
Article Not peer-reviewed version

Provenance Variation in Seed and Fruit

Pod Traits of Multipurpose Wonder

Forest Tree Siris (Albizzia lebbek) in

Northern India and Relationships with

Bioclimatic Factors

Om P. Rajora * , Abdul Bari Muneera Parveen , Modhumita Ghosh Dasgupta

Posted Date: 4 March 2024

doi: 10.20944/preprints202403.0146.v1

Keywords: Indian siris; morphological diversity; seed source variation; geographical variation;

geocoordinates; ecotypic variation; seed germination; inter-traits correlation; inter-provenance

differentiation; genetic resource conservation, sustainable management and improvement

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.



 

Article 

Provenance Variation in Seed and Fruit Pod Traits of 

Multipurpose Wonder Forest Tree Siris (Albizzia 

lebbek) in Northern India and Relationships with 

Bioclimatic Factors 

Om P. Rajora 1,*, Abdul Bari Muneera Parveen 2 and Modhumita Ghosh Dasgupta 2 

1 Faculty of Forestry and Environmental Management, University of New Brunswick, P.O. Box 44000, 28 

Dineen Drive, Fredericton, NB E3B 5A3, Canada 
2 ICFRE-Institute of Forest Genetics and Tree Breeding, R.S. Puram, Coimbatore 641002, India 

* Correspondence: Om.Rajora@unb.ca 

Abstract: Understanding morphological and genetic diversity of forest trees is essential to facilitate their 

conservation, sustainable management and genetic improvement for addressing the economic and 

environmental demands and challenges. We have examined variation in morphometric seed and pod traits 

and seed germination of multipurpose and widely distributed forest tree Albizia lebbek (Indian siris) from 12 

provenances covering the species’ range in northern India and its relationships with bioclimatic factors. Highly 

significant inter-provenance variation was observed in seed size (seed length (SL), seed width (SW), SW/SL, 

SL×SW), seed mass (1000 seed weight), pod size (pod length (PL), pod width (PW), PW/PL), seed germination, 

number of seeds per pod, and insect infected seeds (IIS). The provenance effect contributed a major portion to 

the total phenotypic variance. Morphometric variation in all traits except for IIS was not clinal related to 

longitude, latitude, altitude or rainfall. There was an indication of the presence of ecotypic variation. IIS showed 

clinal variation with significant negative correlation with latitude. Most seed size and pod size traits showed 

positive correlations with several temperature bioclimatic factors and negative correlations with several 

precipitation bioclimatic factors. Our results have significance for genetic improvement, population genetics 

and genomics studies and conservation and sustainable management of A. lebbek genetic resources. 

Keywords: Indian siris; morphological diversity; seed source variation; geographical variation; 

geocoordinates; ecotypic variation; seed germination; inter-traits correlation; inter-provenance 

differentiation; genetic resource conservation; sustainable management and improvement    

 

1. Introduction 

Conservation and sustainable management of forest trees are vital not only for the goods and 

services they provide but also for the mitigation of climate change effects. This is especially important 

for multipurpose forest trees because, besides timber, they provide essential non-timber forest 

products, such as food, fodder, fuel wood, medicines, biofuels, shade, and support soil conservation. 

Sustainability of forest trees could be achieved by conserving their natural forest genetic resources 

in-situ and planting genetically improved stock to meet the demands. Both practices require the 

existence of diversity, especially genetic diversity, which provides the basis for conservation and 

sustainable management of forest trees [1-4] and is essential for genetic improvement and adaptive 

potential under climate change [4].  Morphometric diversity can often reflect underlying genetic 

diversity. Therefore, understanding morphological and genetic diversity is crucial in forest trees. 

Among the morphometric traits, seeds and fruits are extremely important reproductive traits because 

survival and reproduction are essential for the existence of a species. Furthermore, seed size is a 

functional trait under selection in plants and affects quality and fitness of the offspring [5,6] and local 

adaptation of the species [7]. Seeds and fruits are also of economic importance in many forest trees. 

Therefore, knowledge of morphometric variation in seed and fruit characteristics is of basic and 
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applied importance. The first step in tree breeding is usually collecting seeds and fruits for 

conducting provenance tests and examining provenance variation in seed, fruit, and offspring 

growth traits.  

Albizia lebbek (L.) Benth, commonly known as Indian siris, black siris or siris, is a fast-growing 

multipurpose tree belonging to the family Fabaceae and subfamily Mimosoideae. It is native to the 

tropical and subtropical regions of Asia and Africa and extensively distributed in the Indian 

subcontinent [8].  Due to its adaptability to various climatic conditions, A. lebbeck has a wide natural 

distribution range in India. It is also commonly planted along roadsides and gardens as a shade and 

avenue tree. A. lebbek has high economic, ecological and environmental importance. It is valued for 

various end uses including timber, fuel wood, shade tree in agroforestry systems [9], fodder for 

livestock [10] and a wide range of medicines [11]. The fruit pods of A. lebbeck are a source to produce 

microporous activated carbon used for water and sewage treatments and air purification [12], 

potential source for bioenergy and bioethanol production [13,14] and a low-cost biosorbent for water 

softening [15] and removal of phenol from aqueous solutions [12,16].  A. lebbek seeds have extensive 

medicinal applications for the treatment of diverse ailments [17,11]. Furthermore, this species has 

applications for soil conservation and erosion control owing to its shallow root system and ability to 

improve soil fertility due to its symbiotic association with Rhizobia [18]. Therefore, A. lebbek could be 

called a “wonder tree”. Hence, conservation and sustainable management and genetic improvement 

of A. lebbek are of crucial importance. 

Despite the huge ecological, economic, and environmental importance of A. lebbek, almost 

nothing is known about geographical, morphological and genetic variation in this species. From the 

adaptability of A. lebbeck to a wide range of edaphic and ecological conditions, high morphological 

and genetic diversity is expected in this species. Also, there is no information on relationships of 

morphometric or genetic traits with bioclimatic factors, which is necessary to understand genetic 

basis of local adaptation to climate in this species as well as its responses and adaptation to climate 

change. We are also not aware of any active tree improvement and genetic resource conservation 

program for this species.  To our knowledge, only one study has been published on morphological 

variation in A. lebbek provenances [19], which was conducted to examine variation in three seed traits 

from a very small part of the species range in Himachal Pradesh State of India. Also, Bagchi and 

Emannuel [20] reported variation in pod length and number of seeds per pod for six trees of A. lebbek. 

No study has been published reporting range-wide or limited range (beyond one state) 

morphological variation in this species. Indeed, most of the studies on morphological variation 

within the Albizzia genus are limited to examining variation in seed, pod and/or seedling traits in two 

species: A. procera [21,22,23] and A. chinensis [24]. Therefore, there is an urgent need to examine 

morphological and genetic diversity in A. lebbek that can support its genetic improvement and genetic 

resource conservation and sustainable management programs.  

In order to meet the demands for various products and services from A. lebbek as described 

above, there is great need to genetically improve the traits of interest.  Besides growth and wood 

traits, seed size and pod size are of significant importance because seeds and pods are of economic 

and environmental importance in this species as discussed above.  One of us (Om P. Rajora) started 

a tree improvement program of this species in 1981 under the Indo-Danish Project on Tree 

Improvement, at Forest Research Institute, Dehradun, India. As usual, the first step for initiating a 

tree improvement program is to collect seeds from various seed sources, conduct provenance tests 

and examine provenance variation in traits of interest. This paper reports those first efforts. No other 

genetic improvement has been reported for A. lebbek to our knowledge despite four decades have 

passed since the first efforts were made, and Om Rajora came to Canada.         

