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a b s t r a c t

Climate change has adversely affected the tree species growth throughout the globe. In
Indian Himalayas, Celtis australis is an important agroforestry tree species which is highly
exploited for domestic use (fuel wood, fodder, and small timber), and thus the growth and
biomass production linked to the species bears importance. However, growth, biomass,
and carbon stock of C. australis can be improved if genetically superior planting material is
used under agroforestry programmes. Therefore, seed source (SS) variation studies in C.
australis were initiated to identify potential germplasm for improving the species pro-
ductivity and climate resilience. Experimental results showed that genotypic variation for
height, collar diameter, and total biomass were found higher than corresponding envi-
ronmental variance after four years. In the field environment, highest plant growth was
recorded in Tehri SS (Height: 4.88 m; Diameter: 9.69 cm) and Solan SS (Height: 4.81 m;
Diameter: 8.64 cm), compared to rest of the seed sources. In contrast, least plant growth
(Height: 3.46 m; Diameter 5.19 cm) was observed in Dehradun SS. Likewise, biomass
production was assessed maximum (207 t ha�1) in Tehri SS and it was minimum
(44 t ha�1) in Dehradun SS. In different seed sources, the estimated carbon stock and
carbon sequestration was ranged between 33 103 t ha�1 and 99e381 t ha�1, respectively.
Overall, growth, biomass, carbon stock, and carbon sequestration confirmed the superi-
ority of Tehri SS over rest of the SS, after four years of field experiment. Moreover, Tehri SS
showed better mitigation and adaptation potential for changing climate compared to rest
of the SS, because of its superiority in term of the growth performance, biomass pro-
duction, carbon stock, and carbon sequestration. The results indicated that SS induced
genetic variation has the tremendous potential to improve the productivity and climate
change mitigation and adaptation in C. australis. Therefore, selection of genetically diverse
seed sources and evaluation of their potential (adaptive and mitigate) could be one of the
futuristic strategies for climate change related fine-tuning of agroforestry practices.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Climate change is the greatest challenge to plant productivity, adaptation, and biological conservation in the 21st century
(Rosenzweig et al., 2008; Hooper et al., 2012). In Indian Himalayas, annual temperature increased at a rate of about 0.1 �C per
decade during 1901e2014, and future climate projections under various scenarios suggest warming in the region in the range
of 2.6e4.6 �C by the end of the twenty-first century (Sabin et al., 2020). Several plant species are being subjected to climate
change and anthropogenic pressure, which has reduced their productivity, and consequently they are on the brink of
extinction in Himalayas and elsewhere (Kumar, 2016; Fortini and Dye, 2017). High temperature fluctuations, extreme rainfall
events, and drought, coupled with high biotic pressure, such as indiscriminate felling, unscientific lopping and pruning, etc.
severely affect tree species. Consequently a decline has been noted in growth and development (Thomas et al., 2004; Walther
et al., 2002; Kumar et al., 2014), carbon stock (Kumar, 2016), biological diversity (Kulkarni and Laender, 2017), and genetic
make-up (Helm et al., 2009; Oliveira et al., 2015) of plant species. However, superior planting material developed through
selection and improvement programmes has the potential to sustain and enhance plant growth, stock more carbon, and
sequester higher CO2 thereby contributing to the climate change adaptation and mitigation (Whittet et al., 2017).

Several techniques such as conventional breeding (selection, hybridization and mutation, etc.), biotechnology, and
vegetative propagation (cloning) has been tested and successfully adopted to improve the growth and characteristics in many
important tree species such as, Eucalyptus, Populus and Pinus etc. (Assis and Resende, 2011). However, quality seed source
identification and superior tree selection is considered as the best strategy to improve tree structure and functions under the
climate change scenario (O’brien et al., 2007). For example, Havens et al. (2015) suggested the identification of tree and seed
sources as one of the tools for climate changemitigation and adaptation. Superior plantingmaterial can be better in any of the
characteristics such as, growth, productivity, yield, and quality parameters or it can be any specific trait important for the end-
users. Identifying, screening, and testing genetically diverse seed source provide greater opportunity to improve the tree
growth, biomass, carbon stock, and resilience against climate change (M�aty�as, 1994; Prober et al., 2015; Horv�aith, 2016).

Foresters and researchers can manage genetic adaptation to climate change by using diverse seed source and selection at
multiple sites (Gray et al., 2016a). Seed source/ provenance research is considered as an important contribution to the tree
biological sciences (Matyas, 1996). Genetic variation in provenances of tree species evolves either through local adaptation or
genetic drift (Hamrick 1990), which provides evolutionary flexibility and enables a response to environmental change (Booth
and Grime 2003). The natural variations in climate, ecology, and environment in different geographical regions induce genetic
differences in morphology, physiology, and biochemistry of plant species (Jones et al., 2001). As a consequence a plant species
may respond differently in a new ecological region, compared to the original geographical location (Bower et al., 2014).
Indeed, a particular genotype may exhibit superior plant characteristics and adapt to changing climate, as seed source var-
iations are genetically controlled (Zhao et al., 2020). Moreover, genetic improvement based reforestation strategies are ur-
gently required in the era of global climate change (Whittet et al., 2016). Another important strategy can be to select best
performing sibling/progenies from stands that had successfully withstood climate change impacts previously. In general,
genetic based tree improvement through seed source variation, testing, and breeding approaches has great potential to meet
the growing afforestation needs, this can provide greater climatic and economic benefits such as, soil improvement, erosion
control, climate change mitigation, carbon stock enhancement, and provision of various tree products and services (Oliveira
et al., 2015).

