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Mangroves are carbon-rich ecosystems found in tropical and subtropical areas around
the world. However, they are threatened by a combination of natural and human-
induced factors. When mangroves are lost or degraded, their co-benefits to human
society are greatly diminished along with the ecosystem’s ability to sequester carbon.
The current study assessed mangrove cover and cover change, as well as measuring
carbon stocks and their emissions levels from the mangroves of Lamu County, Kenya.
We sampled above-and below-ground carbon pools, including soil organic carbon
(SOC), in 191 plots distributed throughout the study area. Lastly, we evaluated the
economics of avoiding mangrove deforestation based on the carbon-offset market. The
total carbon stock of mangroves in Lamu was estimated at 20 million Mg C, with an
average density of 560.22± 79.79 Mg C ha−1. Southern swamps recorded significantly
higher carbon densities (p < 0.05) than other mangrove management blocks in Lamu.
At least 1,739 ha of mangroves in Lamu were lost between 1990 and 2019 due to
anthropogenic activities, representing a decline of 60 ha yr−1. Total emissions from
loss and degradation of mangroves in Lamu is estimated at 140.1 Mg C ha−1; which
translates to 30,840.1 Mg CO2e yr−1. Assuming an offset price of US$10/ Mg CO2e,
the estimated costs of avoided emissions in Lamu is US$308,401 yr−1 plus other co-
benefits such as fishery functions and shoreline protection. Mainstreaming mangroves
and associated blue carbon ecosystems into national development and climate change
agenda could accelerate Kenya’s achievements of both Sustainable Development Goals
(SDGs) and the Paris Agreement.

Keywords: total ecosystem carbon, emission levels, Paris agreement, mangrove cover change, Lamu, Kenya

INTRODUCTION

Mangroves and associated coastal wetlands are carbon-rich ecosystems (Donato et al., 2011).
Despite occupying only 0.7% of the tropical forest area (Giri et al., 2011), mangroves account
for about 3–4% of global carbon sequestration by forests (Bhomia et al., 2016; Alongi, 2020) and
10–15% of total carbon sequestration in the coastal ocean (Alongi, 2014). This is in addition to the
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support value of mangrove to coastal fisheries
(Barbier et al., 2011), shoreline protection (Alongi, 2012,
2014); and the provision of harvestable wood and non-wood
resources to millions of people around the world (Siikamäki et al.,
2012; Lee et al., 2014; Murdiyarso et al., 2015). Unfortunately,
mangroves are being lost globally at an alarming rate of 1–2%
by area per year (Duke et al., 2007; Giri et al., 2011), which
is significantly higher than the global loss of tropical forests,
estimated at 0.5% per year (FAO, 2007; IPCC, 2019). A report
by the International Science Policy Platform on Biodiversity
and Ecosystem Services (IPBES) predicted catastrophic loss
and degradation of ecosystems globally, including mangroves
(IPBES, 2019). When mangroves are lost or their areas are
converted for other land uses, their co-benefits to human society
are greatly diminished along with the ecosystems’ capacity
to sequester carbon (Pendleton et al., 2012). Restoration and
protection of mangroves is, therefore, recognized as a priority
for both climate change mitigation and adaptation; and several
countries have identified measures that harness these benefits in
the first and second submissions of their Nationally Determined
Contributions (NDCs) to the Paris Agreement (Herr and Landis,
2016; Gallo et al., 2017; Lopez, 2021). Inclusions of concrete
ocean-based mitigations and adaptations actions allow countries
to increase ambitions of realizing their NDCs commitments
(Taraska, 2018).

The total area of mangroves in Kenya is estimated at 61,271 ha;
62% of which occur in Lamu and the surrounding Islands
(GoK, 2017a). These forests provide goods and services that
are of ecological, economic, and environmental value to the
people (Kairo et al., 2009; Huxham et al., 2017; Owuor et al.,
2019; Hamza et al., 2020). Over-harvesting of mangrove wood
products, conversion pressure, pollution effects, and climate
change factors contributed to a 40% decline in mangrove cover
in Kenya between 1990 and 2010 (GoK, 2017a). Losses and
degradation of mangroves have negative effects on fisheries
(Huxham et al., 2004), resources sustainability (Dahdouh-Guebas
et al., 2000; Kairo et al., 2001; Mohamed et al., 2009), and
shoreline stability (Abuodha and Kairo, 2001; Dahdouh-Guebas
et al., 2004). In addition, the degradation of mangrove forests
changes their roles as carbon sinks to carbon sources (Donato
et al., 2011; Kauffman et al., 2020). Estimates indicate that losses
and degradation of mangroves can contribute up to 10% of
annual greenhouse gas (GHG) emissions from land-use changes;
with small mangrove harvesting, that is characteristic of Kenya
contributing to emissions of up to 35.7 ± 76.9 Mg C ha−1 yr−1

(Lang’at et al., 2014).
Although Kenya has emissions estimates in its NDCs and

emission reductions strategies that include tree planting in the
agriculture and forestry sectors (GoK, 2017b), these reforestation
and afforestation endeavors rarely included mangrove forests,
despite their high carbon sequestration rates and multiple
ecosystem services they provide. By not including mangroves
and associated blue carbon ecosystems in the NDCs, Kenya
may be under- or overestimating its GHG emissions. This gap
provided an opportunity of influencing inclusions of blue carbon
ecosystems in the updated Kenya’s NDCs; as well as ensuring
that coastal wetlands are accounted for in future global stock-take

(GoK, 2020). Among ocean climate actions in the updated NDCs,
Kenya aims to explore coastal carbon Payment for Ecosystem
Services (PES), implement the national mangrove management
plan, incorporate nature-based solutions in flood controls, as well
as including coastal wetlands in GHG emissions and removals
(GoK, 2020).

