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Abstract

:

The ornamental nursery industry is steadily growing in Europe, and a consequent increase in the demand for substrates related to container plant cultivations is expected in the coming years. Currently, substrates consist in part or entirely of peat, a non-renewable resource with concerns about its environmental impact due to extraction, transport, and use. Therefore, it is essential to focus on alternative materials, particularly waste by-products to be recycled as components of substrates to achieve more sustainable cultivations. In this study, substrates obtained by mixing co-composted dredged sediments (S) and green waste (GW) in different ratios (1:3; 1:1; 3:1) were tested for cultivation, and plant growth was compared with a control growing media (peat and pumice in a 1:1 ratio). The cultivation trial lasted for one year and was carried out on two potted ornamental evergreen shrubs (Photinia × fraseri and Viburnum tinus). The results showed that the plant growth parameters of both species, occurring in substrates with co-composted materials, were not significantly affected compared to the control, with the exception of below-ground biomass in V. tinus. Moreover, a Life Cycle Assessment (LCA) analysis was carried out to quantify the greenhouse gas emissions (GHG) deriving from the replacement of peat with the other proposed substrates. The functional unit was 10 L (Ø 24 cm) potted plants and the results were expressed in kg of CO2 equivalent (kg CO2eq). We demonstrated that the replacement of peat-based substrates with the alternative substrates was able to reduce the GHG emission by an average of 11.56 to 23.13%. Higher GHG emissions were related to the cultivation phase (0.9 kg CO2eq/plant), and while comparing substrates, we obtained an average percentage reduction of 28.1% to 59.6%. Thus, our results suggest that co-composted mixtures of dredged sediments with green waste could be used as sustainable techno-soils for pot nursery cultivation of ornamental species with reduced environmental impact.
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1. Introduction


The ornamental plant sector has globally undergone a significant increase in recent years, both in terms of production and demand, and its further development is expected, especially in Europe, over the next decade [1]. Similarly, the production of hardy ornamental nursery stocks has steadily increased over the last 40–50 years [2,3], and it is now considered of great importance throughout Europe, reaching an economic value of approximately EUR 20 billion per year since 2010 [4]. In particular, the Netherlands leads the European table with more than 5 billion EUR/year derived from the production of plants and flowers, followed by Italy, Germany, France, and Spain. In Italy, Pistoia (43°54′ N, 10°41′ E. 30 a.s.l.), near Florence, is considered the greatest plant nursery district, playing a prominent role with about 1000 ha of container-grown plants [5]. Currently, most of the substrates used in potted plant production are peat-based [6,7,8,9], but environmental concerns about peatlands [10] due to intense peat mining [11,12] have led researchers and stakeholders to explore alternative and more eco-friendly materials as potting mixes [13,14,15]. In recent years, raw or composted waste by-products, such as mushroom compost [2], paper mill sludge [2,16], almond shell waste [17], and coir (or coconut fiber) [18,19] were tested as a total or partial alternative to peat moss in the growing media, with variable results in terms of growth and quality of plant production. Amongst them, one of the most interesting waste by-products is represented by dredged marine and river sediments [20,21,22,23,24]. Although the micro- and macro-nutrient contents of dredged sediments make these matrices a good candidate as peat-free growing media, the presence of high levels of hydrocarbons and heavy metals limits their recycling in agriculture [22]. The application of low-cost biological technologies (e.g., co-composting) can reduce the organic as well as the inorganic contamination and improve the physical, chemical, and biological properties of dredged sediments, making a suitable substrate for plant growth [25,26]. However, the remediated sediments are not currently included in the European and Italian regulations as fertilizers or agronomic substrates [27], although the efficiency of dredged sediment recovery and recycling has been widely demonstrated.



Moreover, the evaluation of the effect of peat’s partial or total replacement with a waste material in terms of CO2 emissions and other environmental concerns became a relevant goal. Life Cycle Assessment (LCA) is a technique widely used to evaluate the environmental impact of a production system or product itself [28], and it is considered a helpful methodology for defining and quantifying greenhouse gas (GHG) emissions and other environmental impacts [5,29]. LCA has already been used in several agricultural systems, considering either the entire life cycle (“cradle to grave” approach) or only a stage of the process (e.g., “gate to gate”) [30,31,32,33,34].



Therefore, the research hypothesis was to verify whether peat could be replaced by waste products in the pot nursery industry without compromising plant growth and increasing CO2 savings.



