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Abstract There are evidences that plant morphology

is shaped by genotype, but local environment mainly

climate influences morphology as well. In this study

the morphological variability of Vitex doniana, a

multipurpose tree species was characterised in relation

with climatic parameters in order to provide insights to

the species possible responses to future climate

change. Morphological data were collected on 102

trees randomly selected along unfixed transects in the

three climatic zones of Benin. Data were collected on

fruiting trees at three levels: tree (trunk and canopy),

leaves and fruits. Variance components were esti-

mated for identification of variability sources regard-

ing leaves and fruits characteristics. The most

important discriminant descriptors regarding climatic

zones were selected through a stepwise discriminant

analysis. Relationship between those discriminant

morphological traits and bioclimatic variables were

assessed through a redundancy analysis. Our findings

confirmed that there is an important variability of

morphological traits of the species and climate, mainly

some of its extremes parameters plays a non-negligi-

ble role. Trees in the Sudanian region are the biggest

with fruits producing little pulp while individuals in

the more humid Guinean region present a higher

amount of pulp whereas Sudano-Guinean trees are the

tallest with larger leaves. Although the climate-

induced variability of the species is relatively low,

the study gives insights in probable effects of climate
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04 BP 1525, Cotonou, Republic of Benin

e-mail: achille.hounkpevi@labef-uac.org;

hounkpeviachille@gmail.com

A. Hounkpèvi
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variability on its morphology. Population genetic

studies are required for a better understanding of

climatic impacts on V. doniana in order to develop

selection and domestication schemes which could

contribute to its conservation.

Keywords Agroforestry species � Benin �
Bioclimatic variables � Plant morphology � Savannah �
Vitex doniana

Introduction

Morphological variability reflecting general

intraspecific genetic variability occurs in most plant

species as response to local environmental fluctuations

(Ellison et al. 2004; Miner et al. 2005). This variability

is an essential component of plant fitness and a

precondition to adapt to various environments and is

also the basis for selection by humans for domestica-

tion purposes (Cornelius 1994; Ellison et al. 2004;

Ewédjè et al. 2012). There are evidences that plant

morphology is shaped by genotype, but local envi-

ronment mainly climate can play an important role too

(Schlichting and Pigliucci 1998; Ellison et al. 2004;

Guerin et al. 2012). It is therefore important to

evaluate this variability in order to sustainably manage

useful plant species and give insights into probable

effects of unpredictable hazards like climate change.

Our study focused on Vitex doniana Sweet, an

important agroforestry tree species widespread in

tropical Africa. Different parts of the plant are widely

used for several purposes among which are young

leaves for sauces preparation and ripened fruits for

direct consumption being most common among peo-

ple in its geographical range (Ky 2008). The mature

leaves, the bark and the roots are also used to treat

several diseases (Kilani 2006; Padmalatha et al. 2009;

Dadjo et al. 2012). Moreover, it presents some

agronomic potentialities regarding soil fertility

improvement through litter production (Mapongmet-

sem et al. 2005). In Benin, V. doniana is known as a

particular agroforestry tree with high socio-economic

values (Oumorou et al. 2010; Achigan-Dako et al.

2011; Dadjo et al. 2012).

Some studies have addressed its uses in pharmacol-

ogy (Kilani 2006; Padmalatha et al. 2009) and in food

processing (Okigbo 2003; Agbédé and Ibitoyé 2007),

its ethnobotanical values (Dadjo et al. 2012), domes-

tication status and germinative abilities (Sanoussi et al.

2012; Achigan-Dako et al. 2014; N’Danikou et al.

2014). However, little is known on its morphological

variability and the relationship between this variability

and climatic conditions.

Following the concept of phenotypic plasticity—

capacity of a given genotype to produce physiological

or morphological phenotypes in response to variations

of environmental conditions (Pigliucci 2006)—we

expect that V. doniana develops specific morpholog-

ical traits according to climatic zones in Benin. More

specifically, since the three climatic zones of Benin

reflect a south-north climate drying gradient (wet–dry)

coupled with an opening of the vegetation (forest–

savannah), we hypothesize that (1) due to the avail-

ability of water and competition for light, trees of the

Guinean zone are higher, thinner, with the best fruiting

performance and larger leaves (lower evapotranspira-

tion); (2) in contrast, trees of the Sudanian zone are

shorter, thicker, with wider canopy, smaller leaves

(adaptation to higher evapotranspiration) and lower

fruiting performance; (3) trees in the Sudano-Guinean

zone are assumed to have intermediate characteristics.

