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Abstract

The contribution of dryland forests in West Africa to carbon stocks remains poorly
documented due to the lack of appropriate allometric models and inventory data. In this study,
we gathered such data for dryland forest relics of northern Cote d’Ivoire that were used to
determine and sample the dominant species, to develop local mixed-species allometric models
for estimating tree aboveground biomass (AGB), to test the validity of existing allometric
models, and to characterize the stand structure (including carbon stock). A total of 118 tree
species belonging to 102 genera and 36 families were inventoried in 41 plots of 25 x 25 m
(625 m? each, totalling 2.56 ha) sampled in three sites in the Korhogo department. Among
them, seven predominant species, including one exotic, were selected for destructive sampling
in one site, the Lataha Forest Research Station. Destructive biomass data for 34 trees
belonging to these dominant species and with diameter at breast height between 6 and 41 cm
were used to fit allometric equations specific to this vegetation type and to test the predictions
of existing equations earlier developed for the global tropics and for African dry forests. Six
equations integrating three predictors, trunk diameter (D), total tree height (H) and wood
specific gravity (p) were developed and the models with the three predictors showed the best
performance. Pantropical models significantly over-estimated tree AGB by 20% while models
developed for African dry forests provided reliable estimates, suggesting a specific allometry

of trees in dryland forest relics. With our best local equation, a quantity of 141.26 + 92.72
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tDM.ha™ was estimated confirming that these dryland forest relics are important carbon
stocks for this region where open vegetation dominates. This study constitute an important
contribution for the carbon accounting programs related to the implementation of REDD+

initiatives in Cote d’Ivoire.
Key words: mixed-species allometric models, dryland forests, aboveground biomass, Africa

1. Introduction

Rapidly increasing atmospheric CO, concentrations have prompted attention to the
preservation of carbon stocks (Ryan et al., 2011) and the sequestration of carbon (Lewis et al.,
2013) in tropical ecosystems for mitigating climate changes. It is especially important for the
implementation of the mechanism for Reducing Emissions from Deforestation and forest
Degradation (REDD+), an emerging carbon credit market mechanism under discussion in
international climate negociations (Gibbs et al., 2007; Mugasha et al., 2013).

To estimate the amount of carbon stored in trees, forest inventory data (tree
identification and measurements in plots) are converted into aboveground biomass (AGB)
estimates with an allometric equation (Chave et al., 2004; Clark & Kellner, 2012), and AGB
is then converted into carbon through estimates of carbon content in woody tissues (Thomas
& Martin, 2012). Allometric equations are statistical models that estimate tree biomass from
dendrometric characteristics, such as stem diameter (D, in cm) and total tree height (H, in m),
and wood specific gravity (p, in g.cm™), the latter allowing converting a volume (~ D2H) into
AGB (in kg). These equations are usually calibrated from destructive measurements, either on
a single species or on a group of dominant species chosen to describe a vegetation type
(Picard et al., 2012; Ribeiro et al., 2011). The choice of the allometric model is an important
source of uncertainty in the biomass estimation process of tropical forests (Chave et al., 2004)
that can contributes to 76% of the total error in tree AGB estimates in tropical Africa
(Moundounga Mavouroulou et al., 2014; Picard et al., 2015). Similarly, the heterogeneity of
environmental conditions from which individuals originate induces great error in generic
allometric models and can be a source of sampling error propagation (Van Breugel et al.,
2011).

During the laste decade, considerable efforts have been made in Africa to improve
forest carbon estimates and specifically to develop biomass models, and notably in dense
forests in Ghana (Henry et al., 2010), Cameroon (Djomo et al., 2010; Fayolle et al., 2013),
Gabon (Ngomanda et al., 2014) and miombo woodlands (Mugasha et al., 2013; Ryan et al.,
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2011). Though general models for the global tropics (Chave et al., 2014) have been validated
for Central Africa in a cross-site study (Fayolle et al., 2018), the drier formations in West
Africa, such as the Sudanian drylands have been neglected due to their status as generally
classified and/or sacred forests in which human interventions are prohibited (Gueulou et al.,
2019). Allometric equations to estimate tree AGB were only developed for certain tree
species isolated in savannas, most of which are of high socio-economic, cultural and
ecological values that are used by local communities for multiple purposes including food,
medicine, construction and fuelwood and/or for soil restoration through afforestation (Balima
et al., 2020; Bayen et al., 2020; Chabi et al., 2016; Dimobe et al., 2018; Ganamé et al., 2020,
2021; Sawadogo et al., 2010). The protected forest relics in West Africa have yet never been
sampled and tropical dry forest species represent only 9% of the global database on tree
allometry and crown architecture (Jucker et al., 2022).

