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Abstract: Mangroves are effective carbon sinks, support coastal fisheries and provide wood and
non-wood resources to coastal communities. They are threatened by natural and human-induced
stresses including over-exploitation, conversion pressures, pollution and climate change. Under-
standing changes in this important ecosystem is essential to inform the sustainable management
of mangroves and assess the implications related to the loss of ecosystem services. This study
used global remote sensing mangrove forest data to quantify changes in mangrove cover in
Kenya between 2010 and 2016 and applied the InVEST coastal vulnerability model to assess the
implications concerning the provision of natural coastal protection services in Kenya. Results
indicate that the annual rates of mangrove cover loss in Kenya were 0.15% between 2010 and
2016. Currently, 16% of the Kenyan coastline is at higher levels of exposure to coastal hazards but
this could increase to 41% if coastal ecosystems (mangroves, corals and seagrasses) are lost. The
study further identified that higher rates of mangrove loss are observed in areas at higher risk of
exposure in the southern and northern counties of Kwale and Lamu, where monitoring and man-
agement efforts should be prioritised.
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1. Introduction

Mangroves are trees and shrubs that grow in the intertidal area of tropical and sub-
tropical coasts [1,2]. There are about 136,000 km? of mangroves in 108 countries [3]. Man-
grove distribution is strongly influenced by geomorphic and climatic drivers (e.g. tem-
perature and moisture) [4,5]. Asia has the largest extent of the world’s mangroves (42%),
followed by Africa (20%), North and Central America (15%), Oceania (12%) and South
America (11%) [6]. The largest contiguous mangrove forests include the Sundarbans
(Bangladesh), the Niger Delta (Nigeria), the coastlines of Northern Brazil and the South-
ern Papua, which together comprise 16.5% of the world’s mangrove forests [2].

Mangroves provide a wide range of ecosystem services important to people and na-
ture. They regulate climate through capturing and storing large amounts of carbons above
and below ground [7]. Mangroves provide nurseries for important commercial fish spe-
cies generating income for people around the world [8]. They offer shoreline protection
against storms surges and waves, even during major storms [9]. Mangroves are important
sources of wood and non-wood resources to coastal communities around the world [10]
and are at the same time threatened by both climate and human-induced stresses [6,11,12].
Human-induced factors accounted for 62% of the mangrove loss observed between 2000
to 2016 [13]. Over-exploitation of resources, conversion to agriculture or aquaculture, pol-
lution and climate change are major drivers of mangrove loss and degradation globally
[2,4,13]. Climate change impacts, such as sea-level rise, also pose a significant threat to
mangroves [14].
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Changes in mangroves can have a direct effect on the provision of ecosystem services
[7,15,16]. Loss and degradation of mangroves affect local and national economies as indi-
cated by shortages of firewood and building poles [17], reduction in fisheries [18,19], in-
creased shoreline erosion [16, 54] and enhanced greenhouse emissions [7]. Mapping man-
grove cover over time gives us valuable information on the extent and the rate of man-
grove cover change and the location of change [20]. As mangroves provide a range of
ecosystem services [21,22], mapping changes in mangrove cover can also help us under-
stand the likely effect of these changes on the provision of ecosystem services [7,10] and
plan for sustainable management [23].

Remote sensing (RS) has been instrumental in monitoring states and changes in dif-
ferent ecosystems of spatial and temporal scales across the planet [24-26]. Due to the in-
creased availability of global, freely available remotely sensed images, there has been a
rapid development of global datasets of mangrove extent and analysis of change since
1996 [27]. The Continuous Global Mangrove Forest Cover for the 21st Century (CGMFC-
21) by Hamilton and Casey [28] was the first consistent RS dataset on mangrove cover
globally. Hamilton and Casey [28] synthesized three global databases: the Global Forest
Cover [29], Terrestrial Ecosystems of the World [30], and Mangrove Forest of the World
[6] to quantify changes in mangrove forest cover globally between 2000 and 2012. Their
results showed an average global loss of 137 km? of mangrove forest per year (or 0.16%
per year) between 2000 and 2012, with Southeast Asia having the highest deforestation
rate of 8.08% per year. More recently, Bunting et al. [31] produced the Global Mangrove
Watch (GMW) by compiling datasets of small-scale studies conducted at regional and lo-
cal scales. The GMW assessed mangrove cover changes between 1996 and 2016 and pro-
vided a baseline of the global extent of mangroves for 2010 of 137,600 km?2. Bunting et al.
[31] have also identified an overall loss in mangrove cover, estimated at 6,057 km? (0.3%)
between 1996 and 2016.

