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Abstract:



Of the numerous ecosystem services mangroves provide, carbon storage is gaining particular attention for its potential role in climate change mitigation strategies. Madagascar contains 2% of the world’s mangroves, over 20% of which is estimated to have been deforested through charcoal production, timber extraction and agricultural development. This study presents a carbon stock assessment of the mangroves in Helodrano Fagnemotse in southwest Madagascar alongside an analysis of mangrove land-cover change from 2002 to 2014. Similar to other mangrove ecosystems in East Africa, higher stature, closed-canopy mangroves in southwest Madagascar were estimated to contain 454.92 (±26.58) Mg·C·ha−1. Although the mangrove extent in this area is relatively small (1500 ha), these mangroves are of critical importance to local communities and anthropogenic pressures on coastal resources in the area are increasing. This was evident in both field observations and remote sensing analysis, which indicated an overall net loss of 3.18% between 2002 and 2014. Further dynamics analysis highlighted widespread transitions of dense, higher stature mangroves to more sparse mangrove areas indicating extensive degradation. Harnessing the value that the carbon stored within these mangroves holds on the voluntary carbon market could generate revenue to support and incentivise locally-led sustainable mangrove management, improve livelihoods and alleviate anthropogenic pressures.
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1. Introduction


Concerns over increasing atmospheric carbon emissions are driving the need to improve understanding of carbon sequestration within global ecosystems and investigate solutions to mitigate the effects of resulting climate change [1,2,3,4]. Coastal wetlands in particular are gaining increasing recognition as remarkably efficient carbon sinks [5,6]. Mangroves, sea grasses and tidal salt marshes are highly productive ecosystems, estimated to sequester carbon 10–50 times faster than terrestrial systems [1,7]. These ‘blue carbon’ ecosystems are capable of accumulating vast quantities of organic matter [8] and have been shown to contain markedly greater stores of carbon than terrestrial forest ecosystems [9]. A combination of high productivity, anaerobic conditions and high accumulation rates account for the high carbon storage capacity of mangrove ecosystems in particular [5]. Consequently, these marine forest ecosystems have been reported to be the most carbon dense forest type in the tropics, contributing significantly to tropical blue carbon stores [9,10].



As one of the most productive biomes on Earth [11], in addition to providing a climate change mitigation service through the storage of carbon, mangroves also supply a wide range of other ecosystem services [12], both on a global and local scale [1]. They can provide coastlines with protection against natural disasters such as tsunamis and hurricanes [13,14], local communities with products such as fuelwood and building materials [15] and habitats with breeding and nursery grounds, supporting commercially important fish stocks [16,17]. However, despite, and in part due to, this provision of goods and services, mangrove ecosystems are under threat from increasing anthropogenic exploitation, reaching a loss of an alarming 1–3% year−1 [15,18,19] with half of the world’s mangroves estimated to have been lost in the past 50 years [15,20]. These losses are driven by growing pressures from coastal development, agriculture and aquaculture, as well as the extraction of timber for construction and charcoal. Pressures are further exacerbated by escalating natural losses caused by extreme weather events and sea level rise due to climate change. The degradation and loss of these blue carbon sinks not only jeopardizes their ability to store carbon by reducing carbon sequestration rates but also contributes towards emissions by releasing stored carbon [19,21].



Economic evaluation of ecosystems provides estimates of the value of the goods and services they provide [14]. Associating ecosystems with economic values is considered to be an effective incentive for sustainable management [22] and mangroves are reported to have the highest value per hectare of any blue carbon ecosystem [10]. It is believed that many regulating and supporting services have often been undervalued, being harder to comprehend and evaluate [15]. However, with increasing concern over climate change, efforts to evaluate the rate and value of carbon sequestration in forest systems has been increasing [1,10,23].



Madagascar contains Africa’s fourth largest extent of mangroves, which in 2010 comprised approximately 213,000 ha, representing 2% of the global mangrove cover [20,24]. Madagascar’s coastal communities are heavily dependent on the resources mangroves provide. In particular, mangroves meet the majority of the energy demands of many coastal communities and surrounding urban areas, in addition to providing an important source of timber for building construction [25]. This heavy reliance on mangrove ecosystems is leading to increasing and wide-spread degradation and deforestation throughout Madagascar, with an estimated net loss of 21% between 1990 and 2010 [24].



This study builds on a growing number of carbon stock inventories carried out throughout Africa [25,26,27,28], using well established inventory protocols to estimate the carbon stocks of the mangroves of Helodrano Fagnemotse (Baie des Assassins) in southwest Madagascar. In addition, it calculates forest land-cover change between 2002 and 2014 in order to assess the implications of forest exploitation on carbon storage and highlight the importance of a community-led mangrove management strategy aiming to conserve and restore the bay’s mangroves.



The remote sensing component of this study builds on the work of Jones et al. [24], who present a land-cover classification for Helodrano Fagnemotse derived from a Landsat image acquired in April 2014 and analyze mangrove dynamics between 1990 and 2010 within the bay using national-level mangrove distribution maps derived from Landsat data by Giri [29]. As discussed in Jones et al. [24], while offering unprecedented national-level coverage, the data produced by Giri [29] have only limited applicability at the local scale and, given that at the time of writing the primary data were captured over 6 years ago, also fail to capture recent patterns of mangrove gain or loss. This study further refines the 2014 classification presented in Jones et al. [24] and replicates the methodology using a Landsat image acquired in April 2002, enabling a contemporary, localized analysis of mangrove dynamics within the bay between 2002 and 2014.




