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Abstract: Blue carbon ecosystems, particularly mangroves, seagrasses, and salt marshes, play a
crucial role in climate regulation by capturing and storing huge stocks of carbon. Together with
serving as habitat for fish and other wildlife, protecting shoreline from erosion, as well as providing
harvestable wood and non-wood resources to society, blue carbon ecosystems offer investment
opportunities through carbon markets, thus supporting climate change mitigation and sustainable
livelihoods. The current study assessed above- and below-ground biomass, sediment carbon stocks,
and sequestration potential of blue carbon ecosystems in Lamu and Kwale counties, Kenya; using
2020 as the baseline year. This was followed by mapping of hotspot areas of degradation and the
identification of investment opportunities in blue carbon credits. Carbon densities in mangroves of
Lamu and Kwale were estimated at 560.23 Mg C ha™ and 526.34 Mg C ha™!, respectively, with over
70% stored in sediments. Seagrass carbon densities in Lamu (171.65 Mg C ha™!) and Kwale (220.29
Mg C ha™) exceed the national average but align with global estimates. Mangrove cover is declining
at 0.49% yr! in Kwale and 0.16% yr~' in Lamu, while seagrass loss in Lamu is 0.67% yr~!, with a 0.34%
yr!increase in Kwale. Under a business-as-usual scenario, mangrove loss over 30 years will result in
emissions of 4.43 million tCO,e in Kwale and 18.96 million tCO,e in Lamu. Effective interventions
could enhance sequestration from 0.12 to 3.86 million tCO,e in Kwale and 0.62 to 19.52 million tCOe
in Lamu. Seagrass loss in Lamu could emit 5.21 million tCOe. With a carbon price of $20 per tCO.e,
projected annual revenues from carbon credits amount to $3.59 million in Lamu and $216,040 in
Kwale. These findings highlight the substantial climate and financial benefits of investing in blue
carbon ecosystem conservation and restoration.

Keywords: Blue carbon; carbon sequestration; mangroves; seagrasses; climate mitigation; ecosystem
restoration; carbon credits; investment opportunities; and Kenya

1. Introduction

Coastal wetlands such as mangroves, seagrasses, and salt marshes capture and store huge stocks
of organic carbon in both above- and below-ground components (Nellenmann et al., 2009; Duarte et
al., 2013). These blue carbon ecosystems (BCEs) offer a variety of essential goods and services and
play a crucial role in addressing the triple planetary crisis. Despite covering less than 1.0% of the
ocean's surface, BCE contributes 50-70% of the oceanic carbon (McLeod et al., 2011). Conserving and
sustainably managing these ecosystems could provide up to 21% of the global emission reductions
needed by 2050, to limit temperature increases to the 1.5°C target (Hoegh-Guldberg et al., 2019).
However, BCEs are being lost and degraded globally at an alarming rate of 1-7% per year (Pendleton
et al., 2012), which is significantly higher than the global loss of tropical forests, estimated at 0.5% per
year (Pendleton et al., 2012). When blue carbon ecosystems are lost or degraded, they not only halt
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taking up more carbon but also release the already stored carbon back into the atmosphere, leading
to global warming (Nellenmann et al., 2009).

The "carbon sink" service is just one of the many crucial benefits these ecosystems offer for
human well-being, including food security, improved water quality, raw materials, and shoreline
protection, among others (Nagelkerken et al., 2008). For example, the decline in coastal fisheries is
directly linked to losses and degradation of BCE (Howard et al., 2017; UNEP-WCMC, 2024). Restoring
and protecting BCEs is, therefore, essential for biodiversity conservation, sustainable livelihoods, and
climate change mitigation and adaptation (Howard et al., 2017). Several countries have incorporated
measures to utilize these benefits in their development and climate change agendas (Friess et al., 2020;
Fu et al., 2024).

In Kenya, mangroves and seagrasses are the major blue carbon ecosystems. While these
ecosystems provide numerous benefits to society, they continue to be lost and degraded due to a
combination of natural and human factors. According to Kenya's national mangrove ecosystem
management plan (2017-2027), about 40% of mangroves were lost between 1996 and 2015 (GoK, 2017).
Although the rate of degradation is reported to be declining, localized over-exploitation of mangrove
resources remains common across the country (Bosire et al., 2016; Hamza et al., 2020).