The present study expands and completes our preliminary research [35] about the suitability of dredged river sediments (S) composted with agricultural green waste (GW) as a replacement growing media for ornamental plants as part of the Life project AGRISED (LIFE17 ENV/IT/269). Different ratios of S and GW were tested to remediate sediment contamination and optimize their management, following Italian and European legislation. Once the co-composting phase was completed, a one-year cultivation phase was performed to evaluate the effect of sediments assembled with these waste by-products on the growth of two ornamental container-grown shrubs (i.e., Photinia × fraseri Dress. and Viburnum tinus L.). At the same time, all various steps of the production chain were subjected to environmental analysis using LCA methodology. Thus, the main objectives of the current study are (i) to explore the performances of co-composted mixtures of S and GW as innovative techno-soils for the nursery cultivation of ornamental species; and (ii) to calculate the environmental impact, in terms of GHG emissions, derived from the replacement of peat with these waste matrices through an LCA analysis in container plant nurseries.




2. Materials and Methods


To better follow the research, a list of acronyms for all summarized terms and their explanation is provided in Table 1. Moreover, a flowchart for summarizing this section is provided in Figure S1.



2.1. Growing Mixes


The cultivation trial followed the same scheme reported in [35], using seven different growing mixes (Table 2). The control growing medium (CGM) was a standard commonly used in ornamental plant nurseries composed of peat and pumice (v:v—1:1). The other substrates were obtained by mixing co-composted dredged sediments (S) and green waste (GW) in different ratios (1:3, 1:1, 3:1) with peat and pumice (GM1, GM2, GM3) or only with themselves (GM4, GM5, GM6). In October 2019, co-composting was carried out outdoors at the certified EPS Biotechnology composting facility located at the biogas plant grounds in Kunovice—Nový Dvůr, Czech Republic (CZ; 49.0060092 N, 17.4904614 E). The sediments were drained locally from a Czech stream, mixed for one week, and sieved (2 mm). Green waste, composed of fresh-cut grass, corn cob biomass, wood chips, and dry leaves, was air-dried separately. The S and GW biomasses were repeatedly homogenized and disintegrated. Finally, all components of each individual compost configuration were mixed and piled by adding urea (1 kg/m3). The composting process was carried out for about 8 months and co-compost samples were periodically collected and analyzed to assess the development of the process [36].




2.2. Physical, Chemical, and Biological Analysis of the Co-Composted Material


The substrate samples were sieved to 2 mm and air-dried for chemical and physical analyses, and part of them was also stored at 4 °C for biochemical analyses. Soil bulk density (BD), particle density (PD), total pore space (TPS), air capacity (AC), water content (WC), easily available water (EAW), and water buffer capacity (WBC) were assessed through the pF determination using a sandbox (Royal Eijkelcamp, Giesbeek, The Netherlands) [37]. Specifically, BD was calculated by means of the weight of a dry sample at a known volume. WC was expressed as a percentage by volume at 1 kPa (−10 cm) water pressure and the AC as a percentage by volume (v/v) with −1 kPa (pressure head). AW was calculated as the difference between the water volume content, expressed as a percentage by volume at a water pressure of −1 kPa (−10 cm) and −10 kPa (−100 cm). The electrical conductivity (EC) and pH were measured after water extraction for 1 h at room temperature, at a ratio of 1:5 (v:v), using selective electrodes (Conmet 2, Hanna Instruments Italia and Titroprocessor 672, Metrohm, Herisau, Switzerland, respectively) [38,39]. The available nutrients were determined as NH4+ and NO3− and measured in the water extract using a selective electrode: a GSE ammonia electrode (Sevenmulti, Mettler Toledo, Greifensee, Switzerland) for NH4+ and a DX262-NO3 ISE half-cell electrode (Sevenmulti, Mettler Toledo, Greifensee, Switzerland) for NO3− [23]. Total Organic Carbon (TOC) and Total Nitrogen (TN) were detected by dry combustion (temperatures of 950 and 840 °C) using FlashSmart elemental analyzer (Thermo Fisher Scientific, Milan, Italy) equipped with a multi-separation gas chromatographic column (SS; 2 m; 6 × 5 mm). For TOC determination, substrate samples were previously digested using HCl/H2O (1:1). Hydrolytic enzyme activities were identified using the methods proposed by Marx et al. [40] and Vepsäläinen et al. [41] with fluorogenic methylumbelliferyl (MUF) substrates. The enzymes analyzed were butyrate esterase (EC 3.1.1.1), β-glucosidase (EC 3.2.1.21), acid phosphatase (EC 3.1.3.2), and arylsulphatase (EC 3.1.6.1), using an automated fluorimetric plate-reader (Infinite® F200PRO, Tecan, Männedorf, Switzerland) at 360 nm excitation and 450 nm emission. The germination test was carried out on the water extract (1:5, v:v) using Lepidium sativum seeds following Hoekstra et al.’s method [42].




