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A B S T R A C T   

Surface mining is a critical anthropogenic activity that significantly alters the ecosystem, while the use of 
appropriate revegetation techniques can be considered an important and feasible strategy in the way to improve 
the ecosystem services of degraded land. In the present study, we carried out a pot experiment to investigate the 
effects of three different variables on morpho-physiological and biochemical parameters of Onobrychis viciifolia to 
assess the capability of this species to be used for restoration purposes. Specifically, the variables studied were: 
(a) water (W) regime, working at five values as regards field capacity (FC) (i.e., 80% FC = highest, 72% FC =
high, 60% FC = moderate, 48% FC = low, and 40% FC = very-low dose); and (b) rates of cattle manure compost 
(CMC) and wood biochar (BC) (weight/weight ratio), working at five rates (i.e., 4.0% = highest, 3.2% = high, 
2.0% = moderate, 0.8% = low, and 0% = either no-CMC or no-BC dose). In addition, soil physical-chemical 
properties and enzyme activities were also investigated at the end of the experimental period. It was found 
that morphological growth attributes such as plant height, maximum root length, and dry biomass significantly 
increased with W, CMC and BC applications. Compared to control, moderate-to-high W, CMC and BC doses 
(W80CMC2BC2) increased net photosynthesis rate (by 42%), stomatal conductance (by 50%), transpiration rate 
(by 29%), water use efficiency (by 10%), chlorophyll contents (by 73%), carotenoid content (by 81%), leaf 
relative water content (by 33%) and leaf membrane stability index (by 30%). Under low-W content, the appli-
cation of CMC and BC enhanced osmotic adjustments by increasing the content of soluble sugar and the activities 
of superoxide dismutase, catalase, peroxidase and ascorbate peroxidase, decreasing the oxidative stress, as 
verified by low levels of hydrogen peroxide, superoxide anion, malondialdehyde and proline contents in leaf 
tissues. Moreover, application of W, CMC and BC significantly improved soil water holding capacity, available 
nitrogen, phosphorus and potassium, urease and catalase activities, which facilitate plant growth. These results 
would aid in designing an appropriate strategy for achieving a successful revegetation of O. viciifolia, providing 
optimum doses of W (64% field capacity), CMC (2.4%) and BC (1.7%), with the final aim of reaching ecological 
restoration in arid degraded lands.   

* Corresponding author. College of Natural Resources and Environment, Northwest A&F University, Yangling, Shaanxi, 712100, People’s Republic of China. 
E-mail addresses: ranaroy.aes@sau.ac.bd (R. Roy), avelino.nunez@usc.es (A. Núñez-Delgado), jxwang2002@126.com, jwang118@nwsuaf.edu.cn (J. Wang), 

mdabdul.kader@usp.ac.fj (M.A. Kader), tanwnesarker@gmail.com (T. Sarker), akhasan@bau.edu.bd (A.K. Hasan), turgaydindaroglu@ksu.edu.tr (T. Dindaroglu).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2021.112440 
Received 2 September 2021; Received in revised form 17 November 2021; Accepted 18 November 2021   

mailto:ranaroy.aes@sau.ac.bd
mailto:avelino.nunez@usc.es
mailto:jxwang2002@126.com
mailto:jwang118@nwsuaf.edu.cn
mailto:mdabdul.kader@usp.ac.fj
mailto:tanwnesarker@gmail.com
mailto:akhasan@bau.edu.bd
mailto:turgaydindaroglu@ksu.edu.tr
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2021.112440
https://doi.org/10.1016/j.envres.2021.112440
https://doi.org/10.1016/j.envres.2021.112440


Environmental Research xxx (xxxx) xxx

2

1. Introduction 

Coal mine spoils are a form of solid waste that is generated during the 
coal mining process (Sun et al., 2009). Long-term spoils storage can 
result in resource depletion and land waste, posing serious risks to the 
environment and human health (Wong, 2003). For the maintenance of 
“green mines”, ecological restoration of coal mine waste is of great 
importance. Revegetation is a prerequisite for ecological restoration 
because it enables ecological functions (Xu et al., 2020), and has gained 
popularity due to its economic and environmental benefits. Revegeta-
tion has the potential to improve soil quality and support human habi-
tation in degraded regions (Li et al., 2017; Yu et al., 2020). However, in 
areas with acute water shortages like Northwest China, revegetation 
depends profoundly on artificial irrigation, since groundwater is usually 
inaccessible in that region (Gao et al., 2016). In practice, covering soil, 
and/or inorganic and organic amendments are normally applied to 
support the revegetation in such degraded land (Roy et al., 2022, 2021b, 
2021d; Xie and van Zyl, 2020). 

Utilization of cattle manure compost (CMC) increases humic sub-
stances, such as organic matter, humus, humate, humic acid, fulvic acid 
and humin which play a vital role in soil fertility and plant nutrition 
(Zinati et al., 2001). Plants grown on soils that contain adequate humin, 
humic acids, and fulvic acids are less subject to stress (Adil Aydin, 2012). 
A recent study by Wang et al. (2018) shows that the insufficient utili-
zation of CMC poses environmental and human health risks in China. 
Taking these social problems into consideration, as well as potential 
cost-efficient measures, the use of CMC as a soil amendment to support a 
revegetation program could be considered very interesting. 