In Cote d’Ivoire, studies on the contribution of forests to carbon stocks and
sequestration are also very recent and mostly focused on the wettest areas (Bakayoko et al.,
2012; Lewis et al., 2013; Traoré et al., 2018). So far, apart from the recent work of Kouamé et
al. (2022), who developed biomass equations for five savanna tree species in the Lamto
Reserve, no study has yet addressed the development of biomass equations for forest relics in
the Sudanian domain of Cote d'lvoire. However, in these areas of great desertification threats,
relics of sacred forests, classified forests and forests for scientific research still exist (Tiébré et
al., 2016) and if these forests are well conserved, they can also constitute an important
terrestrial carbon stocks and sinks (Pradhan et al., 2019; Qasim et al., 2016). In the absence of
allometric equation specific to these dry forests, AGB estimation is often done using the
pantropical models of Chave et al. (2005, 2014) that have yet not been properly tested.
Whether pantropical equations are valid for estimating tree AGB or whether site-specific
equations should be preferred is still an open question for dryland forest relics in northern
Cote d’Ivoire and they carbon stored remains uncertain due to the lack of both appropriate
allometric models and inventory data.

The aim of this study was to improve estimates of AGB stocks of dryland forest relics
in Cote d’lvoire using site-specific allometric models based on destructive data and newly
acquired inventory data. The specific objectives were to (i) determine the dominant species of
these dryland forest relics; (ii) develop local allometric equations for estimating total AGB
and (iii) test the validity of existing allometric models, and (iv) characterize the stand

structure (including carbon stock) of these dryland forest relics.
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2. Materials and methods

2.1. Study sites

The study was conducted in three protected dryland forest relics in northern Cote d’Ivoire: the
forest of the Lataha Forest Research Station, the sacred forest of Dolékaha and the classified
forest of Korhogo (Figure 1). The study area is located between 9°20' and 9°40' N latitude and
between 5°75' and 5°95" W longitude, in the sub-Sudanian sector of the Sudanian domain
(Guillaumet & Adjanohoun, 1971). Annual rainfall over the last ten years (2010-2019) ranged
from 886 mm.yr' to 1552 mm.yr* with an average of 1150 mm, for an average annual
temperature of 27.7°C. The distribution of rainfall is unimodal with a rainy season from April
to October (peak in September) and a dry season from November to March with no rainfall in
January and December (Figure 1). The dry season is marked by the Harmattan, a dusty, dry
and hot wind that lasts from three to five months. The vegetation is characterised by savanna
formations (grassy, shrubby or tree savannas), relics of gallery forests, dense dry forests and
open forests (Guillaumet & Adjanohoun, 1971). Among the three sites, the sacred forest of
Dolékaha is a dense dry forest, that of Lataha is composed of a gallery forest and an open
forest, and the part of the classified forest of Korhogo that was sampled in this study is a

riparian forest (Figure 1, Supplementary File 1).
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Figure 1. Location of the study area in Africa (A), in Coéte d’Ivoire (B) according to the
phytogeographic zones, and in the Korhogo department (C). The Walther-Lieth climatic
diagram for the 2010-2019 period is also provided for the Korhogo department (D) and shows

the dry season (a), the rainy season (b) and the period with major seasonal rainfall (c).

2.2. Forest inventory

To determine the dominant species and to overall characterize the stand structure in the three
forest sites, an inventory based on the random selection of 25 x 25 m plots (625 m?) was
adopted (Hawthorne & Jongkind, 2006). In these plots, all trees with a diameter at breast
height DBH > 5 cm were measured with a tape, and the total tree height was measured with a
Laser telemeter. For trees with buttresses or aerial roots, the diameter was measured 30 cm
above deformations. A reference specimen of each species was collected to confirm field
identifications. In total, 41 plots corresponding to an area of 2.56 ha were inventoried in the
Lataha forest (n=16 plots), in the sacred forest of Dolékaha (n=14) and in the Korhogo
classified forest (n=11).

