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                     Abstract 
 Forest ecology has signifi cant potential for carbon (C) and heavy-metals’ accumulation, and is considered important for 

mitigating environmental impacts within the ecosystem. Heavy-metals enter the soil–plant system via diff erent anthropogenic 

activities per se industrialization, which has huge contribution through the discharge of heavy-metals enriched effl  uents. 

Although, irrigation with effl  uents to large biomass producing forestry plantation e.g.  Eucalyptus  sp. with high net primary 

production (NPP) are considered ecologically and environmentally safe, yet the information on diff erential response of diverse 

clones towards applied effl  uents is scares. We therefore, performed fi eld evaluation of nine  Eucalyptus  clones originated from 

diverse agro-ecological environments irrigated with distillery effl  uents to investigate their growth attributes, heavy-metals 

(e.g. As, Cr, Cd and Ni) and micro-nutrients (e.g. Cu, Zn, Fe and Mn) uptake potential, and C storage in above-and below-

ground biomass and sequestration in soil C pool. The diameter at breast height (DBH), tree volume, fresh and dry biomass 

of stems, leaves, branches and roots of C-316 clone was signifi cantly ( p  < 0.05) higher, lowest for PE-6, whilst the C-411, 

C-2045, PE-5, PE-7, PE-8, PE-11 and C-413 were in-between. The Cr uptake was signifi cantly higher for PE-8 and C-413, Ni 

uptake in PE-6 and C-413 and Pb uptake in clone C-2045. Among micro-nutrients, Zn, Mn and Fe uptake was signifi cantly 

higher for C-316, compared with other clones. However, the metal content in surface (0–15 cm) soil layer was well below 

the threshold level. The partitioning of NPP among diff erent above-and below-ground biomass components revealed that 

dry stem biomass comprised ~ 54.8–56.7%, branches ~ 15.8–17.1%, while leaves ~ 5.6–7.5% of total dry tree biomass. Root 

biomass comprised ~ 21.3% of total tree biomass. Carbon stocks in dry above-ground biomass (stems + branches + leaves) 

varied between 33.9 and 59.5 kg C  tree −1 , and were signifi cantly higher for C-316, and lowest for PE-6 clones. The total 

C sequestration in tree biomass varied between 229.7 and 450.9 Mg C  ha −1  in diff erent clones; with signifi cantly higher in 

C-316 and lowest in PE-6. Carbon sequestration rate varied between 57.4 and 112.7 Mg C  ha −1   year −1  for diff erent  Eucalyptus  
clones. Total organic C (TOC) stocks in surface soil layer under C-413, C-411 and C-316 clones were signifi cantly ( p  < 0.05) 

higher than others. The discriminant function analysis (DFA) showed that two signifi cant canonical discriminant functions 

(DFs) viz. DF-1 and DF-2 involving total tree biomass, total uptake of As, Pb, Zn, Mn and Fe in above-ground biomass of 

 Eucalyptus  clones distinguished diff erent cones, appropriately grouping 97.5% of the tested clones. These results underpin 

overwhelming signifi cance of C-316 plantation for increased heavy-metals’ uptake with co-benefi ts of C sequestration in 

tree biomass as well as in soils. Therefore, a stringent policy framework for large scale C-316 clone plantation in regions 

with availability of distillery effl  uents is required for restoring the forest ecosystem on sustainability basis. 

   Keywords     Above-and below-ground biomass    ·  Distillery effl  uents    ·  Heavy-metals uptake    ·  Total organic C stocks    ·  Micro-

nutrients’ uptake    ·  Net primary production    ·  Phytoextraction  

      Introduction 

 Fresh water scarcity has become a major constraint in global 

crop production due to increased human population, shift 

in diets and feeding habits, and a change in climate under 

global warming scenario (Khurana and Singh  2012 ; Bhatt 
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et al.  2021 ). A tremendous increase in human population 

besides urbanization and industrialization has not only 

reduced the arable land under cultivation, but also has raised 

serious threats to ecosystems’ resilience with increased envi-

ronmental pollution due to the production of large volumes 

of waste water (Khurana and Singh,  2012 ; Kaur et al.  2017 ; 

Chaoua et al.  2018 ; Woodford  2019 ; Shukla et al.  2020 ). 

Estimates revealed that India has been generating ~ 38,000 

million L waste water  day − 1, but the current water treat-

ment capacity of the country has been only ~ 31.6% of the 

total volume of waste water generated (~ 12,000 million L 

 day −1 ) (CPCB  2016 ). It has been projected that ~ 60% of the 

world population would experience severe water paucity by 

2030 due to increased water pollution due to heavy-metal 

contamination and water scarcity (WEF-WRG  2012 ; Dash 

et al.  2016 ]. Heavy-metals have been extensively spread 

due to anthropogenic activities, causing their excess accrual 

that exceeds the permissible/threshold levels causing seri-

ous environmental disaster (Huseyinova et al.  2009 ). Waste 

water can be used for the restoration of the degraded lands 

and the growth of the vegetation having commercial and 

environmental value (Madejon et al.  2006 ). Notwithstanding 

the heavy-metals loads in waste water produced by industrial 

sector, its fi eld application for irrigation purpose has now 

become compulsion rather than need (Cheraghi et al.  2009 ; 

Jan et al.  2015 ; Edokpayi et al.  2017 ; Chaoua et al.  2018 ). 

 Although heavy-metals can change their oxidation state, 

yet because of their biodegradable chemistry they are 

highly toxic and persistent in nature with half-life more than 

20 years (Jan et al.  2015 ; Ayangbenro and Babalola  2017 ; 

Hadia-e-Fatima and Ahmed  2018 ). The metals with densi-

ties greater than 5 g  cm −3  are categorized as heavy-metals 

(Hutton and Symon  1986 ; Hawkes  1997 ); e.g. copper (Cu), 

iron (Fe), manganese (Mn), and zinc (Zn) are considered as 

essential micro-nutrients, whilst the cobalt (Co), chromium 

(Cr), nickel (Ni) are considered heavy-metals. Conversely, 

the non-essential heavy-metals include lead (Pb), cadmium 

(Cd) and mercury (Hg) are highly toxic for living organ-

isms (Monni et al.  2000 ; Sandeep et al.  2019 ). The major 

source of heavy-metals in soil–plant system has been the 

anthropogenic activities e.g. excess use of biocides (insecti-

cides, fungicides and herbicides), sewage/industrial sludge 

and effl  uents etc. (Saini and Singh,  2011 ; Singh et al.  2013 , 

 2014 ; Haroon et al.  2018 ; Mittal et al.  2022 ). 

 Heavy-metals accumulation in soil–plant system has 

detrimental eff ect on environment and ecosystems’ sus-

tainability, besides serious impact on animal and human 

health (Kleckerova and Docekalova  2014 ; Sharma et al. 

 2021 ). Estimates revealed that ~ 10 million human popula-

tions across the globe have experienced health issues due to 

heavy-metal accumulation in soils (U.S. EPA  2016 ). Among 

heavy-metals, Cd is more bioavailable and bio-accumulate 

due to its high solubility (Oves et al.  2016 ). Zinc causes 

toxicity in plants, while Cd rarely causes phyto-toxicity even 

at high concentrations (Ryzhenko et al.  2017 ). Among the 

cereal grain crops, highest level of Cd and Zn were observed 

in maize ( Zea mayz  L.) and that of Pb was found in wheat 

( Triticum aestivum  L.) (Perrier et al.  2016 ). Lead gets precip-

itated as Pb-phosphate compound, and therefore, becomes 

unavailable to plants (Zeng et al.  2017 ). The oilseed crops 

e.g. sarson ( Brassica juncea ) has the capabilities of utiliz-

ing Pb form the contaminated soils, because  Brassica sp . 
can transport Pb form root to shoot (Bouquet et al.  2017 ). 

Lead has been reported to be present in high concentrations 

in leafy vegetable crops as well as in the root crops (Rosen 

 2002 ; Chandrasekhar and Ray  2019 ). Therefore, screen-

ing of appropriate remediating plant species could greatly 

reduce the ecological risks of heavy-metals being transferred 

from plants into the food chain and contamination of under-

ground water and impacts on micro-and macro-fauna (Couil-

lard et al.  2008 ; Krumins et al.  2015 ). The phytoremediation 

of heavy-metals contaminated soils using forestry planta-

tion is preferred over fi eld crops due to capacity of trees to 

accumulate heavy-metals in the wood which is biologically 

non-hazardous (Kaur et al.  2017 ). 

  Eucalyptus  sp. is globally diff used in diff erent agro-eco-

logical environments ranging from deserts to rain forests 

(King et al.  2008 ; Avtar-Singh et al.  2022 ). The  Eucalyptus  
is one of the fast growing, evergreen genera of Myrtaceae 

family and native of Australia, but extensively cultivated 

in Mediterranean and sub-tropical regions including Aus-

tralia, India, China, Portugal, Egypt, Spain, Algeria, South-

ern United States and South America (Leung and Foster 

 1996 ; Avtar-Singh et al.  2022 ).  Eucalyptus  has over 700 

species varying in size from small shrubs to large trees hav-

ing height up to 20–50 m and diameter up to 2 m. The aver-

age annual productivity of natural forests in India is less 

than 2  m 3   ha −1 , whilst  Eucalyptus  plantations has ~ 6–10 

 m 3   ha −1  in forests and 15–20  m 3   ha −1  in farmlands (Kaur 

and Monga  2021 ). Amongst the diff erent species,  Eucalyp-
tus globulus  has high adaptation to extreme ecological situ-

ations including alpine and saline-alkali soil environment 

(King et al.  2008 ).  Eucalyptus  is known for its wide range 

drought hardiness, although ~ 800 mm rainfall is required 

annually. It can grow from mild to dry, sub humid to humid, 

and from fertile to degraded soils under a wide range of 

climatic or soil conditions (Leung and Foster  1996 ; King 

et al.  2008 ). Nonetheless,  Eucalyptus  has unpalatable char-

acteristic, rapid growth rate and produces large quantities 

of wood when grown within or outside their natural range, 

propagation by stem and tolerance to adverse environmen-

tal conditions makes the species attractive as an excellent 

candidate for phytoextraction (Arriagada et al.  2007 ). For-

est tree species are adjudicated appropriate for phytoextrac-

tion depending up on numerous standards including quick 

growth with huge above-and below-ground biomass, high 
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bioaccumulation factors, generous root system, high heavy-

metal accumulation abilities and forbearance (Leung and 

Foster  1996 ; McGrath et al.  2006 ). Although, the heavy-

metal concentration in tree biomass does not fulfi ll the 

standards for being a hyper-accumulator, the tree may still be 

considered as the applicant for phytoextraction if it has high 

above-ground biomass (Mahdieh et al.  2013 ). The natural 

heavy-metal hyper-accumulators have the abilities to accrue 

heavy-metals ~ 100-fold more compared to the normal ones 

(McGrath et al.  2006 ). Indeed the hyper-accumulators origi-

nate on natural heavy-metal enriched environments due to 

their adaptation to situations that have positive heavy-metal 

irregularities (McGrath and Zhao  2003 ; Chaney et al.  2007 ). 