Estimation of mangrove biomass/carbon is necessary
for the development of realistic carbon budgets in coastal
wetlands (Jakovac et al., 2020). These involve quantifications of
biomass/carbon in above- and below-ground components; and
how this is influenced by human and natural factors (Radabaugh
et al., 2021; Rasquinha and Mishra, 2021). The objectives of the
current study were, therefore, to (i) assess status and conditions
of mangroves in Lamu; in terms of cover, forest structure and
regeneration potential and (ii) measure vegetation and sediment
carbon stocks, as well as estimate carbon at risks of emissions.
We assessed a number of biophysical factors related to mangrove
forest structure and carbon dynamics with the primary objectives
of comparing the results with different mangrove areas in
Kenya. We hypothesized that Lamu mangroves are resilient
and carbon rich ecosystems comparable to similar productive
forests elsewhere in the world. Study findings are expected to
inform policy making processes particularly on the use of blue
carbon ecosystems as part of nature-based solutions to climate
change challenges.

MATERIALS AND METHODS

Study Area
The study was carried out in Lamu County in Kenya located
between latitudes 1◦ 45′ and 2◦ 20′ South and longitudes 40◦
44′ and 41◦ 30′ East (Figure 1). The characteristic features
of Lamu are the coastal lagoons, multiple small islands, sand
dunes, and an expansive seascape that support healthy mangrove
stands and other coastal ecosystems (Kairo et al., 2002b). The
land comprises geological structures with variations in soil grain
sizes, porosity, permeability, compaction, and texture. Specific
to mangrove areas, the soils are predominantly unconsolidated
collarine, with poor water holding capacity and extreme alkalinity
(Boxem et al., 1987). There are no permanent rivers draining into
mangroves in Lamu. Freshwater supply is by seasonal streams
as well as groundwater aquifers (County Government of Lamu,
2018). Offshore, there is evidence of major rivers draining into
the Indian Ocean in the Lamu area which are now separated by
fossilized underwater deltaic features (Caswell, 1953).

Lamu is characterized by a hot and humid tropical climate;
with an annual rainfall ranging from 500 to 900 mm yr−1

and mean temperature of 27◦C. The relative humidity is high
throughout the year, reaching 90% during the rainy season; which
is ideal for mangrove growth and development (Tomlinson,
1986; Spalding et al., 2010). Monsoon winds strongly influence
rainfall seasons along the coast resulting in two rainy seasons.
Long rains occur from March to May during the South East
Monsoon while the short rains are experienced during the North
East Monsoon from October to December (Bosire et al., 2016;
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Camberlin, 2018). January to March and August to October are
usually hot and dry months.

Mangroves in Lamu
Total mangrove area in Lamu is estimated at 37,350 ha;
represented by nine species (GoK, 2017a). The dominant
mangrove forest types in Lamu are pure and mixed stands
of Rhizophora mucronata that account for 38.1% of the total
mangrove forest in the area (GoK, 2017a). Other prominent
mangrove formations in Lamu are pure stands of Avicennia
marina and Ceriops tagal that occupy landwards and mid-
zones, respectively.

According to the Kenya’s National Mangrove Ecosystem
Management Plan (2017–2027), mangroves in Lamu have
been classified into five management blocks, namely; Northern
Swamps, Pate Island Swamps, Northern Central Swamps,
Southern Swamps, and Mongoni and Dodori Creek Swamps
(Figure 1). For ease of reference and comparisons, we have
maintained these management boundaries in the current study.
Northern Central and Southern Swamps contain 62% of the
mangroves in Lamu; much of which falls within the Kiunga–
Dodori Marine Protected Area and Biosphere Reserve where
removal of wood products is regulated (Kairo et al., 2002b).

Commercial harvesting of mangrove poles is a traditional
activity of the Lamu people (Hamza et al., 2020). The harvested

poles are traded in urban centers along the coast for building and
construction. Clear felling for fuelwood has seriously impacted
mangrove forests in some parts of the Southern Swamps at
Manda Island; while blank contiguous areas caused by the 1997–
98 El-Niño rains in Mongoni and Dodori Creek Swamps have not
recovered to-date due to heavy siltation which altered conditions
for natural regeneration (GoK, 2017a).

Mapping Mangrove Cover/and Cover
Change
Use of remotely sensed data and Geographical Information
Systems (GIS) is a common practice in estimating forest cover
and cover change; including mangroves (Polidoro et al., 2010;
Giri et al., 2011; Kirui et al., 2013; Thomas et al., 2017; Mungai
et al., 2019). Mapping of mangroves is challenged by their low
spatial extent when compared to terrestrial forests, the cloudy
nature associated with coastal areas, as well as problems linked to
poor species discrimination (Thomas et al., 2017; Mungai et al.,
2019). In the current study, Landsat imagery dating from 1990
were accessed and reviewed for quality and cloud-free scenes.
Data was freely acquired from the United States Geological
Survey (USGS) Landsat satellites 5, 7, and 8 (path 165, row 61
and 62). This was complemented by SPOT and Sentinel images
acquired from the European Space Agency (ESA; Table 1).

