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Abstract The coffee tree is an important economic
plant for several developing countries. Stem and leaf
dry biomass, which are key traits of plant production,
are used in functional-structural plant models to
simulate plant growth and predict yield. These values
are difficult to obtain since they classically rely on
time-consuming protocols and require destructive
measurements. Measuring stem and leaf dimensions
(length and width) to estimate them provides a non-
destructive and rapid approach for use in the field. In
this study we sought the best allometric relationships
existing between stem and leaf dimensions and their
corresponding dry mass in order to avoid destructive
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measurements which are also time-consuming. This
was investigated in three coffee species: Coffea
canephora, Coffea liberica var. liberica and Coffea
liberica var. dewevrei in Ivory Coast. For each species,
the internodes and leaves of three axis categories
(stem, branch and branchlet) comprising the main
compartments were sampled. Two different equations
were found to estimate the stem and leaf dry mass
whatever the species and the axis categories: (1) a
linear equation for the relation between the stem
volume (V) and its corresponding dry mass (IWe),
IWe = 0.70 x V and (2) a power law for the relation
between the leaf area [as the product of length (LL)
and width (Wi)] and its dry mass (LWe),
LWe = 0.007 (LL x LWi)”)z. Finally, stem and leaf
dry mass could be easily obtained without destructive
measurements. This method could be applied to
estimate the plant total leaf area and the total stem
and leaf biomass of a plant in an agroforestry system.

Keywords Coffee - Plant architecture - Dry mass -
Leaf area - Allometric relationships

Introduction

The coffee tree complex comprises 124 species (Davis
et al. 2011) of which two species are cultivated
worldwide: Coffea arabica and C. canephora. Coffea
arabica is adapted to high elevation altitude contrarily
to the C. canephora. Only Canephora is cultivated in
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Ivory Coast and more than 380,000 families depend on
coffee growing. An international collection including
at least twenty African wild diploid species has been
maintained in that country since 1970 for their
agronomics traits and adaptive capacities to environ-
mental conditions (Anthony 1992). This genetic
resource has enabled significant progress in yields
which, today, exceed 2500 tonnes/year/ha (Leroy
et al. 1997; Montagnon 2000).

Coffee cultivation within agroforestry systems calls
for studies to optimize growing conditions and
improve production sustainability. In such studies,
the measured traits are coffee tree growth, the leaf area
index, and stem and leaf dry biomass which requires
destructive and time-consuming measurements (Siles
et al. 2010). It is thus easier and less time-consuming
to measure the length and width of organs.

Much work in recent decades has reported that the
architecture of coffee trees plays a key role in
increasing yield potential (Cilas et al. 2006). Conse-
quently, the number and length of branches, the
number of internodes per branch and the number of
flowers per node were used as important selection
criteria. Thus, plant architecture analysis became a
major field of investigation for understanding plant
growth, branching patterns, yield, and for developing
crop models (Rosati et al. 2013).

Several models have been developed to explore
plant architecture and growth: ECOPHYS (Rauscher
et al. 1990), EMILION (Bosc 2000), SIMWAL
(Balandier et al. 2000), LIGNUM (Perttunen et al.
1998) and L-PEACH (Allen et al. 2005; Lopez et al.
2008). However, GREENLAB, a generic plant func-
tional-structural model (Yan et al. 2004) has been
found to be more appropriate for simulating plant
biomass production and allocation (Wang et al. 2012).
In this model, the source and sink balance controls
different events in plant development, such as the
number of branches or fruits (Mathieu et al. 2009). The
parameters controlling plant development and growth
can be computed (Wang et al. 2012; Diao et al. 2012).

We carried out a coffee tree architecture and growth
analysis using the GREENLAB model. The coffee tree
has relatively simple architectural development that
corresponds to Roux’s Model and is determined by a
monopodial trunk with continuous growth during the
wet season. The plagiotropic branches are inserted
continuously with immediate development. The
branches may bear branchlets with immediate or
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differed development. The leaf arrangement is oppo-
site and decussate along the stem. Flowering is lateral
and does not influence the architecture (Hallé et al.
1978). In the GREENLAB model, the development
parameters were computed using data from direct
observations of the plant architecture (de Reffye and
Hu 2003). For source—sink parameters, the input data
required organ dry mass values. The organs concerned
were internodes, leaves, flowers and fruits from which
a plant’s total aerial biomass could be computed.