In addition to CMC, the application of wood biochar (BC) can be a 
practical solution to enhance plant growth under conditions of water 
shortage. Biochar results from bio-residues that are thermochemically 
degraded in an absent or limited oxygen environment, generating a 
porous material with a high carbon density. Biochar application has a 
positive impact on soil pores, aggregate structure, water and nutrient 
retention capacity (Beesley et al., 2011; Bianco et al., 2021). The pres-
ence of plant nutrients and higher content of recalcitrant organic carbon 
in the biochar and its suitability for microbial habitat due to its porous 
structure are considered as the main reasons for the improvement in soil 
properties and increase in plan nutrient uptake in biochar amended soils 
(Bianco et al., 2021; Nigussie et al., 2012; Rahman et al., 2021). Cybulak 
et al. (2016) reported that the application of biochar increases the hy-
groscopic moisture content of soil (by 1.5–3.0%), which would be very 
beneficial to dry and degraded soils. It was reported that pyrolysis 
condition and feedstock type significantly affected the structural and 
physicochemical characteristics of the resulting biochar products 

(Claoston et al., 2014). Previous results indicated that higher tempera-
tures (above 500 ◦C) resulted in a higher C content, while the losses of N, 
hydrogen (H) and oxygen (O) were also recorded (Liang et al., 2016). 
However, low-temperature biochars (obtained at 250–400 ◦C) were 
found to be more suitable for improving soil fertility due to their rela-
tively less stable aromatic backbone from pyrolysis and more C––O and 
C–H functional groups that may serve as nutrient exchange sites after 
oxidation (Tag et al., 2016). Yuan et al. (2011) showed that a mix of rice 
husk and cotton seed biochar produced through pyrolysis at 400 ◦C 
enhanced soil water holding capacity under reduced irrigation and 
improved plant growth, making it comparable to that under full irriga-
tion. Likewise, Pradhan et al. (2020) found that the optimum tempera-
ture for pyrolysis was around 400 ◦C. Moreover, the selection of suitable 
plant species is also very important to accelerate any revegetation pro-
gram. Onobrychis viciifolia is a plant species well known for its drought 
tolerance, because of its well-developed root system with many root 
nodules and good fertilization capability (Niu and Li, 2003). As a 
leguminous species, O. viciifolia has demonstrated a series of physio-
logical and biochemical mechanisms to adapt to water stress conditions 
and live-in nutrient-deficient coal mine wastes (Kong et al., 2014). 

There is substantial evidence that compost and biochar can increase 
soil fertility status and a plant’s resistance to stress in degraded envi-
ronments (Antonious, 2018; Pandey et al., 2021; Ren et al., 2021; Roy 
et al., 2021b). However, less is known about the impact of the coupling 
effect of water (W), CMC and BC on the morphological, physiological 
and biochemical growth responses of O. viciifolia planted on coal-mined 
spoil. In this context, the main objectives of the present study are the 
following: (i) to address the morphological, physiological and 
biochemical growth response of O. viciifolia, as well as soil 
physical-chemical properties and enzyme activities under various re-
gimes of W, CMC and BC doses in a coal mine soil; (2) to identify the 
optimum W-CMC-BC application dose. These findings could have 
important environmental implications, specifically in relation to the 
recycling of waste materials and promotion of revegetation and the 
subsequent restoration of degraded areas. 

2. Materials and methods 

A pot trail was performed in a greenhouse at the Northwest Agri-
culture and Forestry University (34◦15′60′′ N, 108◦3′46′′ E), China. Coal- 
mined spoil was collected from Lingwu, China, and sampled according 
to our previous study, Roy et al. (2020b). The CMC and BC (the latter 
made by pyrolyzing apple wood at 400 ◦C) were obtained from Yan-
gling, China. BC was obtained by slow pyrolysis of apple wood at 
approximately 400 ◦C in a biochar kiln operating under low oxygen 

Table 1 
Experimental design and arrangement of treatments.  

Treatments no. Treatments details Coded values Quantity applied 

Water (W) Cattle manure compost (CMC) Wood biochar (BC) W (% FC) CMC (% w/w) BC (% w/w) 