Celtis australis L. is mostly found in the sub-tropical to temperate regions of America, Europe, Asia and Africa, and the
species is categorized as least concern in the IUCN Red List. Large variability has been reported for the growth and
morphological traits in India (Singh et al., 2006a,b; Kumar et al., 2018), and abroad (Ammari et al., 2016). In Indian Western
Himalaya, this species grows naturally in the states of Uttarakhand, Himachal Pradesh, and Jammu & Kashmir. Due to fast-
growing nature and multipurpose use, the species is grown specifically in different agri-silviculture and silvipasture based
agroforestry systems, for meeting the requirements of fodder, fuel, fruit, and timber (Yadav and Bisht, 2015). For Indian
Himalayas, there have been predictions that climate change in general may severely affect the distribution, productivity,
carbon stock, and genetic diversity of many tree species. The predicted increased temperature in Himalaya due to climate
change may adversely affect the species productivity and their even distribution by shifting their ecological niches to higher
elevations (He et al., 2019). For example, decline in apple productivity due to increased temperature and shift in cultivation
zone to higher altitude has already been reported in Himalaya (Rana et al., 2011). In agroforestry systems, C. australis
sequester atmospheric carbon in biomass and soils, and enhance annuals resilience to changing climatic conditions. Species
also improves the local microclimate, and influences regional climatic conditions, thereby contributing to the climate change
mitigation and adaptation in Himalaya (Goswami et al., 2014; Kumar et al., 2018).

Previous studies have examined the effect of seed source variation on growth pattern and biomass production of Celtis
australis seedlings under nursery conditions (Singh et al., 2006a,b), and on a large number of tree species globally (O’brien
et al., 2007; McLane, 2011; Gray et al., 2016a). The studies are completely lacking on the role of seed source variations in
enhancing the carbon sequestration and climate resilience, particularly in tree species (Gray and Hamann, 2016a; McLane
et al., 2011; Kapeller et al., 2012; Gray et al., 2016b). Identification and selection of germplasm and climate resilient trees
for improving the growth, biomass production, carbon stock, and carbon sequestration is lacking globally for tree species in
general and C. australis in particular. Moreover, operational tree breeding for climate change mitigation and adaptation in
Himalayan agroforestry species is still years away. Hence, it is of utmost important to improve the growth, biomass, carbon
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stock, and climate change adaptation of C. australis through identification of germplasm by testing genetically diverse seed
sources in the field environment. We hypothesized that genetic variation present in seed sources of C. australis may result in
differential response in term of growth, biomass production, carbon stock, and consequently to climate in a new and different
environment compared to their indigenous habitat. Therefore, we investigated the effects of seed source variation on growth,
biomass, carbon stock, and climate resilience in C. australis.

2. Material and methods

Identification of seed source: The C. australis seeds (fifteen trees at each site) of total 150 trees were collected from
climatically diverse ecosystems of ten locations in Jammu & Kashmir, Himachal Pradesh and Uttarakhand states of India
during October-November, 2012, with the aim to cover a wide range of geographical environments to exploit greater genetic
variability (Fig. 1). These seed sources were considered due to endemic nature of species in those localities. Moreover, C.
australis regional seed sources also displayed genetic variability (Singh et al., 2006a,b). The latitude, longitude and altitude of
the seed source were ranged from 29�210 1100 to 32�4504400 N, 75�5100900 to 79�3803500 E and 1040e2322m, respectively (Table
1). The weather data was obtained from climate-data.org model, which contains data between year 1982 and 2012 (https://
en.climate-data.org/). The mean annual rainfall and average temperature of different locations ranged between 1413-
2493 mm and 19.1e24.2 �C, respectively.

Selection of trees: Uniform aged stands were identified for selecting trees at a locationwhere tree mortality (5e10%) was
observed due to climatic variability, particularly previous occurrence of drought or low seasonal rainfall etc. Any insect pest
and disease incidence causing tree mortality was not observed during the seed collection. Phenotypic variationwas observed
in tree species as few trees were performing better compared to rest due to the influence of climatic factors. The fifteen
phenotypically superior and climate resilient trees (plus trees) were selected from each location to represent an SS for seed
collection, spaced 100 m apart to avoid collection from closely related individuals. Among the existing populations, climate
resilient superior trees were considered based on height and diameter growth using the comparison tree method. The seeds
were collected from superior trees to establish a provenance testing trial.

Experimental site: The experiment was conducted during 2013e2017 at the ICAR-Indian institute of soil and water
conservation, Research Farm, located at Selaqui, Dehradun, India (30�210 N and 75�520 E’). The area is situated at 525 m amsl,
and characterized by winters from November to March and summers from April to October. We obtained daily minimum
temperature, maximum temperature, and rainfall during four years from the meteorological observatory located at the
research farm. The average daily maximum andminimum air temperatures ranged between 31.7 and 20.6 �C in June and 17.8
to 1.1 OC in January, respectively. The long-term mean annual precipitation is 1625 mm, with 80% falling during the rainy
season (JuneeSeptember).

