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Gonçalo C. Dias, Rui M. A. Machado, Isabel Alves-Pereira, Rui A. Ferreira

and Nazim S. Gruda

Potential of Pine Bark to Replace Perlite in Coir-Based Substrates: Effects on Nutrient Uptake,
Growth, and Phytochemicals in Lettuce Under Two Salinity Levels
Reprinted from: Plants 2025, 14, 2577, https://doi.org/10.3390/plants14162577 . . . . . . . . . . 39

Linda Signorini, Giuseppe Carlo Modarelli, Prospero Di Pierro, Antonio Luca Langellotti,

Chiara Cirillo, Stefania De Pascale and Paolo Masi

Effects of Seedling Substrate and Hydroponic Versus Aquaponic Nutrient Solution on Growth,
Nutrient Uptake, and Eco-Physiological Response of Lemon Basil (Ocimum × citriodorum)
Reprinted from: Plants 2025, 14, 1929, https://doi.org/10.3390/plants14131929 . . . . . . . . . . 54

Claire Kenefick, Stephen J. Livesley, John P. Rayner and Claire Farrell

Using Recycled Construction Waste Amended with Pine Bark as a Substrate for Urban Plantings
Reprinted from: Plants 2026, 15, 403, https://doi.org/10.3390/plants15030403 . . . . . . . . . . . 70

Wenzhong Cui, Juncheng Liu, Qi Bai, Lingyi Wu, Zhiyong Qi and Wanlai Zhou

Rapid Reduction of Phytotoxicity in Green Waste for Use as Peat Substitute: Optimization of
Ammonium Incubation Process
Reprinted from: Plants 2024, 13, 2360, https://doi.org/10.3390/plants13172360 . . . . . . . . . . 91

Conner C. Austin, S. Brooks Parrish, David G. Clark and Ann C. Wilkie

Kenaf Core as an Alternative Soilless Growing Medium: A Review
Reprinted from: Plants 2026, 15, 666, https://doi.org/10.3390/plants15040666 . . . . . . . . . . . 107

Anna Elisa Sdao, Nazim S. Gruda and Barbara De Lucia

Beyond Peat: Wood Fiber and Two Novel Organic Byproducts as Growing
Media—A Systematic Review
Reprinted from: Plants 2025, 14, 1945, https://doi.org/10.3390/plants14131945 . . . . . . . . . . 123

Pabla Rebolledo, Gilda Carrasco, Claudia Moggia, Pedro Gajardo,

Gabriela Rodrigues Sant’Ana, Fernando Fuentes-Peñailillo, et al.
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Editorial

From Waste to Resource: Driving Sustainability Through
Eco-Friendly Substrates for Soilless Culture

Wanlai Zhou *, Wei Lin and Hong Wang

Institute of Urban Agriculture, Chinese Academy of Agricultural Sciences, Chengdu 610213, China;
linwei01@caas.cn (W.L.); wanghong07@caas.cn (H.W.)
* Correspondence: zhouwanlai@caas.cn

From high-tech greenhouses to urban vertical farms, the rapid global expansion of
soilless cultivation has brought about unprecedented growing efficiency. However, this
high productivity is heavily dependent on specific growing media—particularly peat and
rockwool. Peat extraction destroys vital wetland carbon sinks, rockwool production is
extremely energy-intensive, and its disposal also poses serious challenges. At the same
time, agricultural and forestry activities generate large quantities of organic waste that are
usually landfilled or incinerated, causing both resource waste and environmental burden.
Converting waste into growing media could potentially address both issues. This Special
Issue, entitled “Driving Sustainability: Innovations in Producing Eco-Friendly Substrates
for Soilless Culture Systems”, aims to explore a circular alternative: transforming waste
into high-performance growing media. After a rigorous review process, we have collected
12 original research and review articles that together map the potential, limitations, and
future directions of this approach.

The papers collected here cover a wide diversity of feedstocks, processing methods,
and target crops. Studies show that agricultural and forestry residues—pine bark, wood
fiber, coffee silverskin, brewer’s spent grain, kenaf core, and green waste—as well as
recycled construction waste, can serve as partial or complete substitutes for peat and perlite.
Processing strategies include direct physical mixing, aging, composting, and an innovative
ammonium incubation technique that rapidly eliminates phytotoxicity. Test crops include
leafy vegetables (lettuce, lemon basil), a fruit vegetable (cucumber), ornamentals (sage), and
woody shrubs (Alyogyne huegelii and Goodenia ovata). Thus, a unifying narrative emerges:
organic and mineral waste-derived substrates can indeed drive sustainability, but their
success is highly context-dependent, requiring species-specific optimization and careful
management of two major bottlenecks—phytotoxicity and nitrogen immobilization.

1. Renewable Materials as Alternatives to Conventional Substrates:
Feasibility Validation

Several studies evaluated locally available plant-derived materials as alternatives to
conventional substrate components. In lemon basil, a mixture of 70% coconut fiber and
30% perlite significantly improved seed germination, seedling leaf number, and total leaf
area [1]. In another trial, pine bark (8% v/v) was used to replace perlite in a coir-based
substrate for lettuce. No negative effects on yield, chlorophyll content, or total phenolic
content were observed; however, leaf iron and boron concentrations were elevated [2].
When wood fiber, coffee silverskin, and brewer’s spent grain were used to replace 10–40%
of peat for two Salvia genotypes, the results showed that the optimal substrate formulation
depends not only on the type and rate of the amendment but also, to a large extent, on the
plant genotype [3]. Overall, the suitability of plant-derived materials as growing media
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depends on crop species, material processing, and management [3,4]. Future research
should optimize pretreatment methods for different materials and investigate long-term
stability in diverse cropping systems.

Sustainability in soilless systems is not limited to organic alternatives. One study
explored the possibility of using pine bark-amended recycled construction waste (recycled
sand, crushed concrete, crushed rock) as a capping substrate for urban plantings [5]. The
pure mineral wastes were strongly alkaline (pH 9.2–12.3) and had poor water retention;
however, after adding 50% pine bark, the pH reached acceptable ranges and supported
the growth of both alkaline-tolerant and alkaline-sensitive species. The best-performing
mix (recycled sand +10% pine bark) produced plant biomass comparable to that of scoria,
a conventional quarried material. This opens the door to large-scale reuse of demolition
waste in green infrastructure.

2. Tackling Phytotoxicity: From Composting to Ammonium Incubation

A primary obstacle for fresh green waste is its inherent phytotoxicity, mainly derived
from phenolics, organic acids, and other allelopathic compounds. Several papers in this
Special Issue mention phytotoxicity issues in plant-derived materials such as coffee sil-
verskin and green waste [6,7]. One research article optimized an ammonium incubation
process for green waste; using 1.5% ammonium carbonate at 30 ◦C for five days with daily
aeration reduced total phenolic content by 74% and increased the germination index (GI)
from 6.4% to 127%, effectively eliminating phytotoxicity [6]. When this treated green waste
replaced 75% of peat in lettuce cultivation, biomass increased nearly five-fold compared to
untreated waste, though it remained below the peat control due to residual physical limita-
tions. This low-energy, low-cost method represents a breakthrough for rapid detoxification
of urban green waste.

3. Nitrogen Immobilization: A Double-Edged Sword

High-carbon substrates, especially wood fiber and fresh woody residues, often induce
strong nitrogen immobilization, leading to transient nitrogen deficiency. A study on cucum-
ber grown in wood fiber–peat mixtures showed that when the wood fiber content was 50%,
and an additional 13 g N per plant was supplied, the fruit number and fruit biomass per
plant were significantly higher [8]. Another study used chlorophyll fluorescence kinetics
to investigate the physiological impact of wood fiber-induced nitrogen immobilization on
lettuce [9]. The results indicated that wood fiber substrates significantly reduced available
nitrogen, decreased chlorophyll content by 14–36%, and impaired electron transfer on
the donor side of photosystem II (OEC) and the acceptor side of photosystem I. Notably,
this damage was partially reversible over time, suggesting that dynamic, stage-adjusted
nitrogen management can mitigate negative effects. A comprehensive review framed
nitrogen immobilization as a “double-edged sword”: short-term immobilization may cause
crop stress, but the sequestered nitrogen, stored in microbial biomass and lignin-associated
organic pools, forms a slow-release reservoir that reduces nitrate leaching [10].

4. Main Conclusions and Future Perspectives

Together, the 12 articles in this Special Issue provide compelling evidence that waste-
derived materials can successfully replace peat, perlite, and rockwool in a wide range of
soilless applications, provided that material-specific pretreatments (composting, ammo-
nium incubation, aging, or blending) are applied and that nitrogen and water management
are optimized according to crop growth stage. The two recurring challenges—phytotoxicity
and nitrogen immobilization—are now better understood and can be addressed through
the proposed technical and management frameworks.

https://doi.org/10.3390/plants15101459
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Looking forward, we highlight two promising research directions that emerged from
this collection but remain underexplored.

The first is the positive role of humic-like substances (e.g., fulvic acid) as biostimulants
in substrate-based systems. A floating hydroponic trial with iceberg lettuce systemati-
cally evaluated the effects of fulvic acid (FA), amino acids (AA), and vermicompost (VC),
alone and in combination. The treatment FA 40 ppm + VC 2 mL/L gave the highest total
yield (17.15 kg/m2), a 17.94% increase over the control. Further analysis showed that
the combined application of FA, AA, and VC not only significantly increased vitamin C,
total phenolics, and flavonoid contents but also effectively reduced nitrate accumulation in
leaves [11]. These findings highlight the important value of biostimulants in improving
yield and nutritional quality. Future research should pay more attention to humic-like
substances released during the degradation of organic waste-based substrates, systemati-
cally evaluating their potential as endogenous biostimulants and their long-term effects on
crop growth.

The second future research direction is the great potential of urban green waste
(pruned branches, fallen leaves) as a local renewable substrate resource. Green waste is
widely distributed, produced in large quantities, and has the advantage of local supply.
Being mainly composed of plant fibers, it can be converted—after proper treatment—into a
substrate with good water-holding capacity and aeration, while also supplying essential
nutrients. Nevertheless, green waste generally suffers from severe phytotoxicity and
nitrogen immobilization. The ammonium incubation technique presented in this Special
Issue offers a rapid, low-cost, and scalable treatment method. However, long-term studies
under commercial greenhouse conditions are needed to validate its performance over
multiple crop cycles and to integrate it with closed-loop nutrient management systems.

We call upon the horticultural research community, industry stakeholders, and poli-
cymakers to actively embrace these innovations. The transition from a linear to a circular
soilless cultivation model is not only an environmental necessity but also an economic
opportunity—reducing dependence on peat and rockwool and creating value from local
by-products. The articles in this Special Issue provide a solid scientific foundation for
this transition.
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Partial Replacement of Peat: Effects on Substrate
Physico-Hydrological Properties and Sage Growth

Anna Elisa Sdao 1, Sonia Cacini 2,*, Danilo Loconsole 1, Giulia Conversa 3, Giuseppe Cristiano 1, Antonio Elia 3 and

Barbara De Lucia 1,*

1 Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro, Via Amendola 165/A, 70126 Bari,
Italy; anna.sdao@uniba.it (A.E.S.); danilo.loconsole@uniba.it (D.L.); giuseppe.cristiano@uniba.it (G.C.)

2 CREA Research Centre for Vegetables and Ornamental Crops, Council for Agricultural Research and
Economics, Via dei Fiori 8, 51017 Pescia, Italy

3 Department of Agriculture, Food, Natural Resources and Engineering (DAFNE), University of Foggia, via
Napoli 25, 71100 Foggia, Italy; giulia.conversa@unifg.it (G.C.); antonio.elia@unifg.it (A.E.)

* Correspondence: sonia.cacini@crea.gov.it (S.C.); barbara.delucia@uniba.it (B.D.L.)

Abstract

The transformation of organic by-products derived from waste into value-added resources
represents a promising strategy to advance circular economy principles and bolster environ-
mental and agricultural sustainability, especially in soilless cultivation. This study evaluates
the viability of three organic by-products—wood fiber (WF), coffee silverskin (CS), and
brewer’s spent grains (BSGs)—as partial peat replacements in horticultural substrates. Ten
growing media formulations were assessed, incorporating increased doses (0–40% v/v as
peat replacement-PR) of each alternative by-product. The effects on physical and hydraulic
substrate properties, along with plant growth traits, were examined using two ornamental
Salvia genotypes, ‘Victoria’ and ‘Amistad’. To synthesize the multivariate growth data into
a single, biologically meaningful metric, based on the first principal component, a Growth
Index (GI), a PC1-derived index, was calculated, providing a powerful, unified metric to
rank substrate efficacy. WF-based substrates exhibited increased porosity and diminished
water retention, whereas media enriched with CS and BSG enhanced moisture availability,
particularly at 20–40 PR. The bulk density was highest at PR40 for both WF and BSG
treatments, and at PR20 in CS-based substrates. Electrical conductivity increased in CS and
BSG treatments with rising PR levels. The results on the vegetative growth of ornamental
sages have highlighted that differential PR rates are required depending on the specific
organic by-product and plant genotype. In ‘Victoria’, GI indicates that a 20% replacement of
peat with BSG provided the optimal conditions for holistic plant development; the lowest
GI for WF substrates across nearly all peat replacement levels indicated that it was the
most detrimental alternative for this cultivar. In ‘Amistad’, the analysis of the GI scores
revealed that the CS20 and BSG20 of peat replacement yielded the highest overall growth,
with GI scores significantly greater than those of the peat control. CS10 and BSG40 also
showed high GI scores in ‘Amistad’. WF10 had GI scores similar to those of the peat control.
In general, the GI-based approach confirms that moderate inclusion of brewer’s spent
grain (BSG20) is a highly effective peat replacement for both genotypes. At the same time,
coffee silverskin (CS) is particularly effective for the ‘Amistad’ genotype. This analysis
underscores that optimal substrate formulation is not only dependent on the amendment
type and rate but also critically on the plant genotype.

Keywords: brewer’s spent grain; by-product valorization; circular alternative; coffee silver-
skin; potted ornamentals; soilless cultivation; sustainable growing medium; wood fiber
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1. Introduction

The ornamental industry produces potted plants, grown in soilless cultivation, for
their esthetic value from a wide range of species [1], which are distinguished by broad
agronomic practices with specific requirements in terms of substrate. This is also referred
to as growing medium, which consists of solid and porous materials of natural or synthetic
origin, mineral or organic. They form the structural and functional basis for root develop-
ment [2]. Schindler et al. [3] defined the growing medium as a man-made environment
designed to optimize water and nutrient availability, provide mechanical support, and
promote microbial interactions essential for plant growth and productivity. To fulfill these
roles effectively, substrates must satisfy several key requirements. Physically, it should have
a porous and stable structure to ensure adequate aeration and water-holding capacity [4–6].
Chemically, it must offer consistency, maintaining stable chemical properties over time
and be free of toxic compounds [7]. Biologically, it should support beneficial microorgan-
isms and suppress pathogens [8]. In addition, practical attributes such as lightweight,
affordability, ease of handling and local availability are equally critical for sustainable
production [9,10]. Historically, peat has served as the primary component of commercial
horticultural substrates due to its superior moisture retention, structural stability, and
compatibility with a wide range of crops [11,12]. Global peat extraction is estimated to be
approximately 90 million m3 annually, with nearly 40 million m3 allocated to horticulture.
In Europe alone, approximately 20 million tons are harvested annually [13,14]. However,
growing environmental concerns, such as greenhouse gas emissions and the destruction
of wetland ecosystems, have prompted regulatory action [15,16]. Countries such as the
United Kingdom have announced bans on peat use in amateur gardening by 2026 and
in the professional horticulture sector by 2030 [17,18]. Despite these policy efforts, the
transition away from peat remains technically challenging. Commercial growers require
alternative substrates that can match the performance of peat across multiple agronomic
parameters without compromising crop yield or quality. In this context, one promising
strategy involves the valorization of organic by-products generated by the forestry and agri-
food sectors [19]. These materials, often produced in large volumes and locally available,
align well with circular economy principles and offer significant potential as sustainable
substrate components [20,21].

1.1. Wood Fiber

Global demand for wood fiber (WF) is projected to increase by approximately 1000% by
2050, accompanied by an estimated requirement of 65 Mm3 year−1 of novel materials to
support the expanding adoption of soilless cultivation systems worldwide [13]. WF, a by-
product of wood processing, is a growing material in the substrate industry, although it is
usually not more than 30% (v/v) with peat [22]. As a renewable and biodegradable resource
derived from products of wood manufacture, it exhibits several favorable properties for use
in soilless cultivation. It has a low bulk density, good drainability and wettability, and can
optimize the physical properties and reduce the weight of the growing media [7,23]. WF
is a stable, pathogen-free material that could help reduce dependence on non-renewable
substrates [24]. However, the increasing need for biomass for energy and heat production
presents significant competition for the substrate sector in securing access to this raw
material [25].
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1.2. Coffee Silverskin

Coffee silverskin (CS), which represents 4.2% of coffee green beans’ total weight, is
a by-product of coffee roasting and is currently discarded as waste, but exhibits several
favorable properties for substrate utilization. It is lightweight, biodegradable, pathogen-
free, and renewable, and may contribute functional compounds, such as antioxidants, to
the growing medium [21,26].

1.3. Brewer’s Spent Grain

Similarly, brewer’s spent grain (BSG), which accounts for up to 85% of brewery by-
product, is another abundant organic residue [27]; it consists of layers of peel, pericarp,
and seeds with residual amounts of endosperm and aleurone from barley. With global
production estimated at 37.2 million tons in 2021—approximately 21–22 kg generated per
100 L of beer—BSG is microbiologically sterile post-production due to thermal processing.
However, its high moisture and nutrient content make it highly perishable [28,29]. When
stabilized and incorporated into substrates in small proportions (<5%), BSG may act as a
biofertilizer and enhance the organic content of the medium [30].

1.4. Hydrophysical Recommended Ranges

The EU is promoting research on sustainable practices to recover high-quality re-
sources from organic residues and by-products, aligning with the Green Deal objectives [31],
the Farm to Fork (F2F) Strategy [32] and the new Circular Economy Action Plan [33]. The
effectiveness of any growing medium, including those incorporating organic by-products,
is closely linked to its physical and hydraulic characteristics, particularly the balance be-
tween water availability and air-filled porosity. These properties are primarily influenced
by the material composition, particle size distribution, and container geometry [34–36].

The recommended ranges for the commercial production of soilless crops are as fol-
lows: dry bulk density (BD) < 0.4 g cm−3, total porosity space (TPS) > 85%, air content
(AC) 20–30% vol., total water-holding capacity (WHC) 550–700 mL L−1 and a water vol-
ume content at −1 kPa in the range 55–70% vol. [37]. Maintaining substrates within the
recommended physical property ranges [38] is expected to reduce the sensitivity of plant
production management; however, outcomes may still vary depending on the specific culti-
vation practices of the growers. Assessing the similarities and differences in hydrophysical
properties between forestry and beverage by-products, as well as conventional compo-
nents such as peat, constitutes a crucial step in enhancing their potential as components of
potting media.

1.5. Ornamental Sages

Salvia is the largest genus in the Lamiaceae family, with 1036 accepted species to
date [39], widely cultivated for its ornamental, medicinal, and aromatic properties [40,41],
and constitutes almost one-quarter of this family [42]. It is widely distributed in temperate,
subtropical, and tropical regions worldwide [43]. Salvia spp. are also important ornamental
plants due to their beautiful leaves, inflorescence variations, and hardiness in dry and
hot [44,45] or wet [46] and cold [47] environments. Ornamental sages are propagated
asexually both in vivo [48,49] and in vitro [50]. The floriculture industry continuously
strives to introduce new cultivars into the market. In this context, cultivars and interspecific
hybrids among Salvia species offer the potential to exploit the extensive variability in
leaf morphology, fragrance, flower color, and inflorescence architecture, as well as for the
agronomic needs of cultivation and planting in green spaces.

Despite the great importance of partial peat replacement in growing media, in recent
years, few studies have investigated the species and cultivars of Salvia. Greco et al. [51]
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in potted S. officinalis L., experimented with the use of vermicompost, compost, and solid
digestate as valid peat alternatives. In S. rosmarinus Spenn., the application of 10% smoked
biochar displayed a subtle stimulating effect compared to plants grown in substrates
composed solely of 100% peat [52].

1.6. Aim of Research

Many studies have focused on the role of physico-hydraulic properties of substrates
with reduced peat content in influencing the agronomic performance of ornamental
plants [53–57]. Additionally, other studies have examined physical characteristics [58–60]
to assess the feasibility of successfully replacing peat in ornamental plant production.

Building on this background, the present study evaluated the feasibility of incor-
porating forestry and drink industry by-products—WF, CS, and BSG—as partial peat
replacement (PR) at increasing doses, monitoring the growth of potted ornamental sages.
The focus was on assessing their physico-hydraulic behavior and crop growth in the context
of a circular, sustainable and high-performance greenhouse pot-based growing system.

2. Results

2.1. Physical and Hydrological Characterization

Table 1 presents the ANOVA results for the effects of peat replacement (PR) with wood
fiber (WF), coffee silverskin (CS), and brewer’s spent grain (BSG) on physical properties of
the substrates assessed before cultivation.

Table 1. ANOVA results for the effects of peat replacement (PR) with wood fiber (WF), coffee
silverskin (CS), or brewer’s spent grain (BSG) on the physical properties of the substrates assessed
before cultivation. Orthogonal polynomial contrasts were employed to evaluate linear (lin) and
quadratic (qua) trends. WV = Water Volume at −1 kPa; AC = Air Content at −1 kPa; SM = Substrate
Moisture at −1 kPa; EAW = Easily Available Water; BC = Water Buffering Capacity; TAW = Total
Available Water; TPS = Total Porosity Space; BD = Dry Bulk Density.

WV AC SM EAW BC TAW TPS BD

Wood fiber

Peat replacement (PR) * a ns * * ns * *** ***

PRlin ** ns * * ns * *** ***

PRqua * ns ns ns ns * ns ns

Coffee silverskin

PR * * *** ** ns ** *** **

PRlin ns ns *** *** ns *** ns ns

PRqua ns ns ** ns ns * ** **

Brewer’s spent grain

PR * * * ** * *** *** ***

PRlin ns ns ** *** * *** *** ***

PRqua ns ns ns *** ns *** *** ***
a ns, *, **, and ***, not significant or significant at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively.

Water volume at −1 kPa (WV) (Figure 1) was affected differently by peat replacement
(PR) matrices: both wood fiber (WF) and brewer’s spent grain (BSG) substrates exhibited an
asymptotic approach; coffee silverskin (CS) did not significantly alter WV across the tested
range. When WF replaces peat at 20%, as expected, the WV reaches a lower value than
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that of the 0PR. With BSG, at 0 and 40% PR, the WV values appear comparable, therefore
difficult to interpret

Figure 1. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on water volume at −1 kPa. Data
points represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: ns
and *, not significant or significant at p≤ 0.05, respectively. Orthogonal polynomial contrasts were
employed to evaluate quadratic (qua) trend.

Substrate moisture (SM) at −1 kPa, which is a parameter close to field capacity
(Figure 2) when BSG was used as the substrate for PR, was not significant. In contrast,
with WF, values decreased as replacement levels increased. With CS as PR, SM increased
quadratically, reaching its most significant peak at doses between 20 and 40% PR.

Figure 2. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on substrate moisture at −1 kPa.
Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: * and **, significant at p ≤ 0.05 or p ≤ 0.01, respectively. Orthogonal polynomial contrasts
were employed to evaluate linear (lin) and quadratic (qua) trends.

PR generally reduced the amount of easily available water (EAW) (Figure 3), although
the effect varied depending on the substrate type. With WF and CS as PR, easily available
water decreased linearly as the percentage of peat replacement increased. In contrast, the
use of BSG resulted in a distinct non-linear, quadratic response. The relationship for BSG
was convex, with EAW declining to a minimum at approximately 20% PR. Crucially, beyond
this point, the EAW values appeared to stabilize, suggesting that a plateau was reached
rather than a continued decline. This indicates that BSG’s impact on water availability is
limited beyond a certain application rate.
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Figure 3. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—
wood fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on easily available wa-
ter. Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: * and **, significant at p ≤ 0.05 or p ≤ 0.01, respectively. Orthogonal polynomial contrasts
were employed to evaluate linear (lin) and quadratic (qua) trends.

The available water results (Figure 4) followed the same trend as those relating to EAW.

Figure 4. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on available water. Data points
represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: * and ***,
significant at p ≤ 0.05 or p ≤ 0.001, respectively. Orthogonal polynomial contrasts were employed to
evaluate linear (lin) and quadratic (qua) trends.

The water buffering capacity (BC) (Figure 5) was not significantly affected when WF
and CS replaced the peat. However, when using BSG as a substrate, the BC exhibited a
negative response as the PR level increased. Trend lines are shown for consistency and to
aid in the visual interpretation of potential linear or quadratic trends, even where ANOVA
results indicate non-significance (WF and CS).

When WF was used as the substrate, the dry bulk density (BD) (Figure 6) showed a
linear increase, reaching the highest value at the 40% PR level. In contrast, with CS and
BSG as substrates, a quadratic response with a concave course in the CS and a convex
course in the BSG was observed. The reverse trend is apparent in the air spaces, so this is
an effect of compaction driven by the 20% replacement pots.

Wood fiber as a substrate reduced the total porosity space (TPS) linearly as the PR
percentage increased (Figure 7). With CS and BSG substrates, this property exhibited an
asymptotic trend, convex in the CS and concave in the BSG.
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Figure 5. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on buffering capacity. Data points
represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: ns and
*, not significant or significant at p ≤ 0.05, respectively. Orthogonal polynomial contrasts were
employed to evaluate linear (lin) trend.

Figure 6. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on bulk density. Data points
represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: ** and ***,
significant at p ≤ 0.01, or p ≤ 0.001, respectively. Orthogonal polynomial contrasts were employed to
evaluate linear (lin) and quadratic (qua) trends.

Figure 7. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on total porosity. Data points
represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: ** and ***,
significant at p ≤ 0.01, or p ≤ 0.001, respectively. Orthogonal polynomial contrasts were employed to
evaluate linear (lin) and quadratic (qua) trends.
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2.2. Volumetric Water Content

Volumetric water content (VWC) shows the behavior of the peat-based substrate at
increasing percentages of WF (Figure 8A), CS (Figure 8B) and BSG (Figure 8C).

Figure 8. Effect of partial peat replacement (PR at 0, 10, 20 and 40% levels v/v) with wood fiber (WF,
(A)), coffee silverskin (CS, (B)), or brewer’s spent grain (BSG, (C)) on the water retention curve. Each
water retention curve was determined on the basis of 3 replicates.

Figure 8A presents the VWC across varying matric suctions (0 to −10 kPa) for peat
control (0PR) and wood fiber-based substrates (10, 20 and PR40). The water retention curves
shows clear and gradual shifts in hydraulic behavior as the proportion of WF increases, with
significant implications for substrate water availability. At 0 kPa, all substrates displayed
high VWC values, with a gradual decline from 0PR (94.3%) to WF40 (92.8%). Substrates did
not differ significantly in Air Content (AC) at −1 kPa, which ranged from 44.9% to 59.5%,
indicating a similar amount of gravitational water regardless of WF content. Conversely,
the Total Available Water (TAW) decreased significantly, with the highest value (18.8%)
recorded for 0PR and the lowest (13.8%) for WF40.

Figure 8B shows the water retention curves for the 0PR and CS substrates with PR
of 10, 20, and 40% (v/v). The water retention curves show distinct changes in substrate
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hydrophysical behavior as CS content increases, suggesting a potential impact on water
availability and substrate performance. Under saturated conditions, all substrates exhibited
high VWC, with the 0PR showing the highest value (94.3%), followed by CS40 (93.9%),
CS10 (93.1%), and CS20 (92.1%).

Differences became more evident as matric suction increased with a substantial reduc-
tion in VWC at −1 kPa observed across all treatments. The 0PR retained 40.8% VWC, while
CS40 showed a more pronounced decline to 33.1%, highlighting reduced water retention
with a higher CS level. Intermediate treatments (CS10 and CS20) exhibited moderate VWC
losses (38.4 and 36.1%, respectively), consistent with their CS proportions. As tension
further increased to −2 and −3 kPa, the VWC continued to decrease, with CS-based sub-
strates consistently retaining less water than the peat control. By −5 kPa tension, the gap
among treatments narrowed slightly but remained relevant. At −10 kPa, all substrates had
reached the hygroscopic water range, yet differences persisted: 0PR retained the highest
residual water content (22.1%), while CS40 showed the lowest (18.9%).

Figure 8C shows the water retention curves for 0PR and brewer’s spent grain-based
substrates (BSG 10, 20 and 40% PR). At 0 kPa tension, all substrates demonstrated high
VWC under saturated conditions, with the highest value recorded in 0PR at 94.3%, followed
by BSG40 (93.9%), BSG10 (93.1%), and BSG20 (92.1%), indicating a slight initial decrease in
VWC with increasing BSG percentage. At tension of −1 kPa, a sharp drop in VWC occurred
across all substrates: 0PR maintained the highest value (40.8%), whereas BSG10 showed the
lowest (35.1%), followed by BSG40 (42.1%) and BSG20 (45.3%). At −2 and −3 kPa tension,
the decrease in VWC continued, with values consistently distributed in proportion to the
BSG percentage. At −2 kPa, the values were 0PR (30.1%), BSG10 (26.6%), BSG20 (36.2%),
and BSG40 (35.5%). At −3 kPa, the values were 0PR (26.4%), BSG10 (23.9%), BSG20 (33.1%),
and BSG40 (32.4%). At a tension of −5 kPa, the rate of water loss slowed down, with values
of 0PR (23.5%), BSG10 (21.1%), BSG20 (29.0%), and BSG40 (30.4%). Finally, at the highest
tension of −10 kPa, the differences between the substrates further narrowed, with 0PR
(22.1%) maintaining the highest value and BSG10 (19.9%) the lowest. BSG20 (27.9%) and
BSG40 (29.2%) exhibited significantly higher water retention.

