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Background and aims — Geographic patterns of phenotypic variability can inform understanding of the
resilience potential of plant species to environmental hazards such as climate change. Such understanding
provides support for conservation and domestication efforts. Here, we investigated natural morphological
variation of the individuals, fruits, seeds, and leaves of the tropical shrub Annona senegalensis Pers. along
a climatic gradient.

Methods — Morphological data were collected on shrubs, fruits, seeds, and leaves of 150 shrubs from
five populations in the three climatic zones of Benin. Linear mixed effects models were used to test the
variability of the morphological traits of the species and also to estimate the variance components in order
to tease apart the importance of each source of variation. The most important morphological descriptors
discriminating climatic zones were identified using a stepwise discriminant analysis. Redundancy analysis
was then used to determine the relationships between discriminant morphological traits and bioclimatic
variables.

Key results — Morphological traits of A. senegalensis varied greatly both within and among climatic zones.
A substantial part (42%) of the among-climatic zones phenotypic variability in the species was attributable
to climate, mainly rainfall and temperature. Morphological traits such as big shrubs, big fruits, and high
number of seeds per fruit were associated with high mean annual rainfall and low mean temperature of the
warmest quarter.

Conclusions — The findings suggest an important zonal adaptation of the species to climate variability. The
phenotypic diversity pattern that we highlighted can be useful when designing conservation policies for the
species. However, quantitative genetics through common garden or reciprocal transplantation experiments
related to the species’ populations would enable to explore the heritable part of the observed variability to
support effective conservation and domestication efforts.

Keywords — Annona senegalensis; bioclimatic variables; climate variability; plant morphology; zonal
adaptation.
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INTRODUCTION

Conservation and domestication of indigenous edible plant
species for the diversification of subsistence agriculture has
emerged as a promising approach to enhance human liveli-
hood (Leakey et al. 2007; Fandohan et al. 2017). The wild
soursop (Annona senegalensis Pers., Annonaceace) is a tropi-
cal fruit shrub under domestication (Pinto et al. 2005). This
is due to its high nutritional, medicinal, and economic impor-
tance for African rural communities across its geographical
distribution range (Orwa et al. 2009; Mustapha 2013; Okhale
et al. 2016). Fruits, leaves, and flowers of A. senegalensis
are used for human and livestock consumption and medical
treatments. Several phytochemical constituents including
triterpenes, anthocyanins, glucids, coumarins, flavonoids,
and alkaloids were identified in leaf, bark, and root of the
species and are related to known medicinal properties such
as anti-oxidant, analgesic, antiplasmodial, haemostatic, sper-
matogenic, insecticidal, antimicrobial, anthelmintic, antidiar-
rheal, anti-inflammatory, antispasmodic, anticonvulsant, an-
timalarial, antitripasonal, cytotoxic, antivenomous, hypnotic,
and antinociceptive (Mustapha 2013; Okhale et al. 2016).
This highlights the high cultural importance of the species
and attests its potential for local food and pharmacological
industries.

Besides its uses, phytocompounds, and biological activi-
ties, other interesting aspects of A. senegalensis, including
distribution and ecology (Pinto et al. 2005) and molecular
genetic diversity (Kwapata et al. 2007) have been document-
ed. However, few studies, to our knowledge, have explored
the morphological variation within this shrub species (Folo-
runso & Olorode 2006) despite the importance of a quanti-
tative evaluation of the plant’s morphological variability in
planning conservation and domestication policies (Pauku et
al. 2010; Gouwakinnou et al. 2011; Ewédje et al. 2012; Pa-
donou et al. 2017). Plant morphology is well known to be
under the synergetic control of genotype and environment
(Guerin et al. 2012). An important implication is that the
pattern of this morphological variability is a useful tool for
understanding the resilience potential of plant resources to
environmental hazards, such as climate change (Hounkpévi
et al. 2016), in order to secure conservation and domestica-
tion efforts.

