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Abstract

Despite covering only approximately 138 000 km2, mangroves are globally important carbon sinks with carbon den-

sity values three to four times that of terrestrial forests. A key challenge in evaluating the carbon benefits from man-

grove forest conservation is the lack of rigorous spatially resolved estimates of mangrove sediment carbon stocks;

most mangrove carbon is stored belowground. Previous work has focused on detailed estimations of carbon stores

over relatively small areas, which has obvious limitations in terms of generality and scope of application. Most stud-

ies have focused only on quantifying the top 1 m of belowground carbon (BGC). Carbon stored at depths beyond

1 m, and the effects of mangrove species, location and environmental context on these stores, are poorly studied. This

study investigated these variables at two sites (Gazi and Vanga in the south of Kenya) and used the data to produce a

country-specific BGC predictive model for Kenya and map BGC store estimates throughout Kenya at spatial scales

relevant for climate change research, forest management and REDD+ (reduced emissions from deforestation and

degradation). The results revealed that mangrove species was the most reliable predictor of BGC; Rhizophora muronata

had the highest mean BGC with 1485.5 t C ha�1. Applying the species-based predictive model to a base map of spe-

cies distribution in Kenya for the year 2010 with a 2.5 m2 resolution produced an estimate of 69.41 Mt C [�9.15 95%

confidence interval (C.I.)] for BGC in Kenyan mangroves. When applied to a 1992 mangrove distribution map, the

BGC estimate was 75.65 Mt C (�12.21 95% C.I.), an 8.3% loss in BGC stores between 1992 and 2010 in Kenya. The

country-level mangrove map provides a valuable tool for assessing carbon stocks and visualizing the distribution of

BGC. Estimates at the 2.5 m2 resolution provide sufficient details for highlighting and prioritizing areas for mangrove

conservation and restoration.
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Introduction

Coastal ecosystems, including seagrasses, salt marshes

and mangroves, are an important carbon sink due to

their high rates of primary production and their ability

to bury carbon in refractory long-term stores (Nelle-

mann et al., 2009). Mangroves cover approximately

138 000 km2 globally (Giri et al., 2010); although this

accounts for less than 0.04% of the area of all marine

habitats, 10–15% of marine organic carbon burial occurs

in mangroves (Duarte et al., 2005; Breithaupt et al.,

2012). Aboveground biomass usually accounts for a

small proportion of the total carbon in mangrove

ecosystems; the majority of it consists of stored organic

carbon in the sediment (IPCC 2001). Mangroves typi-

cally grow in deep, tidally submerged sediments that

support anaerobic decomposition pathways. These

conditions facilitate slow decomposition rates and

moderate-to-high sediment carbon concentrations.

Whilst initial work suggested that mangroves typically

store three to four times the sediment carbon of terres-

trial forests (~800 and ~250 Mg ha�1, respectively;

IPCC 2001), more recent research shows that some

mangrove forests may hold twice or more this quantity

(Fujimoto et al., 1999 Cuc et al., 2009; Donato et al.,

2011; Kauffman et al., 2011; Ezcurra et al., 2016).

Mangroves are receiving increasing interest as poten-

tial sites for carbon offset schemes such as those facili-

tated by REDD+ (reduced emissions from deforestation

and degradation) to protect the large carbon stores

within the sediment (Locatelli et al., 2014). However to

do this, accurate estimates of the stores are required

(Pendleton et al., 2012; Siikam€aki et al., 2012). Since

most studies to date consider sediment depths only

down to 1 m, the estimates for average mangrove sedi-

ment organic carbon (SOC) of between 479 and

1385 t C ha�1 may be significant underestimates (Fuji-

moto et al., 1999; Cuc et al., 2009; Donato et al.,2011;

Kauffman et al., 2011). Tue et al. (2014) appears to be
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the only study that has attempted to estimate below-

ground carbon stores down to 4 m (based on carbon

concentration values at 1.5–2.5 m).

At present, the effects of variables influencing BGC

are poorly understood, and further research is justified.

Whilst some studies have treated mangrove sediments

within forests as homogenous systems, others have

found significant differences in BGC between different

species (Lacerda et al., 1995; Alongi et al., 2000; Bouillon

et al., 2003; Huxham et al., 2010; Liu et al., 2013; Wang

et al., 2013; Sakho et al., 2014) and distances from the

coast (Fujimoto et al., 1999; Donato et al., 2011; Kauff-

man et al., 2011). The geomorphological setting of a

mangrove forest will potentially influence the import of

allochthonous material, and the production and export

of autochthonous material, through river discharge,

tidal amplitude, wave power and turbidity (Adame

et al., 2010; Saintilan et al., 2013; Yang et al., 2013), and

therefore the effects of these variables may vary

between sites. Fujimoto et al. (1999) and Donato et al.