2.3. Chemical Characteristics of Substrates

Table 2 presents the ANOVA results for the effects of peat replacement (PR) with wood
fiber (WF), coffee silverskin (CS), and brewer’s spent grain (BSG) on chemical properties,
pH and EC (electrical conductivity) of the substrates assessed before cultivation.

Table 2. ANOVA results for the effects of peat replacement (PR) with wood fiber (WF), coffee silver-
skin (CS), or brewer’s spent grain (BSG) on chemical properties, pH and EC (electrical conductivity)
of the substrates assessed before cultivation. Orthogonal polynomial contrasts were employed to
evaluate linear (lin) and quadratic (qua) trends.

Treatment pH EC

Wood fiber

PR ns ***

PRlin ns **

PRqua ns **

Coffee silverskin

PR ns **

PRlin ns **

PRqua ns ns
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Table 2. Cont.

Treatment pH EC

Brewer’s spent grain

PR ns ***

PRlin ns ***

PRqua ns ns
ns, **, and ***, not significant or significant at p ≤ 0.01, or p ≤ 0.001, respectively.

Moving on to examine Table 2, no significant effect on pH was observed following the
PR with any of the substrate types. The pH values remained relatively stable across all PR
levels for WF, CS, and BSG, with statistical analysis confirming no significant trends (PRns)
in all cases (Figure 9).

When WF was used as a substrate (Figure 10), the trend was asymptotic; its interpreta-
tion remains uncertain, probably due to the limited dataset available. For CS, EC remains
relatively stable at lower PRs; the 20% PR appears to be an outlier. EC begins to increase
more noticeably beyond 30%, following a general linear pattern. In contrast, BSG shows
a strong linear increase in EC with increasing peat replacement, reaching the highest EC
value at PR40 (Figure 10).

Figure 9. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on pH of the final substrate
mixture. Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: ns, not significant.

Figure 10. Effect of peat replacement level (PR, 0–40% v/v) with three by-product materials—wood
fiber (WF), coffee silverskin (CS), or brewer’s spent grain (BSG)—on the electrical conductivity (EC)
of the final substrate mixture. Data points represent means ± standard error (n = 3). Statistical
analysis performed through ANOVA: **, significant at p ≤ 0.01. Orthogonal polynomial contrasts
were employed to evaluate linear (lin) and quadratic (qua) trends.
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2.4. Sage Growth

Table 3 (cv. Victoria) and Table 4 (cv. Amistad) report the ANOVA results for the effect
of Substrate Type (ST) and Peat Replacement (PR) on sage growth parameters at the end of
the vegetative phase (14 January 2024).

Table 3. ANOVA results showing the effect of Substrate Type (ST) and Peat Replacement (PR) on the
main growth parameters in ‘Victoria’ genotype at the end of the vegetative phase (January 14, 2024).
FW: Fresh Weight, DW: Dry Weight, DM: Dry Matter, no.: number; ChlC: Chlorophyll Concentration;
LA: leaf area. Orthogonal polynomial contrasts were employed to evaluate linear (lin) and quadratic
(qua) trends.

Treatment
Plant

Height
(cm)

Leaves
(no./Plant)

Leaf Area
(cm2/Plan)

ChlC
(μmol m−2

LA)

Plant
FW (g/Plant)

Shoot DW
(g/Plant)

Root DW
(g/Plant)

Plant DM
(g 100 g−1

FW)

Substrate Type (ST) *** a *** *** *** *** *** ns ***

Peat replacement (PR) *** *** *** *** *** *** *** **

PRlin ns *** *** *** *** *** *** ns

PRqua ns *** *** *** ns * *** ns

ST × PR *** *** *** *** *** *** ns ns

ST × PRlin ns *** *** *** * *** ns ns

ST × PRqua *** ns *** *** *** *** ns ns
a ns, *, **, and ***, not significant or significant at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively.

Table 4. ANOVA results showing the effect of Substrate Type (ST) and Peat Replacement (PR) on
plant growth parameters in ‘Amistad’ genotype at the end of the vegetative phase (14 January 2024).
FW: Fresh Weight, DW: Dry Weight, DM: Dry Matter, no.: number; ChlC: Chlorophyll Concentration,
LA: leaf area. Orthogonal polynomial contrasts were employed to evaluate linear (lin) and quadratic
(qua) trends.

Treatment
Plant

Height
(cm)

Leaves
(no./Plant)

Leaf Area
(cm2/Plant)

ChlC
(μmol m−2

LA)

Plant
FW (g/Plant)

Shoot DW
(g/Plant)

Root DW
(g/Plant)

Plant DM
(g 100 g−1

FW)

Substrate type (ST) ns a * *** *** *** *** *** *

Peat Replacement (PR) ns ns *** *** *** *** * ns

PRlin ns ns *** * *** *** ** ns

PRqua ns * *** *** *** *** ns ns

ST × PR * *** *** *** *** *** *** ***

ST × PRlin ns *** *** *** ** ns *** ***

ST × PRqua ns * *** ** *** ** * ns
a ns, *, **, and ***, not significant or significant at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively.

In ‘Victoria’ (Figure 11A), plant height remained relatively stable across all PR levels
when WF was used as the substrate. With the BSG, the plant height showed a quadratic
response with a slightly concave pattern. The CS substrate demonstrated similar behavior,
but the asymptotic and convex trend, reaching its highest height value at 20–25% PR. In
‘Amistad’, the ST × PRqua interaction was not significant (Figure 11B).
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Figure 11. Effect of peat replacement level (PR, 0–40% v/v) with three organic materials (ST)—
brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on plant height (cm) in
Victoria (A) and Amistad (B) genotypes at the end of the vegetative phase (14 January 2024). Data
points represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: ns,
and ***, not significant or significant at p ≤ 0.001, respectively. Orthogonal polynomial contrasts were
employed to evaluate quadratic (qua) trend.

In ‘Victoria’, PR generally reduced leaf number per plant, although the effect varied
by substrate type. With WF, leaf number decreased linearly as the PR percentage increased.
In contrast, the CS substrate initially showed a slight increase in leaf number at PR10,
followed by a clear linear decline at higher PR levels. The BSG substrate had the least
impact, with leaf numbers remaining relatively stable across all PR levels (Figure 12A).
Similarly to ‘Victoria’, increasing PR in ‘Amistad’ generally reduced leaf number per plant,
with substrate-specific asymptotic trends. (Figure 12B). In ‘Victoria’ (Figure 12A), the
number of leaves per plant was negatively affected by wood fiber (WF) at all substitution
levels, from −11% at PR10 to −14% at PR40, whereas coffee silverskin (CS) strongly
increased leaf number at PR10 and PR20 (+54 and +34%), but declined at PR40 (−17%).
Brewer’s spent grain (BSG) enhanced leaf formation at PR10 and PR20 (+52% and +38%),
with only a minor increase at PR40 (+11%). In ‘Amistad’ (Figure 12B), the number of
leaves per plant, when WF was PR, slightly increased under PR10 (+9%), and decreased at
PR40 (−8%). CS reduced leaf number both at PR10 and PR40 (−13%). BSG decreased leaf
numbers at PR10 and PR20 (−18 and −15%) but markedly increased at PR40 (+14%).

Regarding leaf area per plant, as the primary metric of leaf development, when WF
was used as the substrate, it consistently increased with higher PR levels. However, this
effect was less pronounced than that of the other treatments. The response followed a near-
linear to slightly quadratic positive trend in both genotypes, indicating that WF moderately
benefited leaf area development. With a BSG substrate, leaf area exhibited a quadratic
response, peaking at approximately 20–30% PR in ‘Victoria’ and up to PR40 in ‘Amistad.’
The trend was convex for ‘Victoria’ and slightly concave for ‘Amistad.’ CS exhibited a
positive trend similar to that of BSG but required lower PR levels to achieve comparable
effects. In ‘Victoria’, leaf area reached its maximum at approximately 20% before declining,
whereas in ‘Amistad’, it peaked at 30%. (Figure 13A,B). In ‘Victoria’ (Figure 13A), WF
reduced plant leaf area to PR10 (−13%) but markedly increased it at 20 and 40 PR levels
(+50% and +61%, respectively). CS, on the one hand, strongly promoted it at PR10 (+115%),
while on the other hand, it was moderately promoted at PR20 (+34%) and PR40 (+69%).
BSG caused substantial increases at PR10 (+88%) and PR20 (+134%), followed by a less
pronounced improvement at PR40 (+57%). Conversely, ‘Amistad’ (Figure 13B) responded
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positively to all substrate types. WF showed strong increases at both PR20 (+93%) and
PR40 (+81%), while CS induced the most significant gains at both PR10 (+170%) and
PR20 (+153%), and a moderate increase at PR40 (+69%). BSG promoted progressive
improvements up to PR40 (+173%).

Figure 12. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on leaves per plant
(no.: number) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase
(14 January 2024). Data points represent means ± standard error (n = 3). Statistical analysis performed
through ANOVA: * and ***, significant at p ≤ 0.05, or p ≤ 0.001, respectively. Orthogonal polynomial
contrasts were employed to evaluate linear (lin) and quadratic (qua) trends.

Figure 13. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on leaf area (cm2/plant)
in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase (14 January 2024).
Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: **, and ***, significant at p ≤ 0.01, or p ≤ 0.001, respectively. Orthogonal polynomial
contrasts were employed to evaluate quadratic (qua) trend.

With WF as substrate, ‘Victoria’ Chlorophyll Concentration (ChlC), exhibited a
quadratic response, with values peaking at 20% PR before declining at higher replace-
ment levels (Figure 14A). In ‘Amistad’, ChlC showed a slight near-linear increase as the
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WF proportion increased, with no observed peak (Figure 14B). With CS as substrate, both
genotypes reached maximum ChlC values at PR20. At PR40, the ChlC of ‘Victoria’ re-
mained slightly above the control (0PR), while in ‘Amistad’, it dropped below control
levels. With BSG, both genotypes displayed an asymptotic response, with ChlC values
peaking at PR20, followed by a sharp decline at higher doses (Figure 14A,B). In ‘Victoria’
(Figure 14A), WF produced consistent increases across all levels: +10% (PR10), +20% (PR20),
and +9% (PR40). CS stimulated growth moderately, from +4% (PR10) to +16% (PR40). BSG,
however, showed a slight effect at PR10 (+2%), a more substantial increase at PR20 (+16%),
and a truly impressive increase at PR40 (+25%). ‘Amistad’ (Figure 14B), instead, displayed
more variable responses. WF reduced ChlC at PR10 and PR20 (−2% and −7%, respectively)
but slightly promoted it at PR40 (+1%). CS markedly enhanced ChlC at PR10 (+13%),
while producing small reductions at PR20 and PR40 (−2% and −6%, respectively). BSG
decreased ChlC at PR10 (6%) but strongly stimulated it at higher levels (+29% at PR20 and
+40% at PR40).

Figure 14. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST) —brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on Chlorophyll
Concentration (ChlC) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase
(14 January 2024). LA: leaf area. Data points represent means ± standard error (n = 3). Statistical
analysis performed through ANOVA: ** and ***, significant at p ≤ 0.01, or p ≤ 0.001, respectively.
Orthogonal polynomial contrasts were employed to evaluate quadratic (qua) trend.

Plant fresh weight (Plant FW) is a key trait in ornamentals as it integrates growth
and resource-use efficiency. Higher values reflect greater biomass, visual quality, and
vigor, directly enhancing marketability and consumer appeal. In both genotypes, plant
fresh weight was significantly influenced by substrate type and PR level, with notable
differences between ‘Victoria’ and ‘Amistad’ (Figure 15A,B). In the ‘Victoria’ genotype
(Figure 15A), increasing the PR level with the three organic by-products generally decreased
plant fresh weight; the response was non-linear for all substrates, with trends suggesting an
asymptotic approach. In the ‘Amistad’ genotype (Figure 15B), the trend was the opposite.
With WF as substrate, fresh weight peaked at 40% PR. CS and BSG, on the other hand,
showed a different trend from WF as described by the curves: the fresh weight value
increased steadily reaching a maximum at 25% PR and then decreased slightly. In ‘Victoria’
(Figure 15A), the replacement of peat with wood fiber (WF) caused a progressive plant fresh
weight decline already at PR10 (−23%), with further reduction at PR20 (−31%) and the most
severe decrease at PR40 (−42%). A similar trend was observed when coffee silverskin (CS)
replaced peat, resulting in a reduction from 6% (PR10) to 35% (PR40). Brewer’s spent grain
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(BGS) showed a more variable effect, with a reduction at PR10 (−19%), a slight increase
at PR20 (+6%), and a strong decrease at PR40 (−29%). Conversely, ‘Amistad’ (Figure 15B)
demonstrated a more favorable and consistent response to substrate replacement: WF
increased both to PR20 (+9%) and PR40 (+14%); CS promoted significant stimulation at
PR10 (+25%), maximum at PR20 (+38%), and still positive effects at PR40 (+30%). When
BGS replaced peat, it also enhanced plant fresh weight, with a modest increase at PR10
(+7%), a maximum at PR20 (+38%), and sustained improvement at PR40 (+22%).

Figure 15. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices (ST)
—brewer’s spent grain (BSG), coffee silverskin (CS), and or wood fiber (WF)—on Plant Fresh Weight
(FW) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase (14 January
2024). Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: ***, significant at p ≤ 0.001. Orthogonal polynomial contrasts were employed to evaluate
the quadratic (qua) trend.

With WF substrate, shoot dry weight (shoot DW) exhibited a quadratic response: in
‘Victoria’, it consistently decreased with the highest PR level (40%), whereas in ‘Amistad’,
the trend was the opposite (Figure 16A,B). The CS substrate, initially, in ‘Victoria’, showed
a slight increase in shoot DW at 10% PR, followed by a clear quadratic decline at higher PR
levels (Figure 16A). In ‘Amistad’, shoot DW peaked at approximately PR20 (Figure 15B).
When BSG was used as the substrate, shoot DW exhibited a different quadratic response:
in both genotypes, 20PR showed the highest value; over PR20, in ‘Victoria’, it decreased
to a value below the control (0PR); in ‘Amistad’, shoot DW decreased slightly with PR40
(Figure 16A,B). In the ‘Victoria’ genotype (Figure 16A), WF resulted in a slight increase
in shoot dry weight at PR10 (+3%), but it decreased dry weight at both PR20 (−16%) and
PR40 (−25%). CS moderately stimulated dry weight at PR10 (+28%) but caused reductions
at PR20 (−6%) and PR40 (−30%). BSG had a mild positive effect on above-ground dry
weight at PR10 (+5%), a substantial increase at PR20 (+37%), and a slight reduction at PR40
(−9%). In contrast, the ‘Amistad’ genotype (Figure 16B) showed overall stimulation across
the different substrates. WF increased biomass at PR20 and PR40 (+28% each), although
it led to a slight decrease at PR10 (−9%). CS significantly promoted growth at PR10
(+55%) and PR20 (+79%), with a moderate increase at PR40 (+43%). BSG demonstrated
gradual improvements in biomass, with increases of +17% at PR10, +55% at PR20, and
+42% at PR40.
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Figure 16. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST) —brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on shoot dry weight
(g) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase (14 January
2024). Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: ** and ***, significant at p ≤ 0.01, or p ≤ 0.001, respectively. Orthogonal polynomial contrasts
were employed to evaluate quadratic (qua) trend.

In both genotypes, root dry weight (Root DW) was significantly influenced by PR and
substrate type, with notable differences between ‘Victoria’ and ‘Amistad’ (Figure 17A,B).
In ‘Victoria’, root DW showed a concave trend in all substrates as PR levels increased
(Figure 17A). In ‘Amistad’, the response was substrate-dependent and varied significantly.
With BSG, root DW showed a consistently positive trend, increasing with higher PR
percentages and peaking at PR40. In contrast, root dry weight remained relatively stable
across PR levels for WF and CS, with only minor fluctuations in the latter.

Figure 17. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on root dry weight
(g) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative phase (14 January
2024). Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: * and ***,significant at p ≤ 0.05, or p ≤ 0.001, respectively. Orthogonal polynomial contrasts
were employed to evaluate quadratic (qua) trend.
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In ‘Victoria’ (Figure 17A), root dry weight was consistently reduced under all treat-
ments, with WF causing declines of −50% (PR10), −48% (PR20), and −61% (PR40). Sim-
ilarly, CS induced strong reductions (−60%, −58%, −59%), while BSG led to decreases
of −51% (PR10), −36% (PR20), and −67% (PR40), highlighting overall limitations in root
development regardless of substrate. On the other hand, ‘Amistad’ (Figure 17B) showed a
more resilient response: WF slightly decreased at PR10 (−2%) and PR20 (−7%) but slightly
increased at PR40 (+1%). CS promoted a moderate increase at PR10 (+13%), while PR20
(−2%) and PR40 (−6%) remained nearly unchanged or experienced slight reductions. BSG,
however, clearly enhanced root weight, with improvements at PR20 (+29%) and PR40
(+39%), despite a minor reduction at PR10 (−6%).

Regarding plant dry matter (Plant DM) content, the ST × PR interaction was not
significant in ’Victoria’ (Figure 18A,B). In ‘Amistad’, the WF substrate had a relatively
stable plant DM across all PR levels (Figure 18A). In contrast, the CS substrate initially
showed a clear linear decline at a 10% PR level. With BSG substrate as PR, plant DM
exhibited a linear response as PR levels increased (Figure 18B).

Figure 18. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on plant dry matter
content (g 100 g−1 FW) in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes at the end of the vegetative
phase (14 January 2024). Data points represent means ± standard error (n = 3). Statistical analysis
performed through ANOVA: ns, and ***, not significant or significant at p ≤ 0.001, respectively.
Orthogonal polynomial contrasts were employed to evaluate linear (lin) trend.

2.5. Leachate pH and EC

Tables 5 and 6 show the ANOVA results on the effect of Substrate type (ST) and PR on
leachate pH and EC values on 15 December 2023, in ’Victoria’ and ‘Amistad’ genotypes.

In the ‘Victoria’ genotype, highly significant effects were observed for both main
factors and their interactions, with significance levels (p ≤ 0.001) for the pH. Regarding
the EC parameter, only ST × PRqua was significant at p ≤ 0.05, while all the others were
significant at p ≤ 0.001 (Table 5).

Regarding the ‘Amistad’ genotype, Table 6 shows a highly significant main effect
of PR on both pH and EC, while ST significantly influenced pH but not EC. Polynomial
contrasts were employed, indicating strong linear and quadratic trends for both response
variables. Interaction effects between ST and PR, including their respective linear and
quadratic components, were not statistically significant, suggesting that the influence of
peat replacement was consistent across substrate types.
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Table 5. ANOVA results showing the effect of Substrate type (ST) and peat replacement (PR)
on leachate pH and EC (electrical conductivity) values in ‘Victoria’ genotype. (Data collected on
15 December 2023). Orthogonal polynomial contrasts were employed to evaluate linear (lin) and
quadratic (qua) trends.

‘Victoria’ pH EC (dS m−1)

Substrate type (ST) *** a ***

Peat replacement (PR) *** ***

PRlin *** ***

PRqua *** ***

ST × PR *** ***

ST × PRlin *** ***

ST × PRqua *** *
a * and ***, significant at p ≤ 0.05, or p ≤ 0.001, respectively.

Table 6. ANOVA results showing the effect of Substrate type (ST) and peat replacement (PR) on
leachate pH and EC (electrical conductivity) values in ‘Amistad’ genotype. (Data collected on
15 December 2023). Orthogonal polynomial contrasts were employed to evaluate linear (lin) and
quadratic (qua) trends.

‘Amistad’ pH EC (dS m−1)

Substrate type (ST) *** a ns

Peat replacement (PR) *** **

PRlin *** **

PRqua *** **

ST × PR ns ns

ST × PRlin ns ns

ST × PRqua ns ns
a ns, **, and ***, not significant or significant at p ≤ 0.01 or p ≤ 0.001, respectively.

In the ‘Victoria’ genotype (Figure 19A), increasing the PR level with the three organic
by-products generally increased the leachate pH. The response was non-linear for all
substrates, with trends suggesting an approach to an asymptotic maximum. The highest
pH value was observed with BSG at PR40. For WF, the pH increased sharply to a maximum
at PR25-30 and then appeared to plateau. For CS, the pH increased steadily, reaching its
highest value at PR35-40. Similarly, in the ‘Amistad’ genotype (Figure 19B), increasing
PR doses raised the leachate pH, with distinct patterns for each substrate. When WF was
used, the pH increased in a strong linear pattern with increasing PR percentage. In contrast,
the responses for CS and BSG were non-linear and best described by curves. The pH in
the CS treatment rose steadily to a maximum at PR40, while the pH in the BSG treatment
increased rapidly, peaking at PR30-35 before showing signs of plateauing.

In the ‘Victoria’ genotype, the leachate EC value was influenced by ST, and the response
was much more varied (Figure 20A). When BSG partially replaced peat, the EC of the
leachate showed a asymptotic maximum trend. In contrast, the EC values showed a
quadratic response when WF and CS were used as substrate. The quadratic trend was
convex in CS, peaking at around 20%, and slightly concave in WF. In the ‘Amistad’ genotype,
in general, PR increased the EC values of the leachate: in CS as PR, it increased steadily with
higher PR percentages until reaching its maximum at CS40. When WF and BSG replaced
peat, the response was quadratic with a convex trend for both, peaking at PR25 in both WF
and BSG treatments (Figure 20B).
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Figure 19. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic ma-
trices (ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on leachate
pH values in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes. (Data collected on 15 December 2023).
Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: ***, significant at p ≤ 0.001. Orthogonal polynomial contrasts were employed to evaluate
quadratic (qua) trend.

Figure 20. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic matrices
(ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on leachate EC values
in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes. (Data collected on 15 December 2023). Data points
represent means ± standard error (n = 3). Statistical analysis performed through ANOVA: * and **,
significant at p ≤ 0.05 or p ≤ 0.01, respectively. Orthogonal polynomial contrasts were employed to
evaluate quadratic (qua) trend.

2.6. Principal Component Analysis (PCA) in Growth Parameters

Principal component analysis (PCA) provided an overview of the bio-morphological
traits of ‘Victoria’ (Figure 21A,B) and ‘Amistad’ (Figure 22A,B) sage genotypes.
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Figure 21. Principal component analysis (PCA) biplot of the PC1 vs. PC2 (A) and PC1 vs. PC3 (B)
principal components, illustrating the relationships between growth parameters and peat replace-
ment treatments in the ‘Victoria’ genotype. The analysis includes shoot dry weight (Shoot DW), root
dry weight (Root DW), leaf area per plant, leaf number per plant, plant height, and chlorophyll con-
centration (ChlC). Substrate treatments are denoted as follows: Peat (0% replacement, control), wood
fiber (WF10, WF20, WF40 for 10, 20, and 40% peat replacement, respectively), coffee silverskin (CS10,
CS20, CS40 peat replacement), and brewer’s spent grain (BSG10, BSG20, BSG40 peat replacement).

Figure 22. Principal component analysis (PCA) biplot of the PC1 vs. PC2 (A) and PC1 vs. PC3 (B)
principal components, illustrating the relationships between growth parameters and peat replacement
treatments in the ‘Amistad’ genotype. The analysis includes shoot dry weight (Shoot DW), root
dry weight (Root DW), leaf area per plant, leaf number per plant, plant height, and chlorophyll
concentration (ChlC). Substrate treatments are denoted as follows: Peat (0% replacement, control),
wood fiber (WF10, WF20, WF40 for 10, 20, and 40% replacement, respectively), coffee silverskin
(CS10, CS20, CS40), and brewer’s spent grain (BSG10, BSG20, BSG40).

The PCA performed on the normalized ‘Victoria’ data revealed three principal compo-
nents (PCs) with eigenvalues >1 that explained approximately 97.6% of the total variance
in the dataset, attributing 81.8% to PC1 and PC2. In the depiction of components 1 and
2 (Figure 21A), most variables were positively correlated with PC1, specifically leaf number
(r = 0.51), leaf area (r = 0.47), chlorophyll concentration (r = 0.50), and shoot dry weight
(r = 0.50). Root dry weight (Root DW) and plant height were negatively correlated with
PC1. PC2 positively correlated with shoot dry weight (Shoot DW) and particularly root
DW (0.75). A negative correlation with PC2 was detected mainly for plant height (−0.60).
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The PC3 (Figure 21B) showed a positive correlation mainly with plant height (0.66) and a
negative correlation with leaf area per plant (−0.44).

The PCA performed on the normalized ‘Amistad’ data revealed three PCs with eigen-
values >1 that explained approximately 75.3% of the total variance in the dataset, attributing
69.1% to PC1 and PC2. In the depiction of components 1 and 2 (Figure 22A), leaf area per
plant (0.52), ChlC (0.47), shoot DW (0.56) and root DW (0.43) were positively correlated
with PC1. PC2 showed positive correlations with plant height (r = 0.64) and leaf number
per plant (r = 0.59). The PC3 (Figure 22B) showed a positive correlation mainly with leaf
number (0.61) and leaf area (0.43), while exhibiting a negative correlation with leaf ChlC
(−0.53) and plant height (−0.39).

The analysis of the PC1-derived Growth Index (GI) scores revealed for ‘Victoria’,
significant differences between treatments. The BSG20 treatment yielded the highest mean
GI score, significantly outperforming the peat control (0PR) and all other amendments.
Treatments such as CS10 and BSG10 showed moderate GI scores; in contrast, high replace-
ment rates (WF40, CS40, BSG40), 0PR and WF resulted in the lowest GI scores (Figure 23A).
For ‘Amistad’, the analysis of the GI scores revealed that the CS20 and BSG20 treatments
yielded the highest overall growth, with GI scores significantly greater than those of the
0PR. CS10 and BSG40 also showed strong performance, with high GI scores. WF10 had GI
scores similar to PR0, whereas the GI of WF20 and WF40 were slightly higher (Figure 23B).

Figure 23. Effect of peat replacement level (PR, 0–40% v/v) with three alternative organic ma-
trices (ST)—brewer’s spent grain (BSG), coffee silverskin (CS), or wood fiber (WF)—on growth
index in ‘Victoria’ (A) and ‘Amistad’ (B) genotypes. (Data collected on 15 December 2023).
Data points represent means ± standard error (n = 3). Statistical analysis performed through
ANOVA: ***, significant at p ≤ 0.001, respectively. Orthogonal polynomial contrasts were employed
to evaluate quadratic (qua) trends.

3. Discussion

3.1. Physical and Hydrological Characterization

The hydraulic properties of growing media provide precise information about their
ability to provide good plant growth conditions [61,62].
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3.1.1. Wood Fiber as Peat Replacement

Wood’s by-products, in the form of processed wood fractions, have been tested and
applied, for some time now, as promising growing media ingredients and their market has
been expanded worldwide [63] due to renewability [7], reduced carbon footprint compared
to peat or other materials [64]. Furthermore, it also has a low production cost [65], especially
for conifer by-products, which show a lower phytotoxic molecule content compared to
hardwood species [66]. In our results, water volume (WV) at –1 kPa, reflecting the moisture
retained against minimal suction and hence indicative of easily plant-available water,
exhibited a quadratic response to increasing wood fiber (WF) rates (Figure 1). This pattern
is consistent with quicker drainage and higher air content (AC) [67–70] compared to peat.
This behavior would appear to result from the coarser and more heterogeneous particle size
distribution of WF, which accelerates drainage and reduces water retention at low tension
levels [71,72]. Complementary research [54] regarding a 60:40 peat: WF blend revealed
that WF exhibits hydrophilic behavior across a range of moisture contents, maintaining
contact angles below 90◦, unlike peat, improving rewetting dynamics under dry conditions.
Substrate moisture (SM), measured at –1 kPa, declined linearly with increasing WF content
(Figure 2). This contrasts with peat, which possesses superior water-holding capacity due
to its high surface area and microporous structure [13]. The reduced moisture in WF-based
media reflects its lower capacity for capillary water retention and is consistent with findings
by Gruda [7], who noted a faster drying rate in WF-amended substrates. Both easily
available water (Figure 3) and available water (Figure 4) demonstrated a linear decline with
increasing levels of wood fiber. While peat typically holds large volumes of water in the
range of −1 to −10 kPa—considered optimal for plant uptake—WF was less effective in
maintaining this fraction, resulting in a lower easily available water value. Fields et al. [73]
found that blends containing pine wood chips or shredded pine wood exhibited steeper
moisture retention curves, indicating a sharper decline in volumetric water content (WVC)
as suction increased. Pure wood substrates displayed higher drainage rates and reduced
retention in the −1 to −30 kPa range. These findings reinforce that wood components
have lower water-holding capacity (WHC) and faster drying tendencies than peat blends.
Durand et al. [74] and Atzori et al. [23] explain this behavior: WF substitution often leads
to reduced water availability due to diminished micropore volume and lower capillary
retention. According to Michiels et al. [75], an ideal substrate has less easily available
water of <40 vol.%. The values of all WF-based substrates for nursery production were
within the range of an ideal substrate, suggesting that they can be effectively integrated
without severely compromising substrate functionality. Unlike other peat substitutes, such
as coffee silverskin (CS) or brewer’s spent grain (BSG), WF did not significantly affect
buffering capacity (BC) (Figure 5). The inherent lignocellulosic structure and minimal
nutrient content of WF may contribute to its low interaction with substrate pH and nutrient
fluxes, corroborating Zaccheo et al. [24]. A linear increase in dry bulk density (BD, Figure 6),
accompanied by a corresponding linear decrease in total porosity, a key determinant of
air–water balance in container media (Figure 7), was observed with increasing levels of WF
replacement. While peat possesses a naturally spongy and lightweight structure [76], WF—
although also lightweight—contains more rigid particles that may compact under load,
thereby reducing pore volume [5]. Despite these changes, dry BD values remained within
the acceptable horticultural range (<0.4 g·cm−3), indicating no significant risk of substrate
compaction. The water retention profiles (Figure 8A) further illustrated that increasing WF
content led to a steeper decline in volumetric water content (WVC) at increasing tensions.
While the control 0PR maintained higher WVC across all tensions, the WF-based substrate
(especially at 40% of peat replacement) exhibited more rapid water loss between −1 and
−5 kPa tension. This underscores the limited capillary continuity and weaker water-
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holding ability of WF, consistent with findings from Gruda and Schnitzler [68], Wallach [2]
and Muhammed et al. [36]. Eveleens et al. [77], too, when they added 40 and 50% v/v
WF to peat, showed that these substrates reduce WVC by 16% v/v and increase AC by
the same amount in the range of −6 to −100 cm pressure head. Our results regarding the
water retention curves (Figure 8A) reflect the lower capillary water retention capacity in
substrates with a higher WF replacement level. WF’s coarse texture and lower micropore
volume limit its ability to retain water against even modest tension, consistent with prior
findings [54,73,77]. The smaller differential at high tension suggests that WF substitution
primarily affects water availability within the plant-easily available range (–1 to –5 kPa),
while the residual water at high tension remains similar across media types. Our findings
are in line with previous studies showing that high proportions of WF (>30%) significantly
reduce easily available water (EAW) and total available water (TAW) due to increased
macroporosity and limited fine-pore storage [7,70]. Notably, Michel et al. [54] reported that
while WF improved rewetting dynamics, it did so at the cost of moisture retention in the
root-active zone. Regarding chemical characteristics, pH and electrical conductivity (EC)
are two important factors affecting the growing medium due to the direct effect on nutrient
availability and status in the growing medium [78]. In our research, the pH value in the
WF-based substrate was n.s. (Figure 12); this agrees with Woznicki et al. [79], who report
that substrates with over 50% (v/v) WF showed a rapid pH increase.