2.3. Cultivation Phase


One-year-old Fraser Photinia (P. × fraseri Dress.) and Laurustinus (V. tinus L.) plants used in this study were obtained from vegetative propagation. On 15 October 2020, both evergreen shrubs were re-potted from 4 L plastic containers (Ø 18 cm) to 10 L (Ø 24 cm) with growing mixes (see Table 2) added with 4.5 g/L of Basacote® Plus (12M; 15N-15P2O5-15K2O, Compo Expert, Münster, Germany). The cultivation phase lasted 12 months and the plants were placed outdoors in a plant nursery located in Pistoia, following a randomized complete block design. All plants were equally spaced in a metal support grid and drip-irrigated (1 L/pot/day). Weed control was accomplished by covering the pot surface with natural coconut fiber discs. The day before re-potting, 5 plants were randomly selected to estimate values at the beginning of the experiment, while 4 and 3 plants for each substrate were sampled on 1 March 2021 and 15 October 2021, respectively. A total of 108 plants (54 for each species) were used. The parameters measured were plant height and dry weight of above–below-ground biomass. The sampled plants were flared and the roots were washed to remove the growing media. Then, the vegetative material was kept at 80 °C until a constant weight was reached and the final weights were measured by an analytical balance (Sartorius, Göttingen, Germany, ±0.01 g sensitivity).




2.4. Life Cycle Assessment


The environmental analysis was carried out by calculating the equivalent CO2 emissions (CO2eq) generated by all the processes taken into consideration. All these emissions, aggregated in a single indicator, represent an increase in Global Warming Potential (GWP), which is defined as “the impact of human emissions on the forced irradiation of the atmosphere” [43]. The GWP was calculated over a 100-year period (GWP 100), in agreement with Shine et al. [44], who consider this indicator as the most suitable, and was also used in the official reports by the United Nation Framework Convention on Climate Change (UNFCCC) and the Intergovernmental Panel on Climate Change (IPCC). GaBi software (Sphera Solution, Inc., Chicago, IL, USA), updated to its version 10.6.0.110, was employed to perform the LCA analysis, while CML 2001, developed by the University of Leiden, updated to the August 2016 release, was used as the impact characterization method.



2.4.1. System Boundaries and Functional Unit


According to the guidelines contained in the ISO 14044 standard [28] a “gate to gate” approach was adopted in this case study. All the operations and energy inputs needed for the preparation of the different substrates and their ratios (CGM, co-compost, and mixed substrates) and those relating to the cultivation phase were considered (Figure 1). On the other hand, the emissions related to the preliminary cultivation of the repotted plants and those relating to the future fate of the plants at the end of the cultivation trial (e.g., transport, sale, and disposal) were out of the boundary system. Finally, all process emissions that fell within the boundary system were assigned to a functional unit. In our study, one-year-old V. tinus or P. × fraseri plants repotted in a 10 L pot (Ø 24 cm) were chosen as functional units.




2.4.2. Sediments and Green Waste


The processes considered for the dredged sediment extraction concerning the excavation of the material using a hydraulic backhoe loader and its transport by truck to the “EPS Biotechnology” composting center for 60 km. The emissions generated by green waste were obtained by modeling the following processes used to treat the different materials: a forest chipper for wood chips and a smaller electric chipper for corn crop waste. For grass cuttings, a mower mounted on a tractor was considered and the process of a hydraulic tool mounted on a tractor was modeled for the collection of leaves. For all four components of green waste (wood chips, corn crop waste, grass, and leaves), transport to the composting center was considered. It was carried out by a small van for wood chips, corn residues, and leaves for 90, 30, and 30 km, respectively. Conversely, grass cuttings were transported for 30 km using a trolley coupled to a tractor.




2.4.3. Co-Composting Phase


The emissions due to the process itself were calculated. Co-composting was carried out in a certified facility used for the treatment of compostable material and all operations of homogenization, formation, and management of the heaps being processed were performed using heavy machinery. Finally, the urea input was also accounted for.




2.4.4. Control Growing Media


A growing mix composed of 50% peat and 50% pumice was used as the control treatment. We considered peat extraction in Lithuanian peat bogs and transported it by truck for about 2200 km to the nursery, while for the pumice, an extraction process from an Italian mine and a subsequent road transport for 250 km was modeled. Finally, a shovel excavator was used to mix the substrate. This model was also used for the preparation of substrates consisting of 50% co-compost and 50% control.