The objective of this study was to examine morphological variation in seed and fruit pod traits 

and seed germination of A. lebbek from its natural range in northern India and correlations among the 

studied seed and pod traits and seed germination, and to understand the influence of bioclimatic 

factors of seed sources on the pod and seed traits variation. We expected high morphological 

variation in seed size and pod size over the sampled range because of wide differences in ecological, 

edaphic and climate conditions.  
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2. Materials and Methods 

2.1. Provenances and Pod Collection  

Twelve provenances (seed sources) of A. lebbek located in six states (Jammu and Kashmir, 

Punjab, Haryana, Uttar Pradesh, Uttarakhand, and Rajasthan) in northern India were sampled. These 

locations differed in climatic and ecological conditions, spanning over various latitudes, longitudes, 

altitudes and rainfall regimes (Table 1; Figure 1). Clean matured unopened brown pods with seeds 

were collected from at least 10 different siris trees per provenance in 1981 and placed in bulk in one 

gunny bag.   

The collected pods were brought to Forest Research Institute and Colleges, Dehradun, India for 

further processing and measurements. The pods were subsequently sun dried 

Table 1. Geographical description of the Albizzia lebbek seed sources. 

Seed 

Source 

Locatio

n Code 
State Location 

Latitud

e 

 (˚ N) 

Longitu

de  

(˚ E) 

Altitud

e  

(m) 

Rainfall 

(cm) 

Jammu RS 
Jammu & 

Kashmir 

Mira Sahib block, R.S. Pura Range, 

Jammu Forest Division, Seed zone J.K. 

I 

32˚ 35' 74˚ 50'  288 114.8 

Hoshiar

pur 
HP Punjab 

Hoshiarpur Range, Hoshiarpur Forest 

Division, Seed zone P.B. I 
31˚ 32' 75˚ 55'  305 75 

Pinjore PI Haryana 

Pinjore Range, Morni-Pinjore complex, 

Morni-Pinjore Forest Division, Seed 

zone H.R. I 

30˚ 48' 76˚ 54'  600 84 

New 

Forest  
NF 

Uttarakha

nd 

New Forest, Forest Research Institute 

and Colleges, Seed zone U.P. I 
30˚ 19' 78˚ 02'  660 216 

Mohand MO 
Uttarakha

nd 

Mohand Range, Mohand Block, 

Compartment I-A, Shivalik Forest 

Division, Seed zone U.P. I 

30˚ 11' 77˚ 54'  430 90 

Bijnor SH 
Uttar 

Pradesh 

Chandi Range, Anjani Block, 

Compartment I, Bijnor Forest 

Division, Seed zone U.P. II 

29˚ 54' 78˚ 12'  268 103.4 

Lalkuan LK 
Uttar 

Pradesh 

Lalkuan Range, Compartment I, 

Haldwani Forest Division, Seed zone 

U.P. IV 

29˚ 04' 79˚ 30'  210 145.7 

Ahar AH 
Uttar 

Pradesh 

Bulandshahr Range, Ahar Block, 

Ganga Khadar, North Doab Forest 

Division, Seed zone U.P. VIII 

28˚ 27' 78˚14'  190 72.8 

Bankati BA 
Uttar 

Pradesh 

Bankati Range, Kemagori Block, South 

Gonda Forest Division, Seed zone U.P. 

VI 

28˚ 26' 80˚ 35'  160 125.9 

Vrindav

an 
VR 

Uttar 

Pradesh 

Mathura Range, Vrindavan Block, 

Vrijbhumi Forest Division, Near Tehra 

village, Seed zone U.P. VIII  

27˚ 35' 77˚ 36'  160 50.8 
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Jaipur JP Rajasthan 

Jaipur Range, Grass Farm Weed Block, 

Forest Nursery Grass farm, Jaipur 

Forest Division, Seed zone RJ. II 

26˚ 45' 75˚ 45'  420 54.82 

Udaipur UD Rajasthan 

Udaipur Range, Sitamata Nursery, 

Shelterbelt Forest Division, Seed zone 

RJ. III 

24˚ 35' 73˚ 42'  570 62.84 

 

 

Figure 1. Location of the 12 provenances of Albizzia lebbek. The solid purple circles indicate the location 

of the studied provenances. The names of the provenances are close to the circles.  

2.2. Pod Measurement 

Four replicates of 25 pods each were randomly drawn from each provenance for the 

measurement of pod morphological traits. The length and width of each of the 100 pods per 

provenance were measured using a ruler to a mm resolution.  The pod width to pod length ratio 

was calculated for each measured pod. The number of seeds per pod was counted and the ratio of 

the number of seeds per pod to the pod length was calculated.  

2.3. Seed Extraction and Seed Traits Measurement    

Seeds were manually extracted from dried pods separately for each provenance. The number of 

insect infected seeds was counted in four replicates each of randomly selected 100 seeds. Discolored, 

stained, and damaged seeds were discarded. 
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Seed length and seed width were determined for 100 seeds in four replicates of 25 seeds each 

drawn randomly from each seed lot per provenance. Individual seeds were measured for their 

maximum length and width to a mm resolution using a ruler. Seed width/seed length and seed width 

× seed length of each measured seed were calculated. Fresh seed weight was measured in four 

replicates of 100 seeds each per provenance, and 1000 seed weight was calculated from these 

measurements. The moisture percent of the seeds was calculated as [(fresh weight – dry weight)/fresh 

weight) × 100] in four replicates of 100 seeds each per provenance. The seed dry weight was 

determined by drying the seeds at 105 + 1oC in an oven according to the International Seed Testing 

Association Rules (International Seed Testing Association 1966).  

2.3. Seed Germination 

Seed germination was conducted using four replicates of 100 seeds each randomly drawn from 

each seed lot from 12 May 1981 to 3 June 1981. The seeds were sown in soil contained in pots, which 

were placed in a glasshouse at the Forest Research Institute and Colleges, Dehradun, India under 

natural light, temperature and humidity conditions. Seed germination was monitored, and the 

germinated seeds were counted daily when the radicle reached about 1 cm. Maximum seed 

germination was considered when no further seed germination was observed, and the percentage 

was calculated from maximum seed germination counts at the end of the experiment. The seed 

germination value (SGV) was calculated for each replicate following the procedure described by [25]  

SGV=PV × MDG 

where PV is the peak value of seed germination, which is the highest seed germination 

percentage divided by the number of days since the start of the experiment, and MDG is the mean 

daily germination value.  

2.4. Data Analysis 

The mean, standard deviation (SD) and coefficient of variation (CV) for each measured and 

derived pod and seed morphological traits and seed germination were calculated for each 

provenance using SPSS 19 (SPSS, Inc., Chicago, IL, USA).  Tukey’s multiple comparison test was 

conducted to test the significance of differences in the means of pod and seed traits among the 12 

provenances. Analysis of variance (ANOVA) was performed to test the significance of differences in 

the measured and derived traits due to provenances and replicates using the Univariate General 

Linear Model in SPSS 19 (SPSS, Inc., Chicago, IL, USA). Arcsin transformed data was used for 

ANOVA for pod width/pod length and seed width/seed length ratios, insect infected seeds 

percentage, seed moisture percentage, and seed germination percentage.    