Seed extraction and germination: From each provenance approximately 2 kg drupe was collected during Octo-
bereNovember (2012), brought to laboratory for further analysis and processing. The C. australis ripened drupe was dried
under the sun for 24 h. The seed of each source was stored in the refrigerator during winter (NoveJan), and subsequently it
was sown in the nursery during the first week of February 2013. The C. australis seeds were soaked in water for 24 h before
sowing in the nursery to hasten the germination process. Hundred seeds of each seed-source were sown in polybag to grow
seedling in the nursery.

Plantation management. In December (2013), six-month-old nursery grown saplings of C. australis were planted in
3m� 3m geometry to identify themost suitable C. australis genotypes for greater growth, biomass, carbon stock, and climate
change adaptation. During the experimental period, all the standard tree management practices were followed to maintain
growth and productivity of C. australis. To overcome the edge effects, a single guard row was planted around the experiment.

Measurement of tree growth: To evaluate growth and productivity of C. australis, nine trees of each genotype were
measured every year during 2014, 2015, 2016 and 2017. For productivity analysis, plant saplings were also planted outside
experimental area for destructive sampling to estimate biomass and carbon stock. The collar diameter, total tree height, and
stem volume was determined in sampled trees using procedure described by (West, 2009). The diameter (>2.5 cm) of all the
branches close to main stem was recorded for each tree.

Biomass and Carbon stock estimation: To find out seed source variation in biomass and carbon stock of Celtis, twenty-
five branches of varying diameter from trees grown outside experimental area were harvested during December 2017. The
each harvested branch (leaves þ wood) were oven-dried (60 �C) to compute the dry biomass. The relationship between
branch diameter and dry biomass (branch wood þ leaves) established (Branch (s) biomass (g) ¼ 20.964e0.078x; x ¼ branch
diameter (cm); e ¼ Exponential base) and the biomass of each branch estimated using the derived relationship. The biomass
of all the branches in each sampled tree was computed by summing the estimated biomass of individual branch. The specific
gravity of Celtiswood was measured to be 0.716, and the root: shoot ratio (root biomass/shoot biomass) of the nursery grown
seedling was 0.71. The stem biomass was computed by multiplying the specific gravity with the stem volume. The above
ground biomass was estimated by summing up the stem biomass and branch (s) biomass. The below ground biomass was
derived by multiplying the above ground biomass with the root: shoot ratio. The total tree biomass was computed by
summing the above and below ground biomass. Carbon stock (CS), and CO2 sequestration were estimated according to
Petersson et al. (2012). Carbon stock of each tree was calculated from the total tree biomass (biomass x 0.50) and carbon
sequestrationwas determined from the tree carbon stock (carbon stock x 3.67). Furthermore, the total biomass, carbon stock,
and carbon sequestration for each seed source were determined on the hectare basis.
3
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Fig. 1. Map depicting the sites considered for collection of seed sources of Celtis australis in North -West Himalaya.

Table 1
Geographical features and climatic conditions of ten provenances considered for the study.

Ecological features Latitude
(N)

Longitude
(E)

Altitude
(m)

Average Rainfall
(mm)

Average annual
temperature (OC)

Ecological Regions Genotypes

HP I.C. Chamba 32�4504400 76�0305200 2154 2213 20.7
J&K I.C. Jammu 32�4201000 75�5100900 1615 1238 24.2
HP I. C. Kullu 31�3800000 77�2100000 1691 1972 15.1
HP I. C. Shimla 31�0704600 77�1303800 2322 1480 14.2
HP I.C. Solan 30�5101200 77�1005100 1161 1413 17.4
UK I.C. Dehradun 30�5505600 77�4700800 1040 1896 21.8
UK I.C. Tehri 30�2801700 78�0002100 1356 1934 15.3
UK I.C. Almora 29�3803900 79�3800200 1216 1575 14.4
HP I.C. Palampur 32�0802400 76�3301600 1327 2493 19.1
HP I.C. Sirmour 30�4001500 76�3303500 1405 2174 21.0

(HP-Himachal Pradesh, J&K-Jammu and Kashmir, UK-Uttarakhand state); I.C ¼ indigenous collection.

R. Kumar, H. Mehta, A. Kumar et al. Global Ecology and Conservation 26 (2021) e01469
Experimental design and data analysis: The experiment was laid out in completely randomized block design (CRBD), and
whole experimental areawas divided into three uniform blockswith the aim to reduce the site heterogeneity. Three sapling of
each seed source was planted in each block, and the total 90 saplings planted in the experiment area. Repeated measure
4
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analysis was performed to detect differences in seedling height, collar diameter, biomass, and carbon stock during four years
of growth period. In this experiment, the growth rate and other parameters were measured over time to determine the
interaction effects and rate of change fromone time period to another between different seed sources. Therefore, the common
approach was applied to combine the data from all stages to obtain a single analysis of variance. In this analysis, time of
observation was considered as an additional factor in the experiments, treating it as subplot. The, pooled analysis of variance
for measurements over timewas estimated according to Gomez and Gomez (1984). The datawere statistically analyzed using
the STAR software version 2.0.1 (2014). Tukey’s honestly significant difference (HSD) test was used to compare means within
and among seed sources at the 5 and 10% level of significance (Table 2). The Tukey’s HSD test was applied for multiple
comparisons in different seed sources. In HSD test, error rate can be controlled throughminimum significant difference (MSD)
which increases with increase in number of treatments, whereas LSD does not depend on the number of treatments (Clewer
and Scarisbrick, 2001).
Biometrical approaches