2.4.5. Cultivation Phase


The yearly inputs of cultivation, such as fertilization, plastic pots, irrigation, and structures (pumps, pipes, and metal support grid) were considered separately. Impacts were calculated on an annual basis, and a life span of 20 years was defined for the structures. Consequently, the one-year impact of the structures was obtained by dividing the total impact by the number of years.





2.5. Statistical Analyses


The physical, chemical, and biological properties of the growing media were subjected to an analysis of variance (one-way ANOVA). Previously, normal data distribution was tested by the Shapiro–Wilk test. Means were separated by LSD (Least Significant Difference), with a p ≤ 0.05 level of significance, followed by an HSD (Honestly Significant Difference) Tukey’s test. The species-specific relationship of growth parameters (i.e., height, dry weight of above–below ground biomass) with the cultivation time was analyzed by quadratic regression since the residues of a simpler linear regression were not normally distributed. To compare the plant growth at the end of the experiment, the actual sampling days were shifted back by one year [45]. After the shifting, at time zero, the intercept of each quadratic regression can be formally compared against the CGM treatment by a t-test. The model space was explored by comparing marginal models. A saturated model was the starting point, which was reduced in the descriptors until no further simplification was allowed. The non-constant variance along time, particularly at the end of the measurements, caused us to include a variance function for modeling heteroscedasticity. All the analyses were performed with R [46] and some of its libraries [47,48,49]. The details are reported in the Supplementary Materials (Tables S1–S3).





3. Results


3.1. Composting Process


During the composting process, there was a decrease in temperature, gas emissions (CO2), organic matter content, EC, and microbial activities, as well as an increase in humification rate, as reported by Macci et al. [36].




3.2. Growing Media


The properties of the growing media used in plant cultivation as well as the Italian law limits for mixed growing media [27] are reported in Table 3. Substrates GM1 and GM4, with a 3 S:1 GW compost ratio, showed a TOC below the law limits, while EC was higher in substrates with compost only (GM4, GM5, and GM6). In addition, the BD was higher than the Italian limit for GM6. Both CGM and GM3 showed a concentration of NH4+ higher than the other substrates, and a high value of NO3− was observed in GM3. All substrates had GI values higher than 100%. The C/N ratio was higher in CGM than in other substrates. Generally, the enzyme activities in GM1, GM2, and GM3 were higher than GM4, GM5, and GM6. In addition, phosphatase and butyrate esterase activities were higher in substrates with a compost ratio of 1 S:3 GW (GM3, GM6) and 1 S:1 GW (GM2, GM5). Arylsulfatase was only detected in the co-composts (GM4, GM5, and GM6) and in the substrates composed of co-compost and peat (GM1, GM2, and GM3).




3.3. Plant Cultivation Phase


The quadratic regressions used to summarize the experiment showed no statistically significant differences (p ≥ 0.05) in the intercepts and curvatures of the growing curve for most of the growing variables (plant height and dry weight of above–below ground biomass) for both species (Figure S2). The only exception was the height of V. tinus, which showed a simple linear relationship, although not significant, among treatments (see Table S2). A different behavior was observed for the below-ground dry biomass of V. tinus only (Table 4 and Figure 2). The GM1 substrate showed a significantly lower growth rate (–0.104 g per day, p = 0.0174), which yielded a final value of 37.184 g less than that of CGM (p = 0.0112). In addition, GM5 showed a similar reduced final value (–28.578 g), but with a slightly different significance (p = 0.049) and a growth rate very close to statistical significance (–0.079 g per day, p = 0.0680).




3.4. Life Cycle Assessment


3.4.1. Peat–Pumice Control Substrate


Substrates composed of peat and pumice in a 1:1 ratio involved emissions equal to 0.57 kg CO2eq for annual production in a single 10 L potted plant, as shown in Figure 3. Most of the impact is clearly due to peat, mainly from its extraction (0.39 kg CO2eq/plant) and secondarily from its transport (0.14 kg CO2eq/plant). In fact, these two factors alone represent almost 93% of the total emissions, while the extraction (0.01 kg CO2eq/plant) and transport (0.02 kg CO2eq/plant) of the pumice as well as the preparation of the substrate (0.01 kg CO2eq/plant) had very low emissions, with 1.75% (pumice extraction), 3.51% (pumice transport), and 1.75% (substrate mixing).