FIGURE 1 | Mangrove areas in Lamu County showing the management blocks.
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Unsupervised classification was performed prior to fieldwork
to retrieve different spectral classes for comparison of the best
result yielding method. This was followed by intensive field
campaigns across the mangroves in Lamu. The Combined
Mangrove Recognition Index (CMRI) was used in discriminating
mangrove cover from other non-mangrove areas. Normalized
Difference Moisture Index (NDMI) was used to generate long-
term trends of mangrove gains and losses within the study
area. Supervised classification algorithm was then performed to
map out different mangrove species formations. Ground control
points (GCPs) were collected using a Garmin Global Positioning
System (GPS) 76 in the Universal Transverse Mercator (UTM)
coordinate system. To minimize errors resulting from GPS
accuracy, collected GCPs were ensured to be within a 10 m radius
of the same mangrove species formation. The acquired data was
converted to top-of-atmosphere spectral reflectance using the
Joint Research Center’s IMPACT Toolbox.

Validation of Classification Accuracy
Accuracy assessment and validation of the result of the
classification process is key to assess the representativeness of the
classified phenomena to the real world in image analysis (FAO,
1994; Giri, 2016). For this study we used ArcGIS 10.6, Google
Earth Pro, and part of the ground-truthing data obtained during
field campaigns in assessing the classification accuracy. A sample
of the generated data from classified satellite imagery was
confirmed with the ground-truthed data collected during field
campaigns. A confusion matrix was then generated to calculate
the producer’s accuracy, user’s accuracy, overall accuracy, from
which the Kappa coefficient (K3) was assessed. An error matrix
was generated using the equation by Bishop et al. (1977) whose
applications can be found in; Kamal and Johansen (2017):

K3
=

∑r
i=1 xii−r

i=1 (Xi+ ∗ X + i)
N2 −

∑r
i=1 (Xi+ ∗ X + i)

(1)

Where, K3 = Kappa Coefficient
r = Number of rows in the matrix
xii = Number of observations in row i and column i (the major

diagonal in the confusion matrix)
xi+ and x+i = Marginal totals of row i and column i
N = Total number of observations.

Assessment of Forest Structure
Stratified random sampling design was used for vegetation
surveys. Stratification was at two levels: the land-use level that
distinguished mangroves from non-mangrove forests; and the

tree species level. Mangroves have a clear tonality and texture
that makes it easy to discriminate them in satellite images
(Ramsey and Jensen, 1996; Díaz and Blackburn, 2003; Howard
et al., 2014). In the current study, we assessed the following
carbon pools: above-and below-ground vegetation, and soil
organic carbon (SOC). These constitute the major carbon pools
in mangroves that must be quantified for national emission
reporting (IPCC, 2014).

In the field, belt transects were established perpendicular to
the waterline. Vegetation sampling was carried out within 400 m2

square quadrats laid along transects. A total number of 191
quadrats were sampled in 64 transects. Within each quadrat,
individual trees with a diameter at breast height (dbh) ≥2.5 cm
were identified, counted, and their position mapped. Data on
species, tree height, and dbh were recorded; from which basal
area (m2 ha−1), stocking density (stems ha−1), and stand biomass
(Mg ha−1) were estimated. These structural indices were derived
by using the blue carbon manual of Howard et al. (2014) as
well as protocol for measuring, monitoring and reporting of blue
carbon by Kauffman and Donato (2012).

Total Ecosystems Carbon Stocks
Assessments
The study focused mostly on above-and below-ground biomass
carbon as well as SOC. Litter, deadwood, and understory
are important carbon pools for forested ecosystems (IPCC,
2006). However, in mangrove environments, litter is normally
consumed by the active benthic community (Lee, 1998) and
thus incorporated in the SOC (Andreetta et al., 2014) and
some exported through tides and rivers (Kauffman and Donato,
2012). Further, mangroves do not support understory (Janzen,
1985; Corlett, 1986; Snedaker and Lahmann, 1988) as such their
overall contribution to above ground biomass carbon is minimal.
In developing economies, including Kenya, some of mangrove
deadwoods are collected for fuelwood (Dahdouh-Guebas et al.,
2000); while the remaining rots and are remineralized into soil
carbon pools (Chmura et al., 2003). The IPCC (2014) report on
coastal wetlands identifies below-and above-ground vegetation
biomass and soil carbon as significant pools that should be
included during mangrove carbon accounting.

Measurements of Vegetation Carbon
We aimed at using local equations for estimating biomass
carbon of mangroves in Lamu. However, this was not possible,
as there are no robust biomass relations that have been
developed for principal mangrove species in Kenya. Instead,
we used the generalized biomass equations for mangroves

TABLE 1 | Information on global survey data used in the analysis and mapping of mangroves of Lamu.

Sensor Resolution (meters) Raw and column Epochs Source

Thematic mapper 30 165/061 & 165/062 1990 – 2000 Global land survey data

Enhanced thematic mapper plus 30 165/061 & 165/062 2000 – 2010 Global land survey data

Observation land imager 30 165/061 & 165/062 2018/2019 Global land survey data

Sentinel imagery 10 073/159 & 074/233 2018/2019 Global land survey data

Spot imagery 1.5 004/465 2018/2019 Global land survey data
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using stem diameter as the dependent variable (Komiyama
et al., 2005, 2008) and localized species-specific wood densities
(Gillerot et al., 2018). The total vegetation biomass was then
computed as a sum of below- and aboveground living biomass
(Komiyama et al., 2005, 2008):

AGB = 0.251ρD2.46 (2)

BGB = 0.199ρ0.899D2.22 (3)

Where, AGB, above-ground biomass (kg), BGB, below-
ground root biomass (kg), ρ, wood density (g cm−3), and
D, dbh (cm).

Biomass values were converted to carbon equivalents
by multiplying with conversion factors of 0.50 and 0.39
for AGB and BGB, respectively following procedures by
Kauffman and Donato (2012).

