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A B S T R A C T   

Correct timing of phenology is crucial for the survival and growth of species in arid areas with 
long dry seasons. Nevertheless, knowledge on genetic variation and adaptive patterns in 
phenology in deciduous African dryland species is limited. Here we study the variation in 
phenology of diploid and polypoid A. senegal trees from rangewide populations growing in a 
common garden trial in Senegal and test correlations between population phenology and climate 
at the site of origin. The leafing, flowering and fruiting phenology was monitored during 17 
months and compared to detailed observations of the rainfall in the common garden during the 
period. We found that A. senegal trees in general started development of leaves prior to the 
beginning of the rainy season with flowering and fruiting initiation occurring during the rainy 
season. The results lead us to conclude that is was not the rain per se that initiated leaf devel
opment. We also conclude that phenology in A. senegal is under genetic control, because signif
icant differences could be observed among populations and ploidy levels when grown at the same 
site. In general, early leaf flushing trees had a longer growing period and performed better in 
terms of growth at the tested site and the results thus support that leaf phenology influence 
fitness. We further found that differences among trees in phenology seem to be associated with 
differences in climate at their site of origin, because the timing of leaf development in the 
common garden and the timing of the rainy season at the site of origin was significantly corre
lated for the diploid trees (not for tetraploids). However, it was diploid trees from sites with a late 
arriving rainy season that developed leaves earliest in the year. The environmental cues that 
control leafing phenology and the associated physiological mechanisms therefore still need to be 
identified in order to understand how the variation among populations has evolved, its rela
tionship to local adaptation and the implication for smart transfer of seed sources as mean to 
mitigate changing growing conditions related to global warming.   
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1. Introduction 

Phenology refers to the timing of plant growth and reproduction (Rathcke and Lacey, 1985), and is an important component of 
plant fitness in seasonal climates. Phenology is generally controlled by environmental cues such as temperature, photoperiod and 
water availability (Polgar et al., 2014; Omondi et al., 2016; Di Lucchio et al., 2018), and is therefore also a biological indicator of 
climate change (Parmesan, 2006; Cleland et al., 2007; Nicotra et al., 2010). The acclimation of plant phenology to prevailing climatic 
seasonality enables plants to grow and reproduce under the climatic conditions at the given site and in the given year (Lim et al., 2007; 
Omondi et al., 2016). 

Seasonal variation in temperature, humidity, rainfall, wind speed and even day length can control phenology in tropical plants, 
although tropical ecosystems are not characterized by strong differences between summers and winters in photoperiod as seen at 
higher latitudes (Lieberman, 1982). In tropical drylands, water availability is generally the main environmental factor controlling 
phenology (Borchert, 1994; Eamus and Prior, 2001; Do et al., 2005). However, some dryland species produce leaves and flowers before 
the onset of the rainy season while others do so after the onset of the season (Lieberman, 1982; Tybirk, 1993). Observations made by 
satellite imagery of population stands have revealed that leafing phenology of tropical dryland species may be triggered by other 
environmental cues than water availability (Ryan et al., 2017; Tian et al., 2018). 

Perennial plants must time their growth to match the annual variation in temperature and water availability. The length of the 
growing season (time of leaf appearance to leaf senescence) defines the window for photosynthetic activity and therefore affects water, 
carbon and nutrient cycling and the net ecosystem production (Wu et al., 2013; Panchen et al., 2015), and too late or early leaf flushing 
or too late or early senescence will therefore reduce growth. The timing of flowering and fruiting can be similarly important for 
successful plant reproduction (Milla et al., 2005), because plants that flower too early, before having accumulated enough resources, 
can have a limited capacity for seed production. On the other hand, plants that delay flowering might gain higher capacity for seed 
production or risk lacking time to produce mature fruits before the end of the season (Omondi et al., 2016). Besides adaptation to 
prevailing seasonality, differences among species in phenology can also facilitate coexistence of species in diverse plant communities 
by reducing competition for pollinators and other resources (Rathcke and Lacey, 1985; Khanduri, 2014). 

Studies of variation within and among tree populations in their phenology can reveal the degree of adaptive potential, local 
adaptation and phenotypic plasticity in response to variation in climate, and therefore shed important light on wise management of 
genetic resources in the face of climate change. There is limited knowledge of genetic variation in phenology of African dryland species 
(Ræbild et al., 2010). However, recent analyses of provenance trials (common garden trials) have revealed clear differentiation among 
populations of species covering areas with substantial ecological variation. Genetic variation in phenological traits has thus been 
reported in Adansonia digitata (Di Lucchio et al., 2018; Bamba et al., 2019) and Parkia biglobosa (Ouedraogo, 2015). In a greenhouse 
trial, Di Lucchio et al. (2018) exposed A. digitata seedlings of different origins to water and day length treatments, and found that the 
leaf phenology depends on both day-length and water regimes, but also that the response varied among geographic origins. Bamba 
et al. (2019) reinforced the findings by exploring a provenance trial in Mali, and showed that A. digitata populations differed in their 
senescence, and that these differences could be partly explained by climate of the site of their origins as an indication of adaptation. In 
a provenance trial in Burkina Faso, Ouedraogo (2015) explored different populations of P. biglobosa and found that leaf phenology was 
correlated with the latitude and temperature of the origins with provenances from cooler areas reaching their leaf flushing peak earlier 
than provenances from hotter areas. 