3.4.2. Co-Composted Materials


CO2 emissions linked to the co-composting process were calculated for the three types of substrates obtained (Figure 4). The entire composting phase represented the most impactful input, a constant value (0.13 kg CO2eq/plant) for all three composts, while the impact due to the use of S and GW changed according to the different component ratios. However, as can be observed in the GM5 substrate, with a 1 S:1 GW ratio, a higher level of emissions was detected for GW; S showed 0.04 kg CO2eq/plant for a single plant, against 0.06 for GW. Consequently, 1 S:3 GW (0.25 kg CO2eq/plant) showed the greatest impact followed by 1 S:1 GW (0.23 kg CO2eq/plant) and 3 S:1 GW (0.22 kg CO2eq/plant).




3.4.3. Cultivation Phase


The CO2eq emission factors for the cultivation phase are shown in Figure 5. Plastic pots, made with high-density polyethylene, represented by far the highest emission source, with 0.56 kg CO2eq/plant (more than 62% of the total impact), followed by nursery structures, such as plastic pipes for irrigation and metal support grids (18% and 11% of total emissions, respectively). The remaining impacts were due to the energy used for irrigation pumps (4.4%), production and use of fertilizers (3.3%), and use of coconut fiber mulching discs (1.1%).




3.4.4. Total Emissions


The LCA results showed a general decrease in GHG emissions associated with the production of ornamental plants in containers after completely or partially replacing the peat–pumice substrate with a co-composted material based on dredged sediments and green waste (Table 5). The impact of the various inputs of cultivation was considered together with the impact of the different substrates tested in this study. Cultivation in the control substrate (CGM) was the most impactful, with 1.47 kg CO2eq for each plant produced. The three substrates where CGM was mixed with the various composted matrices (GM1, GM2, GM3) showed a reduced emission level, ranging from 1.30 kg CO2eq for plants grown in 3 S:1 GW to 1.32 kg CO2eq for the ones with 1 S:3 GW. GM4, GM5, and GM6 were the less impactful substrates with an emission per single plant equal to 1.12, 1.13, and 1.15 kg CO2eq/plant, respectively.






4. Discussion


Generally, the results showed that the physical and chemical properties of growing media are suitable for plant growth, in line with Italian legislation [27], with some exceptions (i.e., GM4-5-6) (see Figure S3). However, the addition of peat as a source of organic matter to co-composts allowed us to reach Italian law limits [26]. In fact, the presence of 50% peat reduced the EC and BD as well as increased the TOC in the co-composts. The high NO3− concentrations in the substrates composed of co-compost and peat could be related to the increase in pH; in fact, nitrification in peat is limited because of the acidic pH [50]. In addition, the lower C/N in the substrates composed of co-compost compared to peat suggested nitrogen mineralization and a higher availability of nitrogen for plant uptake [51]. In all substrates, a GI > 100% indicates the absence of phytotoxicity and the presence of nutrients that stimulate seed germination and seedling root elongation. Enzyme activities are often used as indicators of soil health (in this case, growing media) and nutrient cycles [52]. In particular, the addition of peat to co-composts improved the microbial activities, as measured by the butyrate esterase assay [53], as well as the enzymes related to the C (β-glucosidase), S (arylsulfatase), and P (phosphatase) cycles. In addition, the combination of peat and co-composts in the growing media enhanced arylsulfatase activity, which was not detected in peat. In fact, the high content of organo-sulfur molecules in the sediment and the high organic matter in peat stimulates enzyme activities involved in sulfate release [54,55].



The cultivation trial carried out for P. × fraseri did not highlight any statistically significant difference in the plant growth parameters for any treatment when compared to the standard substrate (CGM). However, it is interesting to underline that plants grown on substrates entirely made up of compost (GM4, GM5, GM6), despite their chemical-physical properties, did not fully comply with the Italian legislative standard [27] and did not show substantial growth differences compared to the other substrates. Our results are consistent with those of Mattei et al. [56], where differences in plant elongation were not detected at the end of the growing period in P. × fraseri seedlings cultivated in co-composted substrates rather than in the peat and pumice control mix (ratio 1:1). Furthermore, for V. tinus, the measured parameters (height and above-/below-ground dry biomass) did not show any statistical difference among the plants grown in different media with exception of the root apparatus in GM1 and GM5. Nevertheless, these differences observed in the Laurustinus plants did not alter their total growth (above- and below-ground biomass, data not shown), confirming overall balanced plant development and their marketability regardless of the substrates tested. Furthermore, the same growth results in terms of plant height and above-ground biomass were obtained in a different experimental scenario, with our target species cultivated for two years in the field adding dredged sediments to alluvial soil [21]. Nin et al. [23] also reported that there were no differences in maximum plant height over time in another evergreen shrub (i.e., Prunus laurocerasus) grown on similar substrates.