The East Africa coast is characterised with a variety of ecosystem including terrestrial
coastal forests, mangroves, seagrass beds, and coral reefs. These ecosystems are critical for
biodiversity conservation and support the wellbeing of the people [32]. The importance
of coastal habitats in protecting the coast and in particular, the potential of mangroves to
provide effective coastal defence is well established [16,33]. Ballesteros and Esteves [34],
focusing on coastal vulnerability in Eastern Africa, found that Kenya benefits the most
from its coastal ecosystems and is likely to experience the greatest impacts if mangroves
and coral reefs are lost. Other research has also identified coastal protection as one of the
key ecosystem services of mangroves in Kenya [35,36].

However, mangrove loss varies in magnitude both globally [13] and locally. Areas
closer to human settlement have been identified as hotspots of mangrove cover change in
Kenya [37-39], with e.g. urban areas recording higher loss in mangroves than rural areas
[38]. This means that loss of mangroves can affect areas differently and can have a varying
effect on the provision of ecosystem services [7,15,16]. Accordingly, it is important to un-
derstand how and where the changes in mangrove forest cover can expose coastal com-
munities to erosion and flooding. Therefore, the main aim of this paper is to assesses
changes in mangrove cover in Kenya between 2010 and 2016 and its implications to the
provision of natural coastal protection. The assessment quantifies the proportion of the
shoreline ranked as having higher exposure to coastal hazards at country and county lev-
els and identifies the areas benefiting the most from the natural coastal protection offered
by mangroves.
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2. Materials and Methods 100
2.1. Study site 101

The Kenyan coastline is about 600 km long, extending from Somalia’s border in the 102
north to Tanzania’s border in the South [40] . Coastal Kenya is generally a dry area with 103
an average temperature between 24°C to 30°C. North Kenya has lower annual average 104
rainfall (500-900 mm) and higher annual average evaporation (1,650-2,300 mm) than the 105
South (1,000-1,600 mm of rainfall and 1,300-2,200 of evaporation). The rainfall seasons are 106
strongly influenced by Monsoon winds. The long rain season (March to May) occurs dur- 107
ing the southeast monsoon while the short rains occur during the northeast monsoon (Oc- 108
tober to December) [41]. Two longest rivers in Kenya (Tana and Sabaki) originate from the 109
highlands and drain into the Indian Ocean [40]. The presence of creeks, deltas, sheltered 110
bays and lagoons favour the development of mangroves. Mangroves are found in five 111
coastal counties in Kenya (Fig. 1) covering an area of 61,000 ha representing 3% of gazetted 112
forest and 1% of state land [42]. Nine mangrove species are found in Kenya, Rhizophora 113
mucronata, Ceriops tagal and Avicennia marina are dominant, while Bruguera gymnorrhiza, 114
Heritiera littoralis, Lumnitzera racemose, Sonneratia alba, Xylorcarpus granatum and Xylocarpus 115
mollucensis are also present. 116

117
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Figure 1. Kenyan coastline showing major mangrove areas in Lamu, Tana River, Kilifi, Mombasa,
and Kwale Counties in 2010.

2.2. Mangrove land cover change analysis and InVEST model run

Mangrove cover data from Global Mangrove Watch (GMW) was used to calculate
changes in mangroves in the study site. The GMW data was developed using globally
consistent and automated method for mapping mangroves. Its spatial resolution is 30 m,
with an accuracy of 94%, using 53,878 accuracy points across 20 sites distributed globally
[31]. To extract mangrove land cover changes for Kenya from the global data source, a
shapefile from the United Nations Office for the Coordination of Humanitarian Affairs
(OCHA, 2022) (https://data.humdata.org/dataset/cod-ab-ken), containing the political
borders of Kenya was used. Changes through time were quantified using the post-classi-
fication overlay detection method, which involved overlaying maps from two different
years (2010 and 2016) and identifying areas of gain, loss, and no change. The changes in
mangrove cover were then aggregated to a county level.
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Subsequently, to quantify the impact on the coastal protection service of the potential 134
loss of mangroves, the Integrated Valuation for Ecosystem Services and Tradeoffs (In- 135
VEST) version 3.9.2 coastal vulnerability model [43] was used. This model has been used 136
to assess levels of exposure to coastal hazards at different spatial scales around the world 137
[33,34,44-47]. Exposure here refers to the susceptibility of an area to be affected by coastal 138
hazards, more specifically erosion and flooding. 139