Therefore, we characterized the morphological

variability of the species in relation with climatic

conditions in order to provide relevant information on

its probable responses to future climate change.

Materials and methods

Target species and study area

The black plum (Vitex doniana Sweet, Lamiaceae

formerly Verbenaceae) is a deciduous plant species

widespread in tropical Africa, from Senegal to Soma-

lia and to South Africa, and also in Comoros and

Seychelles (Ky 2008; Orwa et al. 2009). It is

occasionally cultivated in Mauritius. The species

occurs in various habitats from forests to savannahs,

often in wet localities and along rivers, and on termite

mounds, up to 2000 m altitude. Regions with mean

annual rainfall between 750–2000 mm and tempera-

tures ranging from 10 to 30 �C are suitable for the

species (Ky 2008). The variability of V. doniana is

remarkable regarding its morphology as well as its

habitat choice. It is a deciduous small to medium sized

tree species up to 25 m, bole branchless for up to 11 m
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with a diameter which can reach 160 cm. It has

opposite and digitate compound leaves. The flowers

are bisexual and zygomorphic and the fruits obovoid

to oblong-ellipsoid drupes (2–3 cm long), purplish

black, fleshy, with woody 4-celled stone, up to

4-seeded (Arbonnier 2002; Ky 2008) .

The study was carried out in the three climatic

zones of Benin Republic in West Africa (Fig. 1). The

Guinean zone located between 6�250 and 7�300N is

characterised by a subequatorial climate with four

seasons (two rainy and two dry). The rainfall is

bimodal (averagely 1200 mm per year), the temper-

ature varies between 25 and 29 �C, and relative

humidity is between 69 and 97 %. The Sudano-

Guinean zone, from 7�300 to 9�450N, is a transitional

zone with two rainy seasons merging in a unimodal

regime. The annual rainfall varies between 900 and

1110 mm, the temperature is between 25 and 29 �C
and relative humidity ranges from 31 to 98 %. The

Sudanian zone, between 9�450 to 12�250N, has a

tropical dry climate with two equally long seasons

(rainy and dry). The mean annual rainfall in this zone

is often\1000 mm; the relative humidity varies from

18 to 99 % and temperature from 24 to 31 �C
(Adomou et al. 2006; Assogbadjo et al. 2012; Gnanglè

et al. 2012).

Data collection

Morphological data were collected from July to

October 2014 in the three climatic zones following

unfixed transects (length varying from 1 to 6 km).

Seven, six and nine transects were followed respec-

tively in the Guinean, Sudano-Guinean and Sudanian

zone. A distance of at least 20 m was left between

fruiting trees in order to avoid genetically close

individuals. A total of 102 fruiting individuals of V.

doniana were assessed (35, 31, and 36 respectively in

the Guinean, Sudano-Guinean and Sudanian zone).

Ten leaves and ten fruits were randomly selected per

tree (Cornelissen et al. 2003) for morphological

description. Moreover, data were collected on the

trunk, the canopy, the leaves and the fruits in the field

(Fig. 2). On the trunk, circumference at 1.3 m (circ,

cm), total height (htree, m) and bole height (hbole, m)

i.e. height from ground to the first big branch were

measured. Concerning the canopy, four radii (ri) were

measured from the projection of the crown on the

ground (Fig. 2a). For the leaves, leaf length (Llgth,

mm), length and width of the main leaflet (llgth and

lwdth, mm), petiole length and diameter (petlgth and

petdiam, mm) and number of leaflets (lnumb) were

noted (Fig. 2b). For the fruits, length and width of fruit

(flgth and fwdth, mm) and fruit fresh mass (ffmass, g)

were measured (Fig. 2c).

These parameters were measured with an electronic

digital calliper (0.01 mm resolution) for length and

width and a 0.01 g-precision scale for weight.

