
in the river varies significantly due to the difference in water availability between the dry and wet
season. The system then lags behind the steady-state and an unsteady-state solution needs to be
applied. The difference between the two methods is that the steady-state solution solely depends on
hydraulic properties while the unsteady-state is dependent on the salinity gradient. In addition to that,
if hyper saline conditions prevail the unsteady-state dispersion takes this into account as well. The
formula for unsteady-state dispersion used in the 1-D SALNST model was first introduced by Savenije
in 1992.

. . od
Steady-state dispersion: ab _ K&
dx A

. . D (s K
Unsteady-state dispersion: 3= (—)

o So
Where:
Dispersion: D L%/t
Van der Burgh’s parameter: K -
River discharge: Qs L3/t
Cross-sectional area: A L2
Dispersion at the mouth of the river: Do L2/t
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Salinity: s M/L3
Salinity at the mouth of the river: So M/L3

19. To determine the unsteady-state dispersion the dispersion at the mouth of the river is
required. The definition of the dispersion at the mouth of a river has been described by Savenije in
1993, who based his relation on observations in 13 estuaries over the world. He related several non-
dimensional parameters which were known to affect the dispersion. This empirical relation depends
on the ratio of the tidal excursion at the mouth of the river (EOQ) to the cross-sectional convergence
length (a), the tidal flow velocity amplitude (v0), the depth at the mouth of the river (h0) and the
Estuarine Richardson number (NR). The latter being the ratio of potential energy provided to the
estuary by the river discharge through buoyancy of fresh water and the kinetic energy provided by the
tide during a tidal period (Savenije, 1992). The Estuarine Richardson number depends on amongst
others the density of salt water (ocean) and freshwater (pg, pr), the freshwater discharge (Qf), the
tidal period (T) and the tidal prism (Pt). The latter being the volume of water being transported by the
tide, which is approximately the tidal excursion at the mouth of the river multiplied by the cross-
sectional area at the mouth of the river.

& _ a0
= 1400 — Ng~
Uoho a

Where:
Tidal excursion at the mouth of the river: Eo L
Cross-sectional convergence length: a L
Tidel flow velocity amplitude: Vo L/t
Depth at the mouth of the river: ho L
Estuarine Richardson number: Ng -

_ApghQT

R
p 173 Py
A= Ps — Pr
Pr

Where:
Salt water density: Ps m/L3
Freshwater density: pr Mm/L3
Tidal period: T t
Tidal prism: Py L3

P, = AE
Where:
Cross-sectional area at the mouth of the river: Ao L2
20. Since the dispersion at the mouth of the river makes use of the depth at the mouth of the

river, h equals hO. Therefore, the dispersion at the mouth of the river can, with the help of the
previously introduced formulas, be rewritten to:
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3.3 Salt intrusion

21. Just as dispersion salt intrusion can distinguish steady-state and unsteady-state. Looking at
the formula for steady-state salinity (Savenije, 1989) one can see similarities with the formula for
unsteady-state dispersion. However, steady-state dispersion is applied which makes the steady-state
salinity again fully dependent on hydraulic properties. The steady-state salinity is the equilibrium of
salt concentration and salt intrusion. Unsteady-state salinity is calculated by solving the salt balance
equation (Savenije, 2012).

1

Steady-state salinity: s — s, = (DE)K (59— 5y)
0
§ inity: 7 (1 — KV¥ _ 1 _ Pubds  D3s _ 9% . Pn_ _
Unsteady-state salinity: rg Py (1-K) Yo R (1-K)rg = T 2ox D oz T TS hos =0
Where:
River salinity far upstream, uninfluenced by salt intrusion: S m/L3
Width convergence length: b L
Average depth along the width: h L
Cross-sectional storage coefficient: rs -
Net precipitation: Pn L/t
Bs
g = —
57 Bc
B,=P—-F

Storage width: Bs L
Conveyance width: Bc L
Precipitation: P L/t
Evaporation: E L/t
22. As can be seen in the first term of the salt balance equation, the unsteady-state salinity is

dependent on time. Salinity at a location x; and a time t; influence the salinity at the same location x;
for time t; . z¢- The salt balance equation can be rewritten to:

ds  0Os b d%s N B, 0
ot Tox Taxz T 0 T
Where:

Qf+r5BPnb D
=(1-K) — ——
q=( ) A a

Effects of sea level rise and irrigation development

23. The beforementioned sea level rise has multiple effects when looking at dispersion and the
salt balance. Due to the larger depth the cross-sectional area increases while the width stays constant.
This reduces the gradient of the steady-state dispersion thereby increasing the salt dispersion over
the whole estuary. At the same time the increased cross-sectional area increases the effectivity of the
advective term in the salt balance equation. Similarly, an increase in irrigated surface leads to less
freshwater discharge which decreases the advective term in the salinity equation as well as decreasing
the dispersion gradient even more.
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Salt intrusion types and hyper salinity

24, There are different kinds of salt intrusion. These are distinguished in three types based on how
well mixed the salt in a vertical column of water is. The stratified type, the partially mixed type and
the well mixed type. Based on the river discharge and tidal flows an estuary has a certain degree of
mixing. When the tidal flows dominate it is well mixed and vice versa.

25. The stratified type is badly mixed, at the ocean side the water is saline and at the river side
the water is fresh, in between there is a very short range in which the saline water goes to freshwater.
Often a saline wedge is present underneath a layer of freshwater. The partially mixed type and well
mixed type have increasingly a more gradual transition. However, the difference between partially
mixed and well mixed is not objectively defined. In practice the well-mixed theory can be used up to
a stratification of 20-30% (the difference between the salt concentration at the top and bottom of the
river divided by their average) (Van Os, Abrahams; 1990).

26. In an estuary of the well mixed type the salinity changes gradually over distance. This can be
seen best when measuring the salt concentration while traveling with low water slack, high water
slack or the tidal average, the last being very hard to detect. If done correctly a smooth salinity curve
shows the gradual change in salinity. There are four types of salt intrusion curves presented in Figure
6-5 below.

Figure 6-5: The four types of salt intrusion curves

Type 1: recession shape
Type 2: bell shape
Type 3: dome shape
Type 4: humpback shape

94



27. The first three types are largely linked to the geometric relations. Type 1 occurs in straight and
narrow estuaries, such as the Chao Phya in Thailand and the Limpopo in Mozambique. Type 3 are wide
channels with a pronounced funnel shape, such as the Gambia river. Type 2 is a mixture of type 1 and
type 3, with a narrow river upstream but a strong funnel shape near the ocean.

28. Type 4 has nothing to do with the geometric relations. Any of the previously mentioned types
can turn into a humpback shape, either when there is a rainfall deficit, evaporation excess or when
too much freshwater is removed from the system (e.g. for irrigation purposes). Type 4 is the shape of
the salt intrusion curve when the estuary turns hypersaline, with a higher salinity than the source.

Part 4 — Methods and Materials

29. The aim of this study is to provide insight into the magnitude of salt intrusion change due to
climate change and the implications of the construction of a new hydropower dam. This chapter will
start by repeating the research questions. Secondly, the required data to answer these questions and
where this data comes from is treated followed by the calibration and validation of the model.
Afterwards, practical differences between the model and theory are dealt with. Finally, an overview
of all scenarios that are used to answer the research questions is presented as well as the method of
selecting these scenarios.

4.1 Research questions

30. The main research question “What are the effects of climate change and the new hydropower
dam on salt intrusion in the Gambia river up to 2100?” will be answered by answering the research
guestions below. To answer these questions the 1-D SALNST model (see chapter 3) is used. Research
guestions | and Il will be answered directly by the model output. Questions Ill, IV and V will be derived
from the results and/or from a qualitative analysis of these results and the model.

I. How does the salt intrusion length develop?
Il. How does the salt concentration develop?
[ll. Can hyper salinity occur and under which circumstances?
IV. What measures can be taken to mitigate salt intrusion and how effective are these measures?
V. How will agua- and agriculture in The Gambia be affected by the construction of the hydropower
dam?

4.2 Required data and collection

31. Part 3 presented the theory on how the SALNST model used in this study calculates salt
intrusion. The dispersion and salt balance equations, which calculate respectively the dispersion and
salt concentration over the length of the river, are composed of the following parameters:

1. Salinity at the mouth of the river: So M/L3
2. Gravitational constant: g L/t?
3. Cross-sectional area of the river: A L2

4. Cross-sectional area at the mouth of the river: Ao L2

5. Cross-sectional area convergence length: a L

6. Width of the river: L

7. Width convergence length: b L

8. Depth at the mouth of the river: ho L

9. Tidal excursion at the mouth of the river: Eo L

10. Tidal period: T t
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11. Van der Burgh’s parameter: K -

12. Net precipitation: Pn L/t
13. River discharge: Qs L3/t
14. Dispersion at the mouth of the river: Do L2/t
15. Salinity: s Mm/L3
16. Dispersion: D L2/t
32. The parameters can be roughly categorized into the following categories: known parameters

(1 = 2), pre-determined parameters (3 — 11), measured and deducted parameters (12 — 13) and
parameters to determine (14 — 16). Parameters of the first category are well-known constants, the
ocean salinity (35 g/L) and gravitational constant (9.81 m/s?) and do not need further explanation. The
pre-determined values were measured, deducted or optimized during a survey in 1971, led by
Savenije. In personal communication with Savenije this data was obtained for this study. The
measured and deducted parameters are described below. The values to determine consist of a
parameter that follows from calibrating the model, while the dispersion and salt concentration over
the length of the river result from solving the formulas for dispersion and the salt balance equation
(see previous section).

4.2.1 Precipitation, evaporation and discharge

33. The measured and deducted parameters are the net precipitation which is calculated by
subtracting evaporation from precipitation and river discharge which is predicted by another model.
Evaporation needed for the net precipitation is estimated with Thornthwaite’s method which depends
on temperature (Thornthwaite, 1948). Temperature and precipitation are predicted by using a single
GCM. The GCM, MIROC-ESM comes forth from a FAO study which can be found in Error! Reference s
ource not found.Error! Reference source not found.Appendix A (FAO, 2020). This paragraph will
summarize how the MIROC-ESM GCM was selected, how and why the potential evaporation is
determined by Thornthwaite’s method and how the model that predicts river discharge works.

GCM

34. To select a good GCM for predicting future precipitation and temperature, a comparison
between five GCMs was made. The five selected GCMs have all been used in previous climate
assessments performed by the FAO, and are part of the Coupled Model Intercomparison Project 5
(CMIP5), used in conducting analysis for the IPCC Fifth Assessment Report (AR5).22 These models are:
the GFDL-ESM2M (Geophysical Fluid Dynamics Laboratory — Earth System Model 2M)(Dunne et al.,
2012); the MIROC-ESM (Model for Interdisciplinary Research on Climate — Earth System Model)
(Watanabe et al., 2011); the IPSL-CM5a-MR (Institut Pierre-Simon Laplace-Climate Model 5a-Mid-
Resolution)(Dufresne et al., 2013); the NORESM (Norwegian Earth System Model 1-M)(Bentsen et al.,
2013), and the HadGEM2-ES (Hadley Centre Global Environment Model ver.2-Earth System)(Martin et
al., 2011).

35. The best GCM was chosen by testing the capability of predicting historic precipitation and
temperature from 1979 — 2018 and compare these to a historic dataset, the EWEMBI dataset. The
MIROC-ESM GCM shows the smallest average Root Mean Squared Error (RMSE) when comparing the

8  For further details see the IPCC AR5 Chapter 9 “Evaluation of Climate Models”
(https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5 Chapter09 FINAL.pdf) and IPCC Data Distribution
Center AR5 Reference snapshot http://www.ipcc-data.org/sim/gcm monthly/AR5/Reference-Archive.html

96


https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter09_FINAL.pdf
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html

precipitation and temperature to the EWEMBI dataset, this is visualized in Figure 6-6. This led to the
selection of the MIROC-ESM GCM to predict future precipitation and temperature.

36. The output of the MIROC-ESM GCM was further improved through bias correction. This
correction is based on the assumption that the predicted data has a systematic error, implying that
the output can be corrected and improved. Figure 6-7 shows an example for the minimum temperature
at Yundum with the raw model output (raw), the bias corrected output (bc) and observations. As can
be seen, the bias corrected output fits much better to the observed data. This is due to a vertical shift
in temperature and a change in the speed with which temperature rises.

Figure 6-6 GCM to EWEMBI Root Mean Square Error values (1979-2016) for temperature and precipitation
across the Gambia River watershed (lighter colors denote smaller RMSEs)
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Source: FAO analysis of EWEMBI dataset (FAO, 2020)

Figure 6-7: GCM raw output (raw), observations (obs) and bias corrected output (bc) for the minimum
temperature in Basse (FAO, 2020)
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Evaporation

37. Potential evaporation is estimated with Thornthwaite’s method (Thornthwaite, 1948). This
method gives a rough indication of the potential evaporation but is ideal in terms of required
parameters. It only depends on temperature, days in the month and the averaged amount of daylight
hours per month. The result is the monthly potential evaporation. Temperature is predicted by the
MIROC-ESM GCM and the average amount of daylight hours per month are determined by using the

=

Taiy 1514
=2.(5)
5

a=(6.75-10"7)-13—=(7.71-107%) - I + (1.792 - 1072) - I + 0.49239

Where:

Mean daily air temperature: Ta T

Number of days in the month: N -

Average daylight hours per month: L t

Heat index: I T

Mean air temperature for each month in the year: Tai T

Net precipitation

38. The net precipitation is calculated by subtracting evaporation from precipitation. Subtracting

potential evaporation from precipitation would usually give an overestimate of the evaporation and
therefore too low net precipitation. However, the evaporation is in the model also a calibration
parameter and will be adjusted by multiplication of a factor (see paragraph 4.3). This justifies the use
of potential evaporation in the determination of the net precipitation.

Ppet =P — Epot
4.2.2 River discharge

39. The Gambia river discharge has been recorded at the border of Senegal near Gouloumbou
from 1970 until 2005 and for one and a half year starting July 2016 and ending December 2017. The
data is not complete throughout the year, with most years lacking measurements in the dry season
(December to June). The dataset was provided by Direction de la Gestion et de la Planification des
ressources en Eau (DGPRE) through personal communication.

40. To predict river discharge for future scenarios a simple box model was developed and
optimized based on the measured discharge and precipitation in Senegal (Appendix B). A monthly
precipitation dataset for the wet season, from May to October, was purchased and made available for
this study by the FAO. The dataset starting at January 1981 and ending at January 2017, contains the
precipitation data for 6 locations; within The Gambia these are: Basse, Yundum, Janjanbur; within
Senegal these are: Kedougou, Goudiry and Saraya. The precipitation data comes from ANACIM, the
aviation and meteorology institute of Senegal. Several precipitation stations across Senegal are used
to feed the model that ANACIM uses to extrapolate precipitation areas where there are no weather
stations.
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41. Geographically there is a distinct difference in precipitation. The north of the catchment
receives less precipitation than the south of the catchment (see Figure 6-8). Furthermore, the east
side of the catchment is more mountainous and functions as the driving force of the flow in the
Gambia river. To create a trustworthy model for predicting river discharge it is important to take these
features into account. Since the historical discharge was measured at Gouloumbou part of the
catchment that receives rain goes not contribute to the river discharge at this point. Therefore, the
catchment is split into two parts; a northern and southern part both lying in Senegal. From the several
locations that the GCM predicted precipitation and temperature for two were chosen: Kedougou and
Goudiry. Figure 6-9 shows a hypothetical split of the eastern side of the catchment, in which the
discharge is partly generated by precipitation from Kedougou and partly by precipitation from
Goudiry. In practice the model is optimized by calibrating and validating on the historical
measurements, this results in a R-squared value of 86%. The actual contribution of each of the
locations is determined by minimizing the error between the estimated discharge and the measured
discharge with the scipy.optimize.minimize function in python.

42. The future predictions of river flow use the predicted precipitation and temperature data,
generated by the MIROC-ESM GCM. For more details about the discharge model and its optimization

Appendix B.
Sea level rise and irrigational development

43, The sea level rise values that have been discussed in chapter 2 are split in yearly increments
from 2006 to 2099 such that in 2099 the chosen sea level rise is reached. Furthermore, the average
sea level rise from 1971 to now, which amounts to 0.16 m, is added.

44, Similarly, the development of irrigation surface which was discussed in chapter 2 is
implemented. Table 6-2 Overview of increase in agricultural surface in the Gambia river catchmentError!
Reference source not found. below shows the change in agricultural surface under irrigation for three
scenarios.
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Table 6-2 Overview of increase in agricultural surface in the Gambia river catchment

Scenario 1 (Current): no changes (i.e., no new land development beyond surface area currently under
irrigation); data for The Gambia 2020 baseline from NRDS (2014); data for Senegal 2020 baseline based on a
2001 reference (see also Twente, 2005) to 250ha under production from 600 ha developed (FAO, 2001).
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Scenario 2 (Expected): The Gambia has planned new land development between 2021-2024 (e.g., Islamic
Development Bank, African Development Bank, financed Regional Rice Value Chain Development Project)
gradually adding 2,685 ha; no further changes after 2024; Similarly, Senegal planned development based on
assumption of bringing back into production the 350 ha of previous developed pump irrigation land that had

been abandoned as referenced in FAO (2001) (see also Twente, 2005).
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Scenario 3 (Maximum): Assumptions for The Gambia based on full development of irrigated potential 12,727

ha, based on maximum potential mentioned in NRDS (2014) up to 2024 (roughly 1/2 the 24,000ha targeted in

the National Agricultural Investment Plan (2010); Assumption for Senegal based on future targets assumed in

the 2005 Twente Study of 2,000 ha (roughly 1/2 of 4,100 potential irrigatable land referenced in FAO, 2001,

and Twente, 2005).

N N N N N N N N N N N N N N N N N N N N N

o |o|lo|lo|lo|lo|o|o|o|lo|o|lo|o|lo|o|o|o|o|o |0 o

H w w w w w w w w w w N N N N N N N N N N

o (o] ] ~N (<)} (8] H w N = o (-] [~} ~N (<)} (%, H w N = o

= = = = = = = = = = = = = = = = = o4} o)) NN >
N N N N N N N N N N N N N N N N o w w w w

~ ~ ~ ~ ~ ~ ~ ~N ~N ~ ~ ~N ~N ~ ~ B I~ ~ w N O

N N N N N N N N N N N N N N N N o wv o u o

~N ~ ~ ~N ~ ~N ~N ~N ~N ~N ~N ~N ~N ~ ~ w o

N N N N N N N N N N N N N N N = = [ [0} (%} N o s]
o |o|lo|lo|lo|lo|lo|lo|lo|lo|lo|lo|lolol|loa|N|»|r|lw > |la

S | ||| ||| || |||l |ldglol|lr|N|lw|N O
||| |o|lo|o|oco|oco|o|lo|o|og|o|o|x®|N|w

= = = = = = = = = = = = = = = = = (e} ~ BN —
S N N N N N N N N N N N N N N N N R o
~ ~ ~ ~ ~ ~ ~ ~N ~N ~ ~ ~N ~ ~ ~ = (o] o (o] | —+
N N N N N N N N N N N N N N N w Ll o w ~ o Q
~N ~ ~ ~N ~ ~N ~N ~N ~N ~N ~N ~N ~N ~ ~ w ~N -

100




Figure 6-8: A typical month in the rainy season (September 2019), retrieved from NASA: IMERG. The darker blue pixels show
precipitation. It is clear that the northern part of the catchment receives less precipitation than the south side.
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Figure 6-9: Hypothetical split of the catchment. The bright green dot shows Goudiry, the orange dot Kedougou and the black
dot the location of the hydropower dam. In blue the Gambia river.
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4.3 Calibration and validation of the model

45, The calibration of the model makes use of the accurate survey data from 1971. On a boat
moving with high water slack they performed multiple measurements along the Gambia river multiple
times. This measuring technique yields good salinity data because at high water slack the tidal inflow
stocks (Qtigal = 0) and therefore at this moment the salt intrusion is at its peak. Figure 6-10 shows the
measurements as ‘X’ and the calibrated model as lines, close resemblance can be seen. Calibrating the
model is done by changing two factors that scale the dispersion at the mouth (Do) and evaporation: Fg
and Fe, presented below. This is done manually because due to the steady and unsteady-state nature
of the Gambia river a perfect fit is not possible.

F, = 8.64
FE = 25

Figure 6-10: Model predictions for salt concentrations over distance, x” marks the measurements, the lines are
the predictions of the model with the calibration settings mentioned above
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The validation data however, makes use of salinity measurement systems (OTT Ecolog 500 & 800) installed along the
Gambia river. According to the producer of the system these are accurate, trustworthy instruments that after installation
are protected against vandalism, their batteries will last 10 years and it automatically sends data. However, in practice this
is different. Within a year many of these instruments were reported to be broken, did not send data or needed spare parts
that were not available. In the end six instruments measured salinities, however not continually. From these six datasets
only four could be used of which the data is disputable. The recordings contain a salinity measured every 15 minutes. The
maximum of these measurements should coincide with the calibrated model since the maximum salt intrusion occurs during
high water slack. By taking the maximum of these measurements a small horizontal shift to the right takes place. The
validation of predicted salt concentration 198 km from the mouth of the river can be seen in

46. Figure 6-11.
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Figure 6-11: Validation of the model by comparison with measurements 198 km upstream of the mouth of the river. The salt
concentrations from the measurements and model can be read from the y-axis on the right and are plotted respectively as
‘x” and as a continuous line. The left y-axis shows the river discharge (blue bars).
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4.4 Analysis of model output and selecting key features
47. Each model run results in a lot of information. Graphical representation of this information

gives a clear idea of the effects of certain parameters. Three graphs will be introduced and their key
features explained. These key features will be used when discussing the results.

4.4.1 Cumulative frequency distribution curve

48. Starting with Figure 6-12, a cumulative frequency distribution curve (CFD curve). It shows on
the y-axis the probability of exceedance or rarity of a certain intrusion length occurring, with 100%
always occurring and 0% never occurring. The key features are the minimum and maximum probability
of exceedance, these represent the minimum and maximum salt intrusion lengths that occur in the
respective time period. In Figure 6-12 the minimum and maximum salt intrusion lengths are depicted
by a blue and red arrow. It is important to realize that these intrusion lengths are determined based
on a salt concentration of 1 g/L.

49, Another important key feature is the slope. A steep slope indicates little variation in salt
intrusion length within the time period while a mild slope indicates stronger varying salt intrusion
lengths. In Figure 6-12 the grey lines show how a steepening of the lower slope might look like. The
upper slope is defined as the gradient between 90- and 60% probability of exceedance whereas the
lower slope is defined as the gradient between 40- and 10% probability of exceedance, to exclude the
influence of extremes.
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Figure 6-12: Cumulative frequency distribution curve (CFD-curve) with key features indicated.
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4.4.2 Median salt intrusion
The second important graph is the median seasonal salt intrusion (
50. Figure 6-13). This graph shows the monthly median salt intrusion length for the same time

periods as the previous graph. The intrusion length in km is now represented by the y-axis and the
months on the x-axis. The key features of this graph are respectively the peak during the dry season
and dip during the wet season in the median salt intrusion length, visualized by the red and blue arrow.
This is again for a salt concentration of 1 g/L. The magnitude of the difference between scenarios is a
good indication for the expected shift in salt intrusion lengths because the median is the most
occurring salt intrusion length. Furthermore, the median is less affected by extremes which makes it
a good representative parameter.

In

51. Figure 6-13 a shift of the wet season dip is visible, marked by the grey arrow. This is another
interesting key feature indicating a possible shift of the wet and dry season.
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4.4.3 Salt concentration curve

52. The third graph that contains important information is a plot of all salt concentrations along
the length of the estuary at 10-day intervals across the time period indicated. At the mouth of the
estuary a constant salinity of 35 g/L is present. Depending on the scenario hypersaline events might
occur. The key feature of this graph is the approximate range where hyper salinity occurs, and the
magnitude of the hyper salinity (concentration). Figure 6-14 gives an example where the hyper saline
region is marked in red and the maximum concentration in blue. In the final overview this graph has
also been split into three time periods for easier comparison.

Figure 6-13: Example salt intrusion curve with key features indicated. The y-axis is the median salt intrusion length and the
x-axis has the month in the year.
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Figure 6-14: Example of the salt concentration curve with key features indicated. Each line represents the salt concentration
over distance of a timestep in the model. All lines together give an impression of the hypersaline region that occurs during
the modelled period.
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4.4 Temporal distribution

53. The wet- and dry-season weather pattern has a strong effect on salt intrusion lengths and
concentrations. During the dry season salt intrudes inland while in the wet season the salt front is
pushed back. This is clearly represented in Figure 6-15. This year-to-year pattern with peaks during
the dry season and dips during the wet season does not change during model runs. There can be
vertical shifts in which wet season dips do not retreat as much and dry season peaks get higher but
these are captured in the key features, such as minimum and maximum salt intrusion as well as the
median salt intrusion curve mentioned before. The results however, will discuss date ranges which
show the maximum and minimum salt intrusion lengths occurring in this period. It is imperative to
realize that the presented results do not necessarily occur in the same year within the discussed time
period.

