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Agnieszka Zawadzińska 1,* , Piotr Salachna 1 , Jacek S. Nowak 2 , Waldemar Kowalczyk 2 , Rafał Piechocki 1,
Łukasz Łopusiewicz 3 and Anna Pietrak 1

1 Department of Horticulture, West Pomeranian University of Technology, 71-459 Szczecin, Poland;
piotr.salachna@zut.edu.pl (P.S.); rafal.piechocki@zut.edu.pl (R.P.); anna.pietrak@zut.edu.pl (A.P.)

2 The National Institute of Horticultural Research, 96-100 Skierniewice, Poland; jacek.nowak@inhort.pl (J.S.N.);
waldemar.kowalczyk@inhort.pl (W.K.)

3 Center of Bioimmobilisation and Innovative Packaging Materials, West Pomeranian University of Technology,
71-270 Szczecin, Poland; lukasz.lopusiewicz@zut.edu.pl

* Correspondence: agnieszka.zawadzinska@zut.edu.pl; Tel.: +48-91-4496-356

Abstract: Plant biomass in the form of waste materials and by-products from various industries can
be a valuable material for the production of composts and growing media for urban gardening. In
this study, pulp and paper mill sludge, fruit-vegetable waste, mushroom spent substrate and rye
straw were used to produce compost that was further used as a medium component in container
cultivation of tomato. The plants were grown in containers with a capacity of 3 dm3 filled with
three types of compost-based growing media supplemented with high peat, fen peat, pine bark and
wood fiber. The tomato plants grown in 100% peat substrate served as controls. The plants grown
in the compost-enriched media had a higher leaf greening index and percentage of ripe fruit, and
exhibited an increased content of total polyphenols and flavonoids, potassium, calcium, magnesium
and copper in fruit as compared with the control. The tomatoes grown in a medium consisting of
25% compost, 30% high peat, 15% low peat, 20% pine bark and 10% wood fiber reached the highest
fresh fruit weight, total polyphenol content and L-ascorbic acid levels. This study demonstrated that
the compost produced from natural materials from various sources was a valuable potting medium
supplement with positive effects on tomato yield and nutritional value.

Keywords: biomass; potting media; fertilizer; Lycopersicon esculentum; fruit characteristics

1. Introduction

Recently, the idea of urban gardening involving the individual cultivation of vegetables
and other crops has gained huge popularity [1]. Growing plants in urban areas transformed
into community gardens is a way of spending free time, strengthening social ties and
obtaining plants for consumption. Farms, green roofs and walls, and vertical gardens, as
well as the production of plants in various types of containers, are becoming more and more
popular in urbanized areas [2]. The intensive development of urban gardening may be an
impulse for a more comprehensive use of composts and compost-based substrates derived
from waste biomass [3,4]. More extensive research is needed to assess the suitability of
various biomaterials for the preparation of composts and natural potting media that are
the basis for sustainable crop production [5].

The development of waste management technologies aims primarily at preparing the
waste for recovery, and particularly recycling. The utilization of waste and by-products
by means of composting can be applied everywhere in the world and does not require an
advanced infrastructure [6–8]. The availability of waste materials and by-products from
the paper, food, wood and agricultural industries is currently unlimited [9,10]. Converting
waste rich in organic matter and elements into composts is the best method of its disposal,
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as macro and micronutrients return to the ecosystem [11]. Research shows that the share of
compost in the total production of substrates in the EU is only 7.9%. The most often used
substrates include composted green waste, composted or aged bark and composted wood
waste [12].

Compost is an invaluable organic fertilizer in organic farming. It improves the fertility
of substrates and soils, and their physical, chemical and biological properties [13]. Com-
posts are used in the sustainable production of potting media as a source of humus and
nutrients [7,11,14]. Their main advantage is their biostimulating effect on the growth and
development of plants and increasing crop quality [5]. Previous studies assessed different
types of composts prepared from one, two, and seldom more types of nuisance waste
materials [15]. Obtaining a new material in the form of compost based on several types of
waste materials may increase the potential benefits of the final product. Such a product is
no longer classified as waste, as it features completely different properties that positively
affect the natural environment [7,16,17].

A potential raw material for the production of compost may be the waste from paper
production—pulp and paper mill sludge [18–20]. Waste from the pulp and paper industry is
characterized by a diversified chemical composition and physical and chemical properties,
which depend, for instance, on the technology of the pulp and paper production, the type
of pulp, and the type of produced paper [18,21]. The estimated amount of waste generated
by the European paper industry is around 11 million tons per year, 70% of which come
from paper recycling [22]. Several directives issued in the European Union significantly
limited the possibility of landfilling this type of waste. Research shows that pulp and paper
mill sludge can supplement the compost with organic matter and minerals and constitute a
potential component of horticultural growing media [10,23].

Raw materials for the production of composts should also be sought in the food
industry [24]. By 2012, the EU countries produced about 88 million tonnes of food waste [25].
Fruit and vegetable waste can be a rich and sometimes most valuable source of nitrogen in
composts. A good example is apple (Malus domestica Borkh.) pomace, containing significant
amounts of dietary fiber and polyphenols, of which Poland is the greatest producer [26].
During juice production, these substances usually do not make it into the final product
but are retained in the pomace and are often irretrievably lost. The unique composition
of by-products from fruit and vegetable processing makes them not a waste, but a highly
valuable raw material [27].

Spent mushroom production substrate can be potentially and successfully used in
growing media [28]. The production of this waste in Europe reaches over three million
tonnes annually [10,29]. Poland, as the largest producer of mushrooms in the EU and
third in the world, generates huge amounts of the spent substrate [30]. Composting the
spent mushroom substrates and adding them as a component to growing media can solve
local ecological problems with the storage of post-production substrate. In Poland, the
mushroom substrate is made of winter cereal straw, poultry manure, gypsum and water.
Its analyses showed that it is rich in organic matter, nitrogen and other yield promoting
elements [31]. Unfortunately, the chemical composition of the substrate is diverse, which is
related to the production technology. Research studies demonstrated that the mushroom
substrate can be composted with other waste products, and the final material is a valuable
organic fertilizer [32].

