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Abstract

African monodominant forests are frequently formed byGilbertiodendron dewevrei (DeWild.)
J. Leonard and commonly found close tomixed forests. However, previous studies have ignored
differences between these two forest types in height–diameter allometry, which is extremely
important for aboveground biomass (AGB) estimates. This study aims to evaluate the perfor-
mance of height–diameter models and their effects on height attributes and AGB estimations in
Africanmonodominant andmixed forests. Four 1-ha plots divided in 16 subplots (0.25 ha) were
installed in each forest type in northern Republic of Congo.Wemeasured diameter of all trees≥
10 cm diameter for each subplot and we measured the height of 264 trees over a large range of
7–64 m in two forest types. There was a significant difference in height–diameter allometry
between two forest types and trees were taller and had greater AGB in monodominant forests
than in mixed forests. Two height–diameter models from the literature generated the lowest
error values when predicting tree height and AGB in mixed forests, whereas no model derived
from the literature was appropriate for monodominant forests. The variation in height–diam-
eter allometry between monodominant and mixed forests influences AGB estimates that have
practical implications for carbon monitoring.

Introduction

Much attention is currently being given to tropical forests as they contain 40–50% of the carbon
stored in the terrestrial vegetation (Pan et al. 2011), storing an estimated 285 Pg of carbon in the
aboveground biomass (AGB) (Feldpausch et al. 2012). Tropical deforestation and degradation
account for more than 10% of global anthropogenic greenhouse gas emissions (Achard et al.
2014). However, there are still large uncertainties associated with tropical forest carbon stock
estimations. Accurate quantification and assessment of carbon stocks in forest vegetation
underpin policies that aim to mitigate carbon dioxide emissions such as the UN-REDDþ
program and the recommendations of the Intergovernmental Panel on Climate Change
(Gibbs et al. 2007).

Forest monitoring programs require non-destructive methods for estimating plot and tree
AGB (Gibbs et al. 2007). AGB equations that estimate individual tree AGB have been developed
for tropical forest trees (Feldpausch et al. 2012; Chave et al. 2014; Fayolle et al. 2018), and the
choice of an appropriate AGB equation has been demonstrated to be a critical step (Chave et al.
2004; Molto et al. 2014). The pantropical AGB equations, developed by Chave et al. (2005) and
revised by Chave et al. (2014), have been used to convert forest inventory data into estimates of
AGB and, thus, aboveground carbon stocks. Recently, the pantropical AGB equation of Chave
et al. (2014) has been validated by performing the largest ever destructive sampling in Central
Africa (an historically understudied forested region), and the estimated coefficients of the allo-
metric model for Central African forests were quite close to pantropical coefficients (Fayolle
et al. 2018). In addition to tree diameter and wood density, the most accurate AGB equations
include tree height as a dependent variable. When tree height is not available, AGB estimation
errors are usually large (Feldpausch et al. 2012; Chave et al. 2014). However, tree height is rarely
available for all trees because of the extreme difficulty in accurately measuring tree height in
structurally complex and multi-layered structure of tropical forests. Therefore, the estimation
of tree height using height–diameter allometric equations is a widespread practice in ecology
and forestry, and the accuracy of these estimates has important implications for international
environmental policies.

When tree height is not available locally, regional height–diameter models (Feldpausch et al.
2011; Feldpausch et al. 2012) or global height–diameter models using site bioclimatic con-
straints (Chave et al. 2014) can be applied to estimate the tree height. Using height–diameter
allometric models established at a global scale (Lewis et al. 2009) and at a regional scale
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(Feldpausch et al. 2012, Lewis et al. 2013) to predict tree heights
leads to significant biases in plot-level AGB estimates in tropical
forests (Ledo et al. 2016, Sullivan et al. 2018), and especially in
Central Africa (Kearsley et al. 2013, 2017a, Fayolle et al. 2016).
Likewise, Chave et al. (2014) developed a pantropical height–diam-
eter model with a bioclimatic stress variable, but this model pro-
vided higher errors than locally parametrised height–diameter
models for AGB estimates (Kearsley et al. 2017a). Because local
abiotic (e.g. light) or biotic (e.g. competition) conditions may sig-
nificantly impact height–diameter relationships, it is advisable to
develop local height–diameter allometries to provide reliable
AGB estimates at the tree (Chave et al. 2014) and plot levels
(Sullivan et al. 2018) across the tropics and, most importantly,
in Central Africa (Kearsley et al. 2013, 2017a, Fayolle et al.
2016). However, few studies have considered how height–diameter
allometric relationships vary mixed and monodominant forests
with only slight differences according to the close values of param-
eter estimates of height–diameter allometric models (Kearsley
et al. 2013).