1 W72CMC3.2BC3.2 1 1 1 72 3.2 3.2 
2 W72CMC3.2BC0.8 1 1 − 1 72 3.2 0.8 
3 W72CMC0.8BC3.2 1 − 1 1 72 0.8 3.2 
4 W72CMC0.8BC0.8 1 − 1 − 1 72 0.8 0.8 
5 W48CMC3.2BC3.2 − 1 1 1 48 3.2 3.2 
6 W48CMC3.2BC0.8 − 1 1 − 1 48 3.2 0.8 
7 W48CMC0.8BC3.2 − 1 − 1 1 48 0.8 3.2 
8 W48CMC0.8BC0.8 − 1 − 1 − 1 48 0.8 0.8 
9 W80CMC2BC2 1.682 0 0 80 2 2 
10 W40CMC2BC2 − 1.682 0 0 40 2 2 
11 W60CMC4BC2 0 1.682 0 60 4 2 
12 W60CMC0BC2 0 − 1.682 0 60 0 2 
13 W60CMC2BC4 0 0 1.682 60 2 4 
14 W60CMC2BC0 0 0 − 1.682 60 2 0 
15 W60CMC2BC2 0 0 0 60 2 2 
16 W60CMC2BC2 0 0 0 60 2 2 
17 W40CMC0BC0, CK − 1.682 − 1.682 − 1.682 40 0 0  
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conditions. The CMC was collected from a commercial feedlot. In 
addition, a temperature of 55 ◦C was maintained for at least three 
consecutive days to inactivate and kill pathogen microorganisms. Prior 
to soil amendment and analysis, CMC and BC were air-dried, crushed 
and sieved through a 2 mm mesh. The characteristics of the CMC and BC, 
as well as coal spoils are shown in Table S1 (Supplementary Material). 
All details regarding the methods used to characterize these materials 
are also presented in the Supplementary Material. Regarding the pot 
experiments, 400 g of coal-mined spoil was taken into polyethylene 
plastic pots (11.7 cm upper diameter, 13.5 cm height and 9.2 cm bottom 
diameter) and mixed with different levels of CMC and BC and into each 
pot fifty O. viciifolia seeds were planted. Five different water levels were 
used to reflect the soil water content at field capacity (FC) (i.e., 80% FC 
= highest, 72% FC = high, 60% FC = moderate, 48% FC = low, and 40% 
FC = very-low dose) (Roy et al., 2021a). For both CMC and BC, 5 rates 
(weight/weight) were used (i.e., 4.0% = highest, 3.2% = high, 2.0% =
moderate, 0.8% = low, and 0% = either no-CMC or no-BC dose). The 
experiment was set up using a standard response surface methodology 
(RSM), namely central composite design (CCD) for the optimization of 
the selected independent variables. Seed disinfection and germination 
were carried out as per Roy et al. (2021b). Seedlings were trimmed to 10 
plants per pot at the 5th true leaf stage, and then the 5 different W doses 
were applied and followed for two months. Day and night temperatures 
in the greenhouse were maintained at 27 ± 1 ◦C and 18 ± 1 ◦C, 
respectively. Relative humidity, light intensity, and light cycle were 70 
± 5%, 150 mol m− 2 s− 1 photosynthetically active radiation, and 14/10 h 
(day/night), respectively. The CCD design consisted of 17 treatments, 
each replicated 5 times (in total 5 × 17 = 85 pots; Table 1; details of the 
computations can be found in Table S2, Supplementary Material). Here, 
the lowest W regime (W40) and without CMC and BC (W40CMC0BC0) was 

treated as control. The O. viciifolia’s integrated growth performance 
(IGP) was examined according to Roy et al. (2021a) approach (details 
are given in the Supplementary Appendix). All analytical-grade chemi-
cal reagents were provided by Sigma-Aldrich Trading Co., Ltd., 
Shanghai, China. 

2.1. Assessment of morphological growth traits 

Five seedlings selected at random from each pot were cut at the 
above-ground level to assess plant height (PH, cm) and maximum root 
length (RL, cm) with the help of a measuring tape at the end of this 
study. Plant biomass (dry weight, DW, g plant− 1) was the sum of leaf, 
stem and root mass and was measured following Roy et al. (2021b). 

2.2. Assessments of physiological and biochemical components, and 
antioxidant enzyme activities in O. viciifolia leaves 

Net photosynthesis rate (Pn, μmol m− 2 s− 1), stomatal conductance 
(Gs, μmol mmol− 1), transpiration rate (Tr, mmol m− 2 s− 1) and water use 
efficiency (WUE, μmol mmol− 1 as Pn/Tr) were assessed with the help of 
CIRAS-3 portable photosynthesis system (Amesbury, MA, USA). The 
concentration of total chlorophyll (TChls) (mg g− 1 fresh weight (FW)) 
and carotenoids (Cars) (mg g− 1 FW) were estimated in accordance with 
our previous study (Roy et al., 2020a). 

The relative water content (RWC, %) and membrane stability index 
(MSI, %) of O. viciifolia leaves were assessed using previously described 
methods (Roy et al., 2020c). For measuring the malondialdehyde (MDA, 
μmol g− 1 FW), hydrogen peroxide (H2O2, μmol g− 1 FW) and superoxide 
anion (O2•‒, nmol min− 1 g− 1 FW) contents, the methods described by 
Roy et al. (2020b), Velikova et al. (2000) and Ke et al. (2002), 

Table 2 
The effects of various regimes of water-cattle manure compost-wood biochar (W-CMC-BC) on the plant height (PH), maximum root length (RL), plant dry weight (DW), 
photosynthesis rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), water use efficiency (WUE), contents of total chlorophylls (Chls) and carotenoids (Cars) in 
O. viciifolia leaves. Different letters in each column are significantly different (p < 0.05) according to LSD test. Each value represents the mean of 5 replications ± SEs.  

Treatments PH (cm) RL (cm) DW (g 
plant− 1) 

Pn (μmol m− 2 

s− 1) 
Tr (mmol m− 2 

s− 1) 
Gs (μmol 
mmol− 1) 

WUE (μmol 
mmol− 1) 

Total Chls (mg 
g− 1 FW) 

Cars (mg g− 1 

FW) 

W72CMC3.2BC3.2 15.53 ±
0.3a 

11.81 ±
0.83abc 

0.21 ±
0.01a 

7.17 ± 0.06a 3.79 ± 0.16abc 0.29 ± 0.02ab 1.9 ± 0.1ab 1.32 ± 0.09abc 0.41 ± 0.03a 