Acacia senegal is a multipurpose tree species that is widely distributed across Africa from the Sahelian belt to southern Africa (Fagg 
and Allison, 2004), and is also found in India and Pakistan. The species was recently conferred to the new name Senegalia senegal (L.) 
Britton (Kyalangalilwa et al., 2013), but here we maintain the rule of first priority and the name A. senegal is used in the present 
publication. Acacia senegal is well adapted to arid zones with low soil fertility and a seasonal rainfall varying between 200 and 800 mm 
(Fagg and Allison, 2004). Gum Arabic is collected from the tree (Fagg and Allison, 2004; Raddad and Luukkanen, 2006; Diallo et al., 
2015), and provides an important source of income for rural populations that also use the species for other products. The ability to fix 
nitrogen and tolerate drought impacts makes A. senegal an essential component of dryland agroforestry systems (Fagg and Allison, 
2004; Raddad et al., 2006) and the species is therefore widely recommended in reforestation programs in Sahel. A number of studies 
have investigated the phenological events of A. senegal (Tandon et al., 2001; Seghieri et al., 2012b; Omondi et al., 2016), but the 
genetic variation among origins that can reflect adaptation to the climate conditions has to our knowledge not been described up to 
now. 

Genetic differentiation among origins of A. senegal has been found in growth (Ræbild et al., 2003a, 2003b, 2003c; Raddad and 
Luukkanen, 2006; Raddad, 2007; Larwanou et al., 2010; Diatta et al., 2021a) and when investigating molecular markers (Assoumane 
et al., 2013; Odee et al., 2015; Diallo et al., 2015). The studies have revealed patterns of adaptation to local climatic conditions, and 
also that the species can co-occur in different levels of ploidy (different numbers of sets of chromosomes), where the level of ploidy 
influences the species’ performance and response to drought stress (Diallo et al., 2015, 2016). It is therefore important to take the level 
of ploidy into account when studying the genetic variability in phenological traits of A. senegal. 

The present study aims to investigate variation in phenology among different origins (populations) of A. senegal, and the hypothesis 
is that these differences are related to the climate at the origin of the population and to the ploidy level. It also addresses whether 
differences in flower phenology limits crossings between diploid and tetraploid individuals. 

2. Material and methods 

The present study was conducted in a common garden trial established in August 1994 in Dahra (15º 20′N, 15º 28′ W, elevation 45 

O. Diatta et al.                                                                                                                                                                                                         



GlobalEcologyandConservation33(2022)e01957

3

Table 1 
Origins and environmental characteristics of A. senegal populations used in the study. Populations are arranged according to WAI0i.  

Populations Country Latitude Longitude Altitude Mean annual Mean annual WAI0i WAI0f #WAI0 No. diploid No. Tetraploid     
(masl) Temperature (ºC) rainfall (mm) (MOY) (MOY) (mm) (2 n) trees (4 n) trees 

Sodera Ethiopia 08º24′ N 39º23′ E  1500  21.4  762  4.9  9.0  292  0  5 
India60 India 26º19′ N 79º31′ E  120  25.9  867  7.0  8.7  80  0  9 
Somo Mali 13º17′ N 04º54′ W  40  27.5  627  7.1  8.7  187  5  0 
Di Burkina Faso 13º10′ N 03º25′ W  260  28.0  637  7.3  8.2  121  3  0 
Bissiga Burkina Faso 12º26′ N 00º32′ W  280  28.3  696  7.3  8.4  128  5  0 
Kidira Senegal 14º28′ N 12º13′ W  39  28.9  611  7.3  8.9  184  14  1 
Sudan Sudan 12º44′ N 29º35′ E  620  26.8  408  7.4  7.8  56  9  0 
Ngane Senegal 14º08′ N 16º12′ W  2  27.9  570  7.6  8.8  194  7  7 
Karofane Niger 14º18′ N 06º11′ E  280  28.4  366  7.7  7.8  51  14  1 
Chad Chad 12º49′ N 15º18′ E  280  29.0  349  7.8  7.9  64  9  0 
Kirane Mali 15º23′ N 10º15′ W  140  29.3  380  7.8  8.2  59  7  4 
Aite Mali 15º05′ N 11º39′ W  80  29.7  449  7.9  8.2  75  13  2 
Kankoussa Mauritania 15º56′ N 11º27′ W  80  29.7  294  7.9  8.2  60  27  0 
Daiba Senegal 15º22′ N 13º08′ W  28  29.6  437  8.1  8.5  65  13  0 
Djigueri Mauritania 15º44′ N 08º40′ W  226  28.9  309  8.1  8.1  45  26  0 
Diamenar Senegal 16º00′ N 15º54′ W  20  27.1  288  8.4  8.4  28  25  0 

masl: meters above sea level. #Water availability index calculated as the yearly sum of monthly rainfall minus potential evapotranspiration estimates which are positive and for the period 1961–1990. 
Estimates of rainfall and evapotranspiration are from the Climate Research Unit, East Anglia University (Harris et al., 2014). WAI0i: initial WAI0 defined as the first month of year (MOY) with WAI > 0; 
WAI0f: final WAI0 defined as the last MOY with WAI > 0. Reference period 1961–1990. 
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m), Senegal. The trial site is characterized by very dry growing conditions with an annual rainfall that ranged between 169 mm in 2002 
and 650 mm in 2010 and a daily mean temperature ranging between 15.9 and 39.9 ºC (Tagesson et al., 2015). The rainy season is in 
general relatively short from July to October, with August being the wettest month (Tagesson et al., 2015). The soil is sandy, and the 
natural vegetation consists mainly of grass and sparse trees such as Acacia tortilis subsp. radiana, A. senegal and Balanites aegyptiaca 
(Göttsche et al., 2016). 

2.1. Experimental design and climatic conditions of the site 

The trial was established from seeds collected from 18 populations (origins, referred to as provenances) across the distribution area 
of A. senegal in Africa and Asia using standard protocols. The design was a randomized complete block design with four blocks. Each 
block is divided into 18 plots, representing the 18 populations originally with 25 trees each and a spacing of 5 × 5 m, i.e. 1800 trees at 
the time of establishment. The survival rate at the time of assessment was 12% with 225 trees and with only 16 populations left out of 
the 18 populations (Table 1). The ploidy level was determined for all the 225 living trees in October 2018 by flow cytometry analysis 
(Diatta et al., 2021b). This present study only concerns 177 diploid and 29 tetraploid trees that were still alive at the end of the 
assessment in 2019, i.e. 206 trees. Daily observations of rainfall and temperature were available from a local climate station 
(15◦24′10′′N, 15◦25′56′′W) (Tagesson et al., 2015). 