Growth and biomass production in tree species is complex, quantitatively inherited character, and it is highly influenced
by the environmental fluctuations. Effectiveness of seed source selection depends on the existence of sufficient genetic
variability. The expected improvement in such characters primarily depends on the nature and magnitude of heritable
variations. Therefore, to capture genetic variation in seed sources different biometrical approaches (such as phenotypic and
genotypic variation, heritability, and genetic advance) were applied.

Genotypic variance
�
sg

2
�
¼ MSS�MSðs� tÞ

rt
(i)

Phenotypic Variance ðsp2Þ ¼ ðsg2 þ se
2Þ (ii)

Environmental variance ðse2Þ¼MSe (iii)

where.

MSS ¼ Mean square for seed sources
MS (s x t) ¼ Mean square for year x seed source interaction
r ¼ number of replications
s ¼ number of seed sources
t ¼ number of years

Phenotypic, genotypic and environmental coefficients of variation were obtained as the ratio of respective standard de-
viation to the general mean of the characters and expressed in percentage following Burton (1952).

Phenotypic Coefficient of Variation ðPCV %Þ¼ sPi
Xi

� 100 (iv)

Where,
sPi ¼ Phenotypic Standard Deviation of character ‘i’
Xi ¼ General Mean of character ‘i’
Table 2
Pooled Analysis of variance for height, Collar Diameter (cm), biomass, and carbon stock overtime.

Source df Mean square

Height
(m)

Collar diameter
(cm)

Total Biomass
(t/ha)

Carbon stock
(t/ha)

Replication 2 3.3*** 0.96** 8393.5*** 2098.2***
Seed sources (S) 9 2.2*** 23.03*** 29552.9*** 7388.1***
Error (a) 18 0.05 0.17 406.3 101.5
Time of observation (T) 3 36.8*** 284.7*** 310582.3*** 77646.3***
S � T 27 0.14* 1.66*** 6570.8*** 1642.6***
Error (b) 60 0.09 0.36 657.3 164.3
Total 119

*, **, *** significant differences at P < 0.10, 0.01 and 0.001, respectively.
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Genotypic Coefficient of Variation ðGCV %Þ¼sgi
Xi

� 100 (v)

where, sgi ¼ Genotypic Standard Deviation of character ‘i’

Environmental Coefficient of Variation ðECV %Þ¼ sei
Xi

� 100 (vi)

where, s ei ¼ Environmental Standard Deviation of character ‘i’.
Heritability in broad sense was calculated for each character by following Allard (1960).

h2ðbÞ ¼
s2gi

s2Pi
(vii)

where, h2
(b)¼Heritability in broad sense.

s2
gi ¼ Genotypic Variance of character ‘i’

s2
Pi ¼ Phenotypic variance of character ‘i’

The expected genetic advance under selection for different characters was estimated as suggested by Allard (1960).

G:A:ðsÞ¼ h2ðbÞ � sPi � K (viiv)

where.

G. A. (s) ¼ expected genetic advance under selection
h2

(b)¼heritability in broad sense
sPi ¼ Phenotypic standard deviation of character ‘i’
K¼ constant for which the value is given as 2.06 which is the expectation in case of 5% selection intensity as given by Lush
(1949).

Genetic advance as percent of mean for each character was calculated as suggested by Johnson, Robinson and Comstock
(1955).

G:A: as % of mean¼ G:A:
General Mean

� 100 (ix)
3. Results

Performance of C. australis germplasms under experimental trials in terms of growth, biomass, carbon stock and climate
change adaptation is influenced by the seed source variation (SS) and regional climatic conditions, and same has been
explained in the following sections:

3.1. Climatic data of experimental site

During the study period (2014e17), maximummonthly rainfall ranged between 376 and 682mmwas recorded during july
month of each year, although less than 200 mm rainfall was also recorded during January to April (Fig. 2). Annual rainfall was
recorded minimum of 1400 mm (2014) and maximum of 1593 mm (2015), while long term average rainfall was 1681 mm.
Likewise, mean monthly minimum and maximum temperature recorded was 4.62 and 23.85 �C during December and May
month, respectively.