The Generalized Linear Model was used for variance component analysis and estimation of 

provenance (σ2prov) and error (σ2e) was conducted using restricted maximum likelihood method. The 

contribution of provenance variation to the total variance was determined as the proportion of the 

total phenotypic variance due to provenance as follows:  

Proportion of the provenance variation to the total variation =
𝜎𝑝𝑟𝑜𝑣

2

𝜎𝑝𝑟𝑜𝑣
2 +𝜎𝑒

2
 

Correlation between the pod and seed parameters and its statistical significance was determined 

using Pearson correlation coefficient executed in SPSS 19 (SPSS, Inc., Chicago, IL, USA). Further, to 

determine whether the variation in seed and pod traits is clinal or not related to provenances’ 

geographical locations, correlation of the pod and seed traits with geographical coordinates 

(longitude and latitude), altitude and rainfall was determined. Additionally, 19 climatic variables 

were downloaded from the Worldclim data portal 

(https://www.worldclim.org/data/bioclim.html) and correlation of each of these climate factors 

with each of the pod and seed traits was determined. Principal component analysis (PCA) was 

conducted using FactoMineR [26] to condense the studied traits into principal components and 

explore the continuum of trait variation. Hierarchical clustering analysis was conducted using 
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factoextra [27] to generate a UPGMA dendrogram and group the provenances into clusters based on 

the Euclidean distances calculated from the studied traits. All the graphical representations were 

performed using the R statistical environment software [28].  

3. Results 

3.1. Pod Traits 

The pod characteristics of A. lebbek showed high inter-provenance variation (Table 2). The mean 

pod length over the provenances varied from 15.7 cm to 26.2 cm, with an overall mean of 21.6 cm. 

The mean number of seeds per pod varied from 7.5 to 11.3, with an overall mean of 3.8 (Table 2; 

Figure 2). The highest pod length and maximum number of seeds per pod were recorded for the 

Pinjore provenance followed by the Jammu provenance, and the lowest were documented for the 

Udaipur provenance. The mean pod width varied from 2.7 cm to 4.3 cm, with Hoshiarpur provenance 

documenting the highest pod width followed by Jammu, whereas lowest pod width was observed 

for the Mohand provenance (Table 2; Figure 2). The mean pod width/pod length varied from 0.13 to 

0.27 over the provenances with an overall mean of 0.18, whereas the number of seeds per pod length 

varied from 0.38 to 0.55, with an overall mean of 0.46 (Table 2). The variation in all measured and 

derived pod traits was highly significant among the provenances (Table 3), whereas the variation 

between replicates was not significant (Table 3). 

A significant proportion of the total variation in pod length (59.2) and pod width (65.2%) was 

due to the provenance effect (Table 3). In contrast, the provenance effect on the number of seeds per 

pod and the number of seeds per pod / pod length was lower than the error (environment) effect 

(Table 3) 

Table 2. Means, standard deviations (SD) and percent coefficients of variation (CV) of pod traits for 

12 Albizzia lebbek provenances. 

Provenanc

e  

Pod length (cm) Pod width (cm) 
Pod width / Pod 

length 
No of seeds/pod 

No of seeds per 

pod / Pod length 

Mean ± SD CV 
Mean ± 

SD 
CV Mean ± SD CV 

Mean ± 

SD 
CV 

Mean ± 

SD 
CV  

RS 
24.90 b ± 

2.11 
8 

4.26 a ± 

0.31 
7 

0.17 cdef ± 

0.02 
12 

10.71 ab ± 

0.86 
8 

0.43 bc ± 

0.03 
8 

HP 
23.18 c ± 

2.17 
9 

4.27 a ± 

0.33 
8 0.19 c ± 0.02 13 

10.14 bc ± 

1.03 
10 

0.44 b ± 

0.03 
8 

PI 
26.22 a ± 

2.89 
11 

4.13 ab ± 

0.41 
10 0.16 f ± 0.02 13 

11.33 a ± 

1.04 
9 

0.44 b ± 

0.05 
12 

NF 
19.00 e ± 

1.30 
7 

3.45 de ± 

0.25 
7 0.18 cd ± 0.01 6 

10.45 bc ± 

1.05 
10 

0.55 a ± 

0.05 
8 

MO 
20.35 d ± 

2.03 
10 

2.68 f ± 

0.26 
10 0.13 g ± 0.01 11 7.70 e ± 1.53 20 

0.38 c ± 

0.07 
20 

SH 
18.80 e ± 

1.46 
8 

3.84 c ± 

0.35 
9 0.21 b ± 0.02 11 

8.91 d ± 

1.13 
13 

0.47 b ± 

0.06 
12 

LK 
22.59 c ± 

2.50 
11 

4.20 ab ± 

0.30 
7 0.19 bc ± 0.04 19 

10.09 bc ± 

1.76 
17 

0.45 b ± 

0.11 
23 

AH 
20.97 d ± 

1.80 
9 

3.42 e ± 

0.31 
9 

0.16 def ± 

0.02 
11 9.97 c ± 1.37 14 

0.48 b ± 

0.06 
12 
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BA 
22.77 c ± 

2.02 
9 

4.06 b ± 

0.20 
5 

0.18 cde ± 

0.02 
11 

10.09 bc ± 

0.91 
9 

0.45 b ± 

0.06 
13 

VR 
22.34 c ± 

2.28 
10 

3.61 d ± 

0.31 
8 0.16 ef ± 0.02 10 

10.10 bc ± 

1.24 
12 

0.45 b ± 

0.06 
13 

JP 
22.62 c ± 

4.09 
18 

3.36 e ± 

0.41 
12 0.16 ef ± 0.11 69 

10.03 c ± 

1.58 
16 

0.48 b ± 

0.33 
69 

UD 
15.74 f ± 

2.45 
16 

4.14 ab ± 

0.64 
15 0.27 a ± 0.05 17 7.53 e ± 2.10 28 

0.48 b ± 

0.11 
23 

Overall 

mean 
21.62 3.78 0.18 9.75 0.46 

* The provenance means for a trait in the same column followed by different letters are significantly different 

according to Tukey HSD test (p < 0.05). 
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Figure 2. Graphic representation of the pattern of within and between provenance variation in pod 

traits and % insect infected seed of Albizzia lebbek. The values followed by the same letter are not 

significantly different between provenances at p<0.05. The actual values are in Table 2. 

Table 3. Mean squares values, proportion of variance components and provenance variation of pod 

and seed traits in Albizzia lebbek  provenances. 