As obtaining dry mass called for destructive
measurements and was time-consuming for internodes
and leaves, we sought allometric relationships in this
study between fresh organ size and the corresponding
dry mass. Such an analysis was developed by Antunes
et al. (2008) to estimate leaf area from the product of
leaf length by leaf width in several genotypes of C.
arabica or of C. canephora. Linear models have been
investigated for several species of trees (Leroy et al.
2007; Tondjo et al. 2015) and for C. canephora
(Schmildt et al. 2015). Indeed, some studies focused
on indirect measurements of leaf area while few
studies exist on estimations of leaf dry mass from leaf
dimensions. Our work proposed to determine models
linking internode and leaf dimensions, i.e. internode or
leaf length, internode or leaf width and their product,
to leaf area and internode or leaf dry biomass for three
Coffea species. Such relationships will be useful to
define indirect non destructive methods for measuring
these parameters in the field.

Materials and methods
Study site

The study was conducted at the experimental research
station of the Centre National de Recherche Agrono-
mique (CNRA) in Divo, 5°46' 04.07"N-5°13
22.09"W (Ivory Coast). The altitude is low: 300 to
500 m. The climate is tropical with an average
temperature of 26-27 °C (daily amplitude of
67 °C), with annual rainfall reaching 1800 mm and
a high relative humidity of 80 % on average.

Studied species

The plant material consisted of three cultivated
species: C. canephora (CAN), C. liberica var.
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dewevrei (DEW) and C. liberica var. liberica (LIB).
These species are adapted to low altitudes. Their
origin, distribution and habitat are shown in Table 1.
CAN is the only species cultivated in Ivory Coast.
DEW and LIB were cultivated in Ivory Coast and
Central African Republic in the 50s to 60s. Thirteen
genotypes for each species, obtained from seeds, were
planted in a completely randomized 3 x 3 m plot
design in 2010. Three 4-year-old genotypes were
sampled for each species for the allometric study.

The three axis categories resulting from meristem
functioning were investigated for each species: the
orthotropic main stem (A1), plagiotropic branches
(A2) and plagiotropic branchlets (A3). The pla-
giotropic branches and branchlets bore the lateral
inflorescences and the fruits. Our assumption was that
these axis categories have two different functions,
namely space exploration or exploitation, and that
these functions result in the relationship existing
between organ size and mass.

Sampling and measurements

Each tree was described phytomer by phytomer and
the topology was recorded following MTG formalism
(Godin and Caraglio 1998). For each phytomer, the
following information was recorded: internode length
(IL) and internode diameter (D), leaf length (LL) and
width (LWi). The internode diameter was the mean of
two perpendicular diameters. The leaf length was
measured from the blade tip to the blade base and leaf
width corresponded to the maximum leaf width.
Internodes and leaves were dried in an oven at 70 °C
for 72 h. They were weighed (We) in an anhydrous
state on a balance with an accuracy of 0.01 g. The leaf
area (LA) was determined using a plug-in of Image J
software (Toaster, Borianne and Brunel 2012). From
MTG format, the biological data were extracted using

Table 2 Number of organs assessed per axis categories in the
three Coffea species C. canephora (CAN), C. liberica var.
dewevrei (DEW) and C. liberica var. liberica (LIB)

Axis categories Organs CAN DEW LIB
Al Internodes 113 74 74
Leaves 32 9 7
A2 Internodes 2090 498 515
Leaves 738 167 53
A3 Internodes 250 184 163
Leaves 111 90 37

the Xplo software suite from AMAPstudio (Griffon
and de Coligny 2014).
The number of internodes and leaves assessed for
each axis category per species is presented in Table 2.
The internode volume (V) was approximated
considering it as a cylinder: V = Pi x IL x D/2/4.

Data analysis

We first applied descriptive statistics to calculate the
mean and standard deviation for all the parameters.
Then, organ size variations between genotypes and
species were tested using a two-way ANOVA. A mean
comparison was carried out using the Newman—Keuls
test at a 5 % significance level. The allometric
equations were computed through regression analysis.
All computations were done using Statistica Software
7.1.