3.1.2. Coffee Silverskin as Peat Replacement

In our study, the proportional peat replacement (PR) with CS underscores a potential
decline in capillary WHC due to the inclusion of CS. References reported that CS has a
high content of recalcitrant lignocellulosic compounds that contribute to bulk and physical
structure in substrates [80,81]. Other authors [82,83] have linked the WHC of CS alone to
the soluble fiber content. The physical behavior of substrates incorporating CS is strongly
influenced by its unique particle morphology. As reported by Miler et al. [26], the flat
and delicate flake-like structure of CS, in contrast to more fibrous peat or WF, contributes
to increased compaction within the substrate matrix. This morphological trait hinders
the optimization of the water–air balance, a key determinant of substrate performance.
Although CS exhibits low BD, its limited structural resilience may reduce pore continuity
and restrict gaseous exchange in the root zone. This is consistent with previous findings
that link excessive substrate compaction and insufficient macroporosity to reduced oxygen
availability and impaired root respiration [76,84]. Similar trends have been observed with
other finely textured or plate-like organic materials, which often exhibit poor structural
stability under cultivation conditions [85,86]. Consequently, substrates with high CS content
may limit root zone aeration, potentially compromising plant growth and quality.

3.1.3. Brewer’s Spent Grain as Peat Replacement

To date, no studies have comprehensively characterized the physical-hydrological
properties of growing media formulated with BSG, highlighting a significant gap in the
current literature. In contrast, existing research on raw material itself provides some
foundational insights. For instance, Naibaho et al. [87] reported bulk density values for
BSG ranging between 0.129 and 0.159 g cm−3, while Castro and Colpini [88] documented
a consistently high moisture content, typically between 78% and 84%. This substantial
water content is primarily attributed to the structural and compositional characteristics of
BSG. The fibrous matrix is notably rich in cellulose, hemicellulose, and lignin—components
that enhance water retention through both hydrogen bonding and capillary entrapment
mechanisms. Among these, hemicellulose is particularly hydrophilic, enabling substantial
water adsorption within the porous network of the BSG [89]. Furthermore, the mashing
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process in brewing, which partially disrupts plant cell walls, increases the porosity and
specific surface area of the biomass, thereby improving its WHC [90]. In addition to
structural polysaccharides, residual proteins and gelatinized starch fractions present in
BSG may contribute to moisture stabilization by forming hydrated matrices that interact
with water molecules [91].

3.2. Chemical Characteristics of Growing Media

The chemical stability and ionic activity of growing media are pivotal factors influ-
encing plant performance in containerized horticultural systems. Among the key physico-
chemical parameters, pH and EC serve as critical indicators of substrate suitability, directly
affecting nutrient solubility, microbial dynamics, and root development. Across all tested
PR levels (10–40%), no statistically significant variation in pH was observed for WF, CS,
or BSG treatments (Figure 9). This pH stability underscores the dominant BC of peat,
which remains effective even when partially substituted with organic residues [92]. The
lignocellulosic nature of WF and CS contributes to their low acid dissociation potential,
thereby exerting minimal influence on substrate pH. Although BSG is rich in proteins and
amino acids, its limited mineralization before cultivation is likely to delay any acidifying
effects, further supporting pH consistency across treatments. In contrast, EC exhibited
substrate-specific and dose-dependent variability (Figure 10), reflecting differences in solu-
ble salt concentrations and rates of organic matter decomposition. Notably, BSG treatments
demonstrated a strong linear increase in EC with rising replacement levels, reaching the
highest values at 40%. This trend is attributed to the elevated concentrations of organic
nitrogen, phosphorus, and potassium in BSG, which undergo rapid mineralization and
contribute to increased ionic activity in the substrate [93].

3.3. Principal Component Analysis (PCA) in Growth Parameters

The principal component analysis (PCA) for ‘Victoria’ sage highlighted that the first
two PCA components (Figure 21A) enable the distinction between mixtures with PR10
of both BSG and CS, and those with PR20 of BSG. The latter, located in the first quadrant
(upper right), clustered according to shoot DW. While for BSG10 and CS10 mixtures (lower-
right quadrant) clustering was driven by leaves leaf number and area, and chlorophyll
concentration (ChlC). The PC3 also supported the best performance of BSG20, primarily in
terms of leaf area (Figure 21B). These findings could be related to the nutrient availability
of BSG, which is rich in organic matter, proteins, nitrogen, phosphorus, and micronutrients.
At PR20, BSG may provide an optimal nutrient balance that enhances shoot development
without causing substrate compaction or nutrient imbalance. Furthermore, moderate
inclusion of BSG can improve aeration (Figure 7), enhance water retention, and increase
water availability (Figure 8), thereby supporting shoot expansion and leaf development
compared to 0PR. The ‘Victoria’ genotype may be particularly responsive to the nutrient
profile or physical properties of BSG at this concentration, suggesting their successful use
in the cultivation. Located on the left upper side of the PC1 component, WF20 and mainly
peat displayed a high correlation with root DW, while other mixtures (left lower side)
mainly improved the plant height. Furthermore, PC3 separated peat (0PR), CS20 and WF10
clustering for root DW and plant height (Figure 21B). WF20 could create a more oxygen-rich
rhizosphere, encouraging root elongation and biomass accumulation; on the other hand,
BSG may release nutrients more rapidly, favouring shoot elongation and vertical growth
rather than root expansion. Peat-based substrates consistently yield higher or comparable
root DWs and overall plant growth, especially when compared to high-percentage WF
or alternative organic amendments [94–96]. In general, our results show that in ‘Victoria’,
0PR clustered distinctly, reflecting optimal growth conditions. When included at moderate
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levels (10–20 PR), WF maintains structural stability and high macroporosity, supporting
strong root aeration and growth [68], alignment with WF10-20 closeness to control in PCA.
At higher proportions (WF40 as PR), excessive porosity may reduce water retention and
nutrient availability, echoing the PCA displacement toward less favourable axes [85,86].
The flake-like, delicate morphology of CS leads to high compaction and a poor air-filled
pore space, despite its low Bulk Density—consistent with PCA clusters for CS20 and CS40,
which are located far from the growth vectors [26,80]. High recalcitrant lignocellulose
content may immobilize nitrogen and slow decomposition, further contributing to poor
plant performance at higher inclusion rates [97]. With moderate hydrophilic fiber content,
BSG10-20 PR occupies intermediate positions in PCA space, offering improved moisture
retention without severe structural issues [89,90]. However, high BSG PR (BSG40) may
lead to compaction, rapid microbial decay, and salinity buildup—explaining its divergence
in PCA from positive growth traits [98].

The Growth Index (GI) (Figure 23), which represents a PC1-derived index, provided a
powerful, unified metric to rank substrate efficacy. It indicates that a 20% replacement of
peat with BSG provided the optimal conditions for holistic plant development in ‘Victoria’
(Figure 23A). The biplot (Figure 21A) illustrates how this treatment is positioned farthest
along the positive direction of the PC1 axis.

Moderate GI scores of CS10 and BSG10 were due to clustering in the biplot based
on strong performance in specific traits like leaf area and chlorophyll, but not all traits
simultaneously. The peat control (0PR), the WF, and high replacement rates, with the
lowest GI scores, clustered on the negative side of PC1, aligning with their observed poor
performance and displacement from positive growth vectors in the biplot. In general, in
‘Victoria’, the lowest GI for WF substrate across nearly all peat replacement levels indicated
that it was the most detrimental alternative for this cultivar.

The first two PCA components (Figure 22A) for ‘Amistad’ genotype allow for the
distinction of mixtures PR at 10–20 CS, and 20–40 BSG. The BSG20 and BSG40, located in the
first quadrant (upper right), clustered according to root DW and ChlC. The findings related
to BSG substrates could be related to nitrogen availability, thus richness in organic nitrogen
and amino acids, which can stimulate root development, chlorophyll biosynthesis [99] and
photosynthetic capacity [93]. In contrast, for CS10 and CS20 PR (lower-right quadrant),
clustering was driven by leaf area and shoot DW. This finding could be related to a rapid
nutrient release: Melo et al. [100] confirmed that a high caffeine and polyphenolic content
can act as biostimulants, promoting shoot elongation and leaf expansion. Furthermore, at
low PR levels, CS improves substrate structure without compromising water retention, sup-
porting vigorous shoot development. Located on the left upper side of Component 1, WF10
showed a high correlation with plant height (0.64) and plant leaf number. Furthermore,
PC3 separated WF20 for leaf number and WF40 for plant height. WF40 and CS40, located
distantly from the 0PR, showed reduced association with both shoot and root biomass,
indicating potential limitations in substrate structure or nutrient availability at higher PR.
In ‘Amistad’, the best substrates appear to be CS10 and CS20 because they increase shoot
weight and plant leaf area, although BSG20 and BSG40 appear to improve root growth and
leaf color. Wood fiber at all three concentrations appears to improve some aspects of the
above-ground plant, such as height and plant leaf number. In any case, the mixtures seem
to perform better than 0PR.

Analysis of GI scores showed a markedly different response from ‘Victoria’. Multiple
amendment treatments outperformed the peat control. The CS20 and BSG20 treatments
produced the highest overall growth (Figure 23B). CS10 and BSG40 also showed strong
performance, with high GI scores, demonstrating ‘Amistad’s’ greater responsiveness and
adaptability to peat replacement. This is visually supported by their position in the positive
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PC1 space of the biplot (Figure 22A). The 10PR treatment with wood fiber generated GI
scores comparable to those of the peat control. However, GI for WF20 and WF40 was
slightly better than PR0, consistent with their central positioning in the biplot.

In general, the GI-based approach confirms that moderate inclusion of brewer’s
spent grain (BSG20) is a highly effective peat replacement for both genotypes, while
coffee silverskin (CS) is particularly effective for the ‘Amistad’ genotype. This analysis
underscores that optimal substrate formulation is not only dependent on the amendment
type and rate but also critically on the plant genotype.

4. Materials and Methods

A greenhouse pot experiment was conducted to evaluate the physical characteristics
and agronomic performance of alternative substrates, utilizing organic by-products as a
partial replacement for peat. Two sage cultivars, characterized by different growth habits,
were used as plant test subjects.

4.1. Substrate Treatments

Ten substrates were used as treatment. Each substrate included 15% of the total
volume of an inorganic fraction and an organic fraction (85% of the total volume). The ten
substrates were created by partially replacing peat in the organic fraction with alternative
organic matrices. These matrices, selected from by-products of the agricultural industry,
included wood fiber (WF), coffee silverskin (CS), and brewer’s spent grain (BSG). Each
matrix was used at four levels of peat replacement (0, 10, 20, and 40% v/v of the organic
fraction), resulting in the treatments summarized in Table 7.

Table 7. Substrate treatments used in the trial. The mixtures were formulated using peat as the
primary organic component, with increasing levels of peat replacement (ranging from 0% to 40%) by
alternative organic matrices: wood fiber (WF), coffee silverskin (CS), and brewer’s spent grain (BSG).

Substrate
Treatment Code

Peat Peat Replacement Matrices Used as
Peat Replacement(% v/v of the Organic Fraction of the Substrate)

0PR 100 0 None

WF10 90 10

Wood fiberWF20 80 20

WF40 60 40

CS10 90 10

Coffee silverskinCS20 80 20

CS40 60 40

BSG10 90 10

Brewer’s spent grainBSG20 80 20

BSG40 60 40

The sources of the organic matrices were: (i) peat (P, Plantaflor®, Vechta, Germany);
(ii) WF (Sunfiber®, Nuova Flesan S.r.l., Milano, Italy), (iii) CS (Brunocaffè roasting company,
Bari, Italy) and (iv) BSG (Peroni brewery, Bari, Italy). WF derived mainly from conifers,
such as pine and fir, by mechanical defibrillation of virgin wood chips; CS from a blend of
Coffea arabica L. (20%) and C. robusta Pierre ex A. Froehner (syn. C. canephora 80%), BSG was
obtained from the production of a lager beer brewed with barley malt (70%) and maize
(30%) and does not contain spent yeast.

Regarding some physical characteristics, such as particle size or fraction, in WF, there
was a blend of 3 (10–16 mm), 25 (4–10 mm), 25 (2–4 mm), 9 (1–2 mm), and 38% (<1 mm).
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Regarding the average particle size, as diameter, in CS it was 1.5–2.0 mm and in BSG
it was 3.5 mm. Sdao et al. [98] analyzed the four organic matrices and provided values
for EC, TNK and P content in experiments involving bedding plant species in a potted
greenhouse cultivation.

4.2. Experimental Setup

The on-field cultivation experiment was carried out from 16 September 2023 to
12 February 2024 (150 days) in an unheated and naturally lit greenhouse, covered with ethyl
vinyl acetate (EVA) plastic film, located in a commercial ornamental nursery (Monopoli,
Bari, Italy, 40◦54′19.1′′ N, 17◦18′21.4′′ E; 66 m a.s.l.). The site has a typical Mediterranean
climate (climate type “Csa” of the Köppen Classification) and it is characterized by hot,
dry summers and cool, wet winters. During the experimental period, the Monopoli cli-
matic station reported average monthly temperatures ranging from 25 to 26 ◦C (max) and
18–20 ◦C (min) in September, declining to 12–13 ◦C (max) and 7–8 ◦C (min) by February.

Two sage cultivars (‘Victoria’ and ‘Amistad’) were grown in 1.2 L recycled plastic
pots filled with the substrates described above. Both cultivars represent high-market value
ornamental crops and were also selected for their widespread ornamental application
and proven adaptability to Mediterranean climatic conditions. Those two genotypes were
chosen for their contrasting growth habits, with ‘Victoria’ exhibiting more compact shoot
and root development and ‘Amistad’ showing a more vigorous and expansive growth,
long stems with numerous leaves. Table S1 shows the primary botanical and ornamental
characteristics, as well as the agronomic needs for the utilization of green spaces, of the
two genotypes.

Forty-day-old young transplants (approx. 4.0 cm height), grown in small plastic pots
(4 cm × 4 cm × 4 cm) filled with Sphagnum peat and obtained from rooted stem soft cutting,
were used as plant starting material.

One plant per pot was transplanted on 16 September 2023, using 480 sage plants per
genotype. Sixteen pots were used per experimental unit. Plants were spaced 30 cm × 30 cm
apart and were arranged on growing benches in a randomized block design with three
replications per treatment. Irrigation was supplied through one pressure-compensated
dripper per pot, delivering 2 L h−1. Raw water from the experimental farm (electri-
cal conductivity = 0.45–0.65 dS m−1; pH= 6.3–6.5) was used. Irrigation frequency and
duration were controlled by a timer and adjusted throughout the growing period ac-
cording to prevailing weather conditions, to replenish moisture losses in the substrates,
bringing the pots up to a certain weight. Peat was pre-enriched with 4.5 kg m−3 cal-
cium carbonate. For mineral nutrition, each pot received a controlled-release fertilizer
(N:P:K = 16:8:12 + 2MgO + micronutrients, 6-month release) at a rate of 3 g L−1, following
the manufacturer’s recommendations (Compo Expert, Italy).

4.3. Physical and Hydrological Substrates Characterization

Before transplanting, the substrates were characterized for their main physical prop-
erties. These included WV = Water Volume at −1 kPa; AC = Air Content at −1 kPa;
SM = Substrate Moisture at −1 kPa; EAW = Easily Available Water; BC = Water Buffering
Capacity; TAW = Total Available Water; TPS = Total Porosity Space; BD = Dry Bulk Density.
These parameters were determined by constructing water retention curves using a tension
table according to the method described by De Boodt et al. [84], and further applied by
Abad et al. [86] and Noguera et al. [37] for the physical evaluation of organic soilless
substrates. All analyses were conducted in triplicate under controlled laboratory conditions
using stainless cylinders and porous plates.

31



Plants 2025, 14, 2801

4.4. Chemical Substrates Characterization

In this study, pH and electrical conductivity (EC) determinations of the peat control
(0PR) substrate and each mixture obtained by WF, CS and BSG as partial peat replace-
ment (PR) were determined before substrate fertilization. Three replications were used
to determine the EC [101] and pH [102] of the growing media, which were analyzed in a
water extract (substrate sample: distilled water, 1:5 v/v). Values of pH and EC were mea-
sured using a portable XS PC 7 VIO Professional multi-parameter meter (XS Instruments,
Carpi, Italy).

4.5. Chemical Leachate Substrate Fraction Characterization

The pH and EC of the leached substrate fraction were monitored. The leachate was
collected from the pots using the pour-through method [103] one hour after irrigation. A
volume of 100 mL of distilled water was poured onto the surface of each pot by hand,
and the extract was allowed to drain for 10 min in saucers placed under each container
until 50 mL of leachate was obtained. The pH and EC values were measured using a
portable multiparameter meter XS PC 7 VIO Professional (XS Instruments, Carpi, Italy)
with three replications.

4.6. Plant Growth and Biomass Measurements

At the end of the experiment, once the vegetative phase was over, five pots were
randomly selected and collected for each replication and each treatment to determine plant
growth parameters via non-destructive and destructive sampling. Plant height (cm) and
total leaf number (no.) were determined at first. The height of the plant was determined by
direct dimensional measurement using a ruler graduated in cm, from the surface substrate
level to the apex of the sages. Leaf area per plant (cm2) was measured using a Li-Cor
area meter (LI-3000, Licor, Lincoln, Nebraska, USA). Chlorophyll concentration (ChlC)
was measured using a Chlorophyll Content Meter (Apogee, North Logan, UT, USA) on
five selected plants, with three measurements taken per leaf, on six fully intermediate
and expanded, mature leaves. Roots were meticulously washed under running tap water,
using a sieve to recover any detached fragments. Plant fresh weight (roots and shoots) was
recorded using a three-decimal analytical balance and subsequently oven-dried at 80 ◦C for
48 h in a ventilated oven until constant weight was achieved. Root and shoot dry weights
(g) were recorded too. Finally, plant dry matter content (Plant DM) (g 100 g−1 fresh weight),
was calculated by measuring the fresh weight of individual plant parts (shoots and roots)
at the onset of destructive sampling, alongside their corresponding dry weights, using the
following formula:

Dry Matter Content (%) = [Dry Weight (g)/Fresh Weight (g)] × 100

4.7. Statistical Analysis

All data were analyzed using ANOVA through the GLM Procedure in SAS software
(Version 9.0) [104]. Mean values are presented in graphs together with their correspond-
ing standard errors (SE). Orthogonal polynomial contrasts were employed to evaluate
linear, quadratic, and cubic trends in response to peat replacement and its interaction with
substrate type (ST × PR). Due to the unequal spacing of PR levels (0, 10, 20, and 40%),
the trends were analyzed using the following contrast coefficients: linear (−7, −3, 1, 9),
quadratic (7, −4, −8, 5), and cubic (3, −8, 6, −1), calculated using the NumPy library
in Python (version 3.12.0). Based on theoretical relevance, only biologically meaningful
contrasts (e.g., linear or quadratic trends) were reported, even when higher-order trends
(e.g., cubic) were statistically significant.
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The physicochemical properties of the final substrate mixtures, measured before sage’s
transplant, were analyzed separately for each organic matrix type used (WF, CS, or BSG) as
PR. A one-way ANOVA was performed with PR level (0, 10, 20, and 40%) as the treatment
(three replicates per treatment). The control (0PR) was consistent across all matrices.

Plant growth parameters were evaluated separately for the two genotypes (‘Victoria’
and ‘Amistad’) using a two-way randomized block design, with substrate type (ST) and PR
level as factors (three replications per treatment). The control treatment (0PR) was shared
across all substrate types.

Plant growth responses were further subjected to Principal Component Analysis (PCA)
using PAST 4.03 software (http://folk.uio.no/ohammer/past accessed on 9 July 2025) [105].
Before PCA, all variables were standardized using the formula [(x − mean)/standard
deviation] to ensure comparability across measurements. To synthesize the multivariate
growth data into a single, biologically meaningful metric, a Growth Index was calculated
for each experimental replicate. This index was constructed based on the first principal
component (PC1). To ensure the index represented a conserved axis of growth across both
cultivars, we included only traits that demonstrated positive loadings on PC1 in both:
namely, leaf area, chlorophyll concentration, and shoot dry weight. The final index was
computed as the weighted sum of the standardized values (z-scores) for these three traits,
with each trait’s contribution weighted by the magnitude of its PC1 loading. The Growth
Index data were further subjected to ANOVA.

5. Conclusions

The results on the vegetative growth of ornamental sages have highlighted that
differential PR rates are required depending on the specific organic by-product and plant
genotype. In ‘Victoria’, GI indicates that a 20% replacement of peat with BSG provided the
optimal conditions for holistic plant development; the lowest GI for WF substrate across
nearly all peat replacement levels indicated that it was the most detrimental alternative for
this cultivar. In ‘Amistad’, the analysis of the GI scores revealed that the CS20 and BSG20
of peat replacement yielded the highest overall growth, with GI scores significantly greater
than those of the peat control. CS10 and BSG40 also showed high GI scores. WF10 had GI
scores similar to those of the peat control.

In general, the GI-based approach confirms that moderate inclusion of brewer’s spent
grain (BSG20) is a highly effective peat replacement for both genotypes. At the same time,
CS and BSG were particularly effective for the ‘Amistad’ genotype, which was more flexible
in adapting to cultivation using the new proposed by-products than the ‘Victoria’ genotype.
This analysis underscores that optimal substrate formulation is not only dependent on the
amendment type and rate but also critically on the plant genotype. Future research should
prioritize analyzing the influence of the chemical characteristics of these by-products on
the mineral content of sage genotypes and evaluate sustainability also from the point of
view of eco-efficiency and profitability.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants14172801/s1, Table S1: Botanical and ornamental characteristics in
cv. Victoria and Amistad®.
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Abstract

Enhancing the sustainability of growing media is an important objective in soilless veg-
etable cultivation. Here, we evaluated the potential of pine bark to replace perlite in
coir-based substrates for lettuce (Lactuca sativa L. cv. ‘Godzilla’) cultivation. The experi-
ment followed a factorial design with two coir-based substrate blends—one amended with
perlite and the other with pine bark—and two nutrient solution EC levels (1.5 ± 0.2 and 2.5
± 0.2 dS m−1). The plants were cultivated in Styrofoam containers containing a substrate
mix of 80% coir, 12% compost, and 8% perlite or pine bark (v/v). Replacing perlite with
pine bark did not affect leaf macronutrient concentrations but increased leaf Fe and B levels.
Increasing the EC of the nutrient solution increased leaf N, P, and K, with a significant rise
in nitrogen. The substitution of perlite with pine bark in coir-based substrates did not affect
leaf dry weight, head fresh weight, or chlorophyll content, total phenols, ascorbic acid,
or proline, even under different salinity levels. The findings indicate the pine bark is an
alternative to perlite, supporting comparable agronomic and quality outcomes in lettuce.
Further research is recommended to confirm these results in crops with longer growing
cycles.

Keywords: Lactuca sativa L.; soilless cultivation; eco-friendly substrate; salinity; total
phenols; ascorbate

1. Introduction

Sustainable production practices are increasingly crucial in soilless culture, particularly
regarding the choice of substrate components [1–3]. Utilizing renewable, locally obtained
resources can reduce both environmental harm and manufacturing expenses while pro-
moting circular approaches within horticulture [4]. Consequently, carefully selecting and
preparing substrates is crucial for achieving success in soilless cultivation, particularly in
high-value crop sectors [5].

Perlite, a commonly used substrate component, is both energy-intensive to produce
and relatively expensive [6]. Perlite is mined (mainly in countries such as the United States,
Greece, and Turkey), thermally expanded, and shipped over long distances, resulting in
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considerable carbon emissions. The energy costs to produce and transport raise concerns
about its environmental and economic sustainability. According to [7], milling alone
requires approximately 6.70 kWh of electricity per metric ton, excluding the energy used
in mining and transportation. Furthermore, spent perlite is difficult to recycle due to
contamination with organic residues [8]. Pine bark can be an alternative, making it a
more economical choice compared to the relatively expensive substrate, perlite [9]. It is a
renewable byproduct of the forestry industry, widely available in countries like Portugal. A
life cycle assessment made by Vinci and Mattia [10] has shown that bark-based substrates
tend to have significantly lower environmental impacts than perlite. Overall, both materials
are used to improve substrate aeration and drainage, but their physical and chemical
properties differ significantly. Perlite is an inert, stable material with a pH typically ranging
from 7.0 to 7.5. It does not provide mineral nutrients or buffering capacity, but it exhibits
high capillarity [11]. Although its water-holding capacity depends on particle size, it is
generally lower than that of most organic materials [12,13]. Pine bark, on the other hand,
has a low cation exchange capacity [14], although it varies with particle size [15], and
typically has a low pH. Pine bark has a negative charge due to the ionization of functional
groups like carboxylic and phenolic [16]. Additionally, pine bark can degrade over time,
leading to nitrogen immobilization [17,18]. When not composted or well-aged, it may
contain phytotoxins [19]. These differences, alongside the characteristics of the nutrient
solution, can affect water availability, pH, and electrical conductivity (EC), all of which are
essential for nutrient uptake and plant performance [20].

Salinity in the root zone may reduce growth and enhance quality. Although generally
applicable to leafy vegetables, exceptions such as lettuce and wild rocket may exhibit
variations in consistency, which can potentially compromise certain quality traits [21]. In
lettuce, eustress due to increased salinity in nutrient solution enhanced the accumulation of
phenolic compounds and other secondary metabolites [22,23]. The objective of this study
was to assess the agronomic and physiological responses of lettuce grown in coir-based
substrates amended with either perlite or pine bark, under two nutrient solution salinity
levels. Specifically, this study was to assess whether pine bark could serve as an alter-
native to perlite while maintaining nutrient absorption, growth, and quality attributes.
We hypothesized that pine bark has the potential to replace perlite in coir-based sub-
strates and would support comparable nutrient uptake, biomass production, and quality
traits in lettuce. Additionally, we expected that this substitution would remain effective
under increased salinity, indicating its potential as a sustainable component in soilless
culture systems.

2. Results

2.1. Initial Growing Media Physicochemical Characteristics

The substitution of perlite by pine bark increased the electrical conductivity (EC),
bulk density, and moisture content of the mix while decreasing its pH and total porosity
(Table 1). The average EC values of the mixes with pine bark and perlite were 3.01 and 2.55
dS m−1, respectively (Table 1).

The pH of the mixes with pine bark (7.6) and perlite (7.5) was higher than the range
considered suitable for cultivating vegetables (5.5 to 6.8) [24]. Pine bark increased the bulk
density of the mix from 0.08 to 0.11 g/cm3 and decreased the total porosity from 91.41% to
89.66% (Table 1). Pine bark decreased the mass wetness of the mix, whereas the mix con-
taining perlite exhibited a lower bulk density (0.08 g/cm3) and a higher moisture content.
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Table 1. Initial mix physicochemical characteristics.

Mix

Parameter C 1 + Comp + P C + Comp + PB Significance

pH 7.6 b 2 7.5 a *
Electrical conductivity (dS m−1) 2.55 a 3.01 b ***

Bulk density (g cm−3) 0.08 b 0.11 a ***
Mass wetness (g water/g substrate) 5.22 a 4.60 b ***

Total porosity (%) 91.4 a 89.7 b *
Moisture content (%, w/w) 79.56 b 81.06 a *

1—C—coir, Comp—compost, P—perlite, PB—pine bark; 2—means followed by different letters within a column
are significantly different. * and *** significant at p < 0.05 and 0.001 levels, respectively. Mean separation was
performed using Duncan’s multiple-range test. Means are based on five replicates.

2.2. Leachate EC and pH

The electrical conductivity of leachate above the initial EC of the nutrient solution was
not affected by the interaction between treatments (p > 0.05) on any of the sampling dates
(Figure 1). Replacing perlite with pine bark in the substrate mix had no significant effect on
leachate EC when the nutrient solution had an EC of 1.5 dS m−1. In this treatment, leachate
EC was slightly higher than the feed solution, ranging from 0.2 to 0.7 dS m−1 (Figure 1),
which can be considered an acceptable level.