In most European countries, high peat is the dominant component of soilless sub-
strates. It offers unique physical and chemical properties and is safe in phytosanitary
terms, but it is a non-renewable resource. Moreover, the exploitation of peatlands increases
CO2 emissions and negatively affects the environment [33,34]. The EU market consumes
approximately 34,609 billion m3 of substrates per year, of which peat accounts for 75% [12].
Most of the current research on substrates is aimed at developing low-peat or peat-free
compositions [10,12,16]. Substrates not containing high peat are currently the most sought
after and the most often developed for environmental and economic purposes [35].
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Our study investigated the use of several waste materials, such as pulp and paper
mill sludge, fruit-vegetable waste, mushroom spent substrate and rye straw to produce a
compost with high fertilizing value. Then, various growing media containing the compost
and such components as low peat, high peat, wood fiber, or pine bark were assessed in
terms of their suitability for container cultivation of vegetables. Our model plant was a
cherry tomato (Lycopersicon esculentum Mill.), as it is one of the most important vegetables
and is widely grown in home gardens and balconies for its tasty, healthy and decorative
fruit. Tomatoes are easy to grow and serve as a natural source of antioxidants that protect
the body against many diseases [36]. This study involved numerous physical and chemical
analyses of the compost and the media. It also assessed tomato growth and yield, fruit
color and their content of antioxidants and minerals. Our research hypothesis assumed
that the yield and biological quality of tomato fruit grown in compost-enriched media are
comparable or better than on traditional substrates, such as high peat.

2. Materials and Methods
2.1. Composts Preparation

The composts were prepared by Sobex Sp. z o.o. company (Trzebicz, Poland) between
September 2018 and April 2019 from the following waste materials and by-products: pulp
and paper mill sludge (Arctic Paper Kostrzyn S.A., Kostrzyn n/O, Poland), fruit-vegetable
waste (Tymbark MWS Sp. z o.o., Tymbark, Poland), spent mushroom substrate (mushroom
production farm, Rakoniewice, Poland), and rye straw chopped into 5–8 cm-long chaff
(local farm). Physical and chemical analyses of the materials used for composting were
performed at the Chemical Analysis Laboratory, Institute of Horticulture in Skierniewice
(Skierniewice, Poland) and are summarized in Table 1. The methods used for these analyses
are presented in Section 2.2.

Table 1. Physical and chemical properties of waste materials used for composting.

Parameters Pulp and Paper Mill
Sludge

Fruit-Vegetable
Waste

Spent Mushroom
Substrate

Rye
Straw

pH (H2O, 1:2) 7.1 2.5 6.3 5.9
EC (mS cm−1) 1.83 1.06 9.18 1.07

Cl (g kg−1) DW 701 19 1460 168
S-SO4 (g kg−1) DW 98.7 9.4 4990 32.4

Dry matter (%) 35.8 28.3 54.8 91.9
Density (g cm−1) 0.89 0.96 0.5 0.1

Humidity (%) 64.2 71.7 45.2 8.2
Total N (%) DW 1.18 1.21 2.22 0.47

Organic C (%) DW 29.5 46.1 23.7 46.5
C: N ratio 25:1 38:1 11:1 99:1

P (g kg−1) DW 3.44 1.19 3.46 1.24
K (g kg−1) DW 0.32 6.16 25.9 12.8
Ca (g kg−1) DW 162 1.8 50.6 2.4
Mg (g kg−1) DW 4.26 0.81 6.02 0.78

Na (mg kg−1) DW 651 101 2499 81
Fe (g kg−1) DW 27,350 128 1590 93

Mn (mg kg−1) DW 403 11 305 156
Cu (mg kg−1) DW 49.9 8 30.1 3.7
Cd (mg kg−1) DW <0.10 <0.10 0.27 <0.10
Pb (mg kg−1) DW 1.43 1.56 6.44 1.27
Ni (mg kg−1) DW 6.45 4.84 3.56 3.15
Cr (mg kg−1) DW 6.34 0.37 2.83 0.28
Hg (mg kg−1) DW <0.50 <0.50 <0.50 <0.50

The composition of the initial compost was calculated based on dry weight (DW)
analysis, so that the C:N ratio was in the range of 20–30:1 [37]. The compost mass contained
18% (DW) of pulp and paper mill sludge, 40% DW of fruit-vegetable waste, 32% DW of



Agronomy 2022, 12, 13 4 of 18

spent mushroom substrate, and 10% DW of rye straw. Each 100 kg of its fresh weight (FW)
included 20 kg FW of pulp and paper mill sludge, 54 kg FW of fruit-vegetable waste, 22 kg
FW of spent mushroom substrate, and 4 kg FW of rye straw. After mixing, the components
were formed into trapezoidal heaps (1.3 m high, 2.4 m wide, 3 m long) and kept under
a shelter protecting them from precipitation and sunlight (Figure 1). Every month, the
heaps were turned to aerate them. The relative moisture content was measured once a
week to maintain a level of 55–65% [38]. The temperature of the heap was measured every
week with an agricultural thermometer with a 1.5 m-long probe (Dramiński, Poland). The
composting lasted for 16 weeks. At its completion, biological tests required by law were
carried out at the Polish Center for Testing and Certification SA (Piła, Poland).
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Figure 1. Compost preparation process: (a) pulp and paper mill sludge; (b) fruit-vegetable waste; (c)
mushroom spent substrate; (d) rye straw; (e) compost mixture; (f) compost storage site; (g) final compost.

2.2. Physical and Chemical Analysis of Components, Compost and Growing Media

The pH of the composting materials, final compost and growing media was deter-
mined in a suspension of the substrate and distilled water (v:v; 1:2) with the TESTER
CP-505 m (Elmetron, Zabrze, Poland), and the electrolytic conductivity (EC) with the
CCP-401 conductometer with an EC-60 sensor (Elmetron, Zabrze, Poland) [35]. The mois-
ture content, bulk density, air capacity, water capacity, shrinkage and total porosity were
assessed according to European standards [39,40].

Compost samples for physical and chemical tests were collected every month. Each
sample was prepared by mixing five collective samples taken from different five spots
and spacing, packed in 3 L polyethylene bags and sent on the same day to the Chemical
Analysis Laboratory (Institute of Horticulture—PIB, Skierniewice, Poland).
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The final compost and the substrates were tested for their fractions of matter particles
(% weight). Particle distribution was established using sieves with the following mesh size:
>20 mm, 10–20 mm, 5–10 mm, 2–5 mm, 1–2 mm, <1 mm.

A Kjeldahl digestion kit and unit (Vapodest, Gerhardt GmbH, Konigswinter, Ger-
many) were used to determine total nitrogen (N) content by titration. Organic carbon
(C) was determined by Dumas’ method with the Carbon Sulfur Determinator CS-530
apparatus (Eltra, GmbH, Neuss, Germany). After wet mineralization of samples in a
65% HNO3 and 75% HClO4 mixture, the content of total forms of phosphorus (P), potas-
sium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe) manganese (Mn), copper
(Cu), boron (B), zinc (Zn) and molybdenum (Mo) was determined by plasma spectrome-
try (Inductively Coupled Plasma Optical Emission Spectrometry) with the Optima 2000
DV sequential spectrometer (Perkin-Elmer, Boston, MA, USA). The analyses covered
the spectra typical of each element in nanometers (nm): P—213.617, K—766.490, Ca—
317.933, Mg—285.213, S—181.975, Mn—257.610, Cu—327.393, Zn—206.200, B—249.772,
Mo—281.616, sodium (Na)—589.592, iron (Fe)—238.204, nickel (Ni)—231.604, chrome (Cr)—
267.716, lead (Pb)—220.353, cadmium (Cd)—228.802 and mercury (Hg)—253.616 [41].