2. Materials and Methods


2.1. Study Area


Helodrano Fagnemotse is a modest and contiguous mangrove ecosystem contained within a single bay inside the boundaries of the Velondriake Locally Managed Marine Area (LMMA) on the southwest coast of Madagascar [24] (Figure 1). Velondriake spans 620 km2 and includes seagrass habitats and coral reefs in addition to its mangroves. With a dry season that can last up to 11 months and an average annual rainfall of less than 36 cm, the southwest of Madagascar is one of the most arid areas of the country.


Figure 1. The location of the study area—Helodrano Fagnemotse—in the southwest of Madagascar as well as the main villages within the bay and the its location within the Velondriake Locally Managed Marine Area (LMMA).
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Comprising 10 villages, Helodrano Fagnemotse plays host to an estimated population of 3700 people. The coastal communities of Velondriake are almost entirely dependent on small-scale fisheries with 87% of adults employed within the sector [30]. In one of the poorest countries in the world, small-scale fisheries resources are vital in sustaining local livelihoods in remote coastal regions such as this, providing a daily household income of US$2.13 in Velondriake, just $0.13 above the international poverty line [30]. Destructive and unsustainable forest and fisheries harvesting practices by a rapidly growing population is putting increased strain on marine resources [30,31,32]. In particular, mangroves in Helodrano Fagnemotse are harvested for building materials and for use in the construction of kilns to produce lime [31,33].




2.2. Carbon Inventory Methods


2.2.1. Inventory Design


The carbon stock inventory was conducted over two field seasons conducted in November 2014 and August 2015. Plots were determined through random stratified sampling and final sample size was calculated using the known intra-strata variation obtained during the first sampling session and following the methods outlined by Pearson et al. [34]. The 2014 Landsat classification detailed in Jones et al. [24] was used to define the classes and the ‘Create Random Points’ tool in ArcMap 10.1 (© ESRI, Redland, CA, USA, 2014) was used to map potential plot locations in each class.



In addition to reporting the carbon stocks of the mangroves of Helodrano Fagnemotse, another aim of this study was to estimate the carbon footprint of anthropogenic mangrove deforestation within the study area. While three mangrove classes were distinguished by Jones et al. [24], due to its shrubby nature, the open-canopy mangrove II class is not a target of subsistence or commercial harvesting practices [33]. For this reason, the open-canopy mangrove II class was not incorporated into the carbon stock assessment.



Plots close to class boundaries/transitions were excluded, to ensure the field data accurately represented the class, and high resolution imagery in Google Earth (© Google, 2016) were used to remove plots that were clearly misclassified due to map error. Accordingly, a total of 56, 20 × 20 m plots were sampled (Figure 2).


Figure 2. The location and distribution of the 56, 20 × 20 m carbon inventory plots surveyed as part of this study. The plot symbol sizes were selected for visual clarity and do not accurately represent the spatial coverage of the individual plots on the ground.
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2.2.2. Tree Biomass


For each plot, aboveground and belowground tree biomass and soil carbon were measured following methods laid out by Kauffman and Donato [35]. The species, diameter at breast height (dbh) and tree height were recorded for each tree rooted within each plot. Where necessary, adjustments were made to dbh measurements e.g., by measuring 50 cm above the highest prop root. Species specific allometric equations were chosen based on the region in which they were developed. The parameters used to derive them and have previously been reported, along with wood density values, by Jones et al. [25,27]. Belowground biomass was estimated using the standard equation by Komiyama et al. [36]. Biomass estimates for standing dead wood were made according to the decay classes determined by Kauffman and Donato [35], which take into account loss of biomass at different stages of decay. A density of 0.69 g·cm−3 was used to calculate dead tree biomass from its estimated volume. Tree biomass was summed at the plot level and normalised for the plot area to calculate biomass density (Mg·ha−1). The mass of carbon was calculated by converting biomass to carbon using the conversion factors 0.5 and 0.39 for above and belowground estimations, respectively [35]. The decision was made to exclude downed wood from field surveys as in other, ecologically similar, mangrove ecosystems throughout East Africa, this component has been found to constitute under 1% of total C stocks [26] and was therefore, not deemed to be significant.




2.2.3. Soils


Soil depth was measured to a maximum depth of 3 m at five points within each plot and the average depth calculated. The soil was sampled to a maximum of 200 cm using a 1 m long stainless steel gauge auger of 22.95 cm2 cross-sectional area. Within the first 100 cm of soil, 5 cm subsamples were extracted from the centre of four intervals; 0–15 cm, 15–30 cm, 30–50 cm, 50–100 cm. Where possible, a further sample was obtained within a 100+ cm interval. Following each field season, the samples were oven dried to constant weight at 60 °C. The bulk density (g·cm−3) of each sample was calculated as the mass of the sample divided by the known volume of the sample. Organic matter content of the samples was determined using the loss on ignition procedure whereby the dry samples were heated overnight at 400 °C [35]. Organic matter values were divided by a factor of 2.06 [35,37] to estimate the organic carbon content of the soil. It has been recognised that the range of organic carbon content of organic matter can vary greatly both within and between study sites, indicating shortcomings and potential error implications of using the loss of ignition procedure without correcting values to dry combustion results [35]. However, without the ability to conduct dry combustion analysis on samples and in the absence of a site-specific conversion factor, this value was deemed the most appropriate for use in this study.




2.2.4. Ecosystem Carbon Stocks


Total ecosystem carbon stocks were calculated by summing estimates of each component carbon pool for each forest classification and scaling up values for the area covered by each. The total values were then summed and the 95% confidence interval calculated [34,35].




