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Abstract

:

Small size construction and demolition waste (CDW) is rarely reused and consequently causes environmental problems. CDW can increase aeration porosity of soil due to the big surface area and water absorption. In order to investigate the feasibility and function of CDW as a component of container substrate, we mixed four small sizes CDW (<10 mm) of 0–3, 3–6, 6–8, and 0–10 mm with clay soil according to the mass ratios of 20%, 35%, and 50% to plant one-year old Duranta repens cuttings, clay soil (CS) and pure CDW (CW) as the controls. Cluster analysis and principal component analysis (PCA) were performed to screen the most suitable particle size and proportion of CDW for plant growth and physiological function. The substrate containing 50% 3–6 mm CDW (S6) had the higher aeration porosity, lower water loss, better water retention and permeability, and therefore higher PCA score. The total branch length of plants in the S6 was increased by 18% and 71%, leaf area by 116% and 444%, and net photosynthetic rate by 10% and 59% compared to CS and CW, respectively. The suitable CDW has potential to improve substrate properties and can effectively improve plant growth. Meanwhile, the reuse of CDW can partially alleviate the problem of construction waste disposal and environmental pollution, and provide reference for the research on the combination of CDW and landscaping.
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1. Introduction


Construction and demolition waste (CDW) is generated when renewing or destroying buildings. China is one of the largest CDW producers in the world, generating 1130 million tons CDW in 2014 [1,2]. Effective CDW reuse and recycling is important to reduce the negative impacts of CDW on the environment [3]. CDW with large size is always used for concrete, pit backfill, gravel pavement, and roadbed filler, while CDW with small size is of little use so far [4,5,6,7,8,9]. CDW is also used as the skeleton material in tree pits or decorative particles in landscape greening [10]. CDW can effectively remove pollutants when used as a substrate in wetland [3]. In recent years, CDW has been applied as a component of container substrate to plant Chrysanthemum morifolium [11]. The addition of CDW improved the soil properties, such as increasing the saturated hydraulic conductivity and cation removal rate [11].



The main components in CDW are red bricks, concrete, stones, and mortar, which contains potassium, calcium, magnesium, iron and other mineral elements [12]. CDW has a big surface area, which can increase aeration porosity of soil [8,13]. Therefore, CDW has the potential to be a component of container substrate. Malcolm et al. (2021) reported that the germination, growth, and root mass of ryegrass, barley, and pea increased up to 80 times when adding 50% CDW into technosol. Whether there are excessive heavy metals in CDW might be a common concern. The growth of Mediterranean plants in CDW mixed substrates was not negatively affected. The release levels of heavy metals were lower compared to the laboratory test data [14].



To explore the feasibility of CDW as one component of container substrate and how to apply it, we mixed small size CDW (<10 mm) with clay soil that is sticky and poor in porosity. One-year-old Duranta repens cuttings were planted in 12 substrates mixed with different sizes CDW and clay soil in different proportions. The aim of the study was to determine if CDW could be used as an alternative component of substrate. If so, we would find out the optimal size of CDW and the ratio with clay soil. The present results would be helpful to develop a low-cost container substrate and beneficial to reuse construction waste. Small size CDW is often disposed as waste that causes environmental pollution. We explore the new application of small size CDW in landscaping which not only reduces the environmental pressure but also reduces the cost of container substrate through waste reuse and protects soil resource.




2. Materials and Methods


The experiment was conducted in the Botanical Garden of Shanghai Institute of Technology, Shanghai, China (121°30′42″ E, 30°50′42″ N). The mean annual air temperature is 6 °C, the mean annual precipitation is 1000–1200 mm, and the frost-free period is 230 days in the region [15]. The average light intensity in the research area was 800 µmol m−2 s−1 with a maximum of 1400 µmol m−2 s−1.



2.1. Experimental Materials


CDW was obtained from Xingsheng Roadbed Materials Co. in Shanghai. The concentration of seven heavy metals in the CDW was measured to evaluate its safety (Table 1). The contents of the heavy metals are significantly lower than limit values of agricultural land according to China’s Soil Environmental Quality-Risk Control Standards of Soil Contamination for Agricultural Land (GB 15618-2018). The soil used in the study was from Zaozhuang, Shandong Province. It was identified as clay soil based on international soil classification standards (Table 2). The soil was sticky and did not have much space between soil particles. The size of clay soil particles was about 2 to 3 mm. One-year-old D. repens cuttings (average 17.5 cm in height) were purchased from Quanzhou nursery and then were planted in 1-gallon black plastic pots with small holes on the bottom (17 cm in upper diameter, 13 cm in lower diameter, 16 cm in height).




2.2. Experimental Design


CDW was crushed and sieved into 0–3 mm, 3–6 mm, 6–8 mm, and 0–10 mm particles using different sieves. All CDW was rinsed with water to remove the dust on the surface and then spread out to dry. The CDW with 4 different sizes were respectively mixed with clay soil according to the mass ratios of 20%, 35%, and 50%, with two controls of clay soil and 0–10 mm CDW (Table 3). The mixed substrates were put into 1-gallon black plastic pots. The pH of all substrates was adjusted to 6.5 by adding 0.001 g/mL ferrous sulfate solution. One-year-old D. repens cuttings were planted in the above substrates on 6 June 2021. During the experimental period, all plants were watered twice a week and applied 1 g slow-release fertilizer (Osmocote, Everris) on 16 July, 22 August and 27 September 2021.