From an environmental point of view, LCA analysis allowed us to estimate the CO2eq emissions linked to both the production of substrates and the subsequent cultivation phase. The standard peat–pumice growing mix (CGM) was confirmed to be the most impactful substrate because of the extraction and transport of peat, as stated by Lazzerini et al. [5,57]. On the other hand, as confirmed in a previous study [58], the use of waste by-products in growing mixtures led to lower total emissions of CO2eq into the atmosphere. In fact, as shown in Figure 6, the use of composted materials (GM4-5-6) resulted in an average reduction in emissions of 23.13% compared to the standard cultivation substrates. The percentage value drops to an average of 11.56% if the substrates made by compost and control substrate in a 1:1 ratio (GM1-2-3) are considered. However, if we exclude the emissions generated by the cultivation phase, which alone involves a constant release of 0.9 kg CO2eq/plant for all the treatments, the above percentages increase to 28.1% (GM1-2-3) and 59.1% (GM4-5-6). These results are not in agreement with those of other studies on the use of sediments in horticulture, where these matrices showed an impact in terms of kg CO2eq greater than peat-based substrates [59,60]. However, this was explained by the fact that a different functional unit based on production (i.e., 1 kg of fruit) was employed. In fact, lower yields were obtained with plants grown on sediment-based substrates, leading to a higher environmental impact per product unit. In contrast, our research, based on ornamentals, had a single potted plant produced as an impact reference, thus avoiding any connection with fruit productivity.



Finally, it should also be underlined that more than 60% of this impact is due to the sole use of plastic pots, in line with results obtained in previous studies [5,57].




5. Conclusions


Our findings highlighted some interesting potential of the tested substrates in terms of the technical aspects inherent in ornamental plant cultivation (i.e., growth), allowing CO2 savings at the same time. Nevertheless, we tested two hardy evergreen shrubs, relatively easy to manage in a plant nursery. Further studies are needed to verify the suitability of these by-products for the cultivation of species more sensitive to substrates, or young propagated plants, which are usually more demanding in terms of production inputs. Consequently, it could be appropriate to maintain peat in potting mix formulations as a diluent to compensate for the less favorable characteristics of these alternative substrates, as stated by Schmilewski [8]. The results of environmental impact analyses increase the awareness of policymakers about the benefits of reducing the exploitation of natural resources and GHG emission control. However, replacing the peat input, which requires the extraction and transport for thousands of kilometers, with locally available by-products is a crucial step, opening new perspectives to improve the sustainability of the ornamental nursery sector. Further action will also be needed for the environmental sustainability of this production chain in developing alternatives to plastic pots, a very significant source of CO2eq emissions.
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Figure 1. Boundary system of the research carried out in the nursery. 
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Figure 2. Dry below-ground biomass growth curves of V. tinus are described by a quadratic regression for each substrate. To compare the plant growth at the end of the experiment, the actual sampling days were shifted back by one year. Formal analysis results are reported in Table 4. 
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Figure 3. Peat–pumice control growing medium emissions (kg CO2eq) per single plant grown in a 10 L pot. 
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Figure 4. Co-composted substrates emissions (kg CO2eq) per single plant grown in a 10 L pot. 
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Figure 5. Cultivation phase emissions (kg CO2eq) per single plant grown in a 10 L pot. 
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Figure 6. Total emissions (kg CO2eq) for all substrates used in the trial per single plant grown in a 10 L pot. 
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Table 1. List of acronyms used in this study and relevant explanation.
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	Acronyms
	Explanation





	AC
	Air Capacity



	BD
	Bulk Density



	CGM
	Control Growing Media



	EAW
	Easily Available Water



	EC
	Electrical Conductivity



	GHG
	Greenhouse Gas



	GI
	Germination Index



	GM1
	Growing Media 1



	GM2
	Growing Media 2



	GM3
	Growing Media 3



	GM4
	Growing Media 4



	GM5
	Growing Media 5



	GM6
	Growing Media 6



	GW
	Green Waste



	GWP
	Global Warming Potential



	HDS
	Honestly Significant Difference



	LCA
	Life Cycle Assessment



	LSD
	Least Significant Difference



	PD
	Particle Density



	S
	Sediments



	TN
	Total Nitrogen



	TOC
	Total Organic Carbon



	TPS
	Total Pore Space



	WBC
	Water Buffer Capacity



	WC
	Water Content










 