Figure 6-15: Temporal distribution of salt intrusion. This graph shows the discharge and salt intrusion length
(salt concentration of 1 g/L) for a small historic time range. The selection is interesting because it is well visible
that 1984 had a relatively 'wet' dry season and a relatively 'dry’ wet season.
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4.5 Historical salt intrusion
54, The model predictions for historical salt intrusion are included in this report because they

were the only reliable salt measures that have been taken in the Gambia river. These model results
will be used as a baseline so that the results of the current model runs have a better baseline. It is
however, absolutely wrong to base conclusions on the differences between these results due to the
different datasets that have been used for the historical model results and the current model results.

Table 6-3 below gives an overview of the different datasets and their sources.

Figure 6-16 visualizes the historic and current model, the data applied to the models and certain transformations of the
data undergoes. This displays how much change has occurred in the use of data.

55. Figure 6-16 only shows the data that is used in both models, in the current model also sea level
rise is taken into account which increases the gap between the results of the two models. Drawing
conclusions based on comparison with the historic values is therefore absolutely wrong.
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Table 6-3: Overview of the several datasets and their source, sorted by date range.
Data Source Comments Date range
Historic salt Survey Personal communication H.H.G. Savenije 1971
measurements
River geometry Survey Personal communication H.H.G. Savenije 1971
Historic river Personal communication Direction de la | 1970-2004
discharge Gestion et de la Planification des ressources en
Eau (DGPRE) 2016-2017
Precipitation for | ANACIM Dataset acquired by the FAO. 1981-2017
calibration of GCM
Current salt Personal communication Direction de la | All within the
measurements Gestion et de la Planification des ressources en | period 2014-
Eau (DGPRE) 2018
Precipitation & | MIROC GCM 2006 - 2099
Temperature
Evaporation Thornthwaite Based on temperatures from the MIROC GCM. | 2006 - 2099
Freshwater Block model (see | Based on the precipitation from the MIROC | 2006-2099
discharge Appendix B) GCM.

Figure 6-16: Flow chart of precipitation, evaporation and river discharge. The years mentioned at the bottom
correspond to the date ranges in
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Table 6-3. The colors visualize where data transforms.
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4.6 Adjustments and simplifications of the model

56. There are a couple of differences between the theory and how the model applies the theory.
These differences are treated in this paragraph together with an adjustment made in the calculations
performed by the model.

57. The SALNST model is a numerical model. In combination with the dependency between the
dispersion and salinity calculations this creates a loop in which errors are propagated and enhanced.
This can be seen in the salt concentration plots (e.g., Figure 6-14). If salt intrusion lengths increase the
error increases due to the extra numerical calculations and vice versa.

58. Furthermore, the model can account for unsteady-state dispersion but it does not detect
when unsteady-state dispersion needs to be applied. Instead, it makes use of a combination of steady-
and unsteady-state calculations where the steady-state calculations are used to kickstart the
unsteady-state calculations.

59. The implementation of sea level rise is a simplification as well. The several values that are used
for sea level rise are split in fractions that are added after each passing year. In addition, the expansion
of the river evaporative surface due to sea level rise, which has been discussed in the section
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60. Additional geographical changes, is a simplification as well.

61. An additional adjustment to the model has been made in its calculation. As has been
presented in chapter 3 the salt balance equation to be solved is:

ds  0Os 9%s P,
D—+1r5—5=0

5o Tx T Vaxz T Sy
Where:
Qf+rSBPnb D Q D
=1-K)—————=(1-K)———
q=01-K) ~— —=(1-K)~
This can be rewritten to:
_ Qr D dD
1= " 70 ax

The model makes use of a dD/dx that is solely based on steady-state calculations. To account for the
non-steady state calculations as well this has to be adjusted. This is implemented as follows. For better
understanding of how the model calculates the salt intrusion consult Appendix D.

dD dD, (_ Q) _AC(x) )
dp _ (dx tns=qy ) 7K ae) TGPk Ty =
dx 1+ Cps 1+ Cpy
Where:
Non steady state dispersion: Dns
Non steady state weight: Cns
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4.7 Scenario overview

62. To answer all research questions numerous scenarios have been modelled. This paragraph
treats the parameters used in these scenarios and presents an overview of the modelled scenarios.

4.7.1 Scenario parameters

63. Table 6-4 below, presents the parameters that are used in the scenarios. Sea level rise,
representative concentration pathways for future weather and irrigation development have been
treated. Dam operations will consist of two operational schemes, ‘DO A’ focusing on the flow scheme
according to the environmental study in 2014 (OMVG) and ‘DO B’ focusing solely on power production,
maximizing P while keeping it as constant as possible throughout the dry and wet season, see the
formula below. More detailed information on how the reservoir is modelled and how the operational
schemes have been created can be found in Appendix C.

P = pgAhQn
Where:
Ah = hyeservoir — Peurbine
Table 6-4: Model parameters and their values
Abbreviation = Parameters 1 2 3
SLR Sea level rise Om 0.84m 2m
FW Future weather RCP 4.5 RCP 8.5 N/A
DO Dam operations A B N/A
ID Irrigation development Current Expected Max

4.7.2 Scenario overview
In

112



64. Table 6-5 the overview of all the modelled scenarios is presented. The goal of all these
scenarios is to determine what salt intrusion lengths and concentrations can be expected in the years
up to 2100, which parameter has the strongest contribution, if the estuary will or can turn hypersaline
and what The Gambia can expect to change in the coming years. Several categories in the second
column have been defined to show the purpose of the scenarios. H+Ref are the reference scenarios
meant to compare other scenarios to, it functions as a ‘baseline’. Reservoir filling, both SLRs and Ag
dev are scenarios that identify the effect of the filling of the reservoir, the influence of sea level rise
and agricultural development. Most of the scenarios are run for dam operational scheme A and B to
identify what difference ecological flows versus solely power production has on the estuary. The
output from each scenario is presented across three periods — near-, mid- and far-future (2006-2039,
2040-2069, and 2070-2099).
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Table 6-5: Overview of all scenarios

Scenario ID: | Category: Sea level rise: Future weather: | Dam operations Irrigation development: Comment:
H H+Ref Om Historical No dam Current
0.0 H+Ref Om RCP 8.5 No dam Current
0.1 H+Ref om RCP 4.5 No dam Current
0.2 H+Ref om RCP 8.5 No dam Expected
1.0 | Reservoir filling 0m RCP 8.5 Dam reservoir filling | Expected 2024
1.1 | Reservoir filling om RCP 8.5 Dam reservoir filling | Expected 2024-2025
1.2 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024
1.3 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024-2025
2.0 2 m SLR 2m RCP 8.5 No dam Current
2.1 2mSLR 2m RCP 8.5 A Current
2.2 2mSLR 2m RCP 8.5 B Current
3.0 0.84 m SLR 0.84m RCP 4.5 No dam Current
3.1 0.84 m SLR 0.84m RCP 8.5 No dam Current
3.2 0.84 m SLR 0.84m RCP 4.5 A Current
3.3 0.84 m SLR 0.84m RCP 4.5 B Current
3.4 0.84 m SLR 0.84m RCP 8.5 A Current
3.5 0.84 m SLR 0.84m RCP 8.5 B Current
4.0 Ag dev 0.84m RCP 4.5 A Expected
4.1 Ag dev 0.84m RCP 4.5 B Expected
4.2 Ag dev 0.84m RCP 4.5 A Max
4.3 Ag dev 0.84m RCP 4.5 B Max
4.4 Ag dev 0.84 m RCP 8.5 A Expected
4.5 Ag dev 0.84m RCP 8.5 B Expected
4.6 Ag dev 0.84 m RCP 8.5 A Max
4.7 Ag dev 0.84m RCP 8.5 B Max
4.8 Ag dev 2m RCP 8.5 No dam Expected
49 Ag dev 2m RCP 8.5 No dam Max
4.10 Ag dev 2m RCP 8.5 A Expected
4.11 Ag dev 2m RCP 8.5 B Expected
4.12 Ag dev 2m RCP 8.5 A Max
4.13 Ag dev 2m RCP 8.5 B Max
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Part 5 Results & Discussion

65. The analysis of results follows the modelled parameters (future weather, sea level rise, dam
operations and irrigation development) and research questions. An analysis is performed for each
parameter, split into sub-sections addressing the research questions. Figures illustrating the most
relevant results are presented here for each parameter. These figures are used to illustrate processes
and highlight some of the more significant possible outcomes or trends. A complete collection of the
results from the analysis can be found in Appendix Y. The key features of the analysis, presented in
previous chapters, are used here to organize the presentation of results, and are summarized in Error! R
eference source not found. below. A summary of the most significant effects of the modelled
parameters is presented after the discussion of the last model parameters. The chapter finishes with
an expert interview on the morphological changes due to climate change and the hydropower dam.

66. Furthermore, it is important to keep in mind that to obtain these results numerous steps have
been taken. These introduce uncertainties in e.g., projected precipitation, projected evaporation,
freshwater discharge model, estimation of river expansion, use of several different datasets etc.
Therefore, small differences in salt intrusion do not necessarily signify any change.

67. Finally, it is imperative to understand that the historical values are the baseline that is used
to compare changes to. It is by all means wrong to compare with historical values due to the use of
different data. This is explained in section 4.5 and visualized in figure 19.

Table 6-6 Overview and explanation of all key features.

Key Feature Description

The difference in salt intrusion length for the maximum probability of exceedance relative
F1 to the historical values. This value is the salt intrusion length that is always exceeded and
can be considered the minimum salt intrusion length.

Difference in salt intrusion length for the minimum probability of exceedance relative to the

F2
historical values. This can be considered the maximum salt intrusion length.

The average gradient of the CFD-curve between 90- and 60 % probability of exceedance
relative to the historical slope. The CFD-curve always has a negative gradient (see Figure
6-12) therefore, a negative value indicates steepening of the slope while a positive value
F3 indicates flattening of the slope. The gradient represents the variance of the more often
occurring salt intrusion lengths. In combination with F1 this can show for example an
increase in minimum salt intrusion length with a decreasing (steepening) slope, this indicates
higher salt intrusion lengths with lower variance.

The average gradient of the CFD-curve between 40- and 10 % probability of exceedance
F4 relative to the historic gradient. The gradient represents the variance of the less often
occurring salt intrusion lengths.

Difference in minimum median salt intrusion length of the scenario relative to the historical
values. This gives an indication how salt intrusion lengths in the wet season evolve and gives

F5
a better indication for trends than solely the minimum intrusion lengths (F1) in combination
with the upper slopes of the CFD-curve (F3).

6 Difference in maximum median salt intrusion length of the scenario relative to the historical

values.
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The month when the minimum median salt intrusion occurs. The moment on which the

F7 minimum salt intrusion occurs could shift due to climate change, lengthening or shortening
the dry and wet season.

F8 The month when the maximum median salt intrusion occurs.
The maximum occurring hypersaline region (of all timesteps in the model) for the selected

F9 scenario as measured from the coast until the point that the salt concentrations fall below
ocean salinity concentrations.

F10 The maximum occurring salt concentration (of all timesteps in the model) for the selected

scenario. This is an indicator for the level of hyper salinity.

5.1 Future weather

68.

Future weather is the first model parameter that will be discussed. Starting with its effects on

the minimum and maximum salt intrusion lengths and followed by the effect on probability of

exceedance, effect on seasonality and effect on salt concentration. The scenarios and their results for

this model parameter are presented in table X below. Four combinations have been made with model

parameters, only changing the RCP used. To see the influence of future weather on salt intrusion the

differences between RCP 4.5 and 8.5 are analyzed.

Table 6-7: Model results for assessing the effects of future weather on salt intrusion lengths and salt concentrations.

Column 3 to 5 show all model parameters that are altered

RCP | SLR | ID/ CFD-curve Monthly median min/max S-x curve
scenario DO | R F2 F5 F6 F7 F8 F9

ID Period: [km] [km] F3[-] F4[-] | [km] [km] [Mos] [Mos] | [km] F10[g/L]

N/A | N/A | N/A 92 316 -0.74 -0.41 | 124 272 9 6 72 35.6

2006-2039 Cur | 104 314 -0.94 -0.41 | 124 280 10 6 98 36.1

0.1 2040-2069 4.5 0.0 / 96 308 -0.83 -0.39 | 112 278 10 6 92 36.0

2070-2099 N/A 96 328 -0.78 -0.33 | 110 298 10 6 124 36.6

2006-2039 Cur | 104 316 -0.88 -0.42 | 120 274 10 6 92 36.0

0.0 2040-2069 8.5 0.0 / 92 336 -0.79 -0.37 | 110 282 10 6 128 36.8

2070-2099 N/A | 100 368 -0.87 -0.30 | 114 308 10 6 168 38.3

2006-2039 Cur | 108 314 -0.94 -0.41 | 126 280 10 6 96 36.0

3.0 2040-2069 4.5 | 0.84 / 100 308 -0.83 -0.41 | 116 278 10 6 90 35.9

2070-2099 N/A | 100 326 -0.78 -0.34 | 116 298 10 6 116 36.4

2006-2039 Cur | 106 316 -0.84 -0.42 | 122 276 10 6 90 35.9

3.1 2040-2069 8.5 | 0.84 / 96 336 -0.79 -0.38 | 114 284 10 6 122 36.6

2070-2099 N/A | 104 366 -0.82 -0.31 | 120 310 10 6 156 37.4

2006-2039 Exp | 118 258 -1.25 -1.00 | 142 204 10 7 62 35.6

4.0 2040-2069 4.5 | 0.84 / 112 222 -1.00 -0.94 | 128 204 10 6 56 35.5

2070-2099 A 108 242 -0.98 -0.70 | 126 218 10 6 74 35.8

2006-2039 Exp | 118 258 -1.07 -1.00 | 134 204 10 7 52 35.4

4.4 2040-2069 8.5 | 0.84 / 108 244 -0.94 -0.88 | 124 206 10 6 76 35.9

2070-2099 A 112 264 -1.14 -0.59 | 130 234 11 6 102 36.7

2006-2039 Exp | 116 330 -1.00 -0.39 | 134 286 10 7 104 36.2

4.1 2040-2069 4.5 | 0.84 / 108 324 -1.00 -0.36 | 122 266 10 6 88 35.9

2070-2099 B 108 334 -0.98 -0.30 | 122 288 10 6 118 36.4

2006-2039 Exp | 114 328 -1.07 -0.39 | 128 282 10 7 92 35.8

4.5 2040-2069 8.5 | 0.84 / 106 342 -1.00 -0.30 | 120 264 10 6 128 36.7

2070-2099 B 112 366 -1.05 -0.28 | 126 286 10 7 162 37.5
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5.1.1 Future weather: Minimum and maximum salt intrusion lengths

69. Comparing the results of RCP 4.5 to the results of RCP 8.5 for the scenarios in Table 6-7, more
or less the same pattern for all scenarios can be detected for the minimum salt intrusion length (F1).
There is first a negligible decrease®® in the first two periods for RCP 8.5 after which it increases
negligibly in the third period®. The maximum salt intrusion length (F2) shows a clear increase when
RCP 8.5 is applied. In the first period the increase is negligible for all scenarios. In the second and third
period for the scenarios without dam the difference between RCP 4.5 and RCP 8.5 is respectively 9%
and 12%.

70. The scenarios with a dam implemented show a different course. For the ecological flow
operated dam, DO A, the first period shows no difference between RCP 4.5 and RCP 8.5. The second
and third period respectively increase with 10% and 9% for RCP 8.5 when comparing these to the same
periods for RCP 4.5. For the power production focused operations, DO B, the first period shows a
negligible decrease for RCP 8.5 compared to RCP 4.5. In the second and third period this is respectively
6% and 10%. This is an indication that the dam operations dampen the effect of future weather on
maximum salt intrusion lengths.

5.1.2 Future weather: Effect on probability of exceedance

71. For the scenarios without dam the upper slopes of the CFD-curve (F3) the first two periods
show a decrease in gradient for RCP 8.5 when comparing with RCP 4.5 this varies between -5% and -
11%. This is an indication that for RCP 8.5 more variety in smaller salt intrusions lengths occur. The
third period shows an increase between 6% and 12% which indicates less variety in smaller salt
intrusion lengths. The lower slopes of the CFD-curve (F4) show the opposite. In the first period a
negligible decrease in slope occurs after which the slope steepens between 6% and 8%.

72. For the scenarios with dam the upper slopes behave differently. For the ecologically operated
dam, DO A, a relatively strong decrease of 14% can be seen while for the power production operated
dam, DO B this is a steepening of 7% for RCP 8.5. The second period shows again a decrease of 14%
for DO A for RCP 8.5 while for DO B no change is detected. In the third period for both lower slopes
anincrease in slope is detectable. This is respectively 15% and 7% for DO A and DO B. The upper slopes
show a decreasing slope for the second and third period which varies between 6% and 16% for RCP
8.5 compared to RCP 4.5.

5.1.3 Future weather: Effect on seasonality

73. The effect of future weather on the median salt intrusion lengths (F5 and F6) is marginal. A
small difference of 6% when comparing RCP 8.5 to RCP 4.5 in the first period for the ecologically
operated dam. Similarly, only an increase of 7% is noticeable for the third period for the ecologically
operated dam when comparing RCP 8.5 to RCP 4.5. The remainder of median wet or dry season peaks
change negligible. Furthermore, there is no shift in the dry or wet season peak.

5.1.4 Future weather: Effect on salt concentration

74. The effect of the weather on the size of the hypersaline region (F9) and the maximum salt
concentration (F10) is significant. For all scenarios in the first period RCP 8.5 shows a decrease in the

83 With decrease of the gradient a flattening of the slope is meant. This is an indication of more variety of the
respective salt intrusion lengths.
84 Negligible is defined here as less than 5% in- or decrease between the reference and selected scenario.
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size of the hypersaline region when compared to RCP 4.5. This is -6% for the scenarios without dam
and varies between -12% and 16% for the scenarios with dam. In the second and third period a strong
increase can be noticed for all scenarios regardless of the dam implementation which varies between
35% and 45%.

75. The only increase in salt concentration can be noticed when comparing RCP 8.5 to RCP 4.5
between scenarios 0.0 and 0.1. The remainder of the scenarios shows negligible change. This indicates
a dampening effect of sea level rise on the increase of salt concentrations.

5.1.3 Future weather: Summary

76. Comparing RCP 8.5 to RCP 4.5 shows increases in maximum salt concentrations varying
between 9% to 12%. Dampening effects of the hydropower dam on maximum salt intrusion lengths
are visible. The variance of the smaller salt intrusion lengths is larger for RCP 8.5 in the first two periods
before the gradient of the CFD-curve steepens. This is true for all scenarios except when DO B is
implemented, then the lower slope of the CFD-curve continually steepens. The opposite is true for the
variance of the larger salt intrusion lengths, this increases for all scenarios. This is an indication that
RCP 8.5 leads to more variance in higher salt intrusion lengths. The median salt intrusion curve shows
no significant changes and there is no change in seasonality between RCP 8.5 and RCP 4.5. The
hypersaline region is strongly influenced by the type of weather. RCP 8.5 shows increases in the size
of the hypersaline region of up to 45% when comparing to RCP 4.5. The salt concentration changes
negligible except for the comparison between scenarios 0.0 and 0.1. This is an indication of a
dampening effect of increasing sea level rise on future weather.
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5.2 Sea level rise

77. Sea level rise is the second model parameter that will be discussed. Starting with its effects on
the minimum and maximum salt intrusion lengths and followed by the effect on probability of
exceedance, effect on seasonality and effect on salt concentration. The scenarios and their results for
this model parameter are presented in Table 6-8 below.

Table 6-8: Model results for assessing the effects of sea level rise on salt intrusion lengths and concentrations. Column 3 and
4 show all model parameters that are altered®.

CFD-curve Monthly median min/max S-x curve
scenario F1 2 F3 5 F6  F7 8 | F9  F10
ID Period: SLR FW [km] [km] [-] F4 [-] [km] [km] [Mos] [Mos] | [km] [g/L]
92 316 -074 -041| 124 272 9 6 72 356
2006-2039 104 314 -094 -041| 124 280 10 6 98  36.1
0.1 20402000 0 |96 308 083 039|112 278 10 6 92 360
2070-2099 96 328 078 -033| 110 298 10 6 | 124 366
2006-2039 108 314 -094 -041| 126 280 10 6 9%  36.0
3.0 20402069 084 o | 100 308 083 041|116 278 10 6 90 359
2070-2099 100 326 -0.78 -0.34| 116 298 10 6 | 116 36.4
2006-2039 104 316 -0.88 -0.42| 120 274 10 6 92 360
0.0 2040-2069 0 F;CSP 92 33 079 -037| 110 282 10 6 | 128 368
2070-2099 100 368 -0.87 -0.30 | 114 308 10 6 | 168 383
2006-2039 106 316 -0.84 -042| 122 276 10 6 9 359
20402069 084 .o | 95 336 079 -038| 114 284 10 6 | 122 366
2070-2099 104 366 -0.82 -031| 120 310 10 6 | 156 37.4
2006-2039 106 316 -0.84 -043| 124 276 10 6 8 359
20402069 20 .0 | 98 452 068 027|128 322 10 6 | 240 37.7
2070-2099 122 578 -057 -018| 152 480 11 6 | 476 622

5.2.1 Sea level rise: Minimum and maximum salt intrusion lengths

78. The minimum salt intrusion length increases for all scenarios negligibly?®, with the exception
of the last two periods of scenario 2.0 which show respectively 7% and 22% increase compared to the
scenario without sea level rise. The same pattern repeats for the maximum salt intrusion length,
negligible differences between a sea level rise of 0 and 0.84 m. However, scenario 2.0 shows an
increase of respectively 35% and 57% when comparing to the 0 m sea level rise scenario. The
comparison of Error! Reference source not found. show the huge differences of scenario 2.0 with s
cenario 3.1. It should be noted that the differences in maximum salt intrusion length decreased
negligibly for both sea level rises of 0.84 m when comparing to their 0 m sea level rise equivalent. This
could indicate a dampening effect of rising sea levels.

85> The model parameters dam operations and irrigation development are kept constant on respectively ‘no dam’
and ‘current irrigation’.
8 Negligible is defined here as less than 5% in- or decrease between the reference and selected scenario.

119




Probability of exceedance [%]

Probability of exceedance [%]

Figure 6-17 CFD-curves for scenario 3.1 of which the values can be read from Table 6-8 above. On the vertical axis shows the
probability of exceedance. At 100% the value is always exceeded: the minimum salt intrusion length. Slightly above 0% lies

the maximum.
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Figure 6-18: CFD-curves for scenario 2.0. When comparing with scenario 3.1 presented in the figure above, it can be
seen that for the first period there are barely differences while the 2" and 3™ period show large differences.
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5.2.2 Sea level rise: Effect on probability of exceedance

79. Comparing both 0.84 m sea level rise scenarios with their 0 m sea level rise equivalents no
significant differences can be spotted in either lower or upper slopes of their CFD-curves. For the 2.0
m sea level rise a significant decrease in both lower and upper slope can be detected of up to 41% in
the third period when comparing to the 0 m equivalent. This is can be seen well in Figure 6-18.

5.2.3 Sea level rise: Effect on seasonality

80. Looking at the wet season median dip (F5) an increase of 5% can be seen for both 0.84 m sea
level rise scenarios when comparing with their 0 m sea level rise equivalents in the third period, the
remaining periods show negligible change. It should be noted that although negligible the magnitude
of the difference grows over time for the 0.84 m sea level rise scenarios. This indicates that rising sea
levels cause a deeper inland salt front during the wet season. The dry season median peak (F6) is
however not affected by the 0.84 m sea level rise scenarios. This is visualized in Figure 6-20.

81. The 2.0 m sea level rise shows again a much stronger response. In the second and third period
the wet season median increases with respectively 16% and 33% when comparing to the 0 m sea level
rise scenario. For the dry season median peak this is respectively 14% and 56%. Further more the wet
season dip shifts with one month onto later in the year for the last period. This indicates a longer dry
season which can be seen in Figure 6-21.
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Figure 6-19: Monthly median salt intrusion curves for each time period for scenario 3.1 and reference scenario 0.0. It
can be seen that the differences between scenario 3.1 and the reference scenario are very small.
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Figure 6-20: Monthly median salt intrusion curves for scenario 2.0 with reference scenario 0.0. Comparing this figure
with the figure above; it can be seen that the first period shows more or less the same differences while the second
and third period show large differences with the reference scenario.
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5.2.4 Sea level rise: Effect on salt concentration

82. Comparing the hypersaline region and salt concentrations, respectively F9 and F10, between
the 0.84m sea level rise scenarios and the respective 0 m sea level rise equivalents, show remarkable
results. The size of the hypersaline region decreases slightly, up to 7% in the third period. This effect
is slightly stronger for the scenario that also applies RCP 8.5 which confirms the somewhat dampening
effect of sea level rise on salt intrusion. The maximum salt concentrations decrease negligibly.