3.2. Variance and coefficient of variability

The variance and coefficient of variability (CV) estimates of different C. australis genotypes are shown in Table 3. The
genotypic variance ranged from 2.88 (Height) to 23419.1 (biomass). With respect to variability, the, phenotypic (141) and
genotypic (143) CVs were the highest for the total biomass. Minimum phenotypic (39.7), genotypic (40.4) CVs were recorded
for the plant height. Genotypic variance and genotypic CVs for height, collar diameter, and total biomass were found to be
higher than corresponding environmental variance and environmental CVs. These results indicate that the genotypic
6
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component was the major contributor to the total variance for these characteristics. Estimates of broad sense heritability
ranged from 96.7 (height.) to 98.3 (total biomass and diameter). Genetic gain ranged between 8056 and 28679, with mean of
height giving the lowest value and that of total biomass the highest value (Table 3). The higher heritability and genetic gain for
a particular character demonstrates their potential to express superiority in field conditions.
3.3. Height and diameter growth

The significant effect of time of observation followed by replications (siblings) and genotypes (P < 0.001) was observed in
C. australis for plant height and collar diameter growth (Table 2). Maximum variability was observed due to time of obser-
vation followed by replications (siblings) and seed sources. Significant variation due to replication indicated that all the plant
of same SSwere genetically different due to species cross pollination nature and that provide the selection opportunitywithin
genotypes. Accordingly, significant variation due to genotypes explains the diverse nature of seed collection that may provide
better selection opportunity with the genotypes. Significant differences in growth pattern were observed from first year
(2014) to fourth year (2017), even after possessing uniform size during field transplanting. Selection for growth pattern (plant
height) would bemore desirable after first year of experiment. The significant (P < 0.10) effect of SS variationwas observed on
tree height over time (Table 4). Results showed that average tree height ranged between 3.49 and 4.88 m, and the fastest tree
growthwas observed in Solan followed by Tehri SS, compared to rest of SS. In terms of height, the growth in Tehri and Solan SS
was recorded as 25% and 26% higher, respectively, compared to Dehradun SS, which recorded slowest rate of height growth.
For collar diameter trait, maximumvariability was observed due to time of observation followed by genotype and replications
(siblings). Average collar diameter ranged between 5.19 and 9.69 cm, and higher collar diameter growthwas observed in Tehri
followed by Solan SS, compared to rest of the SS (Table 5). Maximum variation for collar diameter within the genotypes was
observed in Tehri SS, as it showed maximum standard error compared to other SS. Likewise, diameter growth was also
recorded higher in Tehri (66%) and Solan (87%) SS compared to Dehradun SS. Interestingly, Dehradun SS which is a local seed
source performed least compared to rest of the SS. In general, these both characters i. e height and diameter growth per-
formance affected the biomass production in tree species.
3.4. Tree biomass

In this study, total biomass (TB) trends differed significantly in all the seed sources. Significant effect (P < 0.001) of time of
observation, replication (siblings), seed source and interaction of time of observation and SS was observed for total biomass
production during experimental period (Table 4). Non-significant estimates for total biomass (TB) production in one-year
(2014) old plant saplings showed the production of uniform biomass in the species (Table 6). Although after four year of
experiment, significant trends of TB were in the order of Dehradun < Chamba < Kullu < Sirmour < Shimla < Palampur
< Almora < Jammu < Solan < Tehri, respectively. Highest estimated total average biomass production i.e. 208 and 168 ton/ha
was observed in Tehri and Solan SS, respectively, which were 4.7 and 3.77 times more, respectively, compared to Dehradun SS
which recorded the least total biomass production. In precise terms, Tehri and Solan SS contributed more total biomass
production compared to other SS.
Fig. 2. Trends in the monthly total rainfall, maximum and minimum temperatures temperatures recorded during the study period (2014e2017) at the exper-
iment site (mean ¼ 4).
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Table 3
Variances and coefficient of variability estimates.

Parameters Ve Vg Vp ECV GCV PCV h2b GA GA (%)

Height 0.10 2.88 2.98 10.51 39.77 40.44 96.71 344.02 8056.7
Collar diameter 0.37 21.81 22.17 2.73 65.13 65.67 98.35 954.0 13305.7
Total Biomass 657.3 23419.1 24076.4 0.11 141.1 143.1 97.27 31091.5 28679.5

Note: Vp, phenotypic variance; Vg, genotypic variance; Ve, environment variance; GCV, genotypic coefficient of variance; PCV, phenotypic coefficient of
variance; ECV, environment coefficient of variance; h2B, broad sense heritability; GA; Genetic advance.

Table 4
Measurement of trees height (m) over time in different genotypes of C. australis L.

Ecological features

Ecological Regions Seed source 2014 2015 2016 2017 Average trees height

UK I.C. Almora 3.30 ± 0.30a 3.71 ± 0.25cd 4.75 ± 0.13ab 5.75 ± 0.18abc 4.38 ± 0.30bc

HP I.C. Chamba 2.64 ± 0.05ab 3.23 ± 0.50de 4.48 ± 0.42bc 5.08 ± 0.05cd 3.86 ± 0.32ef

UK I.C. Dehradun 2.43 ± 0.08b 2.71 ± 0.27e 3.79 ± 0.60c 5.02 ± 0.07d 3.49 ± 0.34f

J&K I.C. Jammu 3.19 ± 0.06a 4.53 ± 0.12ab 4.76 ± 0.30ab 5.70 ± 0.13abcd 4.54 ± 0.28ab

HP I.C. Palampur 2.93 ± 0.02ab 3.77 ± 0.23cd 4.77 ± 0.31ab 5.69 ± 0.25abcd 4.29 ± 0.33bcd

HP I.C. Shimla 3.05 ± 0.08ab 3.94 ± 0.35bcd 4.41 ± 0.28bc 5.22 ± 0.10cd 4.16 ± 0.26cde

HP I.C. Sirmour 3.14 ± 0.02ab 3.95 ± 0.32bcd 5.02 ± 0.20ab 5.40 ± 0.16bcd 4.38 ± 0.28bc