Most studies on heavy-metal acceptance and build-up by 

forest tree species remained focused on poplars and wil-

lows characterized by extensively deep root systems, rapid 

growth, high evapo-transpiration rates, and low impact on 

trophic chains (Guidi Nissim et al.  2014 ). The diff erential 

vegetative growth of  Eucalyptus  trees in response to heavy-

metals has been studied under laboratory and fi eld condi-

tions (Fine et al.  2013 ; Mughini et al.  2013 ). Earlier research 

showed worthy perceptions for growing  Eucalyptus  for 

phytoextraction purpose (Goodger et al.  2009 ; Pietrini et al. 

 2015 ). The  Eucalyptus  sp. are considered effi  cient competi-

tors due to their large heavy-metals accumulation potential 

(Baker et al.  1994 ; Arriagada et al.  2007 ; Fine et al.  2013 ; 

Doronila and Forster  2015 ; Ghosh et al.  2015 ). Some spe-

cies which grow on metalliferous soils develop the capacity 

to assimilate a large quantity of indigenous metals without 

obvious phyto-toxicity symptoms (Prasad and Freitas  2002 ; 

Padmavathiamma and Li  2007 ). 

 Although, studies on eff ect of waste water effl  uents used 

as irrigation purpose for  Eucalyptus  plantation are con-

ducted, but had a common focus on nutrient supplementa-

tion (Guo and Sims  2000 ; Heaton et al.  2002 ; Livesley et al. 

 2007 ; Singh et al.  2010a , b ). However, a little information 

exists in the literature on phytoextraction potential of  Euca-
lyptus  spp. specifi cally for soils irrigated with heavy-metal 

contaminated waste waters (Bhati and Singh  2003 ; Assareh 

et al.  2008 ). Wastewater treated or untreated which fl ows 

from a treatment plants, sewer or industrial waste is gener-

ally referred to as effl  uent (Stewart and Boardman  1991 ). 

The high promising tree growth rates are credited with the 

preference for irrigating tree plantations over agricultural 

crops (Stewart and Flinn  1984 ; Stewart et al.  1988 ). In sev-

eral developing and/or under developing nations, un-treated 

industrial effl  uents and municipal wastewater are commonly 

used for irrigation (Khurana and Singh  2012 ). According 

to Marecos et al. ( 1989 ) the effl  uents should be used for 

irrigating plantation as a nutrients rich water resource and 

it is a good approach to replace commercial fertilizers. On 

the other hand, continual effl  uent irrigation could change 

the chemical and physical properties of soil (Russell et al. 

 1988 ; Falkiner and Smith  1997 ). The direct disposal of 

un-treated effl  uents into water bodies causes severe eco-

logical and public health problems (Kumar and Chandra 

 2004 ). Additionally, continuous application of industrial 

effl  uents for irrigation purpose may lead to accumulation 

of heavy-metals and metalloids and can results in soil dete-

rioration and plant growth parameters (Kumar and Chandra 

 2004 ; Davis and Jones  1989 ). But, the trees with required 

characteristics e.g. quick growth rates, high above-ground 

biomass production, extensive and deep root systems, and 

heavy-metals’ tolerance capabilities are considered ideal for 

phytoextraction purposes (MinglinL et al.  2006 ; Du et al. 

 2015 ). Additionally, the forestry plants are considered chief 

sources for reserving carbon (C) because of large net pri-

mary production (Latifah and Sulistiyono  2013 ). The forest 

land-use systems have higher potential to store C in above-

and below-ground biomass, and help in combating global 

warming and climate change. The build-up of C in soils due 

to roots mediated C input could help enhancing soil fertility. 

Till date there is a dearth of information on response of dif-

ferent  Eucalyptus  species to distillery effl  uents with respect 

to plant growth characteristics, C sequestration potential 

and their heavy-metals uptake. Exhaustive evidence on the 

phytoextraction potential of  Eucalyptus  species is scarce, 

particularly for diff erent aspects of  Eucalyptus  biology in 

regions irrigated with contaminated waste water are still 

poorly understood (Assareh et al.  2008 ). 

 We hypothesized that diff erent  Eucalyptus  clones had dif-

ferential behavior in response to irrigation with distillery 

effl  uents, and the clones which could withstand better had 

better growth characteristics and high C storage potential 

in plant biomass as well as in soils. The present study was 

therefore, conducted to study the eff ect of distillery effl  u-

ents irrigation on nine diff erent  Eucalyptus  clones on tree 

growth characteristics, their C sequestration abilities and 

heavy-metals and micro-nutrients uptake and a change in 

soil properties. More specifi cally, we aimed at identifying 

clones which had high above-and below-ground biomass and 

metal uptake with high C storage potential for large-scale 

adoption and effi  cient utilization of the distillery effl  uents 

without and adverse change in soil properties. The present 

study would help the policy makers to frame policies for 

bringing more area under forestry while effi  ciently utilizing 

the waste water for long-term restoration of the ecosystem. 

    Materials and methods 

   Description of study site 

 The present study was conducted at Liquor Factory village-

Macchana, block-Sangat Mandi, Bathinda (Punjab) in north-

western India. The experimental site was ~ 25 km towards 
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west from district headquarters of Bathinda and is situated at 

 30 o 3′ 55.4'' N latitude and 74° 51′ 18.6'' E longitude (202 m 

 amsl ). According to Survey of India, the study region falls in 

toposheets no. 44 J, 44 K, 44 N, and 44O, and covers ~ 3367 

sq. km (CGWB  2013 ). The study region has a good network 

of canals for irrigation purposes. Bathinda district is near-

est to the Thar Desert of Rajasthan, but far away from the 

major rivers lines that run through the state. Climatically, 

the study region has a very hot in summer and frequently 

scorching heat is in full swing, and is classifi ed as tropi-

cal steppee, semi-arid and hot which is mainly dry except 

in rainy months and characterized by intensely hot sum-

mer and cold winter. Average annual rainfall in the district 

is ~ 408 mm in only 20 days; ~ 82% of total annual rainfall is 

received during the monsoon season, whilst remaining ~ 18% 

in non-monsoon season. During the monsoon season extend-

ing between July and September, the moist air of oceanic 

origin penetrates into the district and causes high humidity, 

cloudiness and good monsoon rainfall (CGWB  2013 ). The 

cold weather season prevails from December to February 

followed by the hot weather season or Pre-monsoon season 

which ends up to the last week of June. Mean maximum 

and minimum temperature are 42 °C (in May and June) and 

3.9 °C (in January). Daily variation in diff erent weather 

parameters in the study region is shown in Fig.  1 .         

    Experimental set-up and treatment details 

 A fi eld experiment to study growth performance of diff erent 

 Eucalyptus  clones planted in soil irrigated with distillery 

effl  uents was initiated in March-2016 at village-Macchana, 

district-Bathinda, Punjab in north-western India. Soil sam-

ples from the experimental site were collected with core 

sampler (inner diameter = 7.2 cm) from 0–15, 15–30, 30–45 

and 45–60 cm soil layers. To appraise for the changes in 

soils’ macro- and micro-nutrients and heavy-metals follow-

ing four years continuous application of distillery effl  uents, 

soil samples were also collected after four years to experi-

ment from the adjoining fi elds. The soil of the experimental 

site was sandy loam in texture ( Typic Ustochrepts ; USDA 

classifi cation), non-saline (E.C. 1:2  = 0.432–0.504 dS  m −1 ), 

slightly alkaline  (pH 1:2  = 7.43–7.77) and medium to high 

soil organic C (5.61–8.30 g  kg −1 ) (Table  1 ). Soil samples 

were analyzed for basic parameters viz.  pH 1:2 , E.C. 1:2 , soil 

  Fig. 1       Daily changes in 

maximum temperature (Tmax), 

minimum temperature (Tmin), 

relative humidity (RH), evapo-

ration and rainfall in Bathinda 

district in north-western India  
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  Table 1       Important properties of surface (0–15 cm) soil layer and dis-

tillery effl  uents applied for irrigation purpose  

  Property    Value before the 

start of experi-

ment  

  pH 1:2     7.48  

  Electrical conductivity (E.C.  1:2  (dS  m −1 ))    0.428  

  Total organic C ( TOC; g  kg −1 )    6.52  

  Available-nitrogen (Av-N; kg  ha −1 )    136.7  

  Available phosphorus (Av-P; kg  ha −1 )    11.4  

  Available potassium (Av-K; kg  ha −1 )    131.1  

  Sand (g  kg −1 )    69.8  

  Silt (g  kg −1 )    18.0  

  Clay (g  kg −1 )    12.2  

    Distillery effl  uents  

  pH    8.70  

  E.C. (μmhos  cm −1 )    2410  

  Carbonate  (CO 3  
2− ; meq  L −1 )    2.0  

  Bicarbonate  (HCO 3  
− ; meq  L −1 )    18.6  

  Chloride  (Cl − ; meq  L −1 )    6.6  

  Residual sodium carbonate (RSC, meq  L −1 )    18.5  
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organic C (Walkley and Black  1934 ), available-N, available-

P (pH 8.5), available-K (1 N  CH 3 COONH 4  (pH 7.0 (Mervin 

and Peech  1950 ). The concentrations of diethylenetriamine 

pentaacetic acid (DTPA) extractable micro-nutrients viz. 

zinc (Zn), iron (Fe), copper (Cu) and manganese (Mn) and 

heavy-metals viz. arsenic (As), cadmium (Cd), lead (Pb) 

and nickel (Ni) in soils samples was extracted from soil with 

DTPA solution (0.005 M DTPA + 0.01 M  CaCl 2  + 0.1 M 

TEA buff er adjusted to pH 7.3). The determinations of these 

heavy-metals and micro-nutrients cations were performed 

with inductively coupled argon plasma-atomic emission 

spectrophotometer (ICAP-AES) (Lindsay and Norvell  1978 ).  

