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Abstract
Key message Leaf morphology, total leaf nitrogen (N) content and carbon and nitrogen isotope ratios of Acacia 
senegal trees vary among ploidy levels and geographic origins. Leaf morphology was significantly correlated with 
carbon isotope composition (δ13C) among diploid trees, while a significant correlation was observed with nitrogen 
isotope composition (δ15N) among tetraploid trees.
Abstract Leaf morphology and ploidy level can influence plants' ability to adapt to climatic conditions. Here we study Aca-
cia senegal that has multiple ploidy levels and grows across a geographic range of mainly dry environments. We test if and 
how ploidy level and climate at the site of origin influence leaf shape and ratios of stable carbon and nitrogen isotopes of 
A. senegal. The study is based on leaves collected from 225 A. senegal trees representing 16 populations across the species 
range, grown in a common garden trial in Senegal. Leaf morphological parameters were measured, and ploidy level, total 
leaf nitrogen (N), carbon isotope ratios (δ13C) and nitrogen isotope ratios (δ15N) were determined. Three levels of ploidy 
were found, namely diploid, triploid and tetraploid, but at highly different frequencies among the 16 origins. Leaf morphol-
ogy varied significantly among both geographic origins and ploidy levels, with especially triploid trees having distinct leaf 
shapes. Tetraploids displayed high δ13C and low δ15N values compared to diploids. For diploids, leaf length and number 
of leaflets were correlated with precipitation and latitude, respectively. Leaf morphology and isotopic discrimination in A. 
senegal vary according to ploidy level and geographic origin. Our analysis suggests that the differences likely reflect adapta-
tion to different environments, but the patterns tend to differ between diploids and tetraploids.

Keywords Adaptation of arid zone tree species · Flow cytometry · Isotopes · Leaf morphology · Senegalia senegal

Introduction

The ability of plants to use water and nutrients efficiently is 
crucial in the adaptation to contrasting environments (Batti-
paglia et al. 2012). Plant strategies can be reflected in differ-
ences in morphology, anatomy and physiology. Knowledge 
about such adaptive strategies and potentials of tree species 
is of increasing importance to ensure sustainable use and 

management of forest genetic resources. The Intergovern-
mental Panel for Climate Change (IPCC) predicts a global 
increase in temperature and substantial reduced precipita-
tion in some regions (IPCC 2019). Future water deficits in 
plants and crops are therefore a serious concern. Sahelian 
ecosystems have already been severely affected by recur-
rent drought and human activities (including land clearing 
for farmland expansion, livestock herding) (Gonzalez 2001; 
Vincke et al. 2009; Khan et al. 2010; Brandt et al. 2014). 
Still, many Sahelian agroforestry tree species have natural 
distribution areas that cover ecological gradients from dry 
to very dry sites. The gradients have created genetic varia-
tion among and within populations in their ability to grow 
under dry conditions and this variation represents an essen-
tial genetic resource for the species also in the context of 
their domestication (Ræbild et al. 2010).
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Polyploidy or genome duplication, leading to possession 
of more than two sets of chromosomes in plant species, is 
known to play an important role in plant evolution and ecol-
ogy (Soltis et al 2014; Ramsey and Ramsey 2014; Chansler 
et al. 2016) and changes species' ability to thrive under harsh 
conditions (Maherali et al. 2009; Manzaneda et al. 2012; 
Diallo et al. 2015; Zhang et al. 2015; Baker et al. 2017; De 
Baerdemaeker et al. 2018). Polyploidisation is often associ-
ated with morphological changes such as development of 
thicker and larger leaves, increased number of leaf hairs, 
larger stomata and lower stomatal density, which may be 
related to an increased ecological tolerance to drought rela-
tive to the parental species (De Baerdemaeker et al. 2018). 
Polyploidy can also result in changes of plant hydraulics 
such as an increased osmotic water potential at full turgor 
and modifications of the water relations and gas exchange 
(Li et al. 1996; Maherali et al. 2009; Chansler et al. 2016; 
Baker et al. 2017; De Baerdemaeker et al. 2018). Polyploids 
are often more tolerant to water stress than their diploid 
relatives as observed in Betula papyrifera (Li et al. 1996), 
Lonicera japonica (Li et al. 2009), Chamerion angustifolium 
(Maherali et al. 2009), A. senegal (Diallo et al. 2015) and 
Malus sp. (Zhang et al. 2015; De Baerdemaeker et al. 2018), 
perhaps due to their changed anatomy.

Variation among trees in their leaf morphological traits, 
including stomatal density and distribution, and epidermal 
features is of special interest in relation to climatic adapta-
tion, because such traits may affect gas exchange and thereby 
plants' responses to key environmental factors such as light, 
atmospheric humidity, and  CO2 levels (Xu and Zhou 2008). 
It is known that leaf morphology can reflect environmental 
conditions (Halloy and Mark 1996; Traiser et al. 2005; Royer 
et al. 2008; Peppe et al. 2011; Schmerler et al. 2012; Kok-
sheeva et al. 2017), and link to drought adaptation (Abrams 
et al. 1990). For example, plants in dry regions tend to have 
small leaves compared to plants from humid areas (McDon-
ald et al. 2003). Several studies on tree species across a range 
of habitats have coupled genotypic variation in morphology 
and physiology with drought adaptation (Abrams et al. 1990, 
1992; Teklehaimanot et al. 1998; Royer et al. 2008).

Under drought stress, plants can rapidly reduce sto-
matal opening to reduce water loss, thereby achieving a 
high water use efficiency (WUE) (Raddad and Luukkanen 
2006). Plants show both acclimation and adaptation to soil 
water deficit and soil N deficit by producing thicker leaves 
with high leaf mass density, lower specific leaf areas and 
low N concentrations (Lambers et al. 2008). The compo-
sition of stable carbon isotopes as a proxy of WUE is to 
some extent influenced by leaf morphology (Guet et al. 
2015), and genetic variation in WUE has been found to 
be related to the climate of the origins (Comstock and 
Ehleringer 1992; Anderson et al. 1996). When investigat-
ing ecotypes of Hymenoclea salsola in a common garden 

in Southwestern USA, Comstock and Ehleringer (1992) 
found that differences in C isotope discrimination were 
related to variation in temperature, rainfall and seasonal 
leaf-to-air water vapor of the origins. Anderson et  al. 
(1996) found that differences in C isotope and leaf charac-
teristics reflect genetic adaptation to native habitats among 
Eucalyptus species growing in a common garden in New 
South Wales. While leaf size may change the  CO2 and 
 H2O fluxes into and out of the leaf, due to modification of 
the leaf boundary layer, differences in leaf thickness will 
significantly affect WUE, with thinner leaves predicted to 
exhibit lower WUE than comparable thicker leaves (Stan-
hill 1986). Thicker leaves usually have a higher density of 
chlorophyll per unit leaf area, i.e. a greater photosynthetic 
capacity than thinner leaves (Craufurd et al. 1999; Hul-
tine and Marshall 2000), and as a response to dry condi-
tions, a reduction of leaf area and transpiration will lead 
to increasing WUE (Lu et al. 1997; Craufurd et al. 1999).