83. 2.0 m sea level rise shows a decrease in the size of the hypersaline region of 7% in the first
period. The second and third period however, show an increase of respectively 88% and 183% in the
size of the hypersaline area. More than doubling the size of the hypersaline area of the 0 m equivalent
in the third period. The maximum salt concentration only increases significantly in the third period
with 62%, coming close to double the ocean salinity.

Figure 6-21: Salt concentration plot for scenario 2.0. Each line is a timestep (10 day period) and gives a salinity
profile of the Gambia river.
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5.2.5 Sea level rise: Summary

84. Sea level rise has little impact on minimum and maximum salt intrusion lengths and the
variance of salt intrusion lengths. In addition, no significant impact on the dry season median peak
and wet season median dip can be noticed. A 0.84 m increase in sea level does however show a
dampening impact on the hypersaline region, reducing it slightly when compared to the 0 m sea level
rise equivalents. It has no impact on maximum salt concentrations.

85. The 2.0 m sea level rise shows different results. There are strong increases in minimum and
maximum intrusion lengths and the variance of salt intrusion lengths increase significantly, indicating
less predictability of salt intrusion lengths in the estuary. Furthermore, the increase in both wet season
and dry season median peaks shows an overall shift of salt intruding further inland. The hypersaline
region grows significantly compared to the 0 m sea level rise equivalent from 168 to 476 km. The
maximum salt concentration also increases with 62% coming close to double ocean salinity.
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5.3 Reservoir filling

86. The filling of the reservoir is the third item that will be discussed, it is not a model parameter
but a separate model run to see what effect the construction of the dam has on salt intrusion. Starting
with its effects on the minimum and maximum salt intrusion lengths and followed by the effect on
probability of exceedance and monthly median these scenarios have not the full range of data as seen
in the other scenarios. The difference between the two scenarios is the time the reservoir behind the
dam requires to be filled. Scenario 1.0 assumes this takes 1 year and scenario 1.1 assumes this will
take 2 years. The results of these scenarios can be found in the table below.

Table 6-9: Model results for assessing the effects of reservoir filling on salt intrusion lengths8”

CFD-curve Monthly median
Scenario ID:  Period: ID F1[km] F2[km] F3[-] F4[-]] F5[km] F6 [km]

_ N/A 92 316 041 -074 124 272

0.0  2006-2039 | Current | 104 316 042 -088 120 274
2006-2039

1.0 ooa) | EXPected | 104 314 042 -092 132 295
2006-2039

L1 rasops| BXPECted | 104 324 041 -092 132 295

5.3.1 Reservoir filling: Minimum and maximum salt intrusion lengths

87. There is no difference when comparing both scenarios with the minimum salt intrusion
lengths to the reference scenario. The maximum intrusion length however shows an increase for the
case in which the filling of the reservoir takes two years, while the single year scenario shows a
decrease. The increase and decrease in both scenarios are negligibly small.

5.3.2 Reservoir filling: Effect on probability of exceedance

88. Similarly, the change in both the upper slope that indicates the variety of the more common
salt intrusion lengths as well as the lower slopes which indicates the variety of the less common salt
intrusion lengths is negligibly small for both scenarios.

5.3.3 Reservoir filling: Effect on seasonality

89. The monthly median salt intrusion peaks change as much for the single year filling as for the
two-year filling scenario. The dry season peak increases more indicating a shift to deeper inland salt
intrusion lengths during the filling of the reservoir, independent on the duration. The comparison can
be seen in Figure 6-22. This indicates a longer period with high salt intrusion lengths for the scenario in
which the dam fills for two consecutive years.

5.3.4 Reservoir filling: Summary

90. The filling of the reservoir has a small impact. Compared to the reference scenario there is a
shift in maximum intrusion length. The more common salt intrusion lengths do not change their
variance but the less common salt intrusion lengths do, which indicates a less predictable salt intrusion

87 Future weather and sea level rise are constant and respectively RCP 8.5 and 0.0 m sea level rise.
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pattern for less likely salt intrusion lengths. Furthermore, an increase of the monthly median dry
season peak indicates more often occurring deeper inland salt intrusion lengths.

Figure 6-22: Monthly median salt intrusion curve for the 2 year filling scenario compared to the
reference scenario.
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5.4 Dam operations

91. The dam operational schemes are the third model parameter that will be discussed. Starting
with its effects on the minimum and maximum salt intrusion lengths and followed by the effect on
probability of exceedance, effect on seasonality and effect on salt concentration. The scenarios and
their results for this model parameter are presented in Table 6-10 below. Scenarios 3.0 and 3.1 will be
used as reference scenarios since these are the scenarios where no dam has been implemented.

Table 6-10: Model results for assessing the effects of dam operations on salt intrusion lengths and salt concentrations®e.

CFD-curve Monthly median min/max S-x curve

scenario F2 F3 F5 F6 F7 F8 F9 F10

ID Period: FW DO F1[km]  [km] [-] FA[-]1 | [km] [km] [Mos] [Mos] [km]  [g/L]

92 316 -074 -041| 124 272 9 6 72 356

2006-2039 108 314 094 -041| 126 280 10 6 9% 360

3.0 20402069 F No 400 308 -0.83 -041| 116 278 10 6 9 359
4.5 dam

2070-2099 100 326 -0.78 -034| 116 298 10 6 | 116 364

2006-2039 118 258 -125  -1.00 | 140 202 11 7 60 35.6

3.2 2040-2069 EC: A | 112 220 -1.00 -1.00| 128 202 10 6 54 355

2070-2099 108 242 -098 -074| 126 216 10 6 74 358

2006-2039 116 322 -1.00 -039| 134 284 10 7 | 100 361

33 2040-2069 ZCSP B | 108 316 -1.00 -037| 122 264 10 6 86 358

2070-2099 108 328 -1.05 -030| 122 288 10 6 | 114 364

2006-2039 106 316 -084  -042 | 122 276 10 6 9 359

31 20402069 P No o5 336 079  -038| 114 284 10 6 | 122 366
8.5 dam

2070-2099 104 366 -082 -031| 120 310 10 6 | 156 374

2006-2039 118 258 -1.07 -1.00 | 134 202 10 7 52 354

34 2040-2069 F;C: A | 108 242 -094 -094| 124 204 10 6 74 35.9

2070-2099 112 262 -1.05 -059 | 130 232 11 6 | 102 366

2006-2039 114 322 -1.07 -039| 128 282 10 7 88 357

35 2040-2069 F;C: B | 106 338 -1.07 -031| 120 262 10 6 124 367

2070-2099 112 360 -1.05 -0.28 | 126 282 10 7 | 158 374

5.4.1 Dam operations: Minimum and maximum salt intrusion lengths

92. Table 6-10 shows scenarios with several possible operational schemes for the hydropower
dam and both RCPs. In the table above ‘A’ and ‘B’ respectively stand for the ‘ecology focused
operations’ and ‘power production focused operations’.

93. When comparing the ecology focused operations, DO A, with the reference scenarios it can
be seen that the minimum salt intrusion lengths increase significantly ranging between 8% and 13%.

88 Sea level rise and irrigation development are constant and respectively 0.84 m sea level rise and ‘current’
irrigation development.
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However, maximum salt concentrations decrease significantly for these operations ranging between
-18% and -29%. When comparing the power production focused operations, DO B, with the reference
scenarios a different pattern is visible. Again an increase in minimum salt intrusion lengths of the same
magnitude as for DO A can be seen. However, the maximum salt intrusion lengths do not decrease
but increase negligibly.

Figure 6-23: CFD-curves for scenario 3.4 and reference scenario 3.1. The increase in minimum salt intrusion length can
be seen as well as the decrease in maximum salt intrusion length. The steepening in the slopes is visible as well,
indicating a trend of more stabilized salt intrusion lengths.

Cumulative frequency distribution curves 2006-2099

100 —— Scenario 3.4: RCP 8.5, 0.84 m SLR, current irrigation: 2006-2039, with A dam
Scenario 3.4: RCP 8.5, 0.84 m SLR, current irrigation: 2040-2069, with & dam
Scenario 3.4: RCP 8.5, 0.84 m 5LR, current irrigation: 2070-2099, with A dam
== Scenario 3.1: RCP 8.5, 0.84 m 5LR, current irrigation: 2006-2039, without dam
a0 Scenario 3.1: RCP 8.5, 0.84 m 5LR, current irrigation: 2040-2069, without dam
— Scenario 3.1: RCP 8.5, 0.84 m SLR, current irrigation: 2070-2099, without dam
o I - T e Historical
LH)
L]
(=
= &0
w
w
=
[¥)
k=
Z 40
=
m
=]
[=]
&=
20
]
0 100 200 300 400 500 B00

Intrusion length [km]

5.4.2 Dam operations: Effect on probability of exceedance

94, The comparison of the ecological operations, DO A, show a strong steepening of the gradient
of the upper CFD-curve (F3) for DO A compared to the reference scenarios. The increase in slope
ranges between 19% and 33%. The increase in the lower CFD-curve is even more substantial which
ranges between 88% and 150%. Figure 6-23 visualizes these changes in slope for scenario 3.4
compared to scenario 3.1. The increase in slope of both the upper and lower part of the CFD-curve
indicates more predictable salt intrusion lengths with less variation.

95. When doing the same comparison for the power production focused operations, DO B, a
similar increase in upper slope can be detected, ranging between 7% and 36%. The lower slope
however, decreases between 5 and 17%. This indicates less predictable higher salt intrusion lengths.
This is visualized in Figure 6-24.

96. Comparing Figure 6-23 and Figure 6-24 gives an impression of the differences between the
implemented dam operations and the range between dam operations can influence the degree of salt
intrusion.
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Figure 6-24: CFD-curves for scenario 3.3. The steepening in the upper slopes and afterwards the flattening of the
lower slopes can be seen. This indicates less variety in small salt intrusion lengths while the larger salt intrusion
lengths show more variety.
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5.4.3 Dam operations: Effect on seasonality

97. Ecological operations can cause a shift in the wet season median peak towards later in the
year. This is not the case for power production focused operations. Both dam operations cause during
some periods a shift in the dry season peak towards later in the year as well. This can lead for DO A,
to an decrease of the dry season while for DO B this can lead to an increase.

98. Comparing Figure 6-25 and Figure 6-26 shows the difference between the two different
operating schemes. The prolonged dry season (buildup of salt) can be noticed for DO B whereas for
DO A only a shift occurs.
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Figure 6-25: Monthly median salt intrusion for scenario 3.5 compared to the reference scenario 3.1. In this case a
shift of dry and wet season peaks is visible for the first and third period
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Figure 6-26: Monthly median for scenario 3.4 compared to the reference scenario 3.1. A reduction in dry season
median and shift in seasonality are well visible.
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5.4.4 Dam operations: Effect on salt concentration

99. The ecological operated dam has significant influence on the size of the hypersaline region.
Reductions between 35% and 42% compared to the scenarios without dam can be seen. The power
production focused operations show negligible differences and no trend. For both ways of operating
the dam the maximum salt concentration is negligibly impacted.

5.4.5 Dam operations: Summary

100. Both ways of operating the dam are created to be extremes this is reflected in their impact.
This is visualized in the figures above.

101. The ecological dam operations show an increase in minimum salt intrusion length of up to
13% compared to the situation without dam. The maximum salt intrusion length decreases
significantly, up to 29%. This leads to a more stabilized flow which is represented by the steepening of
both slopes of the CFD-curve. The monthly median peaks continue with this pattern, slightly increasing
the peak during the wet season and decreasing the peak strongly during the dry season. Further more
a strong impact on the size of the hypersaline region can be noticed for these dam operations.
However, no significant change in salt concentrations can be noticed.

102. The power production focused operations show a totally different impact. The minimum salt
intrusion lengths still increase up to 10% but no reduction of the maximum salt intrusion length can
be seen. The lower slope of the CFD-curve flattens which indicates more variation for the rarer salt
intrusion lengths. Furthermore, no significant changes in the wet and dry-season peaks can be noticed.
The size of the hypersaline region changes negligibly as well as the maximum salt concentrations.
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5.5 Irrigation development

103.  Irrigation development is the final model parameter that will be discussed. Starting with its
effects on the minimum and maximum salt intrusion lengths and followed by the effect on probability
of exceedance, effect on seasonality and effect on salt concentration. The scenarios and their results
for this model parameter are presented in Table 6-11 below. Scenarios 3.2 and 3.4 will be used as
reference scenarios since these have the current level of irrigated surface.

Table 6-11: Model results for assessing the effects of irrigation development on salt intrusion lengths and salt

concentrations®.

Monthly median
CFD-curve min/max S-x curve
scenario F1 F2 F3 F5 F6 F7 F8 F9 F10
ID Period: FW ID [km] [km] [] F4[] | [km] [km] [Mos] [Mos] | [km] [g/L]
92 316 -0.74 -0.41 | 124 272 9 6 72 35.6
2006-2039 118 258 -1.25 -1.00 | 140 202 11 7 60 35.6
3.2 2040-2069 IZC: Current | 112 220 -1.00 -1.00 | 128 202 10 6 54 355
2070-2099 108 242 -0.98 -0.74 | 126 216 10 6 74 35.8
2006-2039 118 258 -1.25 -1.00 | 142 204 10 7 62 35.6
4.0 2040-2069 ZC: Expected | 112 222 -1.00 -0.94 | 128 204 10 6 56 355
2070-2099 108 242 -0.98 -0.70 | 126 218 10 6 74 35.8
2006-2039 118 270 -1.25 -0.94 | 142 208 11 7 66 35.7
4.2 2040-2069 ZCSP Max 114 228 -1.00 -0.94 | 128 210 10 6 60 355
2070-2099 108 250 -1.05 -0.67 | 126 226 10 6 78 35.9
2006-2039 118 258 -1.07 -1.00 | 134 202 10 7 52 35.4
3.4 2040-2069 ZC: Current | 108 242 -0.94 -0.94 | 124 204 10 6 74 35.9
2070-2099 112 262 -1.05 -0.59 | 130 232 11 6 102 36.6
2006-2039 118 258 -1.07 -1.00 | 134 204 10 7 52 35.4
4.4 2040-2069 R8C5P Expected | 108 244 -0.94 -0.88 | 124 206 10 6 76 35.9
2070-2099 112 264 -1.14 -0.59 | 130 234 11 6 102 36.7
2006-2039 120 258 -1.07 -0.88 | 136 208 10 7 56 35.5
4.6 2040-2069 R8C5P Max 110 250 -0.94 -0.79 | 124 212 10 6 80 36.0
2070-2099 112 272 -1.05 -0.57 | 132 242 11 6 108 36.8

5.5.1 Irrigation development: Minimum and maximum salt intrusion lengths

104. Table 6-11 shows six scenarios. These are chosen such that the three agricultural development
irrigation areas (current irrigated surface, expected irrigated surface and maximum irrigated surface)
are applied. The remaining parameters are kept constant, with a sea level rise of 0.84 m and ecological
dam operations, DO A.

105. Comparing the minimum salt intrusion lengths of the expected and maximum irrigated
surfaces with the current irrigated surface shows negligible changes. For the expected irrigated
surface scenarios, no change is noticeable while for the maximum irrigated surface scenarios there is
a negligibly small increase.

89 Sea level rise and dam operations are constant and respectively 0.84 m sea level rise and ecological flow, DO
A. Furthermore, the first row ‘scenario ID: H’ shows historic values while all other rows show the difference
compared to the historic scenario.
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106. The maximum salt intrusion lengths do show some differences between the selected
scenarios. The expected irrigated surface now has negligibly small increases while the maximum
irrigated surface shows a bigger increase.

5.5.2 lIrrigation development: Effect on probability of exceedance

107. Comparing the reference scenarios (3.2 and 3.4) with all other scenarios presented in Table
6-11 it becomes clear the upper slopes (F3) show no change or a very small steepening (scenario 4.2,
p3 and scenario 4.4, p3 show an increase of respectively 7% and 8%).

108. The lower slopes (F4) show a more significant change. The slopes for the expected irrigated
surface flatten slightly, ranging between 5% and 6%. This indicates more variation in less common salt
intrusions. The slopes for the maximum irrigated surface flatten slightly more, especially for RCP 8.5
ranging up to 16%. All variations in the lower slopes point towards a slightly flattening of the lower
slope with increasing irrigated surface. Figure 6-27 shows the different CFD-curves for current irrigated
surface and the maximum increase in irrigated surface.

5.5.3 lIrrigation development: Effect on seasonality

109. Both dry and wet season peaks vary negligibly due to the change in irrigated surface.
Furthermore, no shift in seasonality due to the increase in irrigated surface can be noticed.

5.5.4 lIrrigation development: Effect on salt concentration
110. There is no effect on salt concentrations noticeable due to an increase in irrigation surfaces.
Figure 6-27: Scenario 3.4 which is used as reference scenario to see the influence of change in irrigated area. Scenario 4.6,

which has the maximum irrigated area applied shows no change in small salt intrusion lengths but does affect larger salt
intrusion lengths.
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5.5.5 lrrigation development: Summary

111.  Irrigation development does not have an effect on minimum or maximum salt intrusion
length. Furthermore, the size of the hypersaline region and salt concentrations within do not depend
on the irrigation surface. There is however an increase in the monthly median peak for the dry season
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when the maximum irrigated surface is implemented. This also shows in the variety of less common
salt intrusion lengths which slightly flattens for scenario 4.6 (see Figure 6-27).

5.6 Simplified summary of model parameter influence

112.  The future weather is discussed by comparing weather scenarios for RCP 8.5 with RCP 4.5. Salt
intrusion lengths are only slightly impacted by the difference in future weather. The salt intrudes
further for RCP 8.5 but the difference between RCP 8.5 and RCP 4.5 is not large. The length between
the river mouth and the salt front shows an increase in variability for RCP 8.5. This means that it
becomes less predictable how deep the salt intrudes inland. The hypersaline region, the area with salt
concentrations above ocean salinity, grows significantly for RCP 8.5 when comparing with RCP 4.5.
This shows a strong impact of future weather. Furthermore, the weather varies, this is also imposed
onto the salt intrusion lengths.

113.  Sea level rise has a moderate impact when the river stays within its banks. It dampens the
effects of more extreme weather (RCP 8.5) and stabilizes larger salt intrusion lengths. The average salt
intrusion length shifts inland with increasing sea level rise. Remarkably, a rising sea level decreases
the size of the hypersaline region and salt concentrations, albeit only by a little.

114. Considering the 2.0 m sea level rise scenario a different image of the effect of sea level rise is
sketched. The river is forced outside of its banks, this leads to freshwater being depleted quickly by
evaporation which results in a hypersaline estuary during the dry season (duration ~ 6 months). The
salt intrudes far inland, the hypersaline region grows strongly (183%) and the maximum salt
concentration within the estuary reaches almost double ocean salinities.

115. The filling of the reservoir has a small impact which is only noticeable in the median salt
intrusion during the dry season. This increases to some extent and is slightly stronger in case that the
filling will take two years.

116. The dam operations show large differences in their impact. One being a strong reductor of
extreme salt intrusion lengths (ecological flow, DO A), the other increasing them slightly (power
production focused, DO B). The ecologically operated dam shows a strongly stabilized estuary in terms
of saltintrusion. This makes it easy to predict between what ranges the salt front will be. Furthermore,
it has strong decreasing effects on the size of the hypersaline region, almost halving it. The power
production focused operations show larger similarities with the reference scenarios. It improves the
predictability of the salt intrusion length but at the cost of the average salt front being deeper inland.
Neither of the dam operations has significant influence on the salt concentrations.

117.  Irrigation development has negligible effects allover. The maximum use of irrigation shifts the
occurrence of rarer salt intrusion lengths slightly.
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5.7 Discussion of non-model results

5.7.1 Morphological effects due to dam and sea level rise

118. The hydropower dam will trap sediment which lead to a decrease in sediment supply
downstream of the dam. This change in sediment supply will affect the river morphology which
influences salt intrusion. Besides the dam the rising sea level also affects river morphology.
Respectively the hydropower dam and sea level rise can be seen as an upper and lower boundary (see
Figure 6-28).

Figure 6-28: Simplified visualization of sea level rise and sediment build up due to the hydropower dam
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119. Itis important to note that the Gambia river is an alluvial river along the entire length of the
river. This implies that the river can adjust its slope as well as its width. Secondly, a variable flow (dry
and wet season flow) with an averaged sediment flux is present. The hydropower dam will attenuate
the wet season flows and increases the current dry season flows. Since sediment flux is non-linearly
related to the flow per meter width the total downstream directed sediment flux presumably will
change.

Expert interview

120. To get an impression of the possible effects on river morphology due to the hydropower dam
and sea level rise an interview was conducted with professor C.J. Sloff, an expert on sedimentation
processes and sediment management in reservoirs. The interview started with the preliminary
statement that it is very hard to say what will happen and that the following possibilities might not
happen. As previously described the hydropower dam and sea level rise pose two boundaries which
affect the river and estuary.

121. The hydropower dam can be operated in several ways. This study treats two of them
(ecological flow & power production) but there is another possibility within the power production
category: peaking. Peaking is applied in water scarce regions and it is based on the expected power
usage. During the day when power usage peaks energy is produced while during the night, when there
is barely any power usage water is saved. If such an operating strategy is applied this creates
oscillations in water level between day and night, high and low water. These oscillations cause
increased bank erosion compared to when there is a normal, relatively constant flow. The oscillations
are strongest near the dam and dampen over distance, however their effect on bank erosion should
not be underestimated. Bank erosion is also dependent on the composition and strength of the river
banks. If the bank erodes the river widens, this leads to a decrease of depth which can alter the river’s
characteristics.

122.  Another effect of the hydropower dam is a change in the amount of sediment that is let
through. This depends on the type of sediment that is present in the river and the dam and its
reservoir’s characteristics; how high is the dam; what discharge is let through; what is the size of the
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reservoir etc. What usually happens is that the heaviest particles such as gravel and sand sink to the
bottom of the reservoir. Lighter particles such as clay and silt partially pass through the dam. The
amount of sediment that passes through the dam is important for the change in morphology. Just
after construction of the hydropower dam the transport capacity of the river is the same as before. If
there is a strong sediment reduction this sediment is supplied from the riverbed. However, the
riverbed is often covered with larger pieces of sediment, which cannot be transported with such flow.
This causes that only the fine sediment entrapped in the riverbed is taken. This leads to a downward
migrating wave where the fine sediments are removed from the bed. Due to gravel and sand being
trapped in the reservoir the ratio of sediments changes from partially coarse and partially fine to a
majority of fine particles. This causes the river to become muddier, especially in the saline parts of the
river and in the estuary. Clay interacts with salt, which creates larger flakes that sediment faster than
single clay particles. A strong increase in mud (clay and silts) is to be expected in the downstream
regions. In the long term, the slope of the river adjusts to the new sediment load. This is a very slow
process. The larger particles at the bottom of the river are not easily transported and protect the
underlying sediments. Furthermore, the hydropower dam changes the flow pattern, attenuating the
minimum and maximum flows. Since the transportation capacity is non-linearly dependent on the
flow it is possible the total sediment flux decreases even though the minimum flows increase. If the
river becomes wider due to bank erosion it becomes less deep. This can form a new equilibrium based
on sediment supply but leads to another threat. Vegetation can grow on parts it could not before. If
then a highwater event occurs (e.g. upstream storm and lots of water spilled over/through the hydro
power dam) the river has higher friction and lower transport capacity which increases the chance on
flooding.

123.  On the downstream end of the river sea level increases depth. The tidal influence increases
which increase the amount of water flowing in and out of the estuary. If the sediment supply from
upstream is large enough, the river bed can grow with the sea level rise. Coastal erosion due to the
reduced sand supply should be expected and due to the attenuation of the hydrograph. However, the
erosion or sedimentation in the coastal region is very complex and hard to predict.

124.  Apart from the clear positive effects of a hydropower dam there are always unexpected
negative consequences. The effects of a change in sediment supply are often underestimated or
overlooked. However, unbalancing the system has clear negative effects for the population. Care has
to be taken for them so that they can cope with the change. Besides the morphological changes also
ecological and environmental changes should be expected.