Monodominance is defined as more than 60% of canopy trees
belonging to a single species (Torti et al. 2001). Monodominant
forests of Gilbertiodendron dewevrei (De Wild.) J. Léonard are
the most common ones and widespread in tropical Africa
(White 1983). The most important mechanism driving monodo-
minance of G. dewevrei is seedling shade tolerance and slow
decomposition of leaves, resulting in deep leaf litter layer that could
negatively impact the survival of individuals of other species (Peh
et al. 2011a). Monodominance in lowland tropical forests has
always interested tropical ecologists because the distribution of this
forest type is scattered as ‘islands’ in a ‘sea’ of highly diverse mixed
forests and the causes of this distribution pattern is still unknown
(Peh et al. 2011b). In Africa, monodominant forests are dominated
by Gilbertiodendron dewevrei (Family: Fabaceae) and naturally
occur beside mixed species forests with high species diversity
across Central Africa (Hart et al. 1989, Peh et al. 2011a, Fayolle
et al. 2014a). Several studies, however, have revealed differences
in forest structure and diversity between African monodominant
and mixed forests. Within monodominant forests, G. dewevrei
with 90% of the canopy-level trees (Torti et al. 2001) account
for more than 75% of the total basal area and AGB in
Cameroon (Djuikouo et al. 2010) and in Democratic Republic
of Congo (Makana et al. 2011). Consequently, there are a higher
number of large trees in these monodominant forests than in
mixed forests (Hart et al. 1989). In contrast, indices of diversity like
species richness, Shannon’s index, Simpson’s index and functional
richness are higher in mixed forests than in monodominant forests
(Hart et al. 1989, Djuikouo et al. 2010; Cassart et al. 2017, Kearsley
et al. 2017b).

Despite a clear difference in structural attributes and diversity
indices between monodominant and mixed forests, previous stud-
ies have ignored the differences in height–diameter allometry
between these two forest types, considering them as a single forest
type in Central Africa (Kearsley et al. 2013, Loubota Panzou et al.
2018a). These differences in height–diameter allometry between
the two forest types could be influencing forest AGB estimates
and canopy height attributes (i.e. maximum height), as found by
Fayolle et al. (2016) and Loubota Panzou et al. (2018a). The varia-
tion in AGB and canopy height attributes, like maximum height
and Lorey’s mean height, between monodominant and mixed for-
ests has been poorly explored, especially in tropical African forests
where little is known about the amount and spatial variation of
AGB (Loubota Panzou et al. 2016). Therefore, it is not so crucial

to properly assess height–diameter allometric models and their
impacts on canopy height, AGB and carbon stock estimates of
African monodominant G. dewevrei forests.

To our knowledge, there is only one study that compared the
height–diameter allometry between monodominant and mixed
forests and its consequence on the AGB estimation in Central
Africa (Kearsley et al. 2013). However, no study comparing a wide
range of height–diameter equations has been published for African
monodominantG. dewevrei forests close tomixed forests. Here, we
comprehensively compare the performance, in terms of estimated
values, mean square error, and bias, of height–diameter equations
fitted by this study and height–diameter equations commonly used
in the literature. We then evaluate the precision and bias in AGB
estimations when using tree heights derived from literature equa-
tions and from equations developed by this study. Two research
questions are addressed. First, does height–diameter allometric
model vary between monodominant and mixed forests and what
impacts can be observed on plot-level height attributes and AGB
from specific height–diameter allometric models? We expect that
(i) the two parameters (intercept and slope) of the height–diameter
allometric model vary with the forest type, assuming the two forest
types have similar allometric trajectories but different resource
allocation strategies over all diameter ranges (Hulshof et al.
2015); and (ii) plot-level height attributes and AGB from specific
height–diameter allometric models vary between the two forest
types, in agreement with the results of Loubota Panzou et al.
(2018a) for the Celtis and Manilkara forests in northern
Republic of Congo. Secondly, how do predictions of tree height,
which directly influence AGB estimations, vary between height–
diameter equations fitted by this study and literature height–diam-
eter equations within each forest type? Like Kearsley et al. (2013,
2017a) and Ledo et al. (2016), we expect to find that height–diam-
eter equations fitted in this study produce the lowest errors in tree
height predictions, which translates intomore accurate estimations
of AGB, than literature height–diameter equations for each
forest type.