 A total of nine diff erent  Eucalyptus  clones were arranged 

in completely randomized block design (RCBD) with four 

blocks. The brief description of diff erent clones tested, their 

origin and progeny details in given in Table  2 .  Eucalyp-
tus  saplings were planted in the month of October-2016 in 

3.0 m × 1.5 m spacing (2220 trees  ha −1 ). Diff erent clones 

were planted as block plantation on parallel ridges con-

structed in north–south direction. At the time of planting the 

sapling, well decomposed farmyard manure at3.0 kg  hole −1  

was mixed in soil. Fertilizer-N (as urea; 46%N), P (as DAP; 

18% N and 46%  P 2 O 5 ) and K (as MOP; 60%  K 2 O) were 

applied in the month of July every year at 12 g N, 25 g  P 2 O 5  

and 6 g  K 2 O per tree.  

    Tree survival and growth parameters 

 From each replication, the plants which survived after one 

year of plantation were counted, and survival percentage was 

calculated using Eq.  1 .

        (1)

Tree survival =
Number of trees survived after one year

Total number of trees planted
× 100

 To determine the tree height, each tree of all  Eucalyptus  
clones was measured from the ground level to the tip of the 

main leading shoot with the help of calibrated  Ravi  altimeter. 

Tree girth was measured at breast height (1.37 m above the 

ground level) using a measuring tape. The tree girth was 

measured (in cm), and diameter was estimated using Eq.  2 .

      

where, ‘D’ = tree diameter at breast height and ‘G’ = tree 

girth at breast height. The tree volume, a most important tree 

growth parameter and volume of the logs was calculated by 

using Eq.  3  (Chaturvedi and Khanna  1982 ).

      

where, ‘V’ = log volume, ‘G’ = tree girth at breast height, 

‘H’ = tree height, and ‘F’ = form factor. The form factor was 

estimated as a ratio of volume of a tree to the volume of cyl-

inder having same height or length and cross sectional area 

(Eq.  4 ) (Chaturvedi and Khanna  1982 ). Form indicates rate 

of taper of stem or log and taper means decrease in diameter 

from base to upwards. For the estimation of form factor, a 

tree from each plot was felled and logs of 3 m were made. 

The tree girth from both ends of each log was measured and 

used to calculate mean diameter. Tree volume of each log 

was calculated separately and volume of tree was calculated 

by adding of four sections of logs. The volume of cylinder 

calculated with tree girth at breast height and length equal 

to tree height.

       

 The specifi c gravity of a piece of wood to its maximum 

moisture content was determined of small wood samples 

 (2)D =
G

π

 (3)V =

(
G2

4π

)
× H × F

 (4)Form factor =
Actual tree volume

Volume of the cylinder
× 100

  Table 2       Brief description of diff erent  Eucalyptus  clones and their growth performance after four years of plantation in soil irrigated with distill-

ery effl  uents in north-western India  

 Mean values followed by diff erent letters are signifi cantly ( p  < 0.05) diff erent by Least Signifi cant Diff erence (LSD) test 

  Clone    Origin    Progeny number    Diameter at breast 

height (DBH; cm)  

  Mean tree 

height (m)  

  Mean tree 

volume  (m 3  

 tree −1 )  

  C-316    FRI Dehradun, India     –     14.7 a     16.2 b     0.165 a   

  C-411    ITC, Bhadrachalam paper mills, Hyderabad, India     –     13.4 b     16.0 b     0.132 b   

  C-2045    ITC, Bhadrachalam paper mills     –     12.0 c     16.0 b     0.107 c   

  PE-5    OUAT, Bhubaneshwar, India    OUAT,ET-10    12.1 c     14.8 c     0.089 d   

  PE-6    TNAU, Coimbatore, India    FC&RI, MTP/ET-5    11.0 d     15.2 c     0.087 d   

  PE-7    HAU, Hisar, India    HS-6    12.2 c     18.2 a     0.128 b   

  PE-8    Australia Seed Centre    16,547/JD1572    13.3 b     16.0 b     0.131 b   

  PE-11    Australia Seed Centre    13,547/JD1043    12.1 c     15.9 b     0.108 c   

  C-413    ITC, Bhadrachalam paper mills, Hyderabad, India     –     12.4 c     16.1 b     0.112 c   
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(Smith  1954 ). The wood samples of each clone were dried 

in an oven at 75 ± 5 °C for 48 h till the samples were attained 

constant weight. The samples were submerged in water and 

moistened, and the change in weight was recorded after 

removing the excess surface water with a damp cloth. Since 

the density of water is 1.0  gcm −3  at 4 °C, the specifi c gravity 

was measured using Eq.  5 .

      

where,  G s  is the specifi c gravity of wood substance com-

prising the cell walls and varied between 1.50 and 1.56 and 

has an average value of 1.53 (Stamm  1929 ), ‘M o  
’  and ‘M m ’ 

are oven dry weight and moistened weight of the samples, 

respectively. The wood sample were collected and were 

weighed for estimating fresh weight and subsequently oven 

dried at 103 ± 2 °C for 24 h and dry weight was determined. 

    Tree biomass and C storage 

 Four trees of each clone per replication were harvested and 

biomass was separated into branches leaves and stems. The 

fresh biomass weight of diff erent components of harvested 

clones was recorded. The samples were dried and dry weight 

of wood biomass was estimated by collecting wood samples 

from each clones in oven at 75 ± 5 °C for 48 h till the sam-

ples were attained constant weight. Carbon storage in dif-

ferent biomass components was obtained by multiplying the 

biomass and the conversion coeffi  cient of C content (450 g 

C  kg −1 ). The C content was estimated using Eq.  6  (Onrizal 

 2004 ).

       

 However, C sequestration was estimated using Eq.  7  con-

sidering a conversion factor of 3.67; a ratio of molecular 

weight of C to carbon dioxide  (CO 2 ) (Bismark et al.  2008 ) 

(Eq.  6 ).

       

    Soil bulk density and C stocks 

 Soil  B D  was determined by collected soil cores. Samples 

were oven dried at 105 °C for 24 h, and dry soil weight was 

recorded (Blake and Hartge  1986 ). The  B D  (Mg  m −3 ) was 

calculated by using Eq.  8 .

      

 (5)
Specific gravity =

1[(
Mm−Mo

MO

)
+

(
1

Gs

)]

 (6)

Carbon content
(
Mg C ha−1

)
= Biomass

(
Mg ha−1

)
× 0.45

 (7)

Amount of C sequesterd
(
Mg C ha−1

)
= 3.67 × C content

 (8)BD =
WS

Vt

where ‘Ws’ is weight of soil (Mg) and ‘Vt’ is the volume 

of soil sample  (m 3 ). Total soil organic C stock (Mg C  ha −1 ) 

was estimated by multiplying the soil organic C concentra-

tion (%) with measured soil  B D  (Mg  m −3 ) and depth (m) of 

sampling using Eq.  9 .

       

    Statistical analysis 

 Data on tree growth parameters, above-and below-ground 

biomass, C sequestered in biomass and soil properties were 

statistically analyzed using analysis of variance (ANOVA) 

technique in randomized block factorial design (Cochran and 

Cox  1964 ) using SPSS for Windows 16.0 (SPSS Inc., Chi-

cago, U.S.A.). Least Signifi cant Diff erence (LSD) test values 

were tested at 5% ( p  < 0.05) level of probability. The cluster 

analysis was accomplished to determine the degree of rela-

tionship or dissimilarity among diff erent  Eucalyptus  clones 

that were assessed using straight line distance between 

the observations in variable space. The physical distance 

between the points on dendrogram indicates degree of rela-

tionship; the closer the two points are, the more similar the 

results from the tested treatments. To classify the  Eucalyptus  
clones which contribute towards group separation, Discri-

minant Function Analysis (DFA) was performed. Box test 

(Fishers (F) asymptotic approximation) was performed to 

determine covariance within class matrices.  Wikls’ Lambda  
test (F) (Rao’s approximation) was used to determine a prob-

ability distribution in multivariate hypotheses testing with 

regard to likelihood ratio test and multivariate analysis of 

covariance. The bioaccumulation factor was estimated as a 

ratio of metal (heavy-metal/micro-nutrient) concentration in 

plants parts (e.g. stems and leaves) to the metal concentra-

tion in soil. 

     Results 

   Eucalyptus growth parameters 

 The DBH varied between 11.0 and 14.7 cm (mean = 12.6 cm) 

for diff erent  Eucalyptus  clones grown on soil irrigated with 

distillery effl  uents (Table  2 ). The DBH was signifi cantly 

( p  < 0.05) higher for C-316, lowest for PE-6, whilst the oth-

ers in-between. Mean tree height was signifi cantly high-

est for PE-7, compared with others. Tree height of C-316, 

C-413, C-414 and C-2045 did not diff er signifi cantly. Simi-

larly, tree height of clones PE-8 and PE-11 was statistically 

 (9)

Soil organic C stocks
(
Mg C ha−1

)
= Soil organic C (% ) × Soil depth (m)

× Soil bulk density
(
Mg m−3

)
× 100
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at par. Mean tree volume varied between 0.087 and 0.165 

 m 3   tree −1 ; and was higher for C-316, C-411, PE-7 and PE-8 

than the others. The specifi c gravity of diff erent  Eucalyptus  
trees varied between 0.59 and 0.76 (mean = 0.69), and was 

signifi cantly higher for C-2045, which was at par with PE-6, 

PE-7 and PE-8 (Table  2 ). The PE-11 clone had signifi cantly 

lowest specifi c gravity, compared with the others. However, 

the form factor was signifi cantly lowest for PE-5, highest 

for PE-7, while the others in-between and statistically at par. 