W72CMC3.2BC0.8 13.54 ±
1.51ab 

12.18 ±
0.1ab 

0.19 ±
0.01ab 

7.12 ± 0.57a 4.05 ± 0.03a 0.3 ± 0.02a 1.76 ± 0.14abcd 1.4 ± 0.11a 0.38 ± 0.02ab 

W72CMC0.8BC3.2 13.83 ±
1.13ab 

12.97 ±
0.31a 

0.19 ±
0.01ab 

6.13 ±
0.76abcd 

3.7 ± 0.09bcd 0.21 ± 0.02cde 1.66 ± 0.2abcde 1.32 ± 0.1abc 0.33 ±
0.01cde 

W72CMC0.8BC0.8 12.58 ±
0.64bc 

11.56 ±
0.37abcd 

0.18 ± 0ab 5.88 ±
0.11bcde 

3.43 ± 0.03de 0.21 ± 0.04cde 1.72 ±
0.05abcde 

1.2 ± 0.07cdef 0.3 ± 0.01def 

W48CMC3.2BC3.2 11.84 ±
0.17bcd 

7.38 ± 0.53hi 0.14 ±
0.02cd 

5.24 ± 0.14de 2.63 ± 0.05h 0.19 ± 0.01de 1.99 ± 0.03a 0.94 ± 0.04h 0.29 ±
0.02efg 

W48CMC3.2BC0.8 10.02 ±
0.36de 

8.34 ± 0.4gh 0.13 ±
0.01cd 

5.73 ± 0.47cde 3.23 ± 0.13efg 0.22 ± 0.02cde 1.79 ± 0.21abcd 1.09 ± 0.01efg 0.29 ±
0.01efg 

W48CMC0.8BC3.2 10.21 ±
0.58de 

6.46 ± 0.53i 0.12 ±
0.01d 

5.05 ± 0.1e 3.48 ± 0.03cde 0.21 ± 0.02cde 1.45 ± 0.03de 1.16 ± 0.03defg 0.27 ± 0.01fg 

W48CMC0.8BC0.8 8.96 ±
0.29ef 

7.42 ± 0.14hi 0.12 ±
0.01d 

5.4 ± 0.03cde 3.66 ± 0.06cd 0.21 ± 0.03cde 1.48 ± 0.03cde 1.09 ± 0.01efg 0.26 ± 0fg 

W80CMC2BC2 14.96 ±
1.05a 

10.85 ±
0.09bcde 

0.21 ± 0a 7.09 ± 0.4a 3.98 ± 0.03ab 0.24 ±
0.01abcd 

1.78 ± 0.11abcd 1.35 ± 0.03ab 0.38 ± 0.03ab 

W40CMC2BC2 8.99 ±
0.24ef 

5.99 ± 0.05ij 0.11 ±
0.01de 

5.21 ± 0.3de 3.09 ± 0.09fg 0.18 ± 0.01de 1.69 ±
0.08abcde 

0.94 ± 0.04h 0.25 ± 0gh 

W60CMC4BC2 13.56 ±
0.63ab 

10.44 ±
1.68cde 

0.18 ±
0.01ab 

6.9 ± 0.24ab 3.7 ± 0.03bcd 0.27 ± 0.01abc 1.87 ± 0.08ab 1.06 ± 0.01fgh 0.33 ± 0cde 

W60CMC0BC2 11.22 ±
0.82cd 

8.71 ±
0.43fgh 

0.14 ±
0.01cd 

5.62 ± 0.19cde 4.02 ± 0.01a 0.18 ± 0.02de 1.4 ± 0.05e 1.04 ± 0.02gh 0.25 ± 0gh 

W60CMC2BC4 13.39 ±
0.75ab 

8.69 ±
0.96fgh 

0.16 ±
0.01bc 

5.43 ± 0.36cde 2.94 ± 0.14gh 0.24 ±
0.01abcd 

1.87 ± 0.21ab 1.25 ± 0.01bcd 0.33 ±
0.01cde 

W60CMC2BC0 10.56 ±
0.47cde 

9.46 ±
0.06efg 

0.16 ±
0.01bc 

5.87 ±
0.23bcde 

3.26 ± 0.23ef 0.26 ± 0.02abc 1.82 ± 0.15abc 1.3 ± 0.04abcd 0.35 ± 0bc 

W60CMC2BC2 12.05 ±
0.75bcd 

10.22 ±
0.09cdef 

0.18 ±
0.02ab 

6.37 ±
0.23abc 

3.68 ± 0.18bcd 0.23 ± 0.02bcd 1.74 ± 0.1abcde 1.23 ± 0.01bcde 0.34 ±
0.01bcd 

W60CMC2BC2 11.97 ±
1.17bcd 

9.97 ±
0.03defg 

0.19 ±
0.01ab 

6.8 ± 0.46ab 3.74 ±
0.14abcd 

0.23 ± 0.02bcd 1.81 ± 0.05abc 1.25 ± 0bcd 0.35 ± 0bc 

W40CMC0BC0, 
CK 

7.12 ± 0.35f 4.76 ± 0.08j 0.08 ± 0e 5.01 ± 0.58e 3.09 ± 0.13fg 0.16 ± 0.01e 1.63 ± 0.19bcde 0.78 ± 0.04i 0.21 ± 0h  
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respectively, were used. For proline (Pro, μmol g− 1 FW) and total soluble 
sugar contents (SS, mg g− 1 FW) determination, sulphosalicylic acid and 
anthrone-H2SO4 methods, respectively, were used (Bates et al., 1973; 
Joseph, 1955). Antioxidant enzyme activities of superoxide dismutase 
(SOD, U g− 1 FW), catalase (L-CAT, U min− 1 g− 1 FW), peroxidase (POD, 
U min− 1 g− 1 FW), ascorbate peroxidase (APX, μmol min− 1 g− 1 FW) were 
estimated according to our previous study (Roy et al., 2021c). 