Study Site

The study site was located in the northern Republic of Congo. The
region has a mean annual rainfall of 1,600 mm with a distinct dry
season (December until March) and a mean annual temperature of
25°C. The topography is slightly undulating, with elevations vary-
ing between 400 and 460 m a.s.l. The geological substrate consists
of alluvium (Fayolle et al. 2012). The vegetation in the area belongs
to moist Central African forests (Fayolle et al. 2014b) and specifi-
cally semi-deciduous forests (Fayolle et al. 2014a). In this study
site, monodominant forests are dominated by Gilbertiodendron
dewevrei (with an abundance of 61% of the total basal area) and
these forests are commonly found beside mixed tropical forests
with high species diversity (Table 1). These two emblematic forest
types cover extensive areas in the same zone, where they frequently
co-occur under similar ecological conditions (Peh et al. 2011b).

Methods

Sampling and tree measurements

In the study site, eight 1-ha permanent forest plots were installed in
unlogged areas of themixed forest (n= 4) andmonodominant for-
est (n= 4), and all trees with diameters ≥10 cm were inventoried
and identified to species level in each permanent forest plot. Each
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1-ha plot in each forest type was divided in 4 subplots of
50 m � 50 m (0.25 ha) with a total of 16 subplots for each forest
type. We used the plot level of 0.25 ha (n= 16 for each forest type)
in order to increase the statistical power.

Wemeasured the stem diameter of all trees ≥ 10 cm diameter in
each 0.25-ha plot and wemeasured the height of 264 trees with 137
trees from 10 to 129 cm diameter in monodominant forest and 127
trees from 10 to 143 cm diameter in mixed forest across all 0.25-ha
plots. As recommended by Sullivan et al. (2018), the sample num-
ber is greater than theminimum required for height–diameter allo-
metric models (at least 50) and we included more than 10 large-
diameter trees (>50 cm) (Table 1). Tree diameter was measured
with a diameter tape at 1.3 m for regular stems or 0.30 m above
the top of the buttresses for irregular stems. Total height (H in
m) of trees was measured from a distance larger than the tree
height using a VERTEX IV Rangefinder.

Height–diameter allometric models

We fitted and compared 10 height–diameter equations using dif-
ferent models (3 linear models, 3 polynomial models and 4 asymp-
totic models) to our data following Fayolle et al. (2016). We
identified the best model with the Akaike’s information criterion
(AIC), which is a classical index for model selection where the low-
est AIC indicates the best model (Burnham and Anderson 2002).
The height–diameter allometry tended to support an asymptotic
shape with Michaelis–Menten model as the best in the two forest
types (SupplementaryMaterial Table S1). Asymptotic models have
been demonstrated to better describe the height–diameter allom-
etry for AGB estimations in tropical forests (Ledo et al. 2016,
Sullivan et al. 2018), and Michaelis–Menten model popularised
by Molto et al. (2013, 2014) in French Guiana was also found to
provide a good fit to height–diameter data in Central Africa
(Fayolle et al. 2016). We developed specific height–diameter

Table 1. Stand characteristics (mean ± sd) for mixed andmonodominant forests. For stand structure, stem density (SD) was the number of trees greater than or equal
to 10 cm diameter per hectare; basal area (BA, m2) was calculated as the sum of the cross-section area at 1.30 m, or above buttresses, of all trees ≥ 10 cm diameter; SD
and BA of large trees (≥70 cm diameter) at 1-ha and 0.25-ha (value in italic) levels. Wood density (WD, g cm−3) was estimated as the mean wood density at plot level,
species richness expressed in effective number of species and species abundance is stem density weighted, with only the five most abundant species shown. Sampling
effort of the total height (number of sampled trees) [mean ± sd inm] observed in 264 individual trees, by diameter class, inmixed andmonodominant forests. The same
letters indicated there were not significant differences (P-value> 0.050) and the different letters indicated significant differences (P-value< 0.050) between
monodominant and mixed forests.