Figure 1. Effects of cultivation substrate mix and nutrient solution EC on average EC values of
leachate above the initial electrical conductivity of the nutrient solution. Each symbol represents the
mean of five replicates, and the error bars represent ±1 standard error. (C—coir, Comp—compost,
P—perlite, PB—pine bark, DAT—days after transplantation).

When the nutrient solution EC was 2.5 dS m−1, leachate EC remained consistently
above the initial EC. EC values under this treatment were higher than those recorded under
the 1.5 dS m−1 solution. In both substrate mixes, a clear upward trend in leachate EC was
observed over time, indicating a loss of nutrients.

Except for the first sampling date, leachate EC was higher in the pine bark mix than in
the perlite mix (Figure 1).

Leachate pH was not significantly affected by the interaction between treatments
(p > 0.05) on any sampling date (Figure 2). Although pine bark is not inert like perlite,
its inclusion in the mix did not significantly affect leachate pH. However, a significant
decrease in pH (p < 0.001) was observed on the last two sampling dates, accompanied by
an increase in EC in the nutrient solution. Across all treatments and dates, leachate pH
values remained consistently higher than the pH of the incoming nutrient solution, which
averaged 6.4 ± 0.5.
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Figure 2. Effects of cultivation substrate mix and nutrient solution EC on pH of leachate. Each symbol
represents the mean of five replicates, and the error bars represent ±1 standard error. (C—coir,
Comp—compost, P—perlite, PB—pine bark, DAT—days after transplantation).

2.3. Growing Media pH and EC

Substrate solution pH and EC collected at 9, 17, and 29 days after transplanting (DAT)
were not significantly affected by the interaction between substrate mix and EC of the
nutrient solution, indicating independent effects (Figure 3).

Figure 3. Effects of cultivation substrate mix and nutrient solution EC on pH and electrical conduc-
tivity of substrate solution (C—coir, Comp—compost, P—perlite, PB—pine bark, DAT—days after
transplantation). Different letters for the same parameter indicate statistically significant differences
(p < 0.05).

The substitution of perlite by pine bark in the substrate did not significantly influence
the pH or EC of the substrate solution at any of the sampling dates (Figure 3). However,
the nutrient solution EC had a significant effect on the EC of the substrate solution at 9
and 17 DAT. Specifically, higher EC values were observed in the treatment receiving the
2.5 dS m−1 nutrient solution compared to the 1.5 dS m−1 treatment (Table 2). On average,
EC values measured across all three sampling dates were relatively high—particularly at
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17 and 29 DAT—exceeding the recommended EC threshold for lettuce of 2.0 dS m−1 [25].
Despite these high EC average values, plants did not exhibit visible symptoms of
salinity stress.

Table 2. Effect of sampling location on pH and EC of the cultivation substrate mixes at harvest time,
measured near the plant stem (center) and on the lateral side of the container.

Sampling Location pH EC (dS m−1)

Center (near plant stem) 7.0 b 1 0.84 b
Lateral (perpendicular to the stem) 7.9 a 1.80 a

Significance ** ***
1—Means followed by different letters within a column are significantly different. ** and *** significant at p < 0.01
and 0.001 levels, respectively. Mean separation was performed using Duncan’s multiple-range test. Means are
based on five replicates. EC = electrical conductivity.

The pH and EC of the substrate, measured using the saturation extract method (1:5 v/v)
after lettuce harvest, were not significantly affected by the interaction between treatments,
mix composition, or the EC of the nutrient solution (Table 2). However, both pH and EC
were significantly influenced by the sampling location (p < 0.001) (Table 2). pH and EC
were higher on the lateral side perpendicular to the plant stem than on the center, near the
stem (Table 2).

2.4. Leaf Nutrient Concentration

Leaf concentrations of N, P, K, Ca, and Mg were not influenced by the interaction of
substrate and nutrient solution treatments (Table 3).

Table 3. Effects of cultivation substrate mix and nutrient solution EC on leaf nutrient content.

Treatments Leaf Macronutrients (%) Leaf Micronutrients (μg·g−1)

N P K Ca Mg Fe B Mn Zn Na 3

Mix (M)
C+ Comp + P 1 4.0 b 2 0.75 b 6.29 b 0.85 a 0.29 a 90.9 b 34.6 b 55.7 a 67.3 a 0.36 a
C+ Comp + PB 4.1 b 0.67 b 6.33 b 0.81 a 0.28 a 106.6 a 43.1 a 52.5 a 65.2 a 0.38 a

EC (dS m−1)
1.5 3.6 c 0.65 b 6.01 b 0.85 a 0.28 a 99.8 b 35.9 b 52.5 a 63.7 a 0.39 a
2.5 4.5 a 0.78 a 6.60 a 0.81 a 0.29 a 97.8 b 41.8 a 55.8 a 68.7 a 0.35 a

Significance
M NS NS NS NS NS * * NS NS NS
EC *** ** ** NS NS NS * NS NS NS

M x EC NS NS * NS NS NS NS NS NS NS

1—C—coir, Comp—compost, P—perlite. PB—pine bark; 2—means followed by different letters within a column
are significantly different. *, **, and *** significant at p < 0.05, 0.01, and 0.001 levels, respectively, NS—not
significant. Mean separation was performed using Duncan’s multiple-range test. 3—Even though sodium is not
considered a micronutrient, it has been included here for convenience.

The replacement of perlite by pine bark in the substrate mix did not affect leaf macronu-
trient concentrations. In contrast, leaf N, K, and P content increased with the rise in the EC
of the nutrient solution. The application of a nutrient solution with 2.5 dS m−1 increased leaf
N content by 25% relative to plants grown with a nutrient solution of 1.5 dS m−1. The rise
in leaf N content (0.9%) was greater than the increases in K (0.59%) and P (0.13%) (Table 3).
Leaf Ca and Mg were not affected by the EC of the nutrient solution (p < 0.05) (Table 3).

Leaf micronutrient and Na content were not affected by the interaction of treatments
(Table 3). Plants grown with pine bark had higher leaf Fe and B than those grown in perlite
(Table 4). The nutrient solution EC only affected leaf B content, which increased with the
rise in EC.
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Table 4. Effects of cultivation substrate mix and nutrient solution EC on leaf dry weight, leaf number,
area, and head fresh yield.

Leaf Dry Weight Leaves Leaf Area Head Fresh Yield
Treatments (g/Plant) (n◦/Plant) (cm2/Plant) (kg·m−2)

Mix (M)
C 1 + Comp + P 24.5 a 2 37.2 a 8854.9 a 9.5 a
C + Comp + PB 23.8 a 37.4 a 8486.9 a 9.8 a

EC (dS m−1)
1.5 23.9 a 36.8 a 8806.4 a 9.7 a
2.5 24.0 a 37.8 a 8534.8 a 9.6 a

Significance
M NS NS NS NS
EC NS NS NS NS

M x EC NS NS NS NS
1—C—coir, Comp—compost, P—perlite, PB—pine bark; 2—means followed by different letters within a column
are significantly different. NS = not significant.

2.5. Photosynthetic Pigments

Leaf Chl a, Chl b, and Cc levels were unaffected by the interaction of treatments
(Figure 4). This indicates that the effect of the EC of the nutrient solution on photosynthetic
pigments has not been affected by the presence of perlite or pine bark in the mix. Chl a, b,
and Cc content were not affected by the mix or the EC of the nutrient solution.

Figure 4. Effect of cultivation substrate mix and nutrient solution EC on photosynthetic pigments’
content. Chl a—chlorophyll a, Chl b—chlorophyll b, Chl t—total chlorophyll, Cc—carotenoids,
C—coir, Comp—compost, P—perlite. PB—pine bark. Different letters for the same pigment indicate
statistically significant differences (p < 0.05).

2.6. Plant Growth and Yield

Leaf dry weight, leaf number, foliar area, and fresh yield (kg m−2) were not affected
by the interaction of treatments, nor by mix or nutrient solution EC (Table 4).

The nutrient solution EC and pine bark affected leaf nutrient content (Table 4); however,
as plant growth was not affected, this may indicate that the leaf nutrient contents were
within the sufficiency range for lettuce growth. The fresh yield of lettuce was high, ranging
from 9.5 to 9.8 kg/m2 (Table 4).

2.7. Phytochemical Accumulation

Leaf phytochemical accumulation, including total phenolic content (TPC), ascorbate
(AsA), glutathione (GSH), proline (Pro), water-soluble protein and proline dehydrogenase
(PDH) (Table 5), was not significantly affected by the interaction between treatments, nor
by the substrate mix or the nutrient solution EC (Table 5). The average TPC ranged from
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22.24 to 28.66 mg GAE/100 g fresh weight (FW). The average AsA content ranged between
3.10 and 3.46 mg/100 g FW.

Table 5. Effects of cultivation substrate mix and nutrient solution EC on leaf total phenols, protein,
AsA—ascorbate, GSH—glutathione, Pro—proline, PDH—proline dehydrogenase activity.

Treatments TPC WS-Protein 3 AsA GSH Proline PDH
(mg GAE/100 g FW) (mg/100 g FW) (nmol min−1/mg)

Mix (M)
C + comp + P 1 27.69 a 2 195.9 a 3.46 a 1.22 a 1.51 a 29.40 a
C + comp + PB 22.48 a 224.1 a 3.10 a 1.15 a 1.44 a 32.30 a

EC (dS m−1)
1.5 25.43 a 214.3 a 3.35 a 1.20 a 1.44 a 28.02 a
2.5 24.66 a 205.7 a 3.20 a 1.17 a 1.51 a 27.55 a

Significance
M 3 NS NS NS NS NS NS
EC NS NS NS NS NS NS

M x EC NS NS NS NS NS NS
1—C—coir, Comp—compost, P—perlite, PB—pine bark; 2—means followed by different letters within a column
are significantly different. 3—WS—water-soluble; NS = not significant; Duncan’s multiple range test was used to
distinguish between means (p < 0.05).

3. Discussion

The substitution of perlite with pine bark affected the EC values of the mix, but
they remained within the range considered acceptable for soilless substrates [14,26]. In
contrast, the pH values of both mixes exceed the optimal range for vegetable cultivation
(5.5 to 6.8) [24], which may negatively affect lettuce plant nutrition. The increase in bulk
density and decrease in total porosity with pine bark are consistent with its physical nature.
However, both parameters remained within the acceptable range for substrate use, as total
porosity values above 85% are considered ideal [26]. The lower mass wetness observed
in the pine bark mix indicates reduced water retention capacity per unit of substrate
weight, possibly due to pine bark’s coarser texture and lower intrinsic water-holding
capacity compared to perlite [14]. Despite the pine bark affecting the mix properties, the
changes were not substantial, indicating that a mix containing pine bark can be suitable for
growing lettuce.

Replacing perlite with pine bark did not significantly alter leachate EC under low
salinity conditions (1.5 dS m−1). In both substrate mixes, the leachate EC remained close
to that of the nutrient solution, indicating that plants are properly taking up the nutrients.
This implies that under moderate salinity, pine bark can function comparably to perlite
in supporting nutrient dynamics within the root zone. However, under an EC of nutrient
solution of 2.5 dS m−1, the pine bark mixes consistently exhibited higher leachate EC values
compared to the mix with the perlite blend, especially in the last sampling dates. This is
likely due to its higher initial EC (3.01 dS m−1) than perlite (2.55 dS m−1) (Table 1) and/or
possibly greater retention of ions. Unlike perlite, which is inert, pine bark may contribute
additional soluble salts or influence ion exchange processes within the substrate, thereby
elevating EC in the leachate over time. Despite differences in leachate EC values, both
mixes showed higher EC levels than the nutrient solution (2.5 dS m−1), indicating a loss
of nutrients.

Leachate pH was not significantly affected using pine bark compared to perlite, sug-
gesting that the organic nature of pine bark did not affect root-zone pH in the coir-based
mix. This could be due to the relatively low proportion of pine bark in the mix (8% v/v).
Both substrates increased leachate pH values, which were consistently higher than those
of the incoming solution. According to [27], the pH of the drained solution can be either
higher or lower than that of the nutrient solution. The uptake of nitrate can contribute to
the release of OH− ions, increasing the pH [28,29]. In this study, approximately 70% of the
N in the nutrient solution was supplied as NO3

−. The pH levels of the leachate—which
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may represent the pH of the solution within the growing medium in the two mixes at
the different sampling dates—were higher than the optimal range for lettuce growth [30],
which can negatively affect plant growth. A significant decline in leachate pH was observed
at the final two sampling dates under high EC of nutrient solution (2.5 dS m−1). This may
result from an increased release of protons from the soil exchange complex triggered by the
higher concentration in the incoming nutrient solution.

Despite the average EC values of the substrate solution recorded on three sampling
dates (Table 3) being too high, mainly at 17 and 29 DAT, exceeding the EC threshold for
lettuce (2 dS m−1) [25], the plants did not exhibit visible symptoms of salinity stress. This
may be related to the location of sample collection and/or the method of EC determination.
The EC could be high because the substrate solution was collected some distance away
from the emitter, at the periphery of the wetting bulb, where salt tends to accumulate.
However, nutrient uptake occurs primarily at the center of the bulb, where moisture
levels are higher and EC is lower [31], thereby reducing the salinity impact on the plants.
Furthermore, the EC of the substrate solution collected with Rhizon samplers may be higher
than that obtained using the saturated substrate extract method (SME), as Rhizon samplers
extract the solution without additional dilution, preserving equilibrium conditions and
maintaining higher concentrations of freely dissolved ions. The EC of the growing media
was affected by the determination method [32,33]. Jeong et al. (2012) [33] reported that
EC values from saturated media extract solutions (SME) were approximately 43% lower
than those obtained by the Rizhon method. Further research is needed to clarify how
sampling location and measurement method influence EC readings and their correlation
with species-specific salinity thresholds.

The observed variation in pH and EC measured using the saturation extract method
within the substrate profile can be attributed to salt accumulation patterns associated with
the wetting front created during drip irrigation. When drip irrigation is used, salts tend to
accumulate at the edges of the wet bulb, which likely explains the higher pH and EC values
observed in the lateral. The placement of emitters near the plant stem may have helped
to expand the wet bulb, thus preventing salt build-up around the stem. The placement of
emitters near the plant’s stem prevents salt accumulation around the stem [34]. According
to Ondrasek et al. [35], the location of emitters inside the pot can greatly influence the
way moisture and salts are dispersed throughout the substrate. On the one hand, this
study utilized two emitters, which may also contribute to the lack of difference in EC of
the substrate. The use of more than one emitter contributes to the flushing of the salts [36]
because the water and the salts extend more horizontally [37]. The configuration of the
wet bulb formed by each emitter is determined by the physical properties of the substrate,
including its texture and hydraulic conductivity, together with the emitter’s rate [38].
Despite the observed spatial differences in pH and EC, the lack of significant differences in
mean values across treatments may contribute to the absence of treatment effects on lettuce
yield and phytochemical accumulation.

The replacement of perlite with pine bark in a coir-based substrate does not affect leaf
macronutrient content, supporting the feasibility of this substitution. In contrast, the N,
P, and K content increased with nutrient solution EC, likely due to the higher availability
resulting from the elevated nutrient concentration in the solution and/or the lower pH of
the root medium (Figure 2).

Low pH can enhance the availability of P in the substrate [39]. Plants grown with pine
bark had higher leaf Fe and B than those grown in perlite (Table 3). Fe and B concentrations
in blueberry leaves also increased with the addition of Douglas fir bark to the media [40].
The absence of visual symptoms of nutrient disorders, combined with unaffected yield
across treatments (Table 5), indicates that leaf nutrient levels remained within the sufficiency
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range for lettuce growth. The average values of leaf N, P, and K content determined in this
study were above the lower sufficiency thresholds reported by [41] (3.3% for N, 0.35% for P,
and 2.9% for K) at the pre-harvest stage.

Photosynthetic pigment concentrations were also unaffected by the treatments, indicat-
ing that the conditions in the pine bark mix were comparable to those in the perlite-based
substrate. Leaf Chl b levels were higher than Chl a, which deviates from the typical pattern
observed in most plant species. However, similar findings have been reported in lettuce
by [42–45], which may be attributed to environmental conditions.

The absence of significant differences in plant growth and TPC, AsA, GSH, Pro, and
PHD means that pine bark can replace coir-based substrates. The lack of response to
nutrient solution salinity may be related to the fact that EC levels within the substrate
were similar across treatments, possibly due to greater nutrient leaching when the EC of
the nutrient solution was higher. This leaching could have been influenced by the type of
container used, which allowed for lateral drainage. Katsoulas and Voogt [46] also noted
that the effects of salinity strongly depend on the irrigation and drainage management
methods applied.

The average TPC ranged between 22.24 and 28.66 mg GAE/100 g fresh weight
(FW). These values fall within the ranges reported by Petropoulos et al. (18 to
203 mg GAE/100 g FW) and [47] (18.2–65 mg GAE/100 g FW) for green leaf lettuce.
In contrast, ref. [42] observed higher average leaf total phenol concentrations in lettuce of
the same cultivar, ranging from 54.52 to 138.96 mg GAE/100 g FW, in Batavia-type green
leaf lettuce (Godzilla’) cultivated under similar cultural practices. This discrepancy could
be attributed to differences in climatic conditions. Environmental factors such as temper-
ature and radiation are known to influence the accumulation of phenolic compounds in
vegetables [48]. The radiation and temperature are positively correlated with the content of
phenolic acids and flavonoids in pigmented baby leaf lettuce, with levels increasing as the
season progresses [49].

The novelty of this study lies in demonstrating that pine bark, a renewable and environ-
mentally friendly by-product, has the potential to partially replace perlite in coir–compost
substrates for lettuce cultivation. A key limitation, however, is that the experimental
design evaluated only one substitution level (8% v/v), which restricts the assessment of
dose–response effects and a full evaluation of its impact on lettuce yield and quality. Fu-
ture studies should therefore test a wider range of pine bark proportions under different
salinity levels, determine their effects on lettuce growth and quality, and assess whether
this substitution remains suitable for crops with longer vegetative cycles.

4. Materials and Methods

4.1. Growth Conditions and Substrates

The experiment was carried out in a polycarbonate-covered greenhouse at the Herdade
Experimental da Mitra (38◦57′ N, 8◦32′ W), University of Évora, Portugal. No supplemental
lighting was used. Air temperature inside the greenhouse ranged from 8 to 27 ◦C, and
daily solar radiation ranged from 34 to 248 W m−2·d−1.

The experiment comprised four different treatments: two coir-based mixes + com-
post with pine bark or perlite and two electrical conductivities (EC) of nutrient solution
(1.5 ± 0.2 and 2.5 ± 0.2 dS m−1). Both mixes were composed of 80% coir pith (C) and 12%
compost (Comp), expressed as volume per volume (v/v). One mix included 8% (v/v) of
perlite (P), while the other included 8% (v/v) of pine bark (PB).

The following are the physical and chemical characteristics of the materials used, as
provided by the manufacturer. The coir pith had a pH of 5.5 to 6.0, an EC greater than
1.5 dS m−1, granulometry 0–10 mm, total porosity = 95% v/v, air = 25% v/v, and cation
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exchange capacity (CEC) within the range of 60–120 meq/100 g. Compost (Nutrimais,
Lipor Company, Baguim do Monte, Portugal) was prepared from horticultural materials,
selected food waste from restaurants and cafeterias, forest harvest residues (branches and
foliage), and green waste including flowers, grasses, and pruning debris. The EC and
pH (1:5 compost: distilled water, w/v) were 5.4 dS m−1 and 9.0, respectively. According
to the manufacturer, the compost used in this study is free of pathogens. Perlite (Knauf,
Dortmund, Germany) has particles from 2 to 6 mm (coarse perlite), is pH-neutral, and
is chemically inert. The pine bark (Siro, Mira, Portugal), obtained as a by-product of the
country’s large maritime pine (Pinus pinaster), contained particles with a diameter of 8 to
15 mm and a pH (in CaCl2 solution) of 4.5. Pine bark had (expressed as a percentage of dry
weight): organic matter (99.1%), C/N ratio (278), C (55.6%), N (0.20%), P2O5 (0.04%), K2O
(0.11%), and Mg (0.05%).

On March 15, seedlings of lettuce (Lactuca sativa L. cv. Godzilla), type Batavia, 20 days
after emergence, were planted into Styrofoam plant boxes along the central line, spaced
25 cm apart (16 plants/m2). The boxes (100 cm long × 25 cm wide × 10 cm high) were
filled with 14 L of each mix at an approximate height of 6.5 cm. In this plant boxes drainage
occurs laterally around the entire perimeter of the boxes. Treatments were arranged in a
randomized complete block design with five replicate boxes per treatment (Figure 5).

 

Figure 5. Appearance of the experimental setup and lettuce plants ten days before harvest.

The nutrient solution used contained 14 mmol L−1 NO3-N, 6.3 mmol L−1 NH4-N,
1.32 mmol L−1 P, 11 mmol L−1 K, 3.5 mmol L−1 Ca, 3.5 mmol L−1 Mg, 1.31 mmol L−1 S,
46 μmol L−1 B, 7.86 μmol L−1 Cu chelated by EDTA, 8.95 μmol L−1 Fe chelated by EDTA,
18.3 μmol L−1 Mn chelated by EDTA, 1 μmol L−1 Mo, 2 μmol L−1 Zn chelated by EDTA,
2.1 mmol L−1 Cl and 0.7 mmol L−1 Na. The pH of the nutrient solution was 6.4 ±0.5.

The two salinity levels were obtained by varying the concentration of the standard
nutrient solution through the injection rate of the nutrient solution. From transplant-
ing to 4 days after planting (DAP), a nutrient solution with an electrical conductivity of
1.1 dS m−1 was applied to all plants in the different treatments. After 4 days of plant-
ing, the nutrient solution was used with an electrical conductivity (EC) of 1.5 ± 0.2 and
2.5 ± 0.2 dS m−1 until one day before harvest. The irrigation schedule was optimized for
the coir + compost + perlite mix. It was based on the substrate’s volumetric water content
at the Styrofoam box control, measured using a soil moisture probe (SM105T, Delta Devices,
Cambridge, UK), and the volume of water drained. The nutrient solution was applied
three to eight times daily, with an average drainage (leaching fraction) of 10 to 25% for
each application.
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4.2. Measurements

Before planting, pH, electrical conductivity (EC), mass wetness, moisture content, total
porosity, and bulk density of the mixes were measured. pH and EC were determined in the
aqueous extract, which was prepared using a 1:5 substrate-to-water ratio (w/v). Moisture
content, total porosity, and bulk density were measured using the porometer procedure
outlined by [50], with four replications for each mix. Leachate from each planting box was
collected five times during the crop cycle, and its pH and electrical conductivity (ECW)
were measured using a potentiometer (pH Micro 2000, Crison Instruments, Barcelona,
Spain) and a conductivity meter (LF 330 WTW, Weilheim, Germany).

The substrate solution was extracted using hydrophilic porous polymer Rhizon soil
moisture samplers (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands), fol-
lowing the procedures described by [33,51], with adjustments made based on the specific
conditions of this study. Three samplers were installed vertically in each Styrofoam box
at a depth of 5 cm and positioned 8 cm away from the crop row, perpendicular to the
plants. The samples were placed in substrate mixes and collected 24 h later. Soil solution
was collected at 9, 17, and 29 days after transplanting (DAT), pooled by treatment, and
analyzed for pH and electrical conductivity using a potentiometer (pH Micro 2000, Cri-
son Instruments, Barcelona, Spain) and a conductivity meter (LF 330, WTW, Weilheim,
Germany), respectively.

The harvest of lettuce heads took place on 20 April 2022, corresponding to 38 days after
transplanting (DAT). The heads of the plants were cut off above the surface of the media.
One head from each box was washed, oven-dried at 70 ◦C for 2–3 days, weighed, ground
to pass through a 40-mesh sieve, and then analyzed for N, P, K, Ca, Mg, B, Fe, Mn, Zn, and
Na. See [42] for a description of the procedures used for each analysis. Head samples were
taken by slicing a 2 cm thick section at 6 cm above the base, ensuring that inner, middle,
and outer leaves were included. The contents of photosynthetic pigments—chlorophyll a
(Ch a), chlorophyll b (Ch b), and carotenoids (Cc)—were measured following the procedure
outlined in Machado et al. [42].

After harvesting the lettuces, two substrate samples were collected from each box.
One sample was taken near the stem, perpendicular to the lateral wall of the box, and the
other 6 cm away from the perpendicular line of the plant stem. To collect the samples, a
3 cm square cut was made from the surface to the bottom of the box. The samples were
homogenized, and pH and electrical conductivity were measured in an aqueous extract
prepared at a 1:5 (w/v) ratio.

A 1 g portion of plant material from each of the four treatments and their replicates
was weighed for the preparation of the methanolic extract (MW80). The material was
ground in a mortar and homogenized in 8 mL of a methanol-water mixture (80:10, v/v) [52].
Extracts were clarified by centrifugation at 6500 g for 15 min at 4 ◦C. Aliquots were stored at
−20 ◦C for later analysis of total phenolic compounds (TPC), ascorbate (AsA), and proline
(Pro) content.

The aqueous extract in buffered solution (BE) was obtained by grinding 1 g of plant
sample (from all four treatments and replicates) in a mortar with liquid nitrogen, followed
by homogenization in 5 mL phosphate buffer (0.12 mM, pH 7.2). The homogenate was
centrifuged at 10,000 g for 20 min at 4 ◦C. Aliquots of the supernatant were stored at
−20 ◦C for later determination of protein and glutathione (GSH) content, as well as proline
dehydrogenase (PDH) enzymatic activity [53,54].

Total phenolics in the MW80 extract were quantified following the procedure of
Bouayed et al. [55]. For the reaction, the extract was combined with Folin–Ciocalteu reagent
diluted 1:10 and a 7.5% sodium carbonate solution in a 1:5:4 ratio. After mixing with a
vortex, the samples were left in darkness for 90 min before analysis.
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Absorbance was measured at 760 nm. Phenolic content was calculated via graphical
interpolation from a standard curve (GAE, 6 standards ranging from 0 to 50 mg L−1) and
expressed as mg gallic acid equivalents (GAE) per 100 g fresh weight (FW).

Ascorbate quantification in the MW80 extract was performed as described by Cai and
Tang [56]. A reaction mixture was prepared with MW80 extract, 5% TCA, absolute ethanol,
4% phosphoric acid in ethanol, 5% β-phenanthroline in ethanol, and 0.03% ferric chloride
in ethanol (1:1:1:0.5:1:0.5). After vortexing, the mixture was incubated in a water bath at
30 ◦C for 90 min in the dark. Absorbance was measured at 534 nm. Ascorbate content
was determined by interpolation from a calibration curve (AsA, 6 standards from 0 to
30 mg L−1) and expressed in mg AsA per 100 g FW.

Proline content was determined by molecular absorption spectrometry, as described
by Gruda and Schnitzler [57] and Bates [58]. MW80 extract was reacted with glacial acetic
acid and ninhydrin (1:1:1). After vortexing, the mixture was incubated in a 75 ◦C water bath
for 1 h in the dark. Absorbance was measured at 546 nm. Proline content was interpolated
from a calibration curve (L-proline, 6 standards from 0 to 20 mg L−1) and expressed in mg
Pro per 100 g FW.

Glutathione levels were quantified using the protocol by Hissin and Hilf [59], which
employed o-phthalaldehyde (OPT) to develop a measurable fluorophore. Diluted BE ex-
tracts or BE buffer (blank) were mixed with phosphate buffer (0.1 M, pH 8) containing
0.005 M EDTA and OPT. After vortexing, the mixture was left to stand for 10 min. Flu-
orescence was read at 25 ◦C (excitation: 350 nm; emission: 420 nm) using a Shimadzu
RF-5001PC spectrofluorometer (Shimadzu Corpotation, Kyoto, Japan). Glutathione content
was calculated from a standard curve (GSH, 6 standards from 0 to 100 mM) and expressed
in mg GSH per g FW.

The catalytic activity of proline dehydrogenase (PDH, EC 1.5.5.2) was measured as
described by Costilow [53]. A reaction mixture was prepared with sodium carbonate buffer
(100 mM, pH 10.3), L-proline (2 mM), NAD+ (10 mM), and an appropriate amount of BE
extract. NADH production was monitored by recording absorbance at 340 nm for 180 s
at 30 ◦C using Double-beam spectrophotometer Hitachi U2001 with temperature control
(Hitachi, Ltd., Tokyo, Japan). Enzymatic activity was calculated from the slope of the
absorbance curve using the molar extinction coefficient of NADH (6.22 mM−1·cm−1) and
expressed in nmol min−1 mg−1 protein.

The water-soluble protein content in the BE extract was calculated using the Lowry
method [60]. A reaction mixture was prepared using 1.0 mL of Lowry reagent, 0.16 mL of
0.5 M NaOH, and 0.04 mL of BE extract. After vortexing and a 10 min rest period, 0.1 mL
of diluted (1:2) Folin–Ciocalteu reagent was added. After vortexing again, the mixture was
left to rest for 30 min. Protein content was determined from a calibration curve (bovine
serum albumin, BSA, 6 standards from 0 to 200 mg mL−1).

All spectrophotometric measurements were performed using a Thermo Scientific
Genesys 10S UV/V spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
except for the measurement of PDH enzyme activity.

Data were analysed using analysis of variance in SPSS Statistics 29.0.1.0 (171) software
(Chicago, IL, USA). Means were separated at the 5% level using Duncan’s new multiple
range test.