2.2.5. Statistical Analysis


A one-way analysis of variance (ANOVA) was used to test the differences in the above and belowground carbon stocks, and the ecosystem carbon stocks of the open I- and closed-canopy mangrove. A post-hoc Tukey test was used to determine where means were significantly different. Additional, ANOVA tests were used to assess whether bulk density, carbon concentration and carbon density values significantly decreased with soil depth. Prior to statistical analysis, the data were examined using the Shapiro–Wilk’s and Levene’s test for normality and homogeneity of variance, respectively. Where required, in order to meet the assumptions of ANOVA, data were natural log transformed. A p value of 0.05 was applied to determine statistical significance.





2.3. Remote Sensing Methods


The applicability of Landsat data for mapping the distribution and ecological characteristics of mangroves at global [20], national [24,38,39,40] and—despite its moderate, 30 m spatial resolution—localised [27,41,42] scales is well proven. With an archive stretching back to the 1970s [43], Landsat data are also ideal for analysing and monitoring the dynamics of wetlands and their surrounding ecosystems [44,45,46,47]. The fact that the data are freely available to the general public also makes them a cost-effective choice for the academic and not-for-profit sectors.



In order to map the mangroves and surrounding ecosystems within the study area and investigate mangrove dynamics within Helodrano Fagnemotse, two Landsat images were downloaded from the United States Geological Survey’s Earth Explorer portal [48] (Table 1).



Table 1. Summary of the Landsat images used for land-cover stratification, mapping and mangrove dynamics analysis. Tide height (m) indicates average height above mean sea level.







	
Sensor:

	
Spatial Resolution:

	
Earth Explorer ID:

	
Date of Image Acquisition:

	
Path/Row:

	
Cloud Cover:

	
Tide Height (Range):






	
Landsat 7 ETM+

	
30m

	
LE71610752002120SGS01

	
30 April 2002

	
161/075

	
0%

	
2.0 m (0.8–3.4 m)




	
Landsat 8 OLI

	
30m

	
LC81610752014113LGN00

	
23 April 2014

	
161/075

	
0%

	
2.3 m (1.6–2.5 m)










The 2014 image is the same as that used by Jones et al. [24]. The 2002 image was chosen because it provides cloud-free data across the entire study area and was captured within the same month of the year (April) as the 2014 data, thus minimising the potential for atmospheric and seasonal variations to impact the dynamics analysis. Another environmental variable that is of critical importance to mangrove remote sensing studies is tidal height [49]. The strong spectral absorbance of water can lead to changes in vegetation pixel classifications between images from different dates with significantly differing tidal heights/levels of water inundation, even in cases where there are no significant changes in the physical characteristics of the vegetation. By selecting two images with similar tidal heights, the aim was to decrease the probability of such classification confusion and minimise erroneous areas of gain/loss in the resulting dynamics analysis.



Pre-processing of the Landsat images followed the procedure outlined in Jones et al. [42]. The Cost(t) model [50] was employed to estimate the effects of atmospheric absorption and Rayleigh scattering, remove systematic atmospheric haze, and convert the images’ units to at-surface reflectance. While the surrounding terrestrial ecosystems were of interest, particularly for the dynamics analysis, the focus of this study was mangrove. Consequently, in order to simplify the spectral space and minimise processing time, both images were masked to include only pixels within 7 km of the coastline and with an elevation above sea level of 30 m or less, using the Shuttle Radar Topography Mission (SRTM) digital elevation model. All image processing was performed using the Idrisi Selva (Clark Labs, 2015).



2.3.1. Land-Use and Land Cover Classifications


In order to map land-use and land cover classes within the study area, the iterative, ISOCLUST/maximum likelihood unsupervised/supervised classification methodology detailed at length in Jones et al. [42] was replicated. This protocol is well tested and published for mangrove mapping applications in Madagascar [26,41] and as such is only summarized here.



Using the ISOCLUST classification algorithm, an unsupervised classification was performed on both images. Landsat 7 ETM+ bands 1–5 and 7, and the equivalent Landsat 8 bands 2–7 were used as inputs. The aim of these initial classifications was to define spectrally and ecologically distinct classes, refining the classes defined in Jones et al. [24]. Contextual ecological information gathered during the 2014 and 2015 field missions described in Section 2.1 along with high spatial resolution imagery available in Google Earth (© Google, 2016) were used to aggregate and define the finalized land-cover classes (Table 2; Figure 3).


Figure 3. The appearance of each of the seven mapped classes as viewed in high resolution Google Earth imagery (3a, 3c, 3e, 3g, 3i, 3k and 3m) and a Landsat false color composite (3b, 3d, 3f, 3h, 3j and 3n). The Landsat false color composite utilizes band 5 (near-infrared) in the red channel, band 4 (red) in the green channel and band 3 (green) in the blue channel. The yellow polygons represent 3 × 3 pixel (90 m × 90 m) reference areas.
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Table 2. Summary of the finalized map classes, their descriptions and the number 3 × 3 pixel of calibration and validation areas used to train/test the maximum likelihood algorithm for each class.