2.2.1. Physicochemical Properties of the Substrates


The pH value was measured by a pH meter (Bante 210) and EC value was measured by a conductivity meter (Hanna HI98331). The porosity of substrate was determined based on the method of Liu [16]. The dry substrate was filled into a 315 cm3 (V) cylindrical wide-mouth container. The weight of container and dry substrate is M1. The mouth of the container was wrapped tightly with gauze and then submerged the whole container into the water. The wet gauze was removed from the container after 12 h. The weight of the container and the soaked wet substrate is M2. The weight of the gauze is recorded as M3 after squeezing it dry. The container mouth was wrapped tightly with the gauze again and turned the container upside down for 8 h until no water drips. The sum of the weight of container, wet substrate after dripping for 8 h, and gauze is recorded as M4.


   Aeration   porosity    %   =   (  M 2    +   M 3   −    M 4  )  / V  ×  100 %   



(1)






   Hold − water      porosity %    = (     M 4    −   M 1   −    M 3  )  / V  ×  100 %   



(2)






    Toltal   porosity  %  =   (  M 2   −   M 1   ) / V ×   100 %   



(3)






   Gas −  water   ration   =  Aeration   porosity  / Hold − water      porosity   



(4)







Water loss rate of substrate was determined by the method of Qin et al. [17]. The substrate was put into a 1-gallon black plastic pot with a tray to collect water and soil from the small hole in the center of the bottom of the pot. Slow poured 400 mL water into the pot and weighed 6 h later. And then the pot was weighed every two days until the 8th day. There were four replicates for each treatment and the two controls. The water loss rate (RT) was calculated by the following Equation (5).


    R T    =    W  +   W  water    −    W T     /   W +   W  water       ×   100 %   



(5)




where W is the initial weight of pot; Wwater is the weight of W plus 400 mL water; WT is the weight of pot at any day.




2.2.2. Plant Growth


The root collar diameter, number of branches, branch length, leaf length, leaf width, leaf area, and specific leaf weight (SLW) were measured in the middle of July and November 2021. The branch length was measured with a tape and the root collar diameter was measured with a digital caliper. Five fresh leaves were collected from each treatment and pasted them on the 5 mm grid paper, then were scanned into pictures with HP Smart Tank 519. The photos of the leaves were input into Computer Aided Design software (AutoCAD 2014) for the measurement of leaf length, width, and leaf area. The first matured leaf from the top, which turned out to be the third one was used to measure SLW. Two discs on each side of the leaf along the midrib were drilled with a 0.5 cm diameter puncher [18,19].


   SLWmg ·   cm   − 2    =  LW / LA   



(6)




where LW is the fresh weight and LA is the area of the 4 small circular pieces.




2.2.3. Gas Exchange Measurements


Gas exchange measurements were made using a LI-6400 XT portable analyzer (LI-Cor, Lincoln, NE, USA). Four plants were randomly selected from each treatment for the measurements of gas exchange. The first matured leaf from the top was used for the measurement of gas exchange, which turned out to be the third one. During the period of measurement, CO2 concentration was maintained at 400 µmol mol−1, relative humidity at 60%, and leaf chamber temperature at 27 °C in July. The relative humidity was maintained at 40% and the leaf chamber temperature was set to 17 °C in November, which was close to ambient environment. Light intensities were adjusted to 0 for the measurement of respiration rate and 1400 µmol m−2 s−1 for the saturated photosynthetic rate (Pn). Water use efficiency (WUE) was calculated as the ratio of Pn to transpiration rate (E).




2.2.4. Pigments and Carbohydrates


Leaf enclosed in leaf chamber was removed after photosynthesis and was drilled along midrib with 5 mm puncher. The discs were quickly cut into small pieces and then soaked in 5 mL 95% ethanol. After 24 h in the dark, the extract was measured at 470 nm, 646 nm, and 663 nm with a UV4800 spectrophotometer (Unocal, Shanghai, China). Chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid contents were calculated according to the method of Brito, et al. [20].



The leaves were randomly selected from each treatment for the measurement of carbohydrates. They were dried at 70 °C to a constant mass in the oven and then were ground to fine powder using a ball mill (FW-80). Extraction and determination of soluble sugars and starch were based on the Anthrone method [21].




2.2.5. Principal Component Analysis


KMO and Bartlett’s test were performed for the above 19 parameters to determine their suitability for principal component analysis [22]. To ensure the validity of PCA, it is necessary to extract feature roots greater than 1 [23,24]. According to the factor score, the principal component score (Fi) is calculated by Equation (7) [24]:


    F i   =     b i   × C  ,    i = 1 , 2 , 3 ⋯      



(7)




where bi is the factor score of the principal component i. C is the arithmetic square root of the eigenvalues corresponding to principal components.



According to the principal component scores in Equation (7), the comprehensive scores of each substrate (Fs) is calculated:


    F S   =    ∑   i = 1  m    V i   ×  F i   ,    i = 1 , 2 , 3 ⋯     



(8)




where m is the number of principal components. Vi is the contribution rate of eigenvalues corresponding to principal component i.





2.3. Statistical Analysis


The analyses were performed using the Statistical Package for the Social Sciences (SPSS version 26.0). One-way ANOVA was used to compare the differences in substrate properties and physiological parameters of plant between treatments and the controls. The effects of CDW size, proportion, and treatment time on physiological parameters were examined by a three-way ANOVA. Duncan’s multiple comparisons were used to analyze the significance within group. Principal component analysis (PCA) was used to compared the contribution of the measured physiological parameters and identify the principal component scores. The range of initial variables was standardized before the analysis. 14 substrates were classified into categories by cluster analysis according to the physiochemical properties of substrates and physiological parameters of plants.