The first day with precipitation in 2018 was registered day 157 (6th June) with 0.05 mm while rain > 2 mm occurred at day 178 
(27th June). More continuous rain was registered from day 236 (24th August) in 2018. In 2019, the first day with rain was registered 
day 181 (30th June) with 0.6 mm while rain > 2 mm occurred at day 205 (24th July), i.e. a month later compared to the previous year. 
More continuous rain was registered from day 228 (16th August). The last day with rain > 2 mm was day 272 (29th September) and 
day 298 (25th October) in 2018 and 2019, respectively (Fig. 1). The total annual rainfall recorded in 2018 and 2019 was 295 mm and 
355 mm, respectively. 

The daily maximum temperature varied between 25ºC and 44ºC in 2018, and between 28ºC and 45ºC in 2019, with two peaks 
(inflection) corresponding to days 120 (30th April) and 300 (27th October) in 2018, and days 140 (20th May) and 320 (16th 
November) in 2019. The daily minimum temperature varied between 12ºC and 28ºC in 2018, and between 14ºC and 30ºC in 2019 
(Fig. 1). 

For each site of population origin, monthly water availability indices (WAI) were estimated as the differences between estimates of 
rainfall and potential evapotranspiration and these were used to estimate a cumulated WAI (WAI0) for the months of each year where 
WAI was above 0. The estimated WAI0 ranged from 28 mm to 292 mm (Table 1). The estimates of annual precipitation, potential 
evapotranspiration and mean annual temperatures were from the Climate Research Unit at East Anglia University (Harris et al., 2014) 
and for the period of 1961–1990. The above estimates were also used to estimate the first month of the year (MOY) with WAI 
> 0 (WAI0i), and the last MOY with WAI > 0 (WAI0f) for the period 1961–1990 as estimates of the start and the end of the rainy season 
respectively. 

2.2. Phenology assessments 

The phenology was assessed every week from August 2nd, 2018 (day 214 of 2018) to December 26th, 2019 (day 360 of 2019). At 
each assessment, the phenological stages of leaves, flowers, and fruits of all trees were recorded (Table 2). 

As different parts of the trees could be in different phases of phenology, the dominant phase of the tree was recorded. The day of 
change from one dominant phase to another was estimated as the day between two assessments with different phenology phases. Two 
measures for the start of leaf senescence were estimated as respectively (i) day of change from a phase before 7 to phase 7 with 
“10–50% brown and shed leaves”, and (ii) day of change from a phase before 8 to phase 8 with “> 50% brown and shed leaves”. The 

Fig. 1. Daily measures of precipitation (bars), maximum temperature (red dots) and minimum temperatures (blue dots) at 10 km (15◦24′10′′N, 
15◦25′56′′W) from the Dahra field site in 2018 and 2019. Please note that some temperature data points are missing because of incomplete data. 
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growing period (GP) with assumed photosynthetic activity of the leaves of a tree was defined and estimated as respectively (i) the 
number of days between the first day with registration of “signs of leaves” and the first day with registration of “10–50% brown and 
shed leaves” (GP (i)), and (ii) the number of days between the first day with registration of “signs of leaves” and first day with 
registration of “> 50% brown and shed leaves (GP (ii))”. The leaf development speed (LD) was estimated as (i) the number of days 
between the first registration of “buds visible” and first registration of “leaf complete” (LD (i)), and (ii) the number of days between the 
first registration of “signs of leaves” and first registration of “leaf complete” (LD (ii)). 

The length of flowering period (FP) was estimated for each tree as the number of days between the first day with registration of 
“flower buds” and the first day with registration of “withered flowers”. The frequency of diploid and tetraploid trees that reached “fully 
developed flowers” was plotted (heatmap) to reveal a potential difference in flowering phenology between cytotypes in A. senegal that 
could limit or prevent pollination between cytotypes. The two populations, Kirane (Mali) and Ngane (Senegal), that had mixed ploidy 
levels (diploid and tetraploid individuals growing at the same site), and with a fair number of each cytotype was chosen to test this 
hypothesis. 

The frequency of trees that developed ripened fruits was calculated by block and population to test for population differences in the 
years 2018 and 2019. 

2.3. Statistical analysis 

The phenological development of leaves, flowers and fruits for diploid and tetraploid populations were analyzed using the R 
statistical software (R Core Team, 2020). The R package ggplot2 (Wickham, 2016) was used to illustrate the phenological patterns. 

As the frequency of polyploid individuals differed highly among populations, effects of geographic origin and ploidy level were 
confounded. We therefore used a two steps approach for the analyses. First, we analyzed the effect of ploidy for only the five pop
ulations (Kidira, Ngane, Karofane, Kirane, Aite, Table 1) where both diploid (total: 55 trees) and tetraploid trees (total: 15 trees) were 
present, based on the general linear model (model 1):  

Yijk = µ + Bi + Gj + Pk + εijk,                                                                                                                                                   (1) 

where Yijk is the mean estimated day for a change in phenological phase by block i and population j, and ploidy k, 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 independent and normal distributed (0, σ2). This model was applied to test the effect of 
ploidy. 

The second step was to analyze the variation among origins. Here, we made the analysis separately for diploid (total: 177 trees) and 
tetraploid trees (total: 29 trees, Table 1) based on the following model to avoid confounding effects of origin and ploidy (model 2):  

Yij = µ + Bi + Gj + εij,                                                                                                                                                            (2) 

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. 

Table 2 
Phenological dominating phases of leaves, flowers and fruits recorded for each tree.   