2.3. Estimation of soil physical, chemical and enzyme activities 

Bulk density (g cm− 3) was determined by ‘core cutter method’ (SAA, 
1977). The soil water holding capacity (WHC, %) was measured ac-
cording to Ogbaga et al. (2014). In brief, weight was taken of fully 
water-saturated soil after draining it for 2–3 days. After that the soil 
sample was oven dried at 105 ◦C to get a constant weight. The weight 
difference between water-saturated and oven-dried soil was taken as the 
weight of water needed to bring pots 100% FC, and different FC were 
calculated accordingly. The available nitrogen (Avail-N, NH4

+–N and 
NO3

− N, mg kg− 1) was determined by extracting 10 g of fresh soil with 
50 mL of 2 M KCl and measuring it in a continuous-flow ion auto-
analyzer (Scalar SANplus segmented flow analyzer, Netherlands) (Lu, 
2000). The Olsen soil P test was used to extract soil available phosphorus 
(Avail-P, mg kg− 1) using 0.5 mol L− 1 NaHCO3 at pH 8.5 (Lu, 2000). Soil 
available potassium (Avail-K, mg kg− 1) was extracted and quantified 
using 1 mol L− 1 NH4OAc and a PerkinElmer Pin AAcle 900 F Atomic 
Absorption Spectrometer (Waltham, MA, USA), respectively (Lu, 2000). 
The soil urease (mg g− 1 d− 1) activity was analyzed using the methods 
described by Guan (1986) . The soil catalase (S-CAT, mg g− 1 d− 1) ac-
tivity was assessed as described by Hopkins et al. (1996). 

2.4. Data analysis 

The analysis of variance (ANOVA) was used to evaluate the indi-
vidual and interaction impacts of three independent variables (W, CMC 
and BC) on various response variables, as well as the estimate of co-
efficients. The numerical data presented in the tables and figures are 
means ± standard errors (SEs) of five replicates for each treatment. 
Optimum W-CMC-BC rate was identified by applying Derringer’s 
desired function approach with the help of Design Expert statistical 
software (version 11.0, Stat-Ease, Inc., Minneapolis, MN, USA). Pear-
son’s correlation coefficients were presented in the form of a matrix of 
correlations. Heatmap was produced employing ClustVis version 2.0 
(https://biit.cs.ut.ee/clustvis) (Roy et al., 2020b). 

3. Results 

The application of W, CMC and BC resulted in a significant increase 
(p < 0.05) in plant height (PH), maximum root length (RL) and dry 
biomass (DW) in all the experimental treatments (except W40CMC2BC2) 
over the control (Table 2; Fig. 1). The maximum increases in PH and DW 
were observed under W72CMC3.2BC3.2 treatment. Here PH and DW were 
118% and 163% greater, respectively, over the control (Table 2). The 
W40CMC2BC2 treatment, on the other hand, did not cause any significant 
differences (Table 2; Fig. 1). 

Seedlings exposed to W72CMC3.2BC3.2, W72CMC3.2BC0.8 and 
W80CMC2BC2 showed a significant increase (p < 0.05) in net photo-
synthesis rate (Pn) (by 43, 42 and 42%, respectively), stomatal 
conductance (Gs) (by 81, 88 and 50%, respectively), and transpiration 
rate (Tr) (by 23, 31 and 29%, respectively) (Table 2). Leaf water use 
efficiency (WUE) increased by the most (+22% over control) under the 

Fig. 1. The effects of various regimes of water-cattle manure compost-wood biochar (W-CMC-BC) on phenotypic traits of O. viciifolia.  
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W48CMC3.2BC3.2 treatment (Table 2). The W-CMC-BC application 
resulted in a significant increase (p < 0.05) in total chlorophyll (TChls) 
and carotenoids (Cars) content of all experimental treatments over the 
control (Table 2). Specifically, treatments W72CMC3.2BC3.2, 
W72CMC3.2BC0.8 and W80CMC2BC2 remarkably increased TChls content 
by 69, 79, and 73%, and Cars content by 95, 81, and 81%, compared to 
control (Table 2). Plants under the same treatments also increased RWC 
by 32, 29 and 33%, and MSI by 29, 29 and 30%, respectively, compared 
to control (Fig. 2a and b). The W-CMC-BC application resulted in a 
significant decrease (p < 0.05) in H2O2, O2•‒, MDA, Pro and SS contents 
in all the experimental treatments, which were 30–67%, 29–60%, 
12–38%, 14–63% and 17–61% lower, respectively, over the control 
(Fig. 2c‒e; Fig. 3a and b). However, seedlings exposed to moderate to 
highest-W doses (≥60 %FC) like W72CMC3.2BC3.2, W72CMC3.2BC0.8, 
W72CMC0.8BC3.2, W72CMC0.8BC0.8, W80CMC2BC2 and W60CMC2BC2 
showed greater decrease in MDA contents compared to seedlings 
exposed to very low-to low-W doses, regardless of CMC and BC additions 
(Fig. 2e). 