	
Class

	
Description of Typical Constituents

	
Signal Dominance

	
Calibration

	
Validation






	
Terrestrial forest

	
Well formed, moderate-high stature, relatively closed-canopy

	
Canopy

	
15

	
5




	
Barren

	
Rock, sand, dry soil; interspersed with sparse vegetation; fallow cultivation; recently burnt

	
Ground constituents

	
10

	
5




	
Mixed vegetation

	
Active cultivation; degraded/moderate-sparse terrestrial forest; moderate-sparse woodland; old burnt

	
Mixed

	
15

	
5




	
Tanne

	
Mud-flats

	
Ground constituents

	
8

	
4




	
Open-canopy mangrove II

	
Stunted, short trees, very sparse; canopy <30% closed; greatly influenced by exposed soil/mud

	
Ground constituents

	
8

	
3




	
Open-canopy mangrove I

	
Short-medium trees; canopy 30–70% closed; influenced by background soil/mud

	
Mixed: canopy; ground constituents

	
8

	
4




	
Closed-canopy mangrove

	
Tall mature stands; canopy >80% closed

	
Canopy

	
15

	
5




	

	

	
Total

	
79

	
31










Not included in this list, but also differentiated by the ISOCLUST algorithm as a spectrally distinct stratum and included in Jones et al. [24], was an inundated/water dominated class. While not of interest to this study, this class was used to mask water dominated areas within the study area prior to supervised classification. As stated above, differing tidal heights can cause classification confusion and thus erroneous errors in both the finalized maps and any consequent dynamics analyses. For this reason, the inundated layer of the image with the higher tidal height (2014) was used to mask both images. This also ensured that the area of analysis for each image was identical. While this process likely resulted in the masking of some ocean-fringing mangroves, one consequence of this that is beneficial considering the link between this work and the development of a carbon project, is that the aerial extents and thus the resulting landscape carbon estimates are conservative. Figure 3 shows this finalized mask.



The barren/exposed class featured in Jones et al. [24] was partitioned into two classes; barren and tanne—the latter representing the open mud flats that commonly fringe the mangroves in the study area. One of the objectives of this refinement was to improve distinction between the open-canopy classes and the unvegetated classes.



Following this masking and the definition of the classes listed in Table 2, a supervised maximum likelihood classification was performed on both images. The applicability of the maximum likelihood algorithm to mangrove classification exercises is well documented [47,51,52,53,54]. Spatially and temporally invariant calibration (total = 79) and validation (total = 31) areas were established for all classes using Google Earth and ecological context gathered during the 2014 and 2015 field seasons (Table 2; Figure 4). Each of these areas were 3 × 3 Landsat pixels in size (90 m × 90 m or 8100 m2). The calibration areas were used to train the maximum likelihood algorithm, while the validation areas were used to test the accuracy of the resulting maps using confusion matrices and Kappa indices of agreement, the latter of which assesses the extent to which the classifications are better than random [55].


Figure 4. The finalized mask used to subset the Landsat data in order to exclude areas more than 7 km from the coast, elevations of greater than 30 m above mean sea level and inundated areas. Also shown are the 3 × 3 pixel calibration and validation areas used to train and test the maximum likelihood classification algorithm. The numbers in brackets indicate number of calibration (cal) and validation (val) areas for each class.
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2.3.2. Mangrove Dynamics Analysis


The two finalized classifications were used to conduct a class loss/gain analysis in ENVI version 4.7 (ITT Visual Information Solutions, Boulder, CO, USA, 2009). The finalized classification raster files were exported from TerrSet to the GeoTIFF format and imported into ENVI. The change detection modules of the ENVI software package were used to quantify the dynamics of each class between 2002 and 2014. The numerical analysis was augmented by visual examination of the classifications, to establish spatial trends and patterns.






3. Results


3.1. Carbon Inventory Results


3.1.1. Vegetation Carbon


Although up to six of the eight mangrove species found in Madagascar have been identified previously by trained local community members within Helodrano Fagnemotse, only four species were recorded during this inventory; Avicennia marina (Forsk.) Vierh., Bruguiera gymnorrhiza Lam., Ceriops tagal (Perr) CB.Rob and Rhizophora mucronata Lam. Of these species, C. tagal and R. mucronata were the most consistently distributed and dominant species in the study area, dominating 69% and 20% of total plots respectively. A. marina and B. gymnorrhiza dominated only 6% of total plots each, which were contained within the open-canopy mangrove I forest (Table 3).



Table 3. Mangrove class, species dominance, average tree height ± standard error (SE) (m), average diameter at breast height (dbh) ± SE (cm), and average trees per hectare ± SE (ha) for mapped and inventoried mangrove classes.







	
Class

	
Code

	
Description

	
Species Dominance

	
N

	
Average Height (m)

	
Average dbh (cm)

	
Average Stem Density (ha−1)






	
Closed-canopy mangrove

	
CC

	
Tall, mature stands; canopy >80% closed

	
C. tagal

	
22

	
6.10 ± 0.27

	
8.03 ± 0.37

	
3927 ± 244




	
R. mucronata

	
9

	
5.89 ± 0.45

	
8.78 ± 0.91

	
3564 ± 478




	
Open-canopy mangrove I

	
OCI

	
Short-medium trees; canopy 30–70% closed; moderately influenced by background soil/mud

	
A. marina

	
3

	
4.37 ± 0.65

	
8.02 ± 1.50

	
1242 ± 342




	
B. gymnorrhiza

	
3

	
4.74 ± 0.75

	
10.09 ± 0.62

	
1275 ± 293




	
C. tagal

	
15

	
4.71 ± 0.32

	
8.51 ± 0.54

	
2653 ± 343




	
R. mucronata

	
2

	
4.42 ± 0.40

	
9.35 ± 0.75

	
1800 ± 600










Levels of mangrove exploitation were high throughout the study area with 91% of plots containing the stumps from cut trees. Within C. tagal dominated, closed-canopy mangrove areas where tree density and tree height were highest (Table 3) stump density was also higher (1243 ± 223 stumps·ha−1; p < 0.01) than in open-canopy mangrove I areas (679 ± 142 stumps·ha−1).