Scores Phases 

Leafing 0 No buds 
1 Buds visible 
2 Buds developed 
3 Signs of leaves 
4 Leaflets visible 
5 Leaf expansion 
6 Leaf complete 
7 10–50% brown or shed leaves (senescence i) 
8 > 50% brown or shed leaves (senescence ii) 

Leaf development (i) Days between leafing score 1 ("buds visible") and 3 ("signs of leaves") (LD (i)) 
Leaf development (ii) Days between leafing score 3 ("signs of leaves") to 6 ("leaf complete") (LD (ii)) 
Growing period (i) Days between leafing score 3 ("signs of leaves") and 7 ("10–50% brown or shed leaves") (GP (i)) 
Growing period (ii) Days between leafing score 3 ("signs of leaves") and 8 ("> 50% brown or shed leaves") (GP (ii)) 
Flowering 0 No flower buds 

1 Flower buds 
2 Fully developed flowers 
3 Withered flowers 

Flowering period Length from occurrence of "Flower buds" to "Withered flowers" 
Fruiting 0 No fruits 

1 Fruit initiation 
2 10–50% fruits developed 
3 > 50% fruits developed 
4 10–50% fruits ripe 
5 All fruits ripe  
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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 adjusted degrees of freedom. Residuals were plotted against predicted values to examine for hetero
scedasticity and outliers and histogram of residuals were examined for normality. 

Pearson’s correlation coefficients were estimated between population means (least square mean estimates) for flushing, flowering 
phenology and growth (height, diameter, and crown area measured in year 2017). To estimate the population means in growth, model 
(2) was applied respectively for the diploid and tetraploid populations and the derived least square means were used to test the 
correlations with phenology. In addition, phenology was correlated to climate variables at the site of origin of populations, and sig
nificant correlations visualized by plots. The correlation coefficients and associated tests of significance based on the population least 
square mean estimates were carried out for diploids and tetraploids separately using the corr.test function in the package psych 
(Revelle, 2019) as implemented in R (R Core Team, 2020). 

3. Results 

3.1. Timing of leafing, flowering and fruiting 

In 2019, leaf buds started to appear on a few trees around day 94 (first week of April) (Fig. 2b). Buds developed progressively before 
the first day with rain > 2 mm (day 205), while “leaf complete” was registered from day 220 (cf. Fig. 2a, b). All trees had complete 
leaves at day 241 (Fig. 2b). The first trees showed signs of senescence (i) at day 270 in 2018 (the last week of September), and day 276 
in 2019 (first week of October). This was slightly earlier than the end of the rainy season for both years (cf. Fig. 2a, b). 

In general, flowers and fruits were produced during the periods of more continuous rainfall (Fig. 2c, d). In 2019, a low frequency of 
trees (1.5%) produced flowers at day 66 and 213 before the more continuous rainfall, but all these flowers were aborted (Fig. 2c). 
Flowering took place within 15 weeks (days 214–312) in 2018, and 12 weeks (day 241–318) in 2019 (Fig. 2c). Fruit initiation was 
observed three and two weeks after the observation of the first flower buds in 2018 (day 236) and 2019 (day 255), respectively. Fruits 
began to ripen towards the end of the rainy season at day 284 (11th October 2018) and day 304 (31st October 2019) (Fig. 2d). The 
frequency of trees that completed all fruiting phases was 97% in 2018 while only 32% of the surviving trees succeeded setting fruits in 
2019. The frequency of trees showing fruit initiation was also low in 2019 compared with 2018, though the frequency of trees with 
flower buds reached almost the same level in 2019 as in 2018. These differences suggest a higher frequency of fruit abortion in 2019 
(Fig. 2d), which may be due to the fact that trees initiated fruit development almost three weeks later in 2019 (day 255) compared to 
2018 (day 236). 

3.2. Relationship between leaf flushing and climate at the site of origin 

Among diploid populations, the timing of “signs of leaves” and “leaflets visible” was earlier among populations from dry sites, i.e., 

Fig. 2. Patterns of rainfall (a), leafing (b), flowering (c) and fruiting (d) phenology of A. senegal during the period of survey (August 2018-December 
2019). Weekly accumulated rainfall (blue bars) at 10 km (15◦24′10′′N, 15◦25′56′′W) from the Dahra field site in 2018 and 2019. 
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where the first month of the year with WAI > 0 (WAI0i) occurred late (Fig. 3a, b). The speed of LD (ii) and GP (ii) was correspondingly 
longer for populations from sites where a positive monthly WAI0i appeared late (Fig. 3c, d). In tetraploid populations, there were no 
clear relationship between leafing phases and the climate variables. 

3.3. Relationship between leaf flushing and growth traits 

In both diploid and tetraploid populations, first day with “signs of leaves” and “leaflets visible” correlated negatively with the 
number of days for LD (ii) indicating that late flushing populations in 2019 reached “leaf complete” about the same time as the 
populations with early leaf flushing. Nevertheless, both estimates of GP (GP(i) and GP(ii)) were negatively correlated with first days of 
the early flushing phases, particularly first day with “signs of leaves” and “leaflets visible”, which means that the early flushing trees in 
general had a longer GP (Table S1). 

In diploid populations, the first day of “buds developed” (2019) correlated negatively with height and crown area (Fig. 4a, c). Late 
senescence (i) in 2019 and GP (i) correlated positively with the diameter (Table S1, Fig. 4h). Thus, populations with early development 
of buds where characterized by taller trees and larger crown areas compared to populations with late bud development, and pop
ulations with late senescence had a longer GP and larger diameter. 

In tetraploid populations, late senescence (senescence (i) and senescence (ii)) correlated positively with growth in 2018 (Table S1, 
Fig. 4d, e, f). The significant correlations were mainly due to the two populations India60 (India) and Sodera (Ethiopia), and no clear 
relationships were found when these two populations were removed from the analysis (Fig. S3d, e, f). 