3. Results


3.1. The Properties of Substrates


The pH and EC values were the highest in the CW and the lowest in the CS (Table 4). The higher the proportion of CDW was, the higher the pH and EC values were. CDW increased the pH of the substrate, positively correlating with CDW content. The pH values of substrates ranged from 6.48 to 7.39. The EC of the substrates with smaller CDW particle sizes (0–6 mm) had higher EC, while the substrates with larger sizes (6–8 mm) had lower EC.



There were significant differences in the aeration porosity and gas-water ratio between the controls and treatments (Table 4). The aeration porosity and gas-water ratio in the CW were 5.0 and 7.5 times higher than in the CS. The average aeration porosity in the 3–6 mm group was 10.5% higher than the other groups. The aeration porosity increased with CDW proportion under the same size. The gas-water ratio in the 3–6 mm group ranged from 0.33 to 0.44.



Only the gas-water ratios in the 3–6 mm group were within the appropriate range. Compared to the controls, 0–3 mm group had higher water loss rate, while 0–10 mm group had lower water loss rate. 3–6 mm substrates had lower water loss rate.




3.2. Growth and Leaf Morphology


The root collar diameter was significantly affected by proportion and treatment time (Table 5). It was the lowest in the CW and the highest in the 3–6 mm group (Figure 1A). The root collar diameter in the 3–6 mm group was 48% higher than CW. The higher the proportion of CDW was, the larger the root collar diameter was in the 3–6 mm groups, while opposite in the 6–8 mm and 0–10 mm groups. In addition, there was 10% death rate in the S2, S3, S9, and S11 (data now shown). When compared at the same proportion, root collar diameter increased with CDW size in the 0–3 mm and 3–6 mm groups, while decreased in the 6–8 mm and 0–10 mm groups.



The total branch length and branch number increased with treatment time but only total branch length was significantly affected by CDW size (Table 5). The branch number was 2–5 in July and increased to 11–19 in November across all treatments. The total branch length was 4% and 50% higher in the 3–6 mm group, while 17% lower in the 0–10 mm group than the CS and CW (Figure 1B,C).



CDW size and proportion significantly affected leaf length, width, and area D. repens (Table 5). 3–6 mm group had the highest leaf size, especially in the S6 (Figure 1D,E). The leaf length, width, and area in the 0–10 mm group were significantly lower than other groups but there was no differences with the controls. In the same CDW size group, the leaf length, leaf width, and leaf area in 50% proportion were higher than in 20% and 35% proportion. The leaf area in the 0–3 mm and 3–6 mm groups were significantly higher than others, while they were lower in the 0–10 mm group and CW (Figure 1E). CDW size and treatment time significantly affected SLW and there was significant interactions (Table 5). On average, the SLW in November was 6% lower than in July across all treatments. In November, the SLW in 0–3 mm, 3–6 mm, 6–8 mm, and 0–10 mm groups was 10%, 7%, 10%, and 8% lower than that in CW, while 16%, 20%, 16%, and 18% higher than that in CS. The SLW in 3–6 mm and 6–8 mm groups was higher than that in 0–3 mm group (Figure 1F).




3.3. Gas Exchange


CDW size and treatment time significantly affected Pn and there were significant interactions (Table 5). Only the Pn in the 3–6 mm group substantially increased with treatment time, on average 4%. In November, the Pn in the 3–6 mm group was 29% and 59% higher than CS and CW, while Pn in the 0–10 mm group decreased by 43% and 30% compared to the CS and CW (Figure 2A). CDW size, proportion, and treatment time significantly affect Rd, and there were significant interactions on Rd (Table 5). On average, the Rd in November was 85% higher than that in July across all treatments. The Rd in the treatment groups was higher than the CS, while lower than the CW (Figure 2B). When compared at the same CDW size, the Rd in 50% proportion was higher than in 20% and 35% proportion in the 0–3 mm and 3–6 mm groups, while 35% proportion had higher Rd in the 6–8 mm and 0–10 mm groups.



CDW size, proportion, and treatment time significantly affected gs and there were significant interactions on gs (Table 5). gs in the 3–6 mm and 6–8 mm groups increased with treatment time, while others showed opposite trend (Figure 2C). In November, the gs in the 3–6 mm groups was 72% and 216% higher than in the CS and CW, while gs in the 0–10 mm group was 60% and 27% lower than the controls. E was significantly affected by CDW size but not by proportion, and it changed with treatment time (Table 5). The E in the 3–6 mm group was the highest, 34% and 192% higher than in the CS and CW (Figure 2D). The WUE in 0–3 mm and 0–10 mm groups was higher than other groups and controls (Figure 2E).




3.4. Pigments and Carbohydrates


Chlorophyll contents were significantly affected by CDW size, proportion, and treatment time, while the carotinoid content was affected by CDW size and treatment time (Table 5). The contents of chlorophyll and carotinoid in November were higher than in July (Figure 3A,C). The total chlorophyll content in the 3–6 mm group was 7% and 18% higher than the CS and CW. The ratio of chlorophyll a/b in the 20% proportion was higher than that in the 35% and 50% proportion when compared at the same CDW size (Figure 3B). The carotinoid in the 0–3 mm group was the highest, 15% and 22% higher than the CS and CW (Figure 3C).



The content of total soluble sugars was significantly affected by proportion and treatment time but not by CDW size (Table 5). On average, the content of total soluble sugars in July was 3.8 times higher than that in November across all treatments (Figure 3D). The starch content differed significantly among CDW sizes and changed with treatment (Table 5). The starch content in the 3–6 mm group was 6% and 16% higher than that in the CS and CW. The starch content in the S4 was the highest, 24% and 35% higher than the CS and CW (Figure 3E).