Total vegetation carbon ranged from 4.87 Mg·C·ha−1 in the open-canopy mangrove I to 127.95 Mg·C·ha−1 in the closed-canopy mangrove area. Mean vegetation carbon in the taller and denser, closed-canopy mangroves was found to be significantly higher (73.90 ± 4.60 Mg·C·ha−1; p < 0.01) than in the lower stature and less dense, open-canopy I mangroves (46.23 ± 5.15 Mg·C·ha−1; Table 4; Figure 5). The biomass of standing dead wood contributed to an average of 8% of the total vegetation biomass.


Figure 5. Ecosystem carbon densities of vegetation and soil carbon to 1 m depth in open- and closed-canopy mangroves in Helodrano Fagnemotse. Error bars indicate ±1 standard error of total stocks.
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Table 4. Mean carbon densities of vegetation and soil carbon pools up to 100 cm (± SE) in Helodrano Fagnemotse.







	
Mangrove Class

	
N

	
Vegetation Carbon (Mg·C·ha−1)

	
Soil Carbon (Mg·C·ha−1)

	
Total Carbon (Mg·C·ha−1)






	
Closed-Canopy Mangrove

	
31

	
73.90 ± 4.60

	
381.02 ± 27.11

	
454.92 ± 26.58




	
Open-Canopy Mangrove I

	
23

	
46.23 ± 5.15

	
294.63 ± 36.41

	
340.87 ± 38.82











3.1.2. Soils


Mean soil depth was 142 ± 7 cm and showed no significant variation throughout the study area. Bulk density ranged from 0.27–1.72 g·cm−3 with an overall mean of 1.05 (±0.02) g·cm−3 and was higher in open-canopy I areas throughout the depth profile (Figure 6; p < 0.05). Significant differences throughout the depth profile could only be observed between the upper four and the lowest intervals. There was a large range in carbon concentration of 0.31–12.71% with a mean of 3.50 (±0.16) %. As with bulk density, carbon concentration only differed significantly between classes over the top three depth intervals and the only significant differences with depth occurred within the closed-canopy forest. Although there were significant differences in bulk density and carbon concentrations over the sampling depth, upon the multiplication and integration of these values, these differences were reduced. Overall soil carbon density, to the maximum sampling depth of 150 cm, varied significantly between classes (p < 0.01) with closed-canopy areas containing higher stocks (381.02 ± 27.11 Mg·C·ha−1) than open-canopy mangrove I areas (294.63 ± 36.41 Mg·C·ha−1).


Figure 6. Mean soil bulk density, C concentration, and C density with depth for open- and closed- canopy mangroves; error bars represent ±1 standard error.
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3.1.3. Ecosystem Carbon Stocks


Total carbon density from all measured pools combined ranged from 113.17 Mg·C·ha−1 in open-canopy mangrove I areas to 797.48 Mg·C·ha−1 in closed-canopy mangroves. Closed-canopy areas contained significantly higher total carbon density (454.92 ± 26.58 Mg·C·ha−1) than open-canopy mangrove I areas (340.87 ± 38.82 Mg·C·ha−1) (Table 4; Table 5; p < 0.05). Soil carbon stocks were the largest of the carbon pools, containing an average of 86% of total C stocks. The total carbon stock of the 1507 ha of mangroves in the Bay of Assassins, Madagascar, was estimated to be 5.84 × 105 ± 0.35 × 105 Mg·C with the resulting 95% confidence interval equivalent to ± 0.70 × 105 of the overall mean (Table 5).



Table 5. Mean ± standard error and total carbon mass calculated for each height class and the resulting ecosystem C stock estimate for inventoried mangroves in Helodrano Fagnemotse.







	
Mangrove Class

	
Total Carbon Stock (Mg·C·ha−1)

	
Area (ha)

	
Total Carbon (Mg × 105)






	
Closed-canopy mangrove

	
454.92 ± 26.58

	
620

	
2.82 ± 0.16




	
Open-canopy mangrove I

	
340.87 ± 38.82

	
886

	
3.02 ± 0.34




	
Total

	

	
1507

	
5.84 ± 0.35












3.2. Remote Sensing Results


3.2.1. Landsat Classification Results


Figure 7 depicts the results of the unsupervised maximum likelihood classifications of the 2002 and 2014 Landsat data and the confusion matrices shown in Table 6 demonstrate the accuracy of these classifications.


Figure 7. The 2002 Landsat classification results (a). The 2014 Landsat classification results. Individual class areas are shown in brackets (b).
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Table 6. Confusion matrices for the 2002 and 2014 Landsat classifications. Rows represent mapped classes and columns represent independent validation pixels.







	
2002

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
Total

	
Users (%)

	
Commission (%)




	
Terrestrial forest (1)

	
43

	
0

	
0

	
0

	
0

	
0

	
0

	
43

	
100

	
0




	
Barren (2)

	
0

	
42

	
0

	
4

	
0

	
0

	
0

	
46

	
91

	
8.7




	
Mixed vegetation (3)

	
2

	
0

	
45

	
0

	
0

	
0

	
0

	
47

	
95.7

	
4.3




	
Tanne (4)

	
0

	
0

	
0

	
29

	
4

	
0

	
0

	
33

	
87.9

	
12.1




	
Open-canopy mangrove II (5)

	
0

	
3

	
0

	
3

	
22

	
1

	
0

	
29

	
75.9

	
24.1




	
Open-canopy mangrove I (6)

	
0

	
0

	
0

	
0

	
1

	
33

	
0

	
34

	
97.1

	
2.9




	
Closed-canopy mangrove (7)

	
0

	
0

	
0

	
0

	
0

	
2

	
45

	
47

	
95.7

	
4.3




	
Total

	
45

	
45

	
45

	
36

	
27

	
36

	
45

	
279

	

	




	
Producers (%)

	
95.6

	
93.3

	
100

	
80.6

	
81.5

	
91.7

	
100

	