Soil Carbon
This carbon pool comprised soil organic material to a maximum
depth of 100 cm. Soil cores were extracted from the center of
the quadrats used for vegetation surveys using a 7.0 cm diameter
semi-circular corer. The extracted cores were systematically
divided into depth intervals from 0 – 15, 15 – 30, 30 – 50,
and 50 – 100 cm (Kauffman and Donato, 2012). Sub-samples of
5.0 cm in length were collected at the midpoint of each depth
interval, placed in labeled sample bottles, and transported to
the laboratory for determination of dry bulk density, carbon
concentration and SOC.

The Loss on Ignition method (LOI) was used to determine
SOC. For LOI, oven-dried soil samples were homogenized and
placed in pre-weighed aluminum crucibles. The samples were
then set in a muffle furnace for combustion at 450◦C for 8 h,
after which they were cooled in a desiccator and weighed. What
was lost during the oxidation represents the soil organic matter
(SOM) using the relation:

%LOI = (Initial dry weight − weight after ignition)

/Initial dry weight) × 100 (4)

Where, LOI = Loss on Ignition (Kauffman and Donato, 2012;
Howard et al., 2014).

SOM was converted to organic carbon using the relation:

Soil Carbon(%C) = (0.415 × SOM)+ 2.89 (5)

Where, SOM = Soil Organic Matter.
Finally, the soil carbon per sampled depth interval was

calculated as:

Soil C(Mg C ha−1) = bulk density (g cm−3) ×

soil depth interval (cm) × %C; (6)

Where %C was expressed as a whole number.
Total soil carbon was obtained by adding soil carbon masses

of all depths (Kauffman and Donato, 2012; Howard et al., 2014).

Data Analysis
Normality test and homogeneity of variance were done using
Kolmogrov–Smirnov test and Levene’s test, respectively. Data
was further normalized for parametric tests where necessary.
Data that met the normality, assumption was further analyzed
for any significant differences between and within management
blocks using One-way Analysis of Variance (ANOVA). Pearson’s
product-moment correlation coefficient was used to determine
the relationship between above-and below-ground biomass as
well as vegetation carbon and SOC. All data analyses were
done using Minitab 17.0 program and p-value was always set at
significance level of 0.05.

RESULTS

Mangrove Cover and Cover Change
The current area of mangroves in Lamu has been estimated
at 35,678 ha, which is slightly lower than the 37,350 ha
used in the National Mangrove Management Plan (GoK,
2017a). Only six of the nine mangrove species described
in Kenya (Bosire et al., 2016) were encountered in the
current survey. Accuracy levels achieved in mapping overall
mangrove coverage was 95% while accuracy achieved in
discriminating mangroves by species formation stood at
71.3% registering a Kappa coefficient of 0.6153 (61.5%).
In all management blocks, the dominant mangrove
formation is Rhizophora mucronata and Avicennia marina
forests (Table 2). At least 35% of mangroves in Lamu
occur in Northern Central Swamps; followed by Southern
Swamps (26.9%), Pate Island Swamps (16.9%), Mongoni
and Dodori Creek Swamps (12.8%), and Northern
Swamps (8.3%) – Table 2.

Based on the remotely sensed data, mangroves in Lamu
have not been static. Overall, a cover loss of 1,739 ha was
reported over the 1990–2019 period; translating to a loss
of 60 ha yr−1. However, the loss was not uniform within
the different study periods; with 2010–2019 experiencing a
higher loss (1,029 ha, at a rate of 114 ha yr−1), than
the 2000–2010 period (901 ha, at a rate of 90.1 ha yr−1)
(Table 3). Hotspots of mangrove loss and degradation were
observed close to human settlements and in concession
sites at Northern Central, Pate Island, and Southern Swamp
forests (Figure 2).

Further analysis revealed no significant variations in
mangrove cover changes in different management blocks over
the 1990–2019 periods (T = −1; p > 0.05). Similar trends were
observed in Northern Central Swamps, Northern Swamps, and
Pate Island swamps whereby mangrove cover increased from
the 2000 – 2010 period followed by a decline in the 2010 –
2019 period. On the other hand, mangroves in the Southern
Swamps recorded declining trends in the 2000 – 2010 period;
and continuously increased in the later period. Unlike other
mangrove management blocks, Mongoni and Dodori creek
swamps recorded increasing trends throughout the period under
investigation (Figure 3).
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TABLE 2 | Distribution of mangroves cover (ha) in Lamu, Kenya.

Mangrove management blocks

Mangrove forest types Pate Island
swamps

Northern
swamps

Northern central
swamps

Mongoni and Dodori
creek swamps

Southern
swamps

Total (ha)

Rhizophora dominant 2,815 1,542 5,104 1,104 3,419 13,983

Avicennia almost pure stand 446 – 1,038 2,733 9 4,225

Rhizophora almost pure stand – – – 732 3,102 3,834

Avicennia dominant 864 252 2,455 1 1,222 4,794

Mixture of Ceriops & Rhizophora 1 – 3,884 1 – 3,886

Mixture of Rhizophora & Sonneratia – 766 – – – 766

Ceriops dominant 1,910 419 1 1 1,860 4,191

Total 6,036 2,979 12,481 4,571 9,611 35,678

% of total 17 8 35 13 27 100

TABLE 3 | Lamu mangrove cover and cover change over the 2000–2019 period.

