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INTRODUCTION
Terrestrial ecosystems represent the most important carbon (C) sink with their capacity to
store almost three times that of the atmosphere (Trumper et al., 2009). Further, approximately
40% of terrestrial C is stored in tropical forests, sequestering large amounts of carbon dioxide
from the atmosphere (Beer et al., 2010; Pan et al., 2011). However, these forests are threatened
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by high rates of conversion to other land uses, constituting a major source of greenhouse
gas (GHG) emissions and contributing to climate change (Fearnside, 2000; Houghton, 2005).
The UN initiative, Reducing Emissions from Deforestation and Forest Degradation (REDD+),
represents one path aimed at mitigating the impacts of climate change by conserving tropical
forests threatened by deforestation or degradation (Day et al., 2013). It aims to reduce carbon
dioxide emissions from developing countries through the sustainable management of forests,
while providing co-benefits of biodiversity conservation and livelihood support (Danielsen
et al., 2011). Accurate carbon stock quantification represents one important step in ensuring
the successful implementation of REDD+, as such information is needed for validation and
verification of emissions reductions. (Gibbs et al., 2007; Saatchi et al., 2011).
In eastern Madagascar, deforestation is mainly due to slash-and-burn agriculture (Styger
et al., 2007), which results in a mosaic of land use types where fallows are prevalent (Nambena,
2003). To address deforestation in one area of this region, many activities have been implemented,
including the development of a REDD+ project initiated by the Government of Madagascar in
2008 (Conservation International, 2013). REDD+ demands a precise estimation of the amount
of C stored in forest and other land use types in order to accurately calculate, for example, the
emissions avoided due to the presence of a REDD+ project (Andriamananjara et al., 2016). This
is needed because the contribution of the C pools may vary across the landscape. The majority
of studies to date on C accounting in different forest ecosystems in Madagascar considered separately the C pools, while studies of the estimation of C stock that consider all five C pools are
scarce (Andriamananjara et al., 2016; Grinand et al., 2017; Razakamanarivo et al., 2011, 2012).
In this chapter, we firstly review a recent study that accounted C stocks in all five pools
recognized by the IPCC (2003), including AGB, BGB, litter, deadwood (DW), and SOC.
Afterwards, we identify their dynamics across land uses following deforestation.

MATERIALS AND METHODS
Study Sites
The study was conducted in the Corridor Ankeniheny-Zahamena forest (CAZ), a humid
tropical rainforest in the eastern region of Madagascar. As reported by Andriamananjara et al.
(2016), the CAZ extends over 371,000 ha, representing an important remnant of evergreen
rainforest of Madagascar. This rainforest (closed-canopy forest) is the original vegetation type
and provides ecosystem services for many communities surrounding CAZ, such as water
supply, erosion control, regulation of the climate (Conservation International, 2013). In addition to the forest, the landscape is characterized by a mosaic of postdeforestation land uses
with specific vegetation compositions. As described by Styger et al. (2007), after the first deforestation, fallow is dominated by trees, especially Trema orientalis and Harungana madagascariensis; this is termed the tree fallow (TF) stage. The second stage is the shrub fallow (SF)
resulting from the second to the fourth cycles of forest clearance. Here the endemic shrub
species, Psidia altissima become the dominant species followed by Rubus moluccanus, Lantana
camara, and Aframomum angustifolium. The fifth cycle is characterized by the fern species:
Pteridium aquilinum and Sticherus flagellaris. After the sixth cycle, Imperata cylindrica become
the characteristic species. This last stage is characterized as degraded land (DL). Thus, four
land uses were considered in this study: closed canopy (CC), tree fallow (TF), shrub fallow
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FIG. 1 Location of regions surveyed for carbon quantification.

(SF) and degraded land (DL). These land uses were identified by prior remote sensing and
geographic information system GIS analysis, botanical indicator species inventories, and interviews with local people regarding the land use history in the field.
The corridor was stratified based on a remote sensing and GIS analysis, and four representative zones were selected including: Lakato, Andasibe, Anjahamana and Didy (Fig. 1). The
minimal area for surveys in forest ecosystem is reported to be at least 1 ha to cover the species
representation in the study area (Rajoelison, 2005).
It is to be noted that multiple criteria were considered during prior remote sensing and
GIS analysis, such as: deforestation history, altitude, slope, bioclimatic subdivision, soil type,
accessibility, and river network. A total of 123 sites including the four land uses types were
surveyed all along the CAZ (Table 1).