3.5. Cluster Analysis


The hierarchical cluster analysis heatmap directly shows the classification of substrates and plant growth status. 14 groups of substrates were clustered into five categories according to the eight physicochemical parameters of substrates (Figure 4a). Category CW had high total porosity, aeration porosity, air-water ratio, pH, EC, but low air-water ratio; Category S6, S11, and S12 had high aeration porosity, air-water ratio, pH, and EC; Category S4, S7, and CS had high water-holding porosity but low pH, EC, aeration porosity; Category S1, S2, and S3 had high water loss, water-holding porosity, and EC; Category S5, S8, S9, and S10 had high EC, bulk density, and water-holding porosity and low physiological parameters and. 14 groups of substrates were clustered into five categories based on nineteen physiological and growth parameters (Figure 4b). Category CW and S11 had high pH and aeration porosity; Category S6, S5, S8, and S9 had good apparent growth and high gas exchange rate; Category S10, S2, and S4 had high photosynthetic pigments; Category S7 had low pigments and CS, but good apparent growth and high gas exchange rate; Category S3, S1, and S12 had poor apparent growth and low gas exchange rate.




3.6. Principal Component Analysis


The KMO and Bartlett’s test for the above 19 parameters showed that the KMO value was 0.775 and the Bartlett’s value was less than 0.05, which was qualified for principal component analysis. Four principal components were extracted, accounting for 80.18% of all variables (Table 6). According to the rotating component matrix of the four principal components, PC1 has a large load coefficient on growth parameters, such as leaf size, root collar diameter, gs, and branching, and the contribution rate of PC1 is 41.46%. PC2 has a large load coefficient on pigments and branch number, the contribution rate of PC2 is 21.90%. PC3 has a large load coefficient on gas exchange and starch content, the contribution rate of PC3 is 9.90%. Total soluble sugars and SLW have large load coefficient in PC4, the contribution rate of PC4 is 6.92% (Table 6 and Table 7, Figure 5).



The total score (Fs) was calculated based on the score of each principal component. The higher the total score was, the better the ranking was. Therefore, the descending order of substrates was: S6, S5, S2, S9, S4, S10, S3, S8, S7, CS, S1, S12, CW, S11. S6 was the best substrate (Table 8).





4. Discussion


CDW increased the pH of the substrates, positively correlating with CDW content. Shin and Kang [25] reported that the pH of CDW leachate from roadbed was above 9.0. Neutral or slightly acidic soil is suitable for the growth of most plants [26]. The pH values of all substrates in the present study were within the appropriate range for plant growth. Substrates with smaller size had higher EC between 0.50 and 1.25 mS cm−1, under which plants grew better [26]. Smaller particles have larger surface area and stronger adsorption capacity. The adsorption contribution rate of soil has been proved to be particle size dependent and specific [27,28].



Appropriate aeration porosity and gas-water ratio are important for plant growth and development [29,30,31,32]. Clay soil is heavy and dense, lacking porosity to allow plants to grow well in it [33]. When clay soil is very wet, it swells to retain water, which further results in low porosity [34]. The addition of CDW with appropriate size efficiently improved the porosity of clay soil, especially 3–6 mm size. El-Shakweer et al. also found that the application of conditioners increased the porosity, pH, and EC of heavy clay [35,36]. The air-water ratio for plant growth obtained in this study is in the ideal range 0.25 to 0.50, reflecting the air permeability and water content of the substrate [37]. Too much water in soil will result in poor aeration because of its high water holding capacity [38] Adding CDW with appropriate sizes could improve soil aeration and soil structure. 3–8 mm substrates had lower water loss rate and better water retention. Water retention of substrate is affected by pore structure [39]. The 3–6 mm substrates has better air permeability and water retention. Good substrates can retain water as much as possible on the premise of ensuring air permeability, studies show that the application of biochar with moderate pore size can increase the water retention of growth substrate [40].



The addition of CDW increased root collar diameter, branch length, and leaf size of D. repens compared to the CS and CW. For example, S6 had the best aeration porosity and lower water loss, in which the total branch length, leaf size, and root collar diameter were the best. 3–6 mm was the best size for plant growth. In contrast, the growth of D. repens in smaller size CDW of 0–3 mm (with small pore space, air permeability, and high water loss rate) and bigger size CDW of 6–8 mm (with poor gas-water ratio) was worse. The increased growth was directly resulted from the improvement of substrate properties. Plants grow best in substrates with good water holding capacity, total porosity and aeration porosity [41]. It was reported that the substrate formed by 5–7 mm CDW and clay with 1:1 mass ratio was the most suitable for pepper growth [42]. Pure CDW led to smaller leaves because CDW had the smallest hold-water capacity and the highest water loss rate [43].



When compared at the same proportion, leaf size increased with CDW size in the 0–3 mm and 3–6 mm groups, while decreased in 6–8 mm and 0–10 mm groups. Larger leaf area helps to intercept more sunlight to produce photosynthate [44]. The Pn and SLW of 3–6 mm substrates were higher, which was consistent with the results of crops reported by Sowers et al. [45]. Photosynthesis provides more than 95% of the dry matter for plant growth and is the basis for plant biomass formation [46]. We found that the plants in 0–10 mm and CW substrates had lower Pn and higher Rd, indicating less matter was used for biomass accumulation and growth. Enhanced respiration reduced the carbohydrate content in leaves [47]. The lower root diameter and branching also proved it. 3–6 mm group had higher SLW and Pn, while lower Rd, which favored carbohydrate accumulation [48].