Results
Tree dimensions

The tree height was 1.74 £ 0.36 m for CAN,
234 £ 0.06 m for DEW and 2.39 4+ 0.34 m for

Table 1 Studied Coffea species. Origin, distribution and habitat from Davis et al. (2006, 2011)

species Code Country of origin Distribution Habitat
species
C. canephora CAN Cameroon Central Africa Humid evergreen forest
C. liberica var. dewevrei DEW Central African Republic Central Africa Humid evergreen forests. Seasonally
dry mixed evergreen forest
C. liberica var. liberica LIB Ivory Coast West Africa Humid evergreen forest
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Table 3 Descriptive statistics (mean (standard deviation)) of
the parameter measured on the internodes according to species
(CAN: Coffea canephora; DEW: C. liberica var. dewevrei;

LIB: C. liberica var. liberica) and axis categories: Al: main
stem; A2: branches and A3: branchlets

CAN DEW LIB
Al A2 A3 Al A2 A3 Al A2 A3
Length (cm) 333(138)  470(173) 5.10(238) 870 (3.83)  7.05(275) 2.80(2.60) 7.02(3.24)  5.63 (2.67) 4.85(2.42)

Min-max 0.5-7.8 0.1-113  0.7-122  2.2-19.1
Diameter (cm)  2.18 (1.35)  0.47 (0.16) 0.30 (0.11) 2.12 (1.20)
Min-max 0.4-6.2 0.1-1 0.1-0.5 0.4-4.6
Weight (g) 16.62 (24.04)  0.69 (0.59) 0.28 (0.26) 26.64 (29.50)
Min-max 0.02-145.0  0.01-39  001-14  0.07-118.6

05-17.9  07-14.1  1-17.2 03-164  0.9-144
0.67 (0.26) 0.44 (0.13) 1.91 (1.04)  0.58 (0.21) 0.45 (0.14)
0.2-1.7 0.2-0.8 0.2-4.1 0.2-1.3 0.2-0.8
195 (2.28) 055 (0.54) 17.46 (17.28) 1.21 (1.52) 0.55 (0.59)
0.01-13.8  0.01-29  0.02-68.2 0.01-11.7  0.01-3.3

LIB. The basal diameter was 4.91 + 1.37 cm for
CAN, 4.22 4+ 1.10 cm for DEW and 3.91 £ 0.23 cm
for LIB.

Internode volume and dry mass

For CAN, the branch internodes (A2, 4.7 &+ 1.7 cm)
were significantly (p < 0.001) longer than those on the
main stem (Al; Table 3). A large difference was
observed between internode sizes along the branches,
with the length ranging from 0.09 to 11.3 cm. For
DEW, unlike CAN, the mean A2 internodes were
shorter than those on the main stem: 7.0 £ 2.7 versus
8.7 £ 3.8 cm (p < 0.001). The internode size ranged
from 0.5 to 17.9 cm. For LIB, branch internodes were
also shorter than main stem internodes, as for DEW.
The means recorded were 5.6 £ 2.7 cm (0.03-
16.4 cm) for length. The three species differed greatly
for the branch internode length: DEW exhibited the
largest size and CAN the smallest (Table 3). For CAN,
their length along the branchlet ranged from 0.7 to
122 cm (5.1 £ 2.4 cm).

For DEW, the A3 internodes measured from 0.7 to
14.1 cm (5.8 £ 2.6 cm) in length. The A3 size vari-
ation in LIB was similar to that of DEW: 0.9-14.4 cm
(4.8 £2.4 cm) in length. The A3 for CAN were
slightly longer (p < 0.05). Conversely, for DEW and
LIB the A3 were shorter (p < 0.001) than the A2.

A linear regression model was obtained for the
internode volume and dry mass (Fig. 1). The volume
was a good predictor of dry mass. The regression was
significant for CAN with R? = 0.98, 0.93 and 0.91 for
Al, A2 and A3, respectively, for DEW with
R?=0.98, 098 and 0.93 for Al, A2 and A3,
respectively, and for LIB with R? = 0.99, 0.97 and
0.97 for A1, A2 and A3, respectively.
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Finally, the A1, A2 and A3 internode size and dry
mass varied significantly within and between the
studied species CAN, DEW and LIB. However, the
internode volume was a good predictor of the corre-
sponding dry mass, whatever the species. The adjusted
R? value recorded generally was over 0.90 and the
equation followed a linear law: Y = 0.7 x V.

As the linear regression coefficient was nearly 0.7
for each species, we calculated the expected dry mass
from the equation: Y = 0.7 x V and sought a rela-
tionship between the estimated and measured dry
mass. The adjusted R? was 0.99 and the linear
coefficient 1, resulting from a perfect correlation
between the two variables (Fig. 2).

