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Abstract Allometric equations developed for the Lama
forest, located in southern Benin, West Africa, were
applied to estimate carbon stocks of three vegetation types:
undisturbed forest, degraded forest, and fallow. Carbon
stock of the undisturbed forest was 2.7 times higher than
that in the degraded forest and 3.4 times higher than that in
fallow. The structure of the forest suggests that the indi-
vidual species were generally concentrated in lower
diameter classes. Carbon stock was positively correlated to
basal area and negatively related to tree density, suggesting
that trees in higher diameter classes contributed signifi-
cantly to the total carbon stock. The study demonstrated
that large trees constitute an important component to
include in the sampling approach to achieve accurate car-
bon quantification in forestry. Historical emissions from
deforestation that converted more than 30% of the Lama
forest into cropland between the years 1946 and 1987
amounted to 260,563.17 tons of carbon per year (t CO,/
year) for the biomass pool only. The study explained the
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Introduction

The concentration of greenhouse gases (GHG) continues to
increase in the atmosphere as a result of human activities
(IPCC 2013; Houghton 2012). Because of the negative
impact this change in chemical composition of the atmo-
sphere has on climate change, mitigation actions are
especially needed (IPCC 2006, 2013; UNFCCC 20009;
UNEP 2014) to re-duce global warming. Carbon seques-
tration by forest ecosystems has been identified as one
promising solution (UNFCCC 2011; Wani 2014). The
international community has given the opportunity to
developing countries to contribute to the global efforts to
combat climate change through the implementation of
REDD+ activities, including reducing emissions from
deforestation and from forest degradation, conserving for-
est carbon stocks, sustainably managing forests and
enhancing forest carbon stocks (UNFCCC 2009, 2011).
One of the requirements to undertake these activities is to
develop a forest reference emission level and/or forest
reference level. Currently, according to the information
reported to the secretariat of the United Nations Frame-
work Convention on Climate Change (UNFCCC 2016),
only few countries in Africa are engaged in the REDD+
process. One of the difficulties identified was related to the
lack of data and tools such as allome-tric equations as well
as to the technical capacity to develop and apply such tools.
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The knowledge of the distribution of carbon stocks
according to land uses and of the mitigation potential of forests
is essential for efficient forest management. It contributes to
the assessment of forest carbon stocks at a global scale.

Forest timber exploitation and establishment of cropland
are among the main drivers of deforestation in Africa (FAO
2010; Vinya et al. 2011; Ratnasingam et al. 2014). As a
result, in many areas, forests are no longer uniform
ecosystems but include in different vegetation types such
as natural forest, degraded forest and fallows. These last
two types of vegetation offer the possibility to implement
reforestation and forest management activities to re-
establish the forest. The topic of assessments of forest
carbon stocks has been addressed by several studies (Mo-
hanraj et al. 2011; Alvarez et al. 2012; Tang et al. 2012) but
those conducted in Africa used default data and expert
judgments (Ekoungoulou et al. 2014; Liu et al. 2014). To
improve the assessment of carbon stocks and mitigation
potential of African forests, the use of country-specific data
and tools such as allometric equations is needed (Guen-
dehou et al. 2012; Goussanou et al. 2016).

Hirata et al. (2008), Guo et al. (2010), Djomo et al. (2011),
Liu et al. (2012, 2014), Galeana-Pizafa et al. (2014) and
Rudiyanto et al. (2015) have studied the distribution of car-
bon stocks in tropical regions using remote sensing, mod-
elling and geographical information systems (GIS). But
other studies (Wulder et al. 2008; Du et al. 2014; Vichar-
nakorn et al. 2014; Chen et al. 2015) reported that these
approaches need also ground truth data for validation.

Forest distribution maps are available in Benin but these
maps do not show the distribution of carbon stocks. These
dis-tribution maps would be useful to develop a baseline in
order to assess the performance of the implementation of
mitiga-tion actions such as reducing emissions from
deforestation and forest degradation, sustainably managing
forests, con-serving and enhancing carbon stocks
(UNFCCC 2011).

The objective of this study was to develop a carbon map
for the Lama forest, a semi-deciduous forest in southern
Be-nin using site-specific allometric equations and data.
The study also intended to give examples of how the ref-
erence and the distribution of carbon stocks could be
addressed at a sub-national level as a transition to national
carbon mapping. Factors affecting variation of carbon
stocks are also discussed.