(2011) both found estuarine sites to have significantly

higher average carbon stores down to 2 m, approxi-

mately 250 t C ha�1 more than coral reef type sites

(1074 and 1170 t C ha�1 compared to coral reef type

sites with 990 and 750 t C ha�1, respectively). Kauff-

man et al. (2011) found mangrove sediments closer to

the seaward edge also had lower carbon stores, 479 and

1385 t C ha�1 for seaward and landward sites, respec-

tively. Liu et al. (2013) reported highest BGC in Rhi-

zophora stylosa forests compared to that of other species.

A key challenge in evaluating the carbon benefits

from mangrove forest conservation is the lack of rigor-

ous spatial estimates of mangrove sediment carbon

stocks. Mapping the spatial distribution of below-

ground carbon has been of great interest as exemplified

by the increasing number of publications in mapping

(Saatchi et al., 2011; Baccini et al. 2012; Jardine & Sii-

kam€aki, 2014; Viscarra Rossel et al., 2014). Attempts at

modelling and mapping BGC stores in a variety of

ecosystems have been made around the world: for

example temperate forests/vegetation (Howard et al.,

1995; Milne & Brown, 1997; Arrouays et al., 2001; Wu

et al., 2003; Tate et al., 2005; Guo et al., 2006; after initial

work by Kern, 1994; Yu et al., 2007; Bui et al., 2009; Vis-

carra Rossel et al., 2014), tropical and subtropical forests

(Bernoux et al., 2002; Batjes, 2005, 2008) and mangroves

(Twilley et al., 1992; Siikam€aki et al., 2012; Hutchinson

et al. 2014; Jardine & Siikam€aki, 2014). The most recent

attempt to estimate mangrove belowground carbon at a

global scale was by Jardine & Siikam€aki (2014). Based

on a compilation of sediment samples from 61 indepen-

dent studies and using climatological and locational

data as predictors, various predictive modelling alter-

natives were explored including machine-learning

methods. Global mangrove BGC was estimated to be

5.00 � 0.94 Pg C (assuming a 1 m soil depth); however,

this was highly variable over space; BGC in carbon-rich

mangroves was as much as 2.6 times the amount found

in carbon-poor mangroves. Significant within-country

variation was also present. In Indonesia, the most car-

bon-rich forests contain 1.5 � 0.12 times as much carbon

per hectare as the most carbon-poor forests. Liu et al.

(2013), however, did not find significant differences in

BGC between mangrove sites within China. Whilst glo-

bal models and maps are useful in informing a general

understanding of the importance of mangroves, assess-

ments at the level of countries, regions and sites are

required for practical management outcomes such as

pin-pointing likely REDD+ locations and to better

understand the drivers of variation in carbon storage.

Based on field work undertaken in two Kenyan man-

grove forests (Gazi and Vanga), the current research

had the following objectives:

1. To calculate belowground carbon stores (which we

define to exclude live root biomass) down to 1 m and

to mean sediment depths and to assess the relation-

ships between a range of variables – including species

composition, sediment depth, aboveground biomass

(AGB) and location – and the amount of BGC present.

2. To compare results between Gazi and Vanga for site

differences and to establish the significance and gen-

erality of environmental influences to develop a pre-

dictive model that allows estimates of carbon storage

in other Kenyan mangrove forests.

3. To use spatial data to produce a map of below-

ground carbon stores throughout Kenya and an esti-

mate of total belowground mangrove carbon stocks

in the country.

4. To estimate the change in BGC in Kenyan man-

groves between 1992 and 2010.

Materials and methods

Study sites

Sampling was carried out in Gazi Bay (latitude �4.43123, lon-

gitude 39.50346) and Vanga (latitude �4.65948, longitude

39.21847), Kenya. Gazi Bay sits 50 km south of Mombasa and

has a mangrove forest of 592 ha (Huxham et al., 2015). Nine of

the ten mangrove species in East Africa are found in Gazi Bay;

Avicennia marina, Bruguier gymnorrhiza, Ceriops tagal, Heritiera

littoralis, Lumnitzera racemosa, Rhizophora mucronata, Sonneratia

alba, Xylocarpus granatum and Xylocarpus molucensis. Gazi has

been the site of many studies on mangroves including produc-

tivity, above and belowground biomass quantification, man-

grove degradation and litter dynamics (Bosire et al., 2005;

Kairo et al., 2008; Tamooh et al., 2008; Lang’at et al. 2013,

2014).
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Situated at the most southern point of Kenya, the man-

grove forest at Vanga is approximately 2351 ha (Huxham

et al., 2015) and is dominated by A. marina, C. tagal and

R. mucronata but has the same nine species present as at

Gazi Bay.