Stand characteris-
tics Mixed forest Monodominant forest

Structure

SD 417 ± 76a 308 ± 28b

65.5 ± 13.62a 52 ± 7.71b

SD of large trees 14 ± 7a 21 ± 6a

2 ± 2a 4 ± 2b

BA 27.37 ± 2.32a 29.64 ± 3.96a

4.27 ± 1.08a 5.31 ± 1.36b

BA of large trees 8.09 ± 4.47a 15.76 ± 4.36b

1.24 ± 0.94a 2.81 ± 1.54b

Composition

WD 0.629 ± 0.046a 0.654 ± 0.006a

Species richness 75.75 ± 24.07a 33 ± 13.29b

Species (5 most
abundant, %)

Angylocalyx pynaertii De Wild., Fabaceae (6.2%) Gilbertiodendron dewevrei (De Wild.) J. Léonard, Fabaceae
(60.9%)

Macaranga barteri Müll. Arg., Euphorbiaceae (5.2 %) Manilkara fouilloyana Aubrév. & Pellegr., Sapotaceae (2.7%)

Grossera macrantha Pax, Euphorbiaceae (3.8%) Dialium pachyphyllum Harms, Fabaceae (2.5%)

Staudtia kamerunensis var. gabonensis (Warb.) Fouilloy,
Myristicaceae (3.2%)

Greenwayodendron suaveolens (Engl. & Diels) Verdc.
Annonaceae (2.4%)

Dichostemma glaucescens Pierre, Euphorbiaceae (3.1%) Hexalobus crispiflorus A. Rich., Annonaceae (2.1%)

Height data

Diameter classes (cm)

10–20 20 [14.17 ± 3.91] 20 [17.46 ± 6.38]

20–30 20 [21.41 ± 5.09] 20 [23.93 ± 4.58]

30–40 20 [27.89 ± 3.41] 20 [29.55 ± 4.01]

40–50 19 [30.88 ± 6.39] 20 [33.78 ± 5.49]

> 50 48 [40.26 ± 8.25] 57 [43.45 ± 8.64]

100 GJ Loubota Panzou et al.
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allometric equations using the Michealis–Menten model for each
forest type, with the following model form:

Hif ¼ af � Dif = bf þ Difð Þ (1)

where af and bf are the model’s output parameters within each for-
est type f, Hif (in m) is total height of tree i within each forest type f
and Dif (in cm) is the diameter of tree i within each forest type f.

Plot-level height attributes and AGB

To make comparisons between mixed and monodominant forests
in height–diameter allometry, the specific height–diameter model
for each forest type was used to estimate tree height, in order to
compute Lorey’s mean height and AGB at the 0.25-ha subplot
level. Lorey’s mean height (HL inm) was the weighted mean height
whereby individual trees are weighted in proportion to their basal
area for each 0.25-ha subplot:

HL ¼
P

n
i ¼ 1 BAiHiP
n
i ¼ 1 BAi

(2)

where BAi (m
2) is the basal area and Hi (m) is the height of each

tree sample i and n is the number of sampled trees for each 0.25-ha
subplot.

Although a tree AGB allometric equation for estimating AGB of
Gilbertiodendron dewevrei has been developed in Central Africa
(Umunay et al. 2017), the most recent regional multi-species allo-
metric equations established for the Central African forests
(Fayolle et al. 2018) have been used in this study. To estimate
the AGB (in Mg) of each tree in the mixed and monodominant
forests, we used the allometric equation of Fayolle et al. (2018):

AGB ¼ 0:125�WD1:079 � D2:210 �H0:506 (3)

Tree diameter (D in cm) was directly available from the forest
inventory of permanent plots. Tree diameters from the forest
inventory were converted into tree height estimates (H in m) using
the specific height–diameter allometric model for each forest type
fitted by this study. Each tree in the plot was assigned a wood den-
sity (WD in g.cm−3) from the global wood density database (Chave
et al. 2009, Zanne et al. 2009). Lastly, tree AGB was summed at the
0.25-ha subplot level.

Model comparisons for tree height predictions and AGB
estimations

We used two sets of height–diameter allometric equations for pre-
dicting tree height as a function of diameter and for AGB estima-
tions. First, we used height–diameter equations fitted in this study
which we refer to as fitted equations. Second, we compared the par-
ametrised local, regional and pantropical height–diameter equa-
tions proposed by the literature which we refer to as ‘literature
equations’. The eight literature equations were developed by
Banin et al. (2012) and Lewis et al. (2009) for tropical Africa, by
Feldpausch et al. (2011, 2012) for Central Africa, by Kearsley
et al. (2013) for the mixed forest and the monodominant forest
in Democratic Republic of Congo, by Fayolle et al. (2016) for
the Mindourou site in Cameroon and by Loubota Panzou et al.
(2018a) for the Loundoungou–Toukoulaka site in northern
Republic of Congo (Table S2).