After measuring the above described parameters,

fruits were oven dried at 65 �C for 48 h for determi-

nation of their dry mass (fdmass, g) following

Fandohan et al. (2011). The pulp and fibres have been

removed from the dry fruits in order to have the

endocarp for which length (endolgth, mm), width

(endowdth, mm) and mass (endomass, g) were

measured.

Finally, the GPS coordinates of each tree were

recorded and used in QGIS 1.8.0 (Quantum Develop-

ment Team 2016) to extract bioclimatic data for each

tree from WorldClim 2.50 9 2.50 database (Hijmans

et al. 2005).

Data processing and analysis

From the measured parameters, the following vari-

ables were computed:

• Mean diameter of canopy (dcrown, m): It was

computed from the four measured radii (ri, i from 1

to 4) using the following formula (Glèlè Kakaı̈

et al. 2011):

dcrown ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi

X r2i
4

r

ð1Þ

• Height of canopy (hcrown, m): It is the difference

between total height and bole height

hcrown ¼ htree� hbole ð2Þ

• Canopy shape (shcrown): It is the ratio of height of

canopy over mean diameter of canopy

shcrown ¼ hcrown

dcrown
ð3Þ

• Pulp Thickness (pulpthick, mm): It is the differ-

ence between fruit width and endocarp width

divided by 2.
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pulpthick ¼ fwdth� endowdthð Þ
2

ð4Þ

• Pulp mass (pulpmass, g): It is the difference

between dry mass of fruit and endocarp mass

pulpmass ¼ fdwght � endowght ð5Þ

• Fruit shape (fshape): It is the ratio of fruit length

over fruit width

fshape ¼ flgth

fwdth
ð6Þ

• Endocarp shape (endshape): It is the ratio of

endocarp length over endocarp width

Fig. 1 Location of sampled

trees in Benin Republic.

Climatic zones (from South

to North: Guinean, Sudano-

Guinean and Sudanian zone)

are adapted from Adomou

et al. (2006)
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endshape ¼ endolgth

endowdth
ð7Þ

Mean values, standard error of mean and coefficient

of variation were computed for trunk and canopy traits

per climatic zone. The same descriptive statistics were

calculated for each morphological parameter of leaves

and fruits per climatic zone taking into account

variation in fruits/leaves by using the two-stage

sampling formulas of Cochran (1977). The skewness

was also calculated for each morphological trait to

appreciate normality of its distribution within climatic

zone. One way-ANOVA was used to test for differ-

ences in trunk/canopy morphological traits between

climatic zones. The analysis was performed on log

transformed data except for crown diameter in order to

meet normality and homogeneity of variance assump-

tions. Student-Newman-Keuls’ posthoc test was used

to classify mean values of those morphological traits.

Meanwhile, linear mixed effects models using the

restricted maximum likelihood (REML) from lme4

(Bates et al. 2015) and lmerTest packages (Kuznet-

sova et al. 2014) were performed on leaves and fruits

morphological traits for the same comparison purpose

and to estimate the part of their variability explained

by between-climatic zone effect and within-climatic

zone effect (tree-within climatic zone, tree-within

transect and within-tree effects). Since sample sizes

(number of transects per climatic zone, number of

trees considered per climatic zone and per transect)

were unequal, Satterthwaite approximation was used

as correction formula for the degrees of freedom in

order to have accurate P values (Mason et al. 2003).

Tukey’s contrasts for multiple comparisons of means

from multcomp package (Hothorn et al. 2008) was

used for means classification (Mangiafico 2015). For

these linear mixed effects models, climatic zone with

its three modalities (Guinean, Sudano-Guinean and

Sudanian) was considered as fixed factor while

transect (7, 6 and 9 respectively in the Guinean,

Sudano-Guinean and Sudanian zones) and fruiting tree

(from which ten leaves/fruits were measured) were

considered as nested factors.

A stepwise linear discriminant analysis was per-

formed in order to find out the most important

morphological traits that discriminate trees regarding

climatic zones. For this analysis, morphological traits

at trunk and canopy levels and mean values per tree for

leaves and fruits characteristics were used.

Finally, a redundancy analysis (RDA) was per-

formed to assess relationships between morphological

descriptors and bioclimatic variables. The analysis

was run on the standardized means values of the

previously selected discriminant morphological traits

and all the 19 bioclimatic variables extracted from

WorldClim database. The best model was selected by

removing sequentially bioclimatic variables with the

step function in Vegan package (Oksanen et al. 2013).