Leaf dimensions and leaf area or dry mass

The descriptive statistics of the measured traits are
presented in Table 4. The sample included old leaves
that had reached their final dimensions as well as
young leaves still in their early growth phase. Table 4
gives the means and variation (standard deviation) of
the studied parameters for each axis category in the
three species. The two-way ANOVA showed that the
three species differed greatly for leaf size and dry
mass, whatever the axis category (p < 0.001). LIB
displayed the largest leaves followed by DEW and
CAN. In addition, within each species, the leaves of
the branches and branchlets did not differ for all the
assessed traits (p > 0.5) while they were significantly
larger than those of the main stem, except for LIB
(Table 4).

In CAN, the size of the main stem leaves varied from
2.5t015.9 ecm(11.14 + 4.0 cm) inlength and from 1 to
7.6 cm (4.9 £ 1.7 cm) in width (Table 3). The corre-
sponding dry mass ranged from 0.02 to 09 g
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Fig. 2 Relationship between observed and estimated internode
dry mass (IN mass) using the allometric relationship
Y = 0.7 x V in Coffea canephora, C. liberica var. dewevrei
and C. liberica var. liberica

volume of internodes
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(CAN); main stem (d), branches (e) and branchlets (f) C.
liberica var. dewevrei (DEW) and main stem (g), branches
(h) and branchlets (i) C. liberica var. liberica (LIB)

(0.43 £ 0.22 g). On average, for A2 and A3, the leaves
measured 13.9 &= 4.6 cm x 54 £+ 1.8 cmand 13.1 &+
39 cm x 4.5 + 1.4 cm, respectively. The dry mass
was 0.68 + 0.42 gfor A2and 0.42 £ 0.25 gfor A3.In
DEW, the leaves of the A1 measured 16.2 &+ 4.2 cm x
6.7 &= 1.7 cm and weighed 0.98 £ 0.61 g. For the A2
and A3 axis categories, leaf sizes were 18.4 &
5.6 cm x 8.1 & 2.7 cm for A2 and 16.6 £ 4.1 cm X
6.8 £ 2.3 cm for A3. In LIB, the data recorded were
177 £ 50 cm x 85 £ 3.5 cm with a dry mass of
1.46 &= 0.98 g for Al. For A2 and A3, leaf sizes were
152 +£63cm x 690 +£ 3.3 cm and 15.5 £ 6.0 x
6.90 £ 3.3 cm, respectively. Their dry mass was
0.94 £ 0.9 and 0.84 £ 0.7 g, respectively. The DEW
and LIB leaves were significantly larger than those of
CAN.

@ Springer
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Table 4 Descriptive statistics (mean (standard deviation)) of
the parameter measured on the leaves according to species
(CAN: C. canephora; DEW: C. liberica var. dewevrei; LIB: C.

liberica var. liberica) and axis categories: Al: main stem; A2:
branches and A3: branchlets

CAN DEW LIB
Al A2 A3 Al A2 A3 Al A2 A3
Length 11.14 (3.97)  13.86 (4.60)  13.15(3.92) 16.22 (4.25) 18.41 (5.65) 16.59 (4.13)  17.71 (5.00) 15.23 (6.32)  15.62 (6.15)
(cm)
Min-max  2.5-15.9 2-22.8 4.2-20.3 11.4-24.6 2.7-28.4 2.3-29.1 11.7-24 3.4-29.8 1.8-25.8
Width 4.91 (1.66) 5.40 (1.84) 4.46 (1.44) 6.70 (1.73) 8.16 (2.75) 6.78 (2.34) 8.48 (3.54) 6.90 (3.29) 6.86 (3.30)
(cm)
Min-max  1-7.6 0.6-17.2 1.3-7.2 4.7-10 1.1-14.5 1-14.9 4.1-13 1.7-16.7 0.9-13.3
Area 42.09 (22.04) 58.22(33.11) 43.89(23.94) 75.16 (41.13) 114.49 (59.28) 83.49 (49.58) 115.38 (74.93) 84.58 (68.96) 85.78 (63.54
(cm2)
Min-max  2-75.6 1-153.2 5.3-97 36.2-172.7 2.5-281.9 1.6-311.5 35-227.2 2.9-344.9 1-239.8
Weight (g)  0.43 (0.22) 0.68 (0.42) 0.42 (0.25) 0.98 (0.61) 1.29 (0.74) 0.79 (0.48) 1.46 (0.98) 0.94 (0.89) 0.86 (0.71)
Min-max  0.02-0.91 0.01-2.1 0.04-1.2 0.24-2.29 0.02-3.28 0.01-2.72 0.4-2.78 0.034.53 0.01-3.3