Materials and methods
Study area

The study area was the Lama forest reserve, a semi-
deciduous forest ecosystem located in southern Benin
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(Nagel et al. 2004) between 6°55’ and 7°00" Latitude
North and 2°04’ and 2°12’ Longitude East. The map of
the location of the study area was presented in Gous-
sanou et al. (2016). The forest covers an area of
16,250 ha including 4777 ha of natural forest entirely
protected, referred to as the ‘Noyau Central’. The climate
is tropical moist (IPCC 2006). Monthly average tem-
peratures vary from 25 to 29 °C and the mean annual
rainfall is 1200 mm. Monthly rainfalls exceed 100 mm
except for January, February and March which are the
warmest months. Two rainy seasons occur between mid-
March and mid-July and between mid-September and
mid-November.

The soil in the area is hydromorphic clayey vertisol
(40-60% of clay) characterized by poor drainage and a
pH range of 5-5.5 in the 0-30 cm horizon (Kiippers
et al. 1998). The vegetation types include an undisturbed
forest, a degraded forest and fallow (Bonou et al. 2009).
Land classification is based on the extent of historical
deforestation activities that have affected the natural
forest. Between 1946 and 1987, 9000 ha of natural forest
was converted to cropland (Emerich et al. 1999). The
undisturbed forest refers to the part of the study area that
has remained intact while degraded forest and fallow
refer to areas that were subject to less perturbations and
severe disturbances respectively. Since the interruption of
agricultural activities between 1986 and 1987, protection
measures, including some afforestation activities through
enrichment, have taken place in areas previously dis-
turbed. Applying the default transition period of 20 years
(IPCC 2006), degraded forest and fallow, which were in
transition from cropland to forest land, have been clas-
sified forest since 2009 but under categories degraded
and fallow. In 1986, the areas reported by von Bothmer
et al. (1986) were 3784 ha for undisturbed forest,
5827 ha for degraded forest, 5800 ha for fallow land and
840 ha for plantation forest. The undisturbed and
degraded forests are dominated by species such as
Afzelia africana (Sm.), Ceiba pentandra (L.) Gaertner,
Diospyros mespiliformis (Hochst. Ex A.DC.), Dialium
guineense (Wild), Mimusops andongensis Hiern. (Sapo-
taceae), Celtis brownii (Rendle.), Holarrhena floribunda
(G. Don) Durand et Schinz, Malachanta alnifolia (Bak)
Pierre, Drypetes floribunda (Miill. Arg.) Hutch and
Cynometra megalophylla Harms. The fallows are char-
acterized by open canopy forests containing dominant
species such as Anogeissus leiocarpa (DC.) Guill. &
Perr. Lonchocarpus sericeus (Poir.) Kunth, Albizia zygia
(DC.) J.F. Macbr. and Ficus sur (cv. Forssk.). The
dominance of the tree species was determined on the
importance value index (Goussanou et al. 2016). The
plantation is composed of species such as Tectona
grandis and Gmelina arborea.
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Sampling design and data collection

The sampling design followed the approach described by
Guendehou et al. (2012) and Goussanou et al. (2016). Data
on tree dimensions (ground diameter, dbh, diameter along
the stem and height) and wood samples were collected
between October 2013 and February 2014, in 45 plots of
50 m x 50 m distributed across all vegetation types. The
45 plots were distributed proportional to the area of each
vegetation type and this resulted in 20, 10, and 15 plots
established in the undisturbed forest, degraded forest and
fallow respectively. The data collected and additional data
from Guendehou et al. (2012) were used to develop spe-
cies-specific and generic biomass models (Goussanou et al.
2016). The collected samples were used to determine wood
densities in the laboratory.

Computation of biomass and carbon stocks

Data from diameter at breast height (dbh) and stem height
measurements were used as inputs to the twenty-three
species-specific biomass models and generic model
developed by previous studies (Guendehou et al. 2012;
Goussanou et al. 2016) to estimate stem biomass. The
stocks were calculated at plot level by applying the specific
models to species for which models were developed and by
using the generic model for non-dominant species for
which enough data was not available to develop specific
models. Stem biomass stock for each plot was derived
following Eq. 1 and for each vegetation type using Eq. 2.
The stem biomass stocks were multiplied by the available
biomass expansion factor (BEF) and the root-to-shoot ratio
(IPCC 2006; Mokany et al. 2006) to derive the total above-
and below-ground biomass (Eq. 3). Total biomass per ha
for each vegetation type was the ratio of total biomass to
the total area of the vegetation type. Biomass for all veg-
etation types was then summed to derive the biomass of the
whole stand.

Bstemp = Z ij(Bsmi + Bgmj) (l)

where Bgen, = biomass stock in plot p, Bsm; = biomass
stock derived from specific model applied to dominant
species i (kg), Bgm; = biomass stock derived from generic
model applied to non-dominant species j (kg).