Beyond their ecological importance, blue carbon ecosystems also offer significant economic
opportunities through carbon markets. The voluntary carbon market, particularly through
mechanisms such as Verified Carbon Standard (VCS) under Verra, has opened avenues for financing
blue carbon conservation and restoration initiatives. Carbon credits generated from verified blue
carbon projects can be sold to companies and organizations aiming to offset their carbon footprints,
providing a sustainable funding model for community-led conservation efforts. The growing
demands for high-quality, nature-based carbon credits presents an opportunity to integrate blue
carbon into sustainable financing frameworks, attracting investors and stakeholders in climate
finance. Additionally, compliance markets, such as those driven by national or regional emissions
trading schemes, are increasingly recognizing the role of blue carbon in meeting climate targets (State
of the Blue Carbon Market, 2024). To further strengthen blue carbon financing, emerging mechanisms
such as blue bonds and payments for ecosystem services (PES) are gaining traction. Additionally,
blended finance models, which combine public, private, and philanthropic funding, are being
explored to scale up investment in blue carbon initiatives (UNEP, 2021). With increasing corporate
commitments to achieving net-zero emissions, the blue carbon market stands as a critical pathway to
unlocking climate finance while supporting biodiversity conservation and coastal resilience.

Limited studies exist in Kenya quantifying blue carbon reservoirs, sequestration rates, and
possible emissions in response to disturbance. To improve our understanding of the climate change
mitigations and adaptation potential of blue carbon in Kenya, the present study was carried out to:
(a) Assess status, conditions and trends of blue carbon ecosystems; and identify degradation hotspots
in Kwale and Lamu Counties, (b) Determine blue carbon stocks in biomass and soil, (c¢) Estimate blue
carbon sequestration rates and emission projections over the next 30 years, (d) Estimate carbon credit
potential for mangrove conservation as well as reforestation over the next 20 years in Kwale and
Lamu Counties, Kenya.

2. Materials and Methods
2.1. Description of the Study Area

Kenya has an approximately 600 km long coastline extending from the Kenya-Tanzania border
in the south to the Kenya-Somalia border in the north; between latitudes 1°40'S and 4°25'S and
longitudes 41°34'E and 39°17'E. Along this coastline, mangroves are a common feature in creeks,
protected bays, lagoons, and estuaries of major rivers (Figure 1). According to the national mangrove
ecosystem management plan (2017 - 2027), the total mangrove area in Kenya is estimated at 61,271
ha, represented by nine species (GoK, 2017). Kwale and Lamu Counties constitute over 70% of the
total mangroves in Kenya.
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Seagrasses along the Kenyan coast are represented by 12 species and cover approximately 33,600
ha of intertidal and subtidal areas (UNEP, 2009). Approximately 80% of these seagrasses are found
in Lamu and Kwale Counties (Table 1). This study focused on mangroves and seagrasses in Kwale
and Lamu Counties (Figure 1).
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Figure 1. Map showing the location of the study areas.

2.2. Mangrove of Kwale County
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There are about 8,354 ha of mangrove forests in Kwale County. These forests are dominated by
pure and mixed stands of Ceriops tagal, Rhizophora mucronata, and Avicennia marina. Major mangrove
areas in Kwale County occur in Gazi Bay and the Vanga-Funzi system, including Sii Island. Even
though mangrove harvesting is banned in Kwale County, increased demand for mangrove wood
products has promoted illegal harvesting activities, leading to forest degradation in many parts of
the County. According to the national mangrove management plan, the restoration potential of
mangrove forests in Kwale County is estimated at 3,725 ha (GoK, 2017).

2.3. Seagrasses of Kwale County

Seagrass beds of Kwale cover approximately 9,920 ha and are dominated by pure and mixed
stands of Thalassodendron ciliatum, Thalassia hemprichii, Enhalus acoroides, and Syringodium isoetifolium
that are found growing in both intertidal and subtidal areas (GIZ, 2024). Extensive seagrass beds are
found in the Diani-Chale lagoon, Gazi Bay, and the Funzi-Vanga seascape. Tourism activities and
artisanal fishing are major economic activities in seagrass beds. Extensive loss of seagrass, especially
for the dominant Thalassodendron ciliatum, has been proliferated by illegal fishing activities and
herbivory by sea urchins (Uku et al., 2021). Most of the artisanal fishermen commonly use boat seine
and drag nets, which have resulted in the detrimental impacts and ongoing removal of seagrasses
(Harcourt et al., 2008).

2.4. Mangroves of Lamu County

The mangroves of Lamu County cover approximately 37,350 ha, equivalent to 59% of the total
mangroves in Kenya. These forests are dominated by mixed stands of Rhizophora mucronata, as well
as pure stands of Avicennia marina and Ceriops tagal. For management purposes, mangroves in Lamu
are classified into five management blocks, namely Northern swamps, Pate Island swamps, Northern
Central swamps, Southern swamps, and Mongoni-Dodori Creek swamps. Part of the Northern
Central swamp forests and the entire Northern swamp forests are within the Kiunga Marine
Biosphere Reserve, where mangrove harvesting is regulated.

Commercial mangrove logging is a livelihood activity for communities in Northern Central, Pate
Island, and Southern swamps, where most of the licensed harvesting occurs. Unlicensed harvesting
of mangrove wood for use in traditional lime making has further depleted mangroves at Pate, Yowea,
and Manda Islands (GoK, 2017).