The role of  N2-fixation is of particular importance for 
leguminous tree species under nutrient-limited conditions, 
but can change over time (Isaac et al. 2011). Experiments 
with legumes (Acacia spp.) in glasshouse and field have 
revealed that seedlings capture N from fixation, while 
mature trees to a larger extent obtain N from soil organic 
matter mineralization (Cramer et al. 2007). Stable isotope 
ratios of N (δ15N) in plants have been used as an indirect 
measure of N cycling parameters (Craine et al. 2015), and 
15 N natural abundance has been used to estimate  N2 fixa-
tion in leguminous trees growing naturally or in agroforestry 
systems (Raddad et al. 2005). The δ15N source is preserved 
during N absorption, assimilation and translocation, and leaf 
δ15N reflects the N source in the soil (Evans 2001). Legumi-
nous species obtain their N from the soil and through symbi-
otic fixation (Raddad et al. 2005), and species of Acacia are 
well known for their ability to access deepwater resources 
(Otieno et al. 2005), and to fix N under natural conditions.

Acacia senegal (L.) Willd. (syn. Senegalia senegal (L.) 
Britton) is a leguminous tree widely distributed in Sudano-
Sahelian zones in Africa, India and Pakistan. It usually 
occurs in sandy soils and is well adapted to extreme rainfall 
and temperature conditions. In the Sahel, the species occurs 
naturally on sites with 100–400 mm of annual rainfall and 
temperatures of 20–36 °C (Fagg and Allison 2004). Four 
morphological varieties have been identified: senegal, ker-
ensis, rostrata and leiorhachis (Fagg and Allison 2004). The 
variety senegal is the main gum arabic producing tree spe-
cies in Sudano-Sahelian regions (Fagg and Allison 2004; 
Raddad and Luukkanen 2006Diallo 2015). Acacia senegal 
is also a source of nutrition for animals, it restores soil fertil-
ity by N fixation, and is overall an important component of 
traditional agroforestry systems in tropical drylands (Fagg 
and Allison 2004; Raddad and Luukkanen 2006; Omondi 
et al. 2018).
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Previous studies, unaware of the different ploidy levels 
within the species, have shown genetic variation in survival 
and growth between different origins of A. senegal (Raebild 
et al. 2003a,b,c). Larwanou et al. (2010), based on a com-
mon garden trial in Niger, found a tendency to geographic 
and ecological clines where the survival of the origins was 
correlated to the precipitation and latitude of the origin, 
whereas growth was mainly correlated to latitude, longitude 
and altitude at the place of origin. The physiological mecha-
nisms behind these patterns remain unknown but may reflect 
ecotypes based on adaptation to the climatic conditions (Lar-
wanou et al. 2010). Investigations in carbon isotope ratios 
revealed genetic variation among populations from clayey 
and sandy sites when growing at a clayey site in Sudan 
(Raddad and Luukkanen 2006), and among populations from 
the distribution area of the species in a common garden trial 
in Senegal (Gray et al. 2013). These variations indicate that 
different WUE strategies related to the growth and gum pro-
duction of the populations, and to environmental conditions 
of the origins. Earlier studies on a range of Acacia species 
showed that carbon isotope ratios were closely correlated to 
intrinsic water use efficiency, and, if African Acacia's were 
considered alone, to the whole-plant transpiration efficiency 
(Konate et al. 2016).

In 2012, it was shown that A. senegal included both dip-
loid and tetraploid individuals (Assoumane et al. 2012). 
Later studies revealed the presence of triploid, tetraploid, 
pentaploid and hexaploid individuals of the species across 
its natural range in Africa, India and Pakistan (Odee et al. 
2015; Diallo et al. 2015, 2016). Polyploidisation in A. sen-
egal has been suggested to play an important role in the spe-
cies' ability to thrive under dry conditions particularly in the 
arid regions in Africa where droughts are recurrent. Diallo 
et al. (2016) showed that polyploid seedlings grew faster 
than diploids under drought-stress conditions, suggesting 
that the existence of different ploidy levels in A. senegal can 
increase its potential to adapt to future climatic fluctuations 
in Africa. Recently, Sarr et al. (2021) found that diploid and 
tetraploid populations differed in their foliar isotope ratios 
of carbon in a progeny trial in Senegal. However, only 15% 
of the variation in isotope composition was explained by the 
ploidy level, which suggests the existence of other factors 
affecting WUE in A. senegal.

No previous studies have investigated whether A. senegal 
leaf morphology is related to climate at their site of origin or 
the ploidy level. In the present study, we hypothesized that 
variation in leaf morphology in A. senegal reflects adap-
tation to the place of origin and/or is related to the level 
of ploidy. We tested our hypothesis by first investigating if 
variation in nine leaf traits were reflecting ploidy levels in 
A. senegal, and secondly if variation in leaf morphology and 
ploidy were correlated with water use efficiency, total leaf 
N content and the C and N isotope ratios (δ13C and δ15N). 

We also compared the leaf morphological variation to the 
climatic conditions at the place of geographic origin.

Materials and methods

The common garden experiment

We studied A. senegal trees in a common garden (prov-
enance) trial in Senegal, established in August 1994 in 
Dahra (15º 20′N, 15º 28′ W, elevation 45 m). The soil in 
the trial was a sandy (85.3%) and reddish arenosol with a 
pH of 6.05, a total carbon content of 0.52%, and a nitrogen 
content of 0.05% (Ndoye et al. 2012). The natural vegetation 
consisted mainly of grass and sparse trees such as Acacia 
tortilis subsp. radiana, A. senegal and Balanites aegyptiaca 
(Göttsche et al. 2016). The site represented very dry grow-
ing conditions with a mean annual rainfall of 402 mm and 
annual mean temperature of 28.1 ºC (WorldClim 2 2017).

The trial was established with A. senegal var. senegal 
trees from 18 populations across the natural distribution of 
the species in Africa and Asia. The experiment was a rand-
omized complete block design with four blocks. Each block 
was divided into 18 plots, corresponding to one population 
represented by 25 trees, i.e. 1800 trees at the time of estab-
lishment. Trees were spaced by 5 × 5 m. The site was uni-
form with no obvious topographic variation within the trial. 
The tested populations originate from areas with annual 
mean precipitation from less than 300 mm to 700 mm, and 
annual mean temperature ranges between 21.5 and 29.9 ºC 
(Table 1).

The tree mortality from 1994 to 2018 was high, and at 
the time of evaluation in August 2018, only 16 populations 
(Table 1) with a total of 225 surviving trees (out of the origi-
nally 1800 planted trees) were left to form the basis on the 
present study.