The content of absorbable macronutrients was determined with the universal method [36,42]
used in Poland for the analysis of horticultural soils and growing media. The extraction
solution included 0.03 N acetic acid (pH 3.2), and the medium ratio was 1:10 (v:v).

2.3. Experimental Design

The experiment was carried out at the Department of Horticulture, West Pomeranian
University of Technology in Szczecin from March 24 to July 11, 2019. Thirty-day-old tomato
seedlings (Lycopersicon esculentum ‘Maskotka’), produced from seeds in a greenhouse
(22 ◦C/18 ◦C; day/night) in peat substrate with pH of 5.7 and an average seedling height
of 21 cm, were planted on 25 April 2019 into plastic pots with a capacity of 3 dm3 using the
following four growing media:

• T0—control (100% peat substrate)
• T1—25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10% wood fiber;
• T2—30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber;
• T3—30% compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber.

In total, 24 plants were planted for each treatment, with 6 plants per replication. The
media were mixed in volumetric proportions (v:v). A commercial 100% peat substrate
mixed with the PG Mix fertilizer (2 g dm−3) was used as a control. Sphagnum peat was
sourced from Latvian peatlands, and fen peat and pine bark were provided by local Polish
companies. Wood fibers were obtained by means of a thermal-mechanical method from
Steico sp z o.o. (Czarna Woda, Poland). The chemical properties of the components are
presented in Table 2. Based on the chemical analysis of T1, T2 and T3 media, calcium nitrate
(15.5% N; 26.5% CaO) was applied at 1.5 g per pot before planting the seedlings.

Table 2. pH, electrical conductivity (EC), dry matter and nutrient concentrations of growing media components.

Parameters Sphagnum Peat Fen Peat Pine Bark Wood Fiber

pH (H2O, 1:2) 3.8 5.2 6 5.2
EC (mS cm−1) 0.1 1.6 0.1 0.3
Dry matter (%) 31.8 33.1 46.1 93.4

NO3-N (mg dm−3) 3 17 5 15
P (mg dm−3) 22 9 23 12
K (mg dm−3) 119 153 154 175
Ca (mg dm−3) 380 1145 124 278
Mg (mg dm−3) 83 119 56 87
Cl (mg dm−3) 1.5 2.4 28 26

The seedlings were placed in a random sub-block system in a high, unheated tun-
nel covered with two layers of plastic, which was equipped with an automatic ventila-
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tion control system. The plants were placed on a nursery mat at 40 × 50 cm spacing
(five plants per m2). The average temperature during the growing season ranged from
22 to 28 ◦C, and the relative humidity was 65–80%. No chemical protection or top dressing
was applied, and sticky boards and biological protection (Koppert Biological Systems,
Berkel en Rodenrijs, The Netherlands) were used for pest control. Eighty days after seeding,
two of the largest leaves from the middle section of a plant from each treatment were
harvested for the measurement of the relative chlorophyll content with the Chlorophyll
Meter SPAD 502 (Konica, Minolta, Japan). The readings were taken from twelve plants
from each treatment at four sites on the leaf blade and averaged. The fresh weight of the
aboveground part of the plants was also determined from eight plants from each treatment.

2.4. Tomato Yield and Fruit Characteristics

The fruit yield was assessed once (102 days after seeding), when at least five tomato
fruits had ripened per plant. All tomato fruits (marketable and green ones) were harvested
separately from each plant, counted and weighed. The percentage of ripe tomato fruits
was calculated.

To determine the fruit color, five ripe tomato fruits per treatment were randomly
selected. After washing and drying the skins, the color index was determined using a
Chroma Meter, model CR-400 (Minolta, Tokyo, Japan). The reading was taken three times
for each fruit in its middle part, and then the mean value was calculated. The proportions of
red color (red positive/green negative)—a*, yellow color (yellow positive/blue negative)—
b* and saturation were analyzed [43].

Biochemical analyses involved 300 g of ripe fruit from each treatment. The tomatoes
were ground and then frozen at −20 ◦C for 12 hrs. Tomato samples were freeze-dried for
24 h in a Beta 2–8 LSC freeze dryer plus (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany) and ground to a powder. Tomato methanolic extracts were
prepared as described by Grzeszczuk et al. [44].

The total content of polyphenols was determined spectrophotometrically with the
Folin–Ciocalteu reagent as described by Łopusiewicz et al. [45]. The absorbance was read
with a spectrophotometer (UV-Vis Thermo Scientific Evolution 220) at 765 nm. Gallic acid
was used for the preparation of the calibration curve and results were expressed as mg
gallic acid equivalents per 100 g of the sample.

The content of flavonoids was determined according to the method of Łopusiewicz
et al. [45]. The absorbance was measured at 510 nm. Quercetin was used for the preparation
of the calibration curve and the results were expressed as mg quercetin equivalent (QE) per
100 g of the sample.

To determine the content of ascorbic acid, the Tillmans titration method was used,
consisting of the reduction of 2,6-dichlorophenolindophenol [46]. This consisted of 2 mL of
tomato methanolic extract being mixed with 2 mL of 2% oxalic acid and shaken vigorously.
The solution was quickly titrated with 2,6-dichlorophenolindophenol until the pink color
held for 30 s. The ascorbic acid content is expressed in milligrams per 100 g of FW.

The antioxidant activity was determined based on 1,1-diphenyl-2-picryl-hydrazyl
(DPPH) and 2,2′-azobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) radical scavenging
activity according to the protocol provided by Łopusiewicz et al. [47]. In brief, DPPH
radical scavenging activity was determined by mixing 1 mL of the methanolic tomato fruit
extract with 1 mL of 0.01 mM methanolic solution of DPPH. Absorbance was measured at
517 nm after 30 min incubation in the dark at room temperature. For the ABTS assay, 3 mL
of the ABTS solution was mixed with 50 µL of the methanolic tomato fruit extract, and after
6 min incubation in the dark at room temperature, the absorbance was read at 734 nm.

The macro and micronutrients contents in the fruits was determined. The fruits were
rinsed three times with distilled water, drained and cut in half. Then, the samples were
dried at 70 ◦C (skin downwards) in a forced air oven, and milled in a Cyclotec TM 1093
laboratory mill (FOSS, Hilleroed, Denmark). Subsequently, the samples were subjected to
wet digestion in concentrated nitric acid (0.5 g of the plant material +5 mL of 65% HNO3)



Agronomy 2022, 12, 13 7 of 18

in a closed microwave oven (Nova Wave SA, Microwave Tunnel Digestion System). After
mineralization, the content of macro- and micronutrients in solutions was determined by
the plasma emission method using the ICP-OES Optima 2000 DV inductively coupled
plasma spectrometer. A Kjeldahl unit was used to determine the total N content [35].