2.5. Seagrasses of Lamu County

Lamu seagrass meadows cover approximately 21,067 ha (TNC, 2024), dominated by
monospecific communities of Thalassodendron ciliatum found in deeper subtidal areas, while
multispecies seagrass communities occur in shallow intertidal zones. This is in addition to Cymodea
serrulata, Halodule wrightii, Enhalus acoroides, Halophila ovalis, Halophila stipulaceae, Thalassia hemprichii,
and Syringodium isoetifolium (Uku et al., 2021). Fishing is the most prevalent economic activity in
Lamu seagrass beds. Human disturbances such as sand harvesting, dredging for infrastructure
development, illegal mangrove harvesting, and increased sea urchin herbivory are having
devastating effects on seagrass distribution and health (EkIof et al., 2008).

2.6. Sampling Strategy

This study aimed to assess the total ecosystem carbon of mangrove and seagrass ecosystems in
Lamu and Kwale Counties. Three key carbon pools were considered for the study, including: above-
and below-ground biomass carbon, and soil organic carbon. This was followed by validation
exercises of the satellite images to ascertain the extent, conditions, and trends of these critical
ecosystems.

A total of six sites were assessed for each ecosystem type in Kwale County, whereas three sites
were evaluated in Lamu County (Figure 1). Site selection was determined according to the following
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criteria: (i) Structural attributes appeared to be typical of other sites in the area, (ii) Different status
and conditions of the habitats, and (iii) Ease of access and navigation for logistical purposes.

2.7. Quantification of Carbon Storage, Sequestration, and Emissions

A systematic literature review was conducted using widely used databases, including Web of
Science, Google Scholar, PubMed, JSTOR, Science Direct, as well as institutional repositories and
government reports to generate existing data and information on the status, conditions, and trends
of blue carbon ecosystems in Kenya. The following search words were used: “Coastal ecosystems”,
“Mangroves”, “Seagrass”, “Carbon stocks”, “Carbon emissions”, “Kenya AND Lamu”, “Kenya AND
Kwale”, “Carbon AND sequestration”, “Carbon AND markets”. The returned search records
included 32 peer-reviewed publications and three KMFRI databases containing information on blue
carbon in Kenya (Supplementary Table 1).

This was supplemented by primary data generated from the two field campaigns using
Kauffman and Donato (2012) protocols, whose application can be found in Kairo et al. (2021). At each
site mangrove species were identified, position marked, and data on tree height (m), stem diameter
(cm), and cover (%) were recorded. From this information, the following vegetation attributes were
derived: basal area (m? ha'), stand density (stems ha), above-and below-ground biomass (Mg ha),
and total ecosystem carbon (Mg C ha™).

Our scope of inference was defined as all above-ground carbon pools plus below-ground
components, up to a maximum depth of 1.0 m in mangroves and 50 cm in seagrasses. Mangrove
deforestation rates were derived from Compound Annual Growth Rate (CAGR) as outlined in FAO
(1995), and using the relations:

_ (A
7= 4,

where Aiand A:zare the forest cover at time t1 and t2, respectively (the unit: per year or percentage
per year).

Projections of cover and carbon dynamics were made over 30 years with and without the project
scenarios.

Carbon stocks were derived from primary and secondary data archived at KMFRI database
(Supplementary Table 1). Carbon sequestration of mangroves was estimated using Tier 1 and 2 or
IPCC (Hiraishi et al., 2014), while that of seagrasses was estimated using the global averages
(Fourqurean et al., 2012). Carbon emissions of both mangroves and seagrasses were estimated using
existing global estimates (Andreetta et al., 2014; Ochieng & Erftemeijer, 2003).

In estimating mangrove cover/cover change, one challenge we had to overcome was the
availability of consistent cloud-free satellite images for the period under consideration. To resolve
this, we used the 1990 to 2020 period to establish cover and cover changes, blue carbon stocks, and
emission levels projected to 2050. The choice of 2020 baseline and the projections up to 2050 align
well with key national, regional and global targets, including; Kenya’s updated Nationally
Determined Contributions (NDCs), which emphasize long-term commitments to climate actions; the
UN’s Decade on Ecosystem Restoration (2020-2030), and Kunming-Montreal Global Biodiversity
Framework, among others.

3. Results

3.1. Mangrove and Seagrass Cover Change in Kwale and Lamu Counties

The current area of mangroves in Kenya is estimated at 54,304 ha. This is slightly lower than the
61,271 ha used in the development of the National Mangrove Ecosystem Management Plan (GoK,
2017). On the other hand, the area of seagrasses in Kenya was estimated at 39,693 ha; a value higher
than the 31,700 ha reported by Harcourt et al. (2018). These differences could have arisen due to
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differences in methodologies used, period of data acquisition, and data sources. Harcourt et al. (2018)
as well as the present study utilized Landsat imagery, whereas data used in the mangrove
management plan were generated through use of medium-scale high-resolution aerial photography
(Ochieng & Erftemeijer, 2003).