Seed or Pod Trait  

Trait 

Abbrevia

tion 

Provenanc

e 

Replicati

on 
Error 

Variance 

Estimates 

Provenance 

variation 

contributing 

to the 

total 

variation (%) 

Provenanc

e (σ2prov) 

Error 

(σ2e) 

    (d.f.:11) (d.f.:3) 
(d.f.:1185

) 
      

Seed length (cm) SL 0.399 *** 0.011 ns 0.009 0.004 0.009 31.38 

Seed width (cm) SW 0.184 *** 0.007 ns 0.005 0.002 0.006 24.47 

Seed width / Seed 

length 
SW/SL 0.19 *** 0.002 ns 0.009 0.002 0.01 17.11 

Seed length × Seed 

width 
SL× SW 0.576 *** 0.022 ns 0.012 0.01 0.01 32.47 

Pod length (cm) PL 813.329 *** 8.156 ns 5.565 8.08 5.57 59.18 

Pod width (cm) PW 23.84 *** 0.249 ns 0.126 0.24 0.13 65.20 

Pod Width / Pod length PW/PL 0.109 *** 0.002 ns 0.002 0.001 0.002 40.25 

No of seeds / pod NSPP 130.699 *** 2.116 ns 1.816 1.29 1.82 41.49 

No of seeds per pod / 

Pod length 
NSPP/PL 0.162 *** 0.005 ns 0.013 0.001 0.01 10.15 

    (d.f.:11) (d.f.:7) (d.f.:77)       

1000 Seed weight (g) TSW 4042.695 *** 13.778 ns 13.929 503.597 13.916 97.31 

    (d.f.:11) (d.f.:3) (d.f.:33)       

Seed moisture% SMP 16.079 *** 0.0521 ns 0.245 3.963 0.229 94.55 

Insect infected seeds % IIS 338.393 *** 0.439 ns 4.552 83.546 4.209 95.20 

Seed germination % SGP 799.367 *** 18.283 ns 8.602 197.489 9.409 95.45 

Seed germination value SGV 330.889 *** 10.508 * 2.814 81.858 3.456 95.95 
Significant at *p <0.05, **p <0.01 and ***p <0.001, ns Not Significant. 

3.2. Seed Traits 

Highly significant variation for the measured and derived seed traits and seed germination was 

observed among the 12 A. lebbek provenances (Table 4; Figure 3). The mean 1000 seed weight varied 

from 84.19 g to 156.35 g over the provenances, with an overall mean of 121.66 g. Seeds from the 

Udaipur provenance had the highest 1000 seed weight followed by the Hoshiarpur, Lalkuan and 

Ahar provenances, whereas the lowest 1000 seed weight was observed for seeds from Vrindavan. 

The mean seed length and seed width varied over the provenances from 0.81cm, and 0.66 cm to 0.99 

cm, and 0.81 cm, respectively, with an overall mean of 0.89 cm and 0.72 cm (Table 4). The highest 

seed length was observed for the Lalkuan provenance followed by Udaipur and Ahar provenances, 

whereas the highest seed width was recorded for the Udaipur provenance followed by Ahar. The 

lowest seed length and seed width were documented for the Jaipur, and New Forest provenances, 
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respectively (Table 4; Figure 3). The highest insect infected seeds were observed for the Vrindavan 

and the lowest for the Hoshiarpur provenance (Table 4). The mean seed germination % varied from 

24.09 to 75.17 (overall mean 41.46%) and the mean seed germination value varied from 0.59 to 31.97 

(overall mean 8.08), with seeds collected from Hoshiarpur documenting the highest values and seeds 

from Ahar the lowest values (Table 4; Figure 3). The moisture percentage of seeds varied from 18.74 

(Jammu) to 25.47 (Ahar) with an overall mean of 21.26 (Table 4). No single provenance had the highest 

or lowest values for all seed traits. 

ANOVA revealed highly significant differences (p < 0.001) for all seed morphological traits and 

seed germination among the provenances, and no significant differences among the replicates except 

for seed germination value (Table 3).The provenance effect was predominant for most of the seed 

traits including 1000 seed weight, seed germination, seed germination value, seed moisture, and the 

insect-infected seeds accounting for over 90% of the total variance (Table 3). However, the 

provenance effect was lower than the error effect for seed length and seed width, and their derived 

traits (Table 3). 

Table 4. Means, standard deviations (SD) and coefficients of variation (CV) of seed traits for 12 

Albizzia lebbek provenances. 

Prov

enan

ce  

1000 Seed 

weight (g) 

Seed 

length 

(cm) 

Seed 

width 

(cm) 

Seed 

width / 

Seed 

length 

Seed 

length × 

Seed 

width 

Seed 

moisture

% 

Insect 

infected 

seeds % 

Seed 

Germinat

ion % 

Seed 

Germina

tion 

Value 

Mean 

± SD 
CV  

Mean 

± SD 
CV  

Mean 

± SD 
CV  

Mean 

± SD 
CV  

Mean 

± SD 
CV  

Mean 

± SD 

C

V  

Mean 

± SD 

C

V 

Mean 

± SD 

C

V 

Mean 

± SD 

C

V 

RS 
112.02 

d ± 3.26 

2.9

1 

0.88 de 

± 0.11 

12.

72 

0.70 e 

± 0.07 

10.

20 

0.81 de 

± 0.10 

12.

51 

0.62 def 

± 0.12 

19.

18 

18.74 f 

± 0.53 
3 

14.43 d 

± 1.46 
10 

45.86 b 

± 2.91 
6 

7.48 c ± 

1.29 
17 

HP 
155.82 
a ± 3.91 

2.5

1 

0.90 cd 

± 0.07 

7.7

6 

0.69 ef 

± 0.07 

9.4

5 

0.77 e ± 

0.07 

8.8

8 

0.62 def 

± 0.09 

14.

73 

22.40 bc 

± 0.47 
2 

7.79 e ± 

2.74 
35 

75.17 a 

± 3.17 
4 

31.97 a 

± 4.20 
13 

PI 
105.27 
e ± 2.09 

1.9

9 

0.85 ef 

± 0.07 

8.7

5 

0.69 ef 

± 0.07 

9.5

3 

0.81 cde 

± 0.11 

13.

26 

0.59 efg 

± 0.07 

12.

55 

18.88 f 

± 0.31 
2 

10.05 
de ± 

3.11 

31 
29.03 ef 

± 4.16 
14 

1.14 ef 

± 0.58 
51 

NF 

106.14 
de ± 

2.29 

2.1

6 

0.82 fg 

± 0.06 

7.5

0 

0.66 f ± 

0.07 

11.

29 

0.80 e ± 

0.09 

11.

04 

0.54 g 

± 0.08 

15.

64 

21.68 
bcd ± 

0.26 

1 

12.08 
de ± 

2.42 

20 
43.57 bc 

± 1.19 
3 

5.64 cde 

± 0.58 
10 

MO 

107.50 
de ± 

3.62 

3.3

7 

0.84 efg 

± 0.08 

9.2

7 

0.74 cd 

± 0.06 

8.5

9 

0.88 a ± 

0.08 

9.1

5 

0.63 de 

± 0.09 

14.

99 

21.43 cd 

± 0.31 
1 

8.00 e ± 

1.74 
22 

50.50 b 

± 3.30 
7 

14.24 b 

± 1.71 
12 

SH 
103.08 
e ± 2.13 

2.0

7 

0.93 bc 

± 0.10 

10.

43 

0.72 de 

± 0.07 

9.1

0 

0.78 e ± 

0.11 

13.

64 

0.67 cd 

± 0.09 

13.

99 

20.51 de 

± 0.42 
2 

19.58 c 

± 1.12 
6 

36.71 
cd ± 

1.84 

5 
6.37 cd 

± 0.73 
12 

LK 
143.52 

b ± 5.79 

4.0

3 

0.99 a 

± 0.14 

14.

49 

0.71 de 

± 0.09 

13.

17 

0.72 f ± 

0.10 

13.

99 

0.71 bc 

± 0.16 

23.

35 

22.75 b 

± 0.25 
1 

10.37 
de ± 

0.78 

8 

34.51 
de ± 

4.73 

14 
1.96 def 

± 0.82 
42 

AH 
131.33 c 

± 3.50 

2.6

6 

0.96 ab 

± 0.07 

7.5

5 

0.78 ab 

± 0.06 

7.4

4 

0.81 

bcde ± 

0.08 

9.9

0 

0.75 ab 

± 0.08 

11.