The fresh and dry biomass of leaves followed a similar trend 

to that of stem and branches biomass. Figure  2  illustrates 

the relationship between the fresh and dry biomass of dif-

ferent components of  Eucalyptus  trees. Except for leaves, 

stem and branches biomass exhibited a linear signifi cant 

( p  < 0.01) relationship between the variables. The fresh 

biomass of stem varied between 94.1 and 166.8 kg  tree −1 , 

while the dry biomass between 48.7 and 84.5 kg  tree −1 . The 

C-316 had the highest fresh and dry biomass of stem than 

the other compared clones (Table  3 ). The partitioning of net 

primary production (NPP) revealed that stems comprised 

the largest, whilst the roots were the smallest component. 

The dry stem biomass comprised 54.8–56.7% of total dry 

tree biomass (above-ground + below-ground biomass). 

The fresh and dry branches biomass was lowest for PE-5, 

and highest for C-316. The dry biomass of branches com-

prised ~ 15.8–17.1% of total dry tree biomass. Leaves were 

the smallest fraction of total net biomass production, and 

comprised ~ 5.6–7.5%. As a proportion of total dry tree bio-

mass, dry stem biomass of PE-5 and PE-6 was signifi cantly 

lower, signifi cantly higher for PE-8, C-413 and C-414 and 

y = 0.4588x + 2.3524
R² = 0.964**; p<0.01, Stem

y = 0.5093x - 1.0702
R² = 0.966**, p<0.01, Branches

y = -0.2785x + 8.3295
R² = 0.255, Leaves

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200

D
ry

 b
io

m
as

s 
(k

g 
tr

ee
-1

)

Fresh biomass (kg tree-1)

Stem
Branches
Leaves

  Fig. 2       Relationship between fresh and dry biomass of  Eucalyptus  
stems, branches and leaves.  Data pooled for diff erent Eucalyptus  
clones  
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in-between for others (Fig.  3 ). Of the total dry tree biomass, 

root and leaves fraction was signifi cantly lower for PE-6 

and highest for C-316. Data pooled for diff erent clones 

revealed that stems, branches, leaves and roots biomass 

comprised ~ 55.9, 16.5, 6.3 and 21.3% of total tree biomass.                  

    Carbon stocks and sequestration in biomass 

 Stem C varied between 25.2 and 42.2 kg C  tree −1  for dif-

ferent  Eucalyptus  trees (Table   4 ). Stem C was signifi -

cantly higher for C-316, lowest for PE-6, whilst others 

in-between and did not diff er signifi cantly. Carbon stocks 

in branches was ~ 3.4-times lower, compared with the C 

stocks on stems. These results revealed that C stocks in 

leaves biomass were ~ 2.6-times lower than the C stocks 

in braches biomass. The C stocks in stems, branches and 

leaves biomass of PE-5 and PE-6 were signifi cantly low-

est, while highest for C-316 clone. Pooled data PE-5 and 

PE-6 revealed that C stocks in stems, branches and leaves 

biomass was respectively lower by ~ 41.1, 44.1 and 42.7% 

than C-316 clone. Carbon stocks in dry above-ground bio-

mass (stems + branches + leaves) varied between 33.9 and 

59.5 kg C  tree −1 , and were signifi cantly higher for C-316, 

and lowest for PE-6 clone. Similarly, the dry below-ground 

biomass C stocks were signifi cantly lower for PE-6, and 

highest for C-316. However, the total C stocks (above-

ground + below-ground) followed the similar trend to 

 Eucalyptus  clones irrigated with distillery effl  uents. Car-

bon sequestration in above-and below-ground biomass 

followed a similar pattern to that of clonal response to 

distillery effl  uents. These results revealed that total C 

sequestration in tree biomass varied between 229.7 and 

450.9 Mg C  ha −1  in diff erent tested clones; with signifi -

cantly higher in C-316 and lowest in PE-6 (Table  4 ). The 

C sequestration rate of 57.4–112.7 Mg C  ha −1   year −1  for 

diff erent  Eucalyptus  clones was observed.  

    Heavy-metals and micro-nutrients uptake 
by Eucalyptus 

 These results revealed wide variation in heavy-metals (viz. 

As, Cr, Pb and Ni) uptake in diff erent  Eucalyptus  clones 

irrigated with distillery effl  uents (Table  5 ). Arsenic uptake 

by stems (0.01–30.6 mg  tree −1 ) and branches (0.01–8.40 mg 

 tree −1 ) biomass of diff erent  Eucalyptus  clones (Table  5 ). 

The As uptake by total biomass (stems + branches) varied 

between 0.01 and 37.4 mg  tree −1 ; and did not diff er signifi -

cantly among the clones. The Cr uptake in stem biomass was 

signifi cantly higher for PE-8 and C-413, compared with oth-

ers although these clones themselves were statistically at par. 

Arsenic uptake was 3.03-times higher in stem biomass than 

the branches biomass, and comprised ~ 75.2% of total tree 

As uptake. However, in branches biomass Cr uptake was sig-

nifi cantly higher for PE-6 and C-413, compared with other 

clones. The Cr uptake by total biomass (stems + branches) 

varied between 129.1 and 295.0 mg  tree −1 ; and followed a 

similar pattern to that of Cr uptake in branches. Chromium 

uptake by stems was ~ 22.8-times higher than the branches, 

and comprised ~ 95.8% of total tree Cr uptake. The Pb 

uptake was signifi cantly higher in C-2045, compared with 

  Fig. 3       Distribution of diff er-

ent tree fractions fractions (as 

% of total dry tree biomass) of 

 Eucalyptus  plantation in soil 

irrigated with distillery effl  uents 

in north-western India.  Bars 
indicate standard error from 
mean (S.E.   M   ).  Mean values 

followed by diff erent letters are 

signifi cantly diff erent at  p  < 0.05 

by Duncan’s Multiple Range 

Test (DMRT)  

b c b a a c c b c

d b a a a c b a b

d c b b a c c c b

e d b a a c c b c

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

C-316 C-411 C-2045 PE-5 PE-6 PE-7 PE-8 PE-11 C-413

)ssa
moib ee rt  yrd latot fo 

%( no itcarf ssa
moib eerT

Stems Branches Leaves Roots



85Proceedings of the Indian National Science Academy (2023) 89:77–100 

1 3

other clones. Regardless of the tested clones, Pb uptake 

by stems was ~ 12.1 times higher than the branches. Of 

the total tree Cr uptake, stem accounts for ~ 92.3%, while 

remaining ~ 7.7% was accumulated in branches. However, 

Ni uptake was higher in PE-6 and C-413 clones, although 

these two did not diff er signifi cantly. These results revealed 

that stem biomass had ~ 6.5-times higher Ni uptake than the 

branches, regardless of the  Eucalyptus  clone. Stems account 

for ~ 86.8% of total tree Ni uptake (Table  5 ). Nonetheless, 

the heavy-metal uptake by stem biomass was linearly related 

to the total tree uptake (Fig.  4 a).The relationship between 

heavy-metals uptake by stems as a function of total tree 

uptake could be best described by signifi cant linear rela-

tionships (Eq.  10 – 13 ).

      

      

      

      

          

 As for heavy-metals, micro-nutrients’ uptake varied 

widely among diff erent  Eucalyptus  clones (Table  6 ). Cop-

per uptake by stem and braches biomass was signifi cantly 

higher in C-2045, whilst the lowest in PE-5. However, Zn 

uptake was signifi cantly higher for C-316 and lowest for 

PE-5. The Mn uptake was signifi ntly higher for C-316, 

whilst lowest for PE-6. However, Fe uptake was lowest for 

PE-5 and highest for C-316. Similar to the heavy-metals, 

micro-nutrients’ viz. Cu, Zn, Mn and Fe uptake was ~ 5.8, 

6.0, 9.2 and 29.8-times higher in stems, compared with the 

branches. Regardless of the  Eucalyptus  clones tested, stem 

biomass comprised ~ 85.2, 85.6, 90.2 and 96.8% of total 

tree Cu, Zn, Mn and Fe uptake. Figure  4 b illustrates the 

linear relationship between micro-nutrients’ uptake by total 

biomass and by stems. These relationships could best be 

described by Eqs.  14 ,  15 ,  16 ,  17 .

 (10)

As uptake by stem
(
mg tree−1

)
= 0.854(As uptake by total tree biomass)

− 2.21; R2 = 0.906 ∗∗, p < 0.01

 (11)

Cr uptake by stem
(
mg tree−1

)
= 0.964(Cr uptake by total tree biomass)

− 1.15; R2 = 0.984 ∗∗, p < 0.01

 (12)

Pb uptake by stem
(
mg tree−1

)
= 1.03(Pb uptake by total tree biomass) − 0.66;

R2 = 0.907 ∗∗, p < 0.01

 (13)

Ni uptake by stem
(
mg tree−1

)
= 0.90 (Ni uptake by total tree biomass) − 25.3;

R2 = 0.983 ∗∗, p < 0.01
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 Table  7  shows the bioaccumulation of diff erent heavy-

metals and micro-nutrients in diff erent plant pants. Bioaccu-

mulation factor for As in total biomass varied between nil to 

 (14)

Zn uptake by stem
(
mg tree−1

)
= 0.8162(Zn uptake by total tree biomass) + 25.65R2

= 0.9751 ∗∗, p < 0.01

 (15)

Cu uptake by stem
(
mg tree−1

)
= 0.9248(Cu uptake by total tree biomass) − 44.72R2

= 0.997 ∗∗, p < 0.01

 (16)

Fe uptake by stem
(
mg tree−1

)
= 0.984(Fe uptake by total tree biomass) − 1.58R2

= 0.999 ∗∗, p < 0.01

 (17)

Mn uptake by stem
(
mg tree−1

)
= 0.908(Mn uptake by total tree biomass) − 0.036R2

= 0.995 ∗∗, p < 0.01

0.110; the lowest for PE-6, while the highest for PE-11. Data 

pooled for clones showed a similar bioaccumulation factor 

for As for stems and branches biomass. The bioaccumula-

tion for Cr in stem biomass was higher by ~ 6.7-times than 

the branches biomass, and was the highest for C-413 and the 

lowest for C-316 clone. The bioaccumulation of Pb in stem 

biomass was ~ 2.7-times higher than for branches biomass. 