	
Overall

	
92.8




	
Omission (%)

	
4.4

	
6.7

	
0

	
19.4

	
18.5

	
8.3

	
0

	

	
Kappa

	
0.92




	
2014

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
Total

	
Users (%)

	
Commission (%)




	
Terrestrial forest (1)

	
45

	
0

	
0

	
0

	
0

	
0

	
0

	
45

	
100

	
0




	
Barren (2)

	
0

	
45

	
0

	
3

	
0

	
0

	
0

	
48

	
93.8

	
6.3




	
Mixed vegetation (3)

	
0

	
0

	
45

	
0

	
0

	
0

	
0

	
45

	
100

	
0




	
Tanne (4)

	
0

	
0

	
0

	
33

	
0

	
0

	
0

	
33

	
100

	
0




	
Open-canopy mangrove II (5)

	
0

	
0

	
0

	
0

	
27

	
0

	
0

	
27

	
100

	
0




	
Open-canopy mangrove I (6)

	
0

	
0

	
0

	
0

	
0

	
36

	
0

	
36

	
100

	
0




	
Closed-canopy mangrove (7)

	
0

	
0

	
0

	
0

	
0

	
0

	
45

	
45

	
100

	
0




	
Total

	
45

	
45

	
45

	
36

	
27

	
36

	
45

	
279

	

	




	
Producers (%)

	
100

	
100

	
100

	
91.7

	
100

	
100

	
100

	

	
Overall

	
98.9




	
Omission (%)

	
0

	
0

	
0

	
8.3

	
0

	
0

	
0

	

	
Kappa

	
0.99










In the 2014 classification, a total of 620 ha of closed-canopy mangrove, 866 ha of open-canopy mangrove I and 295 ha of open-canopy mangrove II were mapped. As in Jones et al. [24], both classifications showed high levels of accuracy, particularly in the vegetation classes, with minimal confusion between the mangrove and terrestrial vegetation classes. With a Kappa index of 0.98, the only observed areas of confusion in the 2014 classification were between the barren and tanne classes. While the 2002 classification resulted in a lower Kappa index of 0.92, 92.8% of the validation regions were correctly classified, including 96% of the closed and open-canopy mangrove I areas. The highest confusion in this image was between the open-canopy mangrove II and the barren and tanne classes. Akin to Jones et al. [24], classification confusion between mangrove and other vegetation classes was largely avoided.



Whilst every effort was made to select spatio-temporally invariant calibration and validation areas, inclusion of such areas due to the lack of high resolution imagery in Google Earth that dates from 2002 is a potential cause of the lower levels of accuracy exhibited by the 2002 map compared to the 2014 results.



The spectral signatures of each class in both the 2002 and the 2014 images are shown in Figure 8. As found by Jones et al. [42], the near-infrared and shortwave-infrared bands (bands 4 and 5–7 in Landsat 7 ETM+; bands 5–7 in Landsat 8 OLI) are of particular relevance for mangrove distinction and classification.


Figure 8. The spectral signatures extracted from the calibration areas for each class from the 2002 and 2014 Landsat images.
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While the spectral signatures of the open-canopy mangrove II, tanne and barren classes exhibit different levels of reflectance, the overall shape of the signatures are similar. One potential cause for the confusion between these classes could be varying levels of surface moisture, which would have decreased levels of reflectance in all bands irrespective of class [56], resulting in spectral similarity between these classes. Whilst every effort was made to select images with similar tidal heights, this does not remove the potential for varying levels of surface moisture across the study area and adds to the complexity of remote sensing analyses in mangrove and coastal environments.




3.2.2. Dynamics Results


With respect to the mangrove classes, over the twelve years from 2002 to 2014 the largest changes in the Landsat-derived maps were observed in the open-canopy mangrove II class, with an apparent net loss of 47.9% (Table 7). However, it is likely that a significant portion of this change was due to confusion between the open-canopy mangrove II, barren and tanne classes. All showed large spatial fluctuations between the two dates, with over 70% of pixels changing classification in both the tanne and open-canopy mangrove II classes. The results suggest that 49.3% of open-canopy mangrove II pixels- or 279 ha- changed from vegetated to barren/tanne over this period. However, as stated in Section 2.2.1, the shrub-like open-canopy mangroves II are rarely a target of human-induced mangrove deforestation [33]. Whilst natural mortality is another potential explanation for this loss, no extensive areas of erosion, retreat or natural dieback were noted during either the 2014 or 2015 field seasons and there have been no reports of such areas by local residents. Therefore, it is concluded that this loss is an artifact of the confusion between the open-canopy mangrove II class and the bare ground classes.



Table 7. Numeric summary of the class changes between the 2002 and 2014 Landsat classification. (a) shows percentage changes and (b) shows aerial changes in square meters. Highlighted cells indicate changes greater than 15%. OCII = open-canopy mangrove II; OCI = open-canopy mangrove I; CC = closed-canopy mangrove.