5.7.2 Effects of sea level rise and salination on vegetation

125. Fent et al. (2019) confirmed a net increase in mangrove tree cover nationally between 1988
and 2018 after a period of drought in the 1970s and 80s. It shows the sensitivity of mangroves to lack
of freshwater and partially the effort that is made in conserving and increasing these areas. Earlier
studies confirmed a severe decrease of mangroves (e.g. Carney et al., 2014) caused by these droughts.
The mangroves have a double function, on one side they are the nursery of many fish and other
species and on the other side they protect coastal regions by reducing their vulnerability (Guannel et
al., 2016). However, Ellison already showed in 1993 that the now thriving mangrove forests will retreat
with increased sea level rise. Similarly, Naidoo et al. showed with their research in 2011 that
hypersaline environments are detrimental for mangroves. Under certain scenarios either one or both
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of these negative impacts will increase the stress on the mangrove forests present in The Gambia. The
expected reduction of mangrove forests increases the sensitivity to a reduced sediment flux.

Part 6 — Limitations

126.  This section will discuss limitations of this study. First the data and quality of model output
will be discussed after which several other limitations will be discussed.

6.1 Different data sources and salt intrusion error

127.  The acquired data to model the salt intrusion of the Gambia river consists of many separate
sources. Because these sources are often not linked the quality of the model results can be
guestioned. The model is for example calibrated on historic data, the quality of some of this data is
unknown (e.g., river discharge). To estimate what the quality of the model output is, an error analysis
should have been performed. This has not been done, limiting the knowledge of the model output
quality. Keeping in mind the limitations of the data that has been used in the model lead to a sounder
understanding of the quality of the model output. Figure 6-29 below is presented again and contains
the overview of data that shows how the historic and current model differ.

Figure 6-29: Flow chart of precipitation, evaporation and river discharge. The years mentioned at the bottom
correspond to the date ranges in

Table 6-3. The colors visualize where data transforms
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6.2 Evaporation and calibration

128. During data collection an unexpected error in the generated evaporation values was
discovered. This was due to applying Hargreaves formula for evaporation, which is dependent on
minimum and maximum temperature. Because the rate of change of the minimum and maximum
temperature differed, with minimum temperature raising faster than maximum, the evaporation
decreased over time, even as the temperatures rose. Therefore, another method to estimate
evaporation was applied which would only require the average monthly temperature data:
Thornthwaite. Even though this method does not have this particular weakness the method was not
developed for (projected) time series analysis. The respective average monthly temperature of RCP
4.5 and 8.5 rose between 2.1 and 3.9 degrees between 2006 and 2099, and the average monthly
evaporation rose respectively with 112 and 228 mm. Since the precipitation does not vary significantly
between the start and end of the modelling period this increase in evaporation has a relatively high
impact. Secondly, the open water evaporation applied on the reservoir is a percentage of this
evaporation estimate. It is important to realize that Thornthwaite estimates the potential evaporation,
the model is amongst others calibrated by adjusting the evaporation which validates the use of
potential evaporation.

129.  Forthe scenarios in which the threshold value for sea level rise is exceeded and the river bursts
its banks this evaporation might no longer be correct. The calibration adjusted the evaporation such
that the best fit on measurements was accounted for. Previously the model had a constant river
surface, allowing for the evaporation to be used as calibration parameter. Due to the expansion of the
river and therefore the evaporative surface this scaling could lead to an overestimation of the extra
evaporated water. During all model runs the parameters that change between scenarios are only the
hydrological parameters, influenced by future weather, water extraction etc. However, due to sea
level rise the hydraulic parameters in the model also change. Once the threshold value is exceeded
and the evaporative surface is significantly increased one can question if the calibration is still correct
for this situation and not an overestimation.
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6.3 Numerical nature

130.  Another limitation that has a strong impact on the precision of the model results is the
numerical nature of the model. This leads to increasingly large errors for large intrusion lengths, in
which the model has to calculate more steps. Resulting are oscillations that become larger for large
salt intrusion lengths, as can be seen in Figure 6-21. The errors caused by the numerical calculations
still allow trends to be detected but for more precise estimates these numerical errors should be
solved. Instead of solving the numerical nature of the model an error analysis could also be performed,
giving an accurate idea within what range the predicted salt concentrations are.

6.4 Temporal analysis

131.  This study has not looked deeply in the temporal dimensions of salt intrusion. The duration
with which the dry season salt peaks increase in certain scenarios or decrease in others has not been
looked at. This is however, a possible important feature. Furthermore, the chosen date ranges show
often a sudden increase in the third period. A more in-depth analysis of the temporal feature could
give the answer. Depending on the need of knowing what to expect and when to expect it this analysis
could be of great value.

6.5 Dam operations

132.  Scenario ‘DO A’ derived from the environmental study (OMVG, 2014) has unclear relations
between water levels in the reservoir and the discharge. These relations could not be verified but have
been used nonetheless. Furthermore, the reservoir that will be created once the dam is constructed
is based on simple relations of the volume of a frustrum of a cone. This assumption was made for
modelling the reservoir. All calculated parameters that came from this assumption exactly matched
the reservoir presented in the study of the OMVG (2014). This is an indication that the expected
characteristics of the reservoir and therefore the water level — discharge relations have not yet been
determined accurately.

Scenario ‘DO B’ optimized the power production only for a single scenario and not for each. This leads
to sub-optimal performance of the scenarios which implement DO B for some of the. This sub-optimal
performance is enlarged by the larger difference in evaporation between RCP 4.5 and RCP 8.5.
Secondly, scenario ‘DO B’ assumes a constant flow for respectively the dry and wet season. The expert
interview indicates another possible operating scheme that aims to produce power when it is needed.
This has not been modelled.
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Part 7 — Conclusions

133.  The presentation of conclusions from this study are organized around the research questions,
which are presented below. To answer these questions the key features and results discussed in part
5 are summarized. All modelled parameters (sea level rise, dam operations, irrigated area, future
weather) and time periods are included to provide an as complete as possible conclusion.

I. How does the salt intrusion length develop?
Il. How does the salt concentration develop?
lll. Can hyper salinity occur and under which circumstances?
IV. What measures can be taken to mitigate salt intrusion and how effective are these measures?
V. How will agua- and agriculture in The Gambia be affected by the construction of the hydropower
dam?

7.1 How do the salt intrusion length and concentration develop?

134. The modelled salt intrusion length and concentration are influenced by future weather, sea
level rise, dam operations and irrigation development. The first two will be discussed first and can be
considered climate change related, while the latter two can be considered short-term anthropogenic
changes.

7.1.1 Climate change related development of salt intrusion length and concentration
Future weather

135.  Future weather has a significant impact on salt intrusion lengths as can been seen when
comparing RCP 4.5 with RCP 8.5. The maximum salt intrusion length shows increases of up to 12%
between RCP 8.5 and RCP 4.5. Furthermore, a strong increase in the size of the hypersaline region, up
to 45%, can be seen. Future weather does not show a significant impact on salt concentrations.

Sea level rise

136.  Sea level rise has a limited influence on salt intrusion until the river is forced outside of its
boundaries. Below the expansion threshold increases in sea level show increases in the wet season
median peak around 5%. Remarkably the increase in sea level rise has a decreasing effect on the size
of the hypersaline region.

137.  When the river is forced outside of its boundaries however, the evaporative surface area of
the river expands dramatically, leading to high levels of freshwater removal due to evaporation. This
results in a strong increase in salt intrusion lengths and a strongly hypersaline river with hypersaline
concentrations coming close to double ocean salinity for large extents of time (~ 6 months).

7.1.2 Short-term anthropogenic change related development of salt intrusion length and
concentration

Reservoir filling

138.  The reservoir filling scenarios have a small impact on the wet and dry season median peaks,
which increases respectively with 10% and 8%

Dam operations

139. Dam operations have a significant impact on the salt intrusion lengths of the river. The
difference between the two extreme dam operation scenarios (ecology focused flow and power
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production focused flow) is large. Ecology focused flow shows a strong reducing effect on maximum
salt intrusion lengths, up to 29%. This leads to a more stabilized salt intrusion pattern, where the salt
front is contained in a smaller range than the case without dam. Furthermore, the hypersaline region
is strongly decreased, up to 42% compared to the scenario without dam.

140. Power production focused operations shows salt intrusion lengths that are closer to the
scenarios without dam. This also leads to a smaller range in which the salt front moves. However,
where the ecology focused operations show to strongly reduce the maximum salt intrusion length and
the size of the hypersaline region the power production focused operations do not. Both ways of
operating the dam result in a negligible decrease of salt concentrations.

Irrigation development

141. Somewhat surprisingly the development of irrigation surface does not result in significant
impact. Even when maximum irrigated surface is applied this does not lead to significantly different
salt intrusion levels. Similarly, the salt concentration levels are barely affected. This is due to the
relatively small amount of water extracted necessary for the increased irrigational area.

7.2 Hyper salinity

142.  Periods of hyper salinity are found in all scenarios, occurring in the dry season where a point
is reached when the freshwater flow is depleted and evaporative losses lead to a buildup of salt in the
remaining river volume. This can be close to the river mouth or deep inland depending on climate
change and short-term anthropogenic combinations. Severe hyper salinity (> 40 g/L) only occurs in
the 2.0-meter sea level rise scenario.

7.3 Measures to mitigate salt intrusion

143. Depending on the freedom to adjust dam operation, and how sea level rise and the weather
develop, the dam operations could be used to limit salt intrusion lengths as well as hyper salinity. The
difference between the two modelled ways of operating the dam illustrate the extent to which salt
intrusion lengths can be pushed back through changes in the dam discharge rate.

144.  Occasionally supplying the river with fresh sediment that has settled in the reservoir behind
the dam could potentially help limit the increase in salt intrusion lengths due to morphological
changes. However, this issue was not included in the present study. Therefore, the effect of the
reduced sediment supply on salt intrusion lengths and the potential effectiveness of this strategy are
unknown.

145.  Limiting the expansion of the river would make sure that severe hyper salinity and long salt
intrusion lengths cannot occur. Comparing the scenarios with 2.0 m sea level rise and those with more
moderate sea level rise shows the importance of efforts of efforts aimed at preventing future
emissions of greenhouse gasses.

7.4 Influence of dam operations on agri- and aquaculture

146. The construction of the dam shows higher salt intrusion lengths and more occurring higher
salt intrusion lengths. These increases are not significant enough to harm agri- and aquaculture. The
operation of the dam does not pose a threat to agriculture. Furthermore, the stabilizing effect of the
dam on salt intrusion levels leads to less varying salt intrusion lengths and concentrations which would
create a better environment for aquaculture. The magnitude of the shift in seasonality mentioned
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before can increase when the hydropower dam is solely operated to produce power. This could have
implications for agri- and aquaculture.

7.5 Issues for policy makers

147.  The salt intrusion length and salt concentrations in the Gambia river will be heavily affected
by climate change. Effort should be made to convince all stakeholders and financers of the dam to
leave some room in dam operations. This enables to use the strong effects the dam operation has in
decreasing salt concentrations and salt intrusion lengths in periods of need.

148.  Banjul lies at the mouth of the Gambia river. The elevation of the city is only slightly more than
that of sea level and if sea level rise continues as predicted in the worst-case scenario used in this
study (2.0-meter sea level rise) large parts of Banjul will eventually flood. Flooding and other water
related problems in Banjul will likely occur before hyper salinity reaches unacceptable levels in the
estuary. If Banjul is to be protected this would require substantial financial means. This leads to the
guestion that if financial resources are used to protect Banjul will there be enough to protect the
estuary, by for example limiting the expansion of the river due to sea level rise, as well?

Conclusions

149. Sea level rise, combined with insufficient sedimentation, decreased rainfall, increased
evaporation and offtake of water for irrigation will lead to more saltwater entering the Gambia River
estuary, and advancing further upriver. The construction of the dam at Sambangalou will have
additional impacts on the river’s hydrologic functioning by altering the stream flow timing and volume
in wet and dry periods. Combined, these changes will have both spatial and temporal dimensions that
may have serious implications for different species in the fisheries depending on their lifecycle and
seasonal use of estuary, as well as their relative mobility. While the report focuses on the upper extent
of the saline front during the dry season (above KP 170), there will also be changes to the front during
both the rainy and dry seasons, as the dam release schedule will reduce the rainy season streamflow
and increase the flow during the dry. A decrease in volume, and delay, in wet season flooding will tend
to increase opportunities for marine species within estuary. Estuary species whose spawning is linked
to the wet season conditions (retreat of saline front and decreased salinity) may be geographically
impacted as the duration and intensity of the wet season flooding decreases. In contrast, species
whose spawning is tied to the increased salinity of the dry season (further advance of the saline front
and higher salinity levels), will find geographic advantage. There will likely be geographically
progressive impacts to the species composition of mangroves and associated foodchains as well.
Although not mentioned in the report, the acute reduction in streamflow (planned over two rainy
seasons) while the dam’s reservoir is filled, may have an important impact on biodiversity throughout
freshwater portion of the river. Sea level rise will affect ecologies under tidal influence along the river’s
length, effectively drowning out those located on the deep-water margin.
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Appendix A Discharge model

For each region in the catchment area (Kedougou and Goudiry), the model approaches the contribution to river
flow as follows. When it rains, a certain threshold volume of water needs to be exceeded before the precipitation
is contributing to the flow in the river. Depending on the amount of water intercepted by leaves, types of
vegetation, types of soil, moisture content in the soil etc. several flows to the river arise. These flows have again
a clear distinction. Subsurface flows and groundwater flows are much slower than overland flow but continue
for a longer time. To mimic all these hydrological effects and account for the several timescales the model works
with a threshold volume that incorporates all resistances before the precipitation reaches the river.
Furthermore, multiple timesteps are applied to ensure that groundwater flows are represented well.

The scipy.optimize.minimize function is used to optimize the factors that determine the contribution for each
timestep for each region by minimizing the error. The error is the difference between the predicted amount of
flow and the measured flow in Gouloumbou. For each timestep and for each region a c is given by the
optimization. Since negative flow cannot occur the first negative ¢ determines the number of months that
contribute to river flow. This is four months.

Error ZZCU “Pii—m

Where:

Weight per timestep: c -
Precipitation: P L/T
Time: | T
Region: j -
Measurement of flow: m L3/T

Another complication is the hydropower dam. Part of the generated flow around Kedougou contributes to filling
the reservoir behind it and part of it directly feeds into the Gambia river. In personal contact with the FAQ it has
been shared that half of the flow measured in Gouloumbou is generated in the region which feeds into the
reservoir of the hydropower dam. To determine the ideal ratio between the areas around Kedougou and the
threshold values for the two regions, an iterative process in excel that maximizes the R squared value between
the measured and predicted flow follows. This process consists of interchangeably changing the threshold values
for each region or changing the ratio of contribution, this is done manually. The reason for doing this labor-
intensive job manually is simply because perfect solutions are not necessarily the most realistic. Equifinality, the
possibility of having multiple best scenarios with different parameter combinations, occurs when having more
parameters to optimize than measurements to verify with. The optimization leads to the results presented in
Error! Reference source not found. which meet the flow requirements. The model achieves an R squared value o
f86%. The prediction of flow is based on precipitation of previous months and is calculated by following formula
1. The separation of the flow near Kedougou is calculated with formula 2.

Q = Z(P - T)ti,rj ) Cti,?"j 1
Qriver = 2P — T)ti ’ Cti) Ta 2
Where:
Discharge Q L3/T
Threshold volume T L/T
Ratio of flow generated near Kedougou contributing
directly to riverflow a -

Table 6-12 Results of discharge model optimization

Threshold value Kedougou 60 mm/month
Threshold value Goudiry 55 mm/month
a 26 %
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Appendix B Hydropower dam operational schemes
Two operational schemes for the hydropower dam have been created. The limited information about the dam
lead to some assumptions. This Annex will start with how the reservoir has been modelled and the assumptions
made for it. Afterwards both operational schemes are explained in detail. Error! Reference source not found. c
ontaining dam and reservoir characteristics is presented here again as Table 6-13.

Table 6-13: Dam and reservoir characteristics.

Characteristics Minimum Maximum
Water level inside reservoir 188 m 200 m
Surface area reservoir 110 km? 181 km?
Volume reservoir 2.1 billion m3 3.8 billion m3
Useful capacity - 1.7 billion m3
Turbine discharge 0m3/s 200 m3/s
Turbine height 75m

Reservoir modelling

To know the water level inside the reservoir a relation between the volume and water level needs to be
established. The first assumption is that the volume takes the shape of a frustum of a cone between the
minimum and maximum water level. Below the minimum water level, a simple cone shape determines the water
level to volume relation see Figure 6-30. The volume present in the reservoir is calculated via a volume balance

according to:

Where:
Volume:
Discharge:
Timestep:
Evaporation:
Surface area:

_ h max

L h min

Vi =Vo+ Qin— Qoue)  t—E-A-t

>m= Qo

Figure 6-30: Simple approximation of the reservoir shape.

A frustum of a cone has the following relationship to between the volume and height.

_1 2 2
V= gnh(rmax + TmaxTmin + rmin)

Where:
Water level:
Radius:
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If here the minimum radius is set equal to zero the volume of a cone is calculated. If rmax is subsequently
calculated from the minimum operational surface area of the reservoir, this can be rewritten to read:

3-V
hz—. 5
V = Vipin < 0 " Tmin
T=Tmm'h
hmin

For the upper part of the reservoir first formula 3 is rewritten such that:

h

V=—
Fy
With:

3

F, =
1 2 . .2
(N ax * TmaxTmin Tmin )

The height of the water level in the reservoir behaves as follows:
hy =Ah+hiy = Ve = Vi) - Fi+hey
The radius that determines the surface area is calculated similarly:
re=Ar+r_=((—he1) Fo+1,
With:

Tmax — Tmin
F2 -

hmax - hmin

I L N

7= (h—=hpi)  F + T
Finally, the surface area is calculated for a circle. This results in the same characteristics as in Table 6-13.
Dam operational scheme A: ecology focused flow

Dam operational scheme A, ecology focused flow, is based on the environmental study (OMVG, 2014). In this
study a basic flow scheme is shown, presented in Table 6-14. The table contents are open for interpretation, it
is not clear when certain discharge turbines are exactly reached. Therefore, the percentages in the annual
distribution of production flows have been applied to the water level in the reservoir, which results in increasing
discharge when the reservoir level increases. The relations between discharge and reservoir level are presented
below in Table 6-15.

Table 6-14: Translated table from the OMVG study in 2014 with approximate flow characteristics through the hydropower dam.

Annual distribution  of
Discharge Turbine . Comments
production flows

Continuously during the wet months of periods of high inputs

200 m? 8% of the ti
m?/s o orthetime (such as the years 1954 — 1978 and 1994-2001)

Intermediate flow rates

between: 8% of the time

64 and 200 m3/s

Continuous supply of guaranteed power, with fluctuations
around this average value according to the requirements of the
network in certain years, and according to the filling state of the
reservoir at the end of the rainy season.

Flow rates close to 60
m3/s (between 54 and | 80% of the time
64 m3/s)
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Flow rates between 60

4% of the time In episodes of extreme drought
m3/s and almost zero

Table 6-15: Relations between water evevation in the reservoir and discharge through the turbines.

Water level reservoir Discharge [m3/s]
h = hy — 0.08- AR 200
h = hye — 016 AR 141.6664984 - h — 27997.3
h = hya — 096 AR 1.041664898 - h — 142.333
h = hya —1.00- AR 112.5-h — 21150
h < hpin 0

It should be noted that in the case of a water level higher than hmax the water will be spilled on top of the
discharge of 200 m3/s.

Dam operational scheme B: power production focused

The power production focused flow scheme is based on the maximization of power production (power term in
the formula below). It should be noted that this operational scheme is created for a single scenario in which it
was optimized and used on all scenarios that were run with this type of operations. A lower boundary was set
by the FAO for ecological minimum flow. This implies that the flow is not allowed to be less than the minimum
flow of 18 m3/s (OMVG, 2014). Furthermore, the goal is to produce power as constant as possible which
increases the reliability of the power grid. To do this the power production is split with the wet and dry season.
During the dry season the reservoir slowly drains with a constant discharge while during the wet season the
reservoir is filled again.

0 Power
‘ prg-bdhey
Where:
Discharge through the turbine: Qt /T
Power of the turbine: Power Watt
Distance between reservoir water level and turbine Ah L
Efficiency: n -

The maximization of power production has been done manually, which does not guarantee the perfect discharge
settings. Nonetheless, the difference between the two different operational schemes show a significant change.
The final results for power focused operations lead to the following turbine powers. During the wet season
turbines can operate on average with 100 MW while during the wet season turbines operate at 30 MW. It should
be noted that the minimum flow condition of 18 m3/s is always met except for some scenarios in which the
reservoir water level reduces too fast (e.g. due to evaporation). In such a moment the reservoir stops flow to
retain water. This is because the power production was maximized without some safety factor to ensure such
situations do not occur.

A rough estimate of the yearly produced power with these settings would be around 460 GWh, which is higher
than the estimates in the environmental flow study.

Dry season: Power - time = 30-8-30-24 = 172.8 GWh
Wet season: Power - time =~ 100 -4 -30-24 = 288 GWh

It is important to realize that the above settings were chosen to show another extreme. For power production
a smaller power production ensures that water will always flow according to minimum flow requirements.
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Appendix C Model scenarios

Scenario ID: | Category: Sea level rise: Future weather: | Dam operations Irrigation development: Comment:
H H+Ref Om Historical No dam Current
0.0 H+Ref om RCP 8.5 No dam Current
0.1 H+Ref om RCP 4.5 No dam Current
0.2 H+Ref Om RCP 8.5 No dam Expected
1.0 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024
1.1 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024-2025
1.2 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024
1.3 | Reservoir filling Om RCP 8.5 Dam reservoir filling | Expected 2024-2025
2.0 2 m SLR 2m RCP 8.5 No dam Current
2.1 2mSLR 2m RCP 8.5 A Current
2.2 2mSLR 2m RCP 8.5 B Current
3.0 0.84 m SLR 0.84m RCP 4.5 No dam Current
3.1 0.84 m SLR 0.84m RCP 8.5 No dam Current
3.2 0.84 m SLR 0.84m RCP 4.5 A Current
3.3 0.84 m SLR 0.84m RCP 4.5 B Current
3.4 0.84 m SLR 0.84m RCP 8.5 A Current
35 0.84 m SLR 0.84m RCP 8.5 B Current
4.0 Ag dev 0.84m RCP 4.5 A Expected
4.1 Ag dev 0.84m RCP 4.5 B Expected
4.2 Ag dev 0.84m RCP 4.5 A Max
43 Ag dev 0.84m RCP 4.5 B Max
4.4 Ag dev 0.84m RCP 8.5 A Expected
45 Ag dev 0.84m RCP 8.5 B Expected
4.6 Ag dev 0.84m RCP 8.5 A Max
4.7 Ag dev 0.84m RCP 8.5 B Max
4.8 Ag dev 2m RCP 8.5 No dam Expected
4.9 Ag dev 2m RCP 8.5 No dam Max
4.10 Ag dev 2m RCP 8.5 A Expected
4.11 Ag dev 2m RCP 8.5 B Expected
4.12 Ag dev 2m RCP 8.5 A Max
4.13 Ag dev 2m RCP 8.5 B Max
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Appendix D Model results