BsremVegetationtypev = § pBStemp,v (2)

where Bstemegetation type v = total stem biomass of vege-
tation type v, Bstem,, = stem biomass stock in plot p
belonging to vegetation v

TBvegetation typev — Bsremvegetation typev X BEF X (1 + R)

(3)

where, TBcgetation type v = total above and below ground
biomass stock of vegetation type v (kg), BEF = biomass
expansion factor, 3.4 (IPCC 2006), R = root-to-shoot ratio,
0.24 (IPCC 2006).

The biomass was converted to carbon stock using the
average carbon content (48.7 &= 0.8% dry matter) derived
from Guendehou et al. (2012).

Data analysis

The structure of the forest with respect to the distribution of
tree density and basal area, according to diameter classes
within and across vegetation types, was assessed by
graphical observations using the statistical computing
software R (R Development Core Team 2012) (Fig. 1).

The variation of biomass stock within and between
vegetation types was analyzed and correlated with param-
eters including tree density, basal area and stem height.
Density refers to the average number of trees per plot and
basal area is the sum of the cross-sectional area at 1.3 m
above the ground level of all trees in a plot (Bonou et al.
2009). In order to perform this analysis, all data (stem
density, basal area and biomass) were distributed in five
diameter classes: <15, 15-30, 30-45, 45-50, >50 cm.
Individuals for which the dbh was <15, were considered
small trees according to the National Office of Wood.

ArcGIS 10 was used to map the distribution of carbon
stocks according to vegetation type using the map of the
Lama forest developed by Bonou et al. (2009). From vector
format of vegetation map, we added attribute fields “type
of vegetation”, “area” and “carbon”. The attribute “type
of vegetation” referred to undisturbed forest, degraded
forest and fallow. The attribute “area” was the measure of
each unit of vegetation type. The attribute “carbon” was
obtained as a multiplication of the attribute “area” of the
“type of vegetation” by the mean value of the carbon stock
associated with the vegetation type concerned. These
vegetation layers with all attributes were stored in the GIS
for visualization. The vegetation layer was display based
on the attribute “carbon”. The carbon stocks were dis-
tributed in nine classes: <10, 10-15, 15-20, 20-25, 25-30,
30-35, 35-40, 40-45, >45 t C/0.25 ha (Fig. 2). The ranges
were derived based on the carbon estimated at the plot
level (Table 2).

Results
Forest structure
There were no significant differences with respect to spe-

cies richness across vegetation types. Thirty-eight, 37 and
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Fig. 1 Distribution of tree density (a) basal area (b) and total biomass (¢) according to diameter classes across vegetation types
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Fig. 2 Map of carbon stocks in Lama Forest Reserve

36 species were identified in undisturbed forest, degraded
forest and fallow respectively (Table 1). Low values of
Shannon diversity index indicated less diverse species
communities across vegetation types while Pielou evenness
values revealed that species were somewhat evenly dis-
tributed in the vegetation types. Large differences were not
observed with respect to Shannon diversity and species
evenness (Table 1).

@ Springer

In each vegetation type, the lowest tree density was
found in higher diameter classes, suggesting that more
individuals were detected in lower diameter classes. There
was a relatively good representation of trees for diameter
classes less than 30 cm. The density is higher in undis-
turbed  forest (542 stem ha~') than in fallow
(349 stem hafl) and in degraded forest (340 stem hafl)
(Table 1 , Fig. 1). Nearly 50% of trees measured in all



Application of site-specific biomass models to quantify spatial distribution of stocks and... 209

Table 1 Vegetation type characteristics

Parameters Undisturbed forest (mean 4 SE) Degraded forest (mean + SE) Fallows (mean + SE)
Species richness (S, species) 38 37 36

Tree density (tree/ha) 542 340 349

Shannon diversity (H, bits) 3.11 4.03 3.58

Pielou evenness (Eq) 0.59 0.77 0.69

Basal area (G, m*/ha) 18.60 + 1.31 11.53 £ 0.88 9.27 + 0.89

SE standard error

diameter classes were located in the undisturbed forest.
Large variations of density and basal area among vegeta-
tion type were observed.

Basal area varied significantly between vegetation types
ranging from 9.27 m* ha™' (fallow) to 18.60 m? ha™'
(undisturbed forest) (Table 1). In fallow and degraded
forest, diameter classes between 15 and 30 cm contained
higher values of basal area which decreased in high
diameter classes (Fig. 1). In undisturbed forest the increase
in basal area from lower to higher diameter classes was
observed.