In Benin (West Africa), A. senegalensis is widespread
across the three climatic zones (Guinean, Sudano-Guinean,
and Sudanian) of the country (Adomou 2005) and thus offers
opportunity to investigate how climatic gradient (dry—wet)
determines variation of specific morphological traits. This
study examined the morphological traits of shrub, leaves,
fruits, and seeds of the wild soursop, and assessed their vari-
ations across contrasting environmental conditions in Benin.
Considering the high genetic diversity observed in natural
populations of A. senegalensis across a latitudinal gradient
in Malawi (Kwapata et al. 2007), we expect a high variabil-
ity in all morphological traits. In addition, we expect a sig-
nificant differentiation between A. senegalensis populations
across climatic zones as an expression of phenotypic plastic-
ity or local adaptation of plants to variation in environmental
conditions (Pigliucci 2006). In particular, we predict to de-
tect a significant relationship between bioclimatic parameters
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and morphological traits that discriminate climatic zones. We
expect so because bioclimatic parameters form an integral
part of the factors differentiating the three climatic zones of
Benin (Adomou et al. 2006).

MATERIAL AND METHODS

Target species

The wild soursop (4nnona senegalensis Pers., Annonaceae)
is a tropical, aromatic shrub with edible fruits that is 2—6 m,
or occasionally up to 11 m, in height (Orwa et al. 2009).
It occurs from Senegal to Sudan and is often found within
woodland savannah understory, in swamp forests, along riv-
erbanks, or in fallows (Arbonnier 2004; Orwa et al. 2009).
Areas from 0 to 2400 m in elevation, 17-30°C of mean an-
nual temperature, and 700-2500 mm of mean annual rainfall
are suitable for the species (Orwa et al. 2009). The species
has alternate, simple, and oblong to ovate leaves. Its flowers
are solitary or in groups of 2—4, arising above the leaf ax-
ils. The edible fruit is egg-shaped and formed by many fused
carpels. The seeds are numerous, cylindrical, oblong, and
orange-brown (Orwa et al. 2009).

Study area

The study was conducted in the Republic of Benin (between
6°25'N and 12°50'N and 0°45'E and 3°50'E) in West Africa.
The country has an altitudinal gradient from south to north
starting from less than 10 m to more than 650 m. The cli-
matic profile of the country shows three biogeographical
zones (fig. 1). The Guinean zone is located between 6°25'N
and 7°30'N and is characterised by a subequatorial climate
with two rainy and two dry seasons. The rainfall is bimodal
with an average rainfall of 1200 mm per year. The tempera-
ture varies between 25 and 29°C, and the relative humidity
between 69 and 97%. The Sudano-Guinean zone, located
between 7°30'N to 9°45'N, is a transitional zone with two
rainy seasons but now tending towards one. The annual rain-
fall fluctuates between 900 and 1110 mm, the temperature
ranges from 25 and 29°C, and the relative humidity from 31
to 98%. The Sudanian zone (9°45'N to 12°50'N) located in
the northern part of the country has a tropical dry climate
with two seasons (one rainy and one dry). The mean annual
rainfall in this zone is often below 1000 mm, the relative hu-
midity varies from 18 to 99%, and the temperature from 24
to 31°C (Adomou et al. 2006). Based on the homogeneity
of the floristic patterns, ten phytogeographical districts are
distinguished, namely Atacora chain, Mékrou-Pendjari, and
North-Borgou in the Sudanian zone; South-Borgou, Zou, and
Bassila in the Sudano-Guinean zone; and Coastal, Plateau,
Pobe, and Valley of Ouémé in the Guinean zone (Adomou
2005).

Data collection

Based on the known distribution of the species in Benin
(Akoegninou et al. 2006), two phytodistricts were selected in
the Guinean zone (Plateau and Valley of Ouémé), two in the
Sudano-Guinean zone (Bassila and South-Borgou), and one
in the Sudanian zone (Mékrou-Pendjari) (fig. 1). In each of
the selected phytodistricts, two to three sites were considered
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after a field prospection with local people. A distance of at
least 15 km was observed between sites. The selected sites
were either in fallows or shrub savannahs. We did not con-
sider sites in farmlands to limit interference of humans and
animals as much as possible although the selected sites might
have experienced such disturbances (e.g., fire and grazing) in
the past. On each site, ten to 15 shrubs were randomly se-
lected, with a distance of at least 100 meters between two
consecutive shrubs (Turnbull 1975). This was done in order
to avoid genetically close individuals and to capture an im-
portant amount of the morphological diversity of the species.
The selected shrubs per site were considered as belonging