Study design

Data on above and belowground variables were taken from

10 9 10 m forest inventory plots, selected to cover areas with

differing species composition and distances from the seaward

fringe. A total of 48 and 29 plots were sampled in Gazi (in

2012) and Vanga (in 2013), respectively; these were a mix of

plots that had been established and sampled previously for

other studies (Cohen et al., 2013; Lang’at et al., 2014) and that

were established for the present work. Plot selection had a

stratified random approach to cover the range of mangrove

species and distance from the coast.

At each plot, two sediment cores were taken using a

3 m Russian peat corer (Van Walt, Surrey, UK) at random

points from within the plot (although avoiding areas within

0.5 m of the edge). All visible living roots were removed

from samples, whilst any dead root material (necromass)

was retained. The mean sediment depth for each plot was

calculated from five depth measurements taken at random

points using a steel rod hammered down until resistance

was met (with the aim to reach bedrock) or the maximum

depth (2.97 m) was achieved, in which case this depth was

taken as the minimum estimate for that point (resistance

was most commonly met due to roots or lack of strength

hammering the rod down, see Appendix S1). A suite of

aboveground variables were also recorded for each plot:

the aboveground biomass (AGB), calculated from DBH (see

Appendix S2), the GPS location to allow calculation of dis-

tance from the seaward fringe (subsequently distance from

the coast, DFC) and the dominant tree species or species

mix; plots were classified based on the percentage distribu-

tion of mangrove species present. If more than 80% of indi-

vidual trees consisted of one species within the plot, then

this was considered a monospecific plot of that species. If,

however, there was a greater mix of mangrove species with

one single species not having a dominance of more than

80%, it was categorized as a mixed plot of the most

dominant species. The species groups used were: A. marina

(Avicennia), A. marina Mix (Avicennia Mix), R. mucronata

(Rhizophora), R. mucronata Mix (Rhizophora Mix) and C. tagal

(Ceriops).

Sample preparation and loss on ignition

Samples were oven dried at 60 °C until a constant weight

was achieved (generally between 24 and 48 h depending

on electricity shortages in the field) and then burned at

550 °C for 2 h to measure organic matter. Based on results

from carbon and nitrogen analysis using a Carlo Erba

NA2500 CN analyser (see Appendix S3), samples were con-

verted to carbon concentration (CC) using the following

regression equation:

CC (g/g) ¼ 0:00172þ 0:426�OM (g/g) ð1Þ
Samples were then converted to carbon density:

CD ðg/cm3Þ ¼ CC� ðDW (g)=Vðcm3ÞÞ ð2Þ
where CD, DW and V represent carbon density, dry weight

and sediment volume (35 cm3), respectively.

The nonliving belowground carbon (BGC) stores (t ha�1)

were calculated to two depths: (i) 1 m and (ii) sediment

mean depths for each species group using the following

equations:

BGC1m ðt ha�1Þ ¼ mCD� 100� 100 ð3Þ

BGCmd ðt ha�1Þ ¼ mCD�mD� 100 ð4Þ
where BGC1m, BGCmd, mCD and mD represent BGC to one

metre, BGC to mean depth, mean carbon density and mean

sediment depth, respectively.

Statistical analysis

All analyses were performed using R Version 3.0.2 (R Core

Team, 2013). Where required to satisfy assumptions of nor-

mality of residuals data were log10 transformed.

With the aim of producing a predictive model, it was neces-

sary to assess the extent of site differences in the patterns

observed. Therefore, data from Gazi and Vanga were com-

bined. The effects of species and site on mean sediment depth

within plots were tested using two-way ANOVA. Carbon den-

sity was analysed using a mixed-model ANCOVA, with species

and site as fixed effects, sediment depth as a covariate and

core nested within plot as a random effect. A two-way ANOVA

was used to test the effect of species and site on BGC to 1 m

and to mean plot depth. Analyses were performed with and

without a spatial error term (linear and exponential models

were fitted) included to assess whether accounting for plot

spatial location improved model fit. In all cases including a

spatial error term did not significantly improve the fit of the

model (likelihood ratio tests, P > 0.05), so only results from

nonspatial models are reported.

The effects of distance from the seaward fringe and AGB

on BGC were analysed using ANCOVA analysis with site as

a fixed effect to determine whether the relationship

between BGC and distance from the coast and AGB varied

between sites.