Data analysis

To test significant differences in height–diameter allometry
between the monodominant and mixed forests, we used the equa-
tion 1 and compared three forms of the height–diameter allometric
model fitted in this study with varying coefficients: (a) varying
intercept and varying slope, assuming the two forest types have
similar allometric trajectories but different resource allocation
strategies over all diameter ranges; (b) varying intercept and fixed
slope, assuming the two forest types diverge in their resource allo-
cation strategies at small diameters but have similar allometries at
larger diameters; and (c) fixed intercept and varying slope, assum-
ing the two forest types have similar allometries at small diameters
and diverge in their resource allocation strategies at larger diame-
ters (Hulshof et al. 2015). The model selection was based on (i) the
likelihood ratio test (a statistical test used to compare the goodness
of fit of two statistical models), we considered the null model as a
model with fixed coefficients without a forest type effect, whereas
the alternative models where the ones described above as (a), (b)
and (c); and (ii) the AIC values, with the lowest AIC indicating the
best model (Burnham and Anderson 2002). Using the specific
height–diameter allometric model for each forest type fitted in this
study, we tested plot-level (0.25 ha) height attributes and AGB
between the two forests types using one-way analysis of variance
(ANOVA) for all tree diameters. For the ANOVA test, the null
hypothesis was ‘no difference between means for each variable’.
When the null hypothesis was rejected, we conducted Tukey’s post
hoc pairwise multiple comparisons between means.

To assess the performance of height–diameter models fitted by
this study and with literature equations, we calculated the root-
mean-squared error (RMSE), the bias and the paired t-test. The
RMSE (in m for tree height and in Mg for AGB) was calculated
as the square root of the mean squared difference between mea-
sured heights and predicted heights from different height–diam-
eter models (fitted by this study and with literature equations)
at tree level (i), or between AGB estimation from equations fitted
by this study (referred as measured) and AGB estimation from lit-
erature equations (referred as predicted) at plot (0.25 ha) level (i):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i ¼ 1

measuredi � predictedið Þ2
s

(4)

where n is the number of sampled trees for tree height and the
number of sampled subplots for AGB estimation in each forest type

The bias (in %) was calculated as the difference between mean
heights predicted from different height–diameter models (fitted by
this study and with literature equations) and measured heights at
tree level (i), or the difference between the mean AGB estimated
with literature equations (referred as predicted) and AGB esti-
mated with equations fitted by this study (referred to as measured)
at plot (0.25 ha) level (i) using the equation 5.

bias %ð Þ ¼ 1
n

Xn
i ¼ 1

ðpredictedi �measurediÞ=measuredi (5)

where n is the number of sampled trees for tree height and the
number of sampled plots for AGB estimation in each forest type

We used also the paired t-test to identify significant differences
between heights predicted by height–diameter models fitted by this
study or literature equations with height measurements and to
identify significant differences between AGB estimated using

Journal of Tropical Ecology 101

https://doi.org/10.1017/S0266467421000183 Published online by Cambridge University Press

https://doi.org/10.1017/S0266467421000183
https://doi.org/10.1017/S0266467421000183


literature equations and AGB estimated using equations fitted by
this study.

All the statistical analyses were performed with the open-source
R environment (R Core Team 2020) using packages: ‘BIOMASS’
with the getWoodDensity function (Réjou-Méchain et al. 2017),
and ‘ggplot2’ for graphical output (Wickham 2016). Normality
and homoscedasticity of residuals were checked graphically and
with Shapiro–Wilk and Breusch–Pagan tests, respectively.
Height–diameter allometric relationships were fitted using linear
models with ordinary least-squares regressions and non-linear
least-squares, via the ‘nls’ function. All significant differences
reported to P-value< 0.05.

Results

Characteristics of monodominant and mixed forests

Species richness was significantly higher in the mixed forest, with
the number of tree species per 1-ha plot ranging from 43 to 101,
whilst within the monodominant forest plots tree species numbers
per 1-ha plot ranged from 14 to 45 (Table 1). Stem density was also
significantly higher in the mixed forest, whereas the monodomi-
nant and mixed forest showed similar basal area and wood density
at the 1-ha plot level (Table 1). Similar results have been obtained
at the 0.25-ha subplot level (Table 1).

Differences in height–diameter allometric models

Based on AIC values (Table 2), the two parameters of Michaelis–
Menten model varied significantly between the two forest types,
indicating a significant variation in height–diameter allometry
between mixed and monodominant forests (Figure 1a). Specific
height–diameter allometric models were used to derive the pre-
dicted value of height for two trees of 10 and 100 cm diameters
in each forest type. The smallest height (H10= 10.75 m and
H100= 45.17 m) was observed for the mixed forest, whereas the
greatest height (H10= 12.17 m and H100= 48.22 m) was observed
for themonodominant forest. Trees tended to be significantly taller
in monodominant forests than in mixed forests. Using the forest
type-specific height–diameter equation fitted in this study, we
detected significant differences in Lorey’s mean height and AGB
between monodominant and mixed forests at the plot (0.25 ha)
level (Figure 1b, c). The mean values of Lorey’s mean height were
higher in monodominant forests than in mixed forests at the 0.25-
ha subplot level (Figure 1b). Likewise, the mean AGB from 0.25-ha
subplots had greater AGB in monodominant forests than in mixed
forests (Figure 1c).