to the same subpopulation, while shrubs from a given phy-
todistrict were considered as from the same population. The
GPS coordinates of each shrub were recorded. The morpho-
logical data were collected on a total of 150 shrubs from five
populations in the three climatic zones. The data were col-
lected at four levels: entire shrub, fruits, seeds, and leaves.
On each shrub, diameter at the basis, total height, and num-
ber of branches were recorded. Five to ten ripe fruits were
randomly harvested from each shrub following Cornelissen
et al. (2003). Total length, width (middle diameter), and the
fresh mass of each selected fruit were measured using an
electronic digital caliper (0.01 mm resolution) and a scale
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Figure 1 — Climatic zones of Benin and location of the surveyed populations.
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(0.01 g precision), respectively. Afterwards, the fruits were
sun-dried for one week in order to facilitate seeds extraction.
The extracted seeds were counted and weighted together per
fruit. In order to determine the average weight of the seed,
seeds extracted per fruit were weighted and the total weight
was divided by the number of seeds in the fruit. Concerning
leaves’ traits, five leaves were harvested on the third main
branch (from the terminal bud) of each shrub. Leaves located
at the 1%, 3%, 5™ 7% and 9" position on the branch were sam-
pled. In order to determine the specific leaf area (SLA) of
each leaf, a rectangular section of the leaf considering the
greatest length and width of the limb was cut and its length
and width were measured to determine the leaf area. The dry
weight of the leaf section was determined after oven-drying
the sample at 105°C for 72 hours.

The GPS coordinates of each shrub were further used in
QGIS software (Qantum GIS Development Team 2016) to
extract the bioclimatic data. The bioclimatic information was
downloaded from the AfriClim database v.3.0 (Platts et al.
2015) (available at: https://webfiles.york.ac.uk/KITE/Afri-
Clim/ and accessed on 10 Feb. 2017).

Data analysis
The specific leaf area (SLA) was computed using the follow-
ing equation:
DW,
LxW

i

SLA, =

where, SLA. is the specific leaf area of the i” leaf (g/cm?),
DW, L, and W, are dry weight (g), length (cm), and width
(cm), respectively, of each leaf rectangular section.

All statistical analyses were performed in R v.3.3.1 (R
Core Team 2017). Descriptive statistics parameters such
as arithmetic mean, standard error of the mean, coefficient
of variation (CV, in %), and coefficient of Skewness were
calculated for each morphological trait. The CV was used
to describe the morphological trait variability, whereas the
coefficient of Skewness was computed in order to evaluate
the distribution of the morphological trait per climatic zone.
Linear mixed effects models were used to test the variability
of each morphological trait of the species across the differ-
ent sources of variation, namely climatic zone, phytodistrict
(i.e., populations), site (i.e., subpopulations), shrubs, and or-
gans (fruits, seeds, leaves). The same models were also used
for variance decomposition to estimate the variance compo-
nents. These variance components were used to assess the
relative importance of sources of variation (among-climatic
zones, within-climatic zone including among-populations
within climatic zone, among-subpopulations within popula-
tion, among-shrubs within site, and among-fruit/seed/leaf
within shrub). For these analyses, climatic zone was con-
sidered as fixed factor, while the other factors (population,
subpopulation, shrub, and fruit/seed/leaf) were considered
as nested random factors. Since sample sizes (number of
populations per climatic zone, number of subpopulations
per population, number of shrubs considered per subpopu-
lation, number of fruits/leaves per shrub) were unequal,
Welch-Satterthwaite approximation was used as a correction
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method for the degrees of freedom in order to have accurate
estimations of P-values (Mason et al. 2003). The models
were performed using the /me4 package (Bates et al. 2015).
Tukey’s contrasts for multiple comparisons of means from
multcomp package (Hothorn et al. 2008) was used for means
classification among climatic zones (Mangiafico 2015).