InVEST was run using scenarios to assess the contribution of coastal habitats in re- 140
ducing coastal exposure [33,34,48]. Besides mangroves, coral reefs and seagrasses were 141
also included in the assessment to provide a more comprehensive estimate of natural 142
coastal protection and the relative importance of mangroves. First, to assess the current 143
level of exposure, all habitats (mangroves, corals, and seagrasses) were incorporated into 144
the model run (with habitats scenario). Then the model was run excluding one of the hab- 145
itats to assess the contribution of that particular habitat to coastal protection (no man- 146
groves, no corals and no seagrasses scenarios). The model was run a fifth time excluding 147
all habitats (without habitats scenario) to determine where and how habitats are contrib- 148
uting the most to reduce exposure to coastal hazards. Therefore, the provision of natural 149
coastal protection is assessed based on the differences in the relative level of exposure 150
calculated by the model when it is run with and without the presence of coastal habitats. 151
The scenarios should not be interpreted as projections of future conditions. It is not im- 152
plied here that all habitats or specific habitats will be completely lost. The exclusion of 153
habitats is a way of assessing the overall and individual contribution of habitats to coastal 154
protection by assessing how exposure would increase if they were lost. 155

InVEST calculates a relative ranking of coastal exposure to erosion and flooding from 156
six bio-geophysical variables (Table 1) in the form of an exposure index. The model ranks 157
the value of each indicator into 5 classes — from 1 (very low exposure) to 5 (very high 158
exposure) —to determine the level of exposure of a point along the coast in relation to other 159
points in the study area.. Following the approach used by Ballesteros and Esteves [34], the 160
model default was used to rank wind and surge exposure values and the natural protec- 161
tion offered by natural habitats, while the other variables were classified based on abso- 162
lute values to provide a more realistic reflection of differences between levels of exposure 163
(Table 1). For example, as low-lying areas are more prone to flooding, relief classes were 164
based on the mean land elevation within the model grid, rather than quartiles to ensure 165
that the categories are meaningful independently on the range of land elevation within 166
the study area. The exposure index was then calculated as the geometric mean of the ranks 167
of each indicator (Ri). The resulting value was rounded to the nearest integer and assigned 168

to the respective class (1 very low exposure to 5 very high exposure). 169
Coastal EXpOSure Index (IE) = (RRelief*Rwaves*Rwind*Rsurge >F]Rhabitats*]}{erosion)1/6 170
Table 1. Ranking and classification of indicators used 171
Model input 1 (very low) 2 (Ilow) 3 (moderate) 4 (high) 5 (very high)
Relief 12 - 30.62 8§-12 4-8 2-4 0-2
Wave exposure 0-01 0.1-2.00 2-20 20-65 65-74.71
Wind exposure 0 to 20 pctl 21 to 40 pctl 41 to 60 pctl 61 to 80 pctl 80 to 100 pctl
Surge potential 0 to 20 pctl 21 to 40 pctl 41 to 60 pctl 61 to 80 pctl 80 to 100 pctl
1 reef; -
Natural habitats Coral reef; Man - - Seagrass No habitat
groves
Shoreline change rates >+2 +1 to +2 -1to+1 -2to-1 <-2

(m/yr)

172

Furthermore, the shoreline points ranked 4 and 5 (high and very high exposure lev- 173

els) by the INVEST were extracted and 1 km and 2km buffer zones were created around 174
them. This was done to assess the magnitude of mangrove change in these high-exposure 175
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areas and to compare them with average rates of mangrove change in all Kenyan coastal
counties. Changes in mangroves through time in these buffer areas were quantified using
ArcGIS 10.6.