The bioaccumulation factor for Ni was PE-5 and the highest 

for PE-6. Similar to the heavy-metals, the bioaccumulation 

factor for micro-nutrients was higher by ~ 1.6, 1.6, 2.3 and 

5.3-times, respectively for Cu, Zn, Mn and Fe for stem as 

compared with the branches biomass.  

    Relationship between plant growth variables 
and heavy-metals content 

 The dendrogram revealed that DBH and tree volume were 

closely related to each other, and had close association with 

tree height and form factor (Fig.  5 ). Figure  5  illustrates that 

heavy metals (e.g. As, Cr, Ni and Pb) had alike assimilation 

pattern to that of tree growth characteristics. There was a 

signifi cant linear correlation between above-ground biomass 

(r = 0.907**,  p  < 0.01), below-ground biomass (r = 0.906**, 

  Table 5       Heavy-metals uptake in diff erent components of  Eucalyptus  clones after four years of plantation in soil irrigated with distillery effl  uents 

in north-western India  

 Mean values followed by diff erent letters are signifi cantly ( p  < 0.05) diff erent by Least Signifi cant Diff erence (LSD) test 

  Clone    Arsenic (As; mg  tree −1 )    Chromium (Cr; mg  tree −1 )  

  Stem    Branches    Total    Stem    Branches    Total  

  C-316    28.7 a     2.50 a     31.2 a     160.5 b     6.3 bc     166.7 b   

  C-411    12.7 a     2.56 a     15.3 a     163.2 b     5.7 bcd     168.9 b   

  C-2045    11.6 a     7.33 a     18.9 a     166.7 b     6.0 bcd     172.7 b   

  PE-5    13.0 a     8.40 a     21.4 a     125.2 b     3.9 d     129.1 b   

  PE-6    0.01 a     0.01 a     0.01 a     122.3 b     12.7 a     135.1 b   

  PE-7    12.1 a     10.6 a     22.7 a     150.3 b     7.4 b     157.7 b   

  PE-8    15.3 a     4.50 a     19.8 a     247.4 a     7.5 b     254.9 a   

  PE-11    30.6 a     6.76 a     37.4 a     168.8 b     5.1 cd     173.9 b   

  C-413    22.5 a     5.70 a     28.2 a     280.3 a     14.7 a     295.0 a   

  Mean    16.3    5.40    21.7    176.1    7.7    183.8  

    Lead (Pb; mg  tree −1 )    Nickel (Ni; mg  tree −1 )  

  C-316    139.4 a     13.4 b     152.7 a     390.2 cd     93.8 ab     483.9  cd   

  C-411    52.4 c     5.5 d     57.9 c     248.8 de     40.6 e     289.4 ef   

  C-2045    141.9 a     18.0 a     159.9 a     359.7 d     49.5 de     409.2 de   

  PE-5    25.7 d     3.7 de     29.4 d     108.3 e     39.5 e     147.8 f   

  PE-6    54.1 c     3.0 de     57.1 c     691.9 ab     74.4 bc     766.3 ab   

  PE-7    23.3 d     3.5 de     26.8 d     285.9 de     58.6 cde     344.5 de   

  PE-8    62.4 bc     2.1 e     64.5 c     536.6 bc     95.4 ab     632.1 bc   

  PE-11    80.2 b     13.1 b     93.3 b     612.0 b     64.1 cd     676.1 b   

  C-413    66.1 bc     8.6 c     74.7 bc     786.3 a     97.9 a     884.2 a   

  Mean    71.7    7.9    79.6    446.6    68.2    514.8  
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 p  < 0.01) and total tree biomass (r = 0.907**,  p  < 0.01) 

(Table  8 ). DHB exhibited a linear signifi cant relationship 

with Zn (r = 0.849**,  p  < 0.01) and Cu content (r = 0.471*, 

 p  < 0.05) of total tree biomass. Similarly, tree volume exhib-

ited a signifi cant linear relationship with Zn (r = 0.825**, 

 p  < 0.01) and Cu (r = 0.557*,  p  < 0.05) content of total tree 

biomass. Tree height and volume were signifi cantly corre-

lated with each other (r = 0.504*,  p  < 0.05). There was non-

signifi cant relationship between tree height and heavy-met-

als and micro-nutrients. Among the heavy-metals, Cr and Ni 

had close association (Fig.  5  and Table  8 ). However, among 

the micro-nutrients Zn and Cu had similar assimilation 

pattern and their uptake by tree biomass exhibited a linear 

signifi cant relationship (r = 0.680*,  p  < 0.05).          

    Change in soil physico-chemical properties 
with distillery effl  uents 

 Soils under  Eucalyptus  plantation irrigated with distillery 

effl  uents had signifi cantly higher pH, regardless of the soil 

depth (Table  9 ). The distillery effl  uents irrigated soil had sig-

nifi cantly higher soil pH up to a depth of 0–30 cm, compared 

with the lower soil depths. However, soil pH did not diff er sig-

nifi cantly throughout the soil profi le under adjoining fi elds irri-

gated with underground water. Unlike soil pH, E.C. was signif-

icantly lower for soil irrigated with distillery effl  uents than the 

underground water irrigated soil. The E.C. was signifi cantly 

higher for the 0–15 and 15–30 cm soil depths, compared with 

the 30–45 and 45–60 cm soil depths. The soils irrigated with 

distillery effl  uents had signifi cantly higher TOC concentration 

by ~ 29.8% than the adjoining fi elds irrigated with underground 

water. Regardless of the soil depth, available-N content was 

signifi cantly higher in soils irrigated with distillery effl  uents. 

Nonetheless, available-N content was signifi cantly higher in 

the surface (0–15 cm) soil layer, compared with the lower soil 

layers. Similar to the N, available-P content was signifi cantly 

higher in the surface (0–15 cm) soil layer than the lowers soil 

layers, regardless of the cropland ecosystem. It was important 

to observe that heavy-metals and micro-nutrients content dif-

fer signifi cantly in soils irrigated with distillery effl  uents and 

underground water. It was important to observe that metal con-

tent was well below the threshold level.  

    Total organic C stocks 

 Figure  6  illustrates that TOC stocks throughout the soil pro-

fi le (0–60 cm) was signifi cantly higher in soils under  Euca-
lyptus  plantation, compared with the initial TOC stocks or 

the soils under rice–wheat system. The TOC stocks were 

signifi cantly higher for the surface 90–15 cm) soil layer, 

compared with the lower soil layers. These results revealed 

that TOC stocks were signifi cantly lower in soil under PE-6 

clone, compared with the other clones. The TOC stocks 

in soils under C-413, C-411 and C-316 were signifi cantly 

higher than others, although these clones themselves did not 

diff er signifi cantly. These results revealed a linear signifi cant 

relationship between TOC stocks in surface (0–15 cm) soil 

layer and total C sequestered in tree biomass (Figures  7  and 

 8 ). The relationship could best be described by Eq.  18 .

      

 (18)

TOC stocks
(
Mg C ha−1

)
= 0.0281(C sequestered in tree biomass) + 9.329,

R2 = 0.867 ∗∗, p < 0.01

y = 0.8537x - 2.2092
R² = 0.906**, p<0.01 for As

y = 0.964x - 1.1482
R² = 0.984**, p<0.01 for Cr

y = 1.0272x - 0.6613
R² = 0.907**, p<0.01 for Pb

y = 0.9047x - 25.312
R² = 0.983**, p<0.01  for Ni
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  Fig. 4       Relationship between heavy-metals ( a ) and micro-nutrients ( b ) 
in stem biomass of  Eucalyptus  clones and total heavy-metals content 

in total tree biomass.  Data pooled for diff erent Eucalyptus  clones  
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 The DFA showed that two signifi cant canonical discri-

minant functions (DFs) involving total tree biomass, total 

uptake of As, Pb, Zn, Mn and Fe in above-ground biomass 

of  Eucalyptus  clones distinguished diff erent cones, appro-

priately grouping 97.5% of the tested clones (Table  10 ). The 

proportion of variability explained by DF-1 and DF-2 were 

approximately 74.3 and 23.2%, respectively. A plot of fi rst 

two discriminate functions (DF-1 and DF-2) showed  Euca-
lyptus  clones respond diff erentially towards irrigation with 

distillery effl  uents and were distinctly apart (Fig.  9 ).          

     Discussion 

   Eucalyptus growth parameters 

 The growth and C storage in  Eucalyptus  clones was sig-

nifi cantly infl uenced by irrigation with distillery effl  uents. 

Similar to these results, earlier research also revealed wide 

variation in plant growth parameters viz. DHB, tree volume, 

above-ground biomass (e.g. stems, branches and leaves) 

and C storage in biomass among the compared progenies 

or clones of tree species (Dhillon et al.  2011 ; Zhang et al. 