5. Conclusions

This study shows that pine bark, an eco-friendly alternative, has the potential to replace
perlite—a material with environmental and economic drawbacks—in coir-based substrates
for lettuce cultivation, without affecting the yield and quality of lettuce. Replacing perlite
with pine bark did not influence the effect of the nutrient solution electrical conductivity on
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substrate pH or the electrical conductivity of the substrate solution, which in combination
with the nutrient solution, did not affect photosynthetic pigment content, leaf dry weight,
fresh head yield, total phenolic compounds, ascorbic acid, or proline content in the leaves.
The lack of response in electrical conductivity to the nutrient solution may be related to
the irrigation methodology and the type of container used. Future research is advised to
validate these results in crops with longer growing periods.
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Abstract

Lemon basil (Ocimum × citriodorum) is a highly valued aromatic plant renowned for its
distinct citrus aroma. This study aimed to evaluate sustainable substrates and cultiva-
tion systems for its production. Two complementary and sequential experiments were
conducted: an initial experiment designed to compare coconut fiber mixed in varying
proportions with perlite to rock wool, evaluating their effectiveness during germination
and early growth (experiment 1), and a subsequent experiment aimed at assessing plant
performance in a decoupled aquaponic system relative to hydroponics utilizing the best-
performing coconut fiber-perlite mixture from the first phase along with rock wool as
substrates (experiment 2). The substrate with 70% coconut fiber and 30% perlite (F70:P30)
significantly improved seed germination, leaf number, and total leaf area of seedlings. The
decoupled aquaponic cultivation system resulted in a 52.5% increase in flavonoid content,
accompanied by higher calcium and magnesium uptake in stems and roots compared to
hydroponics. These findings clearly underscore the potential of coconut fiber substrates
mixed with perlite as sustainable alternatives to rock wool, reducing environmental impact,
disposal costs, and health risks. Similarly, aquaponic cultivation emerges as a valuable
strategy for sustainable lemon basil (Ocimum × citriodorum) production, offering compa-
rable yields to hydroponics while improving plant nutritional and phytochemical quality
through beneficial plant-microbe interactions. These results provide practical evidence
supporting the adoption of environmentally friendly substrates and cultivation practices,
thus contributing significantly toward sustainable intensive vegetable production systems.

Keywords: lemon basil (Ocimum × citriodorum); soilless cultivation; aquaponics; flavonoids;
coconut fiber

1. Introduction

Basil (Ocimum basilicum L.) is a highly appreciated aromatic herb worldwide, renowned
for its culinary versatility and distinctive fragrance [1]. Among its varieties, lemon basil
(Ocimum × citriodorum), a hybrid between basil (Ocimum basilicum) and African basil
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(Ocimum americanum), has recently gained increasing global popularity due to its unique,
fresh citrus aroma which enhances various dishes, particularly seafood recipes, by adding
freshness and vibrancy [1,2].

Aromatic herbs and leafy vegetables are widely cultivated worldwide. In Italy, one
of the main production areas is the “Piana del Sele” in Campania, an intensive agricul-
tural area spanning around 250 km2 that has become a major hub for greenhouse veg-
etable production, especially fresh, ready-to-eat (“fourth range”) leafy vegetables exported
throughout Europe [3]. Over the past two decades, the rapid expansion and industrializa-
tion of agriculture in this area have led to significant environmental challenges, including
soil degradation, salinization, soil compaction, coastal erosion, and the accumulation of
potentially toxic substances due to the intensive use of agrochemicals [4,5].

Recently, many farms in the area have been confronted with increased contamination
risks, particularly related to heavy metals such as cadmium and lead accumulating in leafy
vegetables, posing threats to food safety, human health, and economic sustainability [6].

To address these challenges, soilless cultivation systems, such as hydroponics or
aquaponics, have emerged as a promising alternative to traditional soil cultivation.

These methods can mitigate environmental impacts by significantly reducing agro-
chemical use, shortening crop cycles, minimizing water and nutrient losses, and avoiding
soil-related contaminant issues [7,8]. Hydroponics allows precise control of nutrient supply
tailored to plant needs; however, it still heavily relies on chemical fertilizers, leading to envi-
ronmental concerns and associated economic costs [8,9]. In contrast, aquaponics integrates
aquaculture and plant cultivation within a closed-loop system, using nutrient-rich fish
wastewater as fertilizer for plant growth. Beneficial microorganisms convert fish waste into
bioavailable nutrients, creating a synergistic and sustainable nutrient cycle. This reduces
chemical fertilizer inputs, optimizes resource use efficiency, and minimizes environmental
pollution [9,10].

Another significant sustainability issue in greenhouse vegetable production involves
substrate selection. Generally, rock wool is still the most widespread substrate used in
soilless cultivation despite its environmental drawbacks, high disposal costs, and poten-
tial toxicity risks during handling [11]. Therefore, identifying and validating alternative
substrates with lower environmental impact, safer handling, and similar or improved agro-
nomic performance is critical for achieving greater sustainability in greenhouse vegetable
production. Furthermore, substrate composition during nursery-level production influ-
ences early plant growth and root system development, thereby affecting crop productivity
in subsequent cultivation stages [8].

Given these pressing environmental and agronomic challenges, this study aimed to
(experiment 1) evaluate coconut fiber mixed with different proportions of perlite during
seed germination and early growth as an environmentally sustainable alternative to rock
wool and subsequently, (experiment 2) assess eco-physiological responses and nutrient
uptake of lemon basil cultivated in hydroponic versus decoupled aquaponic systems,
utilizing the best-performing coconut fiber-perlite mixture identified in the first phase
along with rock wool as substrates.

By implementing soilless cultivation systems that rely on environmentally sustainable
substrates and nutrient solutions, this research aims to developing more sustainable tech-
niques for intensive vegetable production, thereby reducing synthetic fertilizer use and
substrate-related environmental impacts.

55



Plants 2025, 14, 1929

2. Results

2.1. Experiment 1
2.1.1. Seed Germination and Seedling Growth

Basil seed germination percentage was significantly higher in the treatment F70:P30
and the control (RW) (Table 1). Germination in the F70:P30% substrate was 26.1% points
higher than in the F50:P50 treatment and 20.8% points higher than in the F90:P10 treatment.

Table 1. Percentage germination of seeds, total shoot Dry Matter (DM), total root Dry Matter (DM),
total plant height, total root length of seedlings of Lemon basil (Ocimum × citriodorum) cultivated on
different substrates under controlled growth chamber conditions. The substrates compared were: 50%
coconut fiber mixed with 50% perlite (F50:P50), 70% coconut fiber mixed with 30% perlite (F70:P30),
90% coconut fiber mixed with 10% perlite (F90:P10), and 100% rock wool (RW; control).

Treatment Germination Shoot DM Root DM Plant Height Root Length

Substrate % cm Plant−1

F50:P50 63.89 ± 3.67 b 8.41 ± 0.32 b 4.43 ± 0.08 b 7.12 ± 0.28 a 13.67 ± 0.91
F70:P30 80.56 ± 5.55 a 8.86 ± 0.23 b 4.30 ± 0.1 b 7.47 ± 0.31 a 14.71 ± 1.51
F90:P10 66.67 ± 2.41 b 9.79 ± 0.15 ab 4.75 ± 0.05 b 7.13 ± 0.35 a 13.08 ± 0.9

RW 100% 81.94 ± 5.55 a 11.09 ± 0.46 a 6.57 ± 0.73 a 5.83 ± 0.06 b 16.17 ± 1.18
Significance 0.04 * 0.00 ** 0.01 ** 0.01 * 0.32 ns

Data represent means ± standard error (n = 12). Different letters indicate significant differences among treatments
according to Tukey’s HSD post hoc test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p <
0.001.

The number of leaves per seedling was also significantly higher in all three treatments
compared to the RW (Table 2). The F70:P30 treatment had the highest number of leaves,
exceeding the control by 26.9%, followed by the F50:P50% and F90:P10 treatments, with an
average leaf number of 22.9% higher than the control.

Table 2. Total shoot Fresh Weight (FW), total shoot Dry Weight (DW), total leaf number, and total
leaf area of Lemon basil (Ocimum × citriodorum) seedlings cultivated on different substrates under
controlled growth chamber conditions. The substrates compared were: 50% coconut fiber mixed with
50% perlite (F50:P50), 70% coconut fiber mixed with 30% perlite (F70:P30), 90% coconut fiber mixed
with 10% perlite (F90:P10), and 100% rock wool (RW; control).

Treatment Shoot FW Shoot DW Leaf Number Total Leaf Area

Substrate g Plant−1 n Plant−1 cm2 Plant−1

F50:P50 1.09 ± 0.08 a 0.10 ± 0.01 7.58 ± 0.22 a 24.78 ± 2.10 a
F70:P30 1.13 ± 0.07 a 0.10 ± 0.01 7.83 ± 0.2 a 24.55 ± 0.81 a
F90:P10 0.97 ± 0.05 ab 0.10 ± 0.01 7.58 ± 0.17 a 20.89 ± 0.66 ab

RW 100% 0.78 ± 0.02 b 0.09 ± 0.00 6.17 ± 0.17 b 16.98 ± 0.39 b
Significance 0.01 * 0.50 ns 0.00 ** 0.01 *

Data represent means ± standard error (n = 12). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

Plant height was also greater in all three treatments, averaging 7.24 cm, which was
24.2% taller than the control.

The total leaf area showed significant differences among the treatments. In particular,
compared to the control, it was 44.6% greater in the F70:P30 treatment, 45.9% greater in the
F50:P50 treatment, and 23% greater in the F90-P10 treatment.

The dry matter percentage in stems was significantly higher in the control treatment
(RW), showing an increase of 22.9% compared to the substrate mix treatments. Similarly,
the dry matter percentage in roots was higher in the RW, with an increment of 46.0%
compared to the substrate mix treatments.

56



Plants 2025, 14, 1929

2.1.2. Cluster Heatmap Analysis

From the observation of the heatmap (x-axis, Figure 1), the clustering of the treatments
reveals that RW formed a distinct cluster. Plants grown with RW exhibited a higher
germination percentage, as well as increased dry matter content in both shoots and roots.
In contrast, the Coconut-Perlite treatment formed a separate cluster, with the F70:P30
treatment showing, in order of proximity, the highest germination percentage compared to
the other two treatments, along with longer roots and greater dry weight. Additionally, the
F50:P50 and F90:P10 treatments generated a subcluster primarily characterized by lower
germination activity and reduced root development.

Figure 1. Cluster heatmap analysis displaying the relationships among growth parameters of lemon
basil (Ocimum × citriodorum) seedlings grown on four different substrates: coconut fiber mixed with
perlite at three ratios (F50:P50, F70:P30, F90:P10) and 100% rock wool (RW), in controlled growth
chamber conditions. Each row represents a specific growth parameter (e.g., germination percentage,
leaf number, root length), while each column represents an individual substrate treatment. Colors
represent standardized values (ln(x + 1) transformed): higher values in red indicate above-average
performance, whereas lower values in blue represent below-average performance. Hierarchical
clustering was performed using Euclidean distances and complete linkage to group similar treatments
and parameters together.
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2.2. Experiment 2
2.2.1. Plant Growth

Basil plants exhibited similar leaf numbers, total leaf area, and total fresh biomass
across all substrate treatments and cultivation systems (Table 3). The average leaf fresh
weight was 50.8 g, and the mean number of leaves per plant was 129.6 n plant−1. The
dry weight of the roots was 22.8% higher in plants grown on RW than in those grown on
F. Compared to the hydroponic system, the percentage of dry matter in the leaves was
10% higher in the aquaponic cultivation system. Furthermore, compared to hydroponic
cultivation, plants grown in aquaponic systems exhibited a 19% reduction in root length
(Table 4).

Table 3. Total leaf number, total leaf area, total Fresh Weight (FW), total Dry Weight (DW), total
root Fresh Weight (FW) of Lemon basil (Ocimum × citriodorum) plants cultivated on two different
substrates 70% coconut fiber mixed with 30% perlite (F) and 100% rock wool (RW) and in two different
cultivation systems: aquaponics (A) and hydroponics (H).

Treatments Leaf Number Leaf FW Leaf DW Root FW Total Leaf Area

Cultivation
System (CS)

Substrate (S) (n Plant−1) (g Plant−1) (cm2 Plant−1)

A F 127.55 ± 7.29 40.56 ± 4.36 3.81 ± 0.38 26.33 ± 2.79 1098.02 ± 78.09
RW 143.77 ± 13.66 53.22 ± 4.86 5.02 ± 0.49 33.56 ± 2.94 1307.38 ± 103.30

Mean 135.67 46.89 4.42 29.94 1202.70
H F 125.44 ± 12.10 53.67 ± 8.06 4.64 ± 0.76 31.11 ± 3.66 1060.47 ± 135.46

RW 121.77 ± 6.59 55.78 ± 5.21 4.85 ± 0.48 34.67 ± 3.57 1147.14 ± 92.41
Mean 123.61 54.72 4.75 32.89 1103.81

Significance
Cultivation system (CS) 0.25 ns 0.18 ns 0.56 ns 0.37 ns 0.35 ns

Substrates (S) 0.55 ns 0.21 ns 0.20 ns 0.11 ns 0.17 ns

CS × S 0.46 ns 0.25 ns 0.42 ns 0.29 ns 0.37 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 4. Root dry weight (DW), leaf dry matter (DM) percentage, stem length, and root length of
Lemon basil (Ocimum × citriodorum) plants cultivated on two different substrates: 70% coconut
fiber mixed with 30% perlite (F) and 100% rock wool (RW) and in two different cultivation systems:
aquaponics (A) and hydroponics (H).

Treatments Root DW Leaf DM Stem Length Root Length

Cultivation
System (CS)

Substrate (S) (g Plant−1) (%) (cm Plant−1)

A F 1.71 ± 0.14 9.49 ± 0.22 a 34.36 ± 2.57 13.704 ± 2.16
RW 2.31 ± 0.18 9.40 ± 0.28 a 31.73 ± 2.45 15.46 ± 0.88

Mean 2.01 9.45 33.05 14.58
H F 2.06 ± 0.18 8.51 ± 0.31 b 30.80 ± 2.08 17.42 ± 1.68

RW 2.32 ± 0.19 8.68 ± 0.25 b 32.93 ± 1.62 18.57 ± 1.33
Mean 2.19 8.59 31.87 18.00

Significance
Cultivation system (CS) 0.31 ns 0.03 * 0.59 ns 0.04 *

Substrates (S) 0.02 * 0.88 ns 0.91 ns 0.37 ns

CS × S 0.06 ns 0.03 * 0.69 ns 0.16 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2.2. Gas Exchanges and Chl a Fluorescence Emission

Gas exchanges and chlorophyll fluorescence measurement showed no significant dif-
ferences between the cultivation system and the growth on different substrates (Table 5).
The mean net photosynthesis rate (A) was 8.51 μmol CO2 m−2 s−1 in hydroponic and
8.97 μmol CO2 m−2 s−1 in aquaponics systems. The maximum photochemical efficiency
of the PSII (Fv/Fm) was 0.83 in the hydroponic system and 0.84 μmol m−2 s−1 in the
aquaponics system. The actual yield of PSII (ΦPSII) and the non-photochemical quenching
(NPQ) had mean values of 0.54 and 1.31, respectively, across all treatments. Similarly, the
intrinsic water use efficiency (WUEi) showed no significant variation between treatments,
with a mean value of 105.1 and 117.6 μmol CO2 m−2 s−1/mol H2O m−2 s−1 in hydroponic
and aquaponic systems, respectively.

Table 5. Gas exchange and chlorophyll fluorescence parameters of lemon basil (Ocimum × citriodorum)
plants grown on two different substrates: 70% coconut fiber mixed with 30% perlite (F) and 100% rock
wool (RW) and in two different cultivation systems hydroponic (H) or aquaponic (A). Parameters
measured include leaf net photosynthesis rate (A), intrinsic water use efficiency (WUEi), quantum
yield of photosystem II (ΦPSII), maximal photochemical efficiency of photosystem II (Fv/Fm), and
non-photochemical quenching (NPQ).

Treatments A WUEi ΦPSII Fv/Fm NPQ

Cultivation
System (CS)

Substrate
(S)

(μmol CO2

m−2 s−1)
(μmol CO2 m−2 s−1/
mol H2O m−2 s−1)

A F 9.27 ± 0.89 107.67 ± 10.97 0.62 ± 0.04 0.84 ± 0.00 1.07 ± 0.09
RW 8.67 ± 0.86 127.53 ± 14.44 0.49 ± 0.07 0.83 ± 0.01 1.48 ± 0.21

Mean 8.97 117.6 0.55 0.84 1.28
H F 8.24 ± 0.48 112.56 ± 8.55 0.49 ± 0.06 0.83 ± 0.01 1.31 ± 0.14

RW 8.78 ± 1.02 97.56 ± 12.05 0.57 ± 0.05 0.83 ± 0.01 1.36 ± 0.12
Mean 8.51 105.06 0.53 0.83 1.34

Significance
Cultivation system (CS) 0.58 ns 0.30 ns 0.72 ns 0.82 ns 0.68 ns

Substrates (S) 0.97 ns 0.84 ns 0.67 ns 0.87 ns 0.14 ns

CS × S 0.50 ns 0.15 ns 0.07 ns 0.96 ns 0.24 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2.3. Leaf Photosynthetic Pigments

The flavonoid index (FlvM) exhibited a significant difference among the cultivation sys-
tems, with a 52.5% increase observed in the aquaponic system compared to the hydroponic
system (Table 6). In contrast, no significant differences were detected in the chlorophyll
content index (CCla), which exhibited a mean index value of 23.8 for hydroponic and
21.6 for aquaponics systems.

2.2.4. Mineral Content (Leaf, Stem, and Root)

The cultivation system and substrate did not influence nitrate (NO3) concentrations
and mineral uptake in the leaves (Table 7). For the stems, compared to hydroponic cul-
tivation, the aquaponic system resulted in a 21.9% higher calcium uptake. Similarly,
with hydroponic cultivation, the magnesium uptake in the stems of plants grown in the
aquaponic system was 37.5% higher. Regarding the interaction between the cultivation
system and substrate, compared to both hydroponic cultivation and RW, the highest mag-
nesium uptake in the stems was recorded in plants grown in the aquaponic system on
coconut fiber substrate (AF) (Table 8). For the roots, compared to RW, calcium uptake
was 20.8% higher in plants grown on F. Additionally, compared to the hydroponic system,
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magnesium uptake in the roots was 37.9% higher in plants grown in the aquaponic system
(Table 9).

Table 6. Flavonoid index (FlvM) and chlorophyll content index (CCla) of lemon basil (Ocimum ×
citriodorum) plants grown on two different substrates: 70% coconut fiber mixed with 30% perlite (F)
and 100% rock wool (RW) and in two different cultivation systems hydroponic (H) or aquaponic (A).

Treatments FlvM CCla

Cultivation System (CS) Substrate (S) Index

A F 0.92 ± 0.08 21.54 ± 1.33
RW 0.93 ± 0.03 21.64 ± 2.23

Mean 0.93 21.60
H F 0.66 ± 0.09 22.89 ± 2.00

RW 0.56 ± 0.03 24.6 ± 200
Mean 0.61 23.75

Significance
Cultivation system (CS) 0.00 *** 0.27 ns

Substrates (S) 0.51 ns 0.64 ns

CS × S 0.4 ns 0.68 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 7. Leaf nitrate (NO3
−) concentrations and phosphorus (P), potassium (K), calcium (Ca),

magnesium (Mg), and sulfur (S) uptake of lemon basil (Ocimum × citriodorum) plants grown on two
different substrates: 70% coconut fiber mixed with 30% perlite (F) and 100% rock wool (RW) and in
two different cultivation systems hydroponic (H) or aquaponic (A). Minerals are expressed as follows:
nitrate (NO3

−) in g kg−1 fresh weight (f.w.), all other nutrients as g plant−1 dry weight (d.w.).

Treatments NO3 P K Ca Mg S

Cultivation
System (CS)

Substrate
(S)

mg kg−1 f.w. g Plant−1 d.w.

A F 2451.67 ± 631.40 17.67 ± 1.67 153.67 ± 13.22 63.67 ± 3.84 18.67 ± 1.45 7.33 ± 1.20
RW 5457.67 ± 208.73 23.00 ± 2.00 181.67 ± 24.18 82.00 ± 7.00 25.00 ± 1.53 18.67 ± 1.76

Mean 3954.67 20.34 167.67 72.83 21.83 13.00
H F 3402.00 ± 1480.88 18.33 ± 9.24 211.00 ± 48.40 59.00 ± 12.74 18.00 ± 4.04 17.33 ± 5.04

RW 1643.33 ± 815.76 16.67 ± 6.98 224.67 ± 10.81 66.67 ± 2.85 19.33 ± 0.67 20.33 ± 14.44
Mean 2522.67 17.50 217.84 62.83 18.67 18.83

Significance
Cultivation system (CS) 0.154 ns 0.646 ns 0.115 ns 0.228 ns 0.206 ns 0.472 ns

Substrates (S) 0.512 ns 0.765 ns 0.484 ns 0.128 ns 0.135 ns 0.380 ns

CS × S 0.08 ns 0.877 ns 0.356 ns 0.245 ns 0.201 ns 0.648 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2.5. Cluster Heatmap Analysis

To obtain an in-depth overview of the morpho-anatomical and eco-physiological
variations induced by the two cultivation systems and growth substrates, a clustered
heatmap was created for all the parameters to highlight these differences better (Figure 2).
As a result, the primary factor influencing clustering was the cultivation system rather
than the substrates. Plants grown in the aquaponic system, particularly when combined
with F substrate, demonstrated significantly increased stem length and leaf dry matter.
Additionally, the aquaponic system showed a markedly higher leaf number and total leaf
area, especially when associated with RW substrate. Furthermore, the fresh and dry weights
of leaves and roots were notably higher in the aquaponic system when associated with
RW substrate. In contrast, the hydroponic cultivation system, regardless of the substrate
on which the plants were grown, yielded lower values for leaf number, total leaf area,

60



Plants 2025, 14, 1929

and leaf dry matter than the aquaponic system. Nevertheless, the hydroponic system
produced results comparable to those of the aquaponic system concerning both fresh and
dry weights of leaves and roots, as well as root length, particularly when plants were grown
on RW substrate.

Table 8. Stem nitrate (NO3
−) concentrations and phosphorus (P), potassium (K), calcium (Ca),

and magnesium (Mg) uptake of lemon basil (Ocimum × citriodorum) plants grown on two different
substrates: 70% coconut fiber mixed with 30% perlite (F) and 100% rock wool (RW) and in two
different cultivation systems hydroponic (H) or aquaponic (A). Minerals are expressed as follows:
nitrate (NO3

−) in g kg−1 fresh weight (f.w.), all other nutrients as g plant−1 dry weight (d.w.).

Treatments NO3 P K Ca Mg

Cultivation
System (CS)

Substrate(S) mg kg−1 f.w. g plant−1 d.w.

A F 2485.00 ± 694.26 2.00 ± 0.00 94.00 ± 3.06 7.00 ± 0.00 4.00 ± 0.00 a
RW 5783.00 ± 3230.14 1.67 ± 0.33 102.00 ± 8.72 6.00 ± 0.58 3.33 ± 0.33 a

Mean 4134.00 1.83 98.00 6.50 3.67
H F 3712.00 ± 452.27 1.67 ± 0.33 91.00 ± 12.12 5.33 ± 0.67 2.67 ± 0.33 b

RW 2020.67 ± 397.76 1.67 ± 0.33 87.33 ± 3.18 5.33 ± 0.33 2.67 ± 0.33 b
Mean 2866.33 1.67 89.17 5.33 2.67

Significance
Cultivation system (CS) 0.472 ns 0.580 ns 0.289 ns 0.038 * 0.009 **

Substrates (S) 0.645 ns 0.580 ns 0.788 ns 0.320 ns 0.282 ns

CS × S 0.44 ns 0.802 ns 0.609 ns 0.109 ns 0.032 *

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 9. Root nitrate (NO3
−) concentrations and phosphorus (P), potassium (K), calcium (Ca),

magnesium (Mg) uptake of lemon basil (Ocimum × citriodorum) plants grown on two different
substrates: 70% coconut fiber mixed with 30% perlite (F) and 100% rock wool (RW) and in two
different cultivation systems hydroponic (H) or aquaponic (A). Minerals are expressed as follows:
nitrate (NO3

−) in g kg−1 fresh weight (f.w.), all other nutrients as g plant−1 dry weight (d.w.).

Treatments NO3 P K Ca Mg

Cultivation
System (CS)

Substrate (S) mg kg−1 f.w. g Plant−1 d.w.

A F 2998.70 ± 63.19 0.58 ± 0.12 75.94 ± 6.77 4.28 ± 0.22 10.25 ± 0.63
RW 2476.03 ± 158.60 0.68 ± 0.25 81.95 ± 10.90 3.17 ± 0.24 11.43 ± 1.69

Mean 2737.36 0.63 78.95 3.73 10.84
H F 2356.53 ± 125.05 0.68 ± 0.10 77.77 ± 13.13 3.73 ± 0.07 7.70 ± 1.33

RW 2491.60 ± 178.48 0.54 ± 0.18 85.25 ± 4.71 3.46 ± 0.37 8.04 ± 0.49
Mean 2424.07 0.61 81.51 3.60 7.86

Significance
Cultivation system (CS) 0.053 ns 0.915 ns 0.793 ns 0.620 ns 0.032 *

Substrates (S) 0.199 ns 0.920 ns 0.497 ns 0.020 * 0.527 ns

CS × S 0.050 ns 0.920 ns 0.897 ns 0.066 ns 0.141 ns

Data represent means ± standard error (n = 9). Different letters indicate significant differences among treatments
according to Tukey’s HSD test. Significance levels: ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Cluster heatmap analysis illustrating morpho-anatomical parameters of lemon basil
(Ocimum × citriodorum) plants grown on two different substrates: 70% coconut fiber mixed with 30%
perlite (F) and 100% rock wool (RW) and in two different cultivation systems, hydroponic (H) or
aquaponic (A). Rows represent the measured parameters (e.g., leaf number, total leaf area, root length,
flavonoid index), and columns represent each combination of substrate and cultivation system. Color
intensity reflects standardized values (ln(x + 1) transformed), with red indicating higher-than-average
values and blue indicating lower-than-average values. Hierarchical clustering was conducted using
Euclidean distances and complete linkage.

3. Discussion

This study evaluated the potential of coconut fiber substrates combined with perlite as
sustainable alternatives to rock wool (experiment 1) and compared plant growth, nutrient
uptake, and eco-physiological responses under hydroponic and aquaponic conditions
(experiment 2) of lemon basil (Ocimum × citriodorum). Our key findings from experiment
1 revealed that a substrate mix composed of 70% coconut fiber and 30% perlite (F70:P30)
promoted optimal seed germination and seedling growth compared to other tested sub-
strates and was comparable or superior to rock wool. Furthermore, in experiment 2, while
total leaf biomass did not differ significantly between hydroponic and aquaponic systems,
aquaponics increased leaf dry matter and flavonoid content and improved calcium and
magnesium uptake compared to hydroponics, indicating potential nutritional and phyto-
chemical advantages. These findings align with previous research indicating the potential of
coconut fiber substrates and aquaponics to enhance plant health and sustainability [12,13].

Environmental challenges linked to intensive agriculture practices in soil-grown leafy
vegetables, such as heavy metal contamination, have become increasingly concerning in
southern Italy, especially in the Campania region [3]. A more sustainable and safer alter-

62



Plants 2025, 14, 1929

native is represented by the adoption of closed-loop soilless cultivation systems. Soilless
cultivation, such as hydroponics and aquaponics, represents viable solutions because it
reduces plant exposure to contaminated soils, minimizes agrochemical use, and signif-
icantly improves resource-use efficiency compared to traditional soil-based cultivation
practices [14,15].

Traditionally, rock wool (RW) has been widely used in commercial greenhouse pro-
duction due to its favorable physical properties for root development [16]. However, RW
is environmentally problematic, expensive to dispose of, and hazardous to human health
during handling [11].

Our results highlight coconut fiber substrates, particularly the F70:P30 blend, as a
promising alternative substrate. In alignment with studies, the improved water retention
and high cation exchange capacity (CEC) of coconut fiber likely facilitated superior germi-
nation and early seedling growth [17]. Additionally, the enhanced growth (leaf number,
plant height, leaf area) observed in seedlings grown on F70:P30 indicates that this substrate
might have provided optimal conditions for early establishment, potentially influencing
subsequent plant productivity positively.

In Experiment 2, which focuses on the comparison of aquaponic and hydroponic
systems, despite the initial differences observed during germination and seedling stages
(experiment 1), the total fresh biomass and leaf number did not significantly differ among
treatments. This outcome supports previous research that reported comparable yields
between hydroponic and aquaponic systems [12]. Interestingly, root dry biomass was
greater in RW-grown plants, likely due to RW’s stable physical structure enhancing root
growth [18]. Nevertheless, from an environmental sustainability perspective, coconut
fiber substrates offer clear advantages over RW, with lower environmental impact, safer
handling, and reduced disposal costs [11,16].