Performance of height–diameter allometric models

The height–diameter curves from different literature equations
varied within each forest type (Figure 2a). Individual error distri-
butions of tree height predictions were notably different among lit-
erature equations within each forest type (Figure 2b). Literature
equations severely underestimated the height for trees with larger
diameter values (Figure 2b). Among literature equations,
Exponential (Banin et al. 2012) and Weibull (Feldpausch et al.
2012) models were the most accurate in terms of RMSE and bias
and their predicted height values did not differed to height mea-
surements in mixed forest (Table 3).

The error distribution of estimated AGB due to inaccurate
height estimation differed notably among literature height–diam-
eter equations (Figure 3a). The literature equations tended to

underestimated AGB values for trees with larger diameter values,
which were less than half the AGB value from height–diameter
equations fitted in this study. The values of RMSE and bias in
AGB also varied strongly among literature equations (Table 3),
which suggests that the selection of height–diameter model
affected the accuracy of AGB estimation at the 0.25-ha plot level.
Here,Weibull models (Feldpausch et al. 2012 and Lewis et al. 2009)
introduced the lowest values of RMSE and bias in AGB than other
literature equations for themixed forest (Table 3). The error of esti-
mated AGB at the 0.25-ha plot level due to inaccurate height esti-
mation differed notably among literature height–diameter
equations (Figure 3b). The literature equations tended to underes-
timated AGB values, which were less than half the AGB value from
equation fitted by this study.

In sum, no literature equation was an accurate model to predict
the tree height and AGB in monodominant forests. However, the
height–diameter allometry fitted by Lewis et al. (2009) showed a
little RMSE and bias in height predictions and AGB estimation
(Table 3) and can be used to predict the height in order to estimate
the plot-level AGB when they do not have the local height data for
both forest types.

Discussion

Taller trees and greater AGB in monodominant than in mixed
forests

We found that the height–diameter allometry varied significantly
betweenmixed andmonodominant forests in northern Republic of
Congo. This result is similar to the findings ofMolto et al. (2014) at
plot level in French Guiana and Fayolle et al. (2016) at species level
in Cameroon, which shown that the two parameters of the
Michaelis–Menten model varied with forest type. The two forest
types have similar allometric trajectories but different resource
allocation strategies over all diameter ranges (Hulshof et al.
2015), indicating that ontogenetic patterns should be the key
differences between the two forest types. Moreover, slender tree
species with small maximum diameter size are known to grow
in height at a faster rate and to have better access to light in the
closing canopy (Loubota Panzou et al. 2018b) than those with a
larger diameter and therefore may also be more represented in
the monodominant stands. The differences of the floristic compo-
sition has been shown to control variations in height–diameter
models (Feldpausch et al. 2011; Banin et al. 2012). The results
of Banin et al. (2012), for example, showed that Asian forests,
which have many individuals from the dominant family of
Dipterocarpaceae, tended to be taller than America and Africa
mixed forests. The great height and biomass in Dipterocarp forests

Table 2. Differences in height–diameter allometry between mixed and
monodominant forests. We compared a general model with fixed parameters
(without forest type effect) and three alternative models including a forest
type effect on the parameters (varying intercept and varying slope; varying
intercept and fixed slope; and fixed intercept and varying slope) using the AIC
values and likelihood ratio tests (P-value). The best model is shown in bold.

AIC P-value

General model (without forest type effect) 890 –

Varying intercept and varying slope 725 0.001

Varying intercept and fixed slope 762 0.001

Fixed intercept and varying slope 863 0.001
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have been interpreted in the light of the dispersal strategy (domi-
nance of wind dispersal), and this result has also been found in
Central Africa for the dominant species (Loubota Panzou et al.
2018b). In addition, other ecological factors could also explain
the variation in height attributes, such as the functional composi-
tion of the canopy species.