Kwale and Lamu Counties account for approximately 80% of Kenya’s blue carbon ecosystems
(Table 1). These ecosystems have experienced losses and gains over the years. At the country level,
for instance, the rate of mangrove loss between 1990 and 2020 was estimated at 0.5% yr, with
disproportionately higher losses experienced in peri-urban systems. In Lamu County, mangroves
declined from 37,417 to 35,678 ha, translating to a rate of 0.16% yr' (Table 1). This is notably lower
than in Kwale County, where mangroves recorded a 0.49% yr! reduction. Hotspot areas of mangrove
changes in Lamu County were identified in Manda, Kililana, Njia ya Ndovu, Hidiyo, Bori, Pate,
Mkokoni, and Ndau areas. Whereas in Kwale County, the highest mangrove losses and degradation
occurred in Majoreni, Kiwegu, Bazo, Bodo, Munje, Mkurumudzi, and Chale areas (Figure 2).

There was a 12.4% increase in seagrass coverage in Kwale County between 1986 and 2020;
compared to the 20.4% net reduction in Lamu County (Table 1). Hotspot areas for seagrass changes
were observed within Kiunga, Shanga, Mkokoni, Faza, Pate, and partly along the Mongoni-Dodori
Creeks, Manda Toto, and Kipungani-Kiongwe areas. In Kwale County, hotspot areas of change were
identified at Bazo, Spaki, Kubisu, Mwangani, Shimoni, Wasini, Msambweni, Gazi, and along Chale-
Diani Shoreline areas (Figure 3). Causes of mangrove and seagrass losses and degradation in the
study areas were found to be over-exploitation of resources, habitat conversion, illegal fishing
activities, and climate change.

Table 1. Cover and cover change analysis of blue carbon ecosystems in Kwale and Lamu Counties in Kenya.

Ecosystem Area Cover (ha) Rat(i /:(;:SR)
Mangroves 1990 2000 2010 2020
Country level 63,167 44,670 53,886 54,304 -0.5
Lamu County 37,417 25,970 36,940 35,678 -0.16
Kwale County 8,371 6,897 6,344 7,220 -0.49
Seagrasses 1986 2000 2016 2020
Country level 42,170 40,278 31,363 39,693 -0.18
Lamu County 26,468 21,329 18,653 21,067 -0.67
Kwale County 8,827 9,669 7,506 9,920 +0.34
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3.2. Carbon Stocks and Emission Levels from BCEs in Kwale and Lamu Counties

3.2.1. Carbon Stocks

In Lamu County, the above- and below-ground mangrove biomass carbon is estimated at 127.85
and 38.72 Mg C ha, respectively. Together with soil organic carbon of 393.66 Mg C ha' the total
mangrove carbon density in Lamu becomes 560.23 Mg C ha'l. Considering the entire 35,678 ha of
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mangroves, the total mangrove ecosystem carbon in Lamu becomes 19,987,885.94 Mg C (Table 2). On
the other hand, the standing biomass of mangrove blue carbon in Kwale County is estimated at 64.94
Mg C ha', with a below-ground carbon stock of 24.30 Mg C hal. The soil organic carbon stock in
Kwale's mangroves is estimated at 437.10 Mg C ha, giving a total mangrove carbon density of 526.34
Mg C ha'. Considering the entire 7,220 ha of mangroves in Kwale County, the total mangrove
ecosystem carbon becomes 3,800,174.80 Mg C. The spatial distribution of above-ground mangrove
carbon in Kwale and Lamu Counties is given in Figure 4.

In Kwale, the seagrasses have an above- and below-ground biomass carbon of 0.5 Mg C ha! and
5.1 Mg C ha}, respectively, resulting in a total biomass carbon of 5.6 Mg C ha. The soil carbon is
notably higher at 214.69 Mg C ha!, bringing the total ecosystem carbon stock to 220.29 Mg C ha™! and
a total carbon stock of approximately 2,185,276.8 Mg C. In Lamu, the seagrass ecosystems exhibit an
above-ground carbon of 0.65 Mg C ha™* and BGB carbon of 5.9 Mg C ha!, leading to a total biomass
carbon of 6.55 Mg C ha™. The soil carbon is 165.1 Mg C ha™, resulting in a total ecosystem carbon
stock of 171.65 Mg C ha™ and a total carbon stock of around 3,616,150.55 Mg C. On average, the
seagrasses in both counties have an AGB carbon of 0.58 Mg C ha™! and BGB carbon of 5.5 Mg C ha,
and a total biomass carbon of 6.08 Mg C ha'. The soil carbon averages 189.90 Mg C ha™, resulting in
a total ecosystem carbon stock of 195.97 Mg C ha™' and a combined total carbon stock of 5,801,427.35
Mg C. As expected, much of this carbon is stored in the sediment (Table 2).