Determination of the ploidy level

In October 2018, samples of shoot tips with immature leaves 
from 225 living trees were collected and conserved at 8 ºC 
until shipment for Plant Cytometry Services, Netherlands. 
Here, ploidy was determined based on flow cytometry fol-
lowing the method described by Arumuganathan and Earle 
(1991). Fresh leaf material of the samples was chopped 
together with leaf material of the internal standards (Vinca 
major and Ophiopogon planiscapus 'Niger'). DAPI is a 
fluorescent dye, which selectively complexes with double-
stranded DNA to give a product that fluoresce at 465 nm. 
DAPI has specific DNA-binding properties with a preference 
for adenine–thymine (AT)-rich sequences. After chopping, 
the buffer (ca. 2 ml), containing cell constituents and large 
tissue remnants, was passed through a nylon filter of 50 μm 
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mesh size. After 30–60 min of incubation of the nuclei, 
the samples were analysed with a Sysmex CyFlow Ploidy 
analyser with a UV High power LED (365) and Objective 
40 × N.A. 0.8 air (Partec).

Leaf sampling and measurement

Leaf morphology was assessed on all living trees in the trial 
from 26th September-3rd October 2018. From each tree, 
three asymptomatic sun-exposed leaves of three randomly 
selected branches were collected, placed next to a ruler and 
immediately photographed with a camera before leaves 
started curling. Nine leaf characters were later manually 
measured based on the pictures. Acacia senegal has bipin-
nate leaves, and for each leaf one pinna was randomly cho-
sen, and for each pinna three random leaflets were chosen 
from the middle. The following characters were then meas-
ured: petiole length, number of pinnae per leaf, number of 
leaflets per pinna, leaf width and length, pinnae width and 
length, leaflet width and length (Fig. 1).

Carbon and nitrogen stable isotope ratio analysis 
and nitrogen content quantification

To test for variation in total leaf N, δ13C and δ15N and their 
relationship to leaf morphology, ploidy and place of origin, 
several completely healthy-looking leaves including their 
petioles were randomly collected around the canopy of each 

living tree, immediately air dried and stored in paper bags. 
In total, 130 leaf samples were collected from 100 diploid 
and 30 tetraploid trees. Before analysis, samples were dried 
at 60 ºC for 48 h and grinded with a ball mill. The stable 
isotope ratios (13C/12C and 15 N/14 N) were determined 
as described by Novak et al. (2019) with a PYRO Cube 
Elemental Analyser (EA) (Elementar, Hanau, Germany) 
coupled to an Isoprime100 mass spectrometer (Elementar, 
Manchester, UK). An amount of 4–5 mg of leaf powder was 
transferred into a tin capsule and analyzed in the EA com-
bustion mode. Raw isotope data (δ13C, δ15N) were corrected 
for drift using a nylon intra-laboratory standard (obtained 
from the Stable Isotope Facility at UC Davis, CA, USA) at 
every 13th position, linearity using six samples of acetani-
lide (Sigma-Aldrich) in decreasing amount at the start and 
end of the sequence, and two-point calibrated using United 
States Geological Survey L-glutamic acid reference isotope 
standards USGS 40 and USGS 41 (purchased from the Inter-
national Atomic Energy Agency, Vienna, Austria). The pre-
cision, quantified as one SD from the average nylon δ-value, 
was < 0.2‰ and < 0.1‰ for δ15N and δ13C, respectively.

Isotope values were reported using conventional 
δ-notation according to the following equation:

(1)�hE =

Rsample − Rstandard

Rstandard

Table 1  Origins and 
environmental characteristics of 
A. senegal populations used in 
the study

* Climate data derived from WorldClim-Global Data Version 2.0 ((Fick and R.J. 2017) based on coordi-
nates of the populations. Martonne Aridity index calculated as P/(T + 10) where P is annual precipitation 
and T is mean annual temperature

Population Country Latitude Longitude Altitude Mean annual Annual Aridity

(masl) temperature (ºC)* precipita-
tion 
(mm) *

Index

Diamenar Senegal 16º00′N 15º54′W 20 27.13 288 8
Kankoussa Mauritania 15º56′N 11º27′W 80 29.71 294 7
Djigueri Mauritania 15º44′N 08º40′W 226 28.92 309 8
Chad Chad 12º49′N 15º18′E 280 28.97 349 9
Karofane Niger 14º18′N 06º11′E 280 28.38 366 10
Kirane Mali 15º23′N 10º15′W 140 29.32 380 10
Sudan Sudan 12º44′N 29º35′E 620 26.84 408 11
Daiba Senegal 15º22′N 13º08′W 28 29.56 437 11
Aite Mali 15º05′N 11º39′W 80 29.65 449 11
Ngane Senegal 14º08′N 16º12′W 2 27.92 570 15
Kidira Senegal 14º28′N 12º13′W 39 28.93 611 16
Somo Mali 13º17′N 04º54′W 40 27.45 627 17
Di Burkina Faso 13º10′N 03º25′W 260 28.02 637 17
Bissiga Burkina Faso 12º26′N 00º32′W 280 28.28 696 18
Sodera Ehiopia 08º24′N 39º23′E 1500 21.36 762 24
India60 India 26º19′N 79º31′E 120 25.86 867 24
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where h is the heavy isotope of an element E (e.g. 13C or 
15 N) and R represents the corresponding isotope ratio of 
heavy/light isotopes (e.g. 13C/12C or 15 N/14 N) of the sam-
ple (Rsample) and standard (Rstandard). The δ-notation isotope 
values were reported in parts per thousand (‰) with respect 
to the international standards (Rstandard): Vienna Pee Dee 
Belemnite (V-PDB) for δ13C, and AIR for δ15N.

The foliar N content was calculated from the stable iso-
tope data using the acetanilide (Sigma Aldrich) calibration 
curve. The analytical error was determined as one SD of 
repeatedly measured N content in samples of acetanilide and 
was 0.2%.

Here, we used the stable isotopes ratio (15N/14N) to 
explore the plant N source and (13C/12C) as a proxy for 
WUE—assuming that all plants were exposed to the same 
 CO2 concentration and composition, and thus variation in 
carbon isotopic composition reflects intrinsic WUE.

Data analysis

Differences between origins and ploidy levels were tested 
using the R statistical package software (R Core Team 
2020), and figures were produced using the package ggplot2 
(Wickham 2016).

First, Fisher’s Exact Test of Independence was applied to 
test whether the frequency of A. senegal trees with different 
levels of ploidy was different among populations.

Leaves from the triploid trees (six trees in total) were 
highly differentiated from the diploid and tetraploid ones (see 
Fig. 3b). This led us to the concern that triploid trees may 
represent the fertile hybrid A. laeta between A. senegal and A. 
mellifera (see discussion), and we, therefore, removed triploid 
tree data from the analyses.

Second, the differences between traits in relation to popula-
tion origin and ploidy level were analyzed for each of the nine 
morphological leaf characters, total leaf N, δ13C and δ15N. 
Average values of the three leaves per tree were calculated 
for each of the nine characters. A spatial analysis of variables 
revealed no spatial structure within the trial allowing us to 
analyse the data based on single tree observations. For each 
trait, the significance of a spatial first-order autoregressive cor-
relation matrix for ordered spatial coordinates in the field trial 
(rows or columns) was tested by application of the program 
ASReml and by use of loglikelihood ratio tests (Gilmour et al. 
2015a,b). The results are summarized in table S1 (supplemen-
tary material).