The higher the proportion of CDW was, the higher the gs was in the 0–6 mm groups. Only the E in the 3–6 mm group was relatively higher. Stomata regulate two opposite process, photosynthetic CO2 uptake and water transpiration. In generally, high gs can increase CO2 uptake and subsequently increase photosynthesis if no water deficiency [49,50]. Similar to Pn, the gs, and E in the 3–6 mm group were higher than other treatments. Nigmatullayevich, et al. [51] reported that the gs and E of pepper had positive correlation with Pn. However, WUE is generally opposite to gs [50].



Pn, total chlorophyll contents, and carbohydrates (total soluble sugars and starch) in the 3–6 mm group were higher than other treatments and the controls. During photosynthesis, chlorophyll molecules absorb light energy to make sugars and starch, while respiration burns the sugars produced by photosynthesis to provide energy for plant growth and metabolism. Excess sugars produced by photosynthesis that are not needed for respiration and growth are stored as starch [52,53,54,55]. Increased soluble sugars in plants was often accompanied by an increase in leaf area [56], which was also found in the 3–6 mm group.



The growth in the CW was the worst, which might be caused by the high porosity of the substrate [36]. The growth in the S11 was also poor due to the lower total porosity and higher bulk weight and pH [26]. In contrast, S6 had appropriate aeration porosity, lower water loss, better air and water retention, and consequently the best growth. The water loss was higher and the aeration porosity was lower in the S1 and S3, in which the growth, photosynthetic rate, and carbohydrate contents were lower. Water holding capacity and aeration porosity of the substrate significantly affect the physiological function and growth of plants [56,57,58].




5. Conclusions


Mixing CDW and clay improved the aeration porosity and air-water ratio and reduced water loss of the substrates, which is beneficial to plant growth. Plants in the 3–6 mm group grew best with higher root collar diameter, branch length, branching rate, and physiological function than other groups. In addition, the mortality was zero in the 3–6 mm group, among which 50% proportion (S6) was the best. The reuse of CDW not only greatly reduces the cost of container substrate but also protects soil resources and environment. We suggest that 3–6 mm CDW with 50% proportion to clay was suitable for container-grown D. repens. However, we admit the results have some limitations. 80–90% of the CDW used in the study are red bricks. Our conclusions may not be applicable if the concrete proportion of CDW is higher. D. repens is subtropical evergreen shrub. We cannot confirm that the optimal size and proportion also promote the growth of different types of plants. Clay soil is very sticky and can hold more water. CDW can effectively increase its porosity. Therefore, the addition proportion of CDW should be changed according to the soil type. Future application on different plants and soil types can base on our results with some modification on size or proportion. We suggest that the mixed substrate composed of CDW and soil is used for soil improvement in contaminated areas such as mining areas, or container seedling cultivation to reduce the substrate cost and save the consumption of non-renewable peat.
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Figure 1. The root collar diameter (A), branch length (B), branch number (C), leaf length and width (D), leaf area (E), and specific leaf weight (SLW) (F) of Duranta repens grown in different substrates mixed with clay soil and four sizes of construction and demolition waste based on three mass ratios in July and November 2021 (Mean ± SE, n = 4). The different lower-case letters indicated significant difference among treatments in the same month. The abbreviation of substrates was shown in Table 3. 
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Figure 2. The net photosynthetic rate (Pn) (A), respiration rate (Rd) (B), stomatal conductance (gs) (C), transpiration rate (D,E), and water use efficiency (WUE) (E) of Duranta repens grown in different substrates mixed with clay soil and four sizes of construction and demolition waste based on three mass ratios in July and November 2021 (Mean ± SE, n = 4). Different lowercase letters indicated significant difference in the same month. The abbreviation of substrates was shown in Table 3. 
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Figure 3. The contents of chlorophyll (A), Chl a/b ratio (B), carotinoid (C), total soluble sugars (D), and starch (E) of Duranta repens leaves in different substrates mixed with clay soil and four sizes of construction and demolition waste based on three mass ratios in July and November 2021 (Mean ± SE, n = 3). Different lower-case letters indicated significant difference in the same month. The abbreviation of substrates was shown in Table 3. 
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Figure 4. The hierarchical cluster analysis heatmap of the substrates. The columns represented the substrates and the rows represented substrate properties (a) and plant physiological properties (b). 
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Figure 5. Component plot in rotated space. 
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Table 1. The concentrations of seven heavy metals in 0–10 mm construction and demolition waste (mg/kg).
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	Pb
	As
	Cd
	Hg
	Cr
	Cu
	Ni





	21.4
	7.1
	0.132
	0.042
	53
	21.9
	30
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Table 2. The percentage of sand, silt, and clay in the clay soil.
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	Sand %

(2.0–0.02 mm)
	Silt %

(0.02–0.002 mm)
	Clay %

(<0.002 mm)





	34.7
	35.2
	30.1
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Table 3. Substrates mixed with construction and demolition waste (CDW) of four sizes and clay soil according to three mass ratios and two controls of clay soil (CS) and 0–10 mm CDW (CW).
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	Substrate
	CDW Size (mm)
	CDW Proportion (%)
	Clay Soil Proportion (%)





	S1
	0–3
	20
	80



	S2
	0–3
	35
	65



	S3
	0–3
	50
	50



	S4
	3–6
	20
	80



	S5
	3–6
	35
	65



	S6
	3–6
	50
	50



	S7
	6–8
	20
	80



	S8
	6–8
	35
	65



	S9
	6–8
	50
	50



	S10
	0–10
	20
	80



	S11
	0–10
	35
	65



	S12
	0–10
	50
	50



	CS
	/
	0
	100



	CW
	0–10
	100
	0







“/” indicates that no CDW has been added to CS.
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Table 4. The basic properties of substrates mixed with clay soil and four sizes of construction and demolition waste based on three mass ratios (Mean ± SE, n = 3).
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	Substrate
	pH
	EC (ms·cm−1)
	Bulk Density

g cm−3
	Total Porosity (%)
	Aeration Porosity (%)
	Hold-Water Porosity (%)
	Gas-Water Ratio (%)
	Water Loss Rate (%)