Table 2. Total ecosystem C stocks of BCEs in Kwale and Lamu Counties in Kenya.

Abov Below
:;l-m oun Total Soil Total
& 5 bioma C  Ecosyst Total
d d
. . ss Mg em Carbon
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Carbo Carbo - (Mg ha?) (Mg C (Mg ©)
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MgC (MgC
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. 7 1 7
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tal 96.40 31.51 127.38 38 543.29 9 0.74
Kwale 0.5 51 5.6 2613 220.29 9,920 2’182’276'
Seagras Lamu 0.65 5.9 6.55 165. 171.65 21,06 3,616,150.
ses 1 7 55
Mean/to 189. 15,49 5,801,427.
. . . 195.97
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Figure 4. Above-ground biomass distribution in Lamu and Kwale Counties in 2024.

3.3. Potential Emissions

In estimating potential emissions from blue carbon ecosystems in Kenya, we used a conservative
approach by IPCC (2014), whose application may be found in Kairo et al. (2021). This approach
focuses on standing carbon pools as well as sediment carbon in the top meter of sediment. These

pools are most susceptible to land-use changes and are termed as ‘near-surface’ carbon (Adame et
al., 2021). The fate of 'near-surface carbon' is estimated from 25 to 100% emissions to the atmosphere,
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depending on land use types (Pendleton et al., 2012; Hamilton & Friess, 2018). The high end of 100%
would apply if most land uses tend toward extreme impacts that convert the system to a qualitatively
different state that removes and prevents recovery of near-surface carbon. The low end of 25% would
apply if most land uses are relatively light-handed and retain, bury, or merely redistribute most near-
surface carbon (Duarte et al., 1998). Using the low end of 25% emissions, the current carbon emissions
from mangroves in Kwale and Lamu were estimated at 482.92 and 514.01 MgCOxze ha‘, respectively.
For seagrasses, the current emission is estimated at 202.71 and 151.48 MgCOze ha' in Kwale and
Lamu Counties, respectively. These values could be used to estimate potential emissions from these
blue carbon ecosystems over a projected period of time.

3.4. Cumulative Blue Carbon Stocks, Sequestration, and Emissions Projections in Lamu and Kwale Counties
over the Next 30 Years

Mangroves and seagrasses in Kenya are being lost at rates of 0.5% yr' and 0.18% yr,
respectively (Table 1). Rates of decline vary across the sites, with mangrove cover declining at 0.47
and 0.16% yr! in Kwale and Lamu Counties, respectively. Seagrass cover in Lamu County is declining
at 0.67% yr-!, while the same is increasing in Kwale County at 0.34% yr-'. To enable comparison with
other assessments, the carbon values were expressed in terms of CO2-equivalent by multiplying them
by 3.67, the molecular weight of C in CO:. Using the approach by Adame et al. (2021), and taking
2020 as a base year for carbon stocks and emission levels in Kwale and Lamu Counties, we can project
over 30 years; assuming; (i) cover change and sequestration rates per year remains constant, and (ii)
rates of carbon emissions with respect to base year depends on the rate of change in the area and the
rate of emissions is at the limit for maximum carbon that could be emitted per hectare. Cumulative
carbon stocks, sequestration, and emission levels were projected over the 30 years with and without
the project scenario analysis (Table 3). Management interventions were derived from both the
national mangrove management plan as well as the seagrass strategy (GokK, 2015; 2017).

Under the business-as-usual (BAU) scenario, mangrove cover in Kwale and Lamu Counties is
projected to decline by 13.8% and 4.7%, respectively, over the 30-year period from 2020 to 2050. This
decline would reduce total ecosystem carbon stocks from 13.22 to 11.40 million tCOse in Kwale, and
from 73.35 to 69.94 million tCO,e in Lamu. In contrast, with targeted management interventions,
mangrove cover is expected to increase by 6.5% in Kwale and 4.8% in Lamu, resulting in
corresponding increases in carbon stocks to 14.08 million tCO,e and 76.90 million tCO.e, respectively.
Sequestered carbon also shows notable gains under intervention scenarios, rising from 0.12 to 3.86
million tCO,e in Kwale, and from 0.62 to 19.52 million tCO,e in Lamu (Table 3). In Kwale, the BAU
pathway leads to net carbon emissions of -0.83 million tCO,e, equating to a negative carbon value of
US$ -16.6 million. However, with interventions, net sequestration reaches 1.38 million tCO.e,
translating to a positive value of US$ 27.6 million. In Lamu County, where the mangrove extent and
carbon stocks are significantly higher, the BAU scenario results in net emissions of -0.28 million tCO,e
(valued at US$ -5.6 million). Management interventions, however, yield net carbon gains of 7.38
million tCOse, generating a substantial value of US$ 147.6 million. These findings highlight the
considerable climate mitigation potential and economic value of investing in mangrove restoration
and conservation, especially in Lamu.