 2012 ; Bhargava et al.  2014a , b ; Tatagiba et al.  2015 ; Dhillon 

et al.  2020 ; Mandal et al.  2022 ). Such diff erences in tree 

growth parameters were ascribed to the clonal response to 

irrigation with distillery effl  uents (Singh et al.  2020 ). Shah 

et al. ( 2010 ) reported maximum seedling collar diameter of 

 Eucalyptus camaldulensis  during initial stages the applica-

tion of 75% of industrial effl  uent discharged in Hudiara drain 

in Pakistan. Our results revealed that the C-316 clone had 

the highest DBH, tree volume and above-ground biomass, 

whilst the lowest for PE-6. These results corroborate earlier 

research fi ndings with signifi cant genotypic and phenotypic 

coeffi  cient variation causing large variation in volume index, 

gall numbers and growth traits (Singh et al.  2006 ; Dhillon 

et al.  2014 ). The wide variation for all the growth traits 

refl ected the potential of clonal material for the improvement 

of growth traits through selection. The comparison of dif-

ferent  Eucalyptus  clones revealed that C-413 outperformed 

with maximum tree height and collar diameter under saline 

environment, whereas the lowest tree height was observed 

for C-288 and minimum collar diameter for C-2070 (Bhar-

gava et al.  2014a ). Dogra and Sharma ( 2009 ) compared 95 

  Table 6       Micro-nutrients uptake in diff erent components of  Eucalyptus  clones after four years of plantation in soil irrigated with distillery effl  u-

ents in north-western India  

 Mean values followed by diff erent letters are signifi cantly ( p  < 0.05) diff erent by Least Signifi cant Diff erence (LSD) test 

  Clone    Copper (Cu; mg  tree −1 )    Zinc (Zn; mg  tree −1 )  

  Stem    Branches    Total    Stem    Branches    Total  

  C-316    912 a     124 a     1036 a     1736 a     382 a     2119 a   

  C-411    320  cd     88 b     408  cd     1092  cd     381 a     1474 b   

  C-2045    933 a     134 a     1067 a     1560a b     253 b     1813 ab   

  PE-5    181 d     44 c     224d    814 d     122 d     936 c   

  PE-6    257 d     74 b     331 d     841 d     124 d     965 c   

  PE-7    303 d     72 b     375  cd     836 d     180 c     1016 c   

  PE-8    246 d     93 b     339 d     1380 bc     246 b     1626 b   

  PE-11    630 b     71 b     701 b     832 d     156  cd     988 c   

  C-413    472 bc     82 b     554 bc     1434 b     241 b     1675 b   

  Mean    473    87    559    1169    232    1401  

    Manganese (Mn; mg  tree −1 )    Iron (Fe; mg  tree −1 )  

  C-316    1.94 a     0.24 ab     2.18 a     76.3 a     3.2 a     79.5 a   

  C-411    1.58 abc     0.12 d     1.70 abc     15.7 e     1.5 c     17.1 e   

  C-2045    1.55 abcd     0.12 d     1.67 bc     23.6 e     2.8 ab     26.5 e   

  PE-5    0.94 e     0.17 bcd     1.11 de     12.7 e     1.0 c     13.7 e   

  PE-6    0.93 e     0.11 d     1.04 e     39.6 d     3.2 a     42.7 d   

  PE-7    1.18 cde     0.22 abc     1.39  cd     56.5 c     2.7 ab     59.1 c   

  PE-8    1.16d e     0.18 bcd     1.34  cd     42.1 d     3.0 ab     45.1 d   

  PE-11    1.60 ab     0.30 a     1.90 ab     62.4 bc     1.6 c     64.0 bc   

  C-413    1.38 bcd     0.15  cd     1.53 bcd     71.6 ab     2.4 b     74.0 ab   

  Mean    1.36    0.18    1.54    44.5    2.4    46.9  
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 Eucalyptus  hybrid trees of various sizes e.g. DBH ranging 

from 7.1 to 56.3 cm and tree height from 10 to 42 m. 

 In contrast to the results of the present study, Bhargava 

et al. ( 2014a ) reported that C-413 clone was superior in all 

growth parameters except root and shoot ratio. In another 

study, Bhargava et al. ( 2014b ) reported that seedlings of 

three genotypes of  Eucalyptus tereticornis  (C-288),  E. 
camaldulensis  (C-413) and hybrid (C-2070) died at high 

concentration of soluble salts (E.C. = 20–40 dS  m −1 ) due to 

disruption in physiological process at high salt concentra-

tion in waste water applied for irrigation. Amongst the three 

compared clones, C-413 appeared superior for all physi-

ological process during the winter season, and water use 

effi  ciency and chlorophyll content during summer season. 

However, C-2070 was superior for transpiration and pho-

tosynthesis during summer season (Bhargava et al.  2014b ). 

A signifi cant diff erence in shoot and root weight has been 

reported between control and salinity levels; maximum in 

the control and minimum at E.C. 14 dS  m −1  (Singh et al. 

 2011 ). At E.C. = 14 dS  m −1 , a reduction in tree biomass was 

relatively higher for  Eucalyptus tereticornis  than  E. cama-
ldulensis  Dehnh .  The water content of leaves decreased 

signifi cantly with increasing in salinity level. A fi eld study 

conducted in north-western India showed that PE-11 had the 

highest tree height, collar diameter, leaf and branch biomass 

in three divergent soils, however, tree growth of all clones 

(viz. PE-11, C2169, C-2013, C-2135, P-27, P-23, P-48 and 

C-405) was reduced in saline soils, but relative values were 

higher for PE-11 (Dhillon et al.  2019 ). Salinity reduced the 

tree biomass by ~ 50% for  Eucalyptus rudis  Endl. (4501) and 

four clones of  Eucalyptus camaldulensis  Dehn. (4543, 4544, 

4573, and 4590) irrigated with range (E.C. = 2 to 28 dS  m –1 ) 

clones (Grieve et al.  1999 ). Among all evaluated clones, two 

genotypes 4590 ( E. camaldulensis ) and 4501 ( E. rudis ) had 

signifi cantly superior potential to use in agro-forestry sys-

tem irrigated with drainage water contaminated by sodium 

sulfate (Grieve et al.  1999 ). 

 Singh et  al. ( 2020 ) investigated different  Eucalyptus  
clones (C-411, C-2045, C-413, PE-5, PE-11, PE-1, PE-7, 

PE-8 and PE-6) for their survival and growth performance 

under effl  uent irrigated water in liquor factory. They reported 

that tree height and diameter of C-413 and PE-5 was sig-

nifi ntly better with respect to tree volume (Dhillon and 

Singh  2010 ). Myers et al. ( 1996 ) reported that  Eucalyptus 
grandis  irrigated with either effl  uent or groundwater, canopy 

closed in 24 months under diff erent rates of water used and 

attained maximum height of 12.1 m, stand collar area of 

12.2  m 3  ha, leaf area index of 5.7 m and foliage mass of 

  Table 7       Bioaccumulation factor for heavy-metals and micro-nutrients in diff erent components of  Eucalyptus  clones after four years of plantation 

in soil irrigated with distillery effl  uents in north-western India  

  Clone    Arsenic (As)    Chromium (Cr)    Lead (Pb)    Nickel (Ni)  

  Stem    Branches    Total    Stem    Branches    Total    Stem    Branches    Total    Stem    Branches    Total  

  C-316    0.039    0.012    0.051    0.045    0.006    0.051    0.12    0.04    0.15    0.13    0.11    0.24  

  C-411    0.022    0.015    0.037    0.057    0.007    0.064    0.05    0.02    0.07    0.11    0.06    0.17  

  C-2045    0.024    0.051    0.075    0.071    0.009    0.079    0.18    0.08    0.25    0.19    0.09    0.27  

  PE-5    0.030    0.069    0.099    0.059    0.006    0.065    0.04    0.02    0.05    0.06    0.08    0.14  

  PE-6    0.000    0.000    0.000    0.059    0.021    0.081    0.08    0.01    0.09    0.41    0.15    0.56  

  PE-7    0.021    0.060    0.081    0.053    0.008    0.062    0.02    0.01    0.04    0.12    0.08    0.21  

  PE-8    0.027    0.027    0.054    0.088    0.009    0.097    0.07    0.01    0.07    0.23    0.14    0.37  

  PE-11    0.064    0.047    0.110    0.071    0.007    0.079    0.10    0.05    0.16    0.32    0.11    0.43  

  C-413    0.039    0.035    0.074    0.100    0.018    0.118    0.07    0.03    0.10    0.34    0.15    0.49  

  Mean    0.030    0.035    0.065    0.067    0.010    0.077    0.08    0.03    0.11    0.21    0.11    0.32  

    Copper (Cu)    Zinc (Zn)    Manganese (Mn) ×  10 4     Iron (Fe) ×  10 2   

  C-316    0.27    0.12    0.39    0.15    0.11    0.27    0.55    0.23    0.78    4.00    0.57    4.56  

  C-411    0.12    0.11    0.23    0.12    0.14    0.27    0.56    0.15    0.71    1.03    0.34    1.37  

  C-2045    0.42    0.20    0.62    0.21    0.11    0.32    0.67    0.17    0.84    1.88    0.75    2.62  

  PE-5    0.09    0.08    0.17    0.12    0.06    0.18    0.45    0.29    0.73    1.11    0.31    1.43  

  PE-6    0.13    0.13    0.26    0.13    0.07    0.19    0.46    0.19    0.64    3.60    1.01    4.61  

  PE-7    0.11    0.09    0.20    0.09    0.07    0.16    0.42    0.25    0.68    3.77    0.58    4.35  

  PE-8    0.09    0.12    0.21    0.15    0.10    0.25    0.42    0.22    0.64    2.80    0.69    3.49  

  PE-11    0.28    0.10    0.38    0.11    0.07    0.18    0.69    0.43    1.11    4.96    0.42    5.38  

  C-413    0.18    0.11    0.28    0.16    0.09    0.26    0.50    0.19    0.69    4.79    0.56    5.35  

  Mean    0.19    0.12    0.30    0.14    0.09    0.23    0.52    0.23    0.76    3.10    0.58    3.68  
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6.5 Mg  ha −1 . They (Myers et al. ( 1996 ) reported non-signif-

icant diff erences in tree growth characteristics among effl  u-

ents and groundwater irrigated sites. Guo and Sims ( 2000 ) 

reported successful nutrient recovery rate from the soils at 

15 °C with ~ 60% N and ~ 30% P and positive infl uence of 

work effl  uent irrigation on  Eucalyptus  plantation. Heaton 

et al. ( 2002 ) reported that growth of fi ne and course roots 

of  Eucalyptus nitens  in the top soil horizons was positively 

aff ected by the effl  uent from dairy pond effl  uents applied at 

300  m 3   ha −1 . 

    Carbon sequestration in tree biomass 

 The forestry plants are considered as main sources of C 

storage because of large net primary production (Lati-

fah and Sulistiyono  2013 ; Zhang et al.  2012 ; Wang et al. 

 2013 ). Noumi et al. ( 2017 ) reported maximum C stocks of 

398.3 Mg  CO 2   ha −1  for  Eucalyptus  than savannah (50.1 Mg 

 CO 2   ha −1 ).Based on long-term empirical data in the aff or-

ested area of the arid range lands of Western Australia, Sug-

anuma et al. ( 2019 ) reported C sequestration potential of 

7.92 Mg  CO 2   ha −1   year −1  with total C sink of 230 Mg  CO 2  

 ha −1  for 16 year’s old  Eucalyptus camaldulensis  plantation. 