2.5. Statistical Analysis

The results were statistically analyzed in the Statistica 13.1 program (Tibco Software
Inc., Poland) using one-way analysis of variance (ANOVA). Differences between means
were assessed with Tukey’s test (p ≤ 0.05).

3. Results and Discussion
3.1. Compost Properties

The compost quality depends on the quality and proportion of its ingredients and the
composting process [48]. The signs of completed maturation include the presence of nitrate
nitrogen, C:N ratio of 20–30:1, and C:P ratio of 100:1 [49]. The compost contained four
types of component, pulp and paper mill sludge, fruit-vegetable waste, spent mushroom
substrate, and rye straw, with known parameters (Table 1). The pulp and paper mill
sludge had the highest pH (7.1), and was the richest in calcium and micronutrients. The
spent mushroom substrate had the highest EC (9.18 mS cm−3) and was the richest in
macronutrients. The fruit-vegetable waste exhibited the lowest pH (2.5) and the highest
bulk density, while rye straw had the highest dry weight content. The spent mushroom
substrate provided the majority of the compost N (2.22%), and the fruit-vegetable waste
and rye straw were main sources of organic C.

The determination of dry weight, organic C and total N content in the compost
feedstock was necessary to prepare the compost recipe. The compost ingredients are
composed correctly if the C:N ratio reaches 20–30:1 [37,38]. In our study, the initial C:N
ratio was 32:1 (Table 3), and after composting it dropped to 20.4:1. This decrease in the
C:N ratio is due mainly to the total C content loss during composting process. The C:N
ratio is one of the most important indicators of compost maturity. The C:N ratio is essential
for the development of microorganism during the composting process because it provides
the C and N source required for growth [24]. According to Antil et al. [50] and Asquer
et al. [51], a C:N ratio of 15–20 is satisfactory, and such a compost is a good source of N
for plant growth.

Table 3. Changes in compost parameters during heap maturation.

Parameters
Days of Composting

1 30 60 90 120

pH (H2O, 1:2) 7.5 7.7 7.6 7.4 7.5
EC (mS cm−1) 1.95 2.8 3.55 3.64 3.94
Dry matter (%) 54.1 54.8 58.7 63.8 59.6
Organic C (%) 24.3 22.8 20.1 19.2 16.1

Total N (%) 0.76 0.88 0.88 0.82 0.79
C:N ratio 32 25.9 22.8 23.4 20.4

The compost had a soil-like texture, was odorless, and its temperature was close to the
ambient one. Its pH ranged between 7.4 and 7.7 (Table 3), and largely depended on the pH
of the raw materials and composting process.

Compost salinity may limit its use as a substrate component. In our mature compost,
the EC was below 3.94 mS cm−3 (Table 3), and was therefore similar to the literature
data [52]. During composting, the EC value doubled due to the mineralization of the organic
matter and increased concentration of absorbable nutrients. This was to a large extent due
to the presence of spent mushroom substrate with high EC and macronutrient content.
The dry matter of the compost rose during maturation from 54.1% to 63.8%. Increased dry
matter may result from the use of raw materials with a high dry matter (e.g., straw) and
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which are more difficult to decompose, e.g., materials containing lignin [14]. Its final bulk
density reached 0.4 g cm−3 (Table 4), and was, according to Abad et al. [53], favorable for
vegetable-growing substrates.

Table 4. Properties of final compost.

Parameters Compost References
Value 1

Bulk density (g cm−1) 0.4 -
Humidity (%) 40.4 -

Organic matter 32.2 ≥30
Total N (%) DW 0.79 ≥0.3

P (%) DW 0.17 ≥0.2 (P2O5)
K (%) DW 0.54 ≥0.2 (K2O)
Ca (%) DW 3.28 -
Mg (%) DW 0.54 -
S (%) DW 0.65 -

Fe (mg kg−1) DW 8320 -
Mn (mg kg−1) DW 357 -
Cu (mg kg−1) DW 38 -
Cd (mg kg−1) DW 4.35 5
Pb (mg kg−1) DW 39.7 140
Ni (mg kg−1) DW 38.2 60
Cr (mg kg−1) DW 43.6 100
Hg (mg kg−1) DW < 0.50 2
NH4-N (mg dm−3) 40 -
NO3-N (mg dm−3) 216 -

P (mg dm−3) 83 -
K (mg dm−3) 1961 -

Na (mg dm−3) 525 -
Cl (mg dm−3) 618 -

Salmonella spp., Ascaris spp., Trichuris spp., Toxocara spp. absent absent
1 according to [54].

The large-scale use of composts as substrate components in horticulture is hampered
by the lack of repeatability of the compost composition, mainly due to the different avail-
ability of the raw material and poor control of the composting process. In our study, the
components were carefully selected, and their proportions in the compost were precisely
calculated and easy to reproduce in subsequent trials.

In Poland, compost quality assurance involves only the final product. The Polish
Ministry of Agriculture and Rural Development certifies organic fertilizers based on their
chemical properties and pathogen presence, following a positive opinion from a designated
institution. According to Polish regulations [54], a compost can be considered an organic
fertilizer if it contains at least 0.3% N, 0.2% P2O5, 0.2% K2O, and 30% organic matter. In
our compost, these values were higher than the threshold ones presented in Table 4. Our
compost was biologically clean and its content of heavy metals (Cd, Pb, Ni, Cr and Hg) did
not exceed the levels allowed in Polish regulations [54]. However, all EU countries have
their own criteria for compost suitability [55].

An important parameter confirming the favorable chemical properties of compost is
the ratio of ammonium and nitrate form of N [50]. In final compost, the level of nitrate form
was several times higher than that of ammonium form (Table 4). Moreover, the compost
contained considerable amounts of available forms of K, Cl, Na and S.

Figure 2a shows particle size distribution in the final compost. Overall, 35% of the
compost had a fraction with a particle size of 1–5 mm. The compost properties depended
on particle size [14,15,24].
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Figure 2. Particle size (mm) distribution: (a) final compost (% weight); (b) growing media: T0
(control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark,
10% wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber);
T3 (30% compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber) (% weight).

3.2. Media Properties

The tested growing media T1, T2 and T3 were mixtures of the compost, sphagnum
peat, fen peat, pine bark, and wood fiber. The components of greater bulk density (compost,
fen peat) were balanced with the lighter ones, such as sphagnum peat and wood fiber
(Table 2). The T3 medium did not contain high peat.