As the frequency of polyploid individuals differed highly 
among populations (from 0 to 100% of trees; cf. results below), 
effects of geographic origin and ploidy level were confounded. 
We, therefore, used a two steps approach. First we analysed 
the effect of ploidy for only the five populations where both 
diploid and tetraploid trees were present, based on the general 
linear model (model 2):

(2)Yijk = � + Bi + Gj + Pk + �ijk

Fig. 1  Acacia senegal leaf morphological characters measured
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where  Yijk is the analysed trait of tree ijk, µ is the general 
mean,  Bi is the random effect of block i,  Gj is the fixed effect 
of geographic origin j,  Pk is the fixed effect of ploidy level k 
and εijk represent the residual errors assumed to be independ-
ent and normal distributed (0, σ2).

The second step was to analyze the variation among ori-
gins. Here, we made the analysis separately for diploid and 
polyploid trees based on the following model to avoid con-
founding effects of origin and ploidy (model 3):

with abbreviation of effects as above. Here, we thus made 
two analyses for each trait, one for the diploid trees and one 
for the tetraploid trees.

The function lmer (Linear Mixed-Effect Models) in the 
package lme4 (Bates et al. 2015) for R (R Core Team 2020) 
was applied, and using the Kenward-Roger method adjusted 
degrees of freedom. Residuals were plotted against predicted 
values to control for variance homogeneity and residual fre-
quency histograms were used to check for outliers and a rea-
sonable distribution close to normal. Two trees, Karofane1 
in block 4 and Djigueri5 in block 1 were detected as distinct 
outliers based on their leaf characters (details on students 
residuals in Table S2). These two observations were there-
fore removed from the entire analysis.

Pearson's correlation coefficients were calculated to test 
whether leaf morphology, total leaf N, δ13C and δ15N val-
ues, and geographic and climatic parameters were associated 
(Table 1). These tests were based on the population means 
estimated for diploids and tetraploids separately using model 
4. Analysis were performed using the corr.test function in 
the package psych (Revelle 2019) implemented in R (R Core 
Team 2020).

Multivariate analyses were applied to study the vari-
ation in leaf morphology. We used both an un-informed 
and informed approach. For the un-informed approach, 
we performed Principal Component Analysis (PCA) as 
implemented in the package factoextra (Kassambara and 
Mundt 2020) in R (R Core Team 2020). Here, the objec-
tive was to visualize any patterns in the differences among 
the trees that was not observed by looking at the traits indi-
vidually. For the informed approach, we applied Canonical 
variate analysis as implemented in PROC GLM (under the 
MANOVA option) in the SAS® software (SAS Institute 
Inc., Cary, NC 2004) based on a hypothesis of difference 
between ploidy levels. In this analysis, the objective was to 
test if the combined analysis of the leaf traits could effec-
tively discriminate between diploid and tetraploid trees. 
We applied Wilks’ Lambda statistics as a multivariate 
test of the difference. Finally, we calculated the Euclidean 
distances between population means and used this dis-
tance matrix to compare distances between the mean of 

(3)Yij = � + Bi + Gj + �ij,

di- and tetraploid trees within each population, with dis-
tances between random sets of di- and tetraploid popula-
tion means. The objective here was to test if diploid trees 
from a given population were more similar to tetraploid 
trees in their own population compared to tetraploid trees 
from other populations using the ggscatter function in the 
package ggpubr (Kassambara 2020) as implemented in R.

Results

Variation among populations in ploidy

The frequency of trees with different ploidy levels varied 
significantly among populations (p < 0.001). Three levels of 
ploidy were found in the trial. Most common were diploid 
individuals representing 84% of the tested trees and found 
in 14 out of 16 populations, followed by tetraploid trees 
(13.3%) only found in seven populations, and triploids that 
had the smallest frequency (2.7%) and were observed in two 
populations only (Fig. 2 and Table 2). Eight purely diploid 
populations were sampled whereas two purely tetraploid 
populations were observed (Sodera and India60). Diploid 
and tetraploid individuals were coexisting in five populations 
(Ngane, Kidira, Kirane, Aite, and Karofane), and both dip-
loid and triploid individuals were found in the Somo popu-
lation. All three levels of ploidy occurred in the Karofane 
population. The highly uneven frequency of polyploids in 
the inspected populations means that effects of origin (popu-
lation) and ploidy are partly confounded.

Variation of leaf traits among ploidy levels 
and populations

The triploid individuals were highly differentiated from the 
diploids and tetraploids by their larger leaves, pinnae and 
leaflets and by fewer numbers of pinnae per leaf and leaflets 
per pinnae (Fig. 3). As mentioned above, the triploids (6 
individuals) were removed from the analysis as they could 
represent hybrids between A. senegal and A. mellifera. When 
comparing diploids and tetraploids, significant differences 
were found at the ploidy level for the petiole length and 
leaf length with tetraploids having longer petioles and leaves 
(Table 3). Effects of blocks were not significant for any of 
the traits (Table S3).

Diploid populations were significantly different from one 
another in several leaf characters (number of pinnae, number 
of leaflets, leaflet length, leaflet width and pinnae width) 
while tetraploid populations did not show significant dif-
ferences in any leaf traits (Table 3). No significant effect of 
blocks were found (Table S4).
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Variation of δ13C, δ15N and total leaf N

Diploids and tetraploids displayed highly significant differ-
ences in δ13C and δ15N and total leaf N. Tetraploids, which 
differed from diploids by having longer petioles and leaves, 
had the highest mean value of δ13C and therefore the high-
est water use efficiency, and the lowest δ15N and total leaf 
N content (Table 3). The effect was seen clearly when com-
paring diploid and tetraploid trees in the three populations 
that harbored both levels (Kirane, Aite and Ngane, Fig. 4).

Among diploid populations, δ13C and total leaf N varied 
significantly, while δ15N did not show significant differences 
(Table 3). The populations Chad and Bissiga (Burkina Faso) 
had the highest mean values of δ13C and total leaf N, and 
the local (relative to the country of the trial site) popula-
tions from Senegal (Daiba, Ngane and Kidira) and the Dji-
gueri population from Mauritania had the lowest values of 
δ13C and total leaf N (Fig. 4, Fig. S1 shows post hoc tests). 
Only the total leaf N differed among tetraploid populations, 
and no significant differences were found in δ13C and δ15N 
(Table 3). The local population Ngane displayed the highest 
total leaf N, and lowest values were found in populations 
Aite (Mali) and Sodera (Ethiopia) (Figs. 4, S2 shows post 
hoc tests). Effects of blocks were not significant for any of 

Fig. 2  Distribution of A. senegal ploidy levels among the 16 populations located in the common garden in Dahra, Senegal. Circle area and pie 
represent sample size and relative frequency of ploidy levels

Table 2  Distribution of surviving trees among populations and ploidy 
levels

Provenance Diploid (2n) Triploid (3n) Tetraploid 
(4n)

Total

Diamenar 26 0 0 26
Kankoussa 28 0 0 28
Djigueri 28 0 0 28
Chad 11 0 0 11
Karofane 14 5 1 20
Kirane 11 0 4 15
Sudan 10 0 0 10
Daiba 13 0 0 13
Aite 14 0 2 16
Ngane 7 0 7 14
Kidira 14 0 1 15
Somo 5 1 0 6
Di 3 0 0 3
Bissiga 5 0 0 5
Sodera 0 0 6 6
India60 0 0 9 9
Total 189 6 30 225
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the traits among both diploid and tetraploid populations 
(Table S4).