 Eucalyptus tereticornis  produced maximum tree volume 

  Fig. 5       Single linkage and cor-

relation coeffi  cient distance 

between variables ( data pooled 
for diff erent Eucalyptus clones )  
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  Table 9       Changes in physico-chemical properties of soil profi le (0–60 cm) under  Eucalyptus  plantation irrigated with distillery effl  uent vis-à-vis 

adjoining fi elds irrigated with underground water in north-western India  

 Mean values followed by diff erent letters are signifi cantly ( p  < 0.05) diff erent by Least Signifi cant Diff erence (LSD) test. Lower case letters were 

used to diff erentiate soil depths, while upper case letters were used to diff erentiate the soils irrigated with distillery effl  uents and underground 

water 

 †,‡Values indicate threshold references for metals in the surface soils ( † Ash and Truong,  2003   ‡ Salardiny,  1992  and Tabari et al.,  2008 ) 

  Property    Soil depth (cm)  

  0–15    15–30    30–45    45–60    0–15    15–30    30–45    45–60  

   Eucalyptus  plantation in soil irrigated with distillery effl  uent     Eucalyptus  plantation in adjoining fi elds 

irrigated with underground water  

  pH 1:2     7.43 aA     7.57 aA     7.73 bA     7.77 bA     7.85 aB     7.78 aB     7.92 aB     7.82 aA   

  E.C.  1:2  (dS  m −1 )    0.504 bA     0.498 bA     0.441 aA     0.432 aA     0.612 bB     0.570 bB     0.497 aB     0.484 aB   

  Total soil organic C (g  kg −1 )    8.30  dB     7.50 cB     6.80 bB     5.61 aB     6.50 dA     5.81 cA     5.12 bA     4.30 aA   

  Macro-nutrients  

   Nitrogen (N; kg  ha −1 )    143.7 cB     118.9 bB     106.8 bB     97.4 aB     85.2 cA     68.9 bA     65.5 bA     43.9 aA   

   Phosphorus (P; kg  ha −1 )    16.4 dA     15.2 cA     13.5 bA     11.7 aA     18.2 cB     17.5 bB     16.8 aB     16.3 aB   

   Potassium (K; kg  ha −1 )    169.6 dA     158.4 cA     149.6 bA     136.1 aA     227.2 cB     198.8 bB     197.6 bB     160.2 aB   

  Heavy-metals  

   Arsenic (As; mg  kg −1 )    8.62 bA     6.43 aA     6.47 aA     8.15 bA     9.14 cB     8.42 aB     8.38 aB     8.76 bB   

   Cadmium (Cd; mg  kg −1 )    0.27 cA  (3.0) †     0.20 bA     0.20 bA     0.18 aA     0.29 cB     0.22 bB     0.22 bB     0.18 aA   

   Chromium (Cr; mg  kg −1 )    42.4 cA  (500) ‡     27.6 bA     25.4 bA     21.7 aA     44.3 cB     36.0 bB     36.6 bB     31.1 aB   

   Lead (Pb; mg  kg −1 )    14.3 cA  (300)  †     11.2 bA     9.9 abA     9.2 aA     16.0 cB     13.2 aB     14.3 bB     15.8 cB   

   Nickel (Ni; mg  kg −1 )    34.8 cA     25.6 bA     24.9 bA     20.0 aA     36.4 cB     33.4 bB     32.6 bB     29.8 aB   

  Micro-nutrients  

   Copper (Cu; mg  kg −1 )    40.4 bA  (60.0)  †     33.2 aA     33.0 aA     34.5 aA     44.3 bA     34.5 aA     39.9 aA     41.0 cB   

   Manganese (Mn; mg  kg −1 )    418.9 aA  (200–10,000)  ‡     322.6 aA     495.0 bB     501.8 bA     486.1 aA     470.4 aB     452.5 aA     526.4 bB   

   Zinc (Zn; mg  kg −1 )    134.1 cA  (200)  †     113.7 bA     103.9 aA     128.7 cA     136.1 bB     116.5 aB     120.6 aB     150.5 cB   

   Iron (Fe; mg  kg −1 )    22.6 cB     16.0 bA     15.7 bA     13.3 aA     21.2 bA     21.8 bB     22.2 bB     20.4 aB   

  Fig. 6       Total organic C stocks 

(Mg C  ha −1 ) in diff erent lay-

ers (0–60 cm) of soil at the 

start of the experiment (initial 

in 2016), after four years of 

 Eucalyptus  plantation (in 2020) 

in soil irrigated with distillery 

effl  uents and the adjoining 

cotton-wheat soil (reference) in 

north-western India.  Data was 
pooled for diff erent clones. Bars 
indicate standard error from 
mean (S.E.   M   ).  Mean values fol-

lowed by diff erent letters were 

signifi cant at  p  < 0.05 by least 

signifi cant diff erence (LSD) 

test. The lower case letters dif-

ferentiate C stocks in diff erent 

soil depths, while the upper case 

letters were used to diff erentiate 

initial C stocks with stocks after 

 Eucalyptus  plantation and refer-

ence for each soil layer  dA
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(0.19  m 3 ) biomass (984.7 Mg  ha −1 ) and C sequestration 

(492.3 Mg C  ha −1 ) ,  compared with  Casuarina equisetifolia, 
Acacia auriculiformis  and Tectona grandis  (Swamy et al. 

 2018 ). Maximum tree volume of C-316  Eucalyptus  clone 

(0.165  m 3   tree −1 ) in the present study was nearly the same to 

that reported earlier (Swamy et al.  2018 ). The tree biomass 

accumulation was a function of tree age and reached a mean 

of ~ 207.5 Mg  ha −1  and could sequester ~ 1.33 Mg C  ha −1  for 

21 diff erent  Eucalyptus  clones in China (Zhang et al.  2012 ). 

In South Africa, Christle and Robert ( 1995 ) reported that 

 Eucalyptus  stored approximately 2.54 Tg C in 1990, and 

storage in forest products accounted for an additional 1.15 

Tg C. Together, these two activities off set ~ 3.8% of the  CO 2  

emissions from South Africa (Christle and Robert  1995 ). 

The average above-ground biomass of 1.36–63.8 Mg  ha −1  

for  Eucalyptus  has C storage capabilities of 0.61–43.0 Mg 

C  ha −1 , equivalent to ~ 2.2–105.4 Mg  CO 2   ha −1  (Latifah and 

Sulistiyono  2013 ). Kumar et al. ( 2019 ) estimated C seques-

tration in 6 years old  Eucalyptus tereticornis  plantation in 

reclaimed sodic soils and reported that biomass C varied 

in concentrations from 43 to 46% C in diff erent tree com-

ponents and total C stocks were 122.6  Mgha −1  with  CO 2  

mitigation potential of ~ 369.2 Mg C  ha −1 . As compared 

with the C sequestration potential reported by Kumar et al. 

( 2019 ), the C stocks in the present study were considerably 

higher (229.7–450.9 Mg C  ha −1 ). Earlier, Sarangle et al. 

( 2018 ) reported maximum total biomass of 1311.8 Mg  ha −1  

for  Eucalyptus tereticornis  that produced total C stock 

(654.9  Mg   ha −1 ) with total C sequestration potential 

(131 Mg C  ha −1   yr −1 ). Lebenya et al. (Lebenya et al.  2019 ) 

reported biomass C stock for  Eucalyptus nitens  was 49.1 Mg 

C  ha −1  in diff erent soils; the poorly drained soils had the 

lower biomass C compared to the moderately drained soils. 

The C sequestration rate was much higher in the present 

study (57.4–112.7 Mg C  ha −1   year −1 ), compared with the C 

sequestration rate of 12.9 Mg C  ha −1   year −1  reported earlier 

(Kumar et al.  2019 ). Carbon stock in diff erent parts of trees 

viz., branches + leaves, wood and bark recorded 55.7 ± 0.6%, 

50.4 ± 0.4%, 49.5 ± 0.6% and 45.4 ± 0.9%, respectively. The 

C concentration for canopy, stem and root biomass were 

51.4 ± 1.0%, 50.0 ± 0.9% and 45.7 ± 1.4%, respectively 

and for above- and below-ground biomass of  Eucalyptus  
was ~ 49.7% and ~ 50.3%, respectively (Viera and Soalleiro 

 2019 ). In the present study, however, the above-ground 

biomass was the major component of net primary produc-

tion and accounts for ~ 78.7% of total tree biomass, whilst 

the below-ground biomass comprised ~ 21.3% of total tree 

biomass. 

    Phytoextraction potential of Eucalyptus species 

  Eucalyptus  is cultivated worldwide for its high resistance 

to heavy-metals (Mahdieh et al.  2013 ; Pietrini et al.  2015 ; 

Saleem et al.  2017 ). Although, phytoextraction potential 

of  Eucalyptus  decreases under extreme growth conditions 

e.g. severe metal pollution (Chatzistathis et al.  2015 ), it has 

abilities of storing a mass of heavy-metals in its roots and 

translocation in stems and branches (Mughini et al.  2013 ). 

An eff ective phytoextraction of heavy-metals requires metal 

solubilization, metal uptake by plant roots and their translo-

cation and accumulation in above-ground plant biomass for 

ensuing off -site removal, a process often assisted by organic 
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  Fig. 8       Relationship between total C sequestered in tree biomass 

(above-ground biomass + below-ground biomass) and total C stocks 

in surface (0–15) soil layer under  Eucalyptus  plantation irrigated with 

distillery effl  uents in north-western India.  Bars indicate standard 
error from mean (S.E.   M   ). Data pooled for diff erent Eucalyptus  clones  
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chelates (Mench et al.  2010 ). The  Eucalyptus  sp. had ten-

dency to maintain high transpiration rates and to confi s-

cate considerable quantities of essential plant nutrients and 

heavy-metals elements from soils treated with effl  uent and 

biosolids under high salinity levels (Singh and Bhati  2003 ; 

Fine et al.  2006 ; Fine and Hass  2007 ; Mani et al.  2012 ). 