Figure 2b shows the particle size distribution in the investigated substrates. The
size of the substrate particles is an important parameter, as it determines its bulk density,
gas exchange, water capacity and thus translates into plant growth [56]. According to
Hendreck [57], the optimal particle size of growing media ranges between 0.1 and 0.5 mm.
Particles of this size provide the highest available water holding capacity of the substrate.
Benito et al. [58] and Jayasinghe et al. [59] claimed that optimal plant growth is ensured
by the substrate particles of the size 0.25–2.0 mm, as they guarantee optimal water and air
availability. All tested media contained over 50% of particles smaller than 2 mm, with its
content decreasing in the following order: T1 > T0 > T3 > T2. Only the T2 growing medium
contained the largest particles >20 mm.

Shrinkage is the substrate stability parameter, which is particularly important during
long plant growth periods. Excessive shrinkage can damage plant roots [60]. The optimal
value of shrinkage ratio should not exceed 30–35% [61]. In our study, the medium shrinkage
ratio did not exceed the threshold recommended in the literature (Table 5). The presence of
10% wood fiber in the T1, T2 and T3 media reduced their shrinkage, especially in those also
containing high peat. The T0 peat substrate showed the highest percentage of shrinkage,
while T3, not containing high peat, showed the least.
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Table 5. Physical properties of tested growing media.

Parameters T0 (Control) 1 T1 T2 T3

Moisture content (%) 41.3 ± 1.52 a 2 31.8 ± 1.50 b 43.2 ± 1.0 a 32.2 ± 0.75 b
Shrinkage (%) 27.3 ± 1.25 a 17.5 ± 0.10 c 24.1 ± 1.10 b 13.4 ± 0.21 d

Bulk density (g cm−3) 0.13 ± 0.02 c 0.22 ± 0.02 b 0.26 ± 0.03 b 0.31 ± 0.02 a
Total pore space (%) 90.6 ± 0.60 a 85.5 ± 0.87 b 87.1 ± 0.90 b 84.8 ± 0.26 b

Water filled pore space (%) 71.3 ± 2.52 a 45.7 ± 1.21 b 44.2 ± 1.31 b 40.2 ± 0.43 c
Air filled pore space (%) 19.3 ± 1.00 c 39.8 ± 1.04 b 42.9 ± 1.19 ab 44.6 ± 0.45 a

1 T0 (control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10%
wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); T3 (30%
compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber). 2 Means in the same row but with
different letters indicate significant differences according to Tukey’s least significant difference test (p ≤ 0.05).

Bulk density reflects the substrate suitability in terms of structural support, movement
of water and dissolved substances and aeration. According to Kipp et al. [62], the substrate
bulk density in tomato production ranges between 30 and 1400 g dm−3, depending on the
substrate and cultivation method. Abad et.al. [53] pointed out that ideal potting media
should have bulk density below 0.4 g cm−3, as this provides better air and water availability
for plant root development. Moreover, bulk density is an important parameter for the
medium distribution on the market, as transport costs increase with the weight of the
medium. All growing media in the study met the criteria of an ideal medium in this
aspect [53]. The highest bulk density was determined for T3 substrate without high peat,
and the smallest T0 control substrate (Table 5).

Total pore space reflects the percentage of free space for water, air and plant roots. The
substrate pore space also determines gas exchange in the root zone. The desirable total pore
space is considered to be 55–96% [63]. The optimal value of total pore space for tomatoes
is 45–99%, depending on the growing method and the substrate. The control medium
T0 was characterized by the highest porosity and the largest water-filled pore space, as it
contained 100% high peat (Table 5). Cai et al. [63] suggested a water-filled pore space of
36–77% as being acceptable for horticultural crops. In our study, T2 and T3 had the highest
percentage of air-filled pore space. The physical properties of the media were consistent
with the literature data [62] regarding water content (15–90%) and air content (10–80%) in
tomato production growing media.

In our study, the pH and EC of the media (Table 6) was consistent with the recommen-
dations for tomato [42]. In the media T1, T2 and T3 containing N in mainly organic form,
the content of assimilable N was supplemented with an initial dose of calcium nitrate. T1,
T2 and T3 contained more Cl and S than recommended.

Table 6. Chemical properties of tested growing media: T0 (control—100% peat substrate); T1 (25%
compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10% wood fiber); T2 (30% compost, 20%
sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); and T3 (30% compost, 0% sphagnum
peat, 30% fen peat, 30% pine bark, 10% woody fiber).

Parameters T0 (Control) 1 T1 T2 T3

pH (H2O, 1:2) 5.4 5.6 6.1 5.8
EC (mS cm−1) 1.7 1.52 1.56 1.48

NO3-N (mg dm−3) 456 33 38 63
P (mg dm−3) 101 64 55 54
K (mg dm−3) 473 485 529 604
Ca (mg dm−3) 1214 1281 1993 1736
Mg (mg dm−3) 124 230 258 235
Cl (mg dm−3) 101 170 195 217
S (mg dm−3) 120 480 677 527

1 T0 (control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10%
wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); T3 (30%
compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber).
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3.3. Effect of Tested Growing Media on Tomato Yield and Fruit Charactristics

To assess the effect of the tested media on plant growth, the leaf greening index
(SPAD) and the fresh weight of the aboveground part were determined. SPAD is a marker
correlated with the content of chlorophyll and nitrogen. It reflects the state of plant
nutrition, which determines plant biomass production [64]. SPAD values of the plants
grown in all three compost-supplemented media (T1, T2 and T3) were on average 15.8%
greater than in the control (T0) (Figure 3b). The plants grown in the T1 and T2 media
showed a markedly increased fresh weight of the aboveground part (by 62.2% and 48.6%,
respectively, as compared with T0 (Figure 3c)). As this was the first study investigating
the effects of adding the compost containing pulp and paper mill sludge, fruit-vegetable
waste, mushroom spent substrate and rye straw to the substrates for tomato cultivation, it
is difficult to compare our results with those of other authors. Literature data show that
plant growth and pigmentation in plants cultivated in compost-enriched media depend
mainly on the type of the compost [35,65,66]. Ronga et al. [67] assessed the usefulness of
spent coffee ground compost and concluded that its addition to peat substrate significantly
increased the SPAD index of tomato plants 30 days after sowing. Contrary to that, enriching
the substrate with compost obtained from chestnut waste lowered the chlorophyll content
in tomato seedlings [68]. Hashemimajd et al. [69] used compost produced from raw dairy
manure, tobacco residue, yard leaf, sewage sludge and rice hulls and reported higher
biomass of tomato plants. However, the tomato biomass gain was considerably restricted
after supplementing the soil with compost made from pulp and paper sludge [70].
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Figure 3. Effect of compost-enriched media: T0 (control—100% peat substrate); T1 (25% compost,
30% sphagnum peat, 15% fen peat, 20% pine bark, 10% wood fiber); T2 (30% compost, 20% sphagnum
peat, 30% fen peat, 10% pine bark, 10% wood fiber); and T3 (30% compost, 0% sphagnum peat, 30%
fen peat, 30% pine bark, 10% woody fiber) on the growth of plants in a plastic tunnel: (a) plants after
3 weeks of growing in the substrates; (b) leaf greening index SPAD; (c) biomass of the aboveground
part; (d) visual comparison of the aboveground part and the root system. Vertical errors bars indicate
the standard error of the mean. Different letters indicate a significant difference at p ≤ 0.05.
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Tomato growers are looking for methods that accelerate fruit production and increase
fruit yield [65,67]. Tomatoes sold as potted plants are the most attractive when the berries
begin to ripen. For this reason, our study assessed the percentage of ripe berries and the
number and weight of fruits per plant at this developmental stage.