Model validation

The BGC values obtained from the model were compared

with reference data collected independently (Lilian Mugi,

unpublished data) using a similar methodology from two

mangrove sites near Mombasa to assess how well the model

represented carbon levels from unknown sites. Only values

for monospecific Rhizophora plots were compared as there

were insufficient data to allow comparison with other species

groups. The BGC values for the Mombasa data were originally

calculated using a generic conversion factor from organic

matter to carbon concentration (Donato et al., 2011) so to be

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 224–234
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comparable to the data presented here, the regression

equation established through CN analysis was applied.

Source of mangrove distribution and composition data

Two Kenyan mangrove distribution maps were used for

mapping the belowground carbon. Firstly, a species compo-

sition map from 1992 (areal extent of 51 880 ha), based on

visual interpretations of medium scale (1 : 25 000 resolu-

tion) black and white aerial photographs (Kirui et al., 2013)

where individual mangrove areas for the entire coastline

were classified in terms of the species present. Secondly, a

mangrove distribution map from 2010 (areal extent of

45 590 ha) based on 2.5 m2 resolution SPOT data (Rideout

et al., 2013) where only distinction between mangrove and

nonmangrove was made.

Calculations and mapping

Belowground carbon estimates throughout Kenya were pro-

duced for both 1992 and 2010 data to estimate changes in man-

grove BGC between these dates. The 1992 estimate was based

on the original species composition data. For the 2010 BGC

estimate, the 1992 species composition layer was clipped to

remove the areas of mangrove lost over this period, and also

some areas of expansion accounted for. Based on the species

composition recorded in the 1992 original polygon areas, spe-

cies group codes were allocated to each polygon to be consis-

tent with the species groups sampled in the field. For areas

with a mixed species composition, the first species listed was

assumed to be the dominant. Sediment depth for areas of each

species group was taken as the mean value calculated from

the fieldwork. As plots dominated by X. granatum and S. alba

were not present in Gazi and Vanga, no species group was

present for these. Based on the available literature (Muzuka &

Shunula, 2006), both these species were found to have carbon

values most similar to Avicennia Mix and were therefore

included in this group. Where species was unknown, either in

the original data or where there were areas of expansion, a

mean BGC and sediment depth calculated across all species

groups was used.

This clipped layer with the species code field was then con-

verted to a raster layer (2.5 m2 cell resolution) before being

reclassified with the appropriate corresponding BGC (t ha�1)

figures scaled to the area of the raster cells. Total BGC across

all Kenyan mangroves was then calculated by summing all

the values in the raster layer. Calculations and estimates were

based on 2.5 m2 resolution data. Differences in resolution

between the 1992 and 2010 data could potentially influence

the estimates and extent of change determined, but the results

obtained by deriving estimates at a coarser resolution (5 m2)

did not differ significantly from those obtained from 2.5 m2

resolution data, so this was used throughout.

For clarity of presentation when dealing with such a large

and linear resource, a map at a scale of 1 km2 was produced

for displaying BGC for the entire Kenyan coastline. This was

carried out by summing all the values for individual cells

within a 1 km2 area.

Results

Sediment depth

Mean sediment depth across both sites was 2.53 m;

there were no significant differences in sediment depth

between sites or species (Fig. 1). Because sediment

depth could only be measured to a maximum of

2.97 m, due to the length of the rod, there was an

underestimation of sediment depth in plots at both

sites. The percentages of underestimated plots (a mean

of both sites) were as follows: Avicennia 43%, Avicennia

Mix 50%, Rhizophora 58%, Rhizophora Mix 29%, Ceriops

38%. All plots with underestimated depths were

recorded as 2.97 m for the purpose of calculating mean

sediment depth. Hence, the depths given here, and

used in the modelling, are underestimates, with values

for Rhizophora the most conservative.

Carbon density

Carbon density data from Gazi were obtained down to

3 m where sediment extended this far. Analysis of

changes with depth at this site indicated that there was

no significant change with depth (see Appendix S4 for

details) so at Vanga samples were only taken down to

1 m. For combined analysis, only data to 1 m were con-

sidered for both sites for comparability. An ANCOVA

analysis with species and site as categorical factors and

depth as covariate revealed a borderline significant

interaction for carbon density between species and site

(F = 2.52, df = 4,63, P = 0.0498; Fig. 2). Depth as a

covariate had no effect on carbon density (F = 0.38,

df = 1,263, P = 0.3427); therefore, quantification of BGC

stores was based on a mean value calculated across all

depths. The borderline site/species interaction was dri-

ven by Avicennia Mix and possibly Rhizophora which
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showed the strongest difference between sites (Fig. 3).

Analysis of the main effects revealed no species effect

on carbon density (F = 5.39, df = 4,63, P = 0.1304).