The most important morphological descriptors differentiat-
ing the species traits among climatic zones were identified
using a stepwise discriminant analysis. This analysis was run
in the R package klaR (Weihs et al. 2005) and based on mor-
phological traits of shrubs, fruits, leaves, and seeds. Since
several fruits and leaves were considered per shrub, values of
morphological traits related to fruits, seeds, and leaves were
considered as adjusted mean values at shrub level. These ad-
justed means were estimated as the Ismeans in package em-
means (Russell 2020) from the former linear mixed models.
Finally, we used a redundancy analysis (RDA) to determine
the relationships between the discriminant morphological
traits and bioclimatic variables. The RDA was run on the
standardized mean values of the previously selected discri-
minant morphological traits and the 21 bioclimatic variables
extracted from AfriClim database. The best model was se-
lected using the Akaike Information Criterion (AIC). Non-
significant (A, . < 2) bioclimatic variables were sequentially
removed with the step function in the vegan package (Ok-
sanen et al. 2013) and the final model was considered as the
model with the lowest AIC (Cameron & Trivedi 2005).

RESULTS

Morphological variation of A. senegalensis

Morphological traits of shrubs — There was a relatively
high amplitude of variation of morphological descriptors of
shrubs in all climatic zones (CV > 30%). The most impor-
tant variation was recorded in the Guinean zone (CV > 40%,
table 1). The coefficient of Skewness is positive (right asym-
metrical distribution) for all the morphological traits except
for the height in the Sudanian zone. Diameter and height of
the shrubs varied significantly among climatic zones (P-val-
ue < 0.05) and the highest values were noted in the Sudano-
Guinean zone (13.42 + 0.55 cm) and in the Guinean zone
(3.21 £ 0.18 m) respectively. The number of branches per
shrub did not vary significantly (P-value = 0.058) among cli-
matic zones.

The variance decomposition (table 2) revealed that the
among-climatic zones part is relatively high for the total
height (29.43%), weak for the diameter (14.39%), and very
weak for the number of branches per shrub (2.08%). With-
in climatic zones, the variability due to populations is very
weak (< 2%) for all morphological traits of shrubs, while the
part due to subpopulations (site) is high especially for diame-
ter and height (more than 45%). The variability due to shrubs
within subpopulations is also high for diameter (37.15%) and
for height (23.72%) and very high for the number of branch-
es per shrub (88.84%).

Morphological traits of fruits and leaves — The width and
length of the fruits were relatively less dispersed around
mean values (CV < 25%) than the other morphological traits
(table 3). The morphological traits of fruits and leaves varied
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Table 1 — Variation of morphological traits of A. senegalensis shrubs along a south—north climatic gradient.
For the same morphological trait, means followed by different letters (i.e., superscript a and b) are significantly different (P-value < 0.05,
Tukey’s contrasts test for multiple comparisons of means). n = number of shrubs; SE = standard error of mean; CV = coefficient of variation;

Skew. = Skewness.

Climatic zones Diameter (cm) Height (m) Number of branches
Mean + SE CV (%) Skew. Mean+SE  CV (%) Skew. Mean+=SE  CV (%) Skew.
8“1‘“6603)“ 9.98+£0.64  49.86 096  321°+0.18  43.98 075  3.88+024 486 1.5
(Sxil (:1a6%t;—cumean 13.42:£0.55 3151 103 1.60°+£0.07  32.41 072 297+0.15 3874 0.72
(S;';”g'};j‘“ 8.63°+£048  30.49 0.61 1254008 3481 025 3.10+£024 418 1.3

Table 2 — Variance decomposition (%) for morphological traits of shrubs of 4. senegalensis among different sources of variation.

Variance component / sources of variation Diameter  Height 1\{;;:11:):]:;?