The model selection was based on the Akaike’s

Information Criterion (AIC) which measures the

goodness of fit, with the best model showing the small

AIC (Burnham and Anderson 2003). For the selected

model, significance of canonical axes was tested using

the marginal permutation test from Vegan package.

Moreover, the significance of each bioclimatic vari-

ables in the model was tested using the permutation

ANOVA test. All these analyses were run with the

vegan package (Oksanen et al. 2013).

R 3.2.2 software (R Core Team 2015) was used for

the one-way ANOVA, linear mixed effects models

and RDA while SPSS 20 (SPSS IBM. 2011) was used

for the stepwise discriminant analysis.

Fig. 2 Morphological descriptors measured on V. doniana

(adapted from Ky (2008)). a Tree: circumference at 1.3 m (circ,

cm); total height (htree, m); bole height (hbole, m) and crown

height (hcrown, m) and crown radii (ri, m). b Leaf: leaf length

(Llgth, mm), length and width of the main leaflet (llgth and

lwdth, mm), petiole length (petlgth, mm). c Fruit: length and

width of fruit (flgth and fwdth, mm)
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Results

Morphological variability of Vitex doniana

Morphological descriptors of trunk and canopy show

high amplitude of variation in all climatic zones with

coefficients of variation above 25 % (Table 1). How-

ever, these morphological descriptors do not vary in

the same way from one climatic zone to another. For

instance, circumference at 1.3 m and crown diameter

showed the greatest variability in the Guinean zone

(CV = 48.37 %), while bole height was the most

fluctuating trait in the Sudano-Guinean zone

(CV = 51.21 %). The other descriptors (tree height,

crown height and crown shape) were most dispersed in

the Sudanian zone (Table 1). The Skewness coeffi-

cient of all these descriptors (except tree height in the

Sudano-Guinean zone) was positive suggesting right

asymmetrical distribution. Apart from the crown

diameter, all the descriptors of trunk and canopy

varied significantly between climatic zones. Trees

from the Sudanian zone were the thickest while trees

from the Sudano-Guinean zone were the tallest with

relatively rounded crown (crown shape i.e. ratio

hcrown/dcrown = 1, Table 1).

Most of the morphological descriptors of leaves and

fruits were relatively less dispersed (CV \15 %)

around mean values in all climatic zones (Table 2).

Leaves and fruits descriptors showed the highest

amplitude of variation in respectively the Guinean and

Sudanian climatic zone. The Skewness coefficient was

close to zero for most of the leaves and fruits features

in all climatic zones suggesting a normal distribution.

All the leaves and fruits descriptors varied signifi-

cantly between climatic zones and the lowest values

were mostly recorded in the Sudanian zone. Trees in

the Sudano-Guinean zone presented slightly higher

leaves characteristics, while the greatest features for

fruits were mostly recorded in the Guinean zone

(Table 2). In general, fruits were relatively oblong

(length/width ratio was slightly above 1), but fruits

from the Sudano-Guinean zone were longer than wide.

The variance components estimation revealed that

the within-climatic zone effect represented the most

important source of variability of leaves and fruits

traits, with variation within tree being the highest

(Table 3). The between climatic zones variability of

leaves and fruits traits was relatively weak (\30 % of

total variation). Its lowest and highest values were

recorded respectively for number of leaflets per leaf

(2.19 %) and endocarp mass (26.93 %). Variability in

morphological traits due to climatic zone was higher

for fruits characteristics than for leaves (Table 3).

Discriminant morphologic descriptors of Vitex

doniana according to climatic zones

The stepwise discriminant analysis indicated that two

significant discriminant axes were needed to separate

V. doniana trees according to climatic zones

(P = 0.000). The model accuracy rate revealed that

84.3 % of trees were perfectly assigned to their

respective climatic zone. The Wilks’Lambda statistic

ranged from 0.757 to 0.195 (first to last step) and

P value was 0.000. Only 7 of the 23 descriptors were

the most discriminant for climatic zone. The first axis

Table 1 Morphological descriptors of trunk and canopy of V. doniana

Guinean (35 trees) Sudano-Guinean (31 trees) Sudanian (36 trees)

Mean ± SE CV Skew. Mean ± SE CV Skew. Mean ± SE CV Skew.