22 

25.47 a 

± 0.35 
1 

23.52 
bc ± 

2.16 

9 
24.09 f 

± 2.32 
10 

0.59 f ± 

0.16 
27 
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BA 
127.60 
c ± 2.91 

2.2

8 

0.93 bc 

± 0.09 

9.5

9 

0.75 bc 

± 0.07 

9.5

4 

0.81 
cde± 

0.08 

10.

22 

0.70 bc 

± 0.11 

15.

34 

19.68 ef 

± 0.27 
1 

21.53 
bc ± 

1.45 

7 

29.57 
def ± 

3.67 

12 
1.43 ef 

± 0.81 
57 

VR 
84.19 f 

± 2.40 

2.8

5 

0.82 fg 

± 0.08 

10.

11 

0.70 e 

± 0.07 

10.

19 

0.86 abc 

± 0.11 

8.7

1 

0.56 fg 

± 0.13 

18.

23 

18.95 f 

± 0.25 
1 

39.21 a 

± 2.97 
8 

50.48 b 

± 2.15 
4 

9.59 c 

± 2.18 
23 

JP 
127.07 c 

± 4.81 

3.7

8 

0.81 g 

± 0.10 

12.

28 

0.69 ef 

± 0.10 

14.

36 

0.85 ab 

± 0.07 

13.

17 

0.57 g 

± 0.10 

22.

47 

22.57 bc 

± 1.05 
5 

21.10 
bc ± 

1.56 

7 

29.16 
def ± 

0.64 

2 
1.07 ef 

± 0.28 
26 

UD 
156.35 
a ± 5.55 

3.5

5 

0.96 ab 

± 0.10 

10.

30 

0.81 a 

± 0.08 

10.

10 

0.85 
abcd ± 

0.11 

12.

55 

0.77 a 

± 0.13 

16.

25 

22.05 bc 

± 0.62 
3 

25.27 b 

± 1.52 
6 

48.91 b 

± 3.89 
8 

15.46 b 

± 3.45 
22 

Over

all 

mean 

121.66 0.89 0.72 0.81 0.64 21.26 17.74 41.46 8.08 

* The means for a trait in the same column followed by different letters are significantly different according to 

Tukey HSD test (p < 0.05). 
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Figure 3. Graphic representation of the pattern of within and between provenance variation in seed 

traits of A. lebbek. The values followed by the same letter are not significantly different between 

provenances at p<0.05. The actual values are in Table 4. 

3.2. Correlation Between Pod and Seed Traits  

The correlation coefficients among the pod and seed traits ranged from highly negative (r=-0.65) 

to highly positive (r=0.96) (Table 5). However, only a small number of inter-trait correlations were 
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statistically significant. And the ones that were significant were expected.  The results revealed a 

significant positive correlation of seed length or seed width with 1000 seed weight, as expected (Table 

5). Similarly, a highly significant (p<0.01) positive correlation was observed between the number of 

seeds per pod and pod length (r = 0.789), and between seed germination % and seed germination 

value (r=0.96). Furthermore, 1000 seed weight exhibited a significant positive correlation with seed 

moisture percent (Table 5). A significant negative correlation was observed between pod width and 

SW/SL, and between the numbers of seeds per pod with seed width (Table 5). 

Table 5. Pearson’s correlation coefficient among the studied seed and pod traits of 12 Albizzia lebbek 

provenances. 

. 

Seed 

traits 

TSW 

(g) 

SL 

(cm) 

SW 

(cm) 

SW / 

SL 

SL × 

SW 

SMP 

(%) 

IIS 

(%) 

SGP 

(%) 

SGV 

(%) 

PL 

(cm) 

PW 

(cm) 

PW / 

PL 

NSP

P 

NSPP / 

PL 

TSW (g) 1.00                           

SL (cm) 0.61* 1.00                         

SW (cm) 0.43 0.64* 1.00                       

SW / SL -0.33 -0.58* 0.25 1.00                     

SL × SW 0.60* 0.92** 0.89** -0.21 1.00                   

SMP 

(%) 
0.59* 0.39 0.33 -0.14 0.41 1.00                 

IIS (%) -0.26 -0.04 0.31 0.38 0.14 -0.11 1.00               

SGP (%) 0.20 -0.16 -0.16 0.01 -0.18 -0.11 -0.17 1.00             

SGV (%) 0.37 -0.03 0.02 0.02 -0.01 0.05 -0.21 0.96** 1.00           

PL (cm) -0.21 -0.26 -0.50 -0.19 -0.42 -0.39 -0.25 -0.12 -0.18 1.00         

PW 

(cm) 
0.41 0.48 -0.01 -0.63* 0.28 -0.28 -0.06 0.13 0.13 0.28 1.00       

PW / PL 0.54 0.54 0.45 -0.23 0.56 0.11 0.21 0.16 0.23 -0.63* 0.54 1.00     

NSPP -0.23 -0.24 -0.65* -0.40 -0.47 -0.26 -0.11 -0.24 -0.34 0.79** 0.38 -0.40 1.00   

NSPP / 

PL 
0.02 -0.05 -0.21 -0.21 -0.12 0.28 0.24 -0.23 -0.27 -0.41 0.06 0.39 0.21 1.00 

Statistically significant values are marked in bold. Levels of significance: ** significant at 0.001 < p < 0.01, * 

significant at 0.01 < p < 0.05. TSW - 1000 seed weight; SL - Seed length; SW- Seed width; SMP- Seed moisture 

percent; IIS - Insect infected seeds; SGP- Seed germination percent; PL- Pod length; PW- Pod width; NSPP - 

Number of seeds/pod . 

3.3. Correlation of Pod and Seed Traits with Geographic and Climatic Factors 

Except for the percentage insect infected seeds, none of the measured or calculated pod or seed 

morphological traits and seed germination traits showed significant correlation with longitude, 

latitude, altitude, or rainfall (Table 6). The insect infected seeds percentage showed a significant 

negative correlation with latitude and four precipitation related bioclimatic factors but a significant 

positive correlation with precipitation seasonality (Table 6).   

The majority of correlations between seed or pod traits with temperature bioclimatic factors 

were positive; however, correlations of only some pod traits were statistically significant (Table 6). 

On the other hand, majority of the correlations of seed and pod traits with the precipitation 

bioclimatic factors were negative, only correlations of seed width and seed width/seed length with a 

few precipitation factors were statistically significant (Table 6). A significant negative correlation was 

observed between seed width and precipitation of the warmest quarter, between seed width/seed 
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length with each of precipitation of the wettest month, precipitation of the wettest quarter, and 

precipitation of the warmest quarter (Table 6). On the contrary, NSPP/PL showed a highly significant 

positive correlation with precipitation of the wettest month as well as precipitation seasonality (Table 

6). Among the pod traits, pod width showed significant positive correlations with several 

temperature related climatic factors, i.e., annual mean temperature, mean diurnal range, mean 

temperature of wettest, warmest and coldest quarter, minimum and maximum temperatures of the 

coldest and warmest month (Table 6). Also, a significant positive correlation of pod length with 

temperature seasonality was observed, and pod width/pod length was found to be significantly 

negatively correlated with isothermality (Table 6). 

Table 6. Pearson’s correlation coefficients of pod and seed traits with geographic and climatic factors 

in 12 Albizzia lebbek provenances. 