In summary, tree density and basal area were the
parameters which affected the most the distribution of
biomass and carbon stocks in the forest (Table 1).

Biomass and carbon stocks

In general, in all vegetation types the lowest biomass was
found in lower diameter classes. In undisturbed forest, the
distribution of biomass according to dbh classes showed an
increasing trend, suggesting that the higher diameter clas-
ses, the higher the biomass and that large proportions of
biomass were located in larger trees (Fig. 1). Across all
dbh classes, more than 50% of the total biomass in the
forest was found in the undisturbed forest (Fig. 1). Carbon
stock in all plots in the undisturbed forest was higher in
comparison to that in the degraded forest and fallow
(Tables 2 , 3). Carbon stock in the degraded forest was
higher in the middle diameter classes and decreased
slightly for higher diameter classes. With regard to the
fallow area, the carbon stock was almost constant for
dbh > 10 cm. Diameter classes between 15 and 50 cm
contributed the most to biomass storage.

The plot that contained the highest biomass (257.74 t
dm) was in the undisturbed forest and the one with the
lowest (17.57 t dm) was in the fallow (Table 2). The
observed order of magnitude of the average total biomass
per plot was: undisturbed forest > degraded forest > fallow
(Table 2).

In each vegetation type, there was large variation of
biomass stock across plots (Table 2). The estimated coef-
ficient of variation (CV) was 27% for undisturbed forest,

32% for degraded forest and 48% for fallow. The biomass
per ha in the undisturbed forest was 2.7 times and 3.4 times
higher than stocks estimated in the degraded forest and
fallow respectively (Tables 2, 3).

Emissions from historical deforestation

Deforestation activities that took place in the Lama forest
between 1946 and 1987 converted 9000 ha of natural forest
into cropland (Emerich et al. 1999). Assuming that all the
biomass was entirely removed during the conversion and
considering the carbon stock per ha in Table 3, the emis-
sions from historical deforestation amounted to 260
563.17 t COy/year. Enough data was not available to
quantify the emissions from other carbon pools including
dead organic matter and soil.

Discussion
Forest structure

The low values of tree density observed in the degraded
forest and fallow could be interpreted as the result of his-
torical anthropogenic activities, including harvesting and
agriculture that modified the structure of the forest.
Emerich et al. (1999) reported that nearly 9000 ha of nat-
ural forest were converted into cropland. Harvesting was
also reported by Lokonon (2008). The predominance of
trees in lower diameter classes, i.e. younger trees (Fig. 1a)
is very interesting for the survival of the forest. This could
be explained as a positive effect of the protection measures
implemented over several years which enable the regen-
eration of the forest. The higher potential of regeneration in
the undisturbed forest was in line with (Jayakumar and
Nair 2013; Kimaro and Lulandala 2013), suggesting that
disturbed forests take time to regenerate in the absence of
management. Mean values of tree density obtained in this
study were 155, 330 and 188% higher than the values
reported by Emrich et al. (1999), Bonou et al. (2009), and
Vitoule (2012) respectively. This may be explained by the
diameter size (dbh > 5 cm) considered in our study,
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Table 2 Distribution of stem biomass (t dm) and total above and below ground biomass (t dm) across plots

Vegetation type Np Nt Stem biomass stock at plot level

(t dm)/0.25 ha

Total above and below ground
biomass stock at plot level

Total above and below ground
carbon stock at plot level

(t dm)/0.25 ha (t)/0.25 ha

Range Mean  SE Range Mean SE Range Mean SE
Undisturbed forest 20 2711 20.55-61.13  39.42 237  86.62-257.74 166.19 9.97 42.19-125.52 80.93 4.86
Degraded forest 10 851 7.45-2042 1484 152  31.43-86.11 62.59 6.41 15.30-41.93 30.48 3.12
Fallow 15 1312 4.17-22.21 11.79 146  17.57-93.62 49.71 6.17 8.56-45.59 2421 3
Np number of plots, Nt number of sampled trees, ¢ dm tons dry matter, SE standard error
Area of a plot = 0.25 ha
Table 3 Distribution of total biomass and carbon stock across vegetation types
Vegetation type Sum biomass stock from  Biomass stock per Carbon stock per ~ Area (ha)  Total biomass  Total carbon