Under the business-as-usual (BAU) scenario, seagrass ecosystems in Lamu County are projected
to decline by 18% in cover over the next 30 years, resulting in cumulative carbon emissions of 5.21
million tCOze. At a carbon price of US$20 per tCOse, this equates to a potential economic loss of
US$104.2 million. However, with project interventions, seagrass cover in Lamu is expected to recover
significantly, reducing emissions by 5.12 million tCO,e and generating climate benefits valued at
approximately US$102.4 million, while also delivering ecological and community co-benefits. In
Kwale County, seagrass carbon dynamics remain relatively stable under both BAU and intervention
scenarios. Project interventions lead to a modest increase in sequestered carbon (0.64 million tCO.e)
and a corresponding net carbon value of US$2.6 million, identical to the BAU outcome. This indicates
low carbon loss risk and limited additionality for intervention-based gains. Overall, while Kwale’s
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seagrass ecosystems show resilience, Lamu’s systems are at greater risk under BAU conditions, but
also present greater potential for carbon and economic gains through targeted conservation and
restoration actions.

Table 3. Mangroves and seagrass carbon dynamics in Kwale and Lamu counties over a 30-year projection (2020

- 2050).
Mangroves:
County Component 2020 2050
Baseline BAU Interventions
Cover (ha) 7,220 6,224.98 7,687.85
Total Ecosystem C storage (Million tCOze) 13.22 11.4 14.08
Sequestered C (Million tCOze) 0.12 3.6 3.86
Kwale C emissions (Million tCOze) 0.13 4.43 2.48
Net C (Million tCOze) -0.01 -0.83 1.38
Net C (tCOze/ha/yr) -4.44 5.98
Net value (US$ million) 0 -16.6 27.6
Cover (ha) 35,678.00 34,018.54 37,400.84
Total Ecosystem C storage (Million tCOze) 73.35 69.94 76.90
Lamu Sequestered C (Million tCOze) 0.62 18.69 19.52
C emissions (Million tCOze) 0.5 18.96 12.14
Net C (Million tCOze) 0.02 -0.28 7.38
Net C (tCOze/ha/yr) -0.27 6.58
Net value (US$ million) 0 -5.6 147.6
Seagrass:
2020 2050
County Component Baseline BAU Interventions
Cover (ha) 9,920.00 10,861.56 10,864.36
Total Ecosystem C storage (Million tCO2e) 8.04 8.81 8.81
Kwale Sequestered C (Million tCOze) 0.01 0.64 0.64
C emissions (Million tCOze) 0.05 0.51 0.51
Net C (Million tCOze) -0.05 0.13 0.13
Net value (US$ million) 0 2.6 2.6
Cover (ha) 21,067.00 17,212.76 20,784.60
Total Ecosystem C storage (Million tCOze) 17.08 13.96 16.85
Lamu Sequestered C (Million tCOze) 0.04 1.17 1.28
C emissions (Million tCOze) 0.11 6.38 1.26
Net C (Million tCOze) -0.07 -5.21 0.02
Net value (US$ million) -0.7 -104.2 0.4

BAU =business as usual scenarios, Interventions = with project interventions. Sequestered C = cumulative carbon

sequestration over 30 years, and C emissions = cumulative carbon emissions over 30 years.

3.5. Carbon Credit Potential for Mangrove Conservation and Restoration in Kwale and Lamu Counties over a
20-Year Period (2024-2044)

Restoration and protection of degraded mangrove and seagrass carbon ecosystems offer
relatively low-cost opportunities to mitigate COz emissions. Incentive-based schemes associated with
blue carbon present a potential revenue stream to compensate those involved in mangrove and
seagrass conservation activities. Assuming a crediting price of US$20/tCOze for high-quality blue
carbon credits, the estimated benefit following interventions (avoided deforestation and restoration)
for mangroves and seagrasses in Lamu and Kwale Counties over the next 30 years is estimated at
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US$ 114,173,700 (Table 4). This is in addition to the value of blue carbon ecosystems to shoreline
protection, biodiversity conservation, livelihood support, among others (Table 5).

Table 4. Carbon credit investment opportunity and projected income from Blue Carbon Ecosystems in Kwale

and Lamu Counties, Kenya.