Although no species effect was evident in Vanga, car-

bon density was found to be significantly different

between species of mangrove in Gazi (F = 5.624,

df = 4,37, P = 0.0012). The carbon density values were

used to derive BGC in the predictive model; hence, a

judgement was needed on whether species identity

should be retained as a factor. Given the high signifi-

cance at Gazi (where plot number and statistical power

were greater) and the similar trends found for the main

species at Vanga, the species distinction was retained

as a factor in the model.

Site and species effect on belowground carbon stores

Belowground carbon stores to 1 m depth did not differ

significantly between sites but species had a significant

effect on BGC1m (F = 3.92, df = 4,59, P = 0.0068, see

Fig. 3). In Vanga Avicennia Mix and Ceriops plots had

the highest and lowest mean BGC1m; 546 and

433 t C ha�1, respectively. Rhizophora was the next

highest to Avicennia Mix with a mean of 528 t C ha�1

which is similar to the species differences found in Gazi

where Rhizophora had the highest mean BGC1m

(637 t C ha�1). Avicennia Mix, however, had the lowest

BGC1m in Gazi with a mean of 307 t C ha�1.

Post hoc Tukey test comparisons of species with com-

bined data (as there was no site effect) revealed Rhi-

zophora BGC to 1 m to be significantly greater than

Avicennia Mix and Ceriops (mean of 583 t C ha�1;

427 t C ha�1, P = 0.0017 and 396 t C ha�1, P = 0.0014,

respectively).

Whilst there was no site effect, species had a signifi-

cant effect on BGCmd (F = 3.32, df = 4,59, P = 0.0162,

see Fig. 3). In both Gazi and Vanga, Rhizophora had the

highest mean BGCmd; 1597 and 1374 t C ha�1, respec-

tively. The lowest BGCmd recorded in Vanga was for
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Ceriops (mean of 993 t C ha�1), whereas in Gazi, Ceri-

ops was second lowest (mean of 1032 t C ha�1) and

Avicennia Mix was lowest with a mean of 770 t C ha�1.

For data combined across sites, Rhizophora had the

highest mean BGC, with 1485 t C ha�1 which was sig-

nificantly higher than Avicennia Mix (Tukey test; mean

of 1058 t C ha�1, P = 0.0102). Avicennia had the second

highest BGC with a mean of 1363 t C ha�1 (signifi-

cantly greater than Avicennia Mix, Tukey test,

P = 0.0453). Ceriops had the lowest BGC to mean depth

with a mean of 1013 t C ha�1.

Effects of environmental context

There was a trend for BGC to increase with distance

from the seaward fringe (DFC) at both sites; however,

this was more pronounced at Gazi than at Vanga

(Fig. 4), generating significant interactions between dis-

tance and site for BGC at 1 m and mean plot depths

(ANCOVA; F = 10.1, df = 1,65, P = 0.0023 for BGC1m;

F = 6.12, df = 1,65, P = 0.0160 for BGCmd). Although

DFC thus seemed to be a potentially important predic-

tor of BGC, including the species group factor in the

model showed that these two predictors were strongly

confounded (variance inflation factor = 684.19). The

observed effect of DFC is highly correlated with differ-

ences in mangrove species composition. When assessed

independently, species explained more variance than

DFC (BGC1m 41.5% vs. 23.1%, BGCmd 47.4% vs. 31.8%),

suggesting that this variable had a greater predictive

value for BGC.

Aboveground biomass had a significant, weak, posi-

tive relationship with BGC1m and BGCmd (adjusted

R2 = 0.8%, F = 12.2, df = 1,65, P = 0.0009 and adjusted

R2 = 4%, F = 5.97, df = 1,65, P = 0.0173 respectively,

Fig. 5). There was no effect of site on this relationship.

Predictive model

We used the data from two sites to produce a model

that could provide a first estimate of BGC in mangroves

across Kenya, assuming that any variables that showed

large differences in their effects between these two sites

could not be included in a country-wide model. The

following variables were examined:

Sediment depth. No strong effect of species on sediment

depth was evident. However, owing to the known

underestimation of sediment depth to differing extents

in different species plots (see Appendix S1), the deci-

sion was made to retain the separate species groups for

subsequent use in deriving BGC stores.

Species differences in BGC stores. There was a consistent

effect of species on BGC; species groups showed

broadly similar variation at both sites with the excep-

tion of Avicennia Mix (one of the less common species

groups), so this factor was retained in the model. As

carbon was not found to decline with sediment depth,

BGC to mean sediment depth (rather than BGC to 1 m)

was used in the model. The estimates for carbon stor-

age using mean sediment depth should be more accu-

rate than if depth was limited to the top 1 m, although

they are still likely to be underestimates given the high

percentage of plots with under-estimated mean depth.