2.3. Destructive AGB data

A total of 34 trees belonging to seven out of the 10 most dominant species according to the
inventory data were sampled, covering a range of 6-41 cm in diameter and of 8-19 m in height
(Table 1). Information on the wood specific gravity of each species was extracted from the
global wood density database (Zanne et al., 2009). Destructive sampling for AGB was
restricted to the Lataha Forest because such measurements are not permitted in the Korhogo
classified forest and in the Dolekaha sacred forest. Prior to the tree felling, the diameter at
breast height (DBH) was measured with a tape. After felling, the total height (H) was also
measured using a 50-meter tape, and the tree was divided into three compartments: the trunk,
the branches, and the leaves. The fresh biomass of each compartment was measured in the
field using a 500 kg scale. Samples (aliquots) of trunk, branches, and leaves were collected on
each tree for the measurement of green/fresh mass with an electronic scale. The samples were
then dried for one week at 105°C for woody samples (from the trunk and branches) and for
three days at 75°C for leaf samples, for the measurement of the dry mass. The amount of dry
matter was used to determine the dry mass from the green/fresh mass of the compartments
measured in the field. This protocol was earlier developed for trees in moist forest (Fayolle et
al., 2013; Henry et al., 2010; Ngomanda et al., 2014; Picard et al., 2012).
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2.4. Data analysis
The inventory and destructive data were compiled with Excel spreadsheets, and data analysis

and modelling were performed using version 4.0.3 of the R software (R core team 2020).

2.4.1. Dominant species

For each species in the inventory data we computed the Importance Value Index (IVI) of
Curtis and Mclntosh (1950) which combined the relative dominance (RDo, in terms of basal
area), the relative density (RDe, in terms of stem number) and the relative frequency (Rf, in
terms of plot presence). A species is considered ecologically dominant when its IV is greater
than 10 (Fobane et al., 2017) and this threshold was also retained for selecting dominant
species for the development of mixed-species allometrics equations for estimating total

aboveground biomass.

2.4.2. Allometric models

After preliminary visual exploration of the destructive data, we retained the linearized
logarithmic form of the power function, that -has been widely used to estimate tropical tree
AGB in Africa (Djomo et al., 2016; Fayolle et al., 2013, 2018; Fonton et al., 2017; Henry et
al., 2011; Ngomanda et al., 2014) and to describe plant allometry worldwide (Niklas, 1994).
Tree AGB, the dependent variable, was related to three predictors: the trunk diameter at breast
height (DBH), the total tree height (H) and the species wood specific gravity (p), and these
predictors were considered individually or in combination (Table 2). The performance of the
six models fitted was compared using the adjusted determination coefficient (AdjR?), the
residual standard error (RSE), and the Akaike information criterion (AIC), a criterion that
penalizes the likelihood by the number of parameters (Burnham & Anderson, 2004). The
residuals were visually examined to check for homogeneity of variance and normality (Djomo
et al., 2016; Sileshi, 2014). The log-transformation, however, introduces a systematic bias
when back-transforming the data, that was corrected using a correction factor, CF =
exp(RSE?/2) (Chave et al., 2005).

2.4.3. Prediction tests

The site-specific AGB models were compared to four published models developed for forests
across the global tropics (Chave et al., 2014), and specifically for dry forests across the global
tropics (Chave et al., 2005), in Africa (Djomo et al., 2016), and in Burkina Faso (Ganamé et

al., 2021). The accuracy of predictions was assessed with the Root Mean Square Error
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(RMSE) and the relative bias (Bias%). The RMSE (in kg) quantifies the magnitude (size) of
the differences between the observed and predicted AGB. The Bias% measures the systematic

deviation of model predictions from observed data (under- or over-estimation).