Mangrove change 1990 (Baseline) 2000–2010 (gain/loss) 2010–2019 (gain/loss)

2000–2010 ha Total loss/gain 2000–2010 2010–2019 ha Total loss/gain

Very high loss – 6,317.10 8,453.20 6,585.50 8,592.60

High loss – 1,376.40 1,358.90

Medium loss – 759.70 648.20

No significant change – 2,0934.60 2,0934.60 19,522.10 19,522.10

Moderate gain – 3,46.90 7,552.50 382.10 7,563.70

High gain – 831.70 971

Very high gain – 6,373.90 6,210.6

Total area 3,7417 3,6940.20 35,678.40

Net change (gain/loss) −1,739* −900.70 −1,028.90

Net change (gain/loss) yr−1
−60* −90.10 −114.30

*These net mangroves cover changes calculated over 29 yr. period. The 1990 data is included herewith to serve as the baseline.

Stand Density and Biomass
Height-diameter scattergrams of mangroves in Lamu are shown
in Figure 4. Across all the management blocks, 50% of the tree
diameters and heights were between 3.9 – 10.8 cm and 5.5 – 12 m,
respectively. There were significant differences in both diameter
and height between the blocks (p < 0.05). Stocking densities
of mangroves in Lamu ranged from 1,607 to 3,092 stems ha−1

(mean± 95% C.I: 2,339± 473 stems ha−1). In Northern Central
Swamps, where commercial harvesting of mangroves mostly
takes place, the mean stocking rate was 2,523 ± 529 stems ha−1

(range: 350 – 7,500 stems ha−1). Stocking densities in all the
management blocks decreased with increasing diameter classes
(Figure 5). These are typical reversed “J” curves for natural
forests with a wide range of size classes and by inference also
age classes (Macamo et al., 2018). This pattern was, however,
slightly distorted in mangrove harvesting areas of Northern
Central Swamps and Southern Swamps forests where Boriti
sized poles (dbh range: 11.5–13.9 cm) were significantly reduced
(Figures 4B,E).

Standing biomass of mangroves in Lamu ranged from 183.22
to 258.87 Mg ha−1 (Mean ± 95% C.I: 255.7 ± 100.61 Mg
ha−1). Together with the root biomass, the mean vegetation
biomass in mangroves of Lamu was 354.98 ± 137.82 Mg

ha−1 (range: 254.63 – 541.98 Mg ha−1) (Table 4). The
highest biomass of 541.98 ± 70.59 Mg ha−1 (range:
154.54 – 1,010 Mg ha−1) was recorded in Northern swamps
while Mongoni and Dodori creek swamps had the lowest
biomass (254.63 ± 60.21 Mg ha−1; range: 28.17– 452.79 Mg
ha−1) (Table 4). Mean biomass was significantly different
across the five blocks (F = 10.86; p < 0.05). There was a strong
positive correlation between the AGB and BGB (r2

= 0.99,
p < 0.05).

Total Ecosystem Carbon
Soil carbon in the mangroves of Lamu ranged from 306.8 to
521 Mg C ha−1 (mean ± 95% C.I: 393.66 ± 98.53 Mg C ha−1).
There was a significant difference (F = 8.05, p < 0.05) in soil
carbon pools between the five mangrove management blocks
with Southern Swamps contributing to the difference in means.
The other four blocks did not have a significant difference in their
means. Southern swamps recorded the highest sediment carbon
of 521.0± 32.51 Mg C ha−1 (range: 238.62 – 768.72 Mg C ha−1)
while Northern swamps recorded the least (306.8 ± 63.78 Mg
C ha−1; range: 65.15–560.40 Mg C ha−1) – Figure 6. There
was a weak correlation between vegetation and soil carbon pools
(r2
= 0.349).
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FIGURE 2 | Lamu mangrove cover change in the period 2010–2019. Heighted mangrove loss was witnessed close to human settlement in Pate Island, Northern
Central, and Southern swamps.

FIGURE 3 | Trends of mangrove cover change in the different management blocks.

Total ecosystem carbon (TEC) in mangroves of Lamu was
estimated at 20 million Mg C (mean: 560.22 ± 79.79 Mg
C ha−1). Of this, 14,031,245.47 Mg C (or 70.3%) constitutes
SOC, whereas 4,557,156.65 Mg C (22.8%) and 1,379,139.51 Mg

C (6.9%) represents above-and below-ground biomass carbon,
respectively (Table 5). The highest mangrove carbon density in
Lamu was recorded in Southern swamps (670.73 ± 122.61 Mg
C ha−1) while the lowest was in Mongoni and Dodori Creek

Frontiers in Forests and Global Change | www.frontiersin.org 7 October 2021 | Volume 4 | Article 709227

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-709227 October 15, 2021 Time: 18:40 # 8

Kairo et al. Total Mangrove Carbon in Lamu

FIGURE 4 | Height – diameter relationships in the five blocks of Lamu mangrove forest (A–E) and the combined ecosystem (F). The box plots display percentile
distribution of the DBH and heights in the forest blocks. The extremities of the plot correspond to the maximum and minimum observations in the data set. The ends
of the boxes are positioned at the 25 and 75% percentile of the data.

swamps (513.36 ± 144.31 Mg C ha−1) (Table 5). The mean
ecosystemcarbon stocks of mangroves in Lamu were statistically
different between the blocks (F = 5.56, p < 0.05).

DISCUSSION

Mangrove Cover and Cover Change
The area of mangroves in Lamu was estimated as 35,678 ha,
distributed in five management blocks (Table 2). This is
significantly higher than an earlier estimate of 23,500 ha by

Kirui et al. (2013), though lower than the 37,350 ha used in
the National Mangrove Ecosystem Management Plan (GoK,
2017a). Such differences could mostly be attributed to different
methodologies, time and data sources. Kirui et al. (2013)
used Landsat imagery while the management plan used high
resolution aerial imagery (GoK, 2017a).