Activities of SOD, CAT, POD and APX in the leaves of O. viciifolia 
radically increased over control when seedlings were exposed to very 
low-to low-W regimes together with different CMC and BC doses 
(Fig. 3c‒f). Therefore, seedlings treated with W48CMC3.2BC3.2, 
W48CMC3.2BC0.8, W48CMC0.8BC3.2, W48CMC0.8BC0.8 and W40CMC2BC2 

significantly increased SOD activity by 18, 14, 13, 23 and 17%, CAT 
activity by 18, 27, 37, 32 and 22%, POD activity by 22, 23, 13, 24 and 
26%, and APX activity by 52, 45, 62, 61 and 59%, respectively, 
compared with control (Fig. 3c‒f). 

All combinations of treatments except W48CMC0.8BC0.8, 
W60CMC0BC2 and W60CMC2BC0 significantly increased (p < 0.05) soil 
water holding capacity (WHC) over that of control treatment (Fig. 4a). 
In the soil, the available N (Avail-N) content also significantly increased 
(p < 0.05) (except W48CMC3.2BC0.8, W48CMC0.8BC0.8 and 
W40CMC2BC2), than those of control treatment (Fig. 4b). The available P 
(Avail-P) content was significantly higher (p < 0.05) in the various 
treatments (except W48CMC0.8BC0.8) over control (Fig. 4c). The appli-
cation of W-CMC-BC resulted in a significant increase (p < 0.05) in 
available K (Avail-K) content in all the treatments compared with con-
trol. The highest increase in Avail-K content was observed under 
W72CMC3.2BC3.2, which was 4.3 times higher than that of control 
treatment (Fig. 4d). Soil enzyme activities such as urease and catalase (S- 
CAT) significantly increased (p < 0.05) over control when seedlings 
were exposed to W regime (≥60 %FC) together with different CMC and 
BC doses (Fig. 4e and f). Conversely, the W48CMC3.2BC3.2, 
W48CMC3.2BC0.8, W48CMC0.8BC3.2, W48CMC0.8BC0.8 and W40CMC2BC2 
treatments did not cause any significant differences (Fig. 4e and f). 

The positive and negative values of the coefficients β1, β2 and β3 

Fig. 2. The effects of various regimes of water-cattle manure compost-wood biochar (W-CMC-BC) on relative water content (RWC) (a), membrane stability index 
(MSI) (b), hydrogen peroxide (H2O2) (c), superoxide anion (O2

•‒) (d) and malondialdehyde (MDA) (e) contents in O. viciifolia leaves. Bars showing the different 
letters are significantly different (p < 0.05) according to LSD test. Each value represents the mean of 5 replications ± SEs. 
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(Table S3) indicates the synergistic and antagonistic effect of W, CMC 
and BC doses on the different growth attributes of O. viciifolia. 

3.1. Assessment of multiple growth response of O. viciifolia exposed to 
different combinations of W-CMC-BC by correlation studies and heatmap 
approach 

A Pearson’s correlation coefficient analysis was performed to quan-
tify the relationships between different plant and soil parameters under 
a variety of W-CMC-BC treatments (Fig. 5a). Gas exchange traits, 
photosynthetic pigment concentrations were all favorably correlated 
with diverse morphological growth parameters like PH, RL, and DW. 
However, morphological growth parameters were negatively correlated 
with ROS, MDA contents, and antioxidant enzyme activities. It was also 
observed that plant growth parameters were positively corelated with 
soil water and nutrient contents and enzyme activities (Fig. 5a). 

The heatmap analysis (Fig. 5b) revealed two considerable clusters 
that corresponded to the W60CMC2BC4, W72CMC0.8BC0.8, 
W72CMC0.8BC3.2, W60CMC2BC2, W60CMC4BC2, W72CMC3.2BC0.8, 
W72CMC3.2BC3.2, W80CMC2BC2 on the left, because of their lower levels 
of antioxidant enzyme activities, osmolytes, ROS and MDA, but higher 
levels of soil water and nutrient contents and soil enzyme activities, leaf 
gas exchange attributes, photosynthetic pigment concentrations, water 

status, morphological growth attributes. However, the rest of the 
treatments (W40CMC2BC2, W48CMC3.2BC0.8, W48CMC0.8BC0.8, 
W48CMC0.8BC3.2, W40CMC0BC0, W60CMC0BC2, W48CMC3.2BC3.2 and 
W60CMC2BC0) were assembled on the right side because of their higher 
amounts of ROS, MDA and activities of antioxidant enzyme and lower 
levels of morphological growth attributes, soil water and nutrient con-
tents and enzyme activities (Fig. 5b). 

3.2. Interactive effects of W, CMC and BC on IGP of O. viciifolia and 
their optimization 

O. viciifolia seedlings subjected to W72CMC3.2BC3.2 and control 
showed highest and lowest IGP of 0.77 and 0.23, respectively (Table S4, 
Supplementary Material). As seen in Fig. 6a and b, O. viciifolia’s IGP 
improved when CMC and BC were increased to moderate levels, but 
thereafter showed a diminishing tendency when additional increases in 
CMC and BC are attempted. The IGP of O. viciifolia, on the other hand, 
rose consistently with increasing W doses. 