1
RMSE = \/EZ’i\’zl(AGBobsli — AGBest’i)2 1)

Bias (%) = %Zlivzl (AGBest,i - AGBobs,i)/AGBobs,i (2)
where AGBest and AGB,ys are the estimated and observed aboveground biomass for a tree i,
respectively and N is the total number of trees. Paired t-tests were also used to test the null

hypothesis of no difference between AGBes;and AGByps.

2.4.4. Stand structure

In addition to AGB, the stand structure of these dryland forest relics was also analysed with
classical forest attributes including stem density, basal area, and Lorey’s height, that were
computed at the plot level for trees with a diameter > 10 cm to be comparable with other
studies. Mean and standard deviation of forest attributes are provided for the combined
dataset and for each forest site separetely. Stem density and basal area respectively
correspond to the number of stems and the sum of tree’s cross-section in the plot, both
returned at the scale of one hectare. Lorey’s height corresponds to the average of tree height
weighed by tree basal area. Tree AGB was estimated from our best local model and summed
over all tree at the plot level to compute the AGB density per hectare (tDM.ha ).

3. Results

3.1. Overview of the data

In total 118 species belonging to 102 genera and 36 families were identified in the 41 plots
inventoried (625 m?2 each, 2.56 ha in total). Ten predominant species, with an 1\VI greater than
10, all together contributed to 70.9% of the total basal area (Supplementary. File 2 and File 3).
Among them, seven species present in the Lataha forest were selected for the destructive
sampling and the development of mixed-species allometric equations.

A total of 34 trees belonging to these 7 out of the 10 most predominant species were
destructively sampled and tree AGB ranged from 7.9 to 686.7 kg. The trunk biomass ranged
from 6.9 to 217.7 kg, and that of branches from 0.72 to 563.3 kg, and that of leaves from 0.2
to 61 kg (Table 1). The highest proportion of dry biomass is observed in the branches (58.9%)

and in the trunk (36.6%) while the leaves only contribute to 4.4% in average. The biomass
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allocation to the crown (branches and leaves) increased with the trunk diameter, from 30% in

average for the [5-15] cm diameter class, and up to 70% for the [35-45[ cm diameter class.
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Table 1. Characteristics of the 34 trees destructively sampled in the dryland forest relics of
northern Cote d’Ivoire. Species (botanical family), trunk diameter at breast height (DBH in
cm), total tree height (H in m), wood specific gravity (p in g.cm™, not measured) and the
biomass (kg) of the compartments (trunk, branches and leaves) and total aboveground

biomass (AGB) are provided.

DBH H Trunk Branches Leaves AGB

ID (cm) (m) (kg) (kg) (kg) (kg)
Anthonotha crassifolia (Fabaceae, n=7, p=0.8 g.cm™)

1 375 16 79.4  (11.8%) 563.3 (84.0%) 274 (4.1%) 670.2

2 11 112 34.8 (68.1%) 132 (25.8%) 312  (6.1%) 51.1

3 75 11 151 (82.1%) 2.3 (12.5%) 1 (5.4%) 18.4

4 28 135 133.4  (32.8%) 256  (63.0%) 17 (4.2%) 406.4

5 16 17 849 (71.8%) 30.6 (25.9%) 2.7  (2.3%) 118.3

6 185 13 90.8 (57.7%) 62.1 (39.5%) 45 (2.9%) 157.4

7 12 13 41.3 (62.4%) 214 (32.3%) 3.3  (5.0%) 66.2
Berlinia grandiflora (Fabaceae, n=4, p=0.62 g.cm™)