3.4. Differences in leafing phenology between ploidy levels and among populations 

Diploids and tetraploids differed significantly in leafing phenology as regards the day with “signs of leaves”, LD (ii), and the length 
of the growing period (GP (i)). Tetraploids thus showed earlier “signs of leaves” (day 187 ± 7.3) and longer length of LD (ii) (day 

Fig. 3. Pairwise plots of the leaf signs, leaflets visible, leaf development (ii) and growing period (ii) against the WAI0i (first month of year (MOY) 
with WAI > 0 average for the period 1961–1990) (a, b, c, d), in diploid and tetraploid populations. Symbols represent population least square 
means. Growing period (ii) is the number of days between the first day with registration of “signs of leaves” and first day with registration of “> 50% 
brown and shed leaves” (GP (ii)); the leaf development (ii) the number of days between the first registration of “signs of leaves” and first registration 
of “leaf complete” (LD (ii)). 
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43 ± 7.3) as compared to diploids ones (day 203 ± 5.2 and day 26 ± 5.1, respectively) (Table 3). Since diploids and tetraploids 
reached “leaf complete” almost at same time, the diploid trees had a significantly faster LD compared to tetraploids trees (Table 3). 

Diploid populations were significantly different from each other in regards to the first day of leaf senescence (i) in 2018, but this 
result was not repeated in 2019. In addition, diploid populations differed in first day with “buds visible”, “buds developed”, “signs of 
leaves”, “leaf expansion”, and “leaf complete” (Table 3). The four populations Daiba, Diamenar, Ngane (all Senegal) and Djigueri 
(Mauritania) had greater frequency of trees (≥ 25%) starting early leaf flushing (first day with “buds visible” and first day with “buds 
developed”) among the diploid populations (Fig. S1). These populations originate from dry sites where a positive monthly WAI0 occurs 
late in the year (Table 1). 

Tetraploid populations showed differences from each other in senescence in both 2018 and 2019 at least concerning the first day 
with “10–50% brown or shed leaves” (senescence (i) in Table 3). Significant differences were also found in first day with “buds 
developed”, “leaflets visible”, and “leaf complete” (Table 3). The local population Ngane had early leaf flushing (first day with “buds 
visible” and first day with “buds developed”) among the tetraploid populations (Fig. S2). 

The population differences in leaf flushing and senescence were also to some extent reflected in significant differences, among 
diploid populations in LD (i) and GP (i), and among tetraploid populations in both estimates of GP (Table 3). 

3.5. Differences in flowering phases between ploidy levels and among populations 

The mean day with dominance of fully developed flowers and withered flowers differed significantly between diploids and tet
raploids in 2019, and was for the tetraploids 269 ± 4.7 and 291 ± 3.1, respectively. For the diploids, the mean day with dominance of 
fully developed flowers and withered flowers was 279 ± 2.8 and 299 ± 1.9, respectively (Table 4). No significant differences between 

Fig. 4. Pairwise plots of the growth variables (height, diameter and crown area) against estimates of first day with developed buds (a, b, c), first day 
with senescence (i) in 2018 (d, e, f) and 2019 (g, h, i) and growing period (GP (i)) (j, k, l). Symbols represent population means. Dark symbols denote 
diploid populations, whereas gray symbols denote tetraploids. DOY means day of the year. The correlations in Fig. 3d, e, f are not significant 
(p = 0.31, p = 0.23, p = 0.057, respectively) when India60 and Sodera were removed. 
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Table 3 
Differences in leafing phenology between (a) diploid and tetraploid trees of A. senegal based on data from the five populations (Kidira, Ngane, Karofane, Kirane, Aite, Table 1) where diploid and tetraploid 
trees are present (model 1 on the left) and (b) among populations analyzed separately in each of diploid and tetraploid populations respectively (model 2 on the right). Variables where no year is specified 
were recorded in 2019.  

Variables Mean values Statistical results 

Ploidy levels (1) Population tests (2) 

Diploid n Tetraploid n Diploids  Tetraploids 

Df F value P value Df F value P value  Df F value P value 

Senescence (i) (2018)  291 ± 1.5  55  291 ± 2.5  15  1  0.00 0.9751  13  4.13 < 0001***   6  10.13 < 0001*** 
Senescence (ii) (2018)  338.8 ± 0.8  55  335.8 ± 1.4  15  1  3.43 0.069  13  2.10 0.0154*   6  1.91 0.1311 
Buds visible  127 ± 2.8  55  125 ± 4.0  15  1  0.39 0.537  13  2.80 0.0012**   6  2.37 0.0707 
Buds developed  154 ± 3.3  55  151 ± 6.2  15  1  0.16 0.6912  13  2.50 0.0041**   6  6.65 0.0008** 
Signs of leaves  203 ± 5.2  55  187 ± 7.3  15  1  5.98 0.0180*  13  2.18 0.0127*   6  2.48 0.0685 
Leaflets visible  214 ± 5.6  55  203 ± 7.3  15  1  2.28 0.1408  13  1.71 0.0718   6  3.28 0.0314* 
Leaf expansion  224 ± 5.7  55  226 ± 1.8  15  1  1.3 0.2624  13  3.18 0.0006**   6  0.34 0.8886 
Leaf complete  229 ± 1.1  55  230 ± 1.8  15  1  0.21 0.6504  13  3.54 0.0001*** 6  9.07  0.000*** 
Senescence (i) (2019)  301 ± 2.1  55  303 ± 4.2  15  1  0.15 0.6986  13  0.87 0.5867   6  3.45 0.0177* 
Senescence (ii) (2019)  349 ± 2.9  55  346 ± 4.6  15  1  0.22 0.6426  13  0.77 0.6902   6  1.99 0.1947 
Leaf development (LD (i))  101 ± 2.8  55  105 ± 4.4  15  1  0.59 0.4439  13  1.90 0.0335*   6  1.34 0.2878 
Leaf development (LD (ii))  26 ± 5.1  55  43 ± 7.3  15  1  6.55 0.0136*  13  1.64 0.0796   6  2.21 0.096 
Growing period (GP (i))  98 ± 5.7  55  114 ± 8.1  15  1  3.58 0.064  13  0.08 0.0087*   6  7.52 0.0003*** 
Growing period (GP (ii))  145 ± 6.03  55  164 ± 8.9  15  1  3.85 0.058  13  0.851 0.6064   6  21.59 0.0003*** 

LD (i): leaf development (i) number of days between “buds visible” and “leaf complete” LD (ii): leaf development (ii) number of days between “signs of leaves” and “leaf complete” GP (i): Growing period 
(i) number of days between “signs of leaves ”and “10–50% brown shed leaves” GP (ii): Growing period (ii) number of days between “signs of leaves” and “> 50% brown shed leaves”. Asterisks indicate the 
level of significance; *p < 0.05; **p < 0.01; ***p < 0.001. Least square means ± SE of the distribution and standard error, Df: degrees of freedom, n: number of trees for each level of ploidy. Asterisks 
indicate the level of significance; *p < 0.05; **p < 0.01; ***p < 0.001; significant P value in bold. 