The underlying causes of loss and degradation of mangroves
in Lamu have been identified as legal and illegal overexploitation
of wood products, conversion of mangrove areas for other land
uses, and habitat encroachment (Kirui et al., 2013; GoK, 2017a).
Climate change has also contributed to the loss of mangroves
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FIGURE 5 | Size class distribution in the blocks of Lamu mangroves (A–E), and the combined ecosystem (F). A typical reversed – J curve was witnessed in all
management blocks which is an indicator of non-even aged forests with natural recruitment.

TABLE 4 | Structural attributes of mangroves in Lamu (mean ± sd).

Management block Mean tree
height (m)

Basal area
(m2 ha−1)

Stand density
(stems ha−1)

Aboveground tree
biomass (Mg ha−1)

Below ground tree
biomass (Mg ha−1)

Total biomass (Mg
ha−1)

(a) (b) (a+b)

Lamu combined 10.4 ± 3.60 24.38 ± 7.06 2, 339 ± 540 255.7 ± 81.03 99.28 ± 30.38 354.98 ± 111

Northern swamps 15.0 ± 7.70 35.64 ± 11 1, 607 ± 793 392.22 ± 159.53 149.76 ± 55.64 541.98 ± 214.75

Northern central swamps 11.7 ± 3.50 19.44 ± 8.85 2, 523 ± 1,685 214.89 ± 158.76 82.87 ± 51.60 297.76 ± 210

Mongoni and Dodori creek swamps 10.8 ± 6.90 18.44 ± 7.05 2, 169 ± 1,182 183.22 ± 85 71.41 ± 27.90 254.63 ± 113

Pate Island swamps 9.7 ± 3.30 26.69 ± 12.66 2, 302 ± 1,180 258.87 ± 136.82 102.39 ± 50.59 361.26 ± 187.34

Southern swamps 5.0 ± 2.60 21.69 ± 9.95 3, 092 ± 1,427 229.30 ± 141.06 89.95 ± 48.10 319.26 ± 189.16

in Lamu; particularly through siltation (Lang’at and Kairo, 2008;
Kairo and Bosire, 2016). During the periods under investigation,
gains and losses of mangrove coverage in Lamu were witnessed
(Figure 2 and Table 3). Overall, a net loss of 1,739 ha of mangrove
cover was experienced from 1990 – 2019; translating to a loss of
60 ha yr−1 (0.16% yr−1). This is similar to the current global
loss of mangrove forests, estimated at 0.16% yr−1 (Hamilton
and Casey, 2016; Hamilton and Friess, 2018; Alongi, 2020). The
current rate is, however, lower than the 0.7% reported by Kirui
et al. (2013) for Kenya. Hotspot areas for loss and degradation of
mangroves in Lamu were located in Northern Central Swamps
at Ndau, Uvondo, and Siyu sites where commercial harvesting

of mangrove poles is authorized. Other sites that have suffered
similar fates are Yowea and Manda Islands in both Pate Island
and Southern Swamps where mangroves are clear-felled for
fuelwood [Kairo et al., 2002b; GoK, 2017a].

Structural Attributes
Table 4 summarizes structural attributes for mangroves in
Lamu. Only six mangrove species were encountered in Lamu
during the present surveys. Earlier studies had encountered eight
mangrove species in the Northern and Northern Central Swamps
(Kairo et al., 2002b). Hence, the low species count witnessed in
the study could mostly be due to sampling intensity. Similar
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FIGURE 6 | Soil organic carbon (SOC) in different mangrove management
blocks of Lamu. MD, Mongoni and Dodori Creek swamps, NS, Northern
swamps, NCS, Northern Central swamps, PIS, Pate Island swamps, and SS,
Southern swamps.

to other mangrove sites in Kenya (e.g., Kairo et al., 2002a,b;
Dahdouh-Guebas et al., 2004; Mohamed et al., 2009; Okello
et al., 2013) the species Rhizophora mucronata, either alone or in
mixed with other species, constitutes the most important forest
formation in Lamu.

The standing density of mangroves in Lamu was 2,339 ± 540
stems ha−1 (range: 1,607–3,092 stems ha−1). This is significantly
higher than stocking rates recorded in other mangrove areas
along the Kenyan coast at Mida (Kairo et al., 2002a), Mombasa
(Mohamed et al., 2009), and Tana delta (Bundotich et al.,
2009). The stocking density of Mazio and Boriti sized poles
(dbh range: 8.0–13.9 cm) was significantly lower (p < 0.05)
in Northern Central Swamps, Mongoni and Dodori Creek
Swamps, and Southern Swamps possibly due to selective
logging to satisfy market demand. These size classes are the
most preferred in building and construction industries in the
region (Bosire et al., 2016). Selective logging of mangroves has
been reported to contribute to low densities of merchantable
wood products and reduction in forest quality over time
(Kairo et al., 2002a).