Among climatic zones 14.39 29.43 2.08
Among populations <0.001 1.12 1.53

Within climatic zone Among subpopulations 48.46 45.73 7.55
Among shrubs (error) 37.15 23.72 88.84

Table 3 — Morphological characteristics of fruits, seeds, and leaves of A. senegalensis along a south—north climatic gradient.
For a given characteristic (column), means followed by the same letters (i.e., superscript a, b, or ¢) are not significantly different (P-value >
0.05, Tukey posthoc test). n = sample size; SE = standard error of mean; CV = coefficient of variation; Skew. = Skewness; SLA = specific

leaf area.
. Seeds
. Fruit  Fruit 740 prage Pulp  weight/ Seed SLA
Climatic .. . length/ . . . Number weight )
Statistics width length . weight weight Fruit (g/cm?)
zones (mm) (mm) width (@ (@ weight of seeds (€9 (range)
ratio > (range)
ratio
b b
Mean+  2840°+ 2863+  1.01°+= 1461 1331°+ 009+  33.06"+ ((%)(;‘1_ (%ggf_
SE 0.28 0.30 0.01 0.31 0.33 0.01 0.81 ' '
Guinean 1.75) 0.026)
(n=450) CV (%) 21.22 22.49 13.31 45.55 52.97 183.99 51.86 234.19 36.59
Skew. -0.29 -0.55 -0.62 0.31 -1.76 13.75 0.38 16.29 1.52
Mean+  28.62°+ 3302+ 119+ 1888+ 1655+ 015+  39.16'+ (g'g?“_ (%gégc_
Sudano- SE 0.26 0.29 0.01 0.43 0.40 0.01 0.67 025) 0.028)
Guinean
(n = 600) CV (%) 21.85 21.28 25.58 55.27 59.86 93.13 41.78 45.61 26.89
Skew. -0.35 1.18 2.98 1.29 1.35 4.09 0.49 1.32 223
Mean+ 2230+ 2403+ 108+ 722+ 607+ 017+ 2040+ (g-g(l)i (8'8(1)2
SE 0.20 0.23 0.01 0.17 0.16 0.01 0.54 ' :
Sudanian 0.21) 0.021)
(n=300) CV (%) 15.21 16.84 13.75 40.24 45.20 67.59 46.08 45.88 18.02
Skew. -0.08 -0.16 0.16 0.72 0.71 1.72 0.87 1 1.16

significantly among climatic zones (P-value < 0.05) and the
highest values were mostly recorded in the Sudano-Guinean
zone. Shrubs from the Sudanian zone produced fewer seeds
per fruit (20.40 £ 0.54) but those seeds were heavier (0.60
+ 0.002 g) than elsewhere. Fruits from this climatic zone
produced more pulp (16.55 = 0.40 g) than those of the other
regions. Fruits from this region also had an elongated shape

(length/with ratio = 1.19 + 0.01) than fruits from other zones.
The specific leaf area (SLA) followed the same trend, with
the highest value in the Sudanian zone (0.011 g/cm?) fol-
lowed by the Sudano-Guinean zone (0.010 g/cm?).

The variance decomposition for morphological traits of
fruits, leaves, and seeds revealed a relatively high part of
variability due to the climatic zone (greater than 20%) except
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Table 4 — Variance decomposition (%) for morphological traits of fruits, seeds, and leaves of A. senegalensis among different sources

of variation.
“Depending on the trait.

. Seeds
Fruit weight /
Variance component / Fruit Fruit length/ Fruit Pulp Frgui ¢ Number Seed Specific
Sources of variation width length width weight weight weight of seeds  weight leaf area
ratio &
ratio
Among climatic zones 22.54 25.23 31.03 37.42 29.74 18.22 7.84 5.66 11.88
Among 2394 1439 0.48 11.73 14.22 0.00 0.00 1.79 20.74
populations
Among
Within subpopulations 16.14 8.84 22.06 11.78 10.41 0.64 1.20 0.00 1.42
limati
one  Amongshrubs 2424 3656 2340 2589 3195 4664 3519 5789 5287
Among fruits/
leaves/seeds” 13.14 14.98 23.03 13.18 13.68 34.50 55.77 34.66 13.09
(error)

for seeds weight/fruit weight ratio (18.22%), specific leaf
area (11.88%), number of seeds (7.84%), and seed weight
(5.66%). For all traits, the variability due to shrub within
subpopulation (site) is high (23-58%), particularly for seed
traits and specific leaf area (table 4).