The results of the present study corroborate the fact that 

the  Eucalyptus  stems had much higher heavy-metals and 

micro-nutrients accumulation.  Eucalyptus  trees showed wide 

variation in uptake of heavy-metals; 11.5–61.1 mg Pb  kg −1 , 

3.3–7.9 mg Cd  kg −1 , 4.9–56.9 mg Cr  kg −1  and 20.2–43.4 mg 

Ni  kg −1  (Ncube and Phiri  2015 ). The results of the present 

study also showed large variation in heavy-metals uptake, 

but the uptake was of higher magnitude in the present study, 

indicating high phytoextraction potential of  Eucalyptus  spe-

cies irrigated with distillery effl  uents. The heavy-metals 

uptake, accumulation and translocation in plants vary in 

diff erent species due to anatomical and physiological dif-

ferences (Baker and Brooks  1989 ; Punshon and Dickinson 

 1999 ). Nonetheless, the resistance to heavy-metals often 

appears to be clone- or hybrid-specifi c, rather than species-

specifi c (Punshon and Dickinson  1999 ). 

 These results reaffi  rm the high transpiration potential 

of  Eucalyptus  sps., and thereby, accumulating high con-

centrations of heavy-metals in tree biomass. Even under 

defi cit irrigation, two years old  Eucalyptus  sp. are reported 

to transpire ~ 60 L water  day −1   tree −1  during summer sea-

son from soils with electrical conductivity of ~ 50 dS  m −1  

  Table 10       Canonical 

Discriminant Function (DFs) 

coeffi  cients for diff erent 

variables viz. total tree biomass, 

total uptake of As, Pb, Zn, Mn 

and Fe in above-ground biomass 

of  Eucalyptus  clones established 

under irrigated with distillery 

effl  uents in north-western India  

 *Signifi cant at  p  < 0.05 

  Variable    Standardized DFs    Un-standardized 

DFs  

  Statistical tests for checking signifi cance of DFs  

  DF 1     DF 2     DF 1     DF 2     Wikls’ Lambda test (F) 

(Rao’s approximation)  

  Box test (Fishers (F) 

asymptotic approxima-

tion)  

  Biomass C     − 12.59    1.17     − 4.39    0.407    0.000*    36.0  

  As uptake    0.343     − 1.26    0.28     − 1.037    0.000*    228.4  

  Pb uptake     − 4.29     − 0.09     − 0.92     − 0.019    0.001*    318.8  

  Zn uptake    11.06     − 2.34    0.148     − 0.031    0.001*    104.2  

  Mn uptake    3.19    0.125    38.7    1.513    0.001*    58.9  

  Fe uptake    2.42    2.45    0.912    0.923    0.003*    248.7  

  Constant    –    –    0.744     − 0.234    –    –  

  Fig. 9       Plot of canonical dis-

criminant functions (DFs) for 

separating  Eucalyptus  clones 

based on selected variables viz. 

total tree biomass, total uptake 

of As, Pb, Zn, Mn and Fe in 

above-ground biomass  
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(Fine et al.  2006 ). It has been reported that  Eucalyptus  
had ability of using all of applied fertilizer-N and most of 

fertilizer-P and heavy-metals (Fine et al.  2006 ; Hass et al. 

 2011 ). Earlier, study on plant ( Euphorbia macroclada , 
 Verbascum cheiranthifolium  and  Astragalus gummifer ) 
behavior in soils contaminated with heavy-metals in Tur-

key revealed that these species had ability to accrue ~ 3–4 

times higher levels of heavy-metals, compared with those 

in the soil without any impact on tree growth (Sagiroglu 

et al.  2006 ). However, Bhati and Singh ( 2003 ) reported 

reduced plant growth and tree biomass with the applica-

tion of effl  uents generated by steel industry because of 

high concentration of heavy-metals. Tree survival rate 

and growth rate was relatively superior with the appli-

cation of steel effl  uent + municipal effl  uent in 1:2 ratio, 

steel + textile + municipal effluent in 1:2:2 ratio and 

steel + industrial effl  uent in 1:2 ratio. An application of 

industrial effl  uents to  Eucalyptus camaldulensis  during 

initial ages of plants decreased K and P uptake in roots, 

but increased Fe uptake in roots and stems (Shah et al. 

 2010 ). The application of pulp mill effl  uents to  Eucalyp-
tus  plantation in Brazilian soils showed good tree growth 

with signifi cantly higher accumulation of heavy-metals 

(Rezende et al.  2010 ). Sewage sludge waste water appli-

cation signifi cantly increased the leaf litter production of 

 Eucalyptus grandis  with increased nutrient transfer among 

the components of the ecosystem (Silva et al.  2011 ). Simi-

lar to these results, Mughini et al. ( 2013 ) reported large 

variation in growth and heavy-metal/micro-nutrients’ (Cd, 

As, Cr, Pb, Cu and Zn) uptake by 13 hybrid  Eucalyptus  
( E. camaldulensis  ×  E. viminalis ;  E. camaldulensis  ×  E. 
grandis ;  E.camaldulensis  ×  E. globulus  subsp.  bicostata ) 
clones established on contaminated agricultural soils. 

All clones accumulated the contaminants to which they 

were exposed; As, Cu, Pb and Zn concentrations were 

signifi cantly higher in leaves than in stems and branches, 

supporting the potential for phytoextraction of these con-

taminants by  Eucalyptus . Signifi cant positive correlations 

between the average contents of Cd and Pb, Cd and Cu, 

Cd and Zn, Pb and Cu, Pb and Zn and Cu and Zn in the 

above-ground tissues has been reported (Mughini et al. 

 2013 ). Field evaluation of tree species ( Eucalyptus gran-
dis, E. camaldulensis, E. saligna, Populus deltoides  ×  P. 
nigra, Casuarina cunninghamiana, P. deItoides and Pinus 
radiate)  irrigated with effl  uent for 4 years with total input 

of 4940 mm irrigation for whole period showed maxi-

mum growth and in two species  E. grandis  and  E. saligna  
with 130  m 3  ha- 1  for four years. Nutrient accumulation 

was found greater amount in  C. cunninghamiana  and  E. 
camaldulensis  than other species due to its fast growth and 

large crown biomass (Hopmans et al.  1990 ). 

    Carbon storage in soils 

  Eucalyptus  plantation irrigated with distillery effl  uents sig-

nifi cantly increased the total organic C storage in soil, com-

pared with the adjoining fi elds irrigated with underground 

water. The TOC stocks in soil varied between 14.8 and 

20.9 Mg C  ha −1  up to a depth of 0–15 cm. Benbi et al. ( 2012 ) 

reported a signifi cantly higher TOC stocks in the surface 

(0–15 cm) soil layer under poplar based poplar based agro-

forestry in north-western India. As compared with the soils 

under traditional rice–wheat cropping system, agroforestry 

soils had ~ 88% higher TOC content (Benbi et al.  2012 ). Our 

results corroborate the earlier research with ~ 27.7% increase 

in TOC content in soils. Carbon storage in soils under agro-

forestry system showed a signifi cant increase with the age of 

plantation; e.g. Dhillon et al. ( 2020 ) reported 39.8–50.6% in 

increase in TOC content in soils under poplar based agrofor-

estry for 20 years, compared with the soils recently (2 years) 

been shifted to agroforestry from traditional rice–wheat 

system in north-western India. Soil C pool within cropland 

ecosystems is considered to be controlled by the balance 

between plant mediated C input as leaf litter fall, root bio-

mass and root exudates and the outputs through hetero-

trophic respiration (Benbi et al.  2012 ). A linear signifi cant 

relationship between C input and TOC concentration across 

diff erent treatments has also been well documented (Larson 

et al.  1972 ; Paustian et al.  1997 ; Singh and Benbi  2021 ). 

    Metal content in soils irrigated with distillery 
effl  uents 

 The Cd content in soils varied between 0.18 and 

0.27 mg  kg −1  in distillery effl  uents irrigated, and between 

0.18 and 0.29 mg  kg −1  soil irrigated with underground water, 

and was well below (~ 10.3–16.7 times) the threshold refer-

ence value of 3.0 mg  kg −1  (Ash and Truong  2003 ). It was 

important that Pb content in soils irrigated with distillery 

effl  uents was lower by ~ 18.8–32.6 times, compared with the 

maximum permissible level. As compared with the thresh-

old level of 60 mg Cu  kg −1  soil (Ash and Truong  2003 ), 

the Cu content throughout the soil profi les (0–60 cm) under 

distillery effl  uents and underground water was considerably 

lower by ~ 35.4–81.8%. Similarly, Zn content in soil varied 

between 103.9 and 150.5 mg  kg −1  soil and was consider-

ably lower than the threshold level (200 mg Zn  kg −1  soil). 

According to Ash and Truong ( 2003 ), if the Cd level exceeds 

20 mg  kg −1  and Pb level exceeds 300 mg  kg −1 ; it may lead 

to serious health hazards. The threshold maximum permis-

sible levels are considered important indices to quantify soil 

contamination level and help to measure phytoremediation 

degree before and after the process (Nirola et al.  2015 ). 
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     Conclusion 

 The cropland ecosystems under forestry plantation have 

considerable C sequestration and phytoremediation poten-

tial for long-term ecological and environment sustainabil-

ity. The forest ecosystems with considerable heavy-metals 

uptake are considered highly resilient for environmentally 

safe disposal of distillery effl  uents. These results revealed 

diff erential response of  Eucalyptus  clones to irrigation with 

distillery effl  uents, with signifi cantly higher tree growth, C 

sequestration potential of clone C-316. The tested clones dif-

fer signifi cantly with respect to heavy-metals viz. As, Cr, Cd 

and Ni and micro-nutrients viz. Cu, Zn, Fe and Mn uptake. 

For example, Cr uptake was signifi cantly higher for clones 

PE-8 and C-413, Ni uptake in PE-6 and C-413, while the Pb 

uptake in clone C-2045. However, clone C-316 was had high 

Zn, Mn and Fe uptake potential, compared with the others. 

The metal content in surface soils irrigated with distillery 

effl  uents was well below the anticipated threshold levels. 

Notwithstanding the eff ect of distillery effl  uents on tree 

growth characteristics,  Eucalyptus  planation signifi cantly 

increased the TOC pool in the surface soil layer by ~ 29.8%, 

compared with soils irrigated with groundwater. The TOC 

stocks were signifi cantly higher in soils under clone C-316; 

highlighting the enhanced C sequestration both in tree bio-

mass as well as in soils due to increase in below-ground C 

input. These results underpin considerable phytoremedia-

tion and C sequestration potential of clone C-316 in soils 

irrigated with distillery effl  uents. 
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