8 32 172 164.2 (47.3%) 167 (48.1%) 16.1 (4.6%) 3474

9 145 13.7 58.3 (60.9%) 316  (33.0%) 56 (5.9%) 95.7
10 22 17.8 101.2 (54.0%) 80.8 ' (43.1%) 53 (2.8%) 187.3
11 11 117 30.2 (22.5%) 431 (32.1%) 61 (45.4%) 1343
Cola cordifolia (Malvaceae, n=4, p= 0.5 g.cm™)
12 275 14 99.6 (66.4%) 43.9 (29.3%) 6.4 (4.3%) 150
13 23 125 79  (53.3%) 59.5 (40.2%) 9.6 (6.5%) 148.1
14 95 83 12 (66.7%) 3.8 (21.1%) 21 (11.7%) 18
15 10.8 9.7 15.8  (59.8%) 9 (34.1%) 1.5 (5.7%) 26.4
Daniellia oliveri (Bignoniaceae, n=5, p=0.4 g.cm™)
16 23 126 95.2 (59.2%) 61.6 (38.3%) 3.9 (2.4%) 160.7
17 135 11 29 (58.8%) 19.2  (38.9%) 1 (2.0%) 49.3
18 36 12 1281  (28.1%) 299.2 (65.7%) 279 (6.1%) 455.4
19 33 124 31.2 (12.0%) 219.2  (84.1%) 10.2  (3.9%) 260.7
20 10 8.9 9.1 (50.3%) 8.4 (46.4%) 0.6 (3.3%) 18.1
Diospyros mespiliformis (Ebenaceae, n=4, p=0.7 g.cm™)
21 35 105 126 (6.3%) 177.4  (88.6%) 10.2  (5.1%) 200.2
22 6 9.3 9.2 (72.4%) 2.5  (19.7%) 1 (7.9%) 12.7
23 19 8 35 (25.5%) 95 (69.2%) 7 (5.1%) 137.2
24 135 10 33.5 (59.9%) 18.7 (33.5%) 3.6 (6.4%) 55.9
Gmelina arborea (Lamiaceae, n=5, p=0.4 g.cm™)
25 102 97 6.9 (87.3%) 0.7 (8.9%) 0.1 (1.3%) 7.9
26 41 172 217 (31.6%) 464.9 (67.7%) 4.7 (0.7%) 686.7
27 32 165 109.6 (64.0%) 61 (35.6%) 0.6 (0.4%) 171.3
28 20 19 78.1 (89.1%) 9.2 (10.5%) 0.3 (0.3%) 87.7
29 11.7 113 11.1  (88.8%) 1 (8.0%) 0.4 (3.2%) 12.5
Isoberlinia doka (Fabaceae, n=5, p=0.6 g.cm™)
30 20 133 100 (67.8%) 46.6 (31.6%) 0.8 (0.5%) 147.5
31 12 121 315 (68.6%) 13.4  (29.2%) 08 (1.7%) 459
32 275 11 90  (29.7%) 207.7 (68.5%) 55 (1.8%) 303.4
33 32 13 829 (16.7%) 398.2 (80.3%) 144 (2.9%) 495.6
34 11 10.8 25.4 (68.1%) 10.8  (29.0%) 1 (2.7%) 37.3

3.2. AGB models and prediction tests

We fitted six multi-species models (Table 2) and checked the residuals visually
(Supplementary. File 4). According to AIC and RSE (lowest values) and adjusted R? (highest
value), the model 1V, AGB= 0.0562(pD*H)*"*°, was found to show the best performance for
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estimating total AGB. The models with two predictors (D and H), model I,
AGB=0.0709D"*"°H%%3% gnly slightly outperformed the model with only one predictor (D),
model I, AGB=0.2536D*'**, As expected, we found that the six models fitted in this study
provided accurate (low RMSE ~ 81 kg) and unbiased (Bias% < 8%) AGB estimates (Table 3).
The models including three AGB predictors (D, H and p), namely models IV, V and VI
showed the lowest Bias%, -3.89%, -2.71% and -3.38% respectively. Among the four
published equations tested here, the best predictions were found for the equations of Djomo et
al. (2016) and of Ganamé et al. (2021) established for dry forests in Africa and that both
showed low errors (RMSE of 83.7 kg and 90.4 kg, respectively) and a slight underestimation
(with a %Bias of -4.8 and -6.2%) though non-significant according to the paired t-tests (Table
3). In contrasts, the two pantropical equations (Chave et al. 2014, 2005) provided the largest
errors (RMSE of 93.6 kg and 102 kg, respectively) and rmore importantly a systematic
overestimation (Bias% > 20%) that was found significant according to the paired t-tests
(Table 3).
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Table 2. Allometric models for the prediction of tree aboveground biomass (AGB, in kg) from three predictors including stem diameter (D, in
cm), total tree height (H, in m) and species wood gravity (p, in g.cm®). a, b, ¢ are fitted parameters. Adjusted square regression coefficient
(AdjR?), residual standard error (RSE), Akaike information criterion (AIC), and the correction factor (CF) needed for back transformation of the

log-log relationships are provided for each model. The best model (IV) and selected equation is shown in bold.