O
. D

iatta et al.                                                                                                                                                                                                         



Global Ecology and Conservation 33 (2022) e01957

10

ploidy levels were found for flowering phases in 2018. 
Among diploid populations, significant differences were found in first day with “withered flowers” in 2018 and 2019, and first day 

with dominance of “fully developed flowers” in 2019. 
Among tetraploids populations, significant differences were found in the initiation of flower buds and the length of flowering 

period (FP) in 2019 (Table 4). 
The similar time point for a high frequency of trees that reached “fully developed flowers” within the populations Kirane and Ngane 

suggested a period of overlap in flowering time between diploid and tetraploid trees (Fig. 5). 

3.6. Differences in fruiting phases between ploidy levels and among populations 

Significant differences were found between diploids and tetraploids as regards the day of year for the early fruiting stages in 2018 
(“fruit initiation” and “10–50% developed fruits”) with diploids showing earlier fruit initiation and development at day 263 ± 0.8 and 

Table 4 
Differences in flowering phases between (a) diploid and tetraploid trees of A. senegal based on data from the five populations (Kidira, Ngane, Karofane, 
Kirane, Aite, Table 1) where diploid and tetraploid trees are present (model 1 on the left) and (b) between populations analyzed separately in each of 
diploid and tetraploid populations respectively (model 2 on the right).  

Variables Mean values Statistical results 

Ploidy levels (1) Population tests (2) 

Diploid n Tetraploid n Diploids Tetraploids 

Df F 
value 

P value Df F 
value 

P value Df F 
value 

P value 

Flower buds (2018)  237 ± 2.2  55  238 ± 3.7  15  1  0.07 0.789  13  0.58 0.8677  6  0.58 0.7391 
Fully developed flowers 

(2018)  
257 ± 2.7  55  260 ± 4.0  15  1  0.45 0.505  13  0.49 0.9293  6  0.68 0.6704 

Flowers withered (2018)  287 ± 1.5  55  284 ± 3.0  15  1  0.73 0.398  13  2.24 0.0101*  6  1.29 0.3086 
Flowering length 2018  51 ± 2.4  55  45 ± 4.6  15  1  1.47 0.231  13  1.74 0.0571  6  0.61 0.7194 
Flower buds (2019)  264 ± 2.8  55  254 ± 5.1  15  1  2.87 0.096  13  1.08 0.3855  6  7.49 0.0006** 
Fully developed flowers 

(2019)  
279 ± 2.8  55  269 ± 4.7  15  1  4.15 0.0466*  13  1.95 0.0298*  6  1.27 0.3182 

Flowers withered (2019)  299 ± 1.9  55  291 ± 3.1  15  1  7.09 0.0104*  13  3.83 < 0001***  6  0.79 0.5896 
Flowering length 2019  35 ± 2.3  55  36 ± 4.5  15  1  0.04 0.8488  13  0.91 0.5439  6  43.53 < 0001*** 

Least square means ± SE of the distribution and standard error, Df: degrees of freedom, n: number of trees for each level of ploidy. Asterisks indicate 
the level of significance; *p < 0.05; **p < 0.01; ***p < 0.001. 

Fig. 5. Frequency of fully developed and likely fertile flowers among diploid and tetraploid groups of trees within the two populations Kirane and 
Ngane, respectively. 
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Table 5 
Differences in fruiting phases between (a) diploid and tetraploid trees of A. senegal based on data from the five populations (Kidira, Ngane, Karofane, Kirane, Aite, Table 1) where diploid and tetraploid 
trees are present (model 1 on the left) and (b) among populations analyzed separately in each of diploid and tetraploid populations respectively (model 2 on the right).  

Variables Mean values Statistical results 

Ploidy levels (1)  Population tests (2) 

Diploid n Tetraploid n  Diploids  Tetraploids 

Df F value P value  Df F value P value  Df F value P value 

Fruit initiation 2018  263 ± 0.8  55  270 ± 1.5  15  1  19.30 < 0001*** 13  2.36 0.0069**   6 16.44 < 0001*** 
10–50% fruits developed 2018  271 ± 1.4  55  276 ± 1.8  15  1  13.36 0.0005*** 13  2.93 0.0008*** 6  6.69 0.0006*** 
> 50% fruits developed 2018  286 ± 2.4  55  287 ± 5.5  15  1  0.02 0.8967   13 1.18 0.3147   4 2.51 0.3046 
10–50% fruits ripe 2018  320 ± 0.5  55  320 ± 0.6  15  1  1.74 0.1930   13 5.4 < 0001*** 6 1.7 0.1753 
All fruits ripe 2018  328 ± 0.60  55  328 ± 0.87  15  1  0.10 0.7476   13 6.9 < 0001*** 6 1.01 0.4492 
Fruit initiation 2019  269 ± 3.6  55  270 ± 4.0  15  1  0.29 0.6060   11 2.63 0.012*   4 2.69 0.1803 
10–50% fruits developed 2019  278 ± 5.3  55  280 ± 5.8  15  1  0.32 0.5840   11 3.96 0.0006*** 4 1.103 0.4348 
> 50% fruits developed 2019  289 ± 3.1  55  290 ± 3.7  15  1  0.33 0.5846   11 2.79 0.0081**   4 0.033 0.9968 
10–50% fruits ripe 2019  318 ± 2.2  55  322 ± 3.4  15  1  2.28 0.1621   11 2.23 0.0307*   4 2.33E+28 < 0001*** 
All fruits ripe 2019  332 ± 1.3  55  338 ± 3.0  15  1  3.13 0.1072   11 1.13 0.3682   4 2.33E+27 < 0001*** 
Mean % trees making fruits 2018  97 ± 1.8  55  100 ± 2.3  15  1  1.5 0.2314   13 1.26 0.2838   6 1.00E+00 0.4326 
Mean % trees making fruits 2019  34 ± 13.5  55  29 ± 16.0  15  1  0.11 0.7419   13 1.35 0.2341   6 20.31112 0.0023 