. Carbon . Potential Potential returns
Intervention sequestratio
Investment returns per between 2020 .
. County area n Risks
opportunity (ha)e (tCOse ha- year (US$ yr?) and 2050
- 21 @$20/tCO,ec (US$)@xbxcx30
yrhP
27,621,180;
Kwal 2,661 17.3 20,7/ PN
Mangrove wale /06 3 920,706 *%24 859,062 Mokt
carbon credits 80,071,320; ar' ,e
Lamu 7,714 17.3 2,669,044 72 064,188 volatility,
regulatory
Seagrass 6,481,200; changes, land
L 2,700. 44 216,04 ’
carbon credits* amu 700.5 6,040 **5,833,080 use changes,
114,173,700 et
Total #+102,756,330

a =IPCC (2014), b= Murray et al. (2011). 1 Carbon credit = 1 COze. *Only data on Lamu is used here as this is where
loss on cover was observed. **Adjusted returns after risk deduction (% buffer): Verified Carbon Standard (VCS)
provides a Carbon buffer percentage of 10-20% to cover unforeseen losses and ensure credit integrity. In the present
study, we used a 10% buffer.

Table 5. Co-benefits of Kenya’s mangroves.

Mangrove co-benefit Value (US$ ha yr1)
Fisheries 6,020
Shoreline protection 4,212
Research and education 1,520
Aesthetic value 1,037
Biodiversity 710
Tourism 205

(Modified from TNC, 2024).

3.6. Mangrove Restoration Potential in Kwale and Lamu Counties

Drivers of mangrove changes in Kwale and Lamu Counties have been identified as over-
exploitation of wood products, habitat encroachment and conversion, herbivory, poor land uses in
the hinterlands, and climate change. These have cumulatively created huge contiguous blank areas
with inadequate natural regeneration. To mitigate losses and degradation of mangrove forests,
priority interventions for Kwale and Lamu include enrichment planting, avoided deforestation,
increased surveillance and law enforcement, fencing to keep livestock away, hydrological restoration,
and monitoring. The total restoration potential of mangroves in Kwale and Lamu Counties has been
estimated at 2,661 and 7,714 ha, respectively. In Lamu County, the largest intervention involves
avoided deforestation and protection (6,569 ha), supplemented by direct and enrichment planting
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(454 ha), fencing with hydrological restoration (373 ha), and combined actions including law
enforcement (220 ha). Research activities cover 46 ha. In Kwale County, natural regeneration covers
2,396 ha, with direct planting (64 ha), combined direct and enrichment planting (81 ha), enrichment
alone (95 ha), hydrological restoration (26 ha), and research (3.2 ha).

4. Discussion
4.1. Cover/cover Change Analysis of Mangroves in Kwale and Lamu

Blue carbon ecosystems in Lamu and Kwale Counties are in different status and conditions. The
area of mangrove forests in Lamu and Kwale have been estimated at 35,678 ha and 7,220 ha,
respectively, both representing over 70% of total mangrove area in Kenya (Table 1). Our results reveal
anet reduction in mangrove cover of 0.16% yr? and 0.49% yr' in Lamu and Kwale respectively; which
is lower than the 0.5% yr! national average, but higher than the rates reported for Western Indian
Ocean region (0.1% yr') and the global average (0.13% yr?) (FAO, 2022). The loss in Lamu (0.16% yr-
1) can be termed as medium, suggesting a concerning trend but not alarming. This is in contrast to
the 0.49% yr! reduction in Kwale that can be termed as severe, indicating a critical and unsustainable
decline in mangrove cover. The underlying root causes for the loss and degradation of mangroves in
Kenya have been identified as population increase, economic drivers and inequality, poor
governance, and climate change (Bosire et al., 2016; GoK, 2017; Harcourt et al, 2018). Any
conservation interventions should target addressing these root causes to be sustainable.

Area of seagrasses in Lamu County has been estimated at 21,067 ha, and 9,920 ha in Kwale (Table
1). Lamu County is losing seagrasses at a rate of 0.67% yr-!, while in Kwale, there is a net gain of 0.34%
yrl. Losses of seagrasses in Lamu were higher than the national average (-0.18% yr'), but lower
than the global average (-1.5% yr') (see Table 1). Seagrass losses in Lamu could be attributed to
human and natural causes, including poor fishing activities, coastal development, boating activities,
herbivory by urchins, and climate change (Harcourt et al., 2018). The gains in seagrass cover in Kwale,
on the other hand, could be due to concerted efforts by community, civil society, and the government
through increased education and awareness on the values of seagrasses and the need to restore and
protect them for nature and community livelihood.

4.2. Carbon Stocks from Blue Carbon Ecosystems in Kwale and Lamu Counties

Total Ecosystem Carbon (TEC) of mangroves in Lamu and Kwale Counties were estimated at
560.23 Mg C ha! and 526.34 Mg C ha", respectively. These values are slightly higher than the country
average (498.9 Mg C ha') but lower than the global estimate (Alongi, 2020) of 755.6 Mg C ha (see
Table 2). As expected, most of this carbon is stored in the sediment and the balance in the biomass
carbon (Table 6). This is consistent with other mangrove carbon studies in Kenya (Kirui et al., 2013),
as well as the global estimates that indicate more than 70% of mangrove carbon is being stored in the
sediment.