Discriminant morphological descriptors

Four of the twelve morphological descriptors were found to
be important to discriminate the shrubs regarding climatic
zones. These discriminant morphological descriptors were
shrub diameter and height, number of seeds per fruit, and

e e e mece s s e e m e ——————————

pulp weight. The first two canonical axes were significant
(P-value < 0.001) and explained 100% of the variance. The
first axis (73.55% of the total variance) discriminated Suda-
nian shrubs from the Sudano-Guinean’s ones based on shrub
height, number of seeds per fruit, and pulp weight (fig. 2).
The second axis (26.45% of the total variance) performed
shrubs discrimination based on shrub diameter. It separated
Guinean shrubs from individuals of the other climatic zones
(fig. 2). This stepwise discriminant analysis showed an accu-
racy rate of 87%, revealing then that 87% of the shrubs were
perfectly assigned to their respective climatic zone.
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Figure 2 — Projection of A. senegalensis individuals regarding morphological descriptors in the system defined by the two discriminant

functions.
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Table 5 — Significance and scores of bioclimatic variables discriminating morphological traits of shrub, fruit, seed, and leaf of A.

senegalensis.

bio4 = temperature seasonality; bio5 = maximum temperature of the warmest month; bio6 = minimum temperature of the coolest month;
bio10 = mean temperature of the warmest quarter; biol5 = rainfall seasonality; bio16 = rainfall of the wettest quarter; biol7 = rainfall of the
driest quarter; mimq = moisture index of the moist quarter; RDA = axes from the redundancy analysis; d.f. = degrees of freedom, F = Fisher
statistics related to the test; Pr(>F) = probability of the significance of the bioclimatic variable in discriminating morphological traits.

Bold values indicate attribution of the variables to the RDA axis.

Bioclimatic Permutation ANOVA Scores on axes
variables d.f. Variance Pr>F) RDAI RDA2
bio4 1 5.023 5.79 0.014 -0.732 -0.099
bio5 1 6.814 7.85 0.001 -0.324 -0.214
bio6 1 6.452 7.44 0.002 -0.295 0.068
mimq 1 7.407 8.54 0.001 -0.069 0.156
biol0 1 8.384 9.66 0.001 -0.819 -0.183
biol5 1 3.606 4.16 0.021 -0.093 0.057
biol6 1 3.836 4.42 0.017 -0.141 0.128
biol7 1 2.069 2.39 0.075 0.024 0.066
Residual 141 122.325

Relationships between discriminant morphological traits DISCUSSION

and bioclimatic parameters

Eight of the 21 bioclimatic variables were identified as rel-
evant (table 5) to describe the relationships between mor-
phological traits and bioclimatic conditions (AIC = 738; ad-
justed r-squared = 0.42; d.f. = §8; F-value = 14.288; P-value
= 0.001). Two redundancy axes were significant (P-value <
0.05) and then considered because together they explained
96.5% of the total variation in morphological traits due to
the bioclimatic variables. The first axis (RDA1) explaining
87.13% was a linear combination of the temperature sea-
sonality (bio4), mean temperature of the warmest quarter
(bio10), maximum temperature of the warmest month (bio5),
and of the minimum temperature of the coolest month (bio6).
On this axis, all the discriminant morphological traits (diam-
eter and height of shrub, number of seeds, and pulp weight)
were loaded. These traits were negatively affected by the
temperature seasonality (bio4), maximum temperature of
the warmest month (bio5), and the minimum temperature of
the coolest month (bio6). As far as the second axis (RDA2,
9.37% of total variation) was concerned, the remaining three
bioclimatic variables were considered but none of the dis-
criminant morphological traits was loaded on this axis (ta-
bles 5 & 6). The projection of the shrubs in the RDA cor-
relation triplot defined by the two first axes (fig. 3) showed
that shrubs from the Sudanian zone seemed more influenced
by rainfall seasonality (biol5), rainfall of the wettest quarter
(bio16), and the moisture index of the moist quarter (mimq).
While shrubs from Sudano-Guinean zone and in some ex-
tend those from the Guinean zone were mainly under the
effects of the maximum temperature of the warmest month
(bio5) and of the rainfall of the driest quarter (biol7).