	S1
	6.84 ± 0.09 cde
	0.52 ± 0.04 abc
	1.36 ± 0 bc
	38.37 ± 0.65 bcd
	5.24 ± 0.17 g
	33.13 ± 0.75 b
	0.16 ± 0.01 g
	17.96 ± 1.00 a



	S2
	6.92 ± 0.08 c
	0.50 ± 0.06 abc
	1.34 ± 0.02 c
	39.06 ± 0.33 bcd
	6.81 ± 1.26 f
	32.25 ± 0.94 bc
	0.21 ± 0.04 efg
	17.10 ± 0.92 ab



	S3
	7.13 ± 0.07 b
	0.56 ± 0.08 ab
	1.30 ± 0.02 d
	39.33 ± 0.66 bc
	8.58 ± 0.49 de
	30.75 ± 1.05 cde
	0.28 ± 0.03 cde
	16.55 ± 0.96 abc



	S4
	6.71 ± 0.03 def
	0.31 ± 0.03 e
	1.28 ± 0.02 de
	38.85 ± 0.68 bcd
	9.53 ± 0.35 cd
	29.32 ± 1.03 def
	0.33 ± 0.02 cd
	16.44 ± 0.76 abc



	S5
	6.86 ± 0.07 cd
	0.48 ± 0.06 abcd
	1.28 ± 0.02 de
	39.08 ± 0.26 bcd
	10.24 ± 0.21 c
	28.84 ± 0.47 ef
	0.36 ± 0.01 c
	15.75 ± 0.94 bcd



	S6
	6.89 ± 0.05 c
	0.52 ± 0.04 abc
	1.26 ± 0.01 e
	38.27 ± 0.43 cd
	11.68 ± 0.50 b
	26.59 ± 0.9 gh
	0.44 ± 0.03 b
	12.76 ± 0.53 e



	S7
	6.59 ± 0.15 fg
	0.36 ± 0.02 de
	1.33 ± 0.01 c
	37.51 ± 0.65 cd
	5.12 ± 0.48 g
	32.39 ± 0.96 bc
	0.16 ± 0.02 g
	15.60 ± 0.65 bcd



	S8
	6.48 ± 0.10 g
	0.44 ± 0.10 bcd
	1.28 ± 0.01 de
	39.02 ± 0.82 bcd
	8.37 ± 0.17 e
	30.65 ± 0.99 cde
	0.27 ± 0.01 def
	14.49 ± 0.43 cde



	S9
	6.68 ± 0.12 ef
	0.53 ± 0.08 abc
	1.33 ± 0.03 c
	38.68 ± 1.91 bcd
	10.17 ± 0.36 c
	28.51 ± 1.79 fg
	0.36 ± 0.02 c
	14.21 ± 0.25 de



	S10
	6.92 ± 0.18 c
	0.48 ± 0.05 abcd
	1.40 ± 0.01 a
	37.15 ± 0.07 d
	6.09 ± 0.48 fg
	31.06 ± 0.49 cd
	0.20 ± 0.02 fg
	14.07 ± 0.43 de



	S11
	7.09 ± 0.07 b
	0.49 ± 0.13 abc
	1.38 ± 0.01 ab
	37.11 ± 0.54 d
	9.33 ± 0.48 cde
	27.78 ± 0.36 fg
	0.34 ± 0.02 cd
	13.70 ± 0.25 de



	S12
	7.21 ± 0.08 b
	0.47 ± 0.02 abcd
	1.35 ± 0.01 c
	37.55 ± 2.02 cd
	11.92 ± 0.82 b
	25.63 ± 1.57 h
	0.47 ± 0.03 b
	13.64 ± 0.42 de



	CS
	6.60 ± 0.03 fg
	0.42 ± 0.04 cd
	1.30 ± 0.02 d
	40.33 ± 1.67 b
	5.02 ± 0.54 g
	35.32 ± 1.2 a
	0.14 ± 0.01 g
	16.75 ± 0.85 ab



	CW
	7.39 ± 0.12 a
	0.58 ± 0.01 a
	1.10 ± 0.01 f
	46.50 ± 1.32 a
	25.29 ± 1.24 a
	21.22 ± 1.79 i
	1.20 ± 0.14 a
	14.96 ± 0.15 bcd







Different lowercase letters in each column indicated significant difference (p < 0.05). The abbreviation of substrates was shown in Table 3.
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Table 5. Statistical results of construction and demolition waste size (S), proportion (P), and treatment time (T) on growth, morphology, gas exchange, and physiological parameters of Duranta repens using a three-way ANOVA.
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	T
	P
	S
	T × P
	T × S
	S × P
	T × P × S