Circumference (cm) 115.77b ± 9.47 48.37 1.47 146.42a ± 10.84 41.21 0.42 156.14a ± 10.43 40.07 0.95

Tree height (m) 10.46b ± 0.50 28.25 0.2 15.68a ± 0.75 26.56 -0.68 9.40b ± 0.53 33.96 1.39

Bole height (m) 3.35b ± 0.19 34.08 0.46 5.98a ± 0.55 51.21 0.12 2.43c ± 0.16 39.70 1.29

Crown diameter (m) 8.50a ± 0.53 36.79 0.21 9.71a ± 0.54 30.71 0.07 8.49a ± 0.42 29.51 0.49

Crown height (m) 7.11b ± 0.43 36.06 0.53 9.70a ± 0.59 34.12 0.11 6.97b ± 0.48 41.62 1.58

Crown shape 0.87b ± 0.04 27.16 0.54 1.03a ± 0.05 28.64 0.64 0.85b ± 0.05 36.59 1.15

On the lines, values followed by the same letters are not statistically different at 0.05 (Student-Newman-Keuls test)

SE, standard error of mean; CV, coefficient of variation (%); Skew., Skewness
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explaining 85.5 % of the total variance discriminated

trees based on tree height, canopy height, leaf length

and number of leaflets. This axis separated Sudano-

Guinean trees from the others. The second axis

accounting for 14.5 % of total variance performed

trees discrimination based on circumference, petiole

diameter and pulp mass. It discriminated Guinean

trees from Sudanian trees (Fig. 3).

Trees from the Sudano-Guinean zone were taller

with higher canopy. They exhibited longer leaves with

often more than 5 leaflets per leaf whereas those from

the Sudanian zone were thicker (high circumference

values) with relatively small petiole diameter for leaves

and produced fruits with reduced pulp mass. Guinean

trees thus diverged from the Sudanian counterparts.

Relationships between discriminant

morphological descriptors and bioclimatic

variables

From the redundancy analysis, the best model

explaining the relationships between the discriminant

morphological descriptors of V. doniana and biocli-

matic variables took into account 8 of the 19

bioclimatic variables (F = 7.095, P value = 0.001,

AIC = 842.4, adjusted R2 = 0.326). Only the first

two axes were significant (P value = 0.001) and they

explained 37.9 % of the total variation in morpholog-

ical traits due to the bioclimatic variables. The first

axis (RDA1) explaining 32.05 % of total variance,

was a linear combination of annual mean diurnal range

of temperature (bio2), isothermality (bio3), tempera-

ture seasonality (bio4), precipitation seasonality

(bio15), and mean temperature of the coldest quarter

(bio11). The second axis (RDA2, 0.06 % of total

variation) on the other hand, was a linear combination

of annual precipitation (bio12), precipitation of the

warmest quarter (bio18) and mean temperature of the

warmest quarter (bio10). However some of these

bioclimatic variables such as annual precipitation and

mean temperature of the coldest quarter were not

statistically significant in the model (Table 4).

Regarding the discriminant morphological vari-

ables, circumference at 1.3 m, tree height, crown

Table 2 Morphological descriptors of leaves and fruits of V. doniana

Guinean (350) Sudano-Guinean (310) Sudanian (360)

Mean ± SE CV Skew Mean ± SE CV Skew Mean ± SE CV Skew

Leaf length (mm) 268.33b ± 11.85 13.96 -0.10 289.84a ± 7.77 8.50 0.09 244.02c ± 10.47 13.36 0.11

Petiole length (mm) 115.62b ± 6.09 16.72 -0.12 131.38a ± 4.09 10.11 -0.05 108.37c ± 5.48 15.91 0.11

Petiole diameter (mm) 7.50a ± 0.31 12.86 0.08 6.93b ± 0.23 10.35 0.07 6.94b ± 0.28 12.35 0.22

Leaflet length (mm) 152.71b ± 6.72 13.70 -0.01 158.46a ± 4.75 9.41 0.00 135.64c ± 6.09 13.84 0.04