 

Geographical 

factors 

TSW 

(g) 

SL 

(cm) 

SW 

(cm) 

SW / 

SL 

SL × 

SW 

SMP 

(%) 

IIS 

(%) 

SGP 

(%) 

SGV 

(%) 

PL 

(cm) 

PW 

(cm) 

PW / 

PL 

NSP

P 

NSPP 

/ PL 

Altitude -0.001 
-

0.394 

-

0.185 
0.279 

-

0.324 

-

0.041 

-

0.376 
0.070 0.071 

-

0.254 

-

0.138 
0.189 

-

0.109 
0.305 

Rainfall -0.109 0.036 
-

0.382 

-

0.464 

-

0.171 

-

0.044 

-

0.447 
-0.105 

-

0.241 

-

0.092 
0.046 0.004 0.254 0.462 

Latitude -0.277 
-

0.174 

-

0.550 

-

0.379 

-

0.405 

-

0.306 

-

0.653* 
0.251 0.168 0.564 0.128 

-

0.493 
0.484 -0.273 

Longitude -0.252 0.199 
-

0.085 

-

0.330 
0.066 0.041 

-

0.038 
-0.414 

-

0.441 
0.128 

-

0.196 

-

0.386 
0.193 0.009 

Annual mean 

temperature 
0.213 0.236 

-

0.054 

-

0.372 
0.129 0.001 0.485 -0.241 

-

0.244 
0.171 0.654* 0.403 0.518 0.514 

Mean diurnal 

range 
0.234 0.109 

-

0.108 

-

0.274 
0.025 0.042 0.467 -0.098 

-

0.078 
0.123 0.600* 0.427 0.455 0.518 

Isothermality 0.441 0.336 0.265 
-

0.153 
0.351 0.166 0.369 -0.276 

-

0.165 

-

0.316 
0.430 0.691* 

-

0.047 
0.499 

Temperature 

seasonality 
-0.306 

-

0.259 

-

0.513 

-

0.232 

-

0.425 

-

0.250 
0.004 0.176 0.091 0.694* 0.262 

-

0.434 
0.707* -0.107 

Max 

temperature of 

warmest month 

0.178 0.185 
-

0.130 

-

0.390 
0.058 

-

0.021 
0.441 -0.169 

-

0.183 
0.238 0.662* 0.345 0.573 0.482 

Min 

temperature of 

coldest month 

0.274 0.338 0.011 
-

0.425 
0.223 0.032 0.439 -0.349 

-

0.344 
0.100 0.659* 0.466 0.459 0.546 

Temperature 

annual range 
0.041 

-

0.017 

-

0.270 

-

0.290 

-

0.140 

-

0.078 
0.376 0.063 0.028 0.358 0.564 0.155 0.613* 0.334 

Mean 

temperature of 

wettest quarter 

0.131 0.181 
-

0.180 

-

0.438 
0.028 

-

0.057 
0.396 -0.196 

-

0.218 
0.327 0.670* 0.259 0.652* 0.445 

Mean 

temperature of 

driest quarter 

-0.215 0.195 
-

0.253 

-

0.520 

-

0.008 
0.035 0.357 -0.315 

-

0.378 
0.150 0.354 0.100 0.559 0.515 
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Mean 

temperature of 

warmest 

quarter 

0.148 0.158 
-

0.140 

-

0.366 
0.036 

-

0.032 
0.459 -0.177 

-

0.194 
0.260 0.643* 0.313 0.589* 0.471 

Mean 

temperature of 

coldest quarter 

0.292 0.297 0.052 
-

0.335 
0.222 0.055 0.508 -0.283 

-

0.267 
0.024 0.631* 0.525 0.388 0.568 

Annual 

precipitation 
-0.145 0.124 

-

0.361 

-

0.553 

-

0.119 

-

0.084 

-

0.539 
-0.110 

-

0.189 

-

0.042 
0.056 

-

0.053 
0.212 0.293 

Precipitation of 

wettest month 
-0.138 0.079 

-

0.473 

-

0.625* 

-

0.194 

-

0.053 

-

0.324 
-0.137 

-

0.237 

-

0.063 
0.190 0.083 0.381 0.594* 

Precipitation of 

driest month 
-0.335 

-

0.366 

-

0.262 
0.181 

-

0.372 

-

0.175 

-

0.680* 
0.247 0.218 0.094 

-

0.469 

-

0.509 

-

0.145 
-0.409 

Precipitation 

seasonality 
0.123 0.087 

-

0.117 

-

0.248 
0.013 0.128 0.600* -0.199 

-

0.217 

-

0.115 
0.387 0.439 0.332 

0.721*

* 

Precipitation of 

wettest Quarter 
-0.089 0.180 

-

0.389 

-

0.661* 

-

0.093 

-

0.027 

-

0.339 
-0.180 

-

0.259 

-

0.078 
0.217 0.114 0.341 0.552 

Precipitation of 

driest Quarter 
-0.324 

-

0.273 

-

0.340 

-

0.018 

-

0.356 

-

0.189 

-

0.748*

* 

0.196 0.141 0.143 
-

0.354 

-

0.487 

-

0.026 
-0.328 

Precipitation of 

warmest 

Quarter 

-0.226 
-

0.039 

-

0.599* 

-

0.577* 

-

0.338 
0.042 

-

0.622* 
-0.009 

-

0.107 
0.047 

-

0.080 

-

0.215 
0.247 0.241 

Precipitation of 

coldest quarter 
-0.311 

-

0.261 

-

0.276 
0.041 

-

0.318 

-

0.243 

-

0.728*

* 

0.266 0.215 0.209 
-

0.320 

-

0.504 

-

0.070 
-0.496 

Statistically significant values are marked in bold. Levels of significance: ** significant at 0.001 < p < 0.01, * 

significant at 0.01 < p < 0.05. TSW - 1000 seed weight; SL - Seed length; SW- Seed width; SMP- Seed moisture percent; 

IIS - Insect infected seeds; SGP- Seed germination percent; PL- Pod length; PW- Pod width; NSPP - Number of seeds/pod. 

3.4. Clustering of the Provenances for Pod and Seed Traits and Climatic Factors   

The first two principal components from the principal component analysis explained 37.5%, and 

20% of the total variation, respectively (Table S1; Figure 4). The first principal component (PC1) was 

highly positively correlated with pod width (0.59, p < 0.05) and % insect infected seeds (0.58, p < 0.05) 

(Table S2). The second principal component (PC2) showed a significant positive correlation with the 

number of seeds/pod (0.76, p < 0.01) and a significant high negative correlation with seed width (-

0.64, p < 0.01) and seed width/seed length (-0.77, p < 0.05) (Table S2). PC1 representing pod width and 

IIS, was significantly and positively correlated with the mean temperature of the coldest quarter, 

annual mean temperature, minimum and maximum temperatures of the coldest and warmest month 

from the climatic factors whereas PC2 representing number of seeds per pod, seed width, and seed 

width/seed length was significantly correlated with annual precipitation, precipitation of wettest 

month, wettest and warmest quarter variables (Table S2). The PC1 and PC2 separated New Forest, 

Mohand and Udaipur provenances from the rest, which were clustered together (Figure 4). 