Table 2. List of the different substrates used in the cultivation phase.
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	Code
	Substrate (in Volume)





	CGM
	Peat—Pumice (1:1) 100%



	GM1
	Peat—Pumice (1:1) 50%—dredged sediments—green waste (3:1) 50%



	GM2
	Peat—Pumice (1:1) 50%—dredged sediments—green waste (1:1) 50%



	GM3
	Peat—Pumice (1:1) 50%—dredged sediments—green waste (1:3) 50%



	GM4
	Dredged sediments—green waste (3:1)



	GM5
	Dredged sediments—green waste (1:1)



	GM6
	Dredged sediments—green waste (1:3)










 





Table 3. Averaged physical, chemical, and biological properties of the growing media (n = 3). Different letters indicate statistically different values amongst substrates, according to one-way ANOVA followed by HSD Tukey’s test (p ≤ 0.05).
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Substrates

	
IT Legislation

D.Lgs.75/2010






	

	
CGM

	
GM1

	
GM2

	
GM3

	
GM4

	
GM5

	
GM6

	
Mixed Media




	
BD *

	
0.3 ± 0.09 a

	
0.6 ± 0.02 b

	
0.6 ± 0.05 bc

	
0.3 ± 0.02 a

	
0.7 ± 0.02 cd

	
0.8 ± 0.06 cd

	
1.0 ± 0.08 d

	
≤0.95




	
pH *

	
4.8 ± 0.1 a

	
7.0 ± 0.1 bc

	
7.0 ± 0.1 bc

	
6.4 ± 0.2 b

	
6.9 ± 0.5 bc

	
7.6 ± 0.3 c

	
7.5 ± 0.2 c

	
4.5–8.5




	
EC *

	
0.3 ± 0.03 a

	
1.0 ± 0.1 b

	
1.0 ± 0.1 b

	
0.5 ± 0.03 a

	
1.6 ± 0.10 c

	
1.5 ± 0.17 c

	
1.6 ± 0.03 c

	
≤1




	
NH4+

	
50.8 ± 7.08 b

	
11 ± 1.21 a

	
20.0 ± 1.08 a

	
59.3 ± 1.98 b

	
12.1 ± 0.49 a

	
12.4 ± 1.11 a

	
12.0 ± 1.14 a

	




	
NO3−

	
98.6 ± 0.26 ab

	
44.1 ± 0.00 a

	
244 ± 0.40 c

	
385 ± 40.7 d

	
141 + 0.08 b

	
147 ± 0.16 b

	
157 ± 0.29 b

	




	
TOC *

	
13 ± 0.92 g

	
3.7 ± 0.26 c

	
7.7 ± 0.54 e

	
10 ± 0.71 f

	
2.4 ± 0.17 a

	
4.5 ± 0.32 b

	
6.6 ± 0.47 d

	
≥4




	
TN *

	
0.4 ± 0.03 b

	
0.3 ± 0.02 a

	
0.5 ± 0.03 c

	
0.5 ± 0.04 c

	
0.3 ± 0.02 a

	
0.4 ± 0.03 b

	
0.7 ± 0.05 d

	
≤2.5




	
TOC/TN

	
36 ± 2.55 d

	
12 ± 0.85 ab

	
17 ± 1.21 bc

	
20 ± 1.40 c

	
7 ± 0.50 a

	
11 ± 0.80 a

	
10 ± 0.71 a

	




	
GI

	
134 ± 9.8 a

	
113 ± 12.6 a

	
145 ± 1.4 a

	
115 ± 3.9 a

	
125 ± 8.9 a

	
110 ± 4.2 a

	
119 ± 17.6 a

	




	
β-glu

	
165 ± 32.1 a

	
443 ± 57.9 bcd

	
682 ± 102.0 b

	
510 ± 59.0 cd

	
217 ± 44.8 ab

	
171 ± 9.27 a

	
323 ± 91.5 ac

	




	
Phos

	
222 ± 15.4 a

	
532 ± 20.9 d

	
593 ± 30.8 d

	
709 ± 22.9 e

	
269 ± 41.9 ab

	
329 ± 4.93 bc

	
369 ± 2.10 c

	




	
But

	
1092 ± 242.5 a

	
1910 ± 12.5 cd

	
2090 ± 91.5 de

	
2318 ± 192.6 e

	
1215 ± 103.6 b

	
1532 ± 82.1 bc

	
2214 ± 24.1 de

	




	
Aryl

	
n.d.