Multivariate analysis

The leaf traits were highly correlated. The first two compo-
nents in the Principal Component Analysis (PCA) explained 
a high amount of the variation in leaf traits, but without 
exposing clear difference between diploid and tetraploid 
populations (Fig. 5).

In the canonical variate analysis, the first four canoni-
cal variates were significant, and the plot of the two first 
canonical variates showed that diploids and tetraploids can 
to some extend be differentiated by their leaf morphology 
(Fig. 6). This was confirmed by the Wilks’ Lambda statistic 
(p = 0.0044). However, the significance was not much differ-
ent from the univariate tests of difference in petiole and leaf 
length (cf. Table 3). The Euclidean distances between dip-
loid and tetraploid means from the same populations were 
not significantly different from distances between random 

Fig. 3  Diploid (a), Triploid (b) and Tetraploid (c) leaves of Acacia senegal from the Karofane population

Table 3  Results from the analysis on leaf morphology, δ13C and δ15N of Acacia senegal between diploid and tetraploid trees of A. senegal based 
on data from populations represented by diploid and tetraploid trees (model 2) and among diploid and tetraploid populations (model 3) 

Mean ± SD of the distribution and standard deviation, Df degrees of freedom. Asterisks indicate the level of significance; *p < 0.05; **p < 0.01; 
***p < 0.001

Variables Mean values Statistical results

Ploidy levels (model 2) Population tests (model 3)

Diploid n Tetraploid n Df F value P value Diploids Tetraploids

Df F value P value Df F value P value

Petiole length (cm) 1.33 ± 0.32 59 1.56 ± 0.26 15 1 9.35 0.00324** 13 0.88 0.5838 6 0.83 0.5943
Leaf length (cm) 5.70 ± 0.73 59 6.32 ± 0.49 15 1 7.34 0.00868** 13 1.61 0.1336 6 2.37 0.1873
Leaf width (cm) 4.18 ± 0.53 59 4.31 ± 0.44 15 1 0.42 0.7433 13 1.71 0.1064 6 1.83 0.2678
Pinnea length (cm) 2.42 ± 0.30 59 2.41 ± 0.25 15 1 0.13 0.7213 13 1.14 0.3655 6 1.02 0.5028
Pinnea width (cm) 1.12 ± 0.14 59 1.15 ± 0.10 15 1 0.05 0.82926 13 3.69 0.00157** 6 0.74 0.6424
Leaflet length (cm) 0.57 ± 0.07 59 0.57 ± 0.06 15 1 0.12 0.73079 13 4.14 0.00052*** 6 0.97 0.5278
Leaflet width (cm) 0.14 ± 0.02 59 0.13 ± 0.02 15 1 0.80 0.5191 13 4.00 0.00094*** 6 3.54 0.0991
No. pinnae 6.85 ± 1.33 59 7.38 ± 1.79 15 1 1.10 0.2984 13 2.33 0.02603* 6 0.81 0.6031
No. leaflets 24.3 ± 2.61 59 25.6 ± 2.25 15 1 3.74 0.05763 13 2.82 0.00871** 6 1.96 0.2441
Total N (%) 4.2 ± 0.31 40 3.8 ± 0.22 15 1 12.85 0.0008*** 13 3.21 0.00380** 6 10.42 0.01223*
δ15N ‰ 7.0 ± 0.69 40 6.4 ± 0.77 15 1 5.99 0.01832* 13 1.47 0.1885 6 3.17 0.08625
δ13C ‰ -30.7 ± 0.49 40 -29.9 ± 0.53 15 1 22.77  < 0.0001*** 13 2.42 0.02392* 6 0.77 0.6197
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pairs of diploid and tetraploids (p = 0.9239). Hence, there 
is no indication that diploids and tetraploids from the same 
populations are more alike than diploids and tetraploids from 
different populations (see also Fig. 6).

Fig. 4  Box plot of variation in carbon and nitrogen isotope ratios and 
total leaf nitrogen among populations and ploidy levels. Lines rep-
resent populations with only one tree at the ploidy level. Box plots 
represent median, first-third quartile, minimum and maximum values. 
Gray and white boxes represent diploid and tetraploid trees, respec-

tively. Populations were ordered by annual mean precipitation. Please 
note that the number of trees per population and ploidy level differ 
(cf. Table 1) and that differences among populations were not signifi-
cant for δ15N (both ploidy levels) and for δ13C (tetraploids)

Fig. 5  Plot of the principal components one and two among ploidy 
level. The directions of the arrows show the relative loadings of the 
leaf traits. Npin number of pinnae per leaf, Nlft number of leaflets 
per leaf, Lpetiole petiole length, Lleaf leaf length, Wleaf leaf width, 
Lpin pinnae length, Wpin pinnae width, Llft leaflet length, Wlft leaflet 
width

Fig. 6  Canonical scores of the diploid and tetraploid populations, 
plotted against the two first canonical variates
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Geographic and climatic patterns

The correlation analyses (Table 4) revealed that many of the 
leaf morphological characters were significantly correlated, 
especially for diploid populations. The number of significant 
correlations were lower among tetraploids compared to dip-
loids, but this can be due to the lower power of the analyses 
as there were fewer tetraploid individuals.

In tetraploid populations, there was no significant correla-
tion of the morphological traits with climatic and geographi-
cal parameters of origin. In diploid populations, however, 
number of leaflets and leaf length correlated significantly 
and negatively with the latitude of origins, meaning that 
populations from southern sites tended to have longer leaves 
and more leaflets compared with northern populations. In 
addition, leaflet length correlated negatively with altitude, 
populations from high altitude having smaller leaflets com-
pared to populations from low altitude (Fig. 7). Leaf length 
correlated significantly and positively with annual mean 
precipitation and the aridity index, i.e. leaf length increased 
from drier to wetter sites of origin (Fig. 7).

The total leaf N content was positively correlated with 
the longitude and altitude in diploid populations. No sig-
nificant correlations were observed for total N in tetraploids. 
In diploid populations, δ13C was positively correlated with 
the length and width of the leaf and the pinnae length, and 
δ15N increased with the length of the petiole. Conversely, in 
tetraploid populations, δ13C was negatively correlated with 
petiole length, leaf width, and pinnae length and width. δ15N 
was negatively correlated with the number of pinnae and 
positively correlated with the leaflet width. Hence, tenden-
cies of δ13C and δ15N among populations seem to be dif-
ferent in diploids and tetraploids (Fig. 8). However, when 
comparing the patterns of diploid and tetraploid populations, 
it should be recalled that nine populations did not have tetra-
ploids and two populations did not have diploids. This means 
that the analyses of environmental associations for diploid 
and tetraploid trees do not sample the same environments. 
The purely tetraploid Sodera (Ethiopia) and India popula-
tions thus represent origins from areas with quite lower arid-
ity index, and Sodera also from high altitude, compared to 
any of the diploid populations (Table 1).