Quantification of Carbon Stocks
The quantification of C stock for AGB in trees with diameter at breast height (DBH) > 5 cm
was based on a tree inventory within a 20 m radius circular plot (Fig. 2). The following information was recorded: species name, DBH (the tree diameter at 1.30 m above the soil), and tree
height (H). The wood specific gravity (WSG) was also determined.
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TABLE 1 Number of Surveyed Sites Per Land Use Type
Zone of Interest

CC

TF

SF

DL

Lakato

7

7

7

7

28

Andasibe

9

9

11

10

39

Anjahamana

7

7

7

7

28

Didy

7

7

7

7

28

30

30

32

31

123

TOTAL

TOTAL

CC: closed canopy; TF: tree fallow; SF: shrub fallow; DL: degraded land.

The allometric equation (Eq. 1) proposed by Chave et al. (2014), representing the most recent model developed for tropical forests including Madagascar, was applied:
AGB = 0.0673 ´ ( WSG ´ DBH ´ DBH ´ H )

0.976

(1)

For saplings (small trees with DBH < 5 cm and H > 1.30 m), each species was counted within
a 2 m radius plot. Five different species of saplings were then chosen randomly and weighed
and sampled.
For the other AGB subpools, including understory vegetation and herbaceous biomass, the
C stock was estimated by weighing all vegetation within a 1 m × 1 m quadrate in four subplots
(Andriamananjara et al., 2016).
Following Andriamananjara et al. (2016), soil sampling up to 100 cm depth for each sampling plot (Fig. 2) was completed using a manual steel auger for bulk density measurement
and a steel cylinder for carbon content analysis. Walkley and Black (1934) method and mid-
infrared spectroscopy (MIRS) model were used to determine the soil carbon content. The SOC
stock was calculated according to Parras-Alcántara et al. (2013).
For the BGB assessment, root sampling, including coarse (diameter > 10 mm) and medium
roots (diameter between 2 mm and 10 mm), was performed using a 1 m × 1 m pit.
For the litter biomass quantification, litter was sampled at the same location used for the understory and herbaceous sampling (Fig. 2). The leaf litter and root mat within a 0.25 m × 0.25 m
quadrate was collected and weighed. Collected biomass samples were generally oven-dried
at 75°C over a 48-h period in order to determine the dry biomass content.
For deadwood (composed of standing and lying dead wood), the method proposed by
Winrock international (Pearson and Brown, 2005; Walker et al., 2012) was used. The standing
deadwood measurement followed the same plot design used for the trees. The diameter at
the base, DBH, the diameter of the top, and the height of each standing deadwood were recorded. The volume of standing deadwood was obtained with Eq. (2):
Volume ( m 3 ) = 1 / 3 ´ p ´ H ´ ( r12 + r22 + r1 ´ r2 )

(2)

where H is the total height of the standing deadwood, r1 is the diameter at the base, and r2
corresponds to the diameter at the top.
For lying deadwood, the diameter for each individual crossing a transect of 100 m length
through the center of the tree plot was measured (Fig. 2). For each individual piece of
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Circle of 2 m, 5 m, 10 m and
20 m radius to inventory
sapling and trees
5 cm<DBH<10 cm,
10 cm<DBH<20 cm and
DBH>20 cm respectively
Herbaceous and
understorey sampling within
1 m × 1 m quadrat

Root and soil sampling
within 1 m × 1 m × 1 m
Lying deadwood inventory in
100 m transect
Litter sampling within
25 cm × 25 cm quadrat

FIG. 2 Sampling design for carbon quantification of each pool for all land uses.

 eadwood, both standing and lying, the density of the wood was recorded. Eq. (3) was used
d
to determine the volume of lying deadwood:

(

Volume ( m 3 ) = p ² ´ ( d12 + d22 +  + dn2 ) / 8 ´ L

)

(3)

where di is the diameter intercepting the transect and L is the length of the transect, which
corresponds to 100 m.
The biomass of deadwood is obtained with Eq. (4):
Biomass = Volume ´ Density

(4)

The wood density was classified as sound (S), intermediate (I), and rotten (R). We applied
the same wood density values for each class as identified in the project description document
(PDD) developed for the REDD+ project. These values correspond to 0.76, 0.58, and 0.48 for
the S, I, and R categories, respectively. The C conversion rate of 0.5 (Brown, 2002) was applied
to convert biomass into C stock throughout the study.