	
76.1 ± 7.5 d

	
65.3 ± 4.5 cd

	
52.2 ± 3.6 bc

	
51.2 ± 2.68 bc

	
33.1 ± 1.05 a

	
38.7 ± 1.54 ab

	








* Bulk Density (BD; g/cm3); Total Organic Carbon (TOC, %); EC = electrical conductivity (dS/m); NH4+ (mg kg−1); NO3− (mg kg−1); Total Nitrogen (TN, %); germination index (GI, %); β-glucosidase (β-glu, mmol MUB kg−1 h−1); phosphatase (phos, mmol MUB kg−1 h−1); butyrate esterase (but, mmol MUB kg−1 h−1); arylsulphatase (aryl, mmol MUB kg−1 h−1). * Data published in Macci et al. [26].













 





Table 4. The first line (intercept) is the mean of below-ground dry biomass achieved by V. tinus plant growth on CGM substrate, while lines 2–7 refer to the difference against CGM at the end of the experiment. Lines DAYS and DAYS2 (p < 1 × 10−3) indicate the linear and quadratic terms of CGM, respectively. The subsequent lines are the differences between each substrate and CGM in the linear term of the regression. The graphic results are depicted in Figure 2.
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	Below-Ground Dry Biomass (g)
	Std. Error
	t-Value
	p-Value





	(Intercept)
	143.034
	10.3718
	13.7907
	<1 × 10−3



	GM1
	−37.184
	14.2611
	−2.6074
	0.0112



	GM2
	−16.528
	14.2611
	−1.1589
	0.2505



	GM3
	−12.948
	14.2611
	−0.9079
	0.3671



	GM4
	−22.004
	14.2611
	−1.5429
	0.1274



	GM5
	−28.578
	14.2611
	−2.0039
	0.0490



	GM6
	21.506
	14.2611
	1.5080
	0.1361



	DAYS
	0.637
	0.0523
	12.1627
	<1 × 10−3



	DAYS2
	0.001
	0.0001
	8.5705
	<1 × 10−3



	GM1:DAYS
	−0.104
	0.0427
	−2.4380
	0.0174



	GM2:DAYS
	−0.046
	0.0427
	−1.0734
	0.2868



	GM3:DAYS
	−0.038
	0.0427
	−0.8774
	0.3833



	GM4:DAYS
	−0.060
	0.0427
	−1.4021
	0.1654



	GM5:DAYS
	−0.079
	0.0427
	−1.8543
	0.0680



	GM6:DAYS
	0.057
	0.0427
	1.3333
	0.1868










 





Table 5. GHG emissions related to the different inputs involved in the production of the growing mix tested (kg CO2eq).
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	Input
	CGM
	GM1
	GM2
	GM3
	GM4
	GM5
	GM6





	Sediments
	
	
	
	
	
	
	



	Excavation
	
	0.005
	0.003
	0.002
	0.01
	0.005
	0.003



	Transport
	
	0.025
	0.018
	0.009
	0.05
	0.035
	0.017



	Green Waste
	
	
	
	
	
	
	



	Gathering and processing
	
	0.013
	0.026
	0.043
	0.026
	0.051
	0.086



	Transport
	
	0.002
	0.005
	0.007
	0.004
	0.009
	0.014



	Composting
	
	
	
	
	
	
	



	Composting site
	
	0.020
	0.020
	0.020
	0.04
	0.04
	0.04



	Heaps handling
	
	0.040
	0.040
	0.040
	0.08
	0.08
	0.08



	Urea
	
	0.005
	0.005
	0.005
	0.01
	0.01
	0.01



	Control substrate
	
	
	
	
	
	
	



	Peat extraction
	0.39
	0.20
	0.20
	0.20
	
	
	



	Peat transport
	0.14
	0.07
	0.07
	0.07
	
	
	



	Pumice extraction
	0.01
	0.005
	0.005
	0.005
	
	
	



	Pumice transport
	0.02
	0.01
	0.01
	0.01
	
	
	



	Mixing
	0.01
	0.005
	0.005
	0.005
	
	
	



	Cultivation
	
	
	
	
	
	
	



	Plastic pot
	0.56
	0.56
	0.56
	0.56
	0.56
	0.56
	0.56



	Plastic pipings
	0.16
	0.16
	0.16
	0.16
	0.16
	0.16
	0.16



	Structures
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10
	0.10



	Fertilization
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03



	Mulching
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01



	Irrigation
	0.04
	0.04
	0.04
	0.04
	0.04
	0.04
	0.04



	Total emissions
	1.47
	1.30
	1.31
	1.32
	1.12
	1.13
	1.15
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