To pick the optimal W-CMC-BC dose, we preserved DW, RL, PH, Pn, 
WUE, Gs, TChls, Cars, MSI, RWC, SS, Pro, SOD, L-CAT, APX, POD, WHC, 
Avail-N, Avail-P, Avail-K, Urease and S-CAT at their higher level. In 
opposite, H2O2, O2•‒ and MDA were preserved at their lower level 
(Fig. 6c). At last, the RSM determined the optimal combinations to be 

Fig. 3. The effects of various regimes of water-cattle manure compost-wood biochar (W-CMC-BC) on proline (Pro) (a), soluble sugar contents (SS) (b), and activities 
of superoxide dismutase (SOD) (c), catalase (L-CAT) (d), peroxidase (POD) (e) and ascorbate peroxidase (APX) (f) in O. viciifolia leaves. Bars showing the different 
letters are significantly different (p < 0.05) according to LSD test. Each value represents the mean of 5 replications ± SEs. 
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the following: W of 64.0% FC, CMC of 2.4% and BC of 1.7%, respectively 
(Fig. 6c). 

Table S5 summarizes the multiple modelling equations, all of which 
include coded variables to describe growth responses (Supplementary 
Material). Results from ANOVA exhibited that statistical regression 
models for the various growth parameters are statistically significant. 
Excellent correlation between the projected and practical values in-
dicates that the RSM approach is trustworthy (Table S5). 

4. Discussion 

Coal mine spoils was drought prone and low in nutrient content, 
which was unsuitable for plant growth (Table S1). However, in this 
study we observed that drought tolerant O. viciifolia could grow well on 
coal mine spoils (Table 2). Our study exhibited that maximum growth 
attributes such as plant height, maximum root length and biomass were 
attained at moderate to highest W regimes, and application of CMC and 
BC positively enhanced growth associated attributes of O. viciifolia even 
at low-W regime but not at very low-W regime (Fig. 1; Table 2). As an 
organic matter-rich amendment, CMC increases infiltration, decreases 
evaporation, and captures water for plant use. Moreover, CMC aids in 
plant rooting and nutrient uptake when conditions are harsh (Dimkpa 
et al., 2020). In addition, biochar increases water and nutrients 

availability in the soil as well as improves its physical and chemical 
properties, which can influence plant growth and change the state of soil 
and the environment (Xie et al., 2021). Numerous previous studies have 
shown that biochar produced at low temperature (<550 ◦C) pyrolysis 
contains more labile organic matter as well as key macronutrients for 
plant growth and is thus widely used as soil amendment on soil fertility 
viewpoint (Al-Wabel et al., 2013; Joseph et al., 2010; Keiluweit et al., 
2010; Luo et al., 2018). 

Among plant physiological processes, photosynthesis is the most 
vital and important process for plant growth (Gururani et al., 2013). In 
our study, gas exchange traits and photosynthetic pigment content of 
O. viciifolia significantly declined under W-shortage conditions, while 
photosynthetic traits showed positive responses to W, CMC and BC 
supplies (Table 2). Drought stress has reduced net photosynthesis and 
chlorophyll concentrations in most cases (Cechin et al., 2006). It may be 
caused by chemical signals produced by the roots, as well as a decrease 
in leaf water content because of water shortages that cause stomatal 
closure and declined stomatal conductance (Table 2). Manure and bio-
char, however, prevent stomatal closure under stress conditions due to 
adequate ventilation, appropriate drainage, high porous texture and 
water storage, and improve the carbon dioxide needed for photosyn-
thesis (Abideen et al., 2020), as also noticed in our current study. 

In our study, the leaf relative water content (RWC) and membrane 

Fig. 4. The effects of various regimes of water-cattle manure compost-wood biochar (W-CMC-BC) on the soil water holding capacity (WHC) (a), available nitrogen 
(Avail-N) (b), available phosphorus (Avail-P) (c), available potassium (Avail-K) (d), urease (e) and catalase (S-CAT) (f) activities of soil at the end of the growth 
period. Bars showing the different letters are significantly different (p < 0.05) according to LSD test. Each value represents the mean of 5 replications ± SEs. 
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Fig. 5. Pearson’s correlation coefficient (a) and heatmap (b) showing the interaction effect of water-cattle manure compost-wood biochar (W-CMC-BC) on the 
various growth responses of O. viciifolia. 
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stability index (MSI) dramatically declined under W-shortage conditions 
(Fig. 2a and b). The decline of RWC and MSI in the leaves under very 
low-W regime, as well as the subsequent growth retardation, are in-
dicators of turgor pressure deficits, which limit cell expansion and 
enlargement (Kumar and Sharma, 2010). However, CMC and BC showed 
their potential by increasing RWC and MSI even at low W content. This 
could be due to the positive effect of manure and biochar on enhancing 
soil water content, which is closely connected to the enrichment of 
plant-available water (Abideen et al., 2020). Kheirizadeh Arough et al. 
(2016) also mentioned that application of organic fertilizer under water 
shortage conditions increased the leaf water content. However, the 
improvement of RWC by organic fertilizer treatments can be due to the 
increase of soluble sugar content, as reported by Rao et al. (2007). In 
addition, Salehi et al. (2016) stated that higher soluble sugar content in 

bio-fertilized leaves might be due to enhanced RWC and reduced chlo-
rophyll photo-oxidation activity. However, in our study, proline (Pro) 
content was significantly declined, and total chlorophyll (TChls) content 
was considerably enhanced by the application of CMC and BC (Fig. 3a; 
Table 2). This may be due to both Pro and TChls content being produced 
from the same precursor (glutamate) (Gomes Silveira et al., 2003), and 
Pro content was reduced by the CMC and BC treatments (Fig. 3a) to 
improve chlorophyll synthesis in plant leaves (Table 2). Our experi-
mental results were also supported by previous research stating that 
fertilizer application significantly reduced leaf Pro content and 
increased TChl content (Salehi et al., 2016). 