HP I.C. Solan 3.31 ± 0.02a 4.18 ± 0.42abc 5.37 ± 0.22a 6.39 ± 0.14a 4.81 ± 0.37a

UK I.C. Tehri 3.33 ± 0.05a 4.72 ± 0.16a 5.39 ± 0.37a 6.07 ± 0.16ab 4.88 ± 0.32a

HP I.C. Kullu 2.64 ± 0.05ab 3.38 ± 0.17de 4.46 ± 0.09bc 5.23 ± 0.10cd 3.93 ± 0.30de

HP-Himachal Pradesh, J&K-Jammu and Kashmir, UK-Uttarakhand.
Note: Data are summarized as the mean ± standard error. Any two means within a column having common alphabet notation (a, b, c, d and e) are not
significantly different at the 10% level of significance, analyzed through Tukey's Honestly Significant Difference (HSD) Test.
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3.5. Carbon stock (CS) and CO2 sequestration (COS)

CS and COS was estimated in different ecotypes collected from different sites and evaluated for four years in perpetuity.
Analysis of data showed that there was significant difference between different SS for CS and COS. Average CS and COS was
ranged between 33-103 t ha�1, and 121e359 t ha�1, respectively, in different SS (Table 7). CS and COS showed largest increase
in Tehri and Solan SS compared to Dehradun SS (Fig. 3). In absolute terms, CS in Tehri and Solan SS was recorded 81 t ha�1 and
62 t ha�1 higher, respectively, compared to Dehradun SS. Likewise, average COS found to increase significantly in Tehri
(238 t ha�1) and Solan SS (232 t ha�1), compared to Dehradun SS.
4. Discussion

Growth, biomass production, and carbon stock of tree species are affected by the environmental factors, anthropogenic
activities, and genotypic responses (Kumar et al., 2016; Hovrath, 2016). The climatic data of the region for past few decades
has indicated an increase in the extreme rain events (Goswami et al., 2006). In general, the region is characterized by high
Table 5
Collar diameter (cm) over time in different seed sources of C. australis L.

Ecological feature Collar Diameter (cm)

Ecological Regions Seed source 2014 2015 2016 2017 Average Collar Diameter

UK I.C. Almora 3.98 ± 0.05abc 5.70 ± 0.12bcd 8.50 ± 0.12cd 11.37 ± 0.42bc 7.39 ± 0.85c

HP I.C. Chamba 2.74 ± 0.02c 4.32 ± 0.05de 6.47 ± 0.21e 8.21 ± 0.58ef 5.43 ± 0.64d

UK I.C. Dehradun 2.65 ± 0.07c 4.14 ± 0.20e 6.39 ± 0.39e 7.58 ± 0.45f 5.19 ± 0.59d

J&K I.C. Jammu 3.75 ± 0.05abc 4.72 ± 0.17cde 7.68 ± 0.25de 12.14 ± 0.48b 7.07 ± 0.99c

HP I.C. Palampur 3.75 ± 0.06abc 6.13 ± 0.10abc 8.23 ± 0.41cd 11.33 ± 0.41bc 7.36 ± 0.85c

HP I.C. Shimla 4.45 ± 0.14ab 6.33 ± 0.21ab 9.66 ± 0.26bc 10.43 ± 0.63cd 7.72 ± 0.75bc

HP I.C. Sirmour 3.79 ± 0.11abc 6.29 ± 0.05ab 8.51 ± 0.09cd 10.57 ± 0.50cd 7.29 ± 0.77c

HP I.C. Solan 4.38 ± 0.05ab 7.08 ± 0.07ab 10.32 ± 0.20ab 12.77 ± 0.95b 8.64 ± 0.98b

UK I.C. Tehri 5.20 ± 0.23a 7.40 ± 0.12a 11.75 ± 0.14a 14.40 ± 0.40a 9.69 ± 1.09a

HP I.C. Kullu 3.14 ± 0.05bc 4.76 ± 0.35cde 6.70 ± 0.31e 9.28 ± 0.79de 5.97 ± 0.72d

HP-Himachal Pradesh, J&K-Jammu and Kashmir, UK-Uttarakhand.
Note: Data are summarized as the mean ± standard error. Any two means within a column having common alphabet notation (a, b, c, d and e) are not
significantly different at the 10% level of significance, analyzed through Tukey's Honestly Significant Difference (HSD) Test.

8



Table 6
Estimates of total biomass (tons/ha) over time in different seed sources of C. australis L.