Table 6-16: Overview of all model results

Monthly median

CFD-curve min/max S-x curve
scenario F1 F2 F3 F5 F6 F7 F8 F9 F10
ID Period: SLR FW DO ID [km] [km] [-] F4[-] | [km] [km] [Mos] [Mos] | [km] [g/L]
H 1971-2017 0 N/A  N/A Current 92 316 -0.74 -0.41 | 124 272 9 6 72 35.6
2006-2039 104 316 -0.88 -0.42 | 120 274 10 6 92 36.0
0.0 2040-2069 0 ZCSP d’\al?n Current 92 336 -0.79 -0.37 | 110 282 10 6 128 36.8
2070-2099 100 368 -0.87 -0.30 | 114 308 10 6 168 38.3
2006-2039 104 314 -0.94 -0.41 | 124 280 10 6 98 36.1
0.1 2040-2069 0 FZC: d’:zﬁ Current 96 308 -0.83 -0.39 | 112 278 10 6 92 36.0
2070-2099 - 9% 328 -0.78 -0.33 | 110 298 10 6 124  36.6
2006-2039 106 316 -0.84 -0.43 | 124 276 10 6 86 35.9
2.0 2040-2069 2.0 ECSP d’\;?n Current 98 452  -0.68 -0.27 | 128 322 10 6 240 37.7
2070-2099 122 578 -0.57 -0.18 | 152 480 11 6 476  62.2
2006-2039 120 258 -1.07 -1.00 | 136 206 10 7 50 35.4
21 2040-2069 2.0 ECSP A Current | 114 344 -1.00 -0.50 | 138 238 10 6 140 36.4
2070-2099 134 430 -0.57 -0.22 | 164 404 11 6 394 549
2006-2039 114 322 -1.16 -0.39 | 130 282 10 7 86 35.7
2.2 2040-2069 2.0 I;CSP B Current | 110 454 -1.07 -0.30 | 134 278 10 7 254 37.8
2070-2099 134 572 -0.67 -0.17 | 158 452 11 6 468 59.5
2006-2039 108 314 -0.94 -0.41 | 126 280 10 6 96 36.0
3.0 2040-2069 0.84 ch d'\ak; Current | 100 308 -0.83 -0.41 | 116 278 10 6 90 359
2070-2099 100 326 -0.78 -0.34 | 116 298 10 6 116 36.4
2006-2039 106 316 -0.84 -0.42 | 122 276 10 6 90 35.9
3.1 2040-2069 0.84 I;C; d'\ak; Current | 96 336 -0.79 -0.38 | 114 284 10 6 122 36.6
2070-2099 104 366 -0.82 -0.31 | 120 310 10 6 156 37.4
2006-2039 118 258 -1.25 -1.00 | 140 202 11 7 60 35.6
3.2 2040-2069 0.84 ch A Current | 112 220 -1.00 -1.00 | 128 202 10 6 54 355
2070-2099 108 242 -0.98 -0.74 | 126 216 10 6 74 3538
2006-2039 116 322 -1.00 -0.39 | 134 284 10 7 100 36.1
3.3 2040-2069 0.84 ch B Current | 108 316 -1.00 -0.37 | 122 264 10 6 86 35.8
2070-2099 108 328 -1.05 -0.30 | 122 288 10 6 114 36.4
2006-2039 118 258 -1.07 -1.00 | 134 202 10 7 52 35.4
34 2040-2069 0.84 :Cg A Current | 108 242 -0.94 -0.94 | 124 204 10 6 74 359
2070-2099 112 262 -1.05 -0.59 | 130 232 11 6 102 36.6
2006-2039 114 322 -1.07 -0.39 | 128 282 10 7 88 35.7
3.5 2040-2069 0.84 :Cg B Current | 106 338 -1.07 -0.31 | 120 262 10 6 124 36.7
2070-2099 112 360 -1.05 -0.28 | 126 282 10 7 158 374
2006-2039 118 258 -1.25 -1.00 | 142 204 10 7 62 35.6
4.0 2040-2069 0.84 IZC; A Expected | 112 222 -1.00 -0.94 | 128 204 10 6 56 355
2070-2099 108 242 -0.98 -0.70 | 126 218 10 6 74 3538
2006-2039 RCP 116 330 -1.00 -0.39 | 134 286 10 7 104 36.2

4.1 — 0.84 B Expected
2040-2069 4.5 108 324 -1.00 -0.36 | 122 266 10 6 88 35.9
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2070-2099 108 334 -0.98 -0.30 | 122 288 10 6 118 36.4
2006-2039 118 270 -1.25 -0.94 | 142 208 11 7 66 35.7
4.2 2040-2069 0.84 FZCSP A Max 114 228 -1.00 -0.94 | 128 210 10 6 60 355
2070-2099 . 108 250 -1.05 -0.67 | 126 226 10 6 78 35.9
2006-2039 116 354 -0.94 -0.37 | 134 294 11 7 114 363
4.3 2040-2069 0.84 FZCSP B Max 108 352 -1.00 -0.33 | 124 278 10 6 100 36.1
2070-2099 . 108 350 -0.98 -0.27 | 122 300 10 6 124 36.5
2006-2039 118 258 -1.07 -1.00 | 134 204 10 7 52 354
4.4 2040-2069 0.84 F;CSP A Expected | 108 244 -0.94 -0.88 | 124 206 10 6 76 35.9
2070-2099 112 264 -1.14 -0.59 | 130 234 11 6 102 36.7
2006-2039 114 328 -1.07 -0.39 | 128 282 10 7 92 35.8
4.5 2040-2069 0.84 F;CSP B Expected | 106 342 -1.00 -0.30 | 120 264 10 6 128 36.7
2070-2099 112 366 -1.05 -0.28 | 126 286 10 7 162 375
2006-2039 120 258 -1.07 -0.88 | 136 208 10 7 56 35.5
4.6 2040-2069 0.84 F;CSP A Max 110 250 -0.94 -0.79 | 124 212 10 6 80 36.0
2070-2099 112 272 -1.05 -0.57 | 132 242 11 6 108 36.8
2006-2039 114 352 -1.00 -0.37 | 128 284 10 7 104 35.9
4.7 2040-2069 0.84 F;CSP B Max 106 360 -1.00 -0.28 | 120 274 10 6 138 36.9
2070-2099 112 388 -0.98 -0.26 | 128 296 10 7 176  37.7
2006-2039 106 320 -0.84 -0.42 | 124 278 10 6 90 35.9
4.8 2040-2069 2.0 F;CSP d’:zw Expected | 98 456 -0.71 -0.27 | 128 326 10 6 242 37.7
2070-2099 122 584 -0.55 -0.17 | 152 486 11 6 480 62.8
2006-2039 106 342 -0.88 -0.41 | 124 280 10 6 98 35.9
4.9 2040-2069 2.0 F;CSP d’:zw Max 98 474 -0.71 -0.25 | 128 344 10 6 266 38.1
2070-2099 122 602 -0.53 -0.17 | 154 504 11 6 496 64.5
2006-2039 120 258 -1.07 -1.00 | 136 206 10 7 52 354
4.10 2040-2069 2.0 F;CSP A Expected | 114 346 -0.94 -0.48 | 138 240 10 6 144  36.4
2070-2099 134 430 -0.59 -0.22 | 164 406 11 6 394 552
2006-2039 116 328 -1.07 -0.39 | 130 282 10 7 88 35.7
4.11 2040-2069 2.0 F;CSP B Expected | 110 460 -1.00 -0.29 | 134 280 10 6 262 38.0
2070-2099 134 578 -0.70 -0.17 | 158 454 11 6 474  60.0
2006-2039 122 258 -1.07 -0.88 | 110 208 10 7 54 354
4.12 2040-2069 2.0 F;CSP A Max 114 354 -0.94 -0.45 | 140 244 10 6 154  36.6
2070-2099 134 438 -0.55 -0.22 | 166 412 11 6 396 56.0
2006-2039 116 352 -1.00 -0.38 | 132 284 10 7 100 35.9
4.13 2040-2069 2.0 F;CSP B Max 110 484 -0.94 -0.26 | 136 294 10 6 294 385
2070-2099 134 596 -0.64 -0.16 | 158 468 11 6 486 61.5
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BIOLOGICAL IMPACTS of CLIMATE CHANGE on THE
GAMBIAN FISHERIES

Observed Impacts of Climate Change on the Freshwater and Marine Environments of
The Gambia and Forecast of Future Changes

1. A growing body of evidence is bringing greater clarity to the direction and rate of change in
key climate change drivers affecting The Gambia fisheries (as summarised in Table 7-1). Some of the
most notable trends include the average increase in sea temperature of approximately 0.9 °C (0-200
m depth) in total warming from 1980 to 2010 within the Canary Current Large Marine Ecosystem
(CCLME) (Vvélez-Belchi et al., 2015). Considerable variation exists in the rate of warming across the
CCLME however, with increases of up to 0.65 - 0.9 °C per decade (i.e. 2-3 times faster warming)
observed in certain locations (ibid). Based on IPCC projections of temperature increases it is expected
that waters within the CCLME will experience further temperature increases of up to 1.4-1.9 °C per
decade by 2100 (IPCC, 2019). Temperature increases directly affect other critical water quality
parameters, reducing dissolved oxygen levels and raising salinity.

2. Another important environmental change brought by climate change is sea level rise. Sea
levels in the southern portion of the CCLME rose by approximately 4.5 mm per year during the period
1992-2013 (Pérez-Gémez et al., 2015), a rate that is expected to accelerate with sea levels ultimately
rising by 0.84 to 2.0 m by 2100 (IPCC, 2019; NOAA, 2017; Bamber et al., 2019). A 1 m rise in sea level
is projected to submerge 61 percent of the country’s mangroves (Jaiteh and Sarr, 2011). Recent
findings indicate that melting of the Greenland ice sheet may have crossed a point of no return (or
“tipping point”), entering into a phase of self-sustained melting that will continue independent of
efforts to limit global temperature increases (King et al., 2020). The volume of water contained in the
Greenland ice sheet has the potential of causing sea levels to rise by 7.4 m (WCRP, 2018); capable of
inundating vast portions of the country. Other predicted impacts of climate change in The Gambian
marine environment include increases in ocean acidification and the incidence of extreme events (see
Table 7-1).

3. Clear trends, however, have not been identified for all the environmental impacts of climate
change. Uncertainty remains, for example, regarding the predicted trend in upwelling productivity.
The lack of observational data in Gambian waters and the highly heterogeneous nature of the CCLME
precludes the making of specific predictions (Vélez-Belchi et al., 2015). Productivity has shown a slight
decrease in the southern portion off the Gambian coast from 1998 to 2014 (Demarcq and Benazzouz,
2015). These observed changes in productivity are likely associated with increases in SST leading to
higher thermal stratification, with productivity expected to decline by a further 7-16 % by 2081-2100
(IPCC, 2019a) despite an increase in the speed of favorable winds associated with upwelling, predicted
by some models for the central and northern CCLME (Lachkar and Gruber, 2013). Any change in
productivity of the upwelling in the CCLME would have immense impact on the future stocks of small
and large pelagic species.

4, In terms of the freshwater environment within the Gambia River, marked increases in air
temperature (as a proxy for water temperature) are also predicted. Even with forecast future
temperatures within the watershed at the lower end of those predicted globally (1.5 — 2.25 °C locally
versus 2.3 — 4.7 °C globally) (Sherwood et al., 2020) (see Chapter 5), the anticipated increases in
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minimum and maximum water temperatures will begin to have negative effects on the productivity
of the mangrove and, more selectively, individual aquatic species. An increase in moisture loss through
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Table 7-1 Overview of observed and forecast trends in key climate change stressors in the freshwater and marine environments of The Gambia

Attribute

Trends

Comments

Freshwater

Air temperature
(proxy for water
temp.)

Expected increase in the average temperature of 0.05-0.1 °C per year from 2011
2099, with predicted average high temperatures in the rainy season rising from
31.3°Cto 34.6 °C from 2011- 2099; and average low temperatures in the dry
season rising from 25.4 °C to 32.4 °C (min-max) from 2011-2099.

Temperatures averaged across output from the five GCMs for the
rainy season (May-October) and dry season (November-April);
minimum temperatures are projected to rise nearly twice as fast
as maximum temperatures. See Chapter 2 “Climate Trend Analysis
and Projected Climate Change in the Gambia River Watershed” for
details.

Floods/droughts

Likely modest declines in precipitation in the Gambia River basin in the future;
moderate agreement among the five earth system models used in the analysis.
Potential shifting in the seasonality (timing and length) of the natural annual
flood/recession cycle, within a context of declining overall streamflow, may have
greater effect on niches and species.

See Chapter 3 “Climate Trend Analysis and Projected Climate
Change in the Gambia River Watershed” for details.

Freshwater flow

The Gambia River basin future streamflow will likely decline by 4.5 % (Roudier et
al., 2014). Projections for 2070-2090 suggests that with the dam in operation the
discharge for the rainy season will be 100-480m3/s (below and later than natural
discharge) and for the dry season 50-100 m3/s (above and shorter than natural
discharge). The influence of the dam release on river flow, volume and timing, will
serve to further accentuate the anticipated shifting in natural flood/recession
cycle.

The higher flowrate during the dry season will keep the salinity
front further downstream, affecting the geographic extent of
marine species habitat during this period, while allowing saline
intrusion to advance further upstream during the rainy season.
See Chapter 3 “Climate Trend Analysis and Projected Climate
Change in the Gambia River Watershed” for details.

Salinity intrusion

Salinity intrusion in the Gambia River: 176—243KP upstream with a maximum of
309 KP if stoppage of dam for 2.5 months.

See Chapter 6 ‘Saline Intrusion in the Gambia River After Dam
Construction’ for details.

Marine

Sea level

Sea level has increased by approximately 4.5 mm per year during 1992-2013 in the
southern portion of the CCLME (Pérez-Gomez et al., 2015), but is predicted to
accelerate in the period up to 2050. Sea level rise (SLR) of 0.84—2.0 m is predicted
by 2100; potentially increasing to 15 mm/year.

The predicted .84 - 2 m of SLR by 2100 would allow sea water to
enter much of the length of the Gambia River within the country
and inundate most parts of the capital city; 1 m of SLR would cover
61 percent of the mangroves, as well as potentially contributing to
hypoxia conditions within estuary. See Chapter 6 “Salinity
intrusion” for details.

Extreme events

Marine heatwaves (MHWs) and incidence of harmful algal blooms (HABs) are
likely to increase. Frequency of MHW have doubled since 1982; an increase in the

See Chapter 4 ‘Climate Change and the Oceanic Environment’
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frequency of 50 times and intensity by 10 times is predicted by 2100. HAB are
associated with rising SST and are expected to increase.

Temperature

Upper ocean temperatures (0-200 m depth) in the CCLME have increased by ~
0.28 °C per decade during 1982-2013 (Vélez-Belchi et al., 2015), or 0.9 °C of total
warming. Some areas within the CCLME have warmed at 0.65 °C per decade. IPCC
predicts an increase of 1.4-1.9 °C per decade by 2100 for the CCLME.

Higher warming rates (up to 0.9°C per decade) observed in
locations with greater downwelling during the summer months.
See Chapter 4 ‘Climate Change and the Oceanic Environment’.

Circulation,
mixing and
productivity

Possible slight decrease in productivity in the southern portion off the Gambian
coast from 1998 to 2014 (Demarcq and Benazzouz, 2015). Increase in SST leading
to higher stratification by 12-30% within the continental shelf and less mixing of
surface and deeper waters. Net primary productivity (NPP) is predicted to decline
by 7-16 % during 2081-2100 due to increased stratification (IPCC, 2019a), thus
precluding a doubling of NPP in response to a doubling of upwelling induced by
increasing wind speed predicted by some models for the central and northern
CCLME (Lachkar and Gruber, 2013).

There has been an increase in speed of winds that are considered
favourable to upwelling in the CCLME (Benazzouz et al., 2015),
however, this has not resulted in any actual increase in upwelling
activity associated with these winds.

Acidification

A decline in pH of -0.0013 to -0.0025 per year within the CCLME since 1994
(Canary Islands), roughly double the global rate of ocean acidification. Ocean pH
levels are projected to continue to decline by an estimated 0.3 — 0.4 units under
RCP 8.5 by the end of the century.

See Chapter 4 ‘Climate Change and the Oceanic Environment’

Deoxygenation

The oxygen minimum zone (OMZ) in the CCLME is the least hypoxic OMZ globally,

but the rate of decline in dissolved oxygen levels is twice as fast (Pelegri and Pefia-
Izquierdo, 2015b; Stramma et al., 2008). 50% O: reduction is predicted to 1000 m

depth, and 98% reduction below this.

See Chapter 4 ‘Climate Change and the Oceanic Environment’

Salinity

Measurements in the CCLME show both an increase in temperatures of the
surface layer, and a corresponding increase in salinity of 0.03 +/- 0.023 per decade
(Vélez-Belchi et al., 2015). Due to the relationship between SST, water density and
salinity, it is expected that salinity in the upper oceans will continue to rise as
waters warm.
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evaporation, due to rising temperatures, and moderate declines in precipitation in the Gambia River
basin, will likely result in a decline in stream flow of 4.5 percent (Roudier et al., 2014). When combined
with the expansion of irrigation and dam construction, a potential shift in the seasonality (timing and
length) of the annual flood/recession cycle and overall river flow (see chapter 6) is likely in the years
ahead, with unknown impacts on overall ecologies, species assemblages and individual species.
Overall, salinity intrusion is expected to become more pronounced due to both changes in river flow
and sea level rise.

5. A summary of observed and future trends in climate change impacts on the freshwater and
marine environments of The Gambia are presented in Table 7-1, based on the detailed assessment
contained in earlier chapters in this proposal.

Climate Vulnerability Assessment: Methods

6. The vulnerability assessment (VA) framework used in this analysis is adapted from Cochrane
et al. (2019), and it is consistent with the VA framework of the Intergovernmental Panel on Climate
Change (IPCC). This framework has been successfully applied in other African fisheries, such as
Madagascar and the Benguela Current (Cochrane et al.,, 2019; 2020b). Within the framework,
vulnerability is defined as the degree to which a system (or a species) is susceptible to or unable to
cope with the adverse effects of climate change stressors as a function of their exposure (nature and
degree to which a system or species is exposed to significant climatic variations), sensitivity (the
degree to which a system or species responds, either adversely or beneficially, to climate related
stimuli), and adaptive capacity (the ability to adjust to potential damage, to take advantage of
opportunities, or to respond to consequences) (e.g., Marshall et al.,, 2009, 2013; Sowman and
Raemaekers, 2018).

7. The VA framework has four components: exposure to climate drivers (modified here to also
include an assessment of species sensitivity), ecological resilience, social-economic resilience and
national economy and governance. The ecological and social-economic resilience elements evaluate
the exposure and sensitivity of a fishery as a whole, or specific sub-groups of stakeholders within the
fishery, while the National Economy and Governance components are defined at the national level to
represent the role that a strong economy and effective governance system can have in supporting
adaptation.

8. In this analysis, the VA framework is adapted and used here in carrying out an expanded
species-level assessment of the exposure and sensitivity to climate change drivers (first component
of the VA framework) for key species in The Gambia freshwater and marine environments. The steps
in carrying out the assessment are the following:

9. Selection of key species in The Gambia: The focus of the assessment is on freshwater and
marine fish and invertebrate species of ecological and economic importance in The Gambia. The
assessment includes target species of the main fisheries in the country, but also species of potential
importance for the aquaculture production. Information on landings from the commercial and
artisanal fisheries were used to determine key species representative from the different fishery
habitats in The Gambia, e.g., oceanic, coastal, estuarine/brackish, and freshwater. Several species
included in the assessment occupy different habitats at different stages of their lifecycle (see Table
7-3), for instance, the use of estuarine habitats by marine species for reproduction and subsequent
early stages of larval growth. The final list of species included in this analysis was vetted and selected
based on consultations with local fisheries experts (as presented in Table 7-3).
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10. Species information — habitats: The selected species grouped, based on expert opinion,
according to the dominant fishery habitat they occupy as follows:

o Freshwater: Corresponding to the upper reaches of The Gambia River that are permanently
freshwater. This habitat generally starts above KP 254 (310 km in extremely dry periods)
upstream from the river mouth, depending on the seasonal flow in The Gambia River, to the
Senegal border at KP 460.

e Brackish: Middle reaches of The Gambia River, representing the interaction between
freshwater and marine waters with salinities ranging from 1-34 ppt. This habitat starts at
approximately 64 KP to the upper extent of the saline front, around 254 KP.

e Estuary: Lower reaches of The Gambia River, with permanent ocean water and salinities of 35
ppt. This habitat starts at the mouth of The Gambia River (0 KP) to around 64 KP.

e (Coastal: Characterized by ocean salinities of 35 ppt, extending from the coastline to the edge
of the continental shelf approximately 70 km offshore.

e Oceanic/marine: Characterized by salinities of 35 ppt, extending from the edge of the
continental shelf 70 km offshore to the limit of the economic exclusion zone at 370 km from
shore.

11. Selection of climate variables to include as exposure factors: The climate drivers that could
have an impact on the species were selected based on a literature review and in consultations with
local experts. For each of the climate drivers information was gathered on both observed and
predicted trends, and their known or expected impact on the selected species. Key drivers impacting
both freshwater and marine environments were included to cover the diversity of habitats in The
Gambia since many species used different habitats through their life stages. A final list of eight climate
drivers were retained, including: sea level rise, extreme events®™ (i.e., marine heatwaves), sea/land
surface temperature, ocean circulation (e.g., upwelling driven plankton productivity®), precipitation,
ocean acidification, ocean deoxygenation and salinity. The influence of these eight drivers on species
from coastal and marine habitats was evaluated. For freshwater habitats, the influence of SLR,
extreme events (e.g. salinity intrusion or hypersalinity), air temperature, salinity and precipitation was
evaluated. Air temperature was used as a proxy for water temperature in freshwater habitats since
most climate models do not adequately resolve temperature in freshwater and estuarine
environments. Acidification and deoxygenation trends for The Gambia River were not available since
most climate models do not resolve these variables for freshwater environments. The rationale for
the selection of climate drivers can be found in Table 7-1. The influence of each climate driver on a
species was assumed to be equal with regards to critical thresholds.

12. Biological information on species’ sensitivity — environmental tolerances: The literature
review and discussions with national stakeholders indicate that at this stage no other studies have
evaluated the sensitivity of Gambian species to climate change using trait-based or other vulnerability
approaches. In the present analysis, sensitivity is estimated using information of species-specific
environmental tolerances and is combined with the exposure assessments to provide an indication of
the capacity of a species to respond to environmental change. For instance, if the projected change in
temperature is expected to exceed a species thermal tolerance, then the species is considered highly
vulnerable to climate change.

% An extreme weather event is an event that is rare at a particular place and time of year. Definitions of rare vary, but an
extreme weather event would normally be as rare as or rarer than the 10th or 90th percentile of a probability density function
estimated from observations (IPCC, 2014).

91 Ocean productivity refers to the production of organic matter by phytoplankton (Sigman and Hain, 2012)
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13. Reports and peer-reviewed literature were used to compile information on species’
environmental tolerances. For some species, only limited information on their specific tolerances and
environmental thresholds was available. Based on the limited available of information on some
species, it was decided that:

1) If information is not available for a given species in Gambian waters, information for that
species (or genus) in another geographical area is used.

2) If no information was available for a given species in other geographical areas, estimates of
species preferences (or environmental envelopes) from the Aquamaps tool (Kaschner et al.,
2019) are used. The environmental preferences are derived from large sets of occurrence data
available from collection databases (Kesner-Reyes et al., 2016).

14. Gathering information on climate projections: Information on climate drivers was obtained
from the analysis carried out in preparation of this proposal and the available scientific literature.
Detailed information on climate change projections can be found in Chapters 3-6 in this study. Climate
projections of changes to precipitation and temperature are based on the analysis of the global
circulation models used in the Intergovernmental Panel on Climate Change Assessment Report 5 (IPCC
AR5) under the Representative Concentration Pathway 8.5. Changes in exposure were estimated using
a straight-line trend extension of the projected changes through the end of the century (2070-2099)
as presented in Chapter 3. These projected changes in precipitation and temperature, along with other
data, were further analyzed in the SALNST model to assess the extent of saltwater intrusion into the
Gambia River and likelihood of the river becoming hypersaline (Chapter 6). Additional, detailed
information on the climate change impacts on each of environmental segments of the fisheries —
marine, estuarian, freshwater — were drawn from the literature (Chapters 4 and 5).

15. Scoring vulnerability to individual climate drivers: Information on species sensitivity
(environmental tolerances) and exposure to climate drivers were used to estimate vulnerability. The
direction of a species response to changing climate was scored as either positive, negative, neutral or
uncertain. Climate drivers were scored on a scale ranging from -2 (high negative impact) to +2 (high
positive impact). Scores were assigned based on the combination of the projected change in a climate
driver and the species tolerance. For instance, if sea temperature is expected to increase above the
upper limit of the thermal tolerance/preference of a species then, their vulnerability will be scored as
highly negative (-2). If a species was not exposed to a given factor, e.g., black hake is not exposed to
changes in freshwater temperature because they are marine species living in deeper oceanic waters,
then this attribute was not scored. Vulnerability scores were then reviewed by local experts.

16. Overall climate vulnerability rating: Based on the available information, the overall species
vulnerability (i.e., representing the combined effect of two or more climate drivers) was scored on a
scale from -2 (high vulnerability) to +2 (high resilience). The overall vulnerability was estimated using
an established logic rule (Hare et al., 2016, Cochrane et al. 2019). The scoring criteria assumes that a
small number of elements (i.e., climate drivers) showing high vulnerability (or high resilience) will have
a strong influence on overall vulnerability or resilience of the species (see
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17. Table 7-2). All scores were assumed to have an equal weighting when determining the overall
vulnerability but, in effect, the logic rules give a higher weighting to the more extreme negative values
or critical climate stressors.
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Table 7-2 Logic rules used to derive the overall climate vulnerability score (adapted from Cochrane et al. 2019)

Category Composite Logic rule
score
If two or three climate stressors are assessed
High vulnerability -2 If at least 1 stressor = -2
Moderate vulnerability -1 If all stressors >-2 and at least 1 =-1
Neutral 0 If all stressors >-1 and at least 2 =0
Moderate resilience +1 If all stressors >-1 and at least 2 = +1
High resilience +2 If all stressors >-1 and at least 2 = +2
If four climate stressors or more are assessed
High vulnerability -2 If at least 2 stressors = -2
Moderate vulnerability -1 If less than 2 stressors = -2 and at least two stressors < -1
Neutral 0 If less than 2 stressors = -1 and the mean of the rest < 0.5
Moderate resilience 1 If less than 2 stressors = -1 and the mean of the rest > 0.5 and
less than 1.5
High resilience 2 If less than 2 stressors = -1 and the mean of the rest > 1.5

Vulnerability of Key Species to the Likely Impacts of Climate Change

18. Twenty-eight aquatic species of ecological and economic importance were selected for
inclusion in the analysis (see Table 7-3). The selected species include invertebrates and fish species,
inhabiting the full range of ecosystems found in The Gambia, from freshwater to marine habitats. As
shown in the Table, several species occupy different habitats through their life cycle. The selected
species have a wide distributional range and are not restricted to The Gambian waters.