Based on the specific height–diameter allometric model for
each forest type, the Lorey’s mean height was higher in the mono-
dominant forest than in themixed forest. The Lorey’smean height,

which was higher in the monodominant forest than in the mixed
forest, is widely used in AGB maps derived from LiDAR data
(Saatchi et al. 2011). Taller trees in African monodominant forests
could be the result of an environmental control that facilitates
resource acquisition. For example, soil carbon to nitrogen ratio
and carbon to phosphorus ratio are significantly higher under
G. dewevrei stands than in mixed forest stands, suggesting a higher
acquisition of soil nitrogen and phosphorus from soil organic
matter by ectomycorrhizal fungi (Hall et al. 2019). In the

Figure 1. Differences between mixed forest
(Mix-F) and monodominant forest (Mono-F) in
height–diameter allometry (a), Lorey’s mean
height (b) and aboveground biomass (c). Box
plots that show values of Lorey’s mean height
(m) and aboveground biomass (Mg) are given
at subplot (0.25 ha) level in each forest type.
Statistical comparisons among forest types are
based on the the non-parametric Kruskal–
Wallis rank sum test and different letters indi-
cate a significant difference (P < 0.05) according
to the post hoc tests.

Figure 2. Fitted height–diameter model (a) and individual
tree height estimation error (b) according to tree diameter
for the height–diameter allometric models found in the liter-
ature (Table S2) for mixed and monodominant forests. Each
grey dot represents a measured value of tree height and
diameter, and the grey dotted line represents the 0 error
for tree height.
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monodominant forest, G. dewevrei could outcompete many spe-
cies (Makana et al. 2011) through the deep leaf litter that it creates.
Leaf litter from G. dewevrei decomposes slowly and could inhibit
the establishment of small seeded species, which have fewer resour-
ces than big seeded species such as G. dewevrei, and could also
potentially cause a low availability of soil nitrogen (Torti et al.
2001) and phosphorus, possibly related to ectomycorrhizal associ-
ations formed with G. dewevrei (Kearsley et al. 2017b).

AGB estimations with 445 and 353Mg dry mass ha−1 for trees ≥
10 cm diameter for the monodominant and mixed forests, respec-
tively, are in the range of values previously reported from old-
growth forests in Central Africa (Djuikouo et al. 2010, 2014,
Makana et al. 2011, Kearsley et al. 2013, 2017a, Lewis et al.
2013, Slik et al. 2013). There was a significant variation in 0.25-
ha subplot-level AGB between monodominant and mixed forests,
in agreement with the results of Kearsley et al. (2013) in
Democratic Republic of Congo. These AGB estimates would be
overestimated if these inaccurate height–diameter models were
used for mixed and monodominant forests (Kearsley et al.
2013). The huge difference in AGB between monodominant and
mixed forests could be rather due to stand density (tree number
and size) than the specific height–diameter model, since the use
of general height–diameter model showed the same results (454
and 361 Mg dry mass ha−1 for trees ≥ 10 cm diameter for mono-
dominant and mixed forests, respectively). Large-sized individuals
within both mixed and monodominant forests are important for
forest function, as demonstrated in Central Africa (Kearsley
et al. 2019). Loubota Panzou et al. (2018b) showed also that
large-statured canopy species tended to contribute more to forest

AGB than understorey species. As an upper canopy species, G.
dewevreimight benefit more from increased potential carbon gain
as opposed to mixed forest. Although large trees are important
contributors to AGB stocks, small trees strongly contribute to
AGB annual gains in Central Africa (Ligot et al. 2018). There is
a balance/equilibrium to be found between old trees that store lots
of carbon but have low carbon gains and small trees which have
low carbon stocks, but higher carbon gains.

Comparison of height–diameter allometric models

The height values predicted from equations fitted by this study did
not differ from the measured height, suggesting a better perfor-
mance of locally parametrised height–diameter models than liter-
ature height–diameter equations for both monodominant and
mixed forests. This is in agreement with the results of Ledo
et al. (2016) for three tropical forests (a lowland semi-deciduous
forest in Panama, a lowland evergreen rain forest in Malaysia
and a montane cloud forest in Peru). Based on the best height–
diameter equation for each forest type, the error of height predic-
tion is greater for very large trees, resulting in a negative bias in
AGB estimation.

Although measurement errors due to height estimation from
the ground are not accounted for in our analyses, they are unlikely
to differentially affect the performance of different height–diam-
eter models from the literature. Some literature height–diameter
equations generated severely biased height predictions and should
not be used. The selection of inaccurate height–diameter models in
previous studiesmay have yielded inaccurate estimates of AGB and

Table 3. Root mean square error (RMSE, in m for tree height and Mg for AGB), bias (%) and paired t-tests (P-value) in tree height between height predicted by different
literature equations and height observation at tree level, and in aboveground biomass (AGB) between AGB predicted by literature equations and AGB predicted by the
specific height–diameter equation at the subplot (0.25 ha) level within of each forest type.