Least square means ± SE of the distribution and standard error, Df: degrees of freedom, n: number of trees for each level of ploidy. Asterisks indicate the level of significance; *p < 0.05; **p < 0.01; 
***p < 0.001. 
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271 ± 1.4, respectively, while tetraploids showed fruit initiation and development at day 270 ± 1.5 and 276 ± 1.8, respectively 
(Table 5). Variation among diploid populations was significant in the timing of all fruiting phases, except for “> 50% fruits developed” 
and “all fruits ripe” in 2018 and 2019 respectively (Table 5). In tetraploid populations, populations were only significantly different in 
the timing of their early fruiting phases (“fruit initiation” and “10–50% developed fruits”) and fruit ripening (“10–50% fruits ripe” and 
“all fruits ripe”) in 2018 and 2019, respectively. However, a low number of tetraploid trees had developed ripe fruits in 2019, which 
explained the higher significance among populations. 

No significant differences were found between diploid and tetraploid trees, and among diploid populations in their success of 
developing ripened fruits in 2018 and 2019 (Table 5). 

4. Discussion 

4.1. Triggering factors in relation to phenological patterns 

In the present study, Acacia senegal started shedding its leaves at the end of the rainy season. The trees remained almost leafless 
during the dry season, but buds and leaf development began before the first rainfall. Our finding of leafing initiation before rainfall is in 
line with another study on phenology of A. senegal in West Africa (Seghieri et al., 2012b) and with the general findings of pre-rain green 
up in the dry tropics from satellite images (Ryan et al., 2017). The findings are however in contrast to a previous study on phenology of 
A. senegal in Kenya (Omondi et al., 2016), where the initiation of leaves were found to occur at the onset of the rain. In contrast to our 
study the phenology of Kenyan A. senegal was bimodal and followed the rainfall patterns. In the dry tropics, the phenomenon of leafing 
before the rainy season may be triggered by factors such as photoperiodicity, temperature and air humidity (De Bie et al., 1998; Myers 
et al., 1998; Do et al., 2005; Seghieri et al., 2012b; Di Lucchio et al., 2018), but the process is still poorly understood. When inves
tigating the phenology of A. tortilis subsp. raddiana in the Sahelian zone of Senegal, Do et al. (2005) suggested that the relative hu
midity of the air in connection with low pressures in the Inter-Tropical Convergence Zone (ITZC) is a determinant factor of early leaf 
flushing in this region. In a greenhouse experiment, Di Lucchio et al. (2018) found that flushing in A. digitata was influenced by the 
day-length with the lowest degree of meristematic activity observed in the short day-length treatment. The environmental factors that 
influence our observed leafing in A. senegal are still not clear. Thus, further investigations under controlled conditions testing effects of 
environmental factors (temperature, day-length, drought) on leaf phenology of A. senegal will be needed. 

The completion of leaf development as well as the development of flowers and fruits during the rainy season attests to the 
importance of a match between phenology and local seasonality, in relation to changing conditions in soil water availability (Borchert, 
1994; Okullo et al., 2004; Omondi et al., 2016). Tree species from dry tropical areas mostly use the favorable, but often very short rainy 
seasons for leaf development to accumulate sufficient photosynthates and initiate reproduction before the soil moisture starts to fall in 
the subsequent drier season (Singh and Kushwaha, 2006). The results also suggest that rainfall may trigger flowering (and fruiting) in 
A. senegal (Tandon et al., 2001; Omondi et al., 2016; but see also Tybirk, 1993), and allows fruit growth and maturation (Lieberman, 
1982). 

While climatic variables are potential factors that trigger leaf flushing in tropical drylands, the ability to access deep soil moisture 
(Borchert, 1994) or groundwater (Do et al., 2005, 2008), and the storage of water in tree stems (Borchert, 1994; Myers et al., 1998) 
may also be important for phenology. In deep-rooting woody plants, the strategy of leafing before the start of the rainy season indicates 
other available water resources providing a fully operating photosynthetic apparatus under favorable conditions (De Bie et al., 1998). 
In addition, seasonal changes in tree water status with reduction of water loss during leaf shedding in combination with available soil 
water enabled rehydration of stem tissues and subsequent flowering or flushing during the dry season in tropical dry forest trees 
(Borchert, 1994). Leaf flushing during the dry season has been found in Adansonia species in Madagascar, which was related to the 
stem water reserves (Chapotin et al., 2005). 

4.2. Genetic variation among populations 

In the present paper we found significant genetic variation in leafing phenology among populations while grown at the same site in 
Senegal. This was the case for both diploid and tetraploid trees. In general, populations of A. senegal with early leaf flushing had a 
longer growing period. It can be speculated if such early leafing trees can resist water loss and/or if they show higher drought tolerance 
to sustain the period from leaf flushing to start of the rainy season. In our study we found that the early flushing trees in general 
performed better in growth. The early development of leaf buds might be an important adaptation to areas with highly variable start of 
the rainy season making it possible for the trees to initiate photosynthesis fast. 