sampled plots (t dm) ha (t dm) & SE ha (t C) & SE stock (t dm) stock (t C)
Undisturbed forest 3323.74 664.75 + 39.8 323.73 £ 19.42 2076.73 1,380,506.27 672,306.55
Degraded forest 625.85 250.34 4+ 25.64 121.92 £ 12.49 1075.67 269,283.23 131,145.69
Fallow 745.62 198.83 £ 24.67 96.83 + 12.01 1624.6 323,019.22 157,310.36

whereas dbh > 10 cm was considered for the other studies.
Data collected in this study has revealed that species
richness and diversity have been reestablished following
protective measures, including afforestation activities,
indicating a homogenous repartition of species in the Lama
forest. The basal area in this study was higher than those
previously found by Bonou et al. (2009) and Vitoule (2012)
due to probable differences in sampling, in particular in
this study trees in lower diameter classes. The combined
effect of high tree density observed in lower diameter
classes and presence of large trees in undisturbed forest
explains the high basal area detected in undisturbed forest.

Biomass and carbon stocks

The biomass of the three forest types (undisturbed forest,
degraded forest and fallow) fall within the range (50-749 t
dm ha™") reported in other studies conducted in tropical
forests (Clark et al. 2001, Cummings et al. 2002; Sierra
et al. 2007; Lewis et al. 2009; Djuikouo et al. 2010; Djomo
et al. 2011; Lewis et al. 2013). The above- ground biomass
reported by IPCC (2006) for tropical moist deciduous
forest in Africa was 260 t dm ha™! (IPCC range 160-430).
The above-ground biomass for undisturbed forest (536.10 t
dm ha™!) from Table 3 using the root-to-shoot ratio (0.24)
of IPCC (2006) was 33% higher than the upper limit of the
IPCC range. The above-ground biomass for degraded for-
est and fallow (201.89 and 160.35) were within the IPCC
range. The higher biomass in the undisturbed forest may be
attributed to the fact that this forest is semi-deciduous
while IPCC values were applicable to deciduous forests.
Lower biomass stocks found in the degraded forest and
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fallow were apparently a direct consequence of historic
deforestation and degradation activities implemented
between 1946 and 1987 affecting tree density. Variation of
biomass due to historical disturbances has been demon-
strated by others (Chazdon 2003; Mani and Parthasarathy
2009; Omeja et al. 2012; Lindner and Sattler 2012; Her-
nandez-Stefanoni et al. 2014; Lin et al. 2015; Osazuwa-
Peters et al. 2015) who reported higher biomass in pre-
served areas than on former clear-cut sites in tropical
regions The higher biomass in undisturbed forest could be
explained by higher tree density and also the presence of
trees with high potential of carbon storage, including
Afzelia africana, Cassipourea congoensis, Ceiba pentan-
dra, Dialium guineense, Diospyros abyssinica and
Diospyros mespiliformis, already reported by Guendehou
et al. (2012) and Goussanou et al. (2016). The proportion of
higher biomass found in higher diameter classes confirmed
that large trees contribute significantly to carbon storage
and should not be excluded from sampling for forest car-
bon estimation. This finding was consistent with results
from Alves et al. (2010) and Lindner (2010).

Emissions from historical deforestation

Countries such as Brazil, Colombia and Guyana have
submitted emissions associated with deforestation in the
context of REDD+ and have gone through the technical
assessment process of the UNFCCC secretariat (UNFCCC
2016). The emissions associated with deforestation repor-
ted in this study (260,563.17 t CO,/year) were lower than
those reported by Brazil (907,959,466 t CO,/year),
Colombia (51,599,618.7t CO,/year) and Guyana
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(46,301,251 t COy/year). The differences may be explained
by national circumstances such as the area deforested, the
period of the historical deforestation and the forest types.
Under REDD+ few countries in Africa have started the
preparation of the forest reference emission levels and
published data are not at the moment available to make a
comparison with our study.

Conclusions

This study is an example of the application of biomass
models to derive forest carbon stocks, their spatial distri-
bution and historical emissions associated with deforesta-
tion. From the distribution of biomass according to
diameter classes, the study confirmed that trees in higher
diameter classes should not be ignored when developing a
sampling approach to estimate carbon stocks in forest
ecosystems. The approach applied in this study could be
used as a basis for establishing forest reference emission
levels (FREL) or forest reference levels (FRL) in the
context of REDD+ . In order to quantify emissions from
deforestation and to develop a national FREL/FRL, his-
torical data on changes in forest area as well as biomass
models for other ecosystems would be required. National
FREL/FRL also requires the inclusion of other
REDD+ activities (reducing emissions from forest degra-
dation, conservation of forest carbon stocks, sustainable
management of forests, and enhancement of forest carbon
stocks) and carbon pools including dead organic matter and
soil.
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