The tomatoes grown in T1, T2 and T3 substrates, i.e., those containing the compost,
produced considerably more ripe berries (40%, 56% and 54%, respectively) than in T0 (23%)
(Figure 4b). The number of tomato fruits in the plants grown in T0, T1 and T2 media were
similar, and reached, respectively, 18.5, 19.9 and 17.7, while those cultivated in T3 had
significantly fewer fruits (13.1) (Figure 4c). The fruit yield expressed as fresh weight was
greater in T1 and T2 by 31% and 17% than in T0 (Figure 4d). Verma et al. [71] reported
an increased tomato fruit yield in the presence of compost supplemented with half of the
recommended dose of a mineral fertilizer. The enhanced accumulation of biomass and
raise in the fruit yield of the plants growing in T1 and T2 media probably resulted from
the greater availability of nutrients and their more intensive uptake. Moreover, the T1 and
T2 media featured a high total pore space and air and organic matter content, which were
conducive to the root system development leading to higher yield.
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Figure 4. Effects of compost-enriched media: T0 (control—100% peat substrate); T1 (25% com-
post, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10% wood fiber); T2 (30% compost, 20%
sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); and T3 (30% compost, 0% sphag-
num peat, 30% fen peat, 30% pine bark, 10% woody fiber) on the fruit yield: (a) ripening fruit in
clusters; (b) percentage (%) of ripe fruits per plant; (c) number of fruits per plant; (d) fresh weight of
total fruits per plant. Vertical errors bars indicate the standard error of the mean. Different letters
indicate a significant difference at p ≤ 0.05.

Fruit color is one of the most important factors affecting the quality of tomato. The red
color is due to the presence of carotenoids, the biosynthesis of which is to a great extent
determined by environmental conditions [72]. Tomato cultivars with red fruits should have
a high share of red color and a high saturation [73]. These criteria assessed on the basis of
parameters a*, b* and saturation were to the greatest extent met by tomato fruits grown in T0
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and T1 media (Table 7). The fruits of plants in T0 and T1 were characterized by significantly
higher values of red color (parameter a*) and color purity, i.e., saturation, and lower values
of yellow color (parameter b*) than in T2 and T3 treatments. A reduced proportion of
red and an increased proportion of yellow color in tomatoes grown in T2 and T3 media
may indicate an uneven degree of ripeness and/or uneven fruit coloring [74]. Changes
in the tomato fruit skin color following soil supplementation with organic additives were
reported by Mauromicale et al. [75] and Keabetswe et al. [76].

Table 7. Influence of growing media on colour parameters of marketable tomato fruits.

Parameters T0 (Control) 1 T1 T2 T3

a* 19.7 ± 2.78 a 2 18.4 ± 2.58 a 11.9 ± 1.42 b 11.0 ± 1.10 b
b* 23.9 ± 3.38 a 23.9 ± 3.60 a 13.5 ± 2.43 b 13.3 ± 2.16 b

Saturation 31.09 ± 3.42 a 30.16 ± 4.36 a 18.00 ± 2.55 b 17.25 ± 2.37 b
1 T0 (control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10%
wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); T3 (30%
compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber). 2 Means in the same row but with
different letters indicate significant differences according to Tukey’s least significant difference test (p ≤ 0.05).

Natural antioxidants, primarily those derived from fruits and vegetables, play an
important role in the prevention and treatment of many diseases, most often diet-related
ones [36]. Therefore, this study determined tomato fruits’ content of phenolic compounds
and L-ascorbic acid and assessed their antioxidant potential (Table 8).

Table 8. Influence of growing media on total polyphenols (TPC), total flavonoids (TFC) and L-ascorbic
acid content and antioxidant activity determined by DPPH and ABTS tests of marketable tomato fruits.

Parameters T0 (Control) 1 T1 T2 T3

TPC (mg GAE 100 g−1) 2.30 ± 0.69 c 2 10.3 ± 1.26 a 6.27 ± 0.91 b 7.26 ± 0.62 b
TFC (mg QE 100 g−1) 5.47 ± 0.91 c 7.16 ± 0.06 b 8.13 ± 0.06 a 8.00 ± 0.04 a

L-ascorbic acid (mg 100 g−1 FW) 17.4 ± 2.01 b 31.0 ± 1.05 a 20.8 ± 0.99 b 20.4 ± 1.45 b
DPPH (%) 94.5 ± 0.07 b 97.5 ± 0.07 a 95.2 ± 0.14 ab 96.1 ± 0.05 ab
ABTS (%) 74.4 ± 0.05 b 77.3 ± 0.10 a 73.6 ± 0.15 b 72.5 ± 0.11 b

1 T0 (control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10%
wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); T3 (30%
compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber). 2 Means in the same row but with
different letters indicate significant differences according to Tukey’s least significant difference test (p ≤ 0.05).

In general, fruit from the plants grown in compost-enriched media, i.e., T1, T2 and
T3, contained significantly more total polyphenols and total flavonoids than in T0. The
fruit of the tomato plants grown in T1 medium had the highest level of total polyphenols,
and accumulated more L-ascorbic acid than those from all other treatments. The fruits
from T2 and T3 treatments were the richest in total flavonoids. Tomato fruits contain
many important bioactive substances with antioxidant properties, the levels of which can
be modified by the use of composts. For example, compost supplementation increased
the content of lycopene and total polyphenols in tomato, as reported by Verma et al. [71].
Another study by Ribas-Agusti et al. [77] demonstrated an increased content of polyphenols
from the group a kaempferol derivative in tomato grown in a substrate enriched with
municipal solid waste compost and a mineral fertilizer. Ravindran et al. [78] established that
the addition of compost and vermicompost from tannery-fermented products enhanced the
lycopene and ascorbic acid content in tomato fruit. In our study, the antioxidant potential
of tomato fruit extracts was assessed based on the efficiency of scavenging DPPH and ABTS
model free radicals. These are complementary methods of measuring the total antioxidant
capacity in vitro that allowed us to determine the reduction power of the investigated
extracts. The highest antioxidant potential assessed by the DPPH and ABTS assays was
found in tomato extracts from the T1 medium. The extracts from the remaining treatments
did not differ in their antioxidant activity. Literature data show that both the antioxidant
content and antioxidant activity may be affected by compost supplementation during
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cultivation [71]. The positive effect of the compost-enriched substrates on the yield potential
of tomatoes, and the simultaneous increase in their fruit nutritional value may result from
the presence of not only minerals but also other stimulants in the experimental substrates.
For example, mushroom waste contains chitin derivatives that exert a biostimulating effect
and may enhance the plant content of polyphenols and therefore boost their antioxidant
potential [79]. In addition, waste of plant origin subjected to aerobic decomposition during
composting can release small-molecule substances such as amino acids, vitamins, enzymes
and plant hormones that affect the plant phytochemical composition [15].