Ecological features Total biomass (tons/ha)

Ecological Regions Genotypes 2014 2015 2016 2017 Average biomass

UK I.C. Almora 18.39 ± 1.44a 42.37 ± 2.21ab 121.06 ± 4.63cd 263.80 ± 27.36cd 111.41 ± 29.50bc

HP I.C. Chamba 6.98 ± 0.06a 21.14 ± 3.00b 67.01 ± 9.80de 122.35 ± 18.04f 54.37 ± 14.30cd

UK I.C. Dehradun 5.99 ± 0.14a 16.18 ± 0.45b 53.28 ± 5.31e 102.62 ± 12.55f 44.52 ± 11.79d

J&K I.C. Jammu 15.80 ± 0.73a 35.85 ± 3.50ab 98.61 ± 4.07cde 296.92 ± 21.88c 111.80 ± 33.86bc

HP I.C. Palampur 14.56 ± 0.41a 49.86 ± 1.55ab 113.83 ± 10.31cde 259.37 ± 25.22cd 109.41 ± 28.82bc

HP I.C. Shimla 21.25 ± 0.78a 56.27 ± 7.68ab 144.37 ± 3.64bc 203.00 ± 28.90de 106.22 ± 22.54c

HP I.C. Sirmour 15.94 ± 0.79a 54.98 ± 3.87ab 128.10 ± 2.36cd 214.80 ± 26.38de 103.46 ± 23.57cd

HP I.C. Solan 22.44 ± 0.49a 74.12 ± 9.11ab 202.28 ± 13.83cb 373.34 ± 60.47b 168.05 ± 42.96ab

UK I.C. Tehri 31.97 ± 3.03a 91.37 ± 5.96a 261.99 ± 15.68a 445.39 ± 34.05a 207.68 ± 49.26a

HP I.C. Kullu 9.20 ± 0.36a 27.01 ± 2.70ab 70.95 ± 7.26de 161.53 ± 29.62ef 67.17 ± 18.93cd

HP-Himachal Pradesh, J&K-Jammu and Kashmir, UK-Uttarakhand.
Note: Data are summarized as the mean ± standard error. Any two means within a column having common alphabet notation (a, b, c, d and e) are not
significantly different at the 10% level of significance, analyzed through Tukey's Honestly Significant Difference (HSD) Test.
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event in monsoon, and extreme summer and winter temperatures. These conditions have deterministic influence on plant
growth and development. Likewise, (Kumar et al., 2020) also observed that erratic and uneven distribution of precipitation
considerably affects the tree plant growth and biomass productions. For a tree species, seed source of a specific origin/
provenance grows, evolves, and adapts to a particular set of climatic conditions, which contributes to the genotypic and
phenotypic variability, and succession in that particular seed source. In general, climate affects the genotypic response, and
phenotypic and environment variability in a particular plant species, and over-time their seed sources adapts to the con-
trasting climate conditions.

In present study, the phenotypic assessment indicated towards high genetic variability within and among the seed source
of C. australis across their geographic range in the Indian Himalayas. In most tree species, seedling growth and other char-
acteristics are strongly controlled by the genotype than the environmental factors (Asaro et al., 2016), indicating a good
potential for selection and further improvement in the tree species. In our study, both genotypic variation and genetic gain
were found higher for height, collar diameter, and total biomass, which suggests that immense improvement, could be
achieved for these characters through simple selection.

Genotypes selection from diverse environments can help in improving the several useful characteristics in tree species. As
explained in results, the seed source (SS) variability significantly influenced the C. australis growth, and Solan SS and Tehri SS
outperformed all others, particularly the seed source which was native (Dehradun) to the test site. Results further indicated
that Solan SS and Tehri SS have strong potential to adapt to Dehradun environment (Fig. 4). Therefore, the performance
assessment predicted that these SS would survive and better perform compared to the rest SS once exposed to extreme
climate conditions because the seeds were collected from the climate resilient trees at each location. In general, better
performing SS will be least affected under the changing climate scenarios (Alfaro et al., 2014). In addition, improvement in
growth characteristics as a consequence of SS variationwill contribute to increased vegetative biomass productionwhich can
be exploited for enhancing land productivity, particularly of the degraded lands. (Whittet et al., 2016).

For biomass production, Tehri SS and Solan SS outperformed all other SS and there was large variation among the SS.
Presence of variability among genotypes has been noticed to contribute to the differences in the species biomass production
(Singh and Pokhrial, 2000). It is also established that geography and ecosystem contribute to the species genetic constitution
that results in the biomass production differences within the same spp. (FAO, 1985). Moreover, particular SS may exhibit high
Table 7
Estimates of Total Carbon stocks (tons/ha) over time in different seed sources of C. australis L.

Ecotype features Total Carbon stocks (tons/ha)

Ecological Regions Seed sources 2014 2015 2016 2017 Average carbon stocks

UK I.C. Almora 9.19 ± 0.72a 21.19 ± 1.10ab 60.53 ± 2.32cd 131.90 ± 13.68cd 55.70 ± 14.75bc

HP I.C. Chamba 3.49 ± 0.03a 10.57 ± 1.50b 33.51 ± 4.90de 61.17 ± 9.02f 27.19 ± 7.15cd

UK I.C. Dehradun 3.00 ± 0.07a 8.09 ± 0.23b 26.64 ± 2.66e 51.31 ± 6.28f 22.26 ± 5.89d

J&K I.C. Jammu 7.90 ± 0.36a 17.93 ± 1.75ab 49.31 ± 2.03cde 148.46 ± 10.94c 55.90 ± 16.93bc

HP I.C. Palampur 7.28 ± 0.20a 24.93 ± 0.78ab 56.92 ± 5.16cde 129.69 ± 12.61cd 54.70 ± 14.41bc

HP I.C. Shimla 10.63 ± 0.40a 28.13 ± 3.84ab 72.18 ± 1.82bc 101.50 ± 14.45de 53.11 ± 11.27c