Statistical Analysis
Descriptive statistics of C stock and the contribution of each pool to the total C stock were
used to assess the variability of data. The statistical significance of differences in the contribution of each pool to the total C stock, as well as in changes of the C stock of each pool following land degradation, were tested using ANOVA followed by the Student-Newman-Keuls
(SNK) multicomparison test. To assess the contribution of each pool to the total carbon stock,
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analyses were performed for each land use and for all land uses together. All analyses were
performed using R software 3.1.3 (Auguie, 2012; R Core Team, 2015; Wickham, 2009; Felipe
de Mendiburu, 2012).

RESULTS
Contribution and Importance of Each Carbon Pool to the Total Carbon Stock
Fig. 3 reports the importance of each carbon pool to the total C stock. For the ensemble of
land uses, results show the large contribution of the SOC pool up to 100 cm depth (76.49%
corresponding to 135.08 Mg C ha−1), followed by the AGB pool (13.54% corresponding to
30.98 Mg C ha−1), to the total C stock in all land uses.
In CC the SOC stock up to 100 cm depth averaged 51.35% (corresponding to 144.35 Mg
C ha−1 on average) of the total C stock. Following deforestation, the proportion of SOC, compared to other C pools, increases as the land degrades, reaching 87.19% of the total C stock in
DL lands (Fig. 3).
Considering the vertical distribution of SOC along the soil profile, it was found that the
topsoil at 0–30 cm depth held a larger proportion of SOC (66.88% of the 0–100 cm SOC profile), compared to the deeper soil layer from 30 to 100 cm depth; the deeper soil layer held
only 33.12%. Further, the amount of carbon stored in the topsoil (0–30 cm depth) ranged from
35.74 Mg C ha−1 to 167.35 Mg C ha−1 and from 2.85 Mg C ha−1 to 156.78 Mg C ha−1 for deep soil
(30–100 cm depth) (Table 2).
While the AGB C pool represented the second highest contributor to the total C stock after
the SOC pool, the contribution of this pool decreased following a land use change from CC to
fallows and, eventually, DL. Actually, AGB ranged from 30.85% of the total carbon stock for
closed canopy to 5.99% for degraded lands with an average of 13.53% among all land uses

FIG. 3 Contribution of each carbon pool to the total carbon stock.