	

	
(a)

	
2002




	
TF

	
Barren

	
Mixed Veg

	
Tanne

	
OCII

	
OCI

	
CC

	
Class Total




	
2014

	
TF

	
87.494

	
0.023

	
8.179

	
0

	
0.048

	
0.011

	
0

	
100




	
Barren

	
3.194

	
78.995

	
11.651

	
45.539

	
46.85

	
4.578

	
0.012

	
100




	
Mixed Veg

	
9.302

	
19.707

	
79.911

	
2.941

	
12.027

	
3.662

	
0

	
100




	
Tanne

	
0

	
0.622

	
0.006

	
24.853

	
2.418

	
0.291

	
0.212

	
100




	
OCII

	
0

	
0.554

	
0.008

	
20.735

	
26.106

	
9.662

	
0.25

	
100




	
OCI

	
0.01

	
0.099

	
0.244

	
5.931

	
12.552

	
74.052

	
22.421

	
100




	
CC

	
0

	
0

	
0.001

	
0

	
0

	
7.745

	
77.105

	
100




	
Class Total

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	




	

	
Class Changes

	
12.506

	
21.005

	
20.089

	
75.147

	
73.894

	
25.948

	
22.895

	




	

	
Image Difference

	
−0.676

	
10.693

	
−0.603

	
−49.608

	
−47.932

	
6.075

	
−13.902

	




	

	
(b)

	
2002




	
TF

	
Barren

	
Mixed Veg

	
Tanne

	
OCII

	
OCI

	
CC

	
Class Total




	
2014

	
TF

	
47,268,900

	
10,800

	
6,376,500

	
–

	
2,700

	
900

	
–

	
53,659,800




	
Barren

	
1,725,300

	
36,582,300

	
9,083,700

	
836,100

	
2,650,500

	
382,500

	
900

	
51,261,300




	
Mixed Veg

	
5,025,600

	
9,126,000

	
62,301,600

	
54,000

	
680,400

	
306,000

	
–

	
77,493,600




	
Tanne

	
–

	
288,000

	
4,500

	
456,300

	
136,800

	
24,300

	
15,300

	
925,200




	
OCII

	
–

	
256,500

	
6,300

	
380,700

	
1,476,900

	
807,300

	
18,000

	
2,945,700




	
OCI

	
5,400

	
45,900

	
189,900

	
108,900

	
710,100

	
6,187,500

	
1,615,500

	
8,863,200




	
CC

	
–

	
–

	
900

	
–

	
–

	
647,100

	
5,555,700

	
6,203,700




	
Class Total

	
54,025,200

	
46,309,500

	
77,963,400

	
1,836,000

	
5,657,400

	
8,355,600

	
7,205,400

	




	

	
Class Changes

	
6,756,300

	
9,727,200

	
15,661,800

	
1,379,700

	
4,180,500

	
2,168,100

	
1,649,700

	




	

	
Image Difference

	
-365,400

	
4,951,800

	
−469,800

	
−910,800

	
−2,711,700

	
507,600

	
−1,001,700

	










The dynamics of the closed-canopy and open-canopy mangrove I classes highlighted some interesting trends. Between 2002 and 2014, 22.4% or 162 ha of closed-canopy mangroves transitioned to open-canopy mangrove I. Additionally, 9.7% of open-canopy mangrove I transitioned to open-canopy II.



The dynamics analysis further underscored the accuracy of the closed-canopy and open-canopy mangrove I classes, with no changes from closed-canopy mangrove to either of the terrestrial vegetation classes—a transition not seen on the ground—and only 0.25% of open-canopy mangrove I transitioning to terrestrial vegetation.



Combining these figures to assess net changes in the mangrove classes resulted in a net loss of 15.11% or 321 ha between 2002 and 2014, if all three mangrove classes were included in the calculation (Table 8). Excluding the open-canopy mangrove II class from these equations, given the aforementioned inconsistencies in these data, resulted in a more conservative net mangrove loss of 3.18% or 49 ha over the same period, implying an average annual net loss of 0.264% within Helodrano Fagnemotse.



Table 8. Aerial and net changes in each mangrove class within the study area between 2002 and 2014. These figures were combined to give aerial and net changes of all mangroves (closed-canopy, open-canopy I and open-canopy II) and only for closed-canopy and open-canopy I.







	

	
Area (hectares)

	
2002–2014

	
2002–2014




	
2002

	
2014

	
Net Change (ha)

	
Net Change (%)






	
Open-canopy mangrove II

	
565.74

	
294.57

	
−271.17

	
−47.93%




	
Open-canopy mangrove I

	
835.56

	
886.32

	
50.76

	
6.07%




	
Closed-canopy mangrove

	
720.54

	
620.37

	
−100.17

	
−13.90%




	
Combined mangrove class (CC, OCI & OCII)

	
2121.84

	
1801.26

	
−320.58

	
−15.11%




	
Combined mangrove class (CC & OCI)

	
1556.10

	
1506.69

	
−49.41

	
−3.18%










The spatial distribution of the loss, gain and persistence of the closed-canopy and open-canopy I classes is shown in Figure 9.


Figure 9. The spatial distribution of areas of mangrove loss, gain and persistence over the period 2002–2014.
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4. Discussion


Total carbon stocks within both mangrove classes in Helodrano Fagnemotse were substantially lower than the global mean of approximately 965 Mg·C·ha−1 [57]. Although soil carbon stocks were comparable, total carbon stocks were also lower than values estimated by other mangrove carbon inventories carried out in East Africa in recent years [25,26] (Figure 10). The difference in total stocks is mostly due to lower vegetation carbon values owing to the comparably smaller stature of mangroves in Helodrano Fagnemotse, which is most likely due to the climatic differences between the study areas. Due to the arid nature of the southwest region of Madagascar, this mangrove system receives less rainfall and is likely to be more saline in nature, both of which are environmental parameters that have previously been shown to impact mangrove productivity [11,57,58,59].


Figure 10. Ecosystem carbon densities up to a soil depth of 1 m reported for carbon inventories in the Dominican Republic [62], Palau, Micronesia [63], the Zamezi Delta, Mozambique [26], Ambaro-Ambanja Bay, Madagascar [25] and Helodrano Fagnemotse from this study. Grey shading indicates studies in the Western Indian Ocean.
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The percentage of total carbon stocks made up by soil stores falls into the reported range of 49–98% [9]. Similarities within the Western Indian Ocean region as well as at the global scale were apparent in soil characteristics where mean carbon concentration fell within the global range of 2–5% [60]. Bulk density values were estimated at the higher end of other reported values [37,42,61] but were similar to other studies in the region [26,61], which is likely due to the high mineral content of the soil in the area.