Furthermore, the provenances from Udaipur, Ahar, Jaipur, and Vrindavan clustered in the right 

lower quarter of the plot had larger seed size (seed length and seed width), seed weight, and higher 

seed moisture percent (Figure 4; Table 3).  
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Hierarchical clustering analysis grouped provenances into clusters according to their similarity 

based on the Euclidean distances calculated from the studied pod and seed traits. The UPGMA 

clustering classified the provenances into four major groups (Figure 5), which was consistent with 

that observed from PCA (Figure 4). The largest group (Group 1) consisted of nine provenances (JP, 

VR, AH, BA, LK, SH, PI, HP, and RS), while groups 2, 3, and 4 were represented by one provenance 

each: Mohand, New Forest, and Udaipur respectively (Figure 5).  

 

Figure 4. Biplot from the principal component analysis (PCA) based on the means of studied 14 pod 

and seed morphometric traits and climatic variables for 12 Albizzia lebbek provenances. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2024                   doi:10.20944/preprints202403.0146.v1



 16 

 

 

Figure 5. Clustering of the 12 Albizzia lebbek provenances based on UPGMA from the studied seed 

and pod traits and climatic variables. 

4. Discussion 

We have demonstrated that seed and pod size and seed germination traits have highly 

significant inter-provenance variation in A. lebbek in its range in northern India. We have also shown 

that the variation in all traits except percent insect infected seeds (IIS) is not clinal related to latitude, 

longitude, altitude, or rainfall. The variation in IIS showed clinal variation related to latitude. Both 

the seed size and pod size appear to be positively affected by temperature bioclimatic factors and 

negatively by precipitation bioclimatic factors.      

4.1. Provenance Variation in Seed and Pod Traits  

Our study shows that morphometric traits related to seed size (seed length, seed width, seed 

width/seed length, seed length × seed width) and pod size (pod length, pod width, pod width/pod 

length), number of seed per pod, seed mass (1000 seed weight), seed germination (seed germination 

%, seed germination value), and percent insect infected seeds have highly significant variation among 

the studied A. lebbek provenances from the species’ range in northern India.  Even the geographically 

closer provenances, such as Mohand and New Forest, showed significant inter-provenance variation 

in most traits (Tables 2 and 4; Figures 2 and 3). For several traits, including seed weight, seed 

germination, seed germination value, seed moisture, and insect-infected seeds, the provenance effect 

contributed >95% to the variability observed (Table 3). Our results also demonstrate that none of the 

provenance has the highest or lowest values of all traits. The morphometric variation in the traits 

studied here could be conditioned by genetic, environment and genotype × environment factors. A 

well-designed provenance test is required to determine the extent to which each of these factors 

contributed to the observed variation in seed and pod traits of A. lebbek.  Among the traits studied, 

seed germination test could be considered as a replicated provenance test under the same conditions. 

The provenance effect contributed to 95.5% of the total variation for seed germination, which suggests 

that genetic factors likely contributed highly to the total variation in seed germination.  Our results 
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of significant provenance variation in seed and pod traits of A. lebbek are consistent with similar 

observations for seed length, seed weight and 1000 seed weight reported for A. lebbek provenances 

from the Indian state of Himachal Pradesh [19], as well as for seed and/or pod traits of its sister species 

Albizia procera [21,22,23], and Albizia chinensis [24,29].  Our results are also consistent with those 

reported for other tropical angiosperm forest trees and annual plants, including Dalbergia sissoo [30-

35], Pongamia pinnata [36,37,38,39], Ambrosia artemisiifolia [40], Carpobrotus edulis [41], Faidherbia albida 

[42], Magnolia officinalis [43], Parkia timoriana [44], and Cordia africana [45]. Consistent with our 

observations, high provenance effect (>90%) was reported for seed weight in Albizia chinensis, Albizia 

procera, Dalbergia sissoo, Cordia africana and Pongamia pinnata [29,23,33,34,45,46]. However, the extent 

of provenance effect contributing to the total variation was found to be lower for seed germination 

in Albizia chinensis (66%) [29] and Albizia procera (6%) [21].  

The range and average seed length and seed width observed in our study (seed length 0.81-0.99 

cm, mean 0.89 cm; seed width 0.66-0.81 cm, mean 0.72 cm) were similar to those reported for A. lebbek 

provenances from Himachal Pradesh (seed length 0.84-0.99 cm, mean 0.90 cm; seed width 0.68-0.84 

cm, mean 0.74 cm [19]). However, both the pod size (pod length and pod width) and seed size (seed 

length and seed width) of A. lebbek we recorded are larger than those reported for its sister species 

Albizzia procera [21,22], indicating that fruit pods and seeds of A. lebbek are larger than that of A. 

procera.  

4.2. Interrelationships between Seed and Pod Traits 

Significant positive or negative correlations observed between seed and pod traits (Table 5) are 

expected. For example, significant positive correlation of seed length with seed width, seed length 

and seed length × seed width with 1000 seed weight, number of seeds per pod with pod length, and 

percent seed germination with seed germination value, all are expected and make sense. This 

suggests that selection for seed size or seed mass could be made from seed length and seed width. 

Significant negative correlations were mainly observed between the original measured and their 

derived traits (Table 5), which are also all expected. Similar correlation results that we observed were 

also reported in sister Albizzia and other tropical forest tree species: Albizzia chinensis [29], Albizia 

procera [22], Dalbergia sissoo [30,32,34], Pongamia pinnata [36,39], Magnolia officinalis [43], and Faidherbia 

albida [42]. Although positive correlation was observed between seed mass or seed size traits with 

seed germination (Table 5), the correlation was not statistically significant. This suggests that seed 

mass or seed size does not significantly influence seed germination in the studied A. lebbek 

provenances. We expected a significant positive correlation because a larger seed mass can provide 

more stored resources and energy for seed germination. Previous studies in Pongamia pinnata, 

Aquilaria malaccensis, Dalbergia sissoo, Albizia procera, and A. chinensis reported a direct association of 

seed weight and seed size with germination percentage [23,24,47,48,49]. There may be some intrinsic 

and extrinsic factors, such as local adaptation of the provenances, temperature, seed germination 

medium that may have contributed to non-significant correlations of seed size and seed mass with 

seed germination percentage in our study. Additional more in-depth work is needed to determine 

those factors.   

4.3. Relationships of Seed and Pod Traits with Geocoordinates, and Pattern of Variation  

The results of our study show that the variation in all seed and pod traits studied, except insect 

infected seeds, is not clinal related to longitude, latitude, altitude, or rainfall in A. lebbek over its range 

in northern India. Differences in latitude and longitude are normally associated with differences in 

temperature and precipitation. The 12 A. lebbek provenances sampled in this study spanned over 

about 4 degrees in latitude and 8 degrees in longitude. It appears that the differences in latitude, 

longitude, altitude, and rainfall amount over the study area do not create gradients strong enough 

that can exert selection pressures to create clinal variation in the studied seed and pod traits in A. 

lebbek.  Even some geographically closest provenances, such as Mohand and New Forest which are 

about 30 km apart, were highly differentiated from each other from both the principal component 

and cluster analyses (Figures 4 and 5). Non-clinal pattern of variation in seed length, seed width, and 
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1000 seed weight was also previously reported for 15 A. lebbek provenances from Himachal Pradesh 

[19].  It seems that the local soil, climate and other conditions likely affect the variation in seed and 

pod traits in A. lebbek and the geographical diversity does not apparently reflect the morphological 

diversity in seed and pod traits.  On the contrary, clinal pattern of variation was reported for seed 

traits in Dalbergia sissoo [30,32,33], Pongamia pinnata [46], Cordia africana [45], Faidherbia albida [42], 

Magnolia officinalis [43], and Ambrosia artemisiifolia [40]. Our results suggest clinal variation in insect 

infected seeds related to latitude with increased insect infected seed with decreased latitude. This is 

consistent with the well-known fact that species diversity, including that of insects, and their niche 

increase from north toward the equator, i.e., from higher latitudes to lower latitudes. This may be the 

case with more insects infecting A. lebbek seeds with decreasing latitude.       