The genetic differences in leafing phenology among populations suggest presence of local adaptation to seasonality in A. senegal. 
However, in our study we found that it was diploid trees from sites with a late arriving rainy season that developed leaves earliest in the 
year. This is against a simple hypothesis of trees from areas with late arriving rain having late leaf flushing. No significant relationships 
were found between leafing phases and other climatic variables at the origins. Still, the annual African monsoon looses moisture from 
the ocean toward the north, and sites with late arrival of the rainy season are therefore also in general sites with low annual rainfall. 
This is reflected by WAI0i being negatively correlated with the annual mean precipitation and positively correlated with the latitude of 
the origins: sites with high WAI0i (late arriving rainy season) are also in general drier. So even though the relationship between 
phenology and annual mean precipitation is not significant in our analysis, there is an inherent relationship between timing of rainy 
season and amount of precipitation. 

The significant, but negative correlation between WAI0i and leaf development in the common garden highlights the importance of 
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identifying the environmental cues that control leafing phenology and the associated physiological mechanisms. Since bud and leaf 
development commence before the start of the rainy season, it is tempting to suggest a role for the small variations in daylength 
observed close to the equator (Di Lucchio et al., 2018). However, the pattern we observe would be possible only if bud development is 
triggered by longer days before the spring equinox. Buds become visible shortly after the spring equinox, making this a possibility, but 
it would require knowledge of leaf phenology at the sites of origin, or studies of leaf phenology under controlled light regimes to truly 
verify this hypothesis. 

A better insight into the triggering factors is crucial in order to predict how movement of seed sources will influence their 
phenology and thereby their ability to grow in non-native environments. The latter is a pre-requisite for development of smart seed 
transfer guidelines (assisted migration) as a mean to mitigate changing growing conditions related to global warming. Since recent 
studies in temperate forests has revealed that phenology can also be influenced by maternal effects (Bräutigam et al., 2013), it is also 
important to take this option into consideration in further studies of mechanisms controlling the phenology. 

The observation of differences among populations in phenology should be seen in context of Diatta et al. (2021a) that find a clear 
indication of local adaptation to dry conditions, where A. senegal provenances from dry sites performed relatively better in terms of 
growth at a dry site Dahra (the same common garden used in the present study) compared to provenances from wet sites that per
formed relatively better when grown at a wetter site. Differences in leafing phenology likely explains some of the differences in growth, 
and additional investigations on factors triggering leafing in A. senegal and their associated physiological mechanisms are important. 

We did not find any relationships between timing of senescence and climate at sites of origins. This contrasts previous studies of 
African tropical species such as A. digitata (Di Lucchio et al., 2018; Bamba et al., 2019) and P. biglobosa (Ouedraogo, 2015). The studies 
of A. digitata demonstrated that the timing of senescence is under genetic control and was related to the climatic parameters at the site 
of origin, and the senescence of P. biglobosa populations followed a latitudinal gradient. In general, genetic differences in phenology 
can reflect adaptation to prevailing climates. In the context of future climate change that may challenge current adaptation of trees to 
their local growth conditions (Ouedraogo, 2014), species will be able to change phenology through phenotypic plasticity or natural 
selection. The relationship between timing of senescence and climatic parameters at the site of origin supports that the patterns are 
generated by local adaptation (Bamba et al., 2019). In order to enhance knowledge on the adaptation of A. senegal to different climatic 
conditions, more investigations over successive years and in different geographic locations are needed. 

4.3. Genetic variation between ploidy levels 

Although it is generally accepted that A. senegal is a heteroploid species with different levels of ploidy and that different cytotypes 
can either co-exist in the same populations or be found in pure populations (Assoumane et al., 2013; Odee et al., 2015; Diallo et al., 
2015), it is still not clear how well the cytotypes are delimited and what mechanisms reinforce the potential boundaries. In the present 
study we found differences between diploids and tetraploids in some leaf phenological characters (the first signs of leaves and the 
speed of leaf development). Although tetraploids started to flush earlier, diploids had a significantly faster leaf development. As 
regards flowering and fruiting, flower development and senescence occurred earlier in tetraploids than in diploids, while differences in 
fruit development between the two cytotypes were non-significant. The phenological differences between cytotypes suggest that 
ploidy level may be of importance for the fitness of A. senegal. Since the leaf phenological phases “sign of leaves” and “complete leaves” 
appeared respectively before and after the rainy season, and diploids had faster leaf development despite their late leaf initiation, we 
can hypothesize that diploid and tetraploid individuals employ different water-use strategies to adapt to contrasting environments. An 
explanation could be a better performance of A. senegal polyploids under drought stress (Diallo et al., 2016), perhaps because tetra
ploids display higher water use efficiency (WUEi) compared to diploid individuals (Diatta et al., 2021b). It has been demonstrated that 
under conditions of changing water availability, deciduous species such as A. senegal do not maintain a consistent water use strategy 
(Gebrekirstos et al., 2011). In general, plants that display higher or lower WUE under drought conditions, may exhibit contrasting 
water use strategies in wet conditions (Gebrekirstos et al., 2011; Gray et al., 2013). Further investigations in both dry and growing 
seasons will be needed to clarify the differences between diploid and polyploids in their water use strategies. 

Diploid and tetraploids differed in their flowering in 2019, where tetraploid individuals had fully developed flowers earlier and 
shorter flowering time than diploid individuals. However, the same patterns were not observed in 2018 where the two ploidy levels 
seemed to flower simultaneously. However, even in the case of overlapping flowering time, other pre-zygotic factors are likely to limit 
gene flow between ploidy levels (Diallo et al., 2021). 

5. Conclusion 

This study is to our knowledge the first to investigate the variation in phenology among different origins of A. senegal. It showed 
that phenology in A. senegal is to some extent under genetic control, but the environmental factors that trigger leafing phenology and 
create variation among populations when grown in a common garden are not yet known and need further investigations. The results 
revealed apparent local adaptation with early budburst, long growing season and better performance as characteristics of populations 
from dry areas. To face the ongoing climatic changes, further research on physiological mechanisms in relation to the leaf life-span in 
A. senegal will be needed for future use in conservation programs in Africa. 
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