This work assessed the phenotypic diversity of 4. senegalen-
sis and its potential resilience to environmental hazards like
climate change/variability. Such information can be useful to
strengthen and secure conservation and domestication efforts
regarding the species. In particular, the study examined mor-
phological traits of A. senegalensis at four levels (shrub, leaf,
fruit, and seed) and assessed their variations along a climatic
gradient.

We found a relatively important variability in morpho-
logical traits of shrubs, leaves, and seeds than of fruits (ta-
bles 1, 3). Moreover, a relatively high part of this variability
was recorded among climatic zones, especially for the fruit
traits (fruit weight, fruit length/width ratio, pulp weight,
fruit length, and fruit width) and shrub traits (diameter and
height). This finding is further supported by the first two ca-
nonical functions from the discriminant analysis that showed
a clear separation of shrubs from the climatic zones (fig. 2).
The major discriminant traits (shrub height and pulp weight)
indicated a differentiation in growth, and the tallest shrubs
(also with medium pulp weight) were observed in the Guin-
ean zone. This can be attributed to the greater availability of
water in this zone. The greater rainfall might also explain
why the biggest and heaviest fruits are found in the Guin-
ean zone (table 3). The number of branches per shrub was
relatively constant along the climatic gradient suggesting
that this morphological trait cannot be used as a discriminant
parameter among climatic zones.

Our findings show a substantial part of the phenotypic
variability in A. senegalensis due to climate, suggesting that
the species has an important phenotypic plasticity, and this
plasticity is known to confer a significant adaptation ability
against environmental stresses (Pigliucci 2006; Sana et al.

461



Pl Ecol. Evol. 153 (3), 2020

Table 6 — Scores of discriminant morphological descriptors on
redundancy axes (RDA).
Bold values indicate attribution of the variables to the RDA axis.

Morphological traits RDA1 RDA2
Shrub diameter 1.87 -0.77
Shrub height 0.17 0.14
Number of seeds per fruit 6.85 1.62
Pulp weight 4.57 -2.11

2018; Wang et al. 2020). The observed multilevel variability
may nevertheless also express intraspecific genetic diversity
as observed for the species in Malawi (Kwapata et al. 2007).
Therefore, quantitative genetic investigations about the stud-
ied populations are necessary to examine the heritable part of
the observed variability. For example, traits related to seeds
(weight and number per fruit) showed the highest overall in-
traspecific variability (table 3) but a low variability between
climatic zones (5.66% and 7.84% respectively). Yet, this im-
portant variability of morphological traits (shrubs, leaves,
fruits, and seeds) of the species can be considered as an asset
for the selection of ‘plus trees’ in domestication process be-
cause different ‘ideotypes’ can be developed to meet various
utilization needs (Akinnifesi et al. 2008; Abasse et al. 2011;
Padonou et al. 2017). However, this cultivar selection should

consider several shrubs due to the high variability among
shrubs within subpopulations (sites). In addition to the low
variability observed in seeds traits regarding climatic zone,
the species have been reported to display low phenotypic
variability at seedlings life stage (Pinto & Sylva 1996).

The redundancy analysis revealed significant relation-
ships between discriminant morphological descriptors of A.
senegalensis and bioclimatic parameters which explained an
important part of the variation (42%) in morphological traits.
This supports the strong control of bioclimatic parameters
on the among climatic zones variability of discriminant mor-
phological descriptors. However, since topography and soil
properties (type, moisture, nutrient content) varied across
climatic zones of Benin (Adomou et al. 2006) and are also
potential sources of phenotypic diversity (Hounkpevi et al.
2016; Wang et al. 2020), their impact on 4. senegalensis
shrubs might also be important. Further investigations are
required in order to disentangle the role of climate and soil
in the morphological diversity of the species. Only 42% of
the morphological variability in the species is potentially
explained by the considered bioclimatic parameters. In ad-
dition to soil, and topography, other factors, not considered
in the current study, may contribute to the differentiation of
the morphological traits of the species (Wang et al. 2020).
For example, disturbances by human (e.g., fire and pruning)
and chronic grazing by herbivores (e.g., cattle) or defolia-
tion by insects, might also contribute to the variation in the
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Figure 3 — Projection of 4. senegalensis shrubs in the RDA correlation triplot defined by the two first axes. bio4 = temperature seasonality;
bio5 = maximum temperature of the warmest month; bio6 = minimum temperature of the coolest month; biol0 = mean temperature of the
warmest quarter; biol5 = rainfall seasonality; biol6 = rainfall of the wettest quarter; biol7 = rainfall of the driest quarter; mimq = moisture