Discussion

Geographic distribution of polyploidy 
among populations

The present study documents the frequent coexistence of 
different ploidy levels in populations of A. senegal, and 
thereby support the findings of Assoumane et al. (2012), 
Odee et al (2015) and Diallo et al. (2016). Furthermore, 

using a larger sample size than previously applied, we con-
firm that some populations appear to be predominantly 
di- or tetraploid, while others have mixed ploidies. Our 
finding of pure tetraploid populations in the East Afri-
can populations (Sodera, Ethiopia) supports the observa-
tions by Odee et al (2015) of no mixed ploidy populations 
detected in the southern range of the species. It is interest-
ing that we observe a high frequency of tetraploids in three 
populations from wet areas (Ngane, Sodera and India60). 
We do not know the ploidy level of all trees at the time of 
the establishment of the common garden trial (our estimate 
is only based on surviving trees), but an in situ study of the 
Ngane population (also included in the present study) has 
previously reported a high frequency of polyploids (Diallo 
et al. 2015) which supports our findings.

Phenotypic variation in leaf characters 
among ploidy levels

The small morphological differences between di- and 
tetraploid trees can explain why the presence of differ-
ent ploidy levels in Acacia senegal were only recently 
recognised.

The leaf morphology of the rare triploid trees (we iden-
tified six trees) resembled the botanical description of A. 
laeta leaf morphology by Giffard (1966), with pinnea 
having at least three to five widely elliptical leaflets. One 
hypothesis is that the triploid individuals observed in this 
study have a hybrid origin between A. senegal var. senegal 
and A. mellifera subsp. mellifera, a hybrid first recognized 
by Kan (1951) (hereafter Fagg and Allison 2004). This 
hybrid has by other authors been referred to as A. laeta 
(El Amin 1976 in Fagg and Allison 2004; Chevallier et al. 
1994; Mensous et al. 2017), which is considered to be of 
allopolyploid origin (Chevallier and Borgel 1998; Assou-
mane et al. 2012; Odee et al. 2012, 2015). However, it 
is also possible that the identified triploids in our study 
indeed are a natural cytotype of A. senegal. Odee et al. 
(2015) found triploid individuals in the Karofane popula-
tion, suggesting that the triploids could have arisen either 
from a diploid × tetraploid cross, or from the combina-
tion of reduced and unreduced gametes of a diploid. We 
found additional triploid individuals in the Karofane and 
Somo populations, and both populations also had diploid 
and polyploid individuals. Studies based on genetic mark-
ers in combination with the sequencing of the internal 
transcribed spacer (ITS) region can help to clarify if the 
triploid individuals have a hybrid origin (Turchetto et al. 
2015; Du et al. 2010). It will also be highly relevant to 
compare the leaf morphology from previously reported 
triploid Acacia senegal trees with leaf morphology of the 
triploid trees reported in the present study.



Trees 

1 3

Ta
bl

e 
4 

 P
ai

rw
is

e 
co

rr
el

at
io

ns
 g

iv
en

 b
y 

Pe
ar

so
n’

s 
co

rr
el

at
io

n 
co

effi
ci

en
t a

t t
he

 p
op

ul
at

io
n 

m
ea

ns
 b

et
w

ee
n 

le
af

 m
ea

su
re

d 
tra

its
, g

eo
gr

ap
hi

ca
l p

ar
am

et
er

s 
an

d 
is

ot
op

e 
ra

tio
s 

(δ
13

C
, δ

15
N

) c
om

po
si

-
tio

n 
in

 d
ip

lo
id

s (
up

pe
r r

ig
ht

 tr
ia

ng
le

) a
nd

 te
tra

pl
oi

ds
 (l

ow
er

 le
ft 

tri
an

gl
e)

N
ot

e:
 th

e 
va

lu
es

 fo
r t

et
ra

pl
oi

ds
 a

re
 b

as
ed

 o
n 

on
ly

 7
 p

op
ul

at
io

ns

Pe
tio

le
N

o.
 o

f
N

o.
 o

f
Le

af
Le

af
Le

afl
et

Le
afl

et
Pi

nn
ea

Pi
nn

ea
A

nn
ua

l
A

nn
ua

l
A

rid
ity

Lo
ng

i-
tu

de
La

tit
ud

e
A

lti
tu

de
δ13

C
δ15

N
To

ta
l N

le
ng

th
pi

nn
ea

le
afl

et
s

le
ng

th
w

id
th

w
id

th
le

ng
th

le
ng

th
w

id
th

Pr
ec

_
m

ea
n

Te
m

p_
m

ea
n

In
de

x

Pe
tio

le
 

le
ng

th
–

−
 0

.2
2

0.
03

0.
51

0.
52

0.
28

0.
26

0.
37

0.
28

0.
42

−
 0

.3
6

0.
44

0.
23

−
 0

.5
0.

24
0.

07
0.

61
*

−
 0

.0
7

N
o.

 p
in

ne
a

−
 0

.6
–

0.
72

**
0.

36
−

 0
.2

5
−

 0
.7

3*
*

−
 0

.7
8*

**
−

 0
.2

8
−

 0
.7

9*
**

0.
48

−
 0

.1
8

0.
49

0.
16

−
 0

.5
1

0.
28

0.
16

−
 0

.1
0.

16
N

o.
 le

afl
et

s
0.

31
0.

33
–

0.
33

−
 0

.0
4

−
 0

.6
7*

*
−

 0
.6

4*
−

 0
.1

1
−

 0
.6

3*
0.

29
−

 0
.0

8
0.

29
0.

49
−

 0
.6

3*
0.

48
0.

22
−

 0
.2

0.
31

Le
af

 le
ng

th
0.

54
0.

16
0.

65
–

0.
73

**
0.

2
0.

11
0.

69
**

0.
15

0.
61

**
−

 0
.2

7
0.

62
*

0.
26

−
 0

.7
4*

*
0.

23
0.

62
*

0.
32

0.
31

Le
af

 w
id

th
0.

58
−

 0
.0

3
0.

86
*

0.
68

–
0.

61
*

0.
64

*
0.

93
**

*
0.

71
**

0.
14

0.
1

0.
13

0.
08

−
 0

.3
−

 0
.0

6
0.

55
*

0.
32

0.
27

Le
afl

et
 

w
id

th
0.

72
−

 0
.9

5*
**

−
 0

.2
4

−
 0

.1
2

0.
16

–
0.

83
**

*
0.

71
**

0.
85

**
*

−
 0

.1
9

−
 0

.0
8

−
 0

.1
9

−
 0

.1
7

0.
22

−
 0

.2
7

0.
27

0.
15

0.
1

Le
afl

et
 

le
ng

th
0.

58
−

 0
.6

4
0.

11
0.

48
0.

47
0.

55
–

0.
71

**
0.

98
**

*
−

 0
.1

5
0.

29
−

 0
.1

7
−

 0
.3

7
0.

37
−

 0
.5

6*
0.

15
0.

21
−

 0
.1

6

Pi
nn

ea
 

le
ng

th
0.

59
−

 0
.3

2
0.

71
0.

63
0.

87
*

0.
31

0.
74

–
0.