19. The adapted assessment framework accounts for the major climate drivers that, individually
and jointly, impact the freshwater and marine environments and potentially impact the selected
species. The overall vulnerability of a species combines the climate exposure and a species-specific
sensitivity to climate drivers. Our assessment found that the overall climate vulnerability ranges from
highly resilient to highly vulnerable. Nine species were found to be highly vulnerable to climate drivers
suggesting these species are more at risk of the potential impacts of climate change. These species
include the pink shrimp (Penaeus notialis), giant tiger shrimp (P. monodon), striped shrimp (P.
kerathurus), deep-water shrimp (P. longirostris), Guinean shrimp (Parapenaeopsis atlantica), tuna
species (Thunnus spp.), octopus (Octopus vulgaris) and African giant cuttlefish (Sepia hierredda). The
giant tiger and striped shrimp were found to be highly vulnerable in both the estuarine and coastal
environments because of sea temperature and extreme events such as floods and droughts, while the
Guinean and pink shrimps (juveniles) were scored as moderately vulnerable in the estuarine
environment, due to climate factors such as ocean acidification and circulation. While tolerance to
environmental drivers are species-specific, all shrimp species were found to be vulnerable to
acidification and changes in ocean circulation (e.g., thermal stratification affecting larval dispersal and
survival). Marine invertebrates, such as molluscs and crustaceans, are generally among the most
sensitive to the effects of ocean acidification (Kroeker et al., 2013).

20. Nine species scored moderately vulnerable, these include mackerel (Scomber colias), horse
mackerel (Trachurus spp.), sea breams (Dentex spp.), grouper (Epinephelus aeneus), snappers
(Lutjanus spp), hake (Merluccius spp.), West African mangrove oyster (Crassostrea gasar/tulipa),
tilapia (Orechromis niloticus) and the African arowana (Heterotis niloticus). The moderate vulnerability
of these coastal and marine species was mainly attributed to the negative impacts of warming sea
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temperature and changes in upwelling (Table 6). While SLR and changes in precipitation were the
drivers explaining the moderate vulnerability of tilapia and the West African mangrove oyster.

21. Eight species were found to have a neutral climate vulnerability, including both pelagic and
demersal species such as round sardinella (Sardinella aurita), flat sardinella (S. maderensis), flase scad
(Caranx rhoncus), blue spotted sea bream (Sparus caeruleostictus), red pandora (Pagellus bellottii),
croackers (Pseudolithus spp.), bonga shad (Ethmalosa fimbriata), and marine catfish (Arius spp). A
commonality among these species is their broader thermal preferences explaining the neutral score
to increased sea temperature. There is some evidence of higher recruitment of flat sardinella in waters
with low chlorophyll (Chl-a) values associated with phytoplankton concentrations (Diankha et al.,
2018), suggesting that the predicted reduction in upwelling productivity may not negatively affect the
flat sardinella. As for the majority of species selected, information on acidification and deoxygenation
effects were not available, thus, it is important to note that if information were to become available
indicating either negative or positive impacts of these drivers, the vulnerability of these species should
be revised.

22. The sole (red and black sole: Cynoglossus senegalensis/ Dagetichthys cadenati) was found to
be moderately resilient to the climate drivers analyzed here. While increases in sea temperature are
expected to have negative effects on this species, its broad salinity tolerance ranging from 0-38 psu
(Panfili et al., 2006) contributes to their resilience to both predicted salinity increases and decreased
precipitation. The African catfish (Clarias spp.) and the kosso (Synodontis schall) were scored as highly
resilient to the impacts of climate change. The African catfish is quite resilient to temperature changes
and tolerate water temperatures of up to 35 °C (Van Vliet et al. 2013).

23. Overall, the analysis highlights that there are several information gaps regarding the
environmental tolerances of the selected species. Generally, more information was available for
freshwater and invertebrate species when compared to coastal and pelagic species. As mentioned
above, information on species responses to acidification, deoxygenation and extreme events were not
available for most species. This underlines important knowledge gaps and efforts should be made to
address these gaps to obtain a more informed assessment of species likely response to climate change
stressors.

24, Some of the species most at risk to the effects of climate change are important, high-value
target fisheries (e.g. shrimps, octopus, cuttlefish). This finding underlines the critical importance in
managing these stocks in a sustainable manner as a means of extending their resilience to climate
change stressors. Detailed information on the exposure and sensitivity of these species can be found
in Appendix 1 of this chapter.

162



Table 7-3 List of key species of ecological and economic importance in The Gambia and their habitat preference according to their life cycle and seasonal variations.

All year presence in a habitat is marked in orange, periodic presence is marked in light cream with the respective month and relative activity indicated. Potential aquaculture
species are also indicated. Seasonality: Rain/Hot: rainy and hot season (May to October); Dry/Cold: dry and cold season with harmattan winds (November to April); Y: yearly.
Additional notes within columns refer to specific events occurring in given months (e.g., M6, indicates an event occurring in June).

Distance 3 K KK K
from 7 p P|P P
shore/ 0 6 213 4
k 4 517 5
c mouth m alo 0
ommon e
Scientific name
name Ecology Oceanic . Coastal Brackish Freshwater Aquaculture
Salinity 35ppt . 35ppt 1-34ppt <1ppt
Seasonalit
Yy
Tuna Thunnus sp. Y
M6:
Round spawning
. Sardinella aurita Rain/Hot M9:
sardinella sl
north
M4:
arriving
Dry, / Cold from Cabo
verde
Flat Sardinella
) I . Rain/Hot
sardinella maderensis
Immature
Dry, /Cold juveniles
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Atlantic

horse Trachurus spp. Y
mackerel
Mackerel Scomber colias Y
Hake Merluccius spp. Y
Blue Sparus
spotted p . Y
caeruleostictus
seabream
Sea breams | Dentex spp. Y
Red
N Pagellus bellottii Y
pandora
M6-9:
migration
. . off the
Grouper Epinephelus aeneus | Rain/Hot coast due
to warmer
waters
Dry/Cold
Croaker Pseudotolithus spp. Y
Snapper Lutjanus. spp. Y
Bonga Ethmalosa .
Rain/Hot
shad/Kobo | fimbriata 4

Juveniles
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M1:

migration

Dry/COId upstream
M5: larvae
Cynoglossus
Solefish senegalensis Y
Synaptura cadenati
Catfish Arius spp. Y
False scad Caranx rhonchus Y
Oreoch j
Tilapia 'reo‘c romis v
niloticus
African C::r::easinus/an uilla Y
catfish g. p g
ris
Catfish/
Synodontis spp. Rain/Hot
Kosso
Dry/Cold
African
arowana/ Heterotis niloticus 4
fantango
Octopus Octopus vulgaris Y
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African

Sepia officinalis

iant Y
& . hierredda
cuttlefish
Guinean Parapenaeopsis v
shrimp atlantica
Giant tiger
. & Penaeus monodon Y
shrimp
Striped Penaeus v
shrimp kerathurus
deep-water | Parapenaeus v
shrimp longirostris
Pink shrimp | Penaeus notialis Rain/Hot
Dry/Cold
West
Afri C t
rican rassos I'?Cl Rain/Hot
mangrove gasar/tulipa
oyster
Dry/Cold

Spawning
and larvae
marine

Spawning
and larvae
marine

Spawning
and larvae
marine

M12-M3:
Spawning
& larvae
marine
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Table 7-4 Summary of the vulnerability assessment of ecological resilience for species of economic importance to The Gambia fisheries sectors.

Red (-2): high negative impact; orange (—1): moderate negative impact; peach (0): neutral impact; green (+1): moderate positive impact; blue (+2): high positive
impact; grey: Not applicable and U: uncertain. Species highlighted in bold correspond to those that use more than one habitat through their life stages. All
species listed on the coastal habitat are also found on estuarine habitats.
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Climate drivers
. 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 Overall
Area Species
score
SLR Extreme Temperat . Ocear.m Acidificati Deo>.(ygen Precipitati Salinity
events ure circulation on ation on
Tuna Thunnus spp. +1
Oceanic Deep-water rose shrimp P. 1
longirostris
Round sardinella Sardinell
ou'n sardinella Sardinella 0 U 1 0 U U “ 0 0
aurita
Flat sardln.ella Sardinella 0 U 0 0 U U 4 0 0
maderensis
Mackerel Scomber colias 0 u -1 -1 u u u 0 -1
Atlantic horse mackerel 0 U 1 1 U U U 0 1
Oceanic & Trachurus spp.
Coastal
> Hake Merluccius spp. 0 u -1 -1 u u u 0 -1
Blue spotted seabream 0 U 4 0 U U U 0 0
Sparus caeruleostictus
Sea breams Dentex spp. 0 u -1 -1 u U u 0 -1
Groupers Epinephelus aeneus 0 U -1 -1 -1 U U 0 -1
Octopus Octopus vulgaris 0 -



Cuttlefish Sepia officinalis

Coastal

hierredda = L

Red pandora Pagellus bellottii 0 -1 U 0
Croakers Pseudolithus spp. 0 +1 0
;anbgrz;;:ad Ethmalosa 0 1 0 0
False scad Caranx rhonchus 0 -1 u 0
Snappers Lutjanus spp. 0 -1 -1 -1

Solefish Cynoglossus
senegalensis/ Dagetichthys
cadenati

Catfish Arius spp.

Guinean shrimp P. atlantica

Pink shrimp P. notialis

Striped shrimp P. kerathurus

Giant tiger shrimp P.
monodon

West African mangrove
oyster Crassostrea
gasar/tulipa

Estuarine

Guinean shrimp P. atlantica

Pink shrimp P. notialis

Striped shrimp P. kerathurus
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Giant tiger shrimp P.
monodon

West African mangrove
oyster Crassostrea
gasar/tulipa

Brackish &
Freshwater

African catfish Clarias
gariepinus/anguillaris

African arowana fatango
Heterotis niloticus

Nile tilapia O. niloticus

Catfish/kosso Synodontis
schall

Aquaculture

West African mangrove
oyster Crassostrea
gasar/tulipa

Pink shrimp P. notialis

Striped shrimp P. kerathurus

Giant tiger shrimp P.
monodon

Nile tilapia O. niloticus

African catfish Clarias
gariepinus/anguillaris

African arowana fatango
Heterotis niloticus
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Vulnerability to Climate Change of Different Segments (habitats) of The Gambia Fisheries
and Aquaculture

25. As mentioned above, several species included in the climate vulnerability assessment occur in
different habitats through their life stages or are simultaneously found in different habitats (see Table
7-3). While this suggests that these species have broad environmental tolerances, as they are able to
occupy different habitats, it also indicates that they are likely to encounter exposure to additional
stressors in the habitats they occupy at different points in their lifecycle. The number of species analyzed
here under each habitat varies, for instance only two ‘strictly’ oceanic species were included in the
assessment with the remainder found in other habitats.

26. Overall, the highest number of highly vulnerable species were found on the coastal and
estuarine environments, e.g., particularly shrimp species. These species were highly vulnerable to the
effects of warming, ocean acidification and changes in thermal stratification affecting larval survival and
dispersal. The West African mangrove oyster and the snappers scored as moderately vulnerable in the
coastal habitats. The vulnerability of snappers is a result of changes in ocean circulation and precipitation.
For instance, while Lutjanus goreensis spawns throughout the year, a peak in the breeding season has
been observed during the heavy rains (May to September) in Nigeria (Fakoya and Anetekha, 2019), thus,
it is expected that a decline in precipitation or disruption in streamflow due to the dam release
schedule during this period would negatively affect snappers’ breeding and spawning rhythm. The
response of snappers to SLR, salinity and temperature were scored as neutral since these species have
been found to spawn year-round, with peaks in spawning during warm water temperatures (Thresher,
1984), and an exhibited tolerance to a broad range of salinities.

27. In the coastal habitat, bonga shad, marine catfish and solefish scored a neutral vulnerability or
moderate resilience to climate change impacts. Bonga shad, the most important target of the artisanal
fisheries in terms of landings in The Gambia, has been found to withstand a wide range of environmental
conditions and can spawn even under moderately hypersaline conditions (Panfili et al., 2004). This species
scored a moderate vulnerability to the likely decrease in upwelling productivity, since a peak in fecundity
of Bonga shad has been associated with periods of high upwelling intensities (Baldé et al., 2019). While
these authors reported that fecundity peaked at an SST of 25 °C during the period 2004-2012, the species
has been found to spawn in temperatures as high as 30.2 °C (Albaret and Gerlotto, 1976; Déring et al.,
2017). While this species is considered resilient to environmental changes, strong declines in upwelling
productivity due to climate change could negatively affect their fecundity and abundance.

28. In the oceanic and coastal habitats, octopus and the African giant cuttlefish scored the highest
vulnerability. Climate drivers such as temperature, acidification and ocean circulation explained octopus
vulnerability. The mortality rates of O. vulgaris increase at temperatures higher than 25 °C (Giménez &
Garcia, 2002; Repolho et al. 2014). Moreover, decreases in pH have negative effects on oxygen affinity
reducing metabolism and consequently growth and reproduction of this species (Pecl & Jackson, 2008).
Similarly, premature hatching of African giant cuttlefish eggs and lower survival rates have been recorded
at pH lower than 7.5 (Bloor, 2016). The medium vulnerability of mackerel, hake, horse mackerel, white
grouper and sea breams is attributed to the impacts of warming and decreases in upwelling productivity.
The white grouper undertakes a seasonal migration from Mauritania to Senegal related to the onset of
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productivity in Senegalese waters and decreased productivity in Mauritania (Cury and Roy, 1988). The
expected decrease in upwelling productivity and possibly timing of the upwelling season is likely to have
negative impacts in the phenology and biomass of white grouper. The decrease in productivity is also
likely to result in negative impacts for planktivore species such as mackerel, horse mackerel and sea
breams, which feed on zooplankton through their life stages. While flat and round sardinella, false scad,
red pandora and groupers scored a neutral vulnerability, drivers such as upwelling productivity,
temperature and precipitation are likely to have negative impacts on their abundance and resilience
(Table 6). For instance, a seasonal inshore migration of red pandora (up to 18 m depth) has been observed
in Ghanaian waters during the upwelling months (Amponsah et al., 2016), and spawning also takes place
during the upwelling season (Jun- Sep) (Asabere-Ameyaw, 2000). Productivity changes are thus likely to
affect the phenology and spawning of this species.

29. The species included in the estuarine habitats scored moderate to high vulnerability, with shrimp
species also scoring high vulnerability in the coastal environments. The vulnerability of several estuarine
species is further exacerbated by their dependency on mangrove habitats (see Table 7-5), since
mangroves play a key role in their reproduction, feeding and protection. Recent studies suggest that
mangrove cover has declined by nearly 50 percent from the early 1980s to 2009-2010 (Government,
2010), and the onset of the 1968-1974 Sahelian drought led to a major dieback of mangrove habitat in
the Gambia watershed (Mangrove chapter). There is uncertainty regarding the additive response of
mangroves to SLR and salinity changes in the river, either resulting in vertical adaptation, horizontal
movement shoreward, retreat further upstream or in die-off of roots and degradation of mangroves
forests. In the Gambia River, vertical adaptation of mangroves in response to SLR may not be possible due
to the decrease in river flow and static or reduced sediment transport, combined with salinity and
temperature stress. Species such as bonga shad, solefish, cassava fish, Nile tilapia and mangrove oyster
have a strong dependency on mangrove forests. Nile tilapia is restricted to estuaries, while the bonga
shad and solefish are both estuarine of marine origin spending most of their life cycle within The Gambia
estuary (Louca et al., 2009) and usually representing large fish aggregations all year around. Cassava fish
is a marine-estuarine species and utilizes the mangrove systems as nursery grounds. Thus, a further
decrease in mangrove cover could strongly decrease the population of the Cassava fish.

Table 7-5 List of species associated to mangrove systems in The Gambia, and threatened through habitat

change/loss
Mangroves play a Mangroves play a

Mangroves play | specific protection role specific role in

a specific role at some stage in the the food web of the
Species in reproduction life cycle species
Flat sardinella (Sardinella maderensis) X
Bonga shad (Ethmalosa fimbriata) X X X
Solefish (Cynoglossus spp.) X X X
Marine catfishes (Arius spp) X X
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Groupers (Epinephelus aeneus) X

Cassava fish (Pseudotolithus spp.) X X X
Nile tilapia (O. niloticus) X X X
Guinean shrimp (Parapenaeopsis atlantica) X

Pink shrimp (Penaeus notialis) X

Striped shrimp (Penaeus kerathurus) X

Giant tiger shrimp (Penaeus monodon) X

West African mangrove oyster (Crassostrea

gasar/tulipa) X X X

30. The African arowana scored a medium vulnerability from the brackish and freshwater systems,

explained by their high sensitivity to extreme events specifically droughts, which will reduce the available
habitat for this species since it inhabits permanent pools, deep swamps and flooded forests with slow
current and dense vegetation. Information was available to score the impacts of temperature,
precipitation and extreme events for this species, but information on the other stressors was not
available. As mentioned above, African catfish and kosso scored a high resilience mostly due to their
resilience to changes in precipitation and floods/droughts combined with a broad thermal tolerance in
the case of the African catfish.

31. All species living in the saline influenced segments of estuary are vulnerable to extreme
hypersaline conditions. When the Casamance river turned hypersaline in the 1980s, Surveys found no fish
in areas of the river with salinity content above 83 ppt (DeGeorge and Reilly, 2007), even the most saline
tolerant at salinities above 90 ppt (Savenije and Pages, 1992). The pink shrimp population collapsed,
oysters moved seaward, with over 60 km of Rhizophora mangrove eradicated (Savenije and Pagés, 1992).
In the Gambia River, of the more than 30 species whose lifecycle depends directly or indirectly on the
estuary environment, including a majority of those species in the coastal fishery, it is estimated that the
catch would be reduced to four to six species should the river begin to cycle through periods of hypersaline
conditions (DeGeorge and Reilly, 2007).

32. The vulnerability of aquaculture target species agreed with the vulnerability in the species’ natural
environments, it is important to note that while many environmental conditions can be controlled in
aquaculture systems to represent the optimal conditions for a species, the negative impacts of climate
change can be reduced, but it may not be possible to mitigate them in a cost effective manner.

33. It is recognized that there is uncertainty in the forecast of climate impacts for The Gambia. The
uncertainty in the future pace and extent of weather trends, combined with a lack of available information
on the potential impacts of climate change drivers on important resources in the country (such as water
and forest cover), does not allow precise predictions to be made as to the timing and degree of climate
change related impacts. Despite the uncertainty and gaps in information, changes in sea level, sea
temperature, salinity and decreases in primary productivity have already been observed in The Gambian
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riverine and the associated marine environment (see table Table 7-1) and the impacts on some important

target species have also been recorded in the available literature reviewed for the present vulnerability

assessment.

Figure 7-1 Visual summary of the climate change vulnerability assessment for the main Gambian fish species®
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Appendix 1A. Vulnerability scores for the temperature attribute

Scores range from 2 to -2 indicating a highly positive to highly negative value.

Category Exposure
Habitat Species Species relevant values Biological response rating Score
Deep-water rose shrimp Catch levels are low when temperature is minimal High SST favours Highly
P. longirostris (Benboucha et al. 2008) abundance/catch level. positive +2
Unknown species-specific values but recruitment is
Guinean shrimp P. negatively impacted by temperature (Ramirez et al. High SST affects Highly
atlantica 2006) recruitment. negative -2
Unknown species-specific values but recruitment is
negatively impacted by temperature (Ramirez et al. High SST affects Highly
Pink shrimp P. notialis 2006) recruitment. negative -2
Preferred temperature range: 17.75-22.59°C
Striped shrimp P. (Aquamaps). Above 28°C hatching rates are nil (Nwamo Highly
kerathurus et al. 2014). High SST affects hatching. negative -2
Oceanic Giant tiger shrimp P. Optimum growth rate: 28-35°C. Above 38°C is critical Highly
monodon (Ze-Ping et al. 2005). High SST affects growth. negative -2
16—21°C optimum temperature. Mortality at 19°C and
more commonly at 25°C (Giménez & Garcia, 2002;
Repolho et al. 2014). CPUE negatively influenced by SST | High SST affects growth Highly
Octopus Octopus vulgaris | (Chédia et al. 2009) and survival. negative -2
Temperature limit: 10-30°C; 24°C embryogenesis SST affects negatively
decreases (Bloor, 2016). SST influences hatchling and hatchling and growth rate
cuttlefish Sepia officinalis | growth rate (Pecl & Jackson, 2008) as well as in catch but favours Moderately
hierredda abundance (Vargas-Yaiiez et al. 2009) abundance/catch level. negative -1
Temperature optimum for distribution/catches: 22.2—
27.6°C. Lowest catches coincide with temperatures High SST affects Highly
Tuna Thunnus spp. above 27.5°C (Agyekum et al.2018). distribution and catches. negative -2
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Catches of D. macropthalmus significantly correlated
with SST in Portuguese waters, lower catches during
warm years (Teixeira et al., 2014). Peak spawning
observed during December and January in Angola,
although individuals with ripe gonads were found during
most of the year (Potts et al., 2010). Highest catches of
D. angolensis during the cold season off the Congo coast

(Fontana, 1981). Preferred maximum SST is ~ 27.8 °C Likely decrease in biomass Moderately
Sea breams Dentex spp. (Aquamaps). due to warming negative -1
Preferred thermal range from 20 — 27.9 °C for E. aeneus
(Aquamaps). Under experimental conditions, juvenile
white grouper exposed to 27 °C had a larger proportion
of inflated swim bladders compared to individuals in the | Likely decrease in biomass
23°C treatment (Elsadin et al., 2018). Spawning or condition of individuals
Groupers Epinephelus observed between 24-24.7 °C in the western during their juvenile stage Moderately
aeneus Mediterranean Sea (Desidera et al., 2019) due to warming negative -1
Due to their preference for
warmer temperatures, a
neutral or positive effect of
increased SST may be
expected in the near
Preferred thermal range from 25.3 — 27.9 °C for L. future, but a likely
agennes and 24.7 — 27.9 °C for L. goreensis (Aquamaps). | decrease in biomass in the
Spawning in tropical lutjanids take place year-round long-term depending on
with peaks in spawning during warm water the warming rate per
Snappers Lutjanus spp. temperatures (Thresher, 1984) decade. Neutral 0
Due to their preference for
Spawning season from Sep-March, with peak spawning colder temperatures, a
between November and February off Mauritania distributional shift or a
(Fernandez-Peralta et al., 2011). This coincides with the decrease in biomass may
warm-cool season (Nov-Dec), and beginning of the cold be expected due to Moderately
Hake Merluccius spp. season (Jan-May). Bathymetric differences indicate that | increased sea temperature negative 1

assuming that the bottom
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M. polli spawns at greater depths (300-500 m or more)
than M. senegalensis (100-400 m or less).

sea temperature will
increase at a similar rate as
SST.