Our results revealed that W shortage causes oxidative damage, as 
proved by high levels of malondialdehyde (MDA) by increasing the 
production of ROS such as H2O2 and O2•‒ contents in leaves of 

Fig. 6. Response surface plots (a–b) indicating integrated growth performance (IGP) of O. viciifolia and desirability ramp (c) for optimization.  
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O. viciifolia (Fig. 2c–e). Although a small amount of H2O2 is helpful, high 
levels of H2O2 cause membrane damage and cell death in plants (Das and 
Roychoudhury, 2014). Application of CMC and BC increases the anti-
oxidant enzyme activities like SOD, CAT, POD and APX, suggesting this 
to be a response mechanism that could enhance drought tolerance 
(Fig. 3c–f). Increased antioxidant enzyme activities stimulate the im-
mune system, remove excess ROS and reduce the negative effect of water 
shortage on different plant species (Roy et al., 2020b, 2021b, 2020b). 

One of the most obvious effects of organic manure and biochar 
addition to soils is an increase of soil water holding capacity, which is 
likely to be connected to increases in plant-available water (Verheijen 
et al., 2019). Abideen et al. (2020) reported that the use of biochar lead 
to consistently enhance plant water availability, even in sandy loam 
soils. Moreover, it was also found that optimum biochar and water 
addition could maximize the soil water content (Liang et al., 2014), as 
also found in our current study (Fig. 4a). Besides the physical properties, 
the chemical restoration of soil is clearly important for soil quality 
improvement (Lal, 2015). In our study, the availability of N significantly 
enhanced with the increase of W and CMC, regardless of BC additions 
(Fig. 4b). The reason behind this fact is that high soil water content 
enhance N mineralization of CMC, however, most of the N would be 
burns off and become non-bioavailable in biochar due to being pyro-
lyzed at 400 ◦C temperature (Marshall et al., 2019). However, avail-
ability of P and K significantly increased with the high W, CMC and BC 
applications, which is key to restore the quality of alkaline-soil (Zhang 
et al., 2020). Biochar can also improve the efficiency of inorganic and 
organic fertilizers by enhancing microbial functions and reducing 
nutrient loss, thereby making nutrients more available to plants. As 
biochar can adsorb nutrients and provide microbial habitat, it can also 
retain fertilizers in soil longer than control soil and prevent leaching 
losses of nutrients. However, pathogen inactivation is expected to occur 
in compost, since the temperature during composting has to be main-
tained over 55 ◦C for at least 3 days. Enhancing physical-chemical 
properties of soil have a beneficial effect on biological soil quality 
restoration (Li et al., 2002). The use of CMC and BC significantly 
increased urease and catalase activities (Fig. 4e and f), which may be 
attributed to their high nutrient and carbon content, also bearing in 
mind that their adequate aeration and surface area provided an excellent 
environment for the growth of microbes (Verheijen et al., 2019). The 
created favorable conditions due to CMC and BC applications helps to 
improve the growth and reproduction of soil microorganisms and 
thereby promote soil enzymatic activities (Gul et al., 2015; Nie et al., 
2018). However, W-shortage conditions caused the death of some soil 
microorganisms, which drastically reduce the urease and catalase ac-
tivity (Sardans and Peñuelas, 2005). Despite the fact that water scarcity 
raised ROS, the CMC-BC application improves water and nutrient 
availability, increasing leaf water status, osmolytes, and antioxidant 
enzyme activities, and assisting O. viciifolia in amplifying photosynthetic 
pigment contents and, ultimately, plant growth parameters (Figs. 2 and 
3; Table 2). Moreover, soil water and nutrients contents, and enzyme 
activities also remarkably increased with the additions of CMC and BC 
(Fig. 4a–f). The analysis results of Pearson’s correlation coefficient and 
heatmap approach further supported these findings (Fig. 5a and b). 

Overall, taking into account that the major objective of the current 
study is to assess the conditions to promote revegetation with O. viciifolia 
and subsequent restoration in a mined degraded arid region of North-
western China, by supplying optimum W (64% FC), CMC (2.4%) and BC 
(1.7%) application rates, as offered by RSM (Fig. 5c), which could 
optimize O. viciifolia growth on coal-mined spoils and also improves soil 
biological, chemical, and physical properties. Thus, the combined use of 
optimal W-CMC-BC doses together with O. viciifolia could be utilized for 
vegetation and ecological restoration in coal mine areas of Northwestern 
China, and across other semi-arid areas worldwide. 

5. Conclusion 

Our study showed that application of W-CMC-BC doses positively 
influenced different growth attributes of O. viciifolia. The detrimental 
effect of W-shortage was reduced with CMC and BC application, 
resulting in an improvement of plant morpho-physiological status, 
indicated by higher morphological growth attributes, osmolytes content 
and antioxidant enzyme activity, and lower oxidative damage. The 
addition of CMC-BC resources caused soil physical-chemical properties 
and enzyme activities to be clearly more enhanced under high-W than 
low-W regimes. The O. viciifolia supplied with appropriate W-CMC-BC 
doses (W64CMC2.4BC1.7), may be very resistant to environmental 
stresses and capable of growing in coal-mined degraded arid environ-
ments worldwide. 

Credit author statement 

Rana Roy: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Made graphs and figures, Software, Su-
pervision, Visualization, Writing-original draft, Writing - review & 
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