74
**

0.
12

0.
04

0.
11

−
 0

.0
3

−
 0

.2
−

 0
.2

2
0.

63
*

0.
1

0.
29

Pi
nn

ea
 

w
id

th
0.

67
−

 0
.6

9
0.

13
0.

47
0.

51
0.

64
0.

99
**

*
0.

76
*

–
−

 0
.1

9
0.

31
−

 0
.2

1
−

 0
.3

0.
32

−
 0

.4
7

0.
19

0.
23

−
 0

.0
9

A
nn

ua
l 

Pr
ec

_
m

ea
n

−
 0

.1
7

−
 0

.4
7

−
 0

.3
5

−
 0

.3
6

0
0.

37
0.

45
0.

18
0.

42
–

−
 0

.2
3

0.
99

**
*

−
 0

.1
−

 0
.6

1*
0.

09
0.

24
0.

33
−

 0
.1

1

A
nn

u-
al

Te
m

p_
m

ea
n

0.
17

0.
34

0.
35

0.
69

0.
08

−
 0

.4
2

0.
07

0.
17

0.
04

−
 0

.7
1

–
−

 0
.2

9
−

 0
.3

8
0.

47
−

 0
.4

3
0.

04
−

 0
.1

−
 0

.0
9

A
rid

ity
 

in
de

x
−

 0
.1

9
−

 0
.4

4
−

 0
.3

5
−

 0
.4

7
−

 0
.0

1
0.

39
0.

32
0.

1
0.

31
0.

98
**

*
−

 0
.8

4*
–

−
 0

.0
7

−
 0

.6
3*

0.
12

0.
23

0.
34

−
 0

.1

Lo
ng

itu
de

−
 0

.4
3

−
 0

.1
6

−
 0

.5
6

−
 0

.5
−

 0
.3

5
0.

11
−

 0
.0

3
−

 0
.3

−
 0

.0
7

0.
79

*
−

 0
.6

7
0.

81
*

–
−

 0
.6

9*
*

0.
87

**
*

0.
17

−
 0

0.
57

*
La

tit
ud

e
−

 0
.3

5
0.

11
−

 0
.3

5
0.

19
−

 0
.3

1
−

 0
.2

9
0.

24
−

 0
.1

1
0.

14
0.

35
0.

23
0.

2
0.

53
–

−
 0

.7
**

−
 0

.3
9

−
 0

.2
−

 0
.4

4
A

lti
tu

de
−

 0
.0

9
−

 0
.1

6
−

 0
.1

2
−

 0
.6

3
0.

04
0.

32
−

 0
.3

4
−

 0
.2

−
 0

.2
7

0.
39

−
 0

.9
1*

*
0.

56
0.

44
−

 0
.5

1
–

0.
17

0.
14

0.
58

*
δ13

C
−

 0
.7

9*
0.

36
−

 0
.6

1
−

 0
.6

9
−

 0
.9

1*
*

−
 0

.4
6

−
 0

.7
4

−
 0

.8
8*

*
−

 0
.7

9*
−

 0
.1

3
−

 0
.0

5
−

 0
.0

9
0.

27
0.

19
0.

05
–

−
 0

.2
0.

66
**

δ15
N

0.
7

−
 0

.9
**

−
 0

.1
5

−
 0

.0
6

0.
3

0.
97

**
*

0.
61

0.
39

0.
69

0.
49

−
 0

.5
2

0.
52

0.
19

−
 0

.2
6

0.
41

−
 0

.5
8

–
−

 0
.2

3
To

ta
l N

0.
2

−
 0

.3
8

−
 0

.6
4

−
 0

.0
2

−
 0

.6
1

0.
27

0.
1

−
 0

.3
7

0.
1

−
 0

.2
2

0.
38

−
 0

.3
−

 0
.0

4
0.

35
−

 0
.4

8
0.

31
0.

09
–



 Trees

1 3

Adaptive potential of A. senegal to dry 
environments

Leaf morphology varied according to precipitation and lati-
tudinal gradients at the site of origin with smaller leaves and 
fewer leaflets per pinnae on dryer sites in diploid popula-
tions. This genetic differentiation in leaf characters could 
reflect a local adaptation of A. senegal to dry conditions. 
Other Sahelian tree species also show variation in leaf mor-
phology between origins, but observations made in Parkia 

biglobosa showed that the variation was rather across an 
east–west gradient (Ouedraogo 2012), whereas in Adanso-
nia digitata (Cuni Sanchez et al. 2010; Korbo et al. 2011) 
variation was mainly between a western pool of origins and 
a south-eastern pool.

Natural selection can shape differences in leaf morphol-
ogy (Arntz and Delph 2001) and plants in dry areas tend to 
have smaller leaves compared to plants from humid areas 
(McDonald et  al. 2003). Drought-resistant plants often 
have different leaf anatomy and morphology, a higher gas 

Fig. 7  Pairwise plots of, leaf length against annual precipitation (a) and aridity index (b), and latitude (c), number of leaflet against latitude (c), 
and length of leaflet against altitude (e) in diploid and tetraploid populations. Symbols represent population means
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exchange rate and greater osmotic potentials compared to 
drought-sensitive plants in dry conditions (Abrams et al. 
1990). The smaller leaves of diploid A. senegal trees from 
sites with low precipitation can therefore reflect adapta-
tion to stressful Sahelian conditions, for example by reduc-
ing excessive heating of leaves. A study of West African 
P. biglobosa found that Northern populations (from more 
dry condition) showed more xerophytic characteristics 
with smaller height, smaller leaflets and greater number of 
leaflets per pinnae, lower specific leaflet mass and smaller 
palisade tissue (Teklehaimanot et al. 1998). Studies of A. 
senegal that include more detailed anatomical observation 
combined with ecophysiological tests will be important to 
better understand the role of leaf morphology as a means to 
adapt to dry sites.

It is intriguing that the patterns of environmental correla-
tions observed for diploid A. senegal were not observed for 
tetraploids. This may be a result of a high rate of asexual 

reproduction (apomixes) in tetraploids (Assoumane et al 
2012; Diallo et al. 2015) that at least in theory will reduce 
the adaptive potential in tetraploids. However, as mentioned 
above, care must be taken when comparing the pattern of 
diploid and tetraploid trees, because the populations partly 
sample different environments.

The difference in leaf morphology between diploid and 
tetraploid A. senegal in the present study corresponds to the 
findings of Diallo et al. (2016) who also found that diploid 
A. senegal differed from polyploids by smaller leaflets, but 
also higher density and smaller size of stomata.