In seagrasses, TEC values for Lamu (171.65 Mg C ha') and Kwale (220.29 Mg C ha) are higher
than country's average (140.21 Mg C ha') but consistent with the global average (195.98 Mg C ha) -
see Table 2. At least 97% of carbon stocks in seagrasses is represented in sediment while the rest is in
vegetation carbon (Table 6). This is consistent with global estimates whereby more than 90% of
seagrass carbon is captured in seagrass sediment while the rest is stored in above- and below-ground
biomass carbon pools (Duarte et al., 1998; Fourqurean et al., 2012).

4.3. Cumulative Carbon Storage, Sequestration, and Emissions Projections in Mangrove and Seagrasses in
Kwale and Lamu Counties Between 2024-2044

The stability of mangrove and seagrass ecosystems is influenced by factors emanating from
within and outside the system. These ecosystems capture and store huge stocks of carbon; in addition
to providing habitat for fish and other wildlife, protecting shorelines, and supporting livelihood.
However, these ecosystems are still facing threats from both natural and human factors.
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A summary table of blue carbon ecosystems in Kwale and Lamu compared in Kenya and
elsewhere is provided in Table 6. Lamu's mangroves exhibit higher biomass carbon (166.57 tC ha)
than Kwale (89.24 tC ha') and global average (92.7 tC ha). Soil carbon stocks in Kwale (437.10 tC ha-
1) are higher than in Lamu (393.66 tC ha'), and both exceed the global average (335.7 tC ha). Lamu's
seagrass vegetation carbon stock (6.55 tC ha) is higher than Kwale's (5.6 tC ha'), but much lower
than the global average for seagrasses (36.69 tC ha). Soil carbon stocks are higher in Kwale (214.69
tC ha') compared to Lamu (165.1 tC ha), and both were higher than the global average for seagrasses
(70 tC ha')-Table 6. On an area basis, mangroves in Kwale and Lamu have much higher carbon stocks
when compared to their terrestrial counterparts in Kenya and elsewhere (Table 6).

Table 6. Comparison of Kwale and Lamu blue carbon attributes with national, Western Indian Ocean (WIO)

region, global values, and tropical forests.

Tropical
Mangroves Seagrasses ropiea
forests
Kwale Lamu Kenya WI  Globa Kwal Lamu Kenya Globa Keny Glob
Oa,b lb, c e lc, d ae ale
Component - -
Lang’a Lang’a
This This tetal, GM This This tetal,
study study in Wa study study in
press press
Cover

change -049  -016  -0.57 01 -0.14 -0.14 +034 -0.67 -0.26 -1.5 -0.43

(% yr1) '
Vegetation o0 1 16657 14749 56 655 625 184 3669 54
C (tC ha") ' ' 108.69 92.7 ' ' ' ' ' ’

Soil C 335. 214.6

(tC ha) 43710 393.66 39021 - 7 20.00 9 165.1 214.69 70 - 55

Total C 2202 1716

2 - 2094 7184 - 1
(tC ha?) 526.34 560.23 498.90 284 467.49 9 5 09 8 09

Sources: a = Erftemeijer et al., 2022, b = Bunting et al., 2022, c=  Siikaméki et al., 2012, d = Fourqurean et al.,
2012, & e = Rodriguez-Veiga et al., 2020. GMW = Global Mangrove Watch

5. Conclusions

This study assessed the status, conditions, and trends of blue carbon in Kwale and Lamu
Counties in Kenya. The emissions and sequestration levels were subjected to a 20-30 years crediting
period to establish their investment potentials in the two Counties. Mangroves and seagrasses can
capture and store 6.65 and 0.88 tCO:z ha-lyr, respectively. Over a 20-year crediting period, mangroves
in Kwale and Lamu could sequester up to 2.57 million tCOze and 13.01 million tCO:ze, respectively.
Seagrasses also demonstrate notable carbon sequestration potentials of up to 6.4 million tCOze and
0.37 million tCOze in Kwale and Lamu Counties over the same period. These blue carbon
sequestration potentials present investment opportunities with multiple co-benefits. With an
estimated market price of $20/tCOze for ‘high-quality’ blue carbon credits, the potential revenue to
be generated from sales of mangrove and seagrass carbon credits in Kwale and Lamu will be about
US$3,589,750 and US$216,040 yr' respectively. By determining blue carbon stocks, sequestration
rates, degradation hotspots, and emissions projections over the next 20 years, this study lays the
foundation for potential investments in blue carbon for the benefit of nature and communities. The
combination of financial incentives in the conservation of management of blue carbon ecosystems
presents a viable opportunity for impactful investment in the fight against climate change, while
unlocking substantial ecological and societal benefits.
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