While hydroponics remains a widely adopted soilless technique, its dependence on
synthetic fertilizers raises concerns regarding environmental sustainability [15]. In contrast,
decoupled aquaponics offers a promising alternative by utilizing nutrient-rich aquacul-
ture water, thereby significantly reducing the need for supplementary fertilization [19,20].
Aquaponic cultivation resulted in a 10% higher leaf dry matter content compared to hy-
droponics. This finding aligns with recent hypotheses suggesting beneficial interactions
between aquaponic solution microbial communities and plant roots, potentially increasing
nutrient availability and promoting physiological adaptations [21,22]. Moreover, the signif-
icantly higher flavonoid content (52.5% increase) observed in aquaponically grown lemon
basil plants highlights aquaponics’ potential to enhance phytochemical quality. Previous
studies have also reported increased flavonoid concentrations in aromatic plants grown
aquaponically [23,24]. This increase in flavonoids may be linked to osmotic stress resulting
from higher sodium concentrations in aquaponic solutions, prompting plants to activate
secondary metabolic pathways as a protective mechanism against oxidative stress [25–27].
Lemon basil (Ocimum × citriodorum), specifically, appears particularly responsive to mild
salinity stress, producing elevated flavonoid concentrations under such conditions [28].
Root length was significantly shorter in aquaponic-grown plants compared to hydroponics,
likely due to increased sodium and salinity stress [25]. However, this reduced root growth
did not negatively affect overall biomass production or photosynthetic performance. In-
deed, gas exchange and chlorophyll fluorescence measurements (net photosynthesis, PSII
efficiency) showed no significant differences between systems or substrates, in line with
previous findings indicating stable photosynthetic performance under both cultivation
methods [12,29]. Regarding mineral nutrition, aquaponically cultivated plants exhibited
significantly higher calcium and magnesium uptake in stems and roots compared to hy-
droponically grown plants. This result supports previous findings demonstrating distinct
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nutrient uptake patterns influenced by microbial activities inherent to aquaponic nutrient
solutions [30]. The microbial diversity within aquaponic systems, particularly nitrifying
bacteria, can enhance nutrient solubility and uptake efficiency, explaining these observed
differences [31,32]. Additionally, the chemical properties of coconut fiber substrates, par-
ticularly their high cation exchange capacity (CEC), likely enhanced nutrient availability
to the plants [33]. Probably, RW, due to its favorable physical properties, promoted root
growth; however, as an inert substrate, it did not enhance nutrient uptake to the same as
coconut fiber. Although plants grown in RW developed more root biomass, this did not
translate into significant differences in nutrient composition compared to those grown on F,
as the high CEC allowed plants with less root system to absorb comparable amounts of
nutrients as those grown on RW. However, further research is needed to clarify the precise
interactions between coconut fiber substrates, aquaponic microbial communities, and plant
nutrient uptake dynamics. Despite being a decoupled system, the aquaponic setup still
contains residues of fish feed and fish feces, which inevitably influence the nutrient solu-
tion composition over time [26]. Although pH, CEC, and other parameters were carefully
managed to remain similar between aquaponic and hydroponic solutions, the presence of
these organic inputs leads to ongoing changes in nutrient availability and solution dynam-
ics. This aspect represents a key difference from hydroponic systems and highlights the
complex interactions between microbial communities and nutrient cycling in aquaponics.
Such considerations suggest valuable directions for future research on optimizing nutrient
solution characteristics concerning fish feeding regimes in aquaponic cultivation.

4. Materials and Methods

4.1. Experiment 1: Seed Germination and Seedling Growth
4.1.1. Experimental Site and Duration

The germination experiment was conducted from 15 November to 6 December 2022 at
the University Centre for Innovation and Development in the Food Industry (CAISIAL)
of the University of Naples Federico II—Department of Agriculture, University of Naples
Federico II, Portici, Italy (40◦48′57.9′′ N 14◦21′01.6′′ E, 29 m a.s.l.), within a climate-
controlled chamber.

4.1.2. Plant Material and Experimental Conditions

Seeds of lemon basil (Ocimum × citriodorum) (Bingenheimer Saatgut, Echzell, Ger-
many) were used. The experiment was conducted under controlled conditions: ambient
temperature was set at 26 ◦C, while inside the germination containers, temperature was
maintained at 29 ◦C, with relative humidity (R.H.) kept constant at 89%. Seeds were initially
hydrated with a half-strength Hoagland nutrient solution, with a pH of 6.2 and electrical
conductivity (EC) of 1600 μS/cm.

4.1.3. Substrates and Sowing Procedure

Four substrate treatments were tested: (1) 100% rock wool (RW; control), (2) 50%
coconut fiber (F) mixed with 50% perlite (P) (F50:P50), (3) 70% coconut fiber mixed with
30% perlite (F70:P30), and (4) 90% coconut fiber mixed with 10% perlite (F90:P10). A
completely randomized design was adopted, with three replicate containers per substrate
type. Each container contained 12 sowing holes, with two seeds sown per hole (24 seeds
per container, 72 seeds per treatment). The sowing holes measured 3.81 × 3.81 cm with a
depth of 0.5 cm, resulting in a soil volume of 7.25 cm3 per hole for both substrates.
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4.1.4. Germination and Seedling Management

Seeds underwent an initial 48-h dark period, followed by illumination at 243 μmol m−2 s−1

photosynthetic photon flux density (PPFD) provided by full-spectrum fluorescent lamps
(ATI Powermodule, Viareggio, LU, Italy) positioned 50 cm above seedling containers.
After the first 7 days, light intensity was increased to 343 μmol m−2 s−1 with a 16/8 h
photoperiod (day/night). Initially, substrates were hydrated every two days with osmotic
water until the emergence of the first radicle. Subsequently, substrates were irrigated at the
same frequency with half-strength Hoagland nutrient solution (EC 1100 μS/cm; pH 5.7),
ensuring consistent moisture without water stagnation.

4.1.5. Seedling Growth Measurements

Seed germination was monitored daily over 7 consecutive days. A seed was con-
sidered germinated upon emergence of the two cotyledons above the substrate surface.
The germination percentage (% GP) was calculated on day 7 as (number of germinated
seeds/total number of seeds sown) × 100. At twenty days after sowing, seedling height
(collar base to vegetative apex), leaf number, total leaf area, and root length were measured
by analyzing digital images using ImageJ software, version 1.50i (Wayne Rasband National
Institute of Health, Bethesda, MD, USA). The fresh weight of the shoot and root was mea-
sured using an electronic balance; dry weights were determined after oven drying at 70 ◦C
for 48 h.

4.2. Experiment 2: Comparison of Aquaponic and Hydroponic Systems
4.2.1. Experimental Site, Duration, and Setup

This greenhouse experiment was conducted from 6 December 2022 to 13 January
2023 at the same university facility (40◦48′57.9′′ N, 14◦21′01.6′′ E). Twenty-day-old lemon
basil seedlings grown on 70% coconut fiber mixed with 30% perlite (F) and on rock wool
(RW) substrates (Experiment 1) were transplanted into floating raft systems of decoupled
aquaponic (A) and hydroponic (H) units at a density of 20 plants m−2. These two treatments
were selected based on the results of the germination experiment: RW served as the control
substrate, while F70:P30 achieved the highest germination percentage, outperforming
F50:P50 and F90:P10 by 26.1 and 20.8 percentage points, respectively.

4.2.2. Greenhouse and Cultivation Systems Description

The experiment utilized a recirculating aquaponic system (RAS) prototype comprising
four aquaculture tanks (2800 L each). Nile tilapia (Oreochromis niloticus) was stocked at an
average density of 8.7 ± 5.4 kg m−3. The RAS included an 800-L mechanical and biological
filtration unit (Superbead, Air-aqua, Staphorst, The Netherlands), a 400-L trickling filter
(Scubla srl, Udine, Italy), and a 40-W UV sterilizer (Air-aqua, Staphorst, The Netherlands).
Air was supplied at 0.05 v v−1 min−1. Floating raft units (2 m2 each) were independently
managed as decoupled systems for aquaponic and hydroponic treatments.

4.2.3. Decoupled Aquaponic and Hydroponic Nutrient Solution Management

Initially, the aquaponic tank was filled with RAS water and subsequently decoupled.
Both systems were maintained at a constant water temperature of 23 ◦C, with daily mon-
itoring of pH and EC using Thermo Scientific Expert Testers (Segrate, Italy). Nutrient
solutions were analyzed biweekly, and the pH was adjusted to a target of 6.2–6.3 using
nitric acid (HNO3) and potassium hydroxide (KOH). The electrical conductivity (EC) was
maintained at approximately 1600 μS cm−1. The half-strength Hoagland hydroponic
nutrient solution was prepared by dissolving the following salts per liter of solution:
KNO3 = 0.75 g L−1; CaCl2 = 0.28 g L−1; MgSO4 * 7H2O = 0.25 g L−1; H3PO4= 0.04 g L−1;
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FeSO4 * 7H2O = 0.02 g L−1; Fe-EDTA = 0.04 g L−1, H3BO3 (0.0014 g L−1), MnCl2·4H2O
(0.0011 g L−1), ZnSO4·7H2O (0.0001 g L−1), CuSO4·5H2O (0.00004 g L−1), and H2MoO4·H2O
(0.0001 g L−1)”. Nutrient concentrations for both systems are detailed in Table 10.

Table 10. Nutrient concentration (mg L−1) in hydroponic (H) and aquaponic (A) systems.

System NO3 PO4 SO4 K Ca Mg Na Cl

H 390.28 45.70 80.43 95.77 113.64 35.98 10.35 7.63
A 469.93 50.04 60.04 40.65 107.46 31.77 41.23 59.08

4.2.4. Plant Growth Measurements

At 38 days after transplanting (DAT), corresponding to 59 days after sowing, plant
height, leaf number, total leaf area, and root length were measured using ImageJ software,
version 1.50i (Wayne Rasband, National Institute of Health, Bethesda, MD, USA). Fresh
and dry weights of shoots and roots were recorded after drying samples at 70◦ C for 48 h.

4.2.5. Leaf Vegetation Indices

Leaf anthocyanin (AnthM), flavonoid (FlvM), and chlorophyll indices (CCla) were
measured at 38 DAT using a portable MPM-100, Multi Pigment Meter (ADC BioScien-
tific Ltd., Hoddesdon, UK). The anthocyanin index was calculated at 660 and 525 nm
as AnthM = log (f660/f 525). The flavonoid index was calculated at 660 and 375 nm as
FlvM = log (f660/f375). The chlorophyll content index (CCIa) was calculated using the
formula CCIa = (T850/T720) × 0.86532 + 0.39, where T850 and T720 are the transmittance
measurements at 850 nm and 720 nm, respectively.

4.2.6. Gas Exchanges and Chlorophyll Fluorescence Measurements

Leaf gas exchange was measured at 38 DAT on one fully expanded leaf from each plant
on 3 plants × 3 replicates × cultivation system × substrate, using an Infrared Gas Analyser
(LCi T, ADC Bioscientific Ltd., Hoddesdon, UK). The measurements were conducted at
noon under ambient CO2 (on average 513 ± 25 ppm), mean temperature 28 ◦C, R.H. 33%,
and PPFD 486 μmol m−2 s−1. Intrinsic water use efficiency (WUEi) was calculated as leaf
net photosynthesis (A) divided by stomatal conductance (gs).

On the same leaves used for gas exchange measurements, the evaluation of chlorophyll
fluorescence was performed. A portable Plant Stress Kit (Opti-Sciences Inc., Hudson,
NY, USA) was utilized, and light-induced measurements were conducted using a ΦPSII
meter, applying a saturating pulse of 4286 μmol m−2 s−1 for 1.1 s to obtain the maximum
light-adapted fluorescence (Fm) and steady-state fluorescence (Fs). For dark-adapted
measurements, the leaves were dark-adapted for 30 min with a dark leaf clip (Opti-Sciences
Inc., Hudson, NY, USA). An Fv/Fm meter (Opti-Sciences Inc., Hudson, NY, USA), capable
of delivering a 1.0-s saturating light pulse (3429 μmol m−2 s−1), was employed to obtain
the Fm and F0 values. The PSII maximal photochemical efficiency (Fv/Fm) was determined
using Fv/Fm = (Fm − F0)/Fm. The quantum yield of PSII electron transport (ΦPSII) was
computed as ΦPSII = (Fm’ − Fs)/Fm’ [34]. The non-photochemical quenching (NPQ) was
calculated as (Fm/Fm’) − 1 [35].

4.2.7. Leaf, Stem, and Root Mineral Content Analyses

Mineral content (NO3
−, P, K, Ca, Mg) of leaves, stems, and roots were analyzed at 38 DAT

using 38 DAT on samples from each of 3 plants × 3 replicates × substrate × cultivation sys-
tem. A 250 mg aliquot of a ground dry tissue sample was utilized for the determination
of leaf mineral composition according to the procedures outlined by Pannico et al. [36].
Subsequently, mineral analysis was conducted following 0.45-micrometer filtration using
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an ion chromatography system (model ICS-3000, Dionex, Sunnyvale, CA, USA), with quan-
tification facilitated by an electrical conductivity detector equipped with IonPac CS12A and
IonPac AS11-HC analytical columns for cationic and anionic content analysis, respectively
(Dionex, Sunnyvale, CA, USA). Accounting for the dry matter content of the leaves, all
mineral (leaf, stem, and root) uptake values were calculated by multiplying the concen-
trations expressed in grams per kilogram (g kg−1) on a dry weight (DW) basis by the dry
weight of the analyzed organ and expressed as gram per plant (g plant−1). Only nitrate
was expressed as concentration (g kg−1) on a fresh weight (FW) basis.

4.2.8. Statistical Analysis

Experiment 1
Measurements and statistical analysis were carried out on 4 plants × 3 replicates

× 4 substrates, resulting in 48 plants. Data were analyzed using one-way ANOVA. The
analysis of the variance was performed using SPSS software version 27 (IBM, Chicago, IL,
USA). Means were compared by Tukey’s HSD post hoc test at a significance level of p <
0.05. A cluster heatmap was generated with ClustVis online software [37], using Euclidean
distance and complete linkage clustering; data were log(x + 1) transformed.

Experiment 2
Measurements and statistical analysis were carried out on 3 plants × 3 replicates

× 2 substrates × 2 cultivation systems, resulting in 36 plants. Data were analyzed us-
ing two-way ANOVA. The analysis of the variance was performed using SPSS software
version 27 (IBM, Chicago, IL, USA). Means were compared by Tukey’s HSD post hoc
test at a significance level of p < 0.005. A cluster heatmap was generated with ClustVis
online software [37], using Euclidean distance and complete linkage clustering; data were
log(x + 1) transformed.

5. Conclusions

This research highlights the effectiveness of the F70:P30 coconut fiber-perlite substrate
mix in optimizing seed germination and early plant growth, providing a sustainable and
environmentally friendly alternative to rock wool substrate. This alternative reduces
disposal costs and minimizes potential health risks associated with rock wool handling.

Additionally, decoupled aquaponics proved to be a viable cultivation method, achiev-
ing yields comparable to traditional hydroponics while significantly decreasing dependence
on chemical fertilizers.

The observed increase in flavonoid content in aquaponics-grown lemon basil suggests
additional nutritional and nutraceutical benefits, potentially attributable to mild osmotic
stress conditions.

This enhancement offers growers a marketing advantage and the potential for higher
economic returns from health-conscious consumers.

Collectively, these findings offer direct practical implications for commercial green-
house production, supporting the adoption of more sustainable, cost-effective, and resource-
efficient agricultural practices. Future research should further investigate the integration
and optimization of sustainable substrates and aquaponic systems, particularly for com-
mercial vegetable production in regions affected by soil contamination.
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Abstract

In urban plantings, mined sand and scoria are commonly used as low-nutrient substrates to
improve plant establishment and growth. However, reliance on mined materials conflicts
with sustainability policies promoting resource circularity and waste reuse. Construction
wastes are readily available, and while their high alkalinity and density may limit plant
growth, incorporating organic matter, like pine bark, can ameliorate these issues. We
investigated whether construction waste amended with pine bark can support plant growth.
We evaluated physical and chemical properties of 12 substrates combining four mineral
components—scoria (mined), sand (recycled), crushed concrete (recycled), and crushed
rock (recycled)—with pine bark (10%, 20%, and 50% v/v). We then tested eight of these
substrates in a container experiment, evaluating the growth of two woody shrubs: Alyogyne
huegelii and Goodenia ovata. All mineral components were alkaline (pH 9.2–12.3), with
crushed concrete remaining hyper-alkaline despite pine bark addition. Greater pine bark
volumes improved air-filled porosity but reduced water retention. Substrates with 50%
v/v pine bark had lower plant biomass compared to those with 10% v/v. However, plant
biomass was similar across all mineral components. This demonstrates that construction
waste–pine bark substrates can support plant growth in urban plantings, supporting
broader sustainability goals in cities.

Keywords: alkalinity; crushed concrete; crushed rock; growing media; recycled substrate;
sand; scoria; substrate properties; urban greening; woody plants

1. Introduction

Naturalistic plantings can be a low-maintenance approach to increase the amenity and
biodiversity of informal green spaces, such as streetscapes and railway easements [1]. They
are designed to mimic the structure of natural vegetation communities, layering diverse
understorey plant species to create a complex structure with abundant and prolonged
flowering [2]. A key design feature of naturalistic plantings is including species that can
establish and persist with low inputs [3,4]. However, establishing naturalistic plantings on
urban soils can be challenging, as they are often degraded and compacted [5,6].

Urban soils can be highly fertile due to excessive or long-term fertiliser application
and runoff [7], which can lead to high weed competition [8]. Urban soils can be improved
via (i.) amendments (e.g., gypsum, lime, compost) to improve chemical and physical
structure [9,10], (ii.) mechanical ripping or tillage to reduce dominant weed cover, reduce
compaction and improve physical structure [6,11,12], or (iii.) a combination of tillage and
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deep soil amendments [12–14]. However, these treatments can be impractical at larger
scales and may not address the issues of persistent weed seed banks [6]. In such instances,
the options are to remove upper soil layers or to add new upper soil layers [4].

Topsoil removal (or “scalping”) removes the upper 10–50 cm of soil layers containing
excess nutrients and weed propagules [15] and has been used for grassland restoration in
Australia [16,17], Europe [18–20], and North America [21]. However, in urban landscapes,
scalping can be limited by the high cost of topsoil removal and disposal [22] or by contami-
nants that prohibit removal or disturbance of soil [23]. In these cases, new soil layers can
be added on top of existing site soil as a “capping substrate”, providing an uncompacted,
low-nutrient, weed-free growing medium, and acting as a mulch to suppress weeds [9,24].

Capping substrates are commonly used in naturalistic plantings to mimic free-draining,
low-nutrient natural soils, favouring the establishment of target species over nutrient-
demanding weeds [8]. To support plant establishment and growth, capping substrates
must provide adequate air, water, and structure [25–27]. There are currently no guidelines
for capping substrates for naturalistic plantings, but acceptable ranges for substrate physical
and chemical properties (Table 1) can be drawn from guidelines for horticultural container
media [28–31], green roof substrates [32–35], and landscape soils [9,36,37].

Table 1. Key substrate properties and their recommended ranges for healthy plant growth in urban
landscape plantings based on guidelines for container media, green roof substrates, and landscape
soils.

Property Unit Definition Acceptable Range References

Air-filled porosity
(AFP) % v/v The percentage of substrate that is composed of

air-filled pores
7–50% depending on

plant species [29–31,34,35]

Dry bulk density
(BD) g cm−3 Mass in grams of a dried cubic centimetre of substrate ≤1.7 g cm−3 [29,32,36,38]

Coarseness index
(CI) % w/w Summary of particle size distribution: cumulative

percentage by weight of particle sizes < 1 mm <40% [28]

Water-holding
capacity (WHC) % v/v The total amount of water able to be held by a

substrate after gravity drainage (~−10 kPa) 20–65% [30–33,35]

Plant available
water (PAW) % w/w

The amount of water available to a plant between
field capacity (−10 kPa) and permanent wilting point
(−1500 kPa)

>20% depending on
plant species

water use
[29]

pH unitless The concentration of hydrogen ions (H+) in a medium.
Indicates if the substrate is acidic, neutral, or alkaline 4.5–8.5 [29,30,32,36,39]

Electrical
conductivity (EC) dS m−1 The sum of all salt ions in a solution which indicates

the salinity of the substrate ≤2.2 dS m−1 [29,30,37]

Capping substrates are typically composed of mined or quarried materials such as
sand, gravel, or scoria, due to their low-nutrient content, minimal weed seed load, and
well-characterised physical properties [8,40]. However, with a growing desire to reduce
the environmental impact of cities, more sustainable materials are required—particularly
those that reuse waste generated in cities [41].

Mineral materials recycled from construction and demolition waste could be used
as capping substrates for naturalistic plantings. Construction wastes include materials
such as crushed concrete, crushed rock, recycled sand, crushed brick, crushed roof tile, and
subsoil [39]. They can have lower environmental and economic cost compared to mined
materials, so they could be sustainable replacements for existing mineral substrates [42,43].
Previous studies have evaluated construction wastes as the inorganic substrate component
for green roofs [44–47] and in technosols for tree or garden plantings, e.g., [48–52]. However,
their use as capping substrates for naturalistic plantings is limited [2,8,22,24]. Construction
wastes are generally low in nutrients and may contain fewer weed seeds [22], which would
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make them ideal capping substrates. However, they can have high bulk density (e.g.,
recycled sands or subsoils; [39,53]), poor water-holding capacity (e.g., crushed rock; [22]),
and extreme alkalinity (e.g., crushed concrete; [47,54]).

Adding organic matter to construction wastes could ameliorate unfavourable physical
and chemical properties [55], potentially bringing them into the acceptable ranges for plant
growth. Organic matter can increase air and water capacity, decrease density, improve
the structure [46,56], and reduce the pH of alkaline construction wastes [54]. There are
many types of organic matter, and their origin and pre-treatment (e.g., ageing, composting)
can determine the maturity, cellulose-to-lignin ratio, nutrient content, and stability (i.e.,
rate of decomposition and longevity; [57,58]). For capping substrates, organic matter
should be stable with low nutrients and weed seed load. Aged pine bark is a stable
organic matter commonly used in soil-less container media and as landscape mulch, due
to its favourable physical and chemical properties, low weed seed content, and slow
decomposition [25,57,59]. Pine bark is a softwood material produced as a waste by-product
from the timber industry and is carbon-rich with low nitrogen availability [57]. Pine
bark has been shown to increase air-filled porosity (AFP), water-holding capacity (WHC),
and plant available water (PAW), as well as reduce bulk density (BD) in sand container
media [60]; it is also acidic [61], which could help ameliorate high alkalinity in construction
waste substrates. Pine bark can ameliorate highly alkaline substrates by replacing alkaline
mineral particles on a volume-to-volume basis (i.e., physical dilution) as well as through
chemical reactions.

We aimed to evaluate the use of construction and demolition mineral wastes with and
without pine bark addition as capping substrates for naturalistic plantings. We evaluated
the physical, hydrological, and chemical properties of four mineral components—scoria,
recycled sand, crushed concrete, and crushed rock—pine bark, and 12 substrate mixes
made of the four mineral components with three rates of pine bark addition (10, 20, or
50% v/v). Based on their properties, we then evaluated plant growth in eight substrates
with 10% or 50% pine bark in a nursery-based container experiment. To compare plant
response across a range of substrate alkalinity, we selected two drought-tolerant species
from low-nutrient Australian shrublands that have demonstrated vigorous growth in
woody naturalistic plantings with scoria capping substrates [62] and have contrasting
alkalinity tolerance. Alyogyne huegelii is found naturally across a range of soil types from
acidic to alkaline [63], whereas Goodenia ovata is found naturally on neutral to acidic
soils [64]. We hypothesised that

1. Greater rates of pine bark addition to mineral substrates will improve physical and
hydrological properties and result in greater plant growth as compared to mixes with
lower rates of pine bark addition.

2. Greater rates of pine bark addition to alkaline substrates will improve chemical
properties and result in greater growth of alkaline-sensitive plant species (G. ovata)
than alkaline-tolerant species (A. huegelii).

2. Results

2.1. Effect of Pine Bark Addition on Substrate Properties

Coarseness index (CI) exceeded the acceptable threshold for plant growth in pine bark,
all mineral components, and substrate mixes, except for recycled sand with no pine bark
and recycled sand with 10% pine bark (Figure 1i–iv). The interaction between pine bark
addition rate and mineral component significantly affected CI (χ2

(11) = 994.0, p < 0.001).
Pine bark addition significantly increased the CI of all mineral components, except crushed
rock. For recycled sand, the addition of 50% pine bark increased CI beyond the acceptable
threshold for plant growth (45%, Figure 1i). Particle size distributions show a clear grouping
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of the substrate components and mixes into three statistically distinct categories (Figure 2):
“dominantly fine” (CI < 40%), comprising recycled sand with no pine bark and recycled
sand with 10% pine bark; “intermediate” (CI 45–55%), comprising scoria with no pine bark
and recycled sand with 50% pine bark; and “dominantly coarse” (CI < 55%), comprising all
other substrate components and substrate mixes.

Figure 1. Effects of pine bark addition on physical properties: (i–iv) coarseness index, (CI>1 mm),
(v–viii) air-filled porosity (AFP), (ix–xii) dry bulk density (BD); hydrological properties: (xiii–xvi)
water-holding capacity (WHC), and (xvii–xx) plant available water (PAW); and chemical properties:
(xxi–xxiv) pH, and (xxv–xxviii) electrical conductivity (EC1:5). Columns represent the four mineral
components: recycled sand, scoria, crushed concrete, and crushed rock. The X-axis and colours
represent pine bark rate v/v (0% = black, 10% = light blue, 20% = grey-blue, and 50% = purple).
Values represent means (n = 3) for AFP, BD, WHC, pH, and EC; (n = 2) for CI; and (n = 1) for
PAW. Green shading indicates the acceptable range for plant growth: CI < 40%, AFP = 7–50%,
BD < 1.7 g cm−3,WHC = 20–65%, PAW < 20%, pH = 4.5–8.5, and EC < 2.2 dS m−1. Different letters
denote significant differences among property means across pine bark rates within each mineral
component (for all p < 0.001, except WHC p = 0.002, and no analysis for PAW). CI was measured on
3 pine bark rates (0, 10, and 50%). PAW was measured on 2 pine bark rates (10 and 50%).
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Figure 2. Particle size distribution of the four mineral components (recycled sand, scoria, crushed
concrete, and crushed rock), pine bark, and the eight substrate mixes (10% and 50% pine bark within
each mineral component) from 2 L samples. The X-axis represents % weight/weight of particles in
each size fraction (coloured bars; <0.6 mm, 0.6–1 mm, 1–2 mm, 2–4 mm, 4–6.3 mm, 6.3–10 mm, and
>10 mm). The Y-axis represents substrate mix or component with coarseness index (CI>1 mm); the
cumulative percent of particles < 1 mm. Vertical black dashed lines indicate a 1 mm threshold used
for CI.

Mineral components scoria and crushed rock had air-filled porosity (AFP) within the
acceptable range for plant growth, while the AFP of recycled sand and crushed concrete
was below the threshold (Figure 1v–viii). A significant interaction between pine bark
addition and mineral component affected AFP (χ2

(9) = 132.2, p < 0.001), as shown by the
variable response of AFP to increasing pine bark addition across substrate mixes. Recycled
sand required the highest pine bark addition rate (50%) to achieve acceptable AFP, whereas
a 10% addition was sufficient to bring crushed concrete into the acceptable range (>7%,
Figure 1v,vii).

The dry bulk density (BD) of all mineral components was within the threshold for
unrestricted root growth, although crushed rock was near the upper limit (1.7 g cm−3;
Figure 1ix–xii). Increasing pine bark addition rates generally reduced BD across all mineral
components, with the 50% rate producing the lowest BD values and bringing crushed
rock closer in line with the other substrate mixes (Figure 1ix–xii). A significant interaction
between pine bark addition rate and mineral component affected the BD of the substrate
mixes (χ2

(9) = 66.4, p < 0.001).
All mineral components had a water-holding capacity (WHC) within the acceptable

range for plant growth, although crushed rock was at the lower limit (20%, Figure 1xiii–xvi).
A significant interaction between pine bark addition rate and mineral component affected
WHC (χ2

(9) = 160.8, p < 0.001). In scoria and crushed concrete, increasing rates of pine bark
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addition significantly lowered WHC compared to 0% pine bark, though values remained
within the acceptable range. In contrast, rates of 20% and 50% pine bark addition significantly
increased WHC in crushed rock, bringing it further into the acceptable range (23% and 26%,
respectively).

Plant available water (PAW) was measured only in substrate mixes with 10% and 50%
pine bark addition. Adding 50% pine bark had no effect on PAW in recycled sand and scoria,
increased PAW in crushed concrete, and decreased it in crushed rock (Figure 1xvii–xx). Only
the recycled sand mixes had acceptable PAW for plant growth (22% and 23% w/w). All other
substrate mixes had unacceptable PAW, with the lowest values observed in crushed concrete
with 10% pine bark addition (5% w/w) and in both crushed rock mixes (5% and 2% w/w).
Notably, 50% pine bark addition improved PAW in crushed concrete by 7% w/w, making it
equivalent to both scoria mixes (12% w/w). Though not formally measured, we observed
that mineral components had drastically different water retention and drainage times after
irrigation, regardless of pine bark addition rates. Recycled sand drained much more slowly
than the coarser components, especially crushed rock, which drained rapidly. All mineral
components were very strongly or hyper-alkaline (pH 9.2–12.3) and unsuitable for plant
growth (acceptable threshold: pH < 8.5; Figure 1xxi–xxiv), but crushed concrete was the
most alkaline (pH 12.3). A significant interaction between pine bark addition rate and
mineral component affected pH (χ2

(9) = 171.9 and p < 0.001). Except for crushed concrete,
adding 50% pine bark reduced pH to acceptable levels across all other mineral components,
with reductions most pronounced in scoria, followed by crushed rock and recycled sand
(Figure 1xxi–xxiv).

Electrical conductivity (EC) followed a similar pattern to alkalinity, with crushed concrete
being the most saline (1.1 dS m−1, p < 0.001). However, all mineral components and substrate
mixes had EC in the acceptable range for plant growth (<2.2 dS m−1; Figure 1xxv–xxviii). In
crushed concrete, 50% pine bark addition significantly lowered EC, aligning it with recycled
sand with no pine bark (0.4 dS m−1, p < 0.001).

2.2. Plant Biomass and Allocation in the Container Experiment

There was no plant mortality in the container experiment. Shoot and root biomass
were highly correlated with total biomass (R = 0.97 and 0.93, p < 0.001); therefore, only
total biomass results are presented. Both species shared similar patterns of total biomass
response across substrate mixes (Figure 3). A significant interaction between pine bark
addition rate and mineral component affected total biomass (χ2

(3) = 15.1, p = 0.002). In
most substrate mixes, 50% pine bark addition resulted in lower total biomass compared
to 10% addition, with the largest decrease observed in scoria and crushed rock substrates.
However, in crushed concrete, the negative effect of 50% pine bark was less pronounced,
with no significant difference in mean total biomass between 10% and 50% pine bark mixes
(p = 0.2; Figure 3).