Vegetation biomass for mangroves in Lamu ranged from
254.63 to 541.98 Mg ha−1 (Mean± 95% C.I: 354.98± 137.82 Mg
ha−1). This is consistent with reported biomass values of
productive mangroves elsewhere in Indonesia (Rozainah et al.,
2018), Malaysia (Rozainah et al., 2018), Philippines (Thompson
et al., 2014), and Dominican Republic (Kauffman et al., 2014); but
significantly higher than values reported for degraded systems
such as Sofala Bay in Mozambique (Sitoe et al., 2014). Lamu
mangroves are amongst the most productive systems in Kenya
(Kairo, 2001; Kairo et al., 2002b); and indeed, in the WIO region
(Bosire et al., 2012). This attribute has been associated with both
geomorphic and oceanographic drivers (Kairo, 2001). Although
there are no permanent rivers draining into the mangroves of
Lamu, the forcing functions created by the East African Coastal
Currents could be involved in pumping freshwaters northward
from the Tana River delta to Lamu thus contributing to enhanced
marine productivity in the area (United Nations Environmental
Programme [UNEP], 1998; ASCLME, 2012; Kamau et al., 2020).
High marine productivity in the area may also be as a result
of upwelling caused by the interaction of the southerly Somali
Coastal Currents with the northward flowing East African
Coastal Currents (United Nations Environmental Programme
[UNEP], 1998).

Vegetation Carbon
Mean vegetation carbon for mangroves in Lamu was 166.56 Mg C
ha−1 (range: 119.46–254.52 Mg C ha−1) (Table 5). This is higher
than the 147.5 Mg C ha−1 average global mangrove vegetation
carbon (Siikamäki et al., 2012) but lower than the global average
of 190.2 Mg C ha−1 (Alongi, 2020). Higher biomass carbon
values have been reported on undisturbed mangrove forests
of Mozambique [340.6 Mg C ha−1 (Stringer et al., 2015)],
West Papua, Indonesia [982 Mg C ha−1 (Murdiyarso et al.,
2015), Sumatra, Indonesia [339.7 Mg C ha−1 (Murdiyarso et al.,
2015)], and Yap, Micronesia [334.8 Mg C ha−1 (Kauffman et al.,
2011)]. Our values, however, are consistent with similar studies
in the WIO region in Mahajamba Bay-Madagascar, 88.9 Mg
C ha−1 (Jones et al., 2015), Sofala-Mozambique, 53.2 Mg C
ha−1 (Sitoe et al., 2014), Zambezi Delta-Mozambique, 211.4 Mg
C ha−1 (Stringer et al., 2015), mainland mangroves-Tanzania,
64.7 Mg C ha−1 (Njana et al., 2018), Geza-Tanzania, 103.3 Mg C
ha−1 (Alavaisha and Mangora, 2016), and Mtimbwani-Tanzania,

TABLE 5 | Total ecosystem C stocks of mangroves in Lamu (mean ± s.d).

Management block Aboveground
biomass carbon

(Mg C ha−1)

Below ground
biomass carbon

(Mg C ha−1)

Total biomass
carbon (Mg C

ha−1)

Soil organic
carbon (Mg C

ha−1)

Total ecosystem
carbon (Mg C

ha−1)

Areal
extent (ha)

Total carbon
stock (Mg C)

a b (a x b)

Lamu combined 127.85 ± 40.52 38.72 ± 11.84 166.56 ± 52.35 393.66 ± 79.35 560.22 ± 64.26 35,678 19,987,529.16

Northern swamps 196.11 ± 79.77 58.40 ± 21.7 254.52 ± 101.29 306.8 ± 147.5 561.31 ± 124.40 2,979 1,672,142.49

Northern central swamps 107.44 ± 79.38 32.32 ± 20.12 139.76 ± 99.36 390.6 ± 165.9 530.36 ± 132.63 12,481 6,619,423.16

Mongoni and Dodori creek swamps 91.61 ± 42.76 27.85 ± 10.88 119.46 ± 53.47 393.9 ± 130.7 513.36 ± 92.09 4,571 2,346,568.56

Pate Island swamps 129.43 ± 68.41 39.93 ± 19.73 169.37 ± 88.11 356 ± 113.1 525.36 ± 100.61 6,036 3,171,072.96

Southern swamps 114.65 ± 70.53 35.08 ± 18.76 149.73 ± 89.29 521 ± 108.2 670.73 ± 98.75 9,611 6,446,386.03
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223 Mg C ha−1 (Alavaisha and Mangora, 2016). The observed
differences in biomass carbon could be attributed to sample
size, species composition, geographical locations, wood density
variability, and management regimes (Komiyama et al., 2005;
Ren et al., 2010; Donato et al., 2011; Kridiborworn et al., 2012;
Alemayehu et al., 2014).

Total Ecosystem Carbon
The average SOC in mangroves of Lamu (mean ± 95% C.I:
393.48 ± 98.58 Mg C ha−1), is within the global range of 37.0 –
2,102.7 Mg C ha−1 (Alongi, 2020); and is comparable to similar
studies in the mangroves of Madagascar, 381.02 Mg C ha−1

(Benson et al., 2017), Gabon, 392 Mg C ha−1 (Ajonina et al., 2014)
and Brazil, 341 Mg C ha−1 (Kauffman et al., 2018). Soil storage
potential of mangroves in Lamu was, however, lower than the
global average of 749 Mg C ha−1 (Alongi, 2020) as well as the
Indo-Pacific region, 864 Mg C ha−1 (Donato et al., 2011), and
Indonesia, 879 Mg C ha−1 (Murdiyarso et al., 2015) mangroves.
Such variabilities in carbon storage are expected as mangroves
grow in a range of environmental settings experiencing varying
energetics (Twilley et al., 2018).