Distance from the coast. Whilst DFC showed a positive

relationship with BGC at both sites, its effect was highly
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confounded with species group, and hence only the lat-

ter was retained in the model.

Aboveground biomass. Whilst the relationship between

AGB and BGC was significant, it was very weak, show-

ing little predictive power. Only a small total area of

Kenyan mangrove forest has been assessed for AGB

using inventory approaches and there is large variabil-

ity in the estimates of AGB based on allometric mod-

elling (Cohen et al. 2013). Including AGB in the model

would make little contribution to predictive ability and

limit the areas to which it could be applied, so the vari-

able was not included.

With only the species differences in BGC levels

retained as a predictor, the final model for predicting

BGC across the Kenyan coast was derived as a series of

equations giving the mean BGC (t ha�1) to mean depth

for each species group (model adjusted R2 = 51.4%).

Where the mangrove species coverage was unknown, a

mean BGC calculated across all species groups can be

used:

Avicennia BGCmd ¼ A� 1363� 208 ð5Þ

Avicennia Mix BGCmd ¼ A� 1058� 307 ð6Þ

Rhizophora BGCmd ¼ A� 1485� 216 ð7Þ

Rhizophora Mix BGCmd ¼ A� 1201� 186 ð8Þ

Ceriops BGCmd ¼ A� 1012� 164 ð9Þ

Mangrove BGCmd ¼ A� 1220� 103 ð10Þ
where BGCmd and A represent belowground carbon to

mean depth and, mangrove area, respectively.

Model validation

When the BGC values for 74 reference sites in Mombasa

were compared with the model BGC values for

Rhizophora plots, the 95% confidence intervals (C.I.)

overlapped (Mombasa mean �95% C.I. = 599.9 � 69.3,

Model mean = 582.7 � 48.2), and therefore there was

no significant difference between observed and

predicted BGC figures, suggesting that the model

predicted values at unknown sites adequately.

Calculations and mapping

Using the predictive model, total mangrove BGC in

Kenya was estimated to be 69.41 (�9.15 95% C.I.) Mt C

(Fig. 6). Figure 6 shows the BGC distribution through-

out the Kenyan coast at a spatial resolution of 1 km2

based on the mean values. Using an overall mean man-

grove (no species differentiation), BGC model across all

mangrove areas revealed similar BGC estimates;

68.39 Mt C (�5.76 95% C.I.).

Areas of high belowground carbon storage are found

throughout Kenya, especially in the north (Fig. 6).

Areas of low BGC stores appear to be concentrated in

the most southern region of Kenya. The inset map in

Fig. 6 shows the BGC stores in the southern mangrove

area where the field work was undertaken.

Applying the species-based predictive model to the

1992 mangrove distribution map produced a mean

estimate of 75.65 Mt C (�12.21 95% C.I.). Using the

overall mean mangrove model produced a mean

estimate of 67.9 Mt C (�6.24 95% C.I.). Using the

species-based predictive model, this suggests a mean
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potential loss of 6.24 Mt C (8.3%) between 1992 and

2010 in Kenya.

Discussion

Few studies have explored the variability in BGC across

different mangrove sites. Differences in sediment type,

biology, hydrology and geomorphological settings can

all contribute to variation in carbon dynamics and stor-

age (Adame et al., 2010; Donato et al., 2011; Coronado-

Molina et al., 2012; Saintilan et al., 2013; Yang et al.,

2013; Jardine & Siikam€aki, 2014). Whilst coarse-grained

global models are useful for understanding the broad

role that mangroves play in the global carbon cycle this

site-based variation must be accommodated in produc-

ing tools for local management. Here, we used detailed

information from two separate sites to derive a predic-

tive model for Kenya as a whole, assuming that similar-

ities and differences between our field sites would be

representative for other forests in the country.

Sediment depth

Sediment depth was found to be consistent across Gazi

and Vanga with a mean depth of 2.5 m. Most published

BGC estimates assume a depth of only 1 m; hence, it is

likely that current figures are underestimates. The

attempt at a global BGC predictive model by Jardine &

Siikam€aki (2014) also assumed a global sediment depth

of only 1 m, suggesting their work may substantially

underestimate global stores. Whilst the work presented

here shows a mean depth of 2.5 m, Tue et al. (2014)

reported mangrove sediment depths of >4 m in Viet-

nam, and studies in the Caribbean have shown depths

of up to 8 m (McKee et al., 2007). As shown in the

Methods and Appendix S1, the mean sediment depth

of 2.5 m is an underestimate as bedrock was rarely met

(resistance from roots, lack of strength needed to core

deeper and exhausting the full length of the rod often

prevented this). Mean BGC figures presented here are

therefore also underestimates, albeit an improvement

on current estimates.