Model In(a) b c d AdjR? RSE AIC CF

I:INnAGB=Ina+bInD -1.5024  2.1113 0.82 0.51 55.05 1.14
I1:INAGB=Ina+bInD+clinH -2.6452  1.9570  0.6325 0.83 0.51 55.21 1.13
I11: In AGB = Ina + b In(D?H) -3.14179  0.9335 0.83 0.50 53.65 1.13
IV : In AGB=Ina + b In (pD*H) -2.95419 0.9749 0.89 0.40 38.91 1.08
V:INAGB=Ina+bInD+cInH+dnp -2.0198 2.0736 05391 13382 0.89 0.40 40.07 1.08

VI1:In AGB = Ina + b In (D?*H) +cln p -2.74252  0.9713  1.3109 0.89 0.40 39.52 1.08
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Table 3. Comparison of model accuracy between the allometric models fitted in this study
(including correction factors) and previously published equations. The root mean squared
error (RMSE, in kg), the relative bias (Bias%) and results (statistics and p-value) of paired t-
tests between estimated and observed tree AGB are provided for all equations.

Models RMSE Bias | Paired t-test
(kg) (%) | statistic | P
This study
Model | : AGB=0.2536D*""" 80.67 -6.70 | 0.85 0.4015
Model Il : AGB=0.0709 D70 4% 76.98 -7.97 | 1.05 0.3022
Model 111 : AGB=0.0488 (D°H)"%*% 79.12 -6.77 | 0.87 0.3887
Model IV : AGB=0.0562(pD°H)"*"* 76.62 -3.89 | 0.52 0.604
Model V : AGB= 0.1432 D*77%° H0>%% p1.33% 90 -2.71 1 0.32 0.7531
Model VI : AGB= 0.0695 (D°H) %7 p131% 87.77 -3.38 | 0.40 0.6889
Published equations
Djomo et al., (2016) : AGB= 0.338D"**° H***> p*'%> | 83,72 -4.80 | 0.55 0.5839
Ganamé et al., (2021) : AGB= 0.0735D">* H ** p'>* | 90.41 -6.19 | 0.63 0.5336
Chave et al., (2005) : AGB=0.112(pD*H)***° 93.64 23.66 | -2.83 0.0078
Chave et al., (2014) : AGB=0.0673 (pD*H)"""° 101.98 | 25.34 | -2.77 0.0091

3.3. Stand structure

For trees with a D > 10 cm, the forest relics appeared relatively dense (Figure 2), with a mean
stem density of 601 + 204 stems.ha™ and basal area of 39.6 + 17.8 m2.ha™ across the three
sites, for a relatively low canopy height (~13 m) and AGB (140 t.ha™). Strong structural
variations were however identified across plots and sites, with higher basal area and AGB in
Dolékaha and Korhogo, notably due to the presence of extremely large trees in a few plots
leading to specifically dense stands locally (Figure 2). In contrast to stem density, both basal
area and Lorey’s height were found to be significantly correlated with plot level AGB and the

relationship was the strongest with basal area.
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Figure 2. Relationship between aboveground biomass (AGB) at the plot level and forest
attributes describing stand structure in the dryland forest relics of Cote d’Ivoire. Mean and
standard error of stem density, basal area, and Lorey’s height are given for the three sites
according to the color code used for the plot color. The value of the Pearson’s correlation
coefficient (r) is given when significant, *** indicate P<0.001.