The nutritional value of tomato fruit depends on their content of nutrients, and
therefore we decided to investigate how the experimental growing media affected fruit
levels of macro- and micronutrients (Table 9). The fruit of plants grown in compost-
enriched T1, T2 and T3 media had a significantly higher content of potassium, calcium,
magnesium and copper than the control ones, but no significant differences were found
for the accumulation of N, P, Na, S, Fe, Zn, and B. In the case of Mn, a slight decrease was
detected in plants grown in T2 and T3 media. In general, the level of minerals in tomato
fruit was similar to that reported earlier [65,80], including the content of trace elements.
The biofortification of plants with desired nutrients is a simple and relatively effective
method of counteracting the effects of mineral deficiency in humans [81].

Table 9. Influence of growing media: on mineral and trace element concentrations in marketable
tomato fruits.

Parameters T0 (Control) 1 T1 T2 T3

Total N (%) 1.18 ± 0.01 a 2 1.21 ± 0.01 a 1.11 ± 0.03 a 1.02 ± 0.01 a
P (g kg−1 DW) 2.95 ± 0.02 a 2.99 ± 0.11 a 3.00 ± 0.22 a 3.14 ± 0.16 a
K (g kg−1 DW) 29.3 ± 0.64 b 39.0 ± 0.14 a 38.4 ± 0.71 a 38.7 ± 0.01 a
Ca (g kg−1 DW) 1.04 ± 0.02 c 1.41 ± 0.03 b 1.73 ± 0.08 a 1.47 ± 0.04 b
Mg (g kg−1 DW) 1.30 ± 0.03 b 1.65 ± 0.08 a 1.71 ± 0.10 a 1.57 ± 0.01 a
Na (g kg−1 DW) 0.96 ± 0.03 a 0.77 ± 0.05 ab 0.74 ± 0.05 b 0.69 ± 0.05 b
S (g kg−1 DW) 1.35 ± 0.08 a 1.39 ± 0.02 a 1.46 ± 0.05 a 1.23 ± 0.07 a

Fe (mg kg−1 DW) 31.4 ± 0.28 a 36.2 ± 3.82 a 29.2 ± 2.12 a 25.6 ± 0.14 a
Mn (mg kg−1 DW) 11.3 ± 0.85 a 11.4 ± 0.35 a 8.31 ± 0.30 b 7.58 ± 0.13 b
Cu (mg kg−1 DW) 3.66 ± 0.37 c 5.96 ± 0.08 a 5.55 ± 0.02 ab 5.10 ± 0.17 b
Zn (mg kg−1 DW) 22.4 ± 1.41 a 22.4 ± 1.27 a 22.9 ± 0.49 a 20.8 ± 1.33 a
B (mg kg−1 DW) 16.2 ± 1.76 a 17.7 ± 0.70 a 18.0 ± 0.56 a 17.9 ± 0.141 a

1 T0 (control—100% peat substrate); T1 (25% compost, 30% sphagnum peat, 15% fen peat, 20% pine bark, 10%
wood fiber); T2 (30% compost, 20% sphagnum peat, 30% fen peat, 10% pine bark, 10% wood fiber); T3 (30%
compost, 0% sphagnum peat, 30% fen peat, 30% pine bark, 10% woody fiber). 2 Means in the same row but with
different letters indicate significant differences according to Tukey’s least significant difference test (p ≤ 0.05).

4. Conclusions

The growing ecological awareness of the producers of fertilizers, media and growers
requires pro-ecological efforts aimed at sustainable development. A new philosophy of
life based on caring for the planet, the environment and future generations encourages
people to save available natural resources, and process and reuse valuable waste. This
study showed a positive effect of growing media enriched with compost from waste
materials on the yield and quality of tomato fruit. The production of plants in the media
containing compost, wood fiber and, most importantly, a reduced amount of high peat
than in the commonly used substrates provided a satisfactory fruit yield and nutritional
value comparable or higher than in classic peat substrates. This paper presents a good
horticultural practice and indicates the possibility of introducing sustainable potting media
in the production of healthy food.
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Kwiatkowski, P. Development, characterization, and bioactivity of non-dairy kefir-like fermented beverage based on flaxseed oil
cake. Foods 2019, 8, 544. [CrossRef]

46. Salachna, P.; Grzeszczuk, M.; Wilas, J. Total phenolic content, photosynthetic pigment concentration and antioxidant activity of
leaves and bulbs of selected Eucomis L’Hér. Taxa. Fresen. Environ. Bull. 2015, 24, 4220–4225.

47. Łopusiewicz, Ł.; Drozłowska, E.; Tarnowiecka-Kuca, A.; Bartkowiak, A.; Mazurkiewicz-Zapałowicz, K.; Salachna, P. Bio-
transformation of flaxseed oil cake into bioactive camembert-analogue using lactic acid bacteria, Penicillium camemberti and
Geotrichum candidum. Microorganisms 2020, 8, 1266. [CrossRef] [PubMed]

http://doi.org/10.1016/j.wasman.2008.02.002
http://doi.org/10.3389/fpls.2018.01765
http://doi.org/10.1016/j.biortech.2017.06.133
http://www.ncbi.nlm.nih.gov/pubmed/28693949
http://doi.org/10.1007/s42729-021-00483-3
http://doi.org/10.3390/horticulturae7020013
http://doi.org/10.1007/s10658-013-0344-y
http://doi.org/10.21307/acee-2017-010
http://doi.org/10.2478/oszn-2020-0016
http://doi.org/10.1016/j.scitotenv.2018.03.199
http://doi.org/10.17660/ActaHortic.2012.927.120
http://doi.org/10.3846/16486897.2017.1284665
http://doi.org/10.3390/agriculture11020119
http://doi.org/10.1007/s13197-018-3221-z
http://doi.org/10.1016/j.rse.2020.112028
http://doi.org/10.3390/molecules23061296
http://www.ncbi.nlm.nih.gov/pubmed/29843455
http://doi.org/10.3390/foods8110544
http://doi.org/10.3390/microorganisms8091266
http://www.ncbi.nlm.nih.gov/pubmed/32825460