Preferred thermal range from 18.58 —27.93 °C

Likely decrease in
recruitment and biomass
due to increased SST,

Round sardinella (Aquamaps). Positive effect of SST on S. aurita depending on the warming | Moderately
Sardinella spp. recruitment between 22-28.5°C (Diankha et al., 2018). rate per decade. negative -1
Positive effect of increased
SST in the short-term but a
likely decrease in
recruitment and biomass in
Preferred thermal range from 20.74 — 27.89 °C the long-term, depending
Flat sardinella Sardinella (Aquamaps). High recruitment associated with high SST, | on the warming rate per
maderensis above 25 °C (Diankha et al., 2018). decade. Neutral 0
Preferred thermal range from 15.81 — 26.51 °C
(Aquamaps). A literature review indicated that larvae Likely decrease in
are observed at 14-24 °C (Castro Hernandez and Santana | recruitment and biomass
Ortega, 2000). Spawning mostly observed at due to warming or
temperatures of 15-22° C (Collette and Nauen., 1983, distribution change e.g. Moderately
Mackerel Scomber colias Techetach et al., 2019). migrating to deeper waters | negative -1
Likely decrease in
Preferred thermal range from 10.2 —19.7 °Cfor T. recruitment and biomass
trachurus and 20.7-27.8 for T. trecae (Aquamaps). due to warming or
Atlantic horse mackerel Spawning season of T. trecae extends from October to distributional change e.g. Moderately
Trachurus spp. April (Overko and Mylnikov, 1979). migrating to deeper waters | negative -1
Prefers cooler waters (<15°C) and generally lives on hard | Due to their preference for
(rocky) sandy or sandy-muddy bottoms, below the colder temperatures, a
thermocline (FAO, 2016). Found in waters temperatures | distributional shift or a
Blue spotted seambream | ranging from 13.5 °C to a maximum of 32 °C decrease in biomass may Moderately
Pagrus spp./Sparus spp. (Aquamaps). be expected negative -1
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solefish Cynoglossus

The extent of the effect is
uncertain but it is likely to
affect survival and growth.

senegalensis/ Further research is Moderately
Dagetichthys cadenati 24.75-27.89 C temperature range (Aquamaps). required. negative -1
Due to their broad
temperature tolerance, a
neutral effect of increased
SST can be expected in the
short-term but a likely
decrease in recruitment
Preferred thermal range from 20.7 — 27.9 °C for P. and biomass in the long-
Red pandora Pagellus bellottii (Aquamaps). Eurythermic species (Amponsah et | term, depending on the
bellottii al., 2016) warming rate per decade. Neutral 0
Coastal
Due to their preference for
warmer temperatures, a
Spawning observed off Mauritania during the warm neutral or positive effect of
period (summer) during 1997-2008. Temperature increased SST can be
considered the most important factor for spawning of expected in the short-term
False scad Caranx false scad off Mauritania (Arkhipov, 2009). Preferred depending on the warming
rhonchus thermal range from 19.83-27.88 °C (Aquamaps). rate per decade. Neutral 0
Condition factor of P. senegalensis and P. typus Due to their preference for
influenced by SST, P. senegalensis showed higher warmer temperatures, a
condition with lower SST while P. typus coincided with neutral or positive effect of
the peak in SST (Wehye et al., 2017). These species have increased SST can be
been found to spawn during the warm season, P. typus expected in the short-term
Croakers Pseudolithus spawns in waters of 27.5 °C or warmer (Wehye et al., depending on the warming
spp. 2017 and references therein). rate per decade. Neutral 0
West African mangrove
Estuarine/Freshwater oyster Crassostrea The extent of the effect is
gasar/tulipa 23-31°C optimum temperature (Atindana et al. 2020). uncertain but it is likely to Uncertain

affect survival and growth.
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Further research is

required.
35°C maximum water temperature tolerance (Vliet et al.
African catfish Clarias 2013). Increase in temperature depicts increased growth | SST/AT benefits growth Highly
gariepinus/anguillaris rates (Kawamura et al. 2017) rates. positive +2
The extent of the effect is
uncertain but experiments
in captivity of silver
arowana have shown that
high temperature affects
survival and growth rate
Species-specific values unknown. 28-31°C optimum (Armando et al. 2018).
African arowana fatango temperature for Asian arowana in captivity (Yue et Further research is Moderately
Heterotis niloticus al.2020). required. negative -1
33°C maximum water temperature tolerance (Vliet et al.
2013) and 26—30°C optimum temperature for growth
and survival (Beitinger & FitzPatrick, 1979, Nivelle et al. High SST/AT affects growth Moderately
Nile tilapia O. niloticus 2019). and increases mortality. positive +1
High SST may affect
populations but the extent
of its effect is still
Catfish/kosso Synodontis unknown. Further research
schall Water temperature: 26.47—29.72°C (Bakari et al. 2016). is required. Uncertain
Due to their broad
Monthly population fecundity peaked at SST of 25°C temperature tole.rance, a
during 2004-2012 (Baldé et al., 2019). Bonga shad has neutral effect of |ncr§ased
been found to spawn at temperatures between 18 and SST can be expectt'ad in the
Bonga shad Ethmalosa 23°C, with a maximum spawning temperature of 30.2 °C near future but a.llkely
fimbriata (Albaret and Gerlotto, 1976; Doring et al., 2017) decrease in recruitment Neutral 0
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and biomass in the long-




term, depending on the
warming rate per decade.

catfish Arius spp.

Preferred temperature for A. heudolotii ranges from 25-
28°C, but observed in temperatures from 23-32°C
(Aquamaps).

Due to their broad
temperature tolerance, a
neutral effect of increased
temperature can be
expected in the near future
but a likely decrease in
recruitment and biomass in
the long-term, depending
on the warming rate per
decade.

Neutral
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Appendix 1B. Vulnerability scores for salinity

Scores range from 2 to -2 indicating a highly positive to highly negative value.

Exposure
Habitat Species Species relevant values Biological response Category rating Score
Spawning: 36.2—36.4 psu in shallow
Deep-water rose shrimp P. | and deep waters (Benboucha et al.
longirostris 2008) High salinity favours spawning. Highly positive +2
Emigration pattern of juveniles to
offshore depends on low salinity
levels. Adults are hypersaline preferred | High salinity affects emigration to offshore Moderately
Guinean shrimp P. atlantica | (Benfield et al. 04). but adults prefer higher salinity. negative -1
Emigration pattern of juveniles to
offshore depends on low salinity
levels. Adults are hypersaline preferred | High salinity affects emigration to offshore Moderately
Pink shrimp P. notialis (Benfield et al. 04). but adults prefer higher salinity. negative -1
Oceanic
Preferred salinity range: above 36 psu
Striped shrimp P. for adults; 10-20psu for postlarvae High salinity affects hatching and survival of Moderately
kerathurus (Moussa & Taha, 2003). postlarvae but adults prefer higher salinity. negative -1
Preferred salinity range: 30.11-35.36
(Aquamaps). Optimum for growth:
Giant tiger shrimp P. 25ppt. Below 5ppt and above 25ppt it
monodon reaches the critical survival. High salinity affects hatching growth. Highly negative -2
The effect of high salinity is unknown but it
is likely to have a neutral effect as the
Preferred salinity range: 32.09— species tolerates high salinity levels. Further
Octopus Octopus vulgaris 37.79psu (Aquamaps). research is required. Neutral 0
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cuttlefish Sepia officinalis

Hatchling terminates below 23-25psu
and anomalies are observed at 22.4psu

hierredda (Bloor, 2016) High salinity benefits hatchling. Highly positive +2
Salinity does not exceed 35ppt for tuna | Likely increases in salinity may not affect
catches in the eastern equatorial this species as it tolerates high salinity levels
Tuna Thunnus spp. Atlantic (Agyekum et al. 2018). in the Gambia. Neutral 0
Preferred salinity range: 26.5-35.5 for
D. angolensis, 25.9-34.65 for D.
congoensis, 28.5-38.4 for D. Likely increases in salinity as a result of
Sea breams Dentex spp. macrophthalmus (Aquamaps). climate change may not affect croakers. Neutral 0
Preferred salinity range: 27.3-38.7 for
white grouper (Aquamaps). White
grouper has been reared in salinities of
3 ppt, however, low salinities affect Likely increases in salinity as a result of
Groupers Epinephelus growth performance (Cnaani et al., climate change may not affect white
aeneus 2012). grouper. Neutral 0
Preferred salinity range: 24.1-35 for L.
agennes and from 25-35 for L. Likely increases in salinity as a result of
Snappers Lutjanus spp. goreensis (Aquamaps). climate change may not affect snappers Neutral 0
Preferred salinity range: 25.9-35.8 for
M. polli and from 34-37 for M. Likely increases in salinity as a result of
Hake Merluccius spp. senegalensis (Aquamaps). climate change may not affect snappers Neutral 0
Likely increases in salinity as a result of
climate change may not affect S. aurita due
Round sardinella Sardinella | Preferred salinity range: 30.7-37.39 to their preference for oceanic salinity
spp. (Aquamaps) waters (Cury and Fontana, 1988) Neutral 0
Likely increases in salinity as a result of
Flat sardinella Sardinella Preferred salinity range: 25.33-37.75 climate change may not affect S.
maderensis (Aquamaps) maderensis. Neutral 0

188



Preferred salinity range: 31.72-37.23

Likely increases in salinity as a result of

Mackerel Scomber colias (Aquamaps) climate change may not affect S. colias. Neutral 0
Preferred salinity range: 32.5-36.9 for Likely increases in salinity as a result of
Atlantic horse mackerel T. trachurus and 27.1-37 for T. trecae. climate change may not affect horse
Trachurus spp. (Aquamaps) mackerel Neutral 0
Blue spotted seambream Preferred salinity range: 27.6-38.4 for Likely increases in salinity as a result of
Pagrus spp./Sparus spp. blue-spotted seabream (Aquamaps). climate change may not affect snappers Neutral 0
solefish Cynoglossus
senegalensis/ Dagetichthys | Salinity range during spawning: 0.0—
cadenati 38.0psu (Panfili et al. 2006). High salinity benefits spawning. Highly positive +2
Entering brackish-water lagoons and
estuaries (Bauchot, M.-L., 2003. Due to their broad salinity range, Likely
Carangidae). Preferred salinity range: increases in salinity as a result of climate
Coastal False scad Caranx rhonchus | 27.52-37.5 (Aquamaps). change may not affect false scad Neutral 0
Red pandora Pagellus Preferred salinity range: 26.7-36.1 Likely increases in salinity as a result of
bellottii (Aquamaps). climate change may not affect red pandora. Neutral 0
Preferred salinity range: 25.1-34.9 for
P. typus (Aquamaps). P. elongatus has
been found in salinities from 0.1-35.5 Likely increases in salinity as a result of
Croakers Pseudolithus spp. | (FAO, 1995) climate change may not affect croakers. Neutral 0
Preferred salinity: 4—40g/L but
"intolerable" below 4g/L and above
West African mangrove 50g/L (Horodesky et al. 2019).
oyster Crassostrea Filtration rates are lower at high Moderately
Estuarine/Freshwater gasar/tulipa salinity (Sutton et al. 2016). High salinity affects survival. negative -1
Optimum salinity: 4—6psu; Itis a
African catfish Clarias stenohaline species (Kawamura et al. High salinity affects survival, growth and Moderately
gariepinus/anguillaris 2017). induce to cannibalism. negative -1

189



African arowana fatango

The extent of the effect is uncertain. Further

Heterotis niloticus Unknown species-specific values. research is required. Uncertain
Optimum salinity: 0.0—-19psu but
tolerates up to 36psu (Schofield et al. High salinity affects on growth and survival if Moderately
Nile tilapia O. niloticus 2011) above the 20psu lethal limit. negative -1
Salinity range: 1.49-9.70% but also
recorded at 26.77%. Species prefer
habitats with no environmental
Catfish/kosso Synodontis fluctuations such as salinity (Bakari et High salinity may affect populations but the
schall al.2016) extent of the effect is still unknown. Uncertain
Spawns in salinities from 3.5-38 ppt
(Abowei, 2009). Bonga shad can
tolerate salinities of up to 90 psu, their
Bonga shad Ethmalosa preferred range is 35-60 psu (Panfiliet | Likely increases in salinity as a result of
fimbriata al., 2004). climate change may not affect bonga shad. Neutral 0
Preferred salinity range: 25-34 for
Arius heudolotii (Aquamaps). These
species inhabit shallow water systems | Likely increases in salinity as a result of
catfish Arius spp. and estuaries. climate change may not affect snappers Neutral 0
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Appendix 1C. Vulnerability scores for oxygen

Scores range from 2 to -2 indicating a highly positive to highly negative value. NA: Projections not available for freshwater

environments.

Category Exposure
Habitat Species Species relevant values Biological response rating Score

Unknown species-specific thresholds. Penaeid

Deep-water rose shrimp P. shrimps are tolerant to hypoxic conditions Deoxygenation benefits shrimp Moderately

longirostris (Benfield et al. 04). populations. positive +1
Unknown species-specific thresholds. Penaeid
shrimps are tolerant to hypoxic conditions Deoxygenation benefits shrimp Moderately

Guinean shrimp P. atlantica | (Benfield et al. 04). populations. positive +1
Unknown species-specific thresholds. Penaeid
shrimps are tolerant to hypoxic conditions Deoxygenation benefits shrimp Moderately

Pink shrimp P. notialis (Benfield et al. 04). populations. positive +1
Distribution records correspond to preferred
bottom oxygen (mol m-3) values from 189.29— Likely impacts uncertain, further

Oceanic Striped shrimp P. kerathurus | 248.66 (Aquamaps). research is required. Uncertain

Distribution records correspond to preferred

Giant tiger shrimp P. bottom oxygen (mol m-3) values from 185.87— Likely impacts uncertain, further

monodon 214.50 (Aquamaps). research is required. Uncertain
Premature hatching occurs under hypoxic Deoxygenation promotes Moderately

Octopus Octopus vulgaris conditions (Repolho et al. 2014). premature hatchings. negative -1
Oceanic pH decrease has negative effect on
oxygen affinity by respiratory proteins, reducing

cuttlefish Sepia officinalis metabolism and consequently growth and Deoxygenation affects growth and Highly

hierredda reproduction (Pecl & Jackson, 2008) reproduction. positive +2
DO lethal range in larvae: 2.65mg/L (Wexler et al. Deoxygenation affects growth and Highly

Tuna Thunnus spp. 2011) dispersal of larvae. negative -2
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Distribution records correspond to preferred
bottom oxygen (mol m=3) values from 59.7-230.4
for D. angolensis, 48.95-235.21 for D. congoensis
and from 59.62-235 for D. macrophthalmus

Likely impacts uncertain, further

Sea breams Dentex spp. (Aquamaps). research is required. Uncertain
White grouper distribution records correspond to

Groupers Epinephelus preferred bottom oxygen (mol m=3) values from Likely impacts uncertain, further

aeneus 88.6-235.4 (Aquamaps). research is required. Uncertain
Distribution records correspond to preferred
bottom oxygen (mol m?3) values from 74.4-220.3
for L. agennes and from 72.6-221.7 for L. Likely impacts uncertain, further

Snappers Lutjanus spp. goreensis (Aquamaps). research is required. Uncertain
Distribution records correspond to preferred
preferred bottom oxygen (mol m=3) values from
60.7-230.4 for M. polli and from 64.5-238.8 for M. | Likely impacts uncertain, further

Hake Merluccius spp. senegalensis (Aquamaps). research is required. Uncertain
S. aurita distribution records correspond to

Round sardinella Sardinella preferred bottom oxygen (mol m=3) values from Likely impacts uncertain, further

spp. 161.88-245.21. research is required. Uncertain
S. maderensis distribution records correspond to

Flat sardinella Sardinella preferred bottom oxygen (mol m=3) values from Likely impacts uncertain, further

maderensis 71.32-233.3. research is required. Uncertain
S. colias distribution records correspond to
preferred bottom oxygen (mol m=3) values from Likely impacts uncertain, further

Mackerel Scomber colias 189.37-269.38. research is required. Uncertain
Horse mackerel distribution records correspond
to preferred bottom oxygen (mol m3) values from

Atlantic horse mackerel 193.1-288.8 for T. trachurus and from 45.21- Likely impacts uncertain, further

Trachurus spp. 227.57 for T. trecae. research is required. Uncertain
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Blue spotted seambream

Distribution records correspond to preferred
preferred bottom oxygen (mol m=3) values from

Likely impacts uncertain, further

Pagrus spp./Sparus spp. 77-241.3 for blue-spotted seabream (Aquamaps). | research is required. Uncertain

solefish Cynoglossus The extent of the effect is

senegalensis/ Dagetichthys uncertain. Further research is

cadenati DO range: 83.75-220.98 mmol/m3 (Aquamaps). required. Uncertain
Distribution records correspond to preferred Likely impacts uncertain, further

False scad Caranx rhonchus bottom oxygen of 72.56-236.25 mmol m3 research is required. Uncertain

Coastal Red pandora distribution records correspond to

Red pandora Pagellus preferred bottom oxygen (mol m3) values from Likely impacts uncertain, further

bellottii 67.7-235.4 (Aquamaps). research is required. Uncertain
P. elongatus and P. typus distribution records
correspond to preferred bottom oxygen (mol m3)
values from 94.3-220.3 and 71.3-221.7 Likely impacts uncertain, further

Croakers Pseudolithus spp. (Aquamaps). research is required. Uncertain

Estuarine/Freshwater

West African mangrove
oyster Crassostrea

gasar/tulipa NA
African catfish Clarias NA
gariepinus/anguillaris
. NA
African arowana fatango
Heterotis niloticus
e o NA
Nile tilapia O. niloticus
NA

Catfish/kosso Synodontis
schall
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Bonga shad Ethmalosa NA
fimbriata
catfish Arius spp. NA
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Appendix 1D. Vulnerability scores for pH

Scores range from 2 to -2 indicating a highly positive to highly negative value. NA: Projections not available for freshwater

environments.

Category Exposure
Habitat Species Species relevant values Biological response rating Score

Shell-forming species relies on the

Deep-water rose shrimp P. availability of aragonite levels (Chapter CC Highly

longirostris and Oceanic Environment). Low pH affects aragonite stability. negative -2
Shell-forming species relies on the
availability of aragonite levels (Chapter CC Highly

Guinean shrimp P. atlantica and Oceanic Environment). Low pH affects aragonite stability. negative =2
Shell-forming species relies on the
availability of aragonite levels (Chapter CC Highly

Pink shrimp P. notialis and Oceanic Environment). Low pH affects aragonite stability. negative -2

Likely impacts uncertain, further
Oceanic Striped shrimp P. kerathurus Unknown species-specific values. research is required. Uncertain

Optimum pH for growth: 7.5-8.5 Highly

Giant tiger shrimp P. monodon (Tendencia & Verreth, 2011) Low pH affects growth. negative -2
Oceanic pH decrease has negative effect
on oxygen affinity by respiratory proteins,
reducing metabolism and consequently
growth and reproduction (Pecl & Jackson, | Low pH affects growth and Highly

Octopus Octopus vulgaris 2008). reproduction. negative -2
7.5 pH observed premature hatching.

cuttlefish Sepia officinalis Survival rates are lower at lower pH Low pH affects survival and Highly

hierredda (Bloor, 2016). hatchling. negative -2
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Below pH 7.56 affects larvae survival and
growth rates, and reduce larval absortion Low pH affects larvae survival and Highly
Tuna Thunnus spp. (Bromhead et al. 2015). growth, and prey detection. negative

Likely impacts uncertain, further
Sea breams Dentex spp. Unknown species-specific values. research is required. Uncertain

High CO2 concentrations have been found
to reduce swimbladder volume and body

weight of white grouper, and affect Experimental studies suggest that
skeletal development (Elsadin et al., acidification will negatively Moderate
Groupers Epinephelus aeneus 2018). influence white grouper negative

Likely impacts uncertain, further
Snappers Lutjanus spp. Unknown species-specific values. research is required. Uncertain

Likely impacts uncertain, further
Hake Merluccius spp. Unknown species-specific values. research is required. Uncertain

Likely impacts uncertain, further

Round sardinella Sardinella spp. | Unknown species-specific values. research is required. Uncertain
Flat sardinella Sardinella Likely impacts uncertain, further
maderensis Unknown species-specific values. research is required. Uncertain

Likely impacts uncertain, further

Mackerel Scomber colias Unknown species-specific values. research is required. Uncertain
Atlantic horse mackerel Likely impacts uncertain, further
Trachurus spp. Unknown species-specific values. research is required. Uncertain
Blue spotted seambream Likely impacts uncertain, further
Pagrus spp./Sparus spp. Unknown species-specific values. research is required. Uncertain

solefish Cynoglossus
Coastal senegalensis/ Dagetichthys Likely impacts uncertain, further
cadenati Unknown species-specific values. research is required. Uncertain
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Likely impacts uncertain, further

False scad Caranx rhonchus Unknown species-specific values. research is required. Uncertain
Likely impacts uncertain, further

Red pandora Pagellus bellottii Unknown species-specific values. research is required. Uncertain
Likely impacts uncertain, further

Croakers Pseudolithus spp. Unknown species-specific values. research is required. Uncertain

Estuarine/Freshwater

West African mangrove oyster

Crassostrea gasar/tulipa NA
African catfish Clarias NA
gariepinus/anguillaris

NA
African arowana fatango
Heterotis niloticus

ey o NA

Nile tilapia O. niloticus

NA
Catfish/kosso Synodontis schall
Bonga shad Ethmalosa NA
fimbriata
catfish Arius spp. NA
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Appendix 1E. Vulnerability scores for ocean circulation and productivity

Scores range from 2 to -2 indicating a highly positive to highly negative value. NA: Projections not available for freshwater

environments.

Category Exposure
Habitat Species Species relevant values Biological response rating Score

Bathymetrics: 50-500m depth (Sobrino et al.

Deep-water rose shrimp P. 2005), with greatest biomass density along 200— Highly

longirostris 500m (Mufioz et al. 2012) Stratification affects survival. negative -2
Bathymetrics: 22—25m depth with greatest
biomass below 50m (Mufioz et al. 2012). Larval
dispersal relies on circulation and mixing Highly

Guinean shrimp P. atlantica (Benfield et al. 04). Stratification affects larval dispersal. negative -2
Bathymetrics: 22—24m depth with greatest
biomass below 50m (Mufioz et al. 2012). Algal
filaments and diatoms are the main feeding Stratification affects larval survival and Highly

Pink shrimp P. notialis components (Taiwo et al. 2014). dispersal. negative -2

Oceanic Bathymetrics: 9-46m depth (Aquamaps). Larval

dispersal relies on circulation and mixing Stratification affects larval survival and Highly

Striped shrimp P. kerathurus | (Benfield et al. 04). dispersal. negative -2
Bathymetrics: 16—-60m depth (Aquamaps). Larval

Giant tiger shrimp P. dispersal relies on circulation and mixing Stratification affects larval survival and Highly

monodon (Benfield et al. 04). dispersal. negative -2
Larvae hatches at the end of the upwelling
event, contributing to food quality for survival Highly

Octopus Octopus vulgaris (Otero et al. 2008). Stratification affects larval survival. negative -2
Feeding rates increase with SST and larvae

cuttlefish Sepia officinalis requires more food within shorter period of time Highly

hierredda (Pecl & Jackson, 2008). Stratification affects larval survival. negative -2
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High catches coincide with after intensive Stratification affects distribution and Highly
Tuna Thunnus spp. seasonal upwelling (Agyekum et al. 2018). catches. negative -2
Preferred primary Production (mgC-md)
ranges from 4.04 — 57.26 for D. angolensis, from
3.9-49.9 for D. congoensis and from 0.69-63.2 for | Decreased upwelling likely to affect Moderately
Sea breams Dentex spp. D. macrophthalmus. abundance of Dentex species negative -1
Preferred primary Production (mgC-m>d)
ranges from 0.74-51.4 for white grouper.
Seasonal migration of white grouper from
Mauritania to Senegal is related to the onset of The reduction in productivity may
Groupers Epinephelus productivity in Senegalese waters and decreased | negatively affect the phenology and Moderately
aeneus productivity in Mauritania (Cury and Roy, 1988). biomass of white grouper. negative -1
Preferred primary Production (mgC-m*d?) | Decreased upwelling likely to affect
ranges from 6.25 — 50.9 for L. agennes and from | abundance of snappers due to a Moderately
Snappers Lutjanus spp. 5.6-49.9 for L. goreensis (Aquamaps). reduction in food availability negative -1
Large assemblages of M. senegalensis breeders
are found in central and southern Mauritania
(south of Cape Timiris), where significant winter
upwelling occurs but breeding grounds are not
located on the permanent upwelling zone off
Cape Blanc (Fernandez-Peralta et al., 2011).
Meiners et al., (2010) suggested that black hake
abundance is inversely related with intensified Decreased upwelling likely to affect the
and extended upwelling along the Mauritanian timing of the reproductive migration of Moderately
Hake Merluccius spp. and Senegalese coast black hakes negative -1
Production (mgC-m'*d!) ranges from 0.58-34.58 | The reduction in productivity may not
(Aquamaps). Positive effect of Chl-a on negatively affect round sardinella, since
Round sardinella Sardinella recruitment under low values (<3.3 mg m3) and high recruitment has been observed at
spp. high values (=210 mg m=3) low Chl-a values Neutral 0
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Flat sardinella Sardinella

Preferred primary Production (mgC-m=3-d)
ranges from 1.9-53.78 (Aquamaps). Positive
effect of Chl-a on recruitment under low values

The reduction in productivity may not
negatively affect flat sardinella in the
near future, since high recruitment has

maderensis (<4.4 mg m-3) been observed at low Chl-a values Neutral 0
Preferred primary Production (mgC-m3d?)
ranges from 0.44-14.8 (Aquamaps). Food
availability and quality were found to have a The reduction in productivity may
greater effect on growth of S. japonicus than negatively affect S.colias through a Moderately
Mackerel Scomber colias temperature (Perrotta et al., 2005). reduction in food availability negative -1
Preferred primary Production (mgC-m3d?) The reduction in productivity may
Atlantic horse mackerel ranges from 1.05-23.6 for T. trachurus and 9.92- negatively affect horse mackerel Moderately
Trachurus spp. 67.88 for T. trecae (Aquamaps). through a reduction in food availability negative -1
Due to their broad range of preferred
primary production, this species may not
Blue spotted seambream Preferred primary Production (mgC-m3d?) be strongly affected by decrease
Pagrus spp./Sparus spp. ranges from 0.6-58 (Aquamaps). upwelling Neutral 0
solefish Cynoglossus Stratification may affect population but
senegalensis/ Dagetichthys the effect is unknown. Further research
cadenati Bathymetrics:20-60m depth (Aquamaps). is required. Uncertain
Abundance related to upwelling (Diallo, 2000). The reduction in productivity may
Preferred primary Production (mgC-m=3-d) negatively affect C. rhonchus since their | Moderately
False scad Caranx rhonchus ranges from 1.22-60.41. abundance is related to upwelling negative -1
Coastal Preferred primary Production (mgC-m3d?)
ranges from 3.12-60.4 for red pandora. Seasonal
migration of red pandora in Ghanaian waters, L .
. . The reduction in productivity may
moving inshore up to 18 m depth during the .
upwelling months (Amponsah et al., 2016). nfegatlvely affect the phenology and
. ] ] biomass of red pandora
Spawning occurred during the upwelling season
Red pandora Pagellus (Jun- Sep) in Ghanaian waters (Asabere-Ameyaw, Moderately
bellottii 2000) negative -1
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Croakers Pseudolithus spp.