TABLE 2 Carbon Stocks (Mg ha−1) Per Subpool According to Land Use Type
LU

ABG
Tree

Sapling

Litter

DW

BGB

SOC Up to 100 cm

Herbaceous Leaf_litter

Root_mat

Standing_
DW

Medium_
Lying_DW Coarse_root root

SOC30

7.92 ± 6.56

0.65 ± 0.82

1.71 ± 4.30

3.06 ± 6.57

87.84 ± 22.79 47.23 ± 25.84

2.474 ± 0.69 1.51 ± 1.02

6.21 ± 6.78

11.99 ± 7.93 15.50 ± 11.13 11.76 ± 12.22 93.33 ± 30.08 51.02 ± 26.31

1.98 ± 1.16

21.10 ± 40.45 1.89 ± 2.29

5.73 ± 7.53

CC

82.81 ± 40.44 2.778 ± 1.99 2.93 ± 2.35

TF

3.57 ± 5.40

3.419 ± 2.98 9.71 ± 7.135 2.38 ± 0.98

0.49 ± 0.54

0.36 ± 1.10

0.55 ± 3.01

4.24 ± 3.82

3.72 ± 3.32

82.09 ± 15.70 47.93 ± 27.06

SF

0.14 ± 0.39

1.46 ± 1.36

10.46 ± 7.22 1.81 ± 0.82

0.28 ± 0.33

0.42 ± 1.65

0±0

5.57 ± 4.89

3.38 ± 2.69

89.79 ± 20.26 44.90 ± 26.09

DL

0±0

0±0

8.39 ± 5.58

0.37 ± 0.56

0±0

0±0

4.70 ± 3.80

4.28 ± 4.43

86.09 ± 22.44 45.30 ± 24.71

Results

All
land
use

1.28 ± 1.57

7.45 ± 7.99

SOC30-100

Means ± SEs; Coarse root: root diameter higher than 10 mm; medium root: root diameter between 2 and 10 mm; SOC30: SOC stock in 0–30 cm depth; SOC30-100: SOC stock in
30–100 cm depth. All land use: all 123 sites, not considering the specific land use of each one.
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(Fig. 3). The total C stock in the AGB pool ranged from 88.52 Mg C ha−1 in closed canopy to
8.39 Mg C ha−1 in degraded lands. Here, the AGB carbon stock values were obtained from
different carbon subpools including: the tree carbon stock, the understory vegetation carbon stock, and the sapling carbon stock. In the surveyed closed-canopy forest, AGB is stored
mainly in trees with DBH greater than 5 cm (with 82.81 Mg C ha−1 representing 93.16% of the
total AGB C stock) while in other land uses, herbaceous vegetation represents the majority of
the AGB C stock (with 9.71 Mg C ha−1 in TF, 10.46 Mg C ha−1 in SF, and 8.39 Mg C ha−1 in DL
corresponding respectively to 57.93%, 80.60%, and 100% of the total AGB C stock).
The contribution of BGB to the total carbon stock is also significant, as reported in Fig. 3.
Considering all land uses, BGB averaged 6.64% of the total C. This BGB C stock showed significant (P < 0.001) variations across the land use gradient. In closed canopy, BGB held 9.67%
of the total carbon stock, ranging from 5.55 to 68.46 Mg C ha−1, while in tree fallow, BGB represented 5.01% of the total carbon stock, ranging from 0.54 to 22.53 Mg C ha−1. In shrub fallows
and degraded land, the BGB carbon pool was as important as the AGB carbon. No significant
difference (P > 0.1) was found between AGB and BGB carbon stock of both the shrub fallow
and degraded land.
The contribution of the DW carbon pool was found to be significantly different in a
closed-canopy forest than in nonforest land uses. In closed canopy, the carbon stock in the
DW pool represented an average of 6.64% of the total carbon stock, ranging from 2.97 to
58.30 Mg C ha−1. A decreasing trend in the contribution of the deadwood C pool was observed
along the land use change in degradation pathways, from closed canopy to degraded land
(P < 0.001) (Fig. 3).
The litter carbon pool represented the lowest contribution to total carbon stock (Fig. 3). As
reported in Fig. 3, the proportion of the litter carbon pool differed according to the land use,
with the lowest contribution in the degraded land use, representing just 1.27% of the total C
stock, and the highest contribution in the tree fallow land use, representing 1.89% of the total
C stock. The highest litter C stock value was observed in closed canopy, with an average value
of 3.98 Mg C ha−1; the lowest litter C stock values were observed in degraded land, with an
average of just 1.65 Mg C ha−1.
Considering total carbon in the visible (AGB, DW, and litter) and hidden pools (BGB and
soil organic matter), as illustrated in Fig. 4, carbon is preferentially stored in the underground
pools in all land uses.
This contrast is more observed for the nonforest land uses, averaging 140.67 Mg C ha−1 for
the hidden pool and 15.03 Mg C ha−1 for the visible pool. In closed canopy, the difference is
less marked, with an average carbon stock value of 171.62 Mg C ha−1 in the below-ground
pool and 110.69 Mg C ha−1 in the above-ground pool.

Dynamic of Each Carbon Pool Following Land Use Change
Among the five carbon pools, four pools showed significant (P < 0.001) variations across
the land use degradation gradient, including AGB, BGB, DW, and litter, as illustrated in Fig. 4.
Conversely, no significant change of SOC stock distribution was found with land use change.
A decreasing trend of AGB carbon stock was observed from closed canopy (with an average value of 88.52 Mg C ha−1) to tree fallows (16.70 Mg C ha−1); the transition of shrub fallow
to degraded land showed a relatively small decrease of AGB, from 12.06 to 8.39 Mg C ha−1.

Discussion

33

FIG. 4 Variation of each pool according to land use.

The BGB and DW pools followed the same pattern as the AGB pool: a major decrease from
forest to tree fallows and a less marked variation between the other land uses (Fig. 4). For
the litter, significant decreases of carbon stock (P < 0.001) were observed from closed canopy
(3.98 Mg C ha−1) to tree fallow (2.87 Mg C ha−1) to shrub fallow (2.09 Mg C ha−1).