Biomass allocation—root mass fraction (RMF) and leaf mass fraction (LMF)—was not
significantly affected by pine bark addition rate, mineral component, or their interaction
(p > 0.05, Table S1).

Overall, Goodenia ovata was the more vigorous species, exhibiting significantly greater
total, shoot, and root biomass, and LMF than Alyogyne huegelii when comparing within
pine bark rates (all p < 0.001; Table S2). However, Alyogyne huegelii had significantly greater
RMF than Goodenia ovata (p < 0.005; Table S1).
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Figure 3. Effect of substrate mix (pine bark rate x mineral component) on total biomass (g) for
(A) Alyogyne huegelii and (B) Goodenia ovata. The X-axis represents mineral component (recycled
sand, scoria, crushed concrete, and crushed rock). Colours indicate pine bark rate (10% = blue,
50% = purple). Black dots indicate outlier values. Different letters above or below boxes denote
significant differences among mean total biomass across the interaction of pine bark addition rate
and mineral component within each species.

2.3. Relationships Between Substrate Physical and Hydrological Properties and Plant Biomass

We assessed relationships between substrate physical (CI, AFP, BD) and hydrological
(WHC, PAW) properties and total biomass. Air-filled porosity and CI were strongly
positively correlated with each other (R = 0.8, p = 0.02) and exhibited similar slopes in
their relationships with total biomass (Table S3). Therefore, only CI is presented here and
in Figure 4 to represent physical properties. Coarseness index and PAW were strongly
negatively correlated with each other (R = −0.86, p = 0.006). For Alyogyne huegelii, total
biomass was significantly negatively related to CI in the 10% pine bark substrate mixes
(p = 0.02; Figure 4A), but this relationship was not significant in the 50% mixes (p = 0.22).
In contrast, total biomass showed a significant positive relationship with PAW in the 10%
pine bark substrate mixes (p = 0.003; Figure 4C) and a marginally positive relationship in
50% mixes (p = 0.04). For Goodenia ovata, a similar pattern was observed; total biomass
was significantly negatively related to CI in the 10% pine bark substrate mixes (p = 0.02;
Figure 4B), but this relationship was marginal for 50% mixes (p = 0.04). Total biomass was
significantly positively related to PAW in the 10% mixes (p = 0.02; Figure 4D), but this
was marginal for 50% mixes (p = 0.05). No significant relationships were found between
total biomass and either BD or WHC in either species, across both pine bark addition rates
(p < 0.05; Table S3).
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Figure 4. Relationships of mean total biomass (g), against (A,B) coarseness index>1 mm (% w/w),
(C,D) plant available water (% w/w), and (E,F) pH. Columns indicate species: Alyogyne huegelii
(A,C,E) and Goodenia ovata (B,D,F). Colours indicate pine bark volume (10% = blue, 50% = pur-
ple). Symbols represent mineral components (recycled sand = squares, scoria = circles, crushed
concrete = diamonds, and crushed rock = triangles). Linear relationship significance is represented
by lines (solid = significant and dotted = insignificant), with shading representing standard error.
Property–pine bark interaction is summarised as slope and p-value (p). Linear model fit for each
property within each species is presented as model coefficient (R2), F-statistic (degrees of freedom),
and p-value (p).
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2.4. Relationships Between Substrate Chemical Properties and Total Biomass

We assessed the relationships between substrate chemical (pH and EC) properties and
total biomass. For Alyogyne huegelii, there were no significant relationships between total
biomass and pH in either the 10% or 50% pine bark substrate mixes (p = 0.2; Figure 4E).
In Goodenia ovata, total biomass had a significant negative relationship with pH in the 10%
pine bark substrate mixes (p = 0.02; Figure 4F), with a marginal effect of pH observed in the
50% mixes (p = 0.02). No significant relationships were found between total biomass and
EC in either species (p < 0.05; Table S3).

3. Discussion

Results from this study demonstrate that pine bark addition improved the physical
and chemical properties of alkaline construction wastes so that they may be used as capping
substrates for naturalistic plantings. This study demonstrates that even at low rates of pine
bark addition, construction wastes can be a sustainable substitute to quarried scoria in
capping substrates, though high coarseness and low water retention may limit biomass
growth, and hyper-alkaline crushed concrete may limit biomass in alkali-sensitive species.

3.1. Effect of Pine Bark Addition on Substrate Properties

Overall, greater rates of pine bark improved air-filled porosity (AFP) and dry bulk
density (BD) across all mineral components. However, these benefits were consistently
accompanied by increased coarseness index (CI) and often by reductions in water-holding
capacity (WHC) or plant available water (PAW). These results generally support our
hypothesis that greater rates of pine bark will improve physical properties, except in the
case of CI. However, greater rates of pine bark had inconsistent effects on hydrological
properties, so we cannot confirm that aspect of the hypothesis. In scoria and recycled sand,
pine bark increased AFP and reduced BD, but also raised CI, which, in combination, may
explain the lower WHC observed in scoria. However, PAW remained unchanged between
10% and 50% rates of pine bark in both substrates. In crushed concrete, greater rates of
pine bark improved AFP, BD, and PAW, but also increased coarseness and reduced WHC.
In crushed rock—the coarsest mineral component—pine bark improved AFP and BD but
reduced both WHC and PAW.

These variable effects on hydrological properties can be attributed to the particle size
distributions (summarised as CI) of both the mineral components and pine bark. The pine
bark used was “dominantly coarse” (6–10 mm), likely increasing macro-porosity in already
coarse substrates—scoria, crushed concrete, and crushed rock—leading to reduced water
retention, expressed as either lower WHC or PAW. Previous studies have shown that pine
bark’s particle size strongly influences its effect on substrate physical and hydrological
properties [60,65]. Coarse particles (>6.4 mm) can increase AFP and drainage but lower
water availability [66], whereas fine particles (<0.5 mm) can decrease AFP and increase
WHC and PAW [60].

The trade-off between CI and water retention was most extreme in crushed rock sub-
strates at both pine bark rates, where high CI and low PAW indicated faster drainage rates.
The crushed rock particles had the most angular particles out of all the recycled mineral
components (Figure S1). Interlocking of angular particles can create larger pores and
atypical capillary action [22], which has been reported to increase drainage and decrease
water retention in recycled substrate studies using crushed porcelain, demolition aggregate,
and crushed brick [24,45,67]. However, crushed concrete substrates, which had similar
CI to crushed rock but greater WHC and PAW, had more rounded particles. Concrete is
more reactive to weathering than basalt rock as it has faster dissolution rates [68,69], which
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may produce less angular particles over a shorter time (concrete: 1–2 years vs. basalt:
>10 years; [70,71].

In our study, pine bark addition increased AFP and decreased BD, which aligns with
physical and hydrological property trade-offs observed in the literature. For example,
Blythe and Merhaut [72] observed a negative relationship between total porosity (AFP
and WHC) and density (BD) across 127 container media blends, including pine bark,
peat, and sand. Similarly, Graceson [46] found that organic matter additions decreased
BD and increased WHC, while AFP increased with coarse compost (10–25 mm) addition
and decreased with finer compost (0–10 mm). However, unlike these studies, we did not
observe a consistent relationship between BD and WHC or AFP and WHC. This may be
due to our limited sample of mineral components, with two dominantly coarse materials
and only one dominantly fine material, as well as one intermediate material, which limited
the sample of CI to more extreme values on the scale. Future work should assess a greater
range of materials sampling at regular intervals along the CI range to fully characterise the
trade-offs between physical and hydrological properties of construction wastes.

Collectively, these results emphasise the importance of balancing particle size dis-
tribution when designing capping substrates. Overly coarse mixtures may compromise
water retention, while blends with appropriate proportions of fine and coarse particles can
support favourable physical and hydrological properties for plant growth [26,58].

All mineral components were too alkaline for plant growth, although salinity was
within the acceptable range. Increasing pine bark addition reduced pH non-linearly, and
only the 50% rate lowered pH into the acceptable range for recycled sand, scoria, and
crushed rock. Crushed concrete remained hyper-alkaline even at the highest pine bark
rate. These results generally support our second hypothesis that greater rates of pine bark
addition improve chemical properties, except in the case of crushed concrete.

In contrast, previous green roof studies have reported that even low rates of organic
matter can significantly reduce pH in strongly to hyper-alkaline mineral substrates [73,74].
For example, Molineux [54] found that a slightly acidic organic mix of 1:1 conifer-bark
compost and medium clay soil, added at 15% and 25% v/v to alkaline “Carbon8” pellet
green roof substrates, significantly reduced the pH from 11.8 to 9.1. Although not explicitly
stated, the inclusion of medium clay soil likely contributed high proportions of mineral
and organic fine particles, which may have enhanced the acidifying capacity of the organic
matter, leading to the observed pH reduction [9,54].

As with physical properties, fine particles (<0.6 mm) strongly influence chemical
properties such as pH by altering the composition of the substrate solution (also “soil
solution”; [9,36]). In our study, the pine bark was moderately acidic (pH 5.8) but dominantly
coarse (CI = 97%), with only 2% of particles < 0.6 mm. At lower addition rates (10% and 20%
v/v), this equated to just 0.2% and 0.4% of total substrate volume composed of fine pine
bark particles, making it unlikely that they could meaningfully alter the substrate solution.

It is therefore more likely that the pH reductions observed were driven by physical
dilution, with coarse pine bark particles displacing alkaline mineral fines, rather than
chemical acidification. This would explain why a high pine bark addition rate (50%) was
required to reduce pH in the strongly alkaline substrates (recycled sand, scoria, and crushed
rock), and why even at this rate, crushed concrete remained hyper-alkaline. Our findings
highlight the limited acidifying effect of coarse pine bark, particularly in hyper-alkaline
substrates like crushed concrete, where substantial additions were still insufficient to bring
pH into the suitable range for plant growth.

Overall, these results reinforce the importance of particle size in shaping physical,
hydrological, and chemical substrate properties. Achieving pH levels suitable for plant
growth in alkaline mineral components may require not only organic amendments, but
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also adequate quantities of fine mineral or organic particles capable of chemically altering
the substrate solution to reduce alkalinity.

3.2. Plant Response to Physical and Hydrological Properties Altered by Pine Bark Rate

Contrary to our first hypothesis, substrates with 10% pine bark addition had greater
total biomass than substrates with 50% addition, except in crushed concrete. Within
substrates with 10% pine bark, plant biomass was greatest in recycled sand and lowest in
crushed rock and crushed concrete, whereas within substrates with 50% pine bark, plant
biomass was similar among all mineral components.

We found that biomass was related to AFP, CI, and PAW, which were generally more
suitable for plant growth in 10% mixes compared to 50% mixes, except for AFP. Recycled
sand substrates were “dominantly fine” and had the highest PAW and lowest AFP, which,
according to guidelines, would limit plant growth. However, we observed the opposite
effect, like in the study by Ekşi and Rowe [45], where a green roof substrate with 3%
AFP had the greatest biomass. As the recycled sand is a washed soil material screened to
≤3 mm, it likely contained silt and clay particles < 0.6 mm in size. As discussed, mineral
and organic fines are known to increase WHC and PAW of substrates, while reducing
AFP and increasing BD [9,36]. This increase in water retention can result in greater plant
biomass yield [75].

Ekşi and Rowe [45] found expanded shale substrates retained more water after irriga-
tion than coarser recycled substrates using foamed glass or crushed porcelain, resulting in
greater total biomass of sedum and basil plants. They also found that even if the recycled
substrates had similar or higher WHC to expanded shale, the combination of their greater
coarseness (CI < 40%), considerably higher AFP, and rapid drainage resulted in lower
water retention, which reduced plant biomass [45]. These results are reflected in our study,
where crushed concrete and crushed rock 10% pine bark substrates and all 50% pine bark
substrates had high CI and AFP, indicating greater drainage [45,75], which resulted in
lower biomass compared to recycled sand with 10% pine bark.

Graceson [76] found similar relationships among coarseness, water retention, and
biomass of sedum, where they identified WHC as an important predictor for water re-
tention, and thus biomass growth on green roofs. Biomass was greatest in crushed tile
substrates with 30% v/v of composted green waste, which had the highest proportion of
fine particles (41% < 1 mm) and the greatest WHC (33%) compared to crushed brick and
Lytag® substrates [76]. However, when the rate of composted green waste was lowered to
20% v/v, all substrates had lower WHC and generally greater coarseness, which resulted in
lower sedum biomass compared to 30% substrates, and similar biomass across all mineral
components [76]. This aligns with the relationships we found among CI, PAW, and biomass,
with increasing CI and lower PAW reducing biomass.

Our study demonstrates that substrate coarseness, which was influenced by mineral
component and pine bark rate, is a key driver of available water and thus plant performance.
The finest substrate mixes had the highest water availability and the best plant growth,
which highlights the importance of supplying sufficient fine particles in capping substrates.
We also found that while 50% pine bark addition did not affect plant survival, it reduced
plant growth, which contrasts with previous green roof and agricultural studies that have
demonstrated a strong positive effect of greater organic matter addition rates on plant
biomass or yield [73,77]. In addition to the greater drainage and reduced water retention
from 50% pine bark addition, it is possible that nitrogen availability was reduced due to
microbial immobilisation (i.e., nitrogen drawdown; [78]) in response to the large carbon
source provided by pine bark. This limitation may have added to the unfavourable physical
and hydrological conditions, resulting in lower plant biomass in substrates with 50% pine
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bark. However, pine bark at 50% also reduced the variation in physical and hydrological
properties among mineral components, which aligned more extreme crushed concrete
and crushed rock with scoria and recycled sand, making them comparable candidates for
capping substrates.

3.3. Alkaline-Sensitive Plant Response to pH Altered by Coarseness

Despite greater rates of pine bark improving chemical properties in recycled sand,
scoria, and crushed rock, this did not translate to greater biomass in either species, as
50% mixes generally had worse growth. For alkaline-sensitive Goodenia ovata, biomass
was similar between pine bark rates in crushed concrete, where the pH was extreme and
unaffected by increased pine bark addition. The biomass of both species in 50% mixes
seemed to be influenced more by physical properties, rather than pH.

However, in 10% mixes, there was clear evidence of an alkalinity effect on G. ovata,
with hyper-alkaline crushed concrete resulting in the lowest biomass of all the mineral
components. Poor growth of alkaline-sensitive plants in concrete-based substrates was
documented in a green roof study where meadow species with a strong preference for
acid soils did not survive, but species with broad pH tolerance or alkaline tolerance had
high survival and abundance [47]. Despite the high alkalinity of the substrates in our
study, there was no mortality of either species in any of the substrate mixes, and though
the biomass of sensitive species was reduced in crushed concrete substrates, it was no
different from substrates with 50% pine bark, where all mineral components had similar
biomass. This is a promising outcome which shows construction wastes such as recycled
sand, crushed rock, and even the hyper-alkaline crushed concrete, may be used as capping
substrates in place of scoria, the current preferred mineral material for capping substrates
in woody naturalistic plantings. However, construction wastes must be amended with pine
bark as their properties are too extreme for plant growth.

3.4. Limitations

We focused on only two plant species to understand how alkalinity may affect plant
growth using waste substrates. However, to assess the broader application of construction
wastes as capping substrates in urban naturalistic plantings, experiments with a larger
plant palette are required. In addition, container studies of monocultures are not always
representative of true field conditions in the urban landscape [24]. Future work should
assess these capping substrates overlying urban soil and the interacting effect of substrate
depth on plant performance. Further, to comprehensively compare construction wastes to
industry standards like scoria and sand, we must understand how they can function as
mulch to suppress weeds. Future work should assess the viability of construction wastes
functioning as mulch in comparison to sand or scoria. The results obtained in this study
show that pine bark-amended construction wastes can support plant growth in containers,
but similar experiments in a landscape context are required to fully validate their function
as capping substrates in urban naturalistic plantings.

4. Materials and Methods

4.1. Substrate Components

Four types of mineral components were evaluated, scoria—as a reference mineral
component—and three recycled waste materials: recycled sand, crushed concrete, and
crushed rock. The scoria was sourced from Aerolite Quarries Pty Ltd. (Anakie, VIC, Aus-
tralia) and is a quarried volcanic material, crushed and screened to ≤8 mm, including fine
particles. The recycled materials were sourced from Repurpose It® Pty Ltd. (Epping, VIC,
Australia), a construction and demolition waste recycling company based in Melbourne,
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Australia. The crushed concrete and crushed rock materials are crushed and screened to
≤20 mm minus, and can have variable origins, depending on supply from construction
projects. The crushed concrete used in this experiment was sourced from construction and
demolition mixed waste from the Greater Melbourne region and included 1.7% metal, glass,
brick, ceramics, or slag. The crushed rock used in this experiment is composed of Tertiary
Olivine basalt, which is naturally alkaline, excavated from the Greater Melbourne region.
The recycled sand is a washed and screened soil material derived from EPA category C and
D contaminated soils [79]. The recycled sand is processed through a wash plant to remove
contaminants and then screened to ≤3 mm, including fines.

The organic component—aged Pinus radiata bark mulch (hereafter “pine bark”)—was
sourced from Repurpose It® Pty Ltd. (Epping, VIC, Australia) and is a screened waste
material from the timber industry (6–10 mm). The pine bark had the following properties:
high coarseness index (CI = 97% w/w), high air-filled porosity (AFP = 49% v/v), low
dry bulk density (BD = 0.2 g cm−3), moderate water-holding capacity (WHC = 25% v/v),
moderate acidity (pH = 5.8), and low salinity (EC = 0.2 dS m−1). Pine bark typically has low
nitrogen content, between 0.2 and 0.76% dry mass [9,80]. Figure S1 shows the appearance
of each substrate component.

4.2. Physical and Chemical Properties of Substrate Components and Mixes

Substrate mineral and organic components and substrate mixes were tested for physi-
cal, hydrological, and chemical properties. The four mineral components were mixed with
three rates of pine bark (10%, 20%, and 50% v/v) to create 12 different substrate mixes
for testing physical (AFP and BD), hydrological (WHC), and chemical properties (pH and
EC). Particle size distribution, summarised as coarseness index (CI), was tested on the
individual substrate components and on substrate mixes with 10% or 50% v/v pine bark
addition. Plant available water was evaluated on mixes with 10% or 50% v/v pine bark
addition. Table 1 describes the acceptable ranges for each substrate property.

Physical properties and WHC (all water held in substrate below −10 kPa) were
measured on three replicates of each substrate component and substrate mix. Air-filled
porosity, WHC, and BD were measured using methods described in the Australian Standard
for potting mixes (AS 3743-2003, [31]). In summary, using a special apparatus (described in
Conn [33]), approximately 720 mL of each substrate mix was immersed in water to soak
for 30 min and then drained for 5 min, followed by two more soak (10 min)-and-drain
(5 min) cycles. Then, the top part of the apparatus (as described in Conn [33]) was removed,
and excess substrate was scraped flush with the top of the apparatus base. The apparatus
was then immersed a final time for 2 min to achieve full saturation, then drained into a
measuring container for 30 min. Before the last drain period, drainage holes at the bottom
of the apparatus were sealed before the samples were removed from the water to ensure
all water held within the apparatus was kept and released into the measuring container.
The volume of the final drained water (Vwater) was measured in mL and used with the
substrate volume (Vsub) to calculate AFP:

AFP (% v/v) =

(
Vwater

Vsub

)
× 100 (1)

The ~720 mL substrate was then oven-dried (105 ◦C for 5 days) and weighed. The
substrate oven-dry weight (Wdry in g), saturated weight after 30 min of drainage (Wsat in
g), and its volume were used to calculate WHC and dry BD.

WHC (% w/w) =

(Wsat − Wdry

Vsub

)
× 100 (2)
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BDdry(g cm3) =
Wdry

Vsub
(3)

Particle size distribution was measured following the methods described in Cao [32]
and Werdin [58]. Substrates were oven-dried at 105 ◦C to achieve constant weight, and two
replicates of 1 L were passed through a nest of sieves in descending order from 10 mm,
6.3 mm, 4 mm, 2 mm, 1 mm to 0.6 mm aperture. The coarseness index [28] was calculated
as the weight of all particles < 1 mm (W>1 mm in g) divided by the total sample weight
(WTotal in g):

CI>1mm%(w/w) =

(
W>1 mm

WTotal

)
× 100 (4)

Plant available water was calculated as moisture content (%) measured at container
capacity (−10 kPa) minus moisture content at the permanent wilting point (−1500 kPa). To
measure moisture content at container capacity, we adapted the methods of Nelson [81]
for use with coarse substrates < 2 mm in particle size. Duplicate samples were placed into
100 mm diameter funnels with Whatman no. 1 filter paper and saturated with deionised
water, and then left to drain for 24 h. Wet substrate (Wwet in g) samples were weighed, then
oven-dried (105 ◦C for 4 days) and reweighed (Wdry in g) to determine moisture content at
container capacity as percentage weight (% w/w):

Moisture content %(w/w) =
(

Wwet − Wdry

)
× 100 (5)

To measure moisture content at permanent wilting point, we adapted the pressure
plate method described in Yeates [82] for use with coarse substrates < 2 mm in particle size.
Approximately 70 mL of each substrate mix was placed into 50 mm diameter × 30 mm
deep metal rings on a ceramic pressure plate and then saturated with deionised water
overnight. The ceramic pressure plate with the saturated samples was then placed into the
pressure plate apparatus (Soilmoisture Equipment Corp., CA, USA), sealed, and the upper
chamber was slowly brought up to 1500 kPa, and the sample moisture content was left to
reach equilibrium over seven days. The wet substrate samples were weighed after removal
from the pressure plate apparatus, then oven-dried (105 ◦C for 5 days) and reweighed to
determine moisture content at permanent wilting point as % w/w using Equation (5).

Chemical properties were measured on three replicates of each substrate component
and substrate mix. We measured EC and pH in a 1:5 substrate to water solution, according
to the Australian standard for soils for landscaping and garden use (Appendix D; AS
4419-2018, [38]) using a lab-bench pH and conductivity meter (labCHEM, TPS International
Pty Ltd., Brisbane, QLD, Australia). To account for the larger particle sizes of the substrate
components, we adjusted the method to use 80 g of air-dried substrate and 400 mL of
deionised water in a 500 mL bottle for each sample. Substrate–water solutions were shaken
for one hour in an end-to-end shaker, and pH was measured immediately. The solution
was then left to settle overnight and then filtered using Whatman No. 1 filter papers before
measuring EC.

4.3. Plant Growth Experiment

We evaluated the plant response of two species in a container experiment undertaken
at the Burnley Campus, University of Melbourne, Australia (latitude 37◦47′ S; longitude
144◦58′ E). Eight substrate mixes, composed of the four mineral components (recycled sand,
scoria, crushed concrete, crushed rock) and pine bark at two rates of addition (10% and 50%
v/v), were evaluated. Substrate components were mixed for two minutes in a clean 99 L
concrete mixer (Lightburn & Co., Ltd., Adelaide, SA, Australia) to create a total of 126 L of
each substrate mix for the experiment. After mixing, substrates were dumped on a concrete
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pad and turned manually with a shovel for one minute to incorporate coarse particles. We
filled 10 replicates of 10.5 L “Citrus” containers (d 250 mm × h 275 mm, P250C, Garden
City Plastics Pty Ltd., Dandenong South, VIC, Australia) with nine litres of each substrate
mix for a total of 80 containers. Substrate was lightly shaken to level but not compact it in
each container.

We selected two vigorous fast-growing woody plant species that have been shown
to perform well in previous installations of woody naturalistic plantings using a scoria
capping substrate [62]: Alyogyne huegelii and Goodenia ovata. A. huegelii is a medium-sized
ornamental shrub up to 2.5 m high with dull green, hairy, deeply three- to five-lobed
leaves and large, lilac or mauve flowers [83] (Figure 5A). G. ovata is a small–medium-sized
ornamental shrub up to 1 m high with glossy green oval leaves that have toothed margins,
and small bright yellow fan-like flowers [84] (Figure 5B). These species have contrasting
tolerance of alkalinity; A. huegelii tolerates acidic to alkaline conditions [63], whereas G.
ovata tolerates acidic to neutral conditions [64].

Figure 5. The two woody plant species used in the experiment are (A) Alyogyne huegelii and (B) Goode-
nia ovata. Photos show the whole plant, leaf, and flower morphology. Species occurrences in Australia
are displayed in the bottom panel for each species, adapted from Atlas of Living Australia [83,84],
red dots indicate occurrences.

Mature plants were purchased in 14 cm pots from a wholesale nursery (Plantmark Pty
Ltd., Melbourne, VIC, Australia). Planting into containers filled with substrate mixes was
completed on 6 March 2023 (late summer), with each plant receiving a surface application
of controlled-release fertiliser (2.7 g per container of Osmocote® Pro Low P, Scotts Australia
Pty. Ltd., Sydney, NSW, Australia; NPK of 14:1.3:14.9), equivalent to 0.38 g nitrogen per
plant. One week after planting, all plants were pruned to 40 cm above the substrate surface
to promote multi-stemmed growth. All plants also received additional liquid fertiliser
applications (1 L per container) of Peters Professional® All Rounder (NPK of 20:8.7:16.6,
rate: 0.5 g L−1), equivalent to 0.1 g nitrogen per plant on four occasions; once in May
and October, and twice in November 2023. Plants were irrigated two to four times daily
with overhead rotary sprinklers (12 L min−1) except for three months over the winter
(May–August 2023). Additional hand-watering (approximately 1 L per container) occurred
once (18 March 2023) when the maximum daily temperature exceeded 35 ◦C. Although soil
moisture was not directly monitored, it is unlikely that containers remained at saturated
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WHC following irrigation events, given the inherent water loss through large container
drainage holes.

4.4. Plant Biomass and Allocation

Plants were destructively harvested after 10 months of growth (March 2023 to January
2024) to measure shoot, leaf, and root biomass. Above-ground biomass was removed and
separated into leaves and stems. Roots were removed from the containers and carefully
washed to remove the substrate mix. Stems, leaves, and roots were oven-dried at 60 ◦C until
a constant dry weight was achieved. Dry mass was used to calculate total biomass (g), and
plant allocation metrics; root mass fraction (g g−1; RMF), and leaf mass fraction (g g−1; LMF).

4.5. Statistical Analyses

All statistical analyses were performed in R version 4.1.2 [85]. All response variables
(substrate properties and plant biomass or allocation) were tested for normality using the
Shapiro–Wilk test.

To test whether greater rates of pine bark addition improved physical, hydrological,
and chemical properties and resulted in greater plant growth, we used linear regression to
analyse the normally distributed response variables. These included substrate properties
(AFP, BD, pH, and WHC) and plant traits (mean total, shoot, and root biomass; RMF;
and LMF). Response variables were analysed against treatments of pine bark addition
rate, mineral component, and their interaction (substrate mix). To test the significance
of treatments, we used two-way ANOVA (type III) from the “car package” [86]. Where
significant effects were found, the “emmeans” package [87] was used to determine estimates
of the group means for each response variable and differences between group means were
tested with post hoc pairwise comparisons using Tukey’s HSD method at a significance
level of 0.05. Mean pairwise comparisons were performed (1) across pine bark rates (0,
10, 20, and 50% v/v) within each mineral component, and (2) among substrate mixes
(interaction term) for each response variable. Analyses of plant response were conducted
separately for each species.

For right-skewed EC, transformations could not achieve a normal distribution, so
generalised linear regression using the Gamma family with a log link was used to analyse
the response against treatments of pine bark addition rate, mineral component, and sub-
strate mix. For the left-skewed CI, values were bounded (0–100%) and so were rescaled to
a proportion (0–1) and then analysed with beta regression using the “betareg” package [88].
Post hoc pairwise comparisons of estimated means among pine bark addition rates were
performed within each mineral component and across substrate mixes, with Bonferroni-
adjusted p-values to control for multiple comparisons of the four pine bark addition rates
and eight substrate mixes.

Plant available water (PAW) was excluded as a response variable due to limited
replication (n = 1 per substrate mix) and is summarised descriptively.

To test whether improved substrate properties led to greater plant growth, we used
linear regression models with plant biomass and allocation as response variables and
substrate properties as predictors, including interaction terms with pine bark rate. Analyses
were conducted separately for each species. We report slope estimates, model fit (R2,
F-statistic, p-value), and significant interactions. Degrees of freedom for the F-statistic
are reported as “F(df1, df2)”. Collinearity among substrate properties was tested using
Pearson’s correlation from the “psych” package [89], with a significance threshold < 0.05.
The correlation coefficient (R) among properties is reported in text as (R, p-value).

To test whether reduced alkalinity led to better growth of the alkaline-sensitive species
(G. ovata) compared to the tolerant species (A. huegelii), we used linear regression models
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with plant traits as response variables and species as the predictor. Where significant
effects were found, differences between group means were tested with post hoc pairwise
comparisons using Tukey’s HSD method at a significance level of p-value < 0.05.

Significant pairwise or multiple comparison differences were visualised using compact
letter displays from the “multcomp” package [90]; groups sharing the same letter are not
statistically different. All figures were generated using the ggplot2 package [91]. Data
shown in figures and tables are on the original (non-transformed) scale.