	Root collar diameter
	***
	**
	ns
	ns
	*
	ns
	ns



	Total branch length
	***
	ns
	*
	ns
	**
	*
	*



	Branch number
	***
	ns
	ns
	ns
	ns
	**
	**



	Leaf length
	/
	***
	***
	/
	/
	***
	/



	Leaf width
	/
	***
	***
	/
	/
	***
	/



	Leaf area
	/
	***
	***
	/
	/
	***
	/



	SLW
	**
	ns
	***
	ns
	*
	ns
	*



	Pn
	**
	ns
	***
	*
	***
	***
	ns



	Rd
	***
	*
	***
	*
	***
	***
	*



	gs
	***
	***
	***
	*
	***
	***
	***



	E
	***
	ns
	***
	ns
	***
	*
	**



	WUE
	***
	ns
	***
	ns
	**
	ns
	*



	Chl a
	***
	**
	***
	ns
	ns
	ns
	ns



	Chl b
	***
	*
	*
	ns
	ns
	ns
	*



	Total Chl
	***
	*
	**
	ns
	ns
	**
	**



	Chl a/b
	***
	*
	ns
	*
	ns
	ns
	ns



	Carotinoid
	***
	ns
	***
	ns
	*
	**
	ns



	Total soluble sugars
	***
	***
	ns
	***
	***
	***
	*



	Starch
	**
	ns
	***
	**
	*
	***
	***







*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, non-significant difference. /: indicates no three-way ANOVA for leaf length, leaf width and leaf area due to the lack of data in July.
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Table 6. Eigenvalues and cumulative contribution of the principal components in all substrates.
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Index

	
Initial Eigenvalues

	
Extraction of the Sum of Squares of Loads




	
Total

	
Percentage of Variance

	
Accumulation %

	
Total

	
Percentage of Variance

	
Accumulation %






	
1

	
7.877

	
41.458

	
41.458

	
7.877

	
41.458

	
41.458




	
2

	
4.16

	
21.896

	
63.355

	
4.16

	
21.896

	
63.355




	
3

	
1.882

	
9.904

	
73.258

	
1.882

	
9.904

	
73.258




	
4

	
1.315

	
6.922

	
80.18

	
1.315

	
6.922

	
80.18




	
5

	
0.852

	
4.484

	
84.664

	

	

	




	
6

	
0.658

	
3.461

	
88.125

	

	

	




	
7

	
0.532

	
2.797

	
90.923

	

	

	




	
8

	
0.415

	
2.184

	
93.107

	

	

	




	
9

	
0.354

	
1.865

	
94.972

	

	

	




	
10

	
0.286

	
1.506

	
96.477

	

	

	




	
11

	
0.223

	
1.172

	
97.649

	

	

	




	
12

	
0.113

	
0.595

	
98.244

	

	

	




	
13

	
0.092

	
0.484

	
98.729

	

	

	




	
14

	
6.30 × 10−2

	
3.34 × 10−1

	
99.062

	

	

	




	
15

	
5.60 × 10−2

	
2.94 × 10−1

	
99.356

	

	

	




	
16

	
4.60 × 10−2

	
2.42 × 10−1

	
99.598

	

	

	




	
17

	
3.40 × 10−2

	
1.82 × 10−1

	
99.78

	

	

	




	
18

	
2.60 × 10−2

	
1.35 × 10−1

	
99.915

	

	

	




	
19

	
1.60 × 10−2

	
8.50 × 10−2

	
100
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Table 7. Rotating component matrix of the four principal components.
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	Parameter
	PC1
	PC2
	PC3
	PC4





	Leaf width
	0.94
	0.014
	0.162
	0.052



	Leaf area
	0.939
	0.108
	0.17
	0.167



	Leaf length
	0.909
	0.147
	0.238
	0.019



	Total branch length
	0.838
	0.245
	0.34
	−0.013



	gs
	0.706
	−0.027
	0.602
	0.229



	Root collar diameter
	0.665
	0.303
	0.456
	−0.269



	Chl b
	0.022
	0.958
	0.094
	0.008



	Chl a
	0.076
	0.944
	0.078
	−0.044



	Carotinoid content
	−0.105
	0.92
	0.147
	0.096



	Total chl
	0.122
	0.877
	0.133
	0.097



	Chl a/b
	0.148
	0.734
	−0.105
	−0.066



	Branch number
	0.196
	0.698
	0.107
	−0.011



	Starch
	0.049
	0.224
	0.799
	0.151



	Pn
	0.439
	0.011
	0.701
	0.082



	WUE
	0.593
	−0.039
	0.693
	0.151



	Rd
	0.27
	0.286
	0.663
	−0.248



	E
	−0.416
	0.044
	−0.648
	−0.072



	Total soluble sugars
	0.117
	−0.062
	0.154
	0.916



	SLW
	0.054
	0.12
	0.004
	0.897



	Accumulation
	41.46%
	21.90%
	9.90%
	6.92%







Bold values (absolute value > 0.6) indicated that loading values were valid for the component.
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Table 8. Each principal component score and total score (Fs) of substrates, and the rank of substrates based on the Fs.






Table 8. Each principal component score and total score (Fs) of substrates, and the rank of substrates based on the Fs.





	Substrate
	F1
	F2
	F3
	F4
	FS
	Rank





	S1
	−0.184422
	0.077688
	−0.428626
	−0.895793
	−16.39049
	11



	S2
	−0.152025
	0.851681
	0.436033
	−0.275437
	14.75763
	3



	S3
	0.26828
	0.368478
	−1.105075
	−0.250885
	6.509271
	7



	S4
	−0.288866
	0.410749
	1.244299
	0.052652
	9.705969
	5



	S5
	0.331499
	−0.170606
	0.389862
	1.026092
	20.9715
	2



	S6
	0.674399
	0.142034
	0.247582
	0.789278
	38.98464
	1



	S7
	0.253801
	−0.461718
	0.428692
	−0.648606
	0.168442
	9



	S8
	0.161114
	−0.229638
	0.070323
	−0.012557
	2.260847
	8



	S9
	0.399871
	−0.303137
	−0.104073
	0.199001
	10.28711
	4



	S10
	−0.083285
	0.516747
	−0.355603
	0.545952
	8.119067
	6



	S11
	−0.286777
	−0.411357
	−1.051081
	−0.409856
	−34.14319
	14



	S12
	−0.313847
	0.145911
	−0.755834
	−0.431701
	−20.29061
	12



	CS
	−0.102836
	−0.265854
	0.881858
	−1.456798
	−11.43454
	10



	CW
	−0.676907
	−0.670979
	0.101643
	1.768658
	−29.50564
	13
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-15-01585