index of the moist quarter; RDA = axes from the redundancy analysis.
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species traits, especially because the studied populations are
not within protected areas. Some studies (e.g., Semmartin
& Ghersa 2006; Venter & Witkowski 2013; Ooi et al. 2014)
have shown that in addition to climatic variables, grazing
and fire may affect plant morphology and functional traits.
Our analyses show that the climatic drivers of the species’
phenotypic diversity are mostly related to rainfall (rainfall
seasonality, rainfall of the wettest quarter) for which high
values in the Guinean and Sudano-guinean zones were as-
sociated to good performances regarding fruits characteris-
tics such as big fruits, high number of seeds per fruit, and
high pulp content. The phenotypic diversity was also greatly
determined by the maximum temperature of the warmest
month for which high values in the Sudanian zone was as-
sociated to good performance in terms of seeds weight/fruit
weight ratio. The positive relationships between rainfall and
morphological traits in 4. senegalensis were also reported for
other species including Vitex doniana Sweet (Hounkpévi et
al. 2016) and Adansonia digitata L. (Assogbadjo et al. 2005)
in the same study area, and by Maranz & Wiesman (2003)
on Vitellaria paradoxa C.F.Gaertn. in Mali and Burkina-Fa-
so. On the contrary, other studies, (e.g., Abasse et al. 2011)
found a negative relationship between rainfall and fruit size
for Balanites aegytiaca Delile in Niger where larger fruit size
was found in drier conditions. These contradicting results
suggest that rainfall impact on fruit size are species-specific
and might be linked to species-specific fitness strategies to
environmental conditions. Bioclimatic parameters related to
extreme temperatures (minimum temperature of the coolest
month, maximum temperature of the warmest month, mean
temperature of the warmest quarter) and extreme rainfalls
(rainfall of the wettest quarter, rainfall of the driest quarter)
were also determinant of the height of 4. senegalensis. Such
relationship of extreme temperature and rainfall with mor-
phological variability have also been found for V. doniana
in Benin (Hounkpévi et al. 2016). Several previous studies
have reported strong impacts of climatic conditions on mor-
phological traits of several other tree species including Afze-
lia africana Sm. (Houehanou et al. 2019), A. digitata (As-
sogbadjo et al. 2011), Detarium microcarpum Guill. & Perr.
(Kouyaté & Van Damme 2002), and V. paradoxa (Ugese et
al. 2010).

Despite the narrow geographical coverage of our data,
this study provides evidence in support of great variability in
the morphological traits of the species and the important role
of climatic conditions in shaping this variability. However,
data from a larger geographical range are needed to better
understand the role of climate but also other sources of vari-
ation on the morphology of the species. Indeed, considering
the large geographical distribution of the species, data col-
lected only in Benin (a small part in terms of longitudinal
expansion), may not provide enough information on the role
of climate in determining the morphological characteristics
of the species. Moreover, future studies of this kind should
include as much as possible other environmental parameters
such as topography and soil features so that the role of each
component of the environment is clarified.

CONCLUSION

The present study investigated phenotypic diversity in 4.
senegalensis (shrubs, leaves, fruits, and seeds) and its rela-
tion to climate in order to support the conservation and the
domestication of the species. Based on data collected in Be-
nin, findings revealed significant morphological variability
in the species among climatic zones as well as within cli-
matic zones. These findings suggest an important phenotypic
plasticity of the species towards environmental hazards like
climate change and or variability. Quantitative genetic stud-
ies will be useful in order to explore the heritable part of the
observed variability. Yet, conservationists can already find
relevant information from the documented phenotypic di-
versity pattern while designing conservation policies for the
species.
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