4. Discussion

4.1. Dominant species

In this study, inventory data from dryland forests relics provided information on tree species
composition. The ten most dominant species included one exotic species, Gmelina arborea
that spread in the area including these protected forests from experimental plots in the north
of the country as elsewhere in Co6te d'lvoire. This species is now recognized by Louppe
(2000) as part of the Ivorian forest landscape. The dominant species also inclued gregarious
species characteritsics of West African forests and wooded savannas, Anthonotha crassifolia,
Isoberlinia doka and Daniellia oliveri (Breteler, 2010; Guillaumet & Adjanohoun, 1971).
These species are capable of regenerating easily in these areas and can develop a good
resilience to dry climate and anthropogenic disturbances. As to Berlinia grandifolia and
Syzygium guineense they are recognized as indicator species of Guinean, Sudanese and
Sudanese gallery forests (Bouyer et al. 2005). Arbonnier (2004) also mentionned that
Diospyros mespiliformis is found everywhere from Sahelo-Sudanese groves to Guinean
forests and gallery forests in Africa. Finally, these dryland forest relics are also dominated by
widely distributed species characteristics of semi-deciduous forests and dry forests such as
Ceiba pentandra and Antiaris toxicaria var. africana (Dupuy (1998) and Adjanohoun
(1964)). The dominant species (10 out of 118 inventoried species, 8% of species) contribute

to a large share of the carbon stock (~70%) because they have the largest number of
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homogeneously distributed individuals and the largest number of large diameter individuals in
the stand. The large contribution of dominant species to carbon stock is a general pattern.
McNicol et al. (2018) showed that eight species out of the 50 inventoried in Miombo
woodlands in southeast Tanzania store 80% of the carbon stock. Similarly, Bastin et al.
(2015) showed that 1.5% of the dominant species account for over 50% of the AGB stock in

several sites scattered in the dense forests of central Africa.

4.2. Biomass allocation and allometry

In the same line as the inventory data provided information on tree species composition for
these dryland forest relics, the destructive sampling provided information on biomass
allocation and allometry. The important quantity of AGB allocated to crown (63% in average)
reflects the intrinsic development of the trees (architecture) in this phytogeographic zone, in
comparison to the moist forest area where the biomass allocation to the crown is much lower
with only 30% reported in Ghana (Henry et al., 2010), Gabon (Ngomanda et al., 2014) and
across central Africa (Mankou et al., 2021), and where biomass allocation to the stem reflects
investiment in height growth due to light competition. The highest proportion of AGB
allocated to the branches compared to that allocated to the the trunk and leaves is common in
savannas, and notably in the Sudanian and Sahelian areas (Balima et al., 2020, 2021; Bayen et
al., 2020; Ganamé et al., 2021) though cross-continental variation in tree architecture has also
been observed (Moncrieff et al., 2014). Interestingly, an increase of biomass allocation to
crown with tree size was also retrieved here as earlier demonstrated for moist forest trees in
central Africa (Mankou et al., 2021) and across the tropics (Ploton et al., 2016) and
interpreted as a change in resource allocation during tree crown edification.

When we confronted our data to the pantropical equations of Chave et al. (2005) and
of Chave et al. (2014), significant biases were identified, with an AGB overestimation by
23% and 25%, respectively. The validity in tropical Africa of the pantropical equations
developed by Chave et al. (2005) for specific forest types (wet, moist, dry and mangrove
forests) has been earlier debated because there were no trees from Africa in the training
dataset. The equation for moist forest was found unbiased in Cameroon (Fayolle et al., 2013)
while the equation for wet forest overestimated tree AGB by 40% in Gabon (Ngomanda et al.
2014). Although the subsequent pantropical equations of Chave et al. (2014) were fitted on a
dataset containing 25% of trees from Africa, total aboveground biomass was found to be
significantly overestimated here for trees sampled in dryland forest relics. Pantropical models

were indeed developed on large dataset with a wide geographic distribution that did not
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account for site and forest type specificity. Other studies have shown that site-specific
allometric models estimate forest biomass more accurately at the local scale (Djomo et al.,
2016; Ganamé et al., 2021; Goussanou et al., 2016). Interestingly, the predictions of the
models developed for African dry forests by Djomo et al. (2016) and Ganamé et al. (2021)
both provided reliable AGB estimates. These results suggest a specific allometry for dry
forest trees in Africa, since the data used to fit these models correspond to trees sampled in
Cote d'lvoire (the present study), Burkina Faso (Ganamé et al., 2021) and in several countries
including Cameroon, Ghana, DR Congo, Gabon and Madagascar (Djomo et al., 2016) that are
all subjected to the same climatic conditions, with an average annual rainfall of ~ 1,000 mm
(from 840 mm to 1150 mm) and a dry season longer than five months (Boko-Koiadia et al.,
2016; Djomo et al., 2016; Ganamé et al., 2021). The six equations developed in this study
slightly underestimated biomass by 2.7% to 8%. These results are similar to those of Chave et

al (2005), who showed that the error in estimating biomass is always of the order of 5%.