Carbon density

No differences were found between our two sites in

carbon density. This was an important finding; site dif-

ferences here would remove any rationale for extrapo-

lating to other sites, without taking site-specific data.

Consistent with previous research, there were signifi-

cant differences between species groups in carbon den-

sity at both sites (Alongi et al., 2000; Bouillon et al.,

2003; Huxham et al., 2010; Liu et al., 2013; Wang et al.,

2013; Sakho et al., 2014). Hence, species identity was

included as the key variable in the predictive model.

Some previous work has found carbon density to vary

with depth (e.g. Alongi et al., 2000). The absence of a

depth effect here may suggest that a decrease in carbon

concentration and an increase in bulk density with

depth cancel out any depth effect in carbon density

(Fujimoto et al., 1999; Donato et al., 2011; Tue et al.

2012; Adame et al., 2013; Bianchi et al., 2013; Saintilan

et al., 2013; Tue et al., 2014).

Belowground carbon stores and predictive modelling

The analyses presented here show no significant site

effects on BGC (per unit area). This is in contrast

with recent research carried out by Jardine &

Siikam€aki (2014) who found substantial within-country

variation in BGC. In Indonesia, carbon-rich man-

groves were found to have 1.5 times as much car-

bon per hectare compared with carbon-poor

mangroves (Jardine & Siikam€aki, 2014). Indonesia,

however, is made up of many small islands with
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Fig. 6 Mapping of spatial variation in mangrove belowground

carbon (BGC) stores in Kenya at 1 km2 spatial resolution based

on 2010 mangrove distribution. Inset map shows the study sites

in the south of Kenya.
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varying geomorphology and climatic conditions

which could explain the variation in carbon stores.

Kenya is smaller and has a much more geomorpho-

logically consistent coastline. The within-country

variation may also be due to species differences in

BGC storage which was not accounted for in the

Jardine & Siikam€aki (2014) research. As seen in

Fig. 3, mangrove species does influence BGC storage

in this study sites and hence needs to be incorpo-

rated in the predictive model. This is in accordance

with previous research where species differences in

carbon were evident (Alongi et al., 2000; Bouillon

et al., 2003; Huxham et al., 2010; Liu et al., 2013;

Wang et al., 2013; Sakho et al., 2014). At both sites,

Rhizophora has the highest carbon stores which is

consistent with the findings by Liu et al. (2013). This

may reflect varying C : N ratios in mangrove species

(Bouillon et al., 2003). Cuc et al. (2009) reported sedi-

ments with low C : N ratios (A. marina) had faster

rates of decomposition. Rhizophora are often selected

for forestry projects due high productivity and

growth rate which may contribute to higher levels

of organic matter input into the sediment (Kairo

et al., 2008, 2009).

For BGC to 1 m and mean depth, there was a sig-

nificant interaction between DFC and site. This may

be confounded by species differences in BGC, as the

variance inflation factor suggests. It is possible that

DFC does not accurately account for the effects of

varying geomorphological settings such as estuaries,

creeks or landmass sheltering the coastline (such as

an island or peninsula). These settings would experi-

ence different allochthonous input and therefore

BGC variability (Adame et al., 2010; Saintilan et al.,

2013; Yang et al., 2013). Ideally there would be a

large enough sample size to test the effect of DFC

on BGC within each species group separately. In

accordance with Donato et al. (2011), Wang et al.

(2013) and Tue et al. (2014), belowground carbon was

positively but weakly correlated to aboveground

biomass at both sites.

Comparisons with another site enabled assessment

of the most robust set of predictors to include in the

model of BGC being developed for application to the

Kenyan coast. In accordance with previous research,

species has consistently explained the majority of the

variation in not only BGC stores but also sediment

depth and is therefore included in the model (Alongi

et al., 2000; Bouillon et al., 2003; Huxham et al., 2010;

Liu et al., 2013; Wang et al., 2013; Sakho et al., 2014).

The comparison with the reference sites in Mombasa

confirmed this and suggests that the predictive

model is representative of BGC stores throughout

Kenya.

Mapping

The country-level mangrove map provides a valuable

tool for assessing carbon stocks and visualizing the dis-

tribution of BGC. The fine-scale maps, based on 2.5 m2

SPOT data, provide the detail required for highlighting

and prioritizing areas for mangrove conservation and

restoration. Both models (with and without species dis-

tinction) provide similar BGC estimates, suggesting

that any increased precision gained by incorporating

species differences is potentially limited when consid-

ering other sources of error inherent in the estimates.