5. Conclusions

The three recycled mineral components and scoria did not have acceptable properties
for plant growth without pine bark addition. While greater pine bark rates generally
improved the physical properties of the mineral substrates more than lower rates, this
did not translate to greater plant growth. In the nursery experiment, Goodenia ovata had
greater biomass than Alyogyne huegelii, but its growth was reduced by high alkalinity in 10%
pine bark and high coarseness in 50% pine bark substrates. Across mineral components,
10% pine bark mixes had greater biomass than 50% pine bark mixes for both species, and
recycled sand with 10% pine bark had the greatest biomass out of the construction wastes.
However, biomass was similar in all substrates with 50% pine bark addition. We identified
that dominantly fine substrates that had high PAW and lower alkalinity, such as recycled
sand with 10% pine bark, were the best candidates for increasing plant biomass. This
emphasises the importance of balancing particle size so that there are enough mineral
and organic fine particles to increase water retention and lower pH. We have identified
recycled sand, crushed concrete, and crushed rock as three new recycled materials that
can be used with pine bark as capping substrates for urban woody naturalistic plantings.
Replacing scoria with these recycled materials could enhance the sustainability of capping
substrates for naturalistic plantings, while enhancing the biodiversity and amenity of
informal green spaces.
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//www.mdpi.com/article/10.3390/plants15030403/s1, Figure S1: Photographs illustrating the shape
and size of particles in the five substrate components. Table S1: ANOVA output of pine bark addition
rate and mineral component effects on plant response variables. Table S2: Pearson correlation of
substrate physical, hydrological, and chemical properties. Table S3: Linear regression model output
of substrate properties and pine bark addition rate effects on total plant biomass, per species.
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Abstract: The rapid growth of the horticultural industry has increased demand for soilless culti-
vation substrates. Peat, valued for its physical and chemical properties, is widely used in soilless
cultivation. However, peat is non-renewable, and over-extraction poses serious ecological risks.
Therefore, sustainable alternatives are urgently needed. Ammonium incubation, a novel method to
reduce phytotoxicity, offers the potential for green waste, a significant organic solid waste resource,
to substitute peat. This study optimized the ammonium incubation process to reduce green waste
phytotoxicity. It systematically examined different nitrogen salts (type and amount) and environmen-
tal conditions (temperature, aeration, duration) affecting detoxification efficiency. Results show a
significant reduction in phytotoxicity with ammonium bicarbonate, carbonate, and sulfate, especially
carbonate, at 1.5%. Optimal conditions were 30 ◦C for 5 days with regular aeration. Under these
conditions, ammonium salt-treated green waste significantly reduced total phenolic content and
stabilized germination index (GI) at a non-phytotoxic level (127%). Using treated green waste as a
partial peat substitute in lettuce cultivation showed promising results. This low-cost, low-energy
method effectively converts green waste into sustainable peat alternatives, promoting eco-friendly
horticulture and environmental conservation.

Keywords: ammonium incubation; phytotoxicity; green waste; peat substitute

1. Introduction

Due to the rapid growth of the horticultural industry, demand for soilless cultivation
substrates has been increasing annually [1]. Peat is widely used as the most versatile
plant growth medium due to its excellent aeration, water retention, buffering capacity,
and nutrient supply capabilities [2,3]. However, peat is a non-renewable resource. Over-
extraction can lead to biodiversity loss and excessive greenhouse gas emissions [4,5].
Therefore, finding sustainable alternatives to peat as plant growth media is urgently needed.
Numerous studies have shown that green waste, after proper processing, exhibits favorable
physicochemical properties and can serve as a substitute for peat in plant growth media
compositions [6–8].

Green waste mainly refers to various plant residues and debris generated in land-
scaping, such as pruning branches and fallen leaves [9,10]. The volume of green waste is
enormous; in China alone, it reached 40 million tons in 2018, with even higher quantities
globally [11,12]. Currently, most green waste is disposed of through landfilling or incin-
eration [13–15], causing environmental pollution and resource wastage [16,17]. Utilizing
green waste as a substitute for peat in plant growth media not only reduces environmental
pollution but also decreases the horticultural industry’s reliance on peat. However, green
waste often possesses phytotoxicity due to substances like phenols and organic acids, which
can inhibit plant growth. Therefore, it is crucial to remove or reduce its phytotoxicity before
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incorporating green waste into plant growth media [18]. The chemical constituents of green
waste can dissolve into water and migrate to the plant root zone during application, There-
fore, the removal of material phytotoxicity can be achieved by removing water-soluble
phytotoxic substances from green wastes.

Ammonium incubation is an emerging technique for reducing phytotoxicity by rapidly
decreasing the activity or concentration of phytotoxic substances in green waste. Previous
studies on ammonium incubation involved mixing green waste and ammonium salts in
a mass ratio of 1% to 2%, adjusting moisture content to 60% to 70%, and leaving them at
room temperature for 5 days. This method significantly reduced phytotoxic substances
and toxicity in green waste materials [19]. Compared to commonly used techniques like
composting and heat treatment, ammonium incubation offers advantages such as low
energy consumption, minimal pollution, simplicity, and low cost [5,19–21]. Additionally, it
preserves the original volume and weight of green waste as much as possible [18]. Despite
its benefits, ammonium incubation is a relatively new technology lacking comprehensive
research and widespread application. This study also found significant variability in the
effectiveness of ammonium incubation when applied to different types of green waste.
Moreover, the incubation process likely involves complex chemical reactions and micro-
bial activities. To enhance the detoxification efficiency and effectiveness of ammonium
incubation, optimal environmental conditions for incubation need to be clearly defined.

This study systematically investigates the effects of detoxifying agents (types and
amounts) and environmental conditions, including incubation temperature, aeration, and
duration, on the effectiveness of ammonium incubation. The aim is to optimize key param-
eters of the ammonium incubation process and improve its ability to remove phytotoxicity
from green waste effectively and consistently.

2. Materials and Methods

2.1. Materials

The green waste used in this study originated from street tree pruning waste in
Changsha City, Hunan Province, China. Initially, the green waste was preliminarily crushed
to a particle size of 1–2 cm, followed by drying at 85 ◦C for 24 h. Subsequently, a cutting
mill (ST-R200, Xuxinshengke, Beijing, China) was used for further cutting and grinding,
and the material was sieved through a 20-mesh screen (aperture size 0.9 mm). All processed
green waste had particle sizes smaller than 0.9 mm. The bulk density of the waste material
was 284 g/L, with a macroporosity of 5.02%, microporosity of 57.26%, and total porosity of
62.28%. The cellulose content was 20.51%, hemicellulose content was 18.47%, and lignin
content was 32.41%.

2.2. Experimental Design
2.2.1. The Effects of Detoxifiers

This study selected seven common nitrogen-containing compounds, including am-
monium carbonate, ammonium sulfate, ammonium bicarbonate, ammonium chloride,
ammonium dihydrogen phosphate, calcium nitrate, and potassium nitrate, to investigate
their effects on the efficacy of detoxification treatments. Following the methodology of pre-
vious studies, green waste materials were mixed separately with (NH4)2CO3, (NH4)2SO4,
NH4HCO3, NH4Cl, NH4H2PO4, Ca(NO3)2, and KNO3. The nitrogen application rate for
each treatment was 2.92 mg·g−1 based on the dry weight of green waste (nitrogen quantity
in compound/mass of green waste). The mixture was adjusted to 66.7% moisture content,
thoroughly mixed, and then incubated at room temperature (22–30 ◦C) for 5 days [19].
Each incubation treatment was replicated three times.

To assess the detoxification effects of ammonium carbonate, four levels of ammonium
salts were applied (0.5%, 1%, 1.5%, and 2% of ammonium carbonate relative to the dry
weight of green waste). Specifically, 25 mg, 50 mg, 75 mg, and 100 mg of (NH4)2CO3 were
added to 5 g of green waste, mixed thoroughly, adjusted to 66.7% moisture content, and
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then incubated at room temperature (22–30 ◦C) for 5 days. Each incubation treatment was
replicated three times.

2.2.2. The Effects of Environmental Conditions

Environmental conditions were also evaluated using 1.5% (NH4)2CO3 (relative to the
dry weight of green waste) as the detoxifying agent. Different incubation durations (1 day,
3 days, 5 days, 7 days, 9 days, 11 days) and temperatures (20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C) were
tested to explore their impact on the detoxification efficacy of ammonium salts. Ventilation
conditions were varied with two treatments: sealed incubation and once-daily ventilation.
Each incubation treatment was replicated three times (Figure 1).

Figure 1. Ammonium incubation process and regulation of environmental conditions.

2.2.3. Cultivation Experiment of Green Waste as a Peat Substitute

For cultivation experiments replacing peat with detoxified green waste, a standard
peat-based growing medium (CG) (peat:perlite:vermiculite = 9:3:1 v/v/v) was used as
control. Two plant-growing media were prepared using shredded green waste to replace
peat: the first using untreated green waste (OG) and the second using detoxified green
waste under optimized ammonium incubation parameters (AG). In both media, green
waste replaced 75% of peat by volume, while the proportions of perlite and vermiculite
remained unchanged (green waste:peat:perlite:vermiculite = 6.75:2.25:3:1 v/v/v/v). The
peat used in the study was moss peat (Pindstrup Sphagnum, Pindstrup, Denmark), size
10–30 mm. No fertilizers were added during the preparation of these growing media.

After seedlings were grown in seedling trays for 20 days, lettuce (Lactuca sativa,
variety Rex Swan, obtained from Rijk Zwaan Export B.V., De Lier, The Netherlands)
were transplanted into 500 cm3 plastic pots containing the aforementioned plant-growing
media. Fifteen lettuce pots were randomly placed in a growth chamber (Sefo Experimental
Instruments Co., Ltd., Ningbo, China) set to alternate between nighttime temperatures of
23 ◦C and daytime temperatures of 25 ◦C, with 67% humidity. Each lettuce pot received
100 mL of water every two days, with 100 mL of 50% Hoagland’s solution replacing water
on the 6th, 12th, and 18th days after transplanting to supplement nutrients. Lettuce was
harvested 28 days after transplanting.

2.3. Analytical Techniques
2.3.1. Phytotoxicity Assessment

In this study, seed germination tests were used to assess the phytotoxicity of green
wastes. Brassica rapa chinensis (Chinese cabbage) seeds, sensitive to phytotoxicity [22],
were used for the germination tests. Water extracts were obtained following the classic
method at a ratio of 1:10 (w/v). Specifically, 5 g of green waste samples were mixed with
50 mL of deionized water, shaken for 2 h, and centrifuged at 8000 rpm for 10 min at 4 ◦C.
Subsequently, 10 mL of supernatant was collected and filtered through a 0.45 μm filter
paper [23]. A 2 mL aliquot of the extract (with deionized water as control, denoted as CK
for all control groups) was added to Petri dishes containing germination paper (diameter
9.0 cm), followed by the placement of 10 seeds on the germination paper. Each treatment’s
extract underwent three replicate germination tests. Petri dishes were covered and sealed
with parafilm to prevent moisture loss, then incubated in darkness at 25 ◦C for 72 h. The
number of germinated seeds and the length of the radicle were recorded. Germination
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indices, including germination rate (GR), root length (RL), and germination index (GI),
were calculated as follows [22]:

GR(%) =
seed germination in treatment

seed germination in control
∗ 100% (1)

RL(%) =
root length in treatment

root length in control
∗ 100% (2)

GI(%) = GR ∗ RL (3)

If the germination index (GI) is 80% or higher, the phytotoxicity of the material is
considered extremely low, meeting the standard of harmlessness.

2.3.2. pH, EC

The samples in this study were prepared using the same method as for the assessment
of phytotoxicity experiments to obtain water extracts of green waste. pH and EC of the
materials were measured using a multiparameter tester (Mettler-Toledo Instruments Ltd.,
Shanghai, China).

2.3.3. Determination of Total Phenol

Total phenol in green waste materials was determined using a Plant Total Phenol
Assay Kit (Boxbio, Beijing Bokai Biotechnology Co., Ltd., Beijing, China). According to the
manufacturer’s instructions, the method is based on the reduction of tungsten molybdic
acid to form a blue compound by phenolic substances under alkaline conditions. The
product exhibits a characteristic absorption peak at 760 nm, and the total phenol content
in plants is quantitatively detected by the change in absorbance. A 2 mL aliquot of water
extract prepared before and after optimal ammonium incubation of green waste was tested
following the kit’s instructions. The extraction method followed the procedures outlined in
Section 2.3.1. Results are expressed in terms of gallic acid equivalents.

2.3.4. Lettuce Biomass Measurement

Lettuce plants were harvested after 28 days of cultivation, and the above-ground parts
were weighed fresh after clearing the growing medium. Subsequently, the samples are
dried in an oven at 65 ◦C until a constant weight is achieved to determine the dry weight.

2.3.5. OJIP Parameters Measurement

Chlorophyll fluorescence parameters of lettuce leaves were measured using a hand-
held chlorophyll fluorometer (FluorPen FP110, Photon Systems Instruments, Brno, Czech
Republic). Due to higher physiological activity at the top leaves, which better reflects
plant responses to environmental stressors, measurements were taken from the first fully
developed leaf from the top left side, avoiding the main vein. Before measurement, leaves
were dark-adapted using leaf clips for 30 min until reaching stable states. The rapid fluo-
rescence rise from minimal to maximal fluorescence after dark adaptation was detected,
with the instrument’s detector sensitivity exceeding 100,000 counts per second. Parameters
interpretation and calculation formulas are detailed in Table A1 in Appendix A [24,25].

2.4. Statistical Analyses

Each treatment in the cultivation experiment was replicated 5 times, and other treat-
ments and analyses were replicated three times each. Data are presented as mean ± standard
deviation. Statistical analysis of the phytotoxicity assessment experiment was performed
using SPSS 27. One-way ANOVA and Tukey’s post hoc test were used to explain the
differences in the measured parameters in the cultivation experiment.
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3. Results and Discussion

3.1. Effects of Detoxifying Agent Types and Dosages on Detoxification Efficacy

Ammonium salts significantly reduce the phytotoxicity of materials, but their effective-
ness varies greatly depending on the type of ammonium salt used. As shown in Figure 2,
water extracts from raw garden waste materials markedly inhibited seed germination and
root growth, indicating high phytotoxicity. Incubation with (NH4)2CO3, NH4HCO3, and
(NH4)2SO4 significantly increased seed germination rates (GR) from 25% to 102%, 95%,
and 98%, respectively, and ultimately elevated the seed germination index (GI) from 6.4%
to 86.1%, 37.3% and 72.9%, demonstrating a significant reduction in the phytotoxicity
of green waste. Additionally, compared to incubation with (NH4)2CO3 and (NH4)2SO4,
seed germination was delayed after incubation with NH4HCO3 (Figure A1). This delay in
germination may shorten the period for root elongation during germination tests, resulting
in reduced root lengths and correspondingly lower GI [26].

Figure 2. GR, RL, and GI of green wastes before (CK) and after incubation with different ammonium
salts and nitrates. Error bars represent standard deviation (n = 3). Within each germination index,
values that do not share a letter differ significantly according to ANOVA and Duncan’s multiple
range test (p < 0.05).

Nitrogen has a profound impact on plant growth and development by participating
in protein synthesis and influencing overall plant growth and development [27,28]. Am-
moniacal and nitrate nitrogen are readily soluble in water, serving as quickly available
nutrients for plants. To investigate the nutrient effects on seed germination promotion,
different forms of nitrogen incubation experiments were conducted. As shown in Figure 2,
incubation with Ca(NO3)2 and KNO3 did not promote seed germination of green waste
seeds, with germination rates (GR) of only 19% and 17% and final seed germination in-
dices (GI) of 2.7% and 1.0%, respectively, indicating that nitrogen in nitrate form does not
effectively promote seed germination and growth. Furthermore, even with ammoniacal
nitrogen, incubation with NH4Cl and NH4H2PO4 did not increase but rather decreased
the seed germination index of green waste, with GI values of 2.9% and 0.2%, respectively.
Seed germination was severely inhibited in these incubation treatments, indicating that
only appropriate ammonium salts such as (NH4)2CO3, NH4HCO3, and (NH4)2SO4 can
effectively reduce or eliminate the phytotoxicity of green waste. Among these, (NH4)2CO3
showed the most optimal detoxification effect.
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For plants, ammonium ions serve as a rapid nitrogen source, but the previous research
found that concentrations exceeding 1 mg·mL−1 significantly inhibit seed germination,
indicating high levels of phytotoxicity [19]. Therefore, it is crucial to control the dosage of
ammonium salts during incubation to ensure effective detoxification of materials without
introducing new phytotoxic substances [29]. As shown in Figure 3, this study applied
0.5% to 2.0% (NH4)2CO3 for incubating green waste materials. Seed germination in water
extracts was normal across all concentrations, with GR reaching 95%, 104%, 106%, and 98%,
respectively, and GI significantly increased, achieving 109.3%, 128.4%, 132.8%, and 79.7%.
Except for the 2.5% (NH4)2CO3 experimental group, all reached the non-phytotoxic stan-
dard (GI ≥ 80%), with the 1.5% (NH4)2CO3 dosage demonstrating optimal detoxification
effects, achieving a GI of 132.8%.

Figure 3. GR, RL, and GI of green waste treated by (NH4)2CO3 incubation at different dosages. Error
bars represent standard deviation (n = 3). Within each germination index, values that do not share a
letter differ significantly according to ANOVA and Duncan’s multiple range test (p < 0.05).

The variability in detoxification effects due to different ammonium salt dosages can
be attributed to the dual role of ammonium carbonate. On the one hand, as a detoxifying
agent, (NH4)2CO3 may react with major plant phytotoxic substances such as organic acids
and phenols, therefore reducing their content; insufficient dosage may lead to incomplete
removal of toxic substances. On the other hand, excessive application of (NH4)2CO3 can
increase ammonia concentrations, which themselves can induce phytotoxicity. Therefore,
achieving the optimal balance in the application of detoxifying agents is crucial for effec-
tive detoxification without introducing additional phytotoxicity. From a production cost
perspective, a 0.5% application rate of the detoxifying agent may be more appropriate.
Materials treated at this rate still meet non-phytotoxic standards and can significantly
reduce production costs.

3.2. Effects of Environmental Conditions on Detoxification Efficacy

As shown in Figure 4, during the incubation of green waste with ammonium salts,
there was little change in GI after 1 day, remaining close to 0% similar to the original
material. After 1 day of incubation, green waste still significantly inhibited seed germi-
nation, with no significant difference in germination rate (GR) compared to the original
material. However, by day 3 of incubation, GI rapidly increased to 44.3%, and unlike the
1-day incubation, the material no longer significantly inhibited seed germination, with
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GR reaching 80%. By day 5, GR of green waste increased to 96%, relative root length (RL)
significantly increased to 97% compared to the 3-day incubation group, and GI reached
92%. From day 5 to 9 of incubation, GI remained stable between 91.3% and 96.4%. However,
after 9 days of incubation, there was a decline in GI, reaching 82% by day 11. Although this
experimental group did not inhibit seed germination, GR remained at a high level of 97%,
whereas RL decreased to 85% compared to the 5–9-day incubation groups. Considering
time constraints, a 5-day incubation period appears ideal.

Figure 4. GR, RL, and GI of green wastes treated by ammonium incubation for different days. Error
bars represent standard deviation (n = 3).

Previous studies suggested that during ammonium incubation, ammonium ions react
chemically with acidic phenols and organic acids in green waste, reducing the content
of phytotoxic substances and, therefore, lowering the material’s phytotoxicity [19]. How-
ever, chemical reactions typically occur quickly. In this study, the significant reduction in
phytotoxicity of green waste after 3 days of ammonium incubation suggests that the detoxi-
fication process may involve substance transformations possibly mediated by microbial
activity rather than solely chemical reactions.

Temperature also significantly affects the detoxification efficiency of ammonium incu-
bation, as shown in Figure 5. GI of green waste after incubation increased with temperature,
reaching 2.3% and 23.7% at 20 ◦C and 25 ◦C, respectively. At 30 ◦C, GI peaked at 92%,
slightly decreasing to 83.8% at 35 ◦C. Incubation at 20 ◦C still inhibited seed germination,
with GR only at 20%. At 25 ◦C, the inhibitory effect on seed germination was significantly
reduced (72% GR), but root growth was minimal (RL 33%), resulting in a GI of 23.7%.
Incubation at 30 ◦C and 35 ◦C did not inhibit seed germination, with GR reaching 97%
and 96%, respectively. However, at 35 ◦C, RL decreased from 95% to 88%. These results
indicate that around 30 ◦C, ammonium incubation achieves optimal detoxification, making
it suitable for the harmless treatment of garden waste materials. The optimal temperature
range aligns well with the growth conditions of mesophilic microorganisms, whose opti-
mal proliferation temperatures are typically around 30 ◦C [30,31], further suggesting their
critical role in the detoxification process.
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Figure 5. GR, RL, and GI of green waste treated by ammonium incubation at different temperatures.
CK represents untreated green waste. Error bars represent standard deviation (n = 3). Within each
germination index, values that do not share a letter differ significantly according to ANOVA and
Duncan’s multiple range test (p < 0.05).

Similarly, different ventilation conditions during incubation also resulted in significant
differences in detoxification effects, as shown in Figure 6. Both hermetic and once-daily
ventilated incubation significantly reduced the phytotoxicity of green waste compared
to the original material, with GI reaching 80.5% and 100%, respectively. The difference
in GI levels between the two treatments was primarily due to differences in root length
growth, with RL values of 84% and 107%, respectively. However, both treatments exceeded
the non-toxic standard (GI ≥ 80%), indicating that proper ventilation conditions can
significantly enhance the detoxification effect. Previous studies indicated that water-
soluble substances such as organic acids and amino acids are major contributors to the
phytotoxicity of green waste, and reducing their content can significantly decrease the
material’s phytotoxicity [32]. Composting studies with agricultural waste have shown that
water-soluble organic compounds like organic acids and phenolic acids can be utilized as
carbon sources by microbes, leading to their decomposition [33–35]. However, microbial
decomposition typically requires suitable C/N ratios, pH, and temperature conditions, with
green waste composed of plant residues and debris typically having high C/N ratios [36].
During ammonium incubation, the addition of ammonium salts can lower the material’s
C/N ratio, potentially enhancing microbial activity and promoting the degradation of water-
soluble phytotoxic substances such as organic acids and amino acids, therefore reducing
phytotoxicity. The detoxification effect of ammonium incubation was evident only after 3
days, similar to the duration required for rapid degradation of soluble substances observed
in many composting studies [37,38], further supporting this hypothesis.

Temperature and oxygen content are key factors influencing the activity of aerobic
microorganisms. In this study, optimal detoxification effects of ammonium incubation were
observed at around 30 ◦C under appropriate ventilation conditions, suggesting a critical
role for microbial processes in ammonium salt-induced detoxification.
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Figure 6. GR, RL, and GI of green waste treated by ammonium incubation at different aeration
conditions. CK represents untreated green waste. Error bars represent standard deviation (n = 3).
Within each germination index, values that do not share a letter differ significantly according to
ANOVA and Duncan’s multiple range test (p < 0.05).

It is noteworthy that while nitrates can also serve as nitrogen sources for microbes
and reduce the C/N ratio of materials, this study found that nitrate incubation did not
reduce the phytotoxicity of green waste. This may be due to conditions in woody medium
environments rich in ammonium salts inducing and promoting nitrification processes [39].
Nitrifying bacteria thrive in neutral to slightly alkaline environments (pH 7.0–8.2) at around
30 ◦C and require dissolved oxygen levels of 2–5 mg/L for optimal growth and activity.
Lack of oxygen or low oxygen content is detrimental to the growth and activity of nitri-
fying bacteria, conditions which are consistent with the optimal ammonium incubation
conditions identified in this study, further indicating the pivotal role of nitrification mi-
crobial activity in determining the detoxification effect of ammonium incubation [40–43].
Future research should investigate changes in microbial communities during ammonium
incubation to confirm these hypotheses.

3.3. Verification of Detoxification Effects of Ammonium Incubation

A wealth of studies indicates that phenolic compounds are the primary source of
phytotoxicity in green waste, making changes in phenolic content a key indicator of
phytotoxicity changes [32,34,44,45]. As shown in Figure 7, under the optimized conditions
determined in this study (1.5% ammonium carbonate addition, 5 days of incubation at 30 ◦C
with daily ventilation), there was a significant difference in total phenol content of green
waste before and after ammonium incubation. The original material had a total phenol
content of 5.70 mg·g−1, whereas, after ammonium incubation, the total phenol content
of green waste significantly decreased to 1.49 mg·g−1, indicating a significant reduction
in phytotoxic substances. The change in GI of green waste before and after ammonium
incubation, ranging from 0% to 127%, also indicates that after ammonium salt incubation
treatment, the phytotoxicity of green waste has been effectively eliminated.

Furthermore, cultivation substrates with phytotoxicity essentially impose stress con-
ditions that significantly affect the plant photosynthesis process. Analysis of chlorophyll
fluorescence dynamics provides detailed information about the photosynthetic apparatus,
particularly the structure and function of PSII. In this study, we compared the effects of am-
monium incubation detoxification treatment (AG) and untreated (OG) horticultural waste
substrates on plant chlorophyll fluorescence parameters to assess the mitigating effect of
ammonium incubation treatment on phytotoxicity. Table 1 shows that φPo (maximum pho-
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tochemical quantum yield) of AG treatment was 0.83 ± 0.01, while for OG treatment, it was
only 0.79 ± 0.02, indicating that ammonium incubation treatment significantly enhanced
the photochemical efficiency of PSII, implying that more light energy was effectively used
in the photosynthesis process rather than being lost due to damage to the photosystem [46].
In addition, φEo (electron transport quantum yield) and φRo (total electron transport
quantum yield) of AG treatment were also significantly higher than those of OG treatment,
indicating that the substrate treated with ammonium incubation not only improved the
efficiency of electron transfer from QA- to QB but also enhanced the overall functionality of
the electron transport chain, therefore improving the performance of Photosystem II. δRo
(electron transfer efficiency from QA- to PQ) was also significantly higher in the AG treat-
ment group than in the OG treatment group (0.16 ± 0.01 vs. 0.13 ± 0.06), further indicating
that ammonium incubation treatment effectively reduced the damage to Photosystem
II [47].

Figure 7. Total phenol content and phytotoxicity of green waste before and after ammonium incuba-
tion under optimal conditions. Error bars represent standard deviation (n = 3).

Table 1. Chlorophyll fluorescence parameters of lettuce grown in different growing media.

Growing
Media

φPo φEo δRo φRo PIabs

AG 0.83 ± 0.01 0.50 ± 0.02 0.16 ± 0.01 0.08 ± 0.01 4.80 ± 0.66
OG 0.79 ± 0.02 * 0.44 ± 0.03 ** 0.13 ± 0.06 * 0.06 ± 0.03 * 2.24 ± 0.92 **

*, ** represent differences at p < 0.05 and p < 0.01 levels according to t-test, respectively.

Performance index (PI) is a parameter that comprehensively reflects the absorption,
capture, and electron transfer capabilities of Photosystem II. The PI of the AG treatment
group was 4.80 ± 0.66, significantly higher than the 2.24 ± 0.92 of the OG treatment group,
indicating that ammonium incubation treatment significantly improved the overall perfor-
mance of Photosystem II. The significant increase in PI implies that plants in the substrate
after detoxification treatment can perform photosynthesis more efficiently, therefore allevi-
ating the stress caused by the phytotoxicity of green waste substrate. These results indicate
that after ammonium incubation detoxification treatment, the substrate of green waste
significantly reduces stress on lettuce, manifested by significantly enhanced photochemical
and electron transfer efficiency of Photosystem II, reduced damage to the photosystem,
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and thus increased photosynthetic capacity. (Refer to Table A1 in Appendix A for an
explanation of the chlorophyll fluorescence parameters).

Throughout the cultivation process, lettuce grown in AG (ammonium salt-treated)
substrate exhibits full and lush foliage, with leaves displaying the normal purple-green
color characteristic of this lettuce variety (Monde, a lettuce field variety from Rijk Zwaan
Export Company, De Lier, The Netherlands). In contrast, lettuce grown in OG (untreated)
substrate has significantly fewer leaves, and after 28 days of transplanting, the leaves
appear yellowish. Additionally, the number and size of lettuce leaves in OG substrate
show minimal change between 14 and 28 days after transplanting, indicating a significant
slowdown in growth rate after 14 days, reflecting strong phytotoxicity of the OG substrate.
On the other hand, lettuce grown in AG substrate, although with lower biomass compared
to CG (peat-treated) substrate, exhibits normal growth throughout the growth cycle with
good vigor, showing no apparent phytotoxic effects.

As depicted in Figure 8, compared to the untreated green waste substrate (OG),
lettuce grown in the detoxified green waste substrate (AG) shows a significant increase
in individual plant biomass. Fresh weight per plant increased markedly from 5.60 g
to 24.94 g, while dry weight per plant increased from 0.96 g to 2.39 g. This correlates
with the earlier findings of chlorophyll fluorescence parameters, indicating that after
ammonium incubation detoxification treatment, the phytotoxicity of green waste substrate
is significantly reduced, alleviating stress on crops, enhancing photosynthetic efficiency,
and ultimately showing improved growth performance.

Figure 8. Biomass of lettuce grown in different growing media. Error bars represent standard
deviation (n = 3). Within each index, values that do not share a letter differ significantly according to
ANOVA and Duncan’s multiple range test (p < 0.05).

Figure 8 also indicates that the biomass of lettuce grown in ammonium salt-treated
detoxified green waste substrate remains slightly lower than that in peat control treatment,
possibly due to the significant influence of air, water, and nutrient conditions on plant
growth in the absence of phytotoxicity. As a soilless cultivation medium, substrate porosity
and water retention capacity affect air, water exchange, and nutrient absorption during
plant growth [48,49]. As shown in Table 2, using green waste instead of peat as a plant
growth substrate shows significant differences in porosity and water retention compared to
traditional peat substrates, with higher water retention pore space (close to 70%) and lower
aeration pore space (less than 5%), which may lead to inadequate root aeration for lettuce,
potentially explaining why the growth performance of lettuce in green waste substrate is
inferior to that in peat.
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Table 2. Basic physicochemical properties of different growing media.

Growing Media BD (g/cm3) TP WHC AFP

CG 0.172 ± 0.006 b 65.0% ± 4.1% b 57.0% ± 4.5% b 8.0% ± 0.5% a

AG 0.260 ± 0.013 a 73.7% ± 3.2% a 69.0% ± 2.4% a 4.7% ± 1.1% b

OG 0.259 ± 0.002 a 70.2% ± 1.4% ab 68.1% ± 1.5% a 2.1% ± 0.1% c

TP represents total porosity; AFP represents air-filled porosity; WHC represents water-holding capacity; BD
represents bulk density. Within each index, values that do not