4.3. Stand structure

For the three study sites, the values of stem density (601 + 204 stems.ha™) and basal area
(39.6 + 17.8 m2.ha™) correspond to dense dry forest according to the thresholds proposed by
Malaisse (1982, 30-40 m2.ha™). These values of stem density and basal area are higher than
that reported for other tropical dry forests with a total of of 311 + 103 stems.ha™ for a basal
area of 10.8 + 4.0 m2.ha™ in Venezuela (Feeley et al., 2005), 35 to 419 stems.ha™ and 1.31 to
13.80 m2.ha™! in northern India (Sagar & Singh, 2006), 100.69 + 40.02 stems.ha™ and 5.1 +
3.6 m? ha™ in southern India (Puttakame Gopalakrishna et al., 2015). The national forest
inventory of Cote d'lvoire carried out in 2021 also revealed lower values, with 389.1 + 73
stems.ha™ and 16.6 + 3.0 m?.ha™ throughout the rural domain, classified forests and protected
areas of the sub-Sudanese sector (Cuny et al., 2023). The high wood potential and large trees
observed in our plots, compared with previous studies, can be explained by the low anthropic
pressure exerted on these forest patches and also by the small size of the plots in this study
(625 m?) in contrast to the national inventory (5,000 m?). In addition, the national inventory
was also carried out in rural areas, where large-diameter trees are very rarely found, compared
with this study, which was carried out only in classified and sacred forests, that are well
protected by local communities, for whom these sites are sacred, and by the forestry
administration and research structures, for whom these sites are also dedicated to biodiversity
protection and research activities (Gueulou et al., 2019). In the Lataha site, the relatively

young forest (protected since only 30 years) shows a greater abundance of small trees, and an
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overall less dense stand structure, in comparison with the sacred forests of Dolékaha and
Korhogo, where the large trees have been preserved for long for adoration rituals. In this
study, the above-ground biomass and carbon stocks were estimated at 141 + 93 tDM.ha™ and
71 + 46 tC.ha™, respectively, which are within the upper range of the default values
recommended by the GIEC (2006) for dense tropical dry forests (20 to 200 tDM.ha™ and 10
to 100 tC.ha™, respectively). These estimates are also larger than the values of 53 + 35 tC.ha™
retrieved by Pan et al. (2013) for the world's tropical dry forests and of 29.7 tC.ha™ retreived
by Ryan et al. (2011) in Miombo woodlands in Mozambique but close to the 63.8 tC.ha™
estimated for the forest of the sub-Sudanese and Sudanese sectors in Cote d'lvoire by FAO
and SEP-REDD+ (2017). These dry forest relics thus have a significant contribution to carbon
stocks and sequestration in a landscape largely dominated by open vegetation. The higher
quantity of biomass and carbon estimated here compared to these studies, is probably due to
the high biomass of mature natural forests inventoried here, contrary to the works of these
authors that included both intact and degraded forests. As earlier discussed, the small plot size
can also influence the values (and variability) of forest attributes, and additional inventory
data might be required.

5. Conclusions

This study identified ten dominant species, including Gmelina arborea, an exotic species that
has spread into protected forests from experimental plots. The other dominant species are
gregarious local species characteristic of West African forests and woody savannas. These
dominant species represent 8% of the diversity but store more than 70% of the carbon stock.
In addition to inventory data, our destructive sampling permitted to fit the first multispecies
allometric equations for estimating tree AGB for the dryland forest relics of Cote d'lvoire
from tree diameter, total height and wood specific gravity. Pantropical models overestimate
tree AGB by 20% while existing models for African dry forests provided reliable AGB
estimates, suggesting a specific tree allometry for these trees. Finally, this study showed a
relatively dense stand structure, in terms of stem density, basal area, and carbon stocks, in

these protected and sacred forest relics.
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