Preferred primary Production (mgC-m3d-1)
ranges from 6.41 —45.2 for P. elongatus and
from 7.9-51.4 for P. typus.

No studies have been found indicating a
relationship between spawning or
recruitment and upwelling.

Uncertain

Estuarine/Freshwater

West African mangrove
oyster Crassostrea

gasar/tulipa NA
African catfish Clarias NA
gariepinus/anguillaris
African arowana fatango NA
Heterotis niloticus

e o NA
Nile tilapia O. niloticus
Catfish/kosso Synodontis NA
schall
Bonga shad Ethmalosa NA
fimbriata
catfish Arius spp. NA
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Appendix 1F. Vulnerability scores for Sea level rise

Scores range from 2 to -2 indicating a highly positive to highly negative value.

Category Exposure
Habitat Species Species relevant values Biological response rating Score
Two spawning zones: 75—200m depth (coastal); SLR benefits spawning by
Deep-water rose shrimp P. 250-500m depth (deep water) (Benboucha et al. favouring saline intrusion in the Moderately
longirostris 2008). Gambia river watershed. positive +1
Unknown species-specific threshold. Adults SLR benefits spawning by
spawing at the sea, with hypersaline conditions favouring hypersaline intrusion in | Moderately
Guinean shrimp P. atlantica | (Benfield et al. 04). the Gambia river watershed. positive +1
Unknown species-specific threshold. Adults SLR benefits spawning by
spawing at the sea, with hypersaline conditions favouring hypersaline intrusion in | Moderately
Pink shrimp P. notialis (Benfield et al. 04). the Gambia river watershed. positive +1
Unknown species-specific values. Hatching rates is | SLR benefits spawning by
influenced by salinity, in which below 28% salinity | favouring hypersaline intrusion in | Moderately
Oceanic Striped shrimp P. kerathurus | reduces hatching rates (Nwamo et al. 2014). the Gambia river watershed. positive +1
Unknown species-specific values. Low growth
Giant tiger shrimp P. rates is observed in salinities above 25ppt (Ye et Highly
monodon al. 2009) SLR affects growth. negative -2
The extent of the effect is
Bathymetrics: 0—-200m depth; Site fidelity uncertain but it is likely to have
throughout the whole life with no latitudinal no effect due to site fidelity.
Octopus Octopus vulgaris migration (Balguerias et al. 2002). Further research is required. Neutral 0
Bathymetrics: 2-200m depth (more commonly
cuttlefish Sepia officinalis f.ou.nd at 100m) with shell |mpI05|oT1 beyonfi this Highly
hierredda limit. SLR due to SST may expand dispersal in the SLR is likely to benefit dispersal. positive +2

Artic with over 2500km migration at depths
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deeper than 200m and above 9.5°C (Xavier et
al.2016).

Highest occurrence of tuna occurs in regions of

increased SLR (above -0.03 but below 0.05m) Moderately

Tuna Thunnus spp. (Agyekum et al. 2018). SLR may benefit distribution. positive +1
No information has been found

Sea breams Dentex spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0

Groupers Epinephelus No information has been found

aeneus Unknown species-specific threshold. suggesting impacts on the species Neutral 0
No information has been found

Snappers Lutjanus spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0
No information has been found

Hake Merluccius spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0

Round sardinella Sardinella No information has been found

spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0

Flat sardinella Sardinella No information has been found

maderensis Unknown species-specific threshold. suggesting impacts on the species Neutral 0
No information has been found

Mackerel Scomber colias Unknown species-specific threshold. suggesting impacts on the species Neutral 0

Atlantic horse mackerel No information has been found

Trachurus spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0

Blue spotted seambream No information has been found

Pagrus spp./Sparus spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0
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solefish Cynoglossus
senegalensis/ Dagetichthys

SLR may benefit dispersal but
may affect spawing in estuaries.

cadenati Bathymetrics:20—60m depth (Aquamaps). Further research is required. Neutral 0
They occur frequently near the bottom, mostly in
depths of 30 to 50 m. Also pelagic and found near | No information has been found
Coastal False scad Caranx rhonchus the surface at times. suggesting impacts on the species Neutral
Red pandora Pagellus No information has been found
bellottii Unknown species-specific threshold. suggesting impacts on the species Neutral 0
No information has been found
Croakers Pseudolithus spp. Unknown species-specific threshold. suggesting impacts on the species Neutral 0
West African mangrove
oyster Crassostrea Moderately
gasar/tulipa SLR allows salinity intrusion that affects survival. SLR affects survival. negative -1
The extent of the effect is
African catfish Clarias uncertain. Further research is
gariepinus/anguillaris Unknown species-specific values. required. Uncertain
Unknown species-specific values but this species The extent of the effect is
African arowana fatango prefer habitats as floodplains, deep river and uncertain. Further research is
Heterotis niloticus lagoons. required. Uncertain
Estuarine/Freshwater
Unknown species-specific values but it is tolerant
to high salinities although it may affect growth SLR may affect growth and Moderately
Nile tilapia O. niloticus and survival when above 20 psu. survival by salinity intrusion. negative -1
The extent of the effect is
uncertain due to salinity
Catfish/kosso Synodontis Unknown species-specific values but species is intrusion. Further research is
schall intolerant to salinity fluctuations. required. Uncertain
Bonga shad Ethmalosa No information has been found
fimbriata Unknown species-specific threshold. suggesting impacts on the species Neutral 0
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catfish Arius spp.

Unknown species-specific threshold.

No information has been found
suggesting impacts on the species

Neutral

205




Appendix 1G. Vulnerability scores for extreme events

Scores range from 2 to -2 indicating a highly positive to highly negative value.

Category Exposure
Habitat Species Species relevant values Biological response rating Score

Deep-water rose shrimp P. Maximum spawning relies on maximum Droughts benefits salinity intrusion Highly

longirostris salinity (Benboucha et al. 2008). in the Gambia River watershed. positive +2
Unknown species-specific values. Penaeids
prefer hypersaline habitats (Benfield et al. Droughts benefits salinity intrusion Highly

Guinean shrimp P. atlantica 04). in the Gambia River watershed. positive +2
Unknown species-specific values. Penaeids
prefer hypersaline habitats (Benfield et al. Droughts benefits salinity intrusion Highly

Pink shrimp P. notialis 04). in the Gambia River watershed. positive +2
Unknown species-specific values. This species
is more abundant during the wet season (Eyo Highly

Striped shrimp P. kerathurus et al. 2016). Floods affects catches. negative -2

Oceanic Unknown species-specific values. This species

is more abundant during the wet season (Eyo Highly

Giant tiger shrimp P. monodon | et al. 2016). Floods affects catches. negative -2
There is a positive correlation between
rainfall rates and catches of this species Highly

Octopus Octopus vulgaris (Chédia et al. 2009; Vargas-Yafiez et al. 2014). | Floods benefits catches. positive +2
Correlation between rainfall and catches are The extent of the effect is

cuttlefish Sepia officinalis contraditory, showing positive and negative uncertain. Further research is

hierredda effects (Guerra 2006). required. Uncertain
Low catches coincides with regions of Highly

Tuna Thunnus spp. intensive discharges (Agyekum et al. 2018). Floods affect distribution. negative -2
No studies have assessed the effect of HABs

Sea breams Dentex spp. or marine heatwaves on this species Uncertain
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No studies have assessed the effect of HABs

Groupers Epinephelus aeneus | or marine heatwaves on this species Uncertain
No studies have assessed the effect of HABs
Snappers Lutjanus spp. or marine heatwaves on this species Uncertain
No studies have assessed the effect of HABs
Hake Merluccius spp. or marine heatwaves on this species Uncertain
While no studies have assessed the
effect of HABs in S. aurita. HABs
may negatively impact Sardinella’s
Round sardinella Sardinella No studies have assessed the effect of HABs condition as observed for South
spp. or marine heatwaves on this species African sardine Uncertain
While no studies have assessed the
effect of HABs in S. maderensis.
HABs may negatively impact
Flat sardinella Sardinella No studies have assessed the effect of HABs Sardinella’s condition as observed
maderensis or marine heatwaves on this species for South African sardine Uncertain
While no studies have assessed the
effect of HABs in mackerel. HABs
may negatively impact mackerel
No studies have assessed the effect of HABs through a decrease in food
Mackerel Scomber colias or marine heatwaves on this species availability (i.e. zooplankton) Uncertain
While no studies have assessed the
effect of HABs in horse mackerel.
HABs may negatively impact
Atlantic horse mackerel No studies have assessed the effect of HABs mackerel through a decrease in
Trachurus spp. or marine heatwaves on this species food availability (i.e. zooplankton) Uncertain
Blue spotted seambream No studies have assessed the effect of HABs
Pagrus spp./Sparus spp. or marine heatwaves on this species Uncertain
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solefish Cynoglossus
senegalensis/ Dagetichthys

The extent of the effect is
uncertain. Further research is

cadenati Unknown species-specific values. required. Uncertain
While no studies have assessed the
effect of HABs in false scad, HABs
may negatively impact it through a
Coastal No studies have assessed the effect of HABs decrease in food availability (i.e.
False scad Caranx rhonchus or marine heatwaves on this species zooplankton) Uncertain
No studies have assessed the effect of HABs
Red pandora Pagellus bellottii | or marine heatwaves on this species Uncertain
No studies have assessed the effect of HABs
Croakers Pseudolithus spp. or marine heatwaves on this species Uncertain
West African mangrove oyster | Low survival rates under 5ppt and over 50ppt | High and low salinity due to effects Highly
Crassostrea gasar/tulipa (Horodesky et al. 2019) of droughts/floods affect survival. negative -2
Peak spawning and fecundity coincide with
floods and wet season (Mark, 2015).
African catfish Clarias Hybernation adapted to dry seasons (Mark, Highly
gariepinus/anguillaris 2015). Floods benefits spawning. positive +2
It inhabits lakes, deep swamps and rivers, and
African arowana fatango flooded forests with slow current and dense Highly
Estuarine/Freshwater Heterotis niloticus vegetation (Medipally et al. 2015). Droughts affects species habitats. negative -2
Peak catches coincide with rises in water level Highly
Nile tilapia O. niloticus (Kolding, 1993). Floods benefits catches. positive +2
Catfish/kosso Synodontis Spawning and slow growth take place during Highly
schall flooding season (Akombo et al.2015). Floods benefits reproduction. positive +2
Bonga shad Ethmalosa No studies have assessed the effect of HABs While no studies have assessed the
. . . . . effect of HABs in bonga shad. HABs .
fimbriata or marine heatwaves on this species Uncertain

may negatively impact it through a
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decrease in food availability (i.e.
zooplankton)

catfish Arius spp.

No studies have assessed the effect of HABs
or marine heatwaves on this species

Uncertain
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Appendix 1H. Vulnerability scores for precipitation

Scores range from 2 to -2 indicating a highly positive to highly negative value.

Category Exposure
Habitat Species Species relevant values Biological response rating Score
Decrease in freshwater discharge

Deep-water rose Maximum spawning relies on maximum salinity maintains the maximum salinity Highly

shrimp P. longirostris (Benboucha et al. 2008) levels for spawning. positive +2
Unknown species-specific preferences. Penaeids | Decrease in freshwater discharge

Guinean shrimp P. generally prefer high salinity levels (Benfield et maintains the maximum salinity Highly

atlantica al. 04) levels for spawning. positive +2
Unknown species-specific preferences. Penaeids | The extent of the effect is
generally prefer high salinity levels (Benfield et uncertain. Further research is

Pink shrimp P. notialis al. 04) required. Uncertain
Unknown species-specific preferences. Catch
abundance are influenced by river flow. Catches

Oceanic Striped shrimp P. are high when there is reduced freshwater flow Decrease in freshwater discharge Highly

kerathurus (Belmar et al. 2019). benefits catch rates. positive +2
Unknown species-specific preferences. Catch
abundance are influenced by river flow. Catches

Giant tiger shrimp P. are high when there is reduced freshwater flow Decrease in freshwater discharge Highly

monodon (Belmar et al. 2019). benefits catch rates. positive +2
There is a positive correlation between rainfall

Octopus Octopus rates and catches of this species (Chédia et al. Decrease in precipitation affects Highly

vulgaris 2009; Vargas-Yaiez et al. 2014). catches. negative -2
Correlation between rainfall and catches are The extent of the effect is

cuttlefish Sepia contraditory, showing positive and negative uncertain. Further research is Moderately

officinalis hierredda effects (Guerra XX). required. negative -1
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Low catches coincide with regions of intensive

Decrease in precipitation benefits

Highly

Tuna Thunnus spp. discharges (Agyekum et al. 2018). occurences. positive +2
The extent of the effect is
uncertain. Further research is
Sea breams Dentex spp. | Unknown species-specific preferences required. Uncertain
The extent of the effect is
Groupers Epinephelus uncertain. Further research is
aeneus Unknown species-specific preferences required. Uncertain
A peak in the breeding season of L. goreensis
was observed during the heavy rains (May to Likely decrease in breeding and
September) in Nigeria (Fakoya and Anetekha, spawning due to declines in Moderately
Snappers Lutjanus spp. | 2019) precipitation negative -1
The extent of the effect is
Unknown species-specific preferences. Oceanic uncertain. Further research is
Hake Merluccius spp. species required. Uncertain
The availability of these two sardinella species to
coastal fisheries is associated with flooding
scenarios, and alternates depending of the
location of the low salinity waters (Binet et al.,
2001). When the plume is advancing in the
vicinity of the coastline, flat sardinella would Decrease in precipitation may
Round sardinella become the main target species of coastal benefit round sardinella Moderately
Sardinella spp. fisheries (Ostrowski and Barradas, undated). distribution and abundance positive +1
The availability of these two sardinella species to
coastal fisheries is associated with flooding
scen?rios, and alternajce.s depending.ofthe Decrease in precipitation may
Flat sardinella location of the low salinity waters (Binet et al., negatively affect flat sardinella Moderately
Sardinella maderensis 2001). When the plume is advancing in the distribution and abundance negative -1

vicinity of the coastline, flat sardinella would
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become the main target species of coastal
fisheries (Ostrowski and Barradas, undated).

Mackerel Scomber

The extent of the effect is
uncertain. Further research is

colias Unknown species-specific preferences required. Uncertain
The extent of the effect is
Atlantic horse mackerel uncertain. Further research is
Trachurus spp. Unknown species-specific preferences required. Uncertain
Blue spotted The extent of the effect is
seambream Pagrus uncertain. Further research is
spp./Sparus spp. Unknown species-specific preferences required. Uncertain
solefish Cynoglossus The extent of the effect is
senegalensis/ Decrease in precipitation allows salinity uncertain. Further research is Moderately
Dagetichthys cadenati intrusion that benefits populations. required. positive +1
Unknown species-specific preferences.
However, species have a broad salinity The extent of the effect is
False scad Caranx preference and thus a decrease in precipitation uncertain. Further research is
rhonchus may benefit the population required. Uncertain
Coastal The extent of the effect is
Red pandora Pagellus uncertain. Further research is
bellottii Unknown species-specific preferences required. Uncertain
P. elongatus observed to have reduced
spawning from August to October and peak
spawning from December to February, this peak
Croakers Pseudolithus corresponding with the dry season (Watts, 1958 | Peak spawning during the dry Moderately
spp. in Longhurst, 1969) season positive +1
West African mangrove Decrease in precipitation allows
Estuarine/Freshwater oyster Crassostrea salinity intrusion that affects Moderately
gasar/tulipa Unknown species-specific values. survival. negative -1
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African catfish Clarias Lower precipitation rates coincides with higher Decrease in precipitation benefits Highly
gariepinus/anguillaris catches (Mark, 2015). catches. positive +2
Decrease in river discharge
affects populations by impeding
the formation of swamps and
African arowana It inhabits lakes, deep swamps and rivers, and flooded forests but also benefits
fatango Heterotis flooded forests with slow current and dense them by decreasing formation of
niloticus vegetation (Medipally et al. 2015). currents. Neutral 0
The extent of the effect is
Decrease in precipitation increases salinity uncertain but high salinity affects
Nile tilapia O. niloticus intrusion that affects survival and growth. survival and growth. Uncertain
Species are abundant in rainy and flooding
habitats (Bakari et al. 2016). Spawning and slow
Catfish/kosso growth take place during flooding season Decrease in precipitation affects Moderately
Synodontis schall (Akombo et al.2015). spawning. negative -1
Hypersaline condition are found
to affect growth and fecundity.
Bonga shad Ethmalosa | Decrease in precipitation increases salinity These hypersaline conditions not
fimbriata intrusion. predicted for the Gambia Estuary Neutral
Onset of the rainy season coincides with
breeding season in Guinean waters, as well as
seasonal movement from relatively deep water
(10-20m) during the dry season, to estuaries and | Likely declines in precipitation
very coastal areas during the monsoon (Conand | may affect the timing of the Moderately
catfish Arius spp. et al., 1995). breeding season and migration. negative -1
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Appendix 2. Examples of adaptive models/activities applied to different systems in the fisheries and aquaculture sectors.

Classification according to Poulain et al. 2018.

Time
System Model/Parties Description Actions Nature Mitigation Adaptation Response line Source
Conservation of mangroove forest by community-
planting and seeding in order to ensure based
Management Carbon Offset reasanable carbon sequestration rates as well participation;
Project/Mexico and  as maintenance of nursery grounds and ecosystem Direct CC long- Gross et
Kenya shoreline protection rehabilitation Institutional yes Transformational impact  term al.2016
Risk
Fishing safety and Safety audits of longline vessels and any reduction Indirect
training/ Pacific purse-seine vessels operating within the capacity and CcC short- Bell et al.
Islands cyclone belt building resilience — Incremental impact term 2011b
Risk
Kosrae Shoreline reduction
Management Plan/  Relocate coastal infrastructure and restrict  ecosystem and Direct CC long- Poulain et al.
Micronesia new development away from coastal hazards rehabilitation resilience — Incremental impact term 2018
Translocation of a wild population of bull
trout from downstream to upstream in order
to establish a new population in the Glacier
. . National Park due to invasive species and
Translocation of fish . . .
population/ USA impacts from climate change (e.g.., |.ncr.easmg
water temperatures, altered precipitation
and runoff patterns, reduced late-season Indirect
snow- and ice-melt) in order to conserve the adaptive CcC long- Gross et al.
genetic diversity and life history traits. operations  Livelihood vyes Transformational impact  term 2016
Risk
Risk reduction/ capacity reduction
Malawai and Safety at the Sea in order to reduce exposure building; risk and Direct CC short- Johnson et al.
Caribbean to risks at sea, such as storms and winds. management resilience - Transformational impact  term 2013
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Promoting water conservation during

drought periods through regulated water community-

harvesting techniques and sustainable based

agricultural and aquaculture practices in participation;
Water management/ order to form reservoirs for storing water for capacity Direct CC short- Muchuru &
Uganda usage in fish ponds. building; Institutional — Incremental impact term Nhamo (2018)

Early warning systems for storms, weather,

disease, sea scape or temperature extremes Risk
ClimaPesca, reduce exposure in order to connect marine reduction Indirect
ClimeFish/ South researchers, fisheries organizations and capacity and CcC short- Poulain et al.
America and USA policy decision-makers. building resilience  yes Incremental impact term 2018

Develop geographical information systems
Scientific and Monitoring, control  (GIS) that identify fish hot spots vulnerable to

technological and surveilence climate change, determine coastal erosion integrated Direct CC long- Muchuru &
(MCS)/South Africa  and drawing up shoreline management plans. science Institutional — Transformational impact  term Nhamo (2018)
integrated
Usage and development of novel science;
Multi-trophic farming technologies such as microalgal food capacity Direct CC long- Poulain et al.

or pokkali cum fish development building Livelihood Transformational impact  term 2018

Increase access to protein in coastal and rural

areas through consumption of pelagic community-

species, and reduce pressure on inshore and based

coral reef habitats. FAD siting, construction  participation; Poulain et al.

and management to increase skills, with local capacity (2018);
Fishing Aggregating  fishers trained in monitoring and building; Johnson et al.
Device identification of species at FADs to collect business Direct CC short- 2013
(FAD)/Melanesia data in data-poor areas. development Livelihood - Incremental impact term (SPC/FAO)

Support breeding programmes of research integrated

institutions through funding their relevant science;

fish-based research and development and capacity Direct CC long- Muchuru &
Fish breeding/Nigeria dissemination of findings in order to Adopt building Livelihood - Transformational impact  term Nhamo (2018)

and breed hardier and early maturing fish
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Social

No name/Vanuatu,
Brazil

Government
compensation/UK,
Viet Nam

Strengthening of the
Gambia's Climate
Change Early Warning
Systems/ Gambia

Social networking/
Ghana

species or salt-tolerant species for increasing
the fish production

business
Develop ecotourism and/or craft marketing development
(e.g. seashells, fish scale fashion and design) and planning;
in coastal communities in order to reduce community-
reliance on potentially vulnerable systems based
such as mangrove or coral reef habitats. participation

compensation to individual fishers and fishing

industry (e.g. farms) in the form of grants to

replace damaged or lost static gear and

allowed temporary flexibility on allocation

rules to make up lost income when

conditions returned to normal. Insurance

provision, co-financed by governments, is

also an important tool to compensate fishers risk insurance
and farmers and build back better after a and social
disaster. protection

enhance the capacity of hydro-
meteorological services and networks to
predict climate events and risk factors;
develop a more effective, efficient and

targeted delivery of climate information capacity
including early warnings; and contribute to  building;
improved and timely preparedness and community-
responses of various stakeholders to climate based

linked risks and vulnerabilities. participation

Social networks are important for livelihood
strategies and livelihood diversification,
which is a crucial component of adaptation to
climate change in resource-dependent
communities in developing countries. In

community-
based
participation
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Livelihood

Risk
reduction
and
resilience

Risk
reduction
and
resilience

Risk
reduction
and
resilience

Direct CC long- Johnson et al.
Transformational impact  term 2013

FAO, 2016;
Direct CC short- Poulain et al.
Incremental impact term (2018)
Indirect Twinomuhangi
CcC short- & Ouma
Incremental impact term (2015)

Direct CC short- Dapilah et al.
Incremental impact term 2020



Economic

Bangladesh, communities share gear and
fishing tactics together after storm events.

The ‘cap and trade’ provisions of the vessel
day scheme (VDS) enable members of the
parties to receive benefits, regardless of
where tuna are concentrated. Periodic
adjustment of allocated vessels days within
the VDS will reduce the need for members in diversifying
Vessel Day Scheme  the east to purchase days from those in the fishing
(VDS)/Pacific Islands  west. activities Livelihood

Public-private partnership arrangement that
provides an insurance to small-scale and

industrial fishers by providing inputs (fish Risk

feed) on credit, technical support and risk insurance reduction
Weather-based index marketing or covers loss or damage caused to and social and
insurance/Seychelles fishing vessels. protection resilience

Net fishing license holders were encouraged

to surrender their net license on the basis of

an inducement package made up of financial alternative
Buy-back compensation, conversion and training to livelihood
scheme/Mauritius join other fisheries. strategy Livelihood

Fingerlings to be produced by specialized
Adaptation to Climate farmers who sell it as fish feed, and set up alternative
Change in Arid Lands/ and manage fishpond in fingerlings farms to  livelihood
Kenya be sold in local markets and traders. strategy Livelihood

Direct CC long-
Transformational impact  term Bell et al. 2011

Indirect
cC short- Muchuru &
Incremental impact term Nhamo (2018)

Direct CC short- Muchuru &
Incremental impact term Nhamo (2018)

Direct CC long- GEF/UNDP,
Transformational impact  term 2018
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