DISCUSSION
Contribution and Importance of Each Pool
This study showed that SOC was the most important carbon pool, storing the largest proportion of carbon among the different carbon pools and being the largest carbon stock regardless of land use. Different studies have found similar results, finding that soil can store two
to three times more carbon than the vegetation they support (Grinand et al., 2009, O'Keefe
et al., 2010; Scharlemann et al., 2014). The SOC contribution to the total carbon stock increased
with land use degradation, from 51.35% in the forest to 87.19% in degraded land. This could
be explained by the relative stability of the soil pool compared to the above-ground and
below-ground biomass across the land use degradation pathway (Sierra et al., 2007). As reported above, the SOC didn’t change significantly following land degradation, which is contrary to the above-ground biomass carbon stock that varied highly from the conversion of
forest to fallow.
After the SOC, the AGB contributed the second-highest proportion to the total C stock.
Trees represented the main component of the vegetation biomass in the forests in this study,
storing a large amount of carbon with an average of 82.80 Mg C ha−1; in other land cover
types, the AGB is essentially composed of small trees, shrubs, and herbaceous vegetation.
These vegetation types stored less carbon than the forest, varying from 0.86 to 31.37 Mg C ha−1
in DL, from 3.08 to 30.09 Mg C ha−1 in SF, and from 1.49 to 35.97 Mg C ha−1 in TF.
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In herbaceous (SF and DL) land uses, the contribution of AGB and BGB were not significantly different. According to Poorter et al. (2012), plants will preferentially allocate more biomass to roots if the limiting factor for growth is below ground (e.g., nutrients, water), whereas
they will allocate proportionally more biomass to shoots if the limiting factor is above ground
(e.g., light, CO2). Therefore the relative importance of the BGB carbon pool slightly depends
on these conditions. Here, the BGB result was produced by a BGB survey using the classical
method of digging a pit of standard size. Other in-depth work on BGB used the specialist
“voronoi” method to show that BGB can be important in tropical forest ecosystem.

Dynamic of Each Pool Following Land Use Change
In terms of variation along the land use degradation pathway, soils are a relatively stable pool, and deep SOC (30–100 cm) is considered relatively more stable than topsoil carbon
(Harrison et al., 2011). As carbon from a 30–100 cm depth represents 33.12% of the total assessed SOC, this could be adding more stability to the SOC pool. Randrinarisoa et al. (2014)
found no significant variation of carbon stock in the SOC between forests and other land uses
following deforestation, inducing only a small variability in SOC in response to land use
change.
In contrast to the SOC pool, the AGB biomass and DW carbon pools are more likely
to change across the degradation pathway, especially during the forest-to-nonforest land
use transition. In eastern Madagascar, the main land use change driver is reported to
be slash-and-burn agriculture (Tsujimoto et al., 2012), and the frequent use of fire is
replacing native species with exotic and aggressive ones, favoring grasses over woody
species and creating treeless landscapes (Styger et al., 2007). This change in the floristic
composition affects the biomass production and therefore the variation of C stock in the
AGB pool.
BGB followed the same decreasing pattern as AGB after the conversion of forest to nonforest land uses. However, the BGB trend seems to show some recovery of the carbon stock
along the degradation trajectory, although it is not significant between nonforest land uses.
This BGB could be considered as stable or slightly varying in response to environmental
factors. This relative stability could be explained by the similarity of the vegetation type in
the degraded land uses. In the nonforest land uses, the vegetation cover is mainly composed
of herbaceous plants, which could produce a large amount of roots, especially fine roots. For
both SF and DL the percentage of herbaceous plants are very high (80.60% and 100% of total
AGB, respectively) but in TF, this percentage is lower (57.93% of total AGB). The sampling
design of BGB could explain the similarity in root carbon stocks between these land uses. In
TF, trees are scarce and herbaceous vegetation is more widespread. The root sampling pits
could be relatively far from the trees, thus leading to unsampled tree roots and leaving only
the herbaceous plants’ roots to be sampled. However, the BGB pool could influence the evolution of the SOC pool, as it could store the below-ground carbon from roots. In this study,
the SOC was considered up to 1 m depth. Deep-soil carbon is known to be more stable than
topsoil carbon. Dead roots could supply C to the soil by microbial conversion; moreover Fang
et al. (2015) described the SOC, which originated from fine root decomposition as an important source of deep SOC.
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CONCLUSION
This study highlights that SOC up to 100 cm is the most important pool in terms of contribution to the total C stock and amount of carbon. The AGB pool represents the second most
important pool, in terms of contribution to the total C stock, characterized by a significant
decrease, especially from forest to nonforest land uses. The SOC and AGB pools are followed
by the BGB pool in CC and TF, while this pool contains as much carbon as the AGB pool in the
two other land uses (SF and DL). However, an in-depth BGB survey with specific methods
such as local allometric equations is required to accurately estimate the root carbon stock,
which is reported to be an important pool in tropical forest ecosystems. Concerning the effect
of deforestation on the dynamic of each C pool, results showed that all pools except the SOC
varied across land use. Therefore considering these decreasing pools, C mapping is important in the context of REDD+ implementation. Further mapping of C stock on regional and
national scales based on these five C pools would constitute valuable scientific knowledge for
decision making in land management policies.
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