Although total carbon stocks were found to be lower than other studied mangrove systems, the mangroves of Helodrano Fagnemotse are clearly an extremely important resource for local coastal communities, which was highlighted by the evidence of mangrove loss observed in both the remote sensing and inventory data analyses. The remote sensing analysis indicated an overall net loss of 3.18% between 2002 and 2014. This is comparable to losses reported in Mahajamba Bay [27], but substantially lower than those estimated in the Ambaro-Ambanja Bays in northwest Madagascar [24,25]. However, because the net loss figures only account for total deforestation—mangrove classes transitioning to non-vegetated classes—these figures alone do not accurately reflect the extent of mangrove exploitation within the bay. The dynamics analysis highlighted that 22.4% of closed-canopy mangroves transitioned to open-canopy mangrove I between 2002 and 2014 and a further 9.7% of open-canopy mangrove I transitioned to the more sparse open-canopy mangrove II. These trends suggest widespread, extensive degradation, an observation which is further reinforced by the high stump densities recorded during the carbon inventory surveys, particularly in the denser, taller, closed canopy C. tagal dominated plots. Similar observations were also made by Scales et al. [31] who found that 28.7% of trees in 60 randomly selected plots within Helodrano Fagnemotse showed signs of harvesting.



This study focusses on the regulating, carbon storage service that mangroves provide, however, the observed, decreasing mangrove ecosystem health is likely to have a negative impact on the ability of the system to provide additional services that are of importance to coastal communities in the immediate-term e.g., coastal protection and supporting commercially important fisheries [57,64,65]. Approximately 80% of global fisheries are either directly or indirectly dependent on mangroves [17]. This is of critical importance to the communities of Helodrano Fagnemotse where small-scale fisheries sustain local livelihoods, providing 82% of daily household income, preventing a fall into further poverty [30].



Due to the strong local dependence on mangrove resources and the lack of viable alternatives in this remote and arid region—where the adjacent, endemic Mikea Forest ecosystem experienced the country’s highest deforestation rate between 1995 and 2005 [66]—total, strict conservation is not a viable option if local livelihoods are to be unaffected. In addition, despite extensive national legislation governing mangrove forests and protected areas in Madagascar [67], state authorities lack capacity for implementation and enforcement, especially in remote areas such as Helodrano Fagnemotse [68,69].



Mangroves are remarkably resilient species [13,70], making them suitable for locally-led sustainable harvesting and conservation regimes. However, this needs to be made a feasible option for people existing on the edge of, or below, the national poverty line. Despite the relatively low levels of carbon stored in the mangroves of Helodrano Fagnemotse, given the low levels of wealth in the area, harnessing the value that this conserved and restored carbon holds on the voluntary carbon market could generate revenue to support and incentivise locally-led sustainable mangrove management, improve livelihoods and alleviate anthropogenic pressures [2,71]. As the mangroves of Helodrano Fagnemotse sit within the Velondriake LMMA, there is also the potential for this revenue to support broader community-led marine conservation initiatives. The carbon stocks and the remote sensing-derived ‘business as usual’ deforestation rate presented herein could form the basis of a carbon project’s baseline scenario.



Despite the increasing interest in the use of carbon financing as an incentive for sustainable mangrove management, improvements to carbon project methodologies are needed in order to optimise them for use in wetland ecosystems. The fate of vegetation carbon following deforestation can be predicted with relative ease and the loss of soil organic carbon due to mangrove conversion for aquaculture is relatively well established [62,72]. However, there remains insufficient information on the fate of soil organic carbon following cutting for timber or charcoal, which is the predominant cause of mangrove deforestation both in Madagascar and the broader East Africa region [17,73]. In fact, it is estimated that 26% of mangrove forests worldwide are degraded due to over-exploitation for fuelwood and timber production [74]. However, despite a growing number of studies highlighting the impact of ecosystem conversion and degradation on soil organic carbon stocks, the predictions of carbon losses through in-situ oxidation and soil export to estuarine and offshore areas are wide ranging [2,19,71,75].



Addressing these outstanding uncertainties should be a priority in order to include significant soil carbon stocks in blue carbon accounting and improve carbon sequestration accounting in the mangrove environment [71]. This would ensure that the maximum potential offsets are achieved for specific wetlands conservation and/or restoration projects, increasing the carbon financing available for project activities and to support local communities.




5. Conclusions


This study presents, for the first time, ecosystem carbon stocks and loss rates of mangroves in the arid region of southwest Madagascar. While total stocks are comparatively lower than global and regional averages, this does not diminish the importance of the mangroves of Helodrano Fagnemotse to local people. The high levels of exploitation indicated by the carbon inventory surveys and remote sensing analysis suggest a high dependence on mangrove timber. However, in an area where the small-scale fisheries sector employs 87% of the adult population and provides the sole protein source in 99% of all household meals [30], it is the indirect services provided by mangroves that are of most importance to local wealth and wellbeing. Increasing fragmentation of mangroves in the bay could diminish their capacity to act as habitats and breeding and nursery grounds for fisheries thus threatening not only biodiversity but also local livelihoods.



In such remote regions, pragmatic, locally-led solutions to marine management are necessary. The carbon stored by the mangroves of Helodrano Fagnemotse is currently an unrealised financial asset of local communities. If this value can be harnessed it has the potential to catalyse and support locally-led mangrove management.
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