Leaflet width (mm) 65.61a ± 3.11 14.97 0.05 65.43a ± 2.03 9.71 -0.01 60.68b ± 2.97 15.23 0.10

Number of leaflets 5.02ab ± 0.05 3.17 0.11 5.07a ± 0.09 5.82 0.66 4.98b ± 0.03 1.85 -1.11

Fruit length (mm) 24.81a ± 0.50 6.46 -0.20 24.87a ± 0.38 4.86 0.07 23.83b ± 0.43 5.67 -0.09

Fruit width (mm) 23.40a ± 0.46 6.21 -0.21 22.70b ± 0.33 4.66 -0.01 22.86b ± 0.44 6.03 -0.23

Fruit shape (length/

width)

1.07b ± 0.01 3.81 0.09 1.10a ± 0.01 3.90 0.11 1.05b ± 0.01 4.10 0.21

Fruit fresh mass (g) 9.14a ± 0.43 15.19 -0.08 7.86b ± 0.26 11.20 0.04 7.50b ± 0.39 16.14 -0.11

Fruit dry mass (g) 3.73a ± 0.21 17.74 0.04 2.83b ± 0.11 13.56 0.22 2.46c ± 0.14 18.35 0.03

Endocarp length (mm) 17.07b ± 0.31 5.74 -0.24 17.30a ± 0.25 4.59 0.08 16.07c ± 0.32 6.31 0.03

Endocarp width (mm) 12.17a ± 0.81 6.52 0.03 12.15a ± 0.22 5.83 -0.11 11.58b ± 0.25 6.58 0.01

Endocarp shape (length/

width)

1.43ab ± 0.02 5.52 -0.05 1.44a ± 0.03 5.94 0.10 1.40b ± 0.03 6.59 0.19

Endocarp mass (g) 1.76a ± 0.10 17.34 -0.10 1.47b ± 0.07 16.53 0.11 1.17c ± 0.06 16.80 -0.01

Pulp thickness (mm) 5.62a ± 0.16 9.08 0.04 5.28b ± 0.11 6.78 -0.30 5.64a ± 0.16 8.79 -0.08

Pulp mass (mm) 1.97a ± 0.15 22.72 0.12 1.37b ± 0.06 14.37 -0.07 1.29b ± 0.09 22.45 0.13

On the lines, values followed by the same letters are not statistically different at 0.05 (Tukey’s contrasts test for multiple comparisons

of means)

SE, standard error of mean; CV, coefficient of variation (%); Skew, Skewness
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height, leaf length, petiole diameter and pulp mass

were loaded on RDA1, while number of leaflets was

loaded on RDA2 (Table 5).

Based on scores of morphological traits and

bioclimatic variables on RDA axes (Tables 4, 5), it

was noted that circumference at 1.3 m, tree height,

crown height, leaf length and petiole diameter were

positively influenced by annual mean diurnal range of

temperature (bio2), temperature seasonality (bio4) and

precipitation seasonality (bio15). Meanwhile, pulp

mass and number of leaflets were negatively affected

respectively by isothermality (bio3) and mean tem-

perature of the warmest quarter (bio10). The projec-

tion of V. doniana trees in the RDA axes system

showed that Guinean trees were mainly located on the

negative side of RDA1 and RDA2 while Sudanian

trees were mainly in the positive side of RDA2

(Fig. 4). The morphology of trees from these zones

was likely affected by bioclimatic parameters in

diverse way.

There were no direct significant effects of the

commonly used climatic parameters such as annual

mean temperature and precipitation on morphological

Table 3 Variance components for leaves and fruits characteristics (percentage) from mixed effects model fit by restricted maximum

likelihood (REML)

Source of variation

Among climatic zones Within-Climatic zone Total

Trees within climatic zone Trees within transect Within trees (error)