3. Results
3.1. Changes in mangrove cover

According to the analysis of GMW data, rates and directions of changes in mangrove
cover vary across coastal counties in Kenya. Kwale and Lamu counties are experiencing
net loss of mangrove areas, while mangrove cover has increased in Kilifi, Mombasa and
Tana River between 2010 and 2016 (Table 2). The relative gain in mangrove cover was
largest in Tana River (0.81% per year) and the relative loss in mangrove cover was larg-
est in Lamu (-0.26% per year).

Table 2. Changes in mangrove cover in Kenyan coastal counties (in ha) between 2010 and 2016

County Gain Loss No change Coverin2016 % annual change
Kwale 149.4 202.0 9054.3 9203.8 -0.09
Mombasa 67.2 44.2 1391.3 1458.5 0.27
Kilifi 83.7 54.6 5356 5439.7 0.09
Tana River 128.5 29.6 1999.6 2128.1 0.81
Lamu 626.3 1164.8 33 499.2 341255 -0.26
TOTAL 1055.1 1495.2 51 300.4 52 355.6 -0.15

3.2. Exposure to coastal hazards

Currently, 16% of the country's shoreline is at higher (high and very high) level of
exposure with the presence of all habitats. Tana River is the most exposed county with
71% of its coastline at higher levels of exposure. All other counties have less than 50% of
their shoreline at higher levels of exposure - Lamu (13%), Kilifi (18%), Kwale (10%) and
Mombasa (0%) (Figure 2).
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Figure 3: Location of high and very high exposure areas on the coast of Kenya resulting from 198
InVEST model run with all habitats (left) and with no mangroves (right). 199
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201

202

The loss of habitats increases the proportion of the country’s coastline at a higher 203
level of exposure from 16% to 41% (Fig 3). Tana River would still be the most exposed 204
county, as the proportion of the shoreline with higher levels of exposure would increase 205
from 71% to 80%. Kwale and Kilifi benefit from the natural coastal protection the most, as 206
the loss of mangroves, coral reefs and seagrasses would increase the proportion of the 207
coastline with higher exposure from 10% to 41% and from 19% to 49%, respectively 208
(Figure 4). 209

B WithHabitat

No ==agras
a0 No corals
Mo mangroves
0 | W No habitats

[
]
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=
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Kenya Lamu (n=B6%9) TanaRiver Kilfi(n=266) Mombasa Kwale (r=262)
(r=1589) (n=58) (n=88)
210
Figure 4: Different habitat contributions in reducing exposure levels along the Kenyan Coast 211

Results of the different scenarios indicate that corals contribute the most to reducing 212
the proportion of the Kenyan coastline that is at a higher level of exposure, followed by 213
mangroves (Figure 4). The contribution of seagrass beds to the provision of coastal 214
protection is not impacting on the proportion of coastline under higher levels of exposure, 215
as it is usually associated with the presence of mangroves or coral reefs. In Lamu and Tana 216
River counties, mangroves contribute the most to reduce the proportion of shoreline at 217
higher exposure levels, while coral reefs contribute the most in Kilifi and Kwale. The 218
dataset does not show seagrasses or mangroves in Mombasa County, where coral reefs 219
offer protection to about 1 km of shoreline. 220

In total, 1589 points of exposure were created by InVEST along the coast of Kenya, 221
258 of which (16%) are in the higher levels of exposure (Figure 3). The 1km and 2km buffer 222
analysis around high-exposure points has shown that these exposed areas tend to 223
experience above-average rates of mangrove loss (in case of Kwale and Lamu) or below- 224
average rates of mangrove gain (in case of Kilifi and Tana River), while there were no 225
high-exposure points recorded in Mombasa (Figure 5). 226
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4. Discussion

Information on the extent of habitat cover and its dynamics is important in under-
standing the ability of an ecosystem to provide essential services [7,8]. Currently, a rela-
tively small proportion of the Kenyan coastline is at a higher level of exposure to coastal
hazards when compared with other countries in the Western Indian Ocean region, such
as Mozambique and Madagascar [34]. However, based on the results of our study, the loss
of coastal ecosystems in Kenya would increase the proportion of the shoreline at a higher
level of exposure to natural hazards from 16% to 41%, similar to the findings of Ballesteros
and Esteves [34]. These authors indicated that Kenya benefits the most from the natural
coastal protection offered by coastal ecosystems compared to other countries in East Af-
rica. Results presented here indicate that corals and mangroves combined prevent higher
levels of exposure to coastal hazards to around 35% of Kenya's coastline. The proportion
of Kenyan coastline at a higher level of exposure would increase from 16% to 28% with
the loss of corals, and to 25% with the loss of mangroves. At the County level, coral reefs
are most significant in protecting the coastline from erosion in Kilifi and Mombasa
County, and mangroves are the most important in Lamu and Tana River County. This
study includes the shorelines around islands and some sheltered areas, and thus relatively
underestimate the proportion of open coasts that benefit from the protection offered by
mangroves and coral reefs.