The TEC in mangroves of Lamu is estimated as 20 million Mg
C; with a mean of 560.22 ± 64.26 Mg C ha−1 (range: 513.36 –
670.73 Mg C ha−1). This is consistent with the 46.3 – 2,208 Mg C
ha−1 global range TEC for mangroves (Alongi, 2020; Kauffman
et al., 2020) as well as the IPCC’s default mean of 511 Mg
C ha−1 (IPCC, 2014). TEC for Lamu mangroves compares
well with regional studies in Geza-Tanzania [414.6 Mg C ha−1

(Alavaisha and Mangora, 2016)] and Madagascar [(454.92 Mg
C ha−1 (Benson et al., 2017)]. However, our TEC estimate for
mangroves in Lamu is lower than the 664.2 Mg C ha−1 for
African mangroves (Alongi, 2020). Equally, TEC value for Lamu
is significantly lower than the cenote mangroves of Yucatan
Mexico whose soil value alone has been estimated at 2,792 Mg
C ha−1, the highest anywhere on earth (Adame et al., 2021).

The deep mangrove soils in Lamu contain 70.3% of the
total mangrove organic carbon; while above- and below-ground
living biomass contribute 22.8 and 6.9% of the TEC, respectively
(Table 5). These values are consistent with global estimates in
which 70.65% of mangrove carbon is contained in mangrove
soils, 19.57% in above-ground biomass, and 9.78% in below-
ground biomass (Hamilton and Friess, 2018).

Carbon Dioxide Emissions
Over the 1990 – 2019 period, mangroves in Lamu decreased
from 37,417 to 35,678 ha; a net loss of 1,739 ha (Table 3). Such
a change could have activated carbon dioxide (CO2) emissions
from the lost vegetation cover as well as from the top 1.0 meter of
sediments. IPCC and other studies provide a range of possible
fates of “near-surface carbon” upon conversion from 25 to
100% emissions to the atmosphere depending on land use types
(Pendleton et al., 2012; IPCC, 2014; Hamilton and Friess, 2018).
Using the low end of 25% emissions, potential carbon loss
from mangroves in Lamu was calculated as 140.1 Mg C ha−1.
To enable comparison with other assessments, the values were
expressed in terms of CO2 equivalent, by multiplying C stocks

by 3.67, the molecular weight of C in CO2. Therefore, current
carbon emissions from mangroves of Lamu is 30,840.1 Mg
CO2e yr−1; mainly resulting from deforestation and forest
degradation activities (GoK, 2017a). These emissions from
mangroves are large, especially when compared to terrestrial
ecosystems (GoK, 2017b). Although mangroves occupy only 3%
of the forests in Kenya, the total volume of carbon they store
is substantial. Globally, C emissions due to land-use change
have been estimated to range from 90 to 450 million MgCO2
yr−1 over a global mangrove area of 13.8–15.2 million ha;
which translates to 6.55–29.61 MgCO2 ha−1 yr−1 (Murray, 2012;
Pendleton et al., 2012).

Economic Costs of Avoided Mangrove
Deforestation
It would be unrealistic to think of stopping mangrove
exploitation in Kenya, and by extension in other developing
countries where mangroves are exploited for wood and non-
wood resources. This conclusion is based on the fact that
mangroves are lifelines for millions of coastal communities
around the world (Dahdouh-Guebas et al., 2020). In Kenya,
for instance, at least 70% of the wood requirement of adjacent
communities is met by mangrove forests (GoK, 2017a). This is
in addition to the people that frequently depend on mangrove
areas for fisheries products, traditional medicine as well as
leisure (Bosire et al., 2012; Hamza et al., 2020). Preserving
mangroves may provide relatively low-cost opportunities to
mitigate CO2 emissions; at the same time conserving biodiversity
and supporting community livelihood. Payments for ecosystem
services (PES) schemes such as Reduced Emissions from
avoided Deforestation and forest Degradation (or REDD+) is
a potential revenue stream for compensating those involved in
mangrove conservation activities. Assuming an offset price of
US$10/MgCO2, the estimated cost of avoided emission in Lamu
mangroves alone is US$ 308,401 year−1; plus, other co-benefits
such as fishery functions and shoreline protection.

CONCLUSION

There are 35,678 ha of mangroves in Lamu; representing 62%
of total mangrove coverage in the country. These forests are
threatened by both natural and anthropogenic factors. The
present work analyzed status and conditions of mangroves
in Lamu county; as well as determining the economics of
emission reductions from avoided deforestation. The loss of
mangrove in Lamu over the 1990–2019 period contributed to
CO2 emissions to the atmosphere amounting to 30,840.1 Mg
CO2e yr−1. Assuming an offset price of US$10/Mg CO2 the
estimated cost of avoided emission in Lamu is US$308401 yr−1.
Although reducing carbon emissions from avoided mangrove
deforestation is only one of many benefits from mangroves,
their conservation may be warranted by that basis alone.
Sustainable mangrove management brings other co-benefits such
as biodiversity conservation, shoreline protection, and benefits
to fisheries (Bosire et al., 2012; GoK, 2017a), Considering that
loss of mangrove may trigger the release of CO2 to the tune
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of up to three times that of terrestrial forests (Pendleton et al.,
2012), efforts through incentivizing their conservation against
competing land uses need to be enhanced. Mainstreaming
mangroves and associated blue carbon ecosystems into the
development and climate change agenda could accelerate Kenya’s
achievements of Sustainable Development Goals (SDGs) and the
Paris Agreement. Kenya pioneered a carbon incentive scheme
involving mangroves forests. Dubbed Mikoko Pamoja, this was
perhaps the world’s first community-led mangrove conservation
and restoration project funded by carbon credits (Kairo et al.,
2009). Revenue generated from the sale of these carbon credits
are used to support local development projects as well mangrove
reforestation activities. Mikoko Pamoja provides an excellent
example of a “triple win” situation in Kenya, with benefits to
climate, community and biodiversity conservation (Windham-
Myers et al., 2018; Kairo et al., 2019).
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