The species-dependent model had larger confidence

intervals compared to the mean mangrove model, 9.2

and 5.8 Mt C, respectively, due to the incorporation of

the variability between each species group into the

overall variability rather than that from the single mean

BGC estimate on which the nonspecies model is based.

The results suggest that BGC could be underestimated

by 1.02 Mt C or as much as 4.43 Mt C, if the mean

mangrove model was used. However, mean mangrove

BGC of 1224 t C ha�1 is consistent with figures found

in other countries, 1171 t C ha�1 to 2 m by Fujimoto

et al. (1999) in Micronesia and 1023 t C ha�1 to 2 m by

Donato et al. (2011) in the Indo-Pacific region (bearing

in mind these estimates are to 2 m, whereas mean BGC

in the work presented here is based on different mean

sediment depths for each species; mangrove mean sedi-

ment depth of 2.5 m). This suggests that the model

could be applied to mangroves in other countries to

offer baseline estimates of BGC stores, albeit not coun-

try-specific.

Low BGC areas appear to be more concentrated in

the south with medium-to-high BGC stores in the

north. Human impact has been shown to shift forest

dominance from Rhizophora to Ceriops (Kairo et al.,

2002). This suggests that mangrove forests in the north

have been less impacted and have retained the carbon-

rich Rhizophora-dominant forests.

Estimates of BGC are of course influenced by the

accuracy and resolution of the mangrove composition

and distribution data that are used. As species compo-

sition information from the base map was in the form

of species presence/absence data and not a species tree

count, assumptions had to be made for the mixed spe-

cies groups. Assuming the first species in the original

data is the most dominant seemed a justified assump-

tion, however to what extent that species is dominant is

unknown. Mangrove distribution may have changed

since 2010, so BGC stores may be under- or overesti-

mated. Although species composition is based on data

from 1992, sediment sampling for this project in 2010

and 2012 essentially ground-truthed the species compo-

sition from 1992, that is the species composition
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recorded in 1992 is what was found in the field in 2010

and 2012. Figure 6 reveals relatively low BGC regions

around the perimeter of mangrove forests. This relates

to the fact that there is lower mangrove total extent

within these areas. For areas where species was

unknown (areas of forest growth since 1992) and the

mean mangrove BGC was applied, carbon stores may

be over- or underestimated depending on which man-

grove species is present.

A limitation of this work is that it implements a model

based on sampling from only two sites, both of which

are in the south of Kenya. The model validation, using

data from forests near Mombasa (north of the study

sites), demonstrated that the values were representative

for these sites too, suggesting that in the absence of other

data extrapolation to the rest of the country is justified.

The independent data set consisted solely of Rhizophora

plots. Ideally all mangrove species plots would have

been used in the validation; however, Rhizophora is the

most common mangrove species and has been shown to

have the highest BGC figures. Future work should con-

sider sampling further north in Kenya to ground refer-

ence the predicted estimates and improve the current

estimates. As forests in the south of Kenya have been

exploited to a greater extent, there is not only the poten-

tial for a species shift but also lower carbon densities

due to degradation (Johnson & Curtis, 2001; Vargas et al.

2013; Lang’at et al., 2014). This would also mean that the

6.24 Mt C lost through deforestation and degradation

between 1992 and 2010 may be an underestimate. Inter-

estingly, the BGC lost during this period was 8.3%,

which is less than the reported spatial loss of 12.1%

(Kirui et al., 2013). This suggests that the areas of man-

grove forest lost due to human impact are predomi-

nately on the outer edges of the forest where carbon

stores are lower. Areas of forest on the perimeter are

generally more vulnerable due to ease of access via

roads, etc. (Rideout et al., 2013). However, with only a

3.8% difference, the estimate of spatial loss does provide

a good indication of the potential BGC loss. The BGC

store figure from the 1992 map provides an estimate of

the potential of mangrove carbon storage in Kenya. The

significance of mangrove loss since 1992 in Kenya has

until now been unknown; however, with these BGC esti-

mates, the damage in terms of potentially lost carbon

stores is now known and can be used for future refor-

estation and conservation projects.

The work here has provided a baseline mangrove

BGC distribution map for the entire coastline of Kenya.

Implementing a country-specific predictive model has

provided the level of detail required for practical man-

agement outcomes such as pin-pointing likely REDD+
locations. Quantifying the change in BGC over time has

given a valuable insight into the amount of carbon lost

through human impact at the country level, emphasiz-

ing the need for mangrove conservation.
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