  
    		
      sustainability-15-01585
    


  




  





media/file8.jpg





media/file6.jpg





media/file1.png
10

(mm)
o B~ O 0

=
S
)

100

30

2Leaf area(cm) Leaf length(cm) Branch number Branch length(cm) Root collar diameter

Specific leaf weightimg/cm

300¢
200

207

10

A B July ® November
a
Cc abc
de %) cgie bgde b%de ® ak Cge alsz cge ok de ™
® * ® f
bcd bed bed  ge bed @b abc  .ge @b ab  ped a ab @
» = ® g = " ® w " " 0w T T &
B
hi . -
cde  def  gof ©I8 ° fg i ) cd b
: é ® s ¢ ® » ® ®  defg gil ® y
& @
-abede abcde abcd abcd abcde 4
"B A A A i I N T A N B L .
C
> b b ab b g b
b » ab ab a a
o ® ® ® ® b & - b %b 5 b
. ® ®
ab d
= & & & & & ¥ § 2 2 4 & ® @
D b . I Leaf width Leaf length
a -
de cde bede  bede [ i cde cd 4e oF de ~abe )
G :
bed & |ab

|:| July - November

ab b , abcd ab ab a
- abcbcd b B bed be abc bcdab abed bcc(1: d d, o a
S2 S3 S4 S5 S6 S7 S8 S9 S10 Si1 Si12 CS CW

Substrate

Leaf width(cm)





media/file7.png
Total porosity
Aeration porosity
Gas-water ratio
~pH

EC

Bulk density

Hold-water porosity wod
water loss rate -0
-3

- N W

WUE

- SLW

Total soluble sugars
Carotinoid

Chl a

Chi b

Chl a/b
Branch?number
Total Chl

Root collar diameter
Leaf width

Leaf area

Leaf length

Total branch length
Rd

Starch

Pn

gs

E

= =]
e
== i
& @ > 0

S T A A - P - G G

substrate





media/file9.png
Component 2

Chlb

., Chla
o Totalchl
& Chla/ Chlb
* Branch number
WUE Foot collar diameter
n Total branch length
Yosw T
Leaf area

.'l' Total sohible sugars

Leaf width





media/file5.png
WL
-

('\lg A B November Cb [ November Ca|  |JulyCb|  |July Ca
2 onl bcde b b d

2020} . 8 abc ab bcde a C d abcde

\_3' b a bt . bcdeb € . bede of cde " e
>

z 0 ‘

8 I:l July ] November
l abc 5

E 6| a b b a

O 4]

o 2

5 0

13‘325.

%’ 20/ bcde bede cde
g 15]

o .|

8 10|

— 5

oy 0

%')400- :
§3OO' bed  cde defg abc @

|

2200t

(b I a
S 100 be | lef | lef | |f

= ;
E [1 mlw B
E ) .

o abc be
- abc abcde bedef &
":\ def bede bede . Cde ade bcde
2

S

5 S6 S7 S8 S9 S10 SI11  S12

N

Substrate





media/file3.png
[a—

WUE (umolCO,/mmolH,0) E (mmol m > S™") &8 (mmolm *S™)
I\J

DO
-

DO — o

-

OUJO\\D

T ™ | A a |:|July-November
('\lE 15 [ bC b b dab abc dee
5, tbede bed | |od cd bc cdef  efabe cdef cdef def
O 1t C cde I
&) 10 def]
© | - 8
N Lﬁ 1 "
Al
z 0
AP EFEEEER | EE
o = g d abcd de efg
8N_2' a ab ef Cd f Cde
S ab
5B
ol —4
0.6 C
0. 4 8 b aboey abc abc
; 2» bc  bc £ C ¢ ¢ ¢
4 rl eIl i

Flml

b bcdeab abcd

cde
bed |_Lﬁd d

abc

el

Substrate





media/file4.jpg
£ -»mmmw-mmc.gmm uly G
S0 hed thuk m
Z10
£
20

o lu]y-Nnvember
2 be abe be abe @ 5
k] 3 a T EENN L
8 4

E

s/ C

.
bed abe jahe bede bode  cde|

il |

1
AALLALLL
;i il

o o 5 "_‘*;i

SIS s3 s4 S5 S6 S S8 s sl S s2
“Substrate:

sgars(mg & ') Carotinoid(g em

luble su
&

7

T

Starch mg ") Totalsol
. a‘g
_é





media/file0.jpg
B

o oo

HE A O A I S

TE N me ot we ® o W % W

[Pk 3 5

Tul &

2 ode  def  ger T ) fe i« b

%m:-s".’n -.n...:,gsz.,
3

A a— S S

I I I - S B e B i

S -

x e ab at

i I I A I A

s 5 o5 op o3 o3 b oy opop ooy o& ¥

£,

£ 5 Wl cervion  Jrenien] 02

£ g ab o B e abed a s 5

2de ate bele b e e o og e 02

7 4 :

Ey 53

E

L

I

3

:

£y

E!O

B

£

S6Ss S6 ST S8 89 S0 S SI2 €S CW
Substrate






media/file2.jpg
£ gl
.
i
-
G |
e

.
.

*

I
o
s |
£

T

.
"
i

[ suly [ November

dof cdel dgl

s
n
e

il
wl

1
i

5
i |
ede

St

i i |

abe b

M