Using GMW global datasets, this study estimated an annual net mangrove loss of
0.15% in Kenya between 2010 and 2016. This is a slower rate than the 0.7% per year loss
reported by Kirui et al. [49] between 1985 and 2010. However, Kirui et al. [49] also reported
that rates of mangrove loss were higher in the period 1985-2000, and then decreased to
0.28% between 2000 and 2010, suggesting that the rates of mangrove loss in Kenya might
be continuing to decrease over time. The rates of mangrove loss in Kenya are lower com-
pared to many other areas of the world [28,50,51]. For example, the annual rate of man-
grove loss in Indonesia was reported to be 0.3% between 2000 to 2012 [28] and in Mada-
gascar an annual loss of 1% was recorded between 1990 to 2010 [51]. The causes of these
higher rates of mangrove loss in most areas in Asia are often linked to land cover conver-
sion to commercial aquaculture/agriculture, introduced to enhance food security in this
part of the world [52]. Aquaculture activities in mangrove areas are not practiced at a large
scale in Kenya. Past studies have identified overharvesting being the cause of changes in
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most counties in Kenya [37-39]. Mangroves are reportedly (over)harvested for several 263
reasons, such as agricultural expansion, charcoal production, pole production, and min- 264
ing etc., and their loss contributes to soil erosion and degradation, and water resource loss 265
[42, 65]. In our study, the highest rates of mangrove loss were recorded in Lamu county, 266
where most of Kenya’s mangroves are located, and where mangroves contribute the most 267
to reducing exposure to coastal hazards. These results indicate the importance of priori- 268
tising the conservation of coastal habitats as a cost-effective natural protection against the 269
impact of storms and climate change [33, 34]. 270

Results also highlight that areas at highest exposure to costal hazards are either 271
experiencing above-average rates of mangrove loss (in case of Kwale and Lamu) or below- 272
average rates of mangrove gain (in case of Kilifi and Tana River). Identifying such areas 273
at higher exposure can inform policy and decision-making regarding planning and de- 274
signing future development along the coastline [34, 45]. The natural coastal protection 275
offered by coastal habitats is most needed in these highly exposed areas to reduce the 276
impacts of both anthropogenic and natural drivers of mangrove loss. Some of the ways to 277
prevent mangrove loss and degradation in Kenya include licencing procedure to control =~ 278
mangrove harvesting, as well as introduction of periodic ban on mangrove logging by the 279
Kenya Forest Services! (KFS) in order to regulate the removal of wood products. A 280
national ban to reduce the loss and degradation of mangroves executed in 1997 [42] 281
coincided with decreasing rates of mangrove loss in Kenya [49]. Another national ban was 282
put in place in 2018 but was lifted in 2019 for Lamu County only, after petition and 283
community outcry due to impact of the ban on the local economy. 284

Successful examples of mangrove conservation and restoration in Asia emphasise the 285
need for multi-stakeholder participation, noting that most successful efforts were based 286
on community-based mangrove management (CBMM) such as those in India [62], Thai- 287
land [64] and Indonesia [63]. In Kenya, CBMM is recognised in the 2010 constitution and 288
in the Forest Conservation and Management Act 2016, which allows for the participatory 289
forest management approach geared to promote co-management of forest resources with 290
Kenya Forest Services. An example of a successful community mangrove management 291
project in Kenya is the Mikoko Pamoja project, a carbon offset project involving restora- 292
tion and conservation of mangrove forest and sale of carbon credits to the voluntary car- 293
bon markets [66]. Despite the benefits Mikoko Pamoja project delivered to the local com- 294
munity, issues such as contested goals and motivations for conservation between different 295
stakeholders have been identified, as well as problems of shortage of funding and capacity 296
of some stakeholders [67]. Similarly, strong support from NGOs in the early phases of 297
CBMM in Thailand [64] was needed to overcome the issues related to insufficient skills 298
and financial resources available to local communities to communicate effectively with 299
external organisations (e.g. to raise funds for community activities). The issues of lack of 300
financial and other resources to enhance community participation have also been recog- 301
nised in an inshore marine community management project in Kenya [65]. In Indonesia 302
poverty alleviation was highlighted as important part of strengthening the local commu- 303
nity’s capacity to undertake successful mangrove management [63]. 304