The total leaf N content was slightly lower in tetra-
ploids compared to diploids, and tetraploid populations 
displayed the lowest leaf δ15N. While this could indicate 
that diploids and tetraploids differ in the sourcing of nitro-
gen, the small differences in mean values between ploidy 
levels call for additional studies. The δ15N values of leaves 
reflect 15N/14N preserved during N absorption, assimilation 

Fig. 8  Pairwise plots of the stable carbon isotope composition against leaf width (a) and pinnae length (b) and nitrogen isotope ratio against 
number of pinnae (d) and leaflet width (d) in diploid and tetraploid populations. Symbols represent population means
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and translocation of the N source in the soil (Evans 2001). 
Leguminous species obtain their N from the soil and through 
symbiotic fixation, and the two N sources usually differ in 
15N abundance (Raddad et al. 2005). Raddad et al. (2005) 
found that the ability of A. senegal to fix N under natural 
conditions makes it less dependent on soil N, compared to 
a non-N2-fixing plant Balanites aegyptiaca in Sudan. In a 
study in the common garden trial in Dahra/Senegal (also 
used for the present investigation), Gray et al. (2013) came 
to the opposite conclusion. The δ15N value from A. sen-
egal (6.77 ± 0.50 ‰) was higher than the non-N2-fixing 
reference tree Balanites aegyptiaca, suggesting no biologi-
cal N fixation, perhaps as a consequence of high tempera-
tures and drought stress. Our mean δ15N values for diploids 
(6.9 ± 0.68) and tetraploids (6.6 ± 0.83) are close to the val-
ues found by Gray et al. (2013) at the same site, considering 
that Gray et al. did not take the ploidy level into account. 
The indication that diploid and tetraploid trees source their 
N differently clearly calls for experiments on nodulation and 
root growth of diploid and tetraploid trees.

The success of legumes as drought-deciduous shrubs in 
dry environments depends on the ability to photosynthesize 
rapidly during favorable periods, while avoiding excessive 
water loss, for example by shedding leaves during unfa-
vorable periods (Dupuy and Dreyfus 1992; Mckey 1994). C 
isotopic composition differed substantially among trees in 
our study, to a large extent as a consequence of ploidy level. 
Sarr et al. (2021) suggested that others factors may impact 
A. senegal WUE, since only 15% of the variation in isotopic 
composition was related to variation in ploidy level. Even 
when combined, the study of Sarr et al. and the study pre-
sented here represent a limited sample of tetraploid individu-
als, and further investigations will be needed to clarify the 
implication of poplyploidy in adaptive traits of A. senegal.

In quaking aspen (Populus tremuloides Michx.), Greer 
et al. (2018) found that ploidy level strongly influences phys-
iological traits and function as a response to environmental 
conditions. Despite triploid aspen displaying a higher water 
use efficiency compared to diploids, they also had greater 
potential water loss because of higher stomatal conductance 
and lower stomatal sensitivity to increasing vapor pressure 
deficit. While diploid and tetraploid trees in our study had 
leaves that looked almost similar, the iWUE was signifi-
cantly higher in tetraploid individuals. Although we did not 
observe a clear correspondance between leaf morphology 
and carbon isotope composition, there appeared to be a 
relationship between δ13C and geographic origin in diploid 
populations. A weakness in our study is that isotopic com-
position and leaf morphology were studied on two different 
sets of leaves, but since most leaves in the open crown of 
A. senegal are sun exposed, we believe that this has less 
influence (see below). Leaf size affects the thickness of the 
boundary layer and hence diffusion of gases in and out of 

leaves, affecting the iWUE (Schuepp 1993). Surprisingly, 
the different trends of δ13C in diploid and tetraploid popu-
lations in relation to leaf size (Fig. 6a, b) does not suggest 
a coherent response of iWUE to leaf size. Differences in 
stomatal and mesophyll conductances to  CO2 might cause 
changes in δ13C and iWUE (Seibt et al. 2008), and ploidy 
level is affecting mesophyll structure and architecture 
(Khramtsova et al. 2003). It has previously been shown that 
tetraploids in A. senegal have fewer and larger stomata com-
pared to diploids, which should lead to higher iWUE (Diallo 
et al. 2016), but it is also possible that tetraploids have lower 
mesophyll conductances than diploids, leading to the same 
result. Across a range of Acacia species, Konaté et al. (2016) 
observed that δ13C and iWUE were correlated to stomatal 
conductance under saturating light condidions, suggesting 
an important role for stomata. However, the measured differ-
ences in δ13C between ploidy levels can also be influenced 
by the differences in petiole length, because petioles were 
included in the sample preparation, and we cannot exclude 
that a higher content of lignin in petioles compared to pinnae 
could influence the C isotopic composition. In addition, the 
leaf sampling for isotopic composition was not standardized 
to only fully sunlit leaves. In dense plantations this would 
mean that dominated individuals had a higher percentage 
of shaded leaves, changing the d13C (usually towards more 
negative values, possibly due to lower photosynthesis for the 
same stomatal opening). In the current trial, however, trees 
were placed at a large distance from each other, leaving all 
trees sun-exposed and minimizing risks for such bias.

It is important to note that the higher iWUE does not nec-
essarily lead to slower growth, and tetraploids have proven to 
grow faster than diploids under different conditions (Diallo 
et al. 2016). Differences in leaf N content and WUE could 
also be caused by root architecture, as deep roots may pro-
vide access to other sources of water, allowing plants to keep 
more stomata open longer and thus capture  CO2 at a higher 
rate. As a follow-up research, we, therefore, suggest studies 
of leaf conductance, root/shoot ratio and root architecture of 
diploid and tetraploid A. senegal. Likewise, studies of leaf 
phenology can give insight in the leaf lifespan and thus strat-
egies of the two ploidy levels. Finally, sampling of leaves for 
WUE measurements in the rainy and dry season may reveal 
different patterns among populations and level of ploidy. In 
this context, Gray et al. (2013) found that population WUE 
estimates were different depending on the sampling time.

The fact that the relationships between leaf morphology, 
total leaf N, δ13C, and δ15N and climatic and geographic 
parameters are different in diploid and tetraploid populations 
suggests that the two ploidy levels may have developed dif-
ferent adaptation strategies to the harsh Sahelian growing 
conditions. This is supported by the multivariate analysis 
that showed that pairs of diploids and tetraploids from the 
same populations are not morphologically alike. Earlier 
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studies have suggested that gene flow between the two cyto-
types is likely to be very limited (Assoumane et al. 2012; 
Diallo et al. 2015). Cytotype reproductive isolation and 
adaptation to different niches is frequently implied in spe-
ciation (Ramsey and Schemske 1998), and A. senegal may 
be a case where selection is working in different directions 
in the two cytotypes (cf. Arntz and Delph 2001). Whether 
this is happing in A. senegal will require additional studies 
on adaptive traits in combination with genomic studies.

Conclusion

Our study showed that leaf morphology in A. senegal var-
ied among ploidy levels and among diploid populations. 
We interpret this as a result of local adaptation, but also as 
an indication of differences between diploid and tetraploid 
individuals in their strategies to overcome drought. Leaf 
length and number of leaflets per pinnae varied according 
to precipitation and latitudinal gradient at the site of ori-
gin in diploid populations, while a similar covariation was 
not proven significant among tetraploid trees. Compared 
to diploids, the tetraploid trees had higher WUE and lower 
leaf N content, which are characteristics for adaptation to 
dry conditions. The differences may not only be related to 
macro leaf morphology, as other factors such as micromor-
phological features and availability of N sources could also 
be involved. Given the importance of the tree species and 
the magnitude of on-going climatic changes, we recom-
mend more studies to address adaptation of A. senegal to 
dry growing conditions.
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