HP I.C. Sirmour 7.97 ± 0.40a 27.49 ± 1.93ab 64.05 ± 1.19cd 107.40 ± 13.19de 51.73 ± 11.79cd

HP I.C. Solan 11.22 ± 0.25a 37.06 ± 4.55ab 101.14 ± 6.91ab 186.67 ± 30.23b 84.02 ± 21.48ab

UK I.C. Tehri 15.98 ± 1.51a 45.69 ± 2.98a 130.99 ± 7.84a 222.69 ± 17.02a 103.84 ± 24.63a

HP I.C.Kullu 4.60 ± 0.18a 13.50 ± 1.35ab 35.48 ± 3.63de 80.76 ± 14.81ef 33.59 ± 9.46cd

HP-Himachal Pradesh, J&K-Jammu and Kashmir, UK-Uttarakhand.
Note: Data are summarized as the mean ± standard error. Any two means within a column having common alphabet notation (a, b, c, d and e) are not
significantly different at the 5% level of significance, analyzed through Tukey's Honestly Significant Difference (HSD) Test.
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Fig. 3. CO2 sequestration in different seed sources of Celtis australis.

Fig. 4. Growth of Celtis australis under field conditions after four years.

R. Kumar, H. Mehta, A. Kumar et al. Global Ecology and Conservation 26 (2021) e01469
biomass production in the changing climatic scenario compared to others because of frequent previous exposures and
adaptation to such conditions. In general, assessment and adaptation of SS variation can play significant role in improving
biomass production of agroforestry trees during extreme weather condition anticipated under different climate change
scenarios (Briceno et al., 2015).
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Currently, researchers throughout the globe are working tirelessly on developing different approaches, which can rapidly
sequester more and more carbon for mitigating the global warming impacts (Rweyongeza, 2010; Gray et al., 2016a). For
example, Joseph et al. (2013) suggested that transgenic trees with multiple genes for resistance to abiotic stress help them to
cope with future climate change. Recently, seed source (SS) identification has emerged a new tool to improve carbon
assimilation in the tree species (Gray et al., 2016b). Accordingly, our results suggested that SS wise variation exists for carbon
stock and CO2 sequestration in C. australis, and Tehri SS and Solan SS demonstrated strong potential for these characteristics.
Similarly, these studies also indicated that seed source variation has strong potential to improve ecosystem level carbon
stocks that contributes to greater atmospheric CO2 sequestration and climate change mitigation (Lal, 2001). Higher CO2
sequestration in plants contributes to the climate change mitigation by maintaining the global C balance (Franzluebbers and
Doraiswamy, 2007). Therefore, extensive genotype and seed source testing can be adopted as one of the strategies for climate
change mitigation, regionally as well as globally. Identifying genotype of tree species based on SS variation for climate change
mitigation can reduce vulnerability of regional and global ecosystems to climate change.

Inducing adaptation to climate extremes is one of the major challenges currently faced by the researchers and policy
planners, worldwide. Improvement and selection for multiple stresses is one of the important strategies for enhancing plant
species adaptation to climate change. Genotype selection through seed source testing is considered as economical, rapid, and
highly effective technique in trees species (Jones et al., 2001). Selecting tree seeds or plantingmaterials from agro-ecosystems
that are continuously exposed to extreme climatic events may lead to the higher survival and adaptation in agroforestry
plantations under the extreme climatic events. Future research should also focus on recording long-term climatic data and
establishing its relationship with the tree growth at sites considered for seed/germplasm selection. The varied plant growth
as a consequence of genotypic variation may result in the differential response to changing climate in a particular region. In
this study, we identified superior seed sources of Celtis germplasm that would greatly contribute in biomass production,
carbon stocking and sequestering the atmospheric carbon. This will help in enhancement of agroforestry systems produc-
tivity as well provision of climate change mitigation and adaptation in Himalayan ecosystem. Moreover, these practices can
contribute in improving the ecological and economic benefits of the regional population in Himalaya. Continuous selection
and testing efforts may lead to higher productivity as well as better species adaptation to climate change. In general, at global
scale, tree species genotype testing and exchange programme should be initiated for conserving species diversity, improving
plant productivity, restoring degraded lands and enhancing forest’s capacity to climate change adaptation. Species selection
and testing programme should be run continuously over long time spans, as part of a global research framework on tree
improvement with the cooperation of international developmental agencies.

5. Conclusion

Our finding explained that significant variation between and among the Celtis australis seed sources (SS) can provide an
opportunity for selecting superior planting materials to improve species productivity and climate resilience. Selection of
superior germplasm could successfully increase growth and biomass productions of trees species like Celtis australis under a
preferred condition. For Western Indian Himalayas, Tehri and Solan SS performed significantly better compare to Jammu,
Almora, Sirmour, Palampur, Kullu, Shimla, Chamba, and Dehradun seed sources. These two genotypes can be adopted in
improvement projects worldwide under the conditions similar to Himalayan foothills. The studies point out that SS is an
effective tool for improving afforestation success in climatically vulnerable regions. Seed source based selection can help in
improving biomass yields, carbon sequestration and plant survival in extreme events, thus helping both adaptation and
mitigation goals for climate change. Therefore, in future, SS selection and testing of other commercially important agrofor-
estry tree species should be initiated for further enhancing the species productivity under climate change scenario.
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