Agronomy 2022, 12, 13 17 of 18

48. Ceglie, F.G.; Bustamante, M.A.; Ben Amara, M.; Tittarelli, F. The challenge of peat substitution in organic seedling production:
Optimization of growing media formulation through mixture design and response surface analysis. PLoS ONE 2015, 10, e0128600.
[CrossRef] [PubMed]

49. Krzywy, E. Plant Nutrition; Wydawnictwo Naukowe Akademii Rolniczej: Szczecin, Poland, 2007. (In Polish)
50. Antil, R.S.; Raj, D.; Narwal, R.P.; Singh, J.P. Evaluation of maturity and stability parameters of composts prepared from organic

wastes and their response to wheat. Waste Biomass Valorization 2013, 4, 95–104. [CrossRef]
51. Asquer, C.; Cappai, G.; De Gioannis, G.; Muntoni, A.; Piredda, M.; Spiga, D. Biomass ash reutilisation as an additive in the

composting process of organic fraction of municipal solid waste. Waste Manag. 2017, 69, 127–135. [CrossRef]
52. Jara-Samaniego, J.; Pérez-Murcia, M.D.; Bustamante, M.A.; Pérez-Espinosa, A.; Paredes, C.; López, M.; López-Lluch, D.B.;

Gavilanes-Terán, I.; Moral, R. Composting as sustainable strategy for municipal solid Waste management in the Chimborazo
Region, Ecuador: Suitability of the obtained compost for seedling production. J. Clean. Prod. 2017, 141, 1349–1358. [CrossRef]

53. Abad, M.; Noguera, P.; Bures, S. National inventory of organic wastes for use as growing media for ornamental potted plant
production: Case study in Spain. Bioresour. Technol. 2001, 77, 197–200. [CrossRef]

54. Regulation of the Minister of Agriculture and Rural Development. J. Laws 2008, 119, 765.
55. Saveyn, H.; Eder, P. End-of-Waste Criteria for Biodegradable Waste Subjected to Biological Treatment (Compost and Digestate): Technical

Proposals; Joint Research Center Scintific and Policy Reports; Publications Office of the European Union: Luxembourg, 2014; p. 352.
56. Zhang, L.; Sun, X. Effects of rhamnolipid and initial compost particle size on the two-stage composting of green waste.

Bioresour. Technol. 2014, 163, 112–122. [CrossRef] [PubMed]
57. Handreck, K.A. Particle size and the physical properties of growing media for containers. Commun. Soil Sci. Plant Anal. 1983, 14,

209–222. [CrossRef]
58. Benito, M.; Masaguer, A.; Moliner, A.; De Antonio, R. Chemical and physical properties of pruning waste compost and their

seasonal variability. Bioresour. Technol. 2006, 97, 2071–2076. [CrossRef]
59. Jayasinghe, G.Y.; Arachchi, I.L.; Tokashiki, Y. Evaluation of containerized substrates developed from cattle manure compost and

synthetic aggregates for ornamental plant production as a peat alternative. Resour. Conserv. Recycl. 2010, 54, 1412–1418. [CrossRef]
60. Whitmore, A.P.; Whalley, W.R. Physical effects of soil drying on roots and crop growth. J. Exp. Bot. 2009, 60, 2845–2857. [CrossRef]
61. Gebhardt, S.; Fleige, H.; Horn, R. Shrinkage processes of a drained riparian peatland with subsidence morphology.

J. Soils Sediments 2010, 10, 484–493. [CrossRef]
62. Kipp, J.A.; Wever, G.; de Kreij, C. Substraat. Analyse Eigenschappen Advies; Elsevier Publishers: Amsterdam, The Netherlands, 2000.

(In Dutch)
63. Cai, H.; Chen, T.; Liu, H.; Gao, D.; Zheng, G.; Zhang, J. The effect of salinity and porosity of sewage sludge compost on the

growth of vegetable seedlings. Sci. Hortic. 2010, 124, 381–386. [CrossRef]
64. Zhou, G.; Yin, X. Assessing nitrogen nutritional status, biomass and yield of cotton with ndvi, spad and petiole sap nitrate

concentration. Exp. Agric. 2018, 54, 531–548. [CrossRef]
65. Zaller, J.G. Vermicompost as a substitute for peat in potting media: Effects on germination, biomass allocation, yields and fruit

quality of three tomato varieties. Sci. Hortic. 2007, 112, 191–199. [CrossRef]
66. Aylaj, M.; Lhadi, E.K.; Adani, F. Municipal waste and poultry manure compost affect biomass production, nitrate reductase

activity and heavy metals in tomato plants. Compost. Sci. Util. 2019, 27, 11–23. [CrossRef]
67. Ronga, D.; Pane, C.; Zaccardelli, M.; Pecchioni, N. Use of spent coffee ground compost in peat-based growing media for the

production of basil and tomato potting plants. Commu. Soil Sci. Plant Anal. 2016, 47, 356–368. [CrossRef]
68. Parillo, R.; Ventorino, V.; Pepe, O.; Rivas, P.C.; Testa, A. Use of compost from chestnut lignocellulosic residues as substrate for

tomato growth. Waste Biomass Valorization 2017, 8, 2711–2720. [CrossRef]
69. Hashemimajd, K.; Kalbasi, M.; Golchin, A.; Shariatmadari, H. Comparison of vermicompost and composts as potting media for

growth of tomatoes. J. Plant Nutr. 2004, 27, 1107–1123. [CrossRef]
70. Campbell, A.G.; Zhang, X.; Tripepi, R.R. Composting and evaluating a pulp and paper sludge for use as a soil amendment/mulch.

Compost. Sci. Util. 1995, 3, 84–95. [CrossRef]
71. Verma, S.; Sharma, A.; Kumar, R.; Kaur, C.; Arora, A.; Shah, R.; Nain, L. Improvement of antioxidant and defense properties of

tomato (var. pusa rohini) by application of bioaugmented compost. Saudi J. Biol. Sci. 2015, 22, 256–264. [CrossRef] [PubMed]
72. Brandt, S.; Pék, Z.; Barna, É.; Lugasi, A.; Helyes, L. Lycopene content and colour of ripening tomatoes as affected by environmental

conditions. J. Sci. Food Agric. 2006, 86, 568–572. [CrossRef]
73. Batu, A. Determination of acceptable firmness and colour values of tomatoes. J. Food Eng. 2004, 61, 471–475. [CrossRef]
74. Zalewska-Korona, M.; Jablonska-Rys, E. Ocena przydatności do przetwórstwa owoców wybranych odmian pomidora grun-
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