Nine of the 12 provenances formed one group based on both the principal component and 

cluster analyses (Figures 4 and 5) This suggests their common ancestral origin. Three provenances, 

New Forest, Mohand and Udaipur that clustered individually separate from the large group of nine 

provenances, may represent ecotypic variation in the studied seed and pod traits. For example, 

Mohand has distinct climatic conditions including the lowest mean annual temperature (10.1oC), 

isothermality, and precipitation seasonality and Udaipur provenance is located in the Rajasthan’s 

desert lands, and the area has hot climate (mean annual temperature 24.1 °C). The New Forest 

provenance is located in the Himalayan Doon valley and its climate and soil conditions are different 

from that of other provenances. Ecotypic variation in seed size has also been reported for a perennial 

grass Panicum hallii [7]. Differentiation of New Forest and Mohand provenances may also be due to 

their location close to the species range margin ([8]; https://indiabiodiversity.org/species/show/31039) 

because marginal populations are expected to be genetically differentiated from the central 

populations [50,51,52]. Jammu provenance location is also marginal ([8]; 

https://indiabiodiversity.org/species/show/31039) but it was not differentiated from other 

provenances within the major group. Population genetics and genomics studies are needed to 

address the central-marginal population differentiation issues in A. lebbek.         

4.4. Relationships of Seed and Pod Traits with Bioclimatic Factors 

The local bioclimatic factors/conditions can influence inter-provenance variation in seed and 

pod traits and has been reported for seed traits in Faidherbia albida [42], Magnolia officinalis [43], Parkia 

timoriana [44], Carpobrotus edulis [41], and Cordia africana [45].  We observed negative correlations of 

seed traits, including 1000 seed weight, with most of the precipitation bioclimatic factors, although 

the correlations were statistically significant only for seed width and seed width/seed length ratio 

(Table 6). This suggests that higher precipitation may negatively affect seed size and seed mass in A. 

lebbek.  Vakshasya et al. [30] also reported negative correlation of 1000 seed weight with rainfall in 

Dalbergia sissoo.  A mixed pattern of correlations was observed between seed size or seed mass with 

temperature factors, with seed mass and seed length showing positive but insignificant correlations 

(Table 6). This suggests that temperature may have positive effects on these seed traits.  Similar 

results were reported in other tree species wherein post monsoon temperature positively correlated 

with pod length in Parkia timoriana [44], annual mean temperature positively correlated with seed 

length, seed width and seed weight in Magnolia officinalis [43]. However, seed length, seed width and 

seed weight were found to be negatively correlated with temperature in Faidherbia albida [42]. 

The positive correlations of pod length and pod width with most the temperature factors, 

especially significant correlations of pod width with several temperature bioclimatic factors (Table 

6), suggest that temperature has positive effect on pod size. As seen for seed traits, negative 

correlations of pod traits with several precipitation bioclimatic factors indicate that higher 

precipitation likely has negative effects on pod size and number of seeds per pod. These correlation 

results are also supported by the PCA results where PC1 showed significant positive correlations 

with several temperature bioclimatic factors and pod width, and PC2 showed significant positive 

correlations with several precipitation bioclimatic factors and significant negative correlations with 

seed width and seed width/seed length (Table S2). Meenakshi et al. [22] also reported a significant 

negative correlation of rainfall with pod length, pod width, and number of seeds per pod in A. procera. 
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And faster fruit growth with increased temperature was reported for Theobroma cacao [53] and lower 

temperature regimes were found to strongly delay pod and seed development in Vicia faba [54]. 

Overall, our results suggest that temperature factors have positive effect on seed size, seed mass, pod 

size and number of seeds per pod whereas precipitation factors have negative effect on these traits 

as well on the insect infected seeds in the studied A. lebbek provenances. It has been shown that seed 

size contributes to local adaptation in plants (e.g., [7] and references there in). Temperature and 

precipitation are the two most important bioclimatic factors of local adaptation significance [55]. 

Because seed size and pod size have shown significant correlations with these bioclimatic factors in 

A. lebbek in this study, it can be inferred that variation in seed and pod size, and seed mass may impact 

local adaptation in A. lebbek like in many other plants ([7] and references there in).      

5. Significance and Implications  

The results provide the basic information on provenance variation in A. lebbek and have 

significance for provenance and progeny tests, genetic improvement, population genetics and 

genomics studies and conservation and sustainable management of A. lebbek genetic resources. 

Highly significant variation observed for seed and pod traits suggests that genetic improvement of 

these traits is feasible through selection and breeding.  Seed size is an ecologically functional trait in 

plants which influences the fitness of offsprings in various ways at different stages [5,6]. In A. procera, 

seedlings originated from large seeds were found to be taller and heavier and had a greater leaf area 

and tolerance to extreme water stress than seedlings from small seeds [56]. This may be the case in A. 

lebbek. Also, in A. lebbek both seeds and pods are economically important as seeds are used for 

medicinal purposes [11] and pods for bioenergy production [14]. Our study suggests that a range-

wide provenance test of A. lebbek should be conducted at several locations to understand range-wide 

variation not only in seed and pod traits but also in other economically and ecologically important 

traits, such as growth and adaptation. Our results provide the foundation for such studies. 

Furthermore, well designed progeny tests should be conducted to determine heritability and genetic 

correlations of seed, pod and other traits.  A. lebbek has shown high morphometric variation in seed 

and pod traits. Whether such diversity exists at the genetic level, population genetics and genomics 

studies [57] should be undertaken to examine both neutral and adaptive genetic variation [57,58]. 

Our results in combination with future population genetics and genomics studies can assist in 

conservation and sustainable management of A. lebbek genetic resources. Our results indicate that 

seed and pod traits are likely involved in A. lebbek local adaptation to climate; thus, this species could 

provide an excellent model to examine the genetic architecture of local adaptation to climate in 

widely distributed tropical forest trees.  

6. Conclusions 

We have for the first-time reported provenance variation in seed and pod traits and seed 

germination of A. lebbek and their relationships with geocoordinates and bioclimatic factors from the 

species’ range in northern India.  A. lebbek has high variation in seed and pod size, seed mass, 

number of sees per pod, and seed germination, and the variation in these traits is not clinal in relation 

to latitude, longitude, altitude, or rainfall but there is an indication of the existence of ecotypic 

variation.  Because seed size has been established to be under selection, a high genetic diversity is 

expected in the studied A. lebbek provenances. Based on huge morphometric variation in seed and 

pod traits, we can conclude that genetic improvement in these traits is feasible by selection and 

breeding. However, well designed progeny tests should be conducted to determine the extent of 

genetic control of these traits. Both seed and pod traits are likely influenced by bioclimatic factors, 

positively by temperature and negatively by precipitation factors. Our study can serve as the 

foundation or starting point for a range-wide provenance test, and population, conservation, and 

landscape genomics studies in A. lebbek and their application in conservation and sustainable 

management of A. lebbek genetic resources especially under changing climate conditions.  A. lebbek 

is widely planted in India. Seeds from many diverse seed trees should be used to maintain 

morphometric and genetic diversity in the plantations.  
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