Leaf length (cm) 22.57 12.13 5.69 59.60 100

Petiole length (mm) 22.63 14.57 0.21 62.58 100

Petiole diameter (mm) 18.12 16.40 8.13 57.35 100

Leaflet length (mm) 21.11 11.81 13.49 53.59 100

Leaflet width (mm) 17.54 21.18 7.28 54.01 100

Number of leaflets 2.19 1.93 0.00 95.88 100

Fruit length (mm) 20.23 20.49 4.34 54.94 100

Fruit width (mm) 22.89 12.45 19.58 45.08 100

Fruit shape 23.61 15.03 20.31 41.06 100

Fruit fresh mass (g) 25.46 19.84 7.66 47.04 100

Fruit dry mass (g) 22.54 24.76 26.56 26.14 100

Pulp thickness (mm) 21.15 10.14 33.73 34.98 100

Pulp mass (g) 18.37 20.28 39.27 22.08 100

Endocarp length (mm) 26.63 22.64 7.92 42.81 100

Endocarp width (mm) 20.73 19.25 14.79 45.23 100

Endocarp shape 19.67 22.22 6.79 51.32 100

Endocarp mass (g) 26.93 25.95 7.09 40.03 100

Fig. 3 Projection of V. doniana trees regarding morphological

traits in the system defined by the two canonical functions.

Function 1 and 2 represent respectively 85.5 and 14.5 % of the

total variance of 23 descriptors on 102 individuals. Symbols

correspond to trees from each climatic zone of Benin (Circles

Sudanian trees, Lozenges Sudano-Guinean trees, Crosses

Guinean trees, Squares centroid of each group)
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traits of V. doniana. However, several bioclimatic

variables based on their extremes such as tempera-

ture/precipitation of the warmest quarter and other

related parameters showed significant influences on

the morphological descriptors (Table 4).

Discussion

In the present study, we investigated the morpholog-

ical diversity of V. doniana in relation to climate in

order to highlight probable effects of climate change

on the species. The morphological description was

performed at three levels: tree (trunk and canopy), leaf

and fruit. Findings from the study confirmed that there

is an important variability of morphological traits in

the species and climate plays a non-negligible role.

The relatively important dispersion of morpholog-

ical descriptors around mean values (Tables 1, 2)

gives evidences of the existence of heterogeneity in V.

doniana populations as mentioned by Ky (2008). This

heterogeneity can be seen as a result of fitness of the

species in various habitats and can increase its survival

chance under climate change (Visser 2008). More-

over, the existence of this variability strengthens the

potential of the species in cultivars selection for a

domestication process (Leakey et al. 2008; Fandohan

et al. 2011). Indeed, genetic diversity improves fitness

of populations by providing options to respond

differently to environmental changes (Whitham et al.

2003; Hughes and Stachowicz 2004).

Significant differences were observed between

climatic zones regarding the considered morphologi-

cal traits, but part of variability due to climatic zone

was relatively low and the most important variability

was generally recorded at individual tree level

(Table 3). These findings are in agreement with

previous studies on native and introduced plant

species in Benin such as Adansonia digitata L.

(Assogbadjo et al. 2011), Jatropha curcas L. (Gbè-

mavo et al. 2015), Sclerocarya birrea subsp. birrea

(A. Rich) Hochst. (Gouwakinnou et al. 2011). Since

morphology is under the control of genotype, envi-

ronment and their interactions, with genotype leading

the control (Schlichting and Pigliucci 1998), our

findings show that most of the variability in V. doniana

was probably genetically-induced. Therefore, popula-

tion genetic studies about this species are required to

deepen knowledge on its gene pool in relation with

climatic parameters.

Table 4 Significance of bioclimatic variables from permutation ANOVA test and scores on RDA axes

Bioclimatic variables Permutation ANOVA Scores on axes

Df Variance F Pr ([F) RDA1 RDA2

Annual mean diurnal range of temperature (bio2) 1 389.1 11.069 0.001*** 0.45 -0.42

Isothermality (bio3) 1 153.2 4.360 0.021* -0.51 0.48

Temperature seasonality (bio4) 1 145.3 4.133 0.029* 0.42 -0.33

Mean temperature of warmest quarter (bio10) 1 576.2 16.391 0.001*** -0.003 -0.14

Mean temperature of coldest quarter (bio11) 1 39.1 1.113 0.325 ns -0.52 0.16

Annual precipitation (bio12) 1 17.2 0.488 0.577 ns -0.13 0.32

Precipitation seasonality (bio15) 1 112.5 3.200 0.043* 0.39 -0.27

Precipitation of warmest quarter (bio18) 1 562.5 16.003 0.001*** -0.19 0.33

Residual 93 3268.9

ns non-significant

* P value\0.05; *** P value\0.001

Table 5 Scores of discriminant morphological traits on RDA

axes

RDA1 (32.05 %) RDA2 (0.06 %)