Although conservation areas have limited effect over natural causes of mangrove 305
loss, any effort to reduce the direct human pressures can give mangroves and other natu- 306
ral habitats a better chance of survival. Due to impacts of climate change and more fre- 307
quent extreme weather events, mangroves may face unfavorable conditions in areas 308
where they currently develop. Tropical cyclones and extreme climatic events (e.g. 309
droughts associated with El Nifio Southern Oscillation effects) were identified as major 310
drivers of natural mangrove loss globally [53], and they are expected to increase in the 311
future due to climate change. Sea level is expected to rise in the 215t century with extreme 312
sea level events projected to occur annually, increasing the severity and frequency of 313

1 A government department responsible for management of forests
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coastal flooding in low lying areas [68]. Therefore, it is also important to assess whether 314
conservation and restoration efforts are being made in areas where conditions are more 315
likely to be favorable for mangroves in the longer term. In Indonesia, an important factor 316
of success in mangrove management included additional hydro-physical protection tore- 317

duce wave action in erosion-prone areas [63]. 318
319
4.1. Limitations and implications 320

Accurate monitoring of land cover change can better inform policy on habitat loss 321
and contribute to better management decisions to conserve valuable ecosystems [55]. At 322
the moment, few available global mangrove change datasets report any evaluation of clas- 323
sification accuracy, and the reported extent of mangroves and their change varies signifi- 324
cantly between them. The inconsistencies observed when using global land cover data for 325
local studies have been recognised elsewhere [6,56,57] and are due to the use of different 326
remote sensing devices, or different methods of image classification [57]. As such, global 327
datasets of land cover were not designed to be comparable and should be used and ob- 328
served as independent datasets [58]. Furthermore, global datasets do not offer insights 329
into the health of mangroves [28,59] and this limitation is not addressed in the assessment 330
produced using the InVEST model. Mangrove extent is important for the level of protec- 331
tion offered by mangroves but it is not the only factor - considering the health of man- 332
groves is important to better inform planning and decision making [60,61]. Addressing 333
the scarcity of data on the state of mangroves worldwide is needed to better inform man- 334
agement, policy-making and the public about the rate of mangrove loss and degradation 335

and the associated consequences to the provision of ecosystem services. 336
337
5. Conclusions 338

This paper quantifies changes in mangrove cover in Kenya between 2010 and 2016 339

and assesses implications to the provision of the ecosystem service of natural coastal pro- 340
tection. Mangrove forests in Kenya are being lost a rate of 0.15% per annum during the 341
studied period. Mangrove net losses are recorded in Kwale and Lamu County while 342
Mombasa, Kilifi and Tana River are recording gain in mangrove extent. Importantly, 343
stronger (mostly negative) changes are observed in areas that are at higher exposure to 344
coastal hazards. Results also show that 16% of the Kenyan coastline is currently at higher 345
levels of exposure to coastal hazards, and this could increase to 41% if mangroves, 346
seagrass, and coral reefs are lost. Coral reefs contribute to reducing exposure to coastal 347
hazards in comparatively the largest section of the coast overall, but mangroves contribute 348
the most in Tana River and Lamu County. 349
Careful consideration in the interpretation of the results is required as the InVEST 350
model does not take into consideration the health state of the coastal ecosystems. De- 351
graded ecosystems may be less able to provide natural coastal protection than healthy 352
ecosystems. Additionally, there are uncertainties in the global datasets regarding the man- 353
grove, coral reefs and seagrasses coverage. The information presented here points out 354
where mangrove conservation is more likely to reduce exposure to coastal hazards in 355
Kenya and these areas should be prioritised for monitoring and management measures. 356
Community-based mangrove management can offer benefits for both the local communi- 357
ties and mangrove conservation, but it is important to take into consideration diverse 358
goals, constraints and capabilities of all stakeholders taking part in such projects. 359
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