Equation

Mixed forest Monodominant forest

RMSE Bias P-value RMSE Bias P-value

Tree height

Banin et al. (2012) 6.09 −2.11 0.245 6.98 −10.35 0.001

Fayolle et al. (2016) 6.41 −5.81 0.001 7.73 −13.75 0.001

Feldpausch et al. (2011) 7.37 −13.73 0.001 9.14 −20.44 0.001

Feldpausch et al. (2012) 6.11 3.07 0.091 6.33 −5.65 0.001

Kearsley et al. (2013)-Mixed 9.41 −21.69 0.001 11.77 −28.38 0.001

Kearsley et al. (2013)-Monodominant 9.50 −21.70 0.001 11.88 −28.46 0.001

Lewis et al. (2009) 6.25 5.63 0.001 6.12 −3.32 0.033

Loubota Panzou et al. (2018a) 6.96 −10.84 0.001 8.69 −18.23 0.001

Aboveground biomass

Banin et al. (2012) 0.94 −5.42 0.001 1.79 −6.50 0.001

Fayolle et al. (2016) 1.24 −7.30 0.001 2.16 −8.20 0.001

Feldpausch et al. (2011) 1.71 −10.79 0.001 2.14 −9.05 0.001

Feldpausch et al. (2012) 0.57 −3.00 0.001 1.18 −4.11 0.001

Kearsley et al. (2013)-Mixed 2.61 −15.63 0.001 4.34 −16.74 0.001

Kearsley et al. (2013)-Monodominant 2.65 −15.72 0.001 4.48 −17.18 0.001

Lewis et al. (2009) 0.38 −1.81 0.001 0.85 −2.86 0.001

Loubota Panzou et al. (2018a) 1.61 −9.70 0.001 2.60 −10.14 0.001
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consequentially wrong carbon stock values. The use of a power
model is problematic when large trees are included, because the
most biased height–diameter allometric equations are those using
power model expressions (Feldpausch et al. 2011). Power models
assume an increasing curve that never reaches an asymptote. In
mixed forests, non-linear distribution models approaching a hori-
zontal asymptote for trees with large diameters are more realistic
(equations of Banin et al. (2012) in Africa and Feldpausch et al.
(2012) in Central Africa). Predicted heights differ from the mea-
sured values by only a few meters for large trees and by a few cen-
timetres for smaller trees. In contrast, no height–diameter model
from literature was appropriate for the tree height prediction
and AGB estimation in the monodominant forests. This particular
result and the significant biases associated with regional height–
diameter models confirmed the need for local site-specific models
(Chave et al., 2014). The use of specific height–diameter allometry
for monodominant forests should have strong practical implica-
tions for carbon monitoring in African tropical forests.

Conclusion

This study provides new data, which supports the argument that
the specific height–diameter allometric model should be used in
AGB estimates for each forest type. In northern Republic of

Congo, there were important differences in height–diameter
allometry with > 2 m as the difference of height predictions
betweenmixed andmonodominant forests. These results reinforce
the conclusions of Kearsley et al. (2013) on the need to use the
appropriate height–diameter model for each forest type to estimate
with accurate the AGB and carbon stocks. It is likely that AGB esti-
mates for monodominant forests in many previous studies are
biased owing to the use of inappropriate height–diameter allomet-
ric equations. Monodominant forests are unique in terms of their
forest ecology and, most importantly, forest structure, and thus
require the use of specific height–diameter equations. Improved
equations for AGB calculations will have strong practical implica-
tions for carbon monitoring in African tropical forests.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0266467421000183
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Figure 3. Individual error in tree aboveground biomass
(AGB) according to tree diameter (a) and AGB error between
AGB estimated using tree height from literature equations in
Table S2 (Banin et al. (2012) – A), Fayolle et al. (2016) – B,
Feldpausch et al. (2011) – C, Feldpausch et al. (2012) – D,
Kearsley et al. (2013) – Mixed–E, Kearsley et al. (2013) –
Monodominant–F, Lewis et al. (2009) – G and Loubota
Panzou, Fayolle, et al. (2018a) –H ) and AGB obtained using
tree height from the specific height–diameter equation fitted
in this study at the subplot (0.25 ha) level (b) in mixed and
monodominant forests. The grey dotted line represents the
0 error for tree AGB (a) and the 1 error for subplot AGB (b).
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