A linear regression model was obtained for the
product LL. x LWi and leaf area for each species and
for each axis categories (Fig. 3). As no significant
difference were found between axis categories, they
were regrouped for each species. Thus linear regres-
sion was significant for CAN with R* = 0.99
(LA = 0.71 x LL x LWi), for Dew with R* = 0.99
(LA = 0.69 x LL x LWi) and for LIB with R*> = 1
(LA = 0.69 x LL x LWi).

The leaf mass (LWe) prediction model based on the
product of LL. x LWi was a power law (Fig. 4). The
equations were LWe = 0.007 (LL x LWi)"*
(R*> = 0.94) for CAN, LWe = 0.004 (LL x LWi)"'°
(R*>=0.95) for DEW and LWe = 0.005 (LL x
LWi)l'05 (R2 = 0.97) for LIB. No significant difference
was found between species. We thus propose only one
power law: LWe = 0.007(LL x LWi)'**  with
R® = 0.95.

The estimated and measured leaf dry mass values
were significantly correlated, with R? = 0.90 (Fig. 5).

Discussion
Estimation of stem and leaf dry biomass

from internode volume and the product of leaf
length by leaf width

The first objective of this work was to establish a
relationship between fresh internode size (i.e. length
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and diameter) and dry mass. The fine investigations we
carried out for the internode size indicated that the
three species studied, C. canephora (CAN), C. liberica
var. dewevrei (DEW) and C. liberica var. liberica
(LIB), differed significantly. In addition, great varia-
tion was found within and between the axis categories
Al, A2 and A3. The Al internodes were larger in
diameter than the A2 and A3 internodes. They were
also longer in comparison with the A2 and A3
internodes, except for CAN in which the A1 internodes
were shorter than the A2 and A3 axes. Despite the
differences encountered between the species and
between the axis categories, a unique linear regression
was found to estimate the dry mass from the internode
volume. The equation parameter corresponded to the
wood density, which was similar for the three species
studied.

We found that a power law model described the
relation between Coffea leaf mass and the product of
its length by width. The same model has been found
for Tectona grandis (Tondjo et al. 2015). As the
measured leaves in this study were sampled at several
node ranks of the leafy axis, and the leaves therefore
had different ages, the observed trend might be
explained by an increase in leaf thickness with leaf
age (Niinemets 2001).

We thus provide a method to compute the total stem
aerial biomass of coffee trees. The plant dry matter
analysis enabled us to evaluate coffee tree response to
the availability of water and nutrient resources and
helped in the selection of genotypes with drought
tolerance (Dias et al. 2007). Our results will make it
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Estimation of leaf area from the product of leaf
length by leaf width

We described an estimation of leaf area from simple
non-destructive measurements in three Coffea species
with a linear regression including the product of leaf
length by width. As in teak, this linear relation resulted
from leaf expansion due to intercalary meristem
activity (Bell 1991; Tondjo et al. 2015). The equations
were similar between the axis categories of one
species and between species. A similar equation has
been found for Coffea arabica species (Siles et al.
2010). This result suggests strong genetic control of
leaf shape traits such as the blade length to width ratio.
Only the leaf size varied with the age and the
genotype.

One of the yield components is the leaf area. In fact,
there is a relationship between the leaf area supporting
each fruit and bean size and quality. Coffee is grown
under natural conditions in the understory, so
increased knowledge of the relationship existing
between the canopy architecture and light interception
of the coffee tree will enable improvements to be made
to farming practices in agroforestry systems (DaMatta
et al. 2007).

Effect of architecture traits on leaf and stem
parameters

Coffea species show strong differentiation between a

strict orthotropic main stem and irreversible pla-
giotropic branches (Hallé et al. 1978). Our results
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showed a similar relation between leaf area and mass
for orthotropic and plagiotropic axes. The axis cate-
gories only impacted the internode size and leaf size.

To conclude, this study proposes only one equation
to estimate stem dry mass from the internode volume.
The linear relation for estimating the leaf area from the
product of length by width was also the same for all
species whatever the axis category. Leaf dry mass was
estimated from a power law that was similar between
species and axis categories. In this way, organ dry
mass can be estimated by easy measurements taken
directly on the tree.
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