Circumference at 1.3 m 13.720 2.867

Tree height 0.846 -0.368

Crown height 0.594 -0.178

Leaf length 6.652 -5.851

Petiole diameter 0.089 0.013

Number of leaflets 0.002 -0.006

Pulp mass -0.055 0.034
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Although the projection of V. doniana trees in the

axes system defined by the two canonical functions

from the discriminant analysis did not show a clear

separation of trees (Fig. 3), the major differences

between trees were revealed regarding position of

group centroids. Based on contrasting features of

Guinean and Sudanian trees (heavy vs. light pulp mass

for example), climate may be considered as playing an

important role in the morphological variability of the

species. Indeed, the Guinean zone known to be wetter

and more forested than the Sudanian zone, hosted

thinner and taller trees with globally larger leaves and

higher fruiting parameters mainly regarding fruits and

pulp masses. These results confirmed our expectations

and may suggest that the species undergoes adaptive

strategies in regard to climatic factors. According to

trees in the Sudano-Guinean zone, our findings

showed some deviation from the expected trends.

Trees are generally taller with larger leaves in this

zone than elsewhere. These trends might suggest that

this climatic zone is very close to the humid climatic

conditions. Previous studies have already highlighted

the role of climate for the morphological variation of

several useful species. This was the case for instance

for Anogeissus leiocarpa (DC.) Guill. et Perr. in

Burkina Faso (Ouédraogo et al. 2013).

The redundancy analysis revealed significant rela-

tionships between bioclimatic parameters and dis-

criminant morphological descriptors of V. doniana.

Although the bioclimatic parameters explained a

relatively low part of variation in morphological traits,

impacts of climate on the species’ morphology are

obvious even if there might not be strong. This

relatively weak influence of the bioclimatic variables

on morphological descriptors emphasized findings on

low variability due to climate. Also, the low influence

of bioclimatic parameters might be due to the fact that

climate is not the only factor affecting the morphology

of the species. Indeed, environmental factors like

topography, soil properties (type, moisture, nutrients

content) have been reported as potential predictors

(Sankaran et al. 2005). Since soil types and properties

varied significantly across climatic zones of Benin

(Adomou et al. 2006), soil may have contributed to the

morphological variation of V. doniana in Benin. The

study also revealed that mean annual temperature and

rainfall do not have direct impacts on the discriminant

descriptors, but rather their extremes (temperature and

precipitation of the warmest quarter) and other related

parameters such as annual diurnal range of tempera-

ture, temperature and precipitation seasonality that

drive the plant’s morphological diversity.

Conclusion

In the present study, we investigated the morpholog-

ical diversity of V. doniana in relation with climate in

order to highlight probable effects of climate change

on the species. The morphological description was

Fig. 4 Projection of V. doniana trees in the RDA correlation

triplot (scaling = 2) defined by the two first axes. Trees are

represented by triangles (green, blue and black for respectively

Guinean, Sudano-Guinean and Sudanian trees). Bioclimatic

variables are represented by arrows (bio 2 = Annual mean

diurnal range of temperature; bio 3 = Isothermality; bio

4 = Temperature seasonality; bio 10 = Mean temperature of

the warmest quarter; bio 11 = mean temperature of the coldest

quarter; bio 12 = Annual precipitation; bio 15 = Precipitation

seasonality; bio 18 = Precipitation of the warmest quarter).

Morphological variables (circ circumference, htree total height

of tree, hcrown crown height, Llgth leaf length, petdiam petiole

diameter, lnumb number of leaflets, pulpmass pulp mass)
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performed at three levels: tree (trunk and canopy),

leaves and fruits. The study revealed that V. doniana

shows an important morphological variability and that

climate contributes somehow to its morphological

diversity in Benin. Moreover, our findings suggest that

extreme parameters of a changing climate in the future

could affect the morphology of the species. However,

population genetic studies should be undertaken on the

species in order to improve knowledge on its vari-

ability in relation with climate and help in developing

selection and domestication schemes for the species.

Finally, conservation programs should be envisaged

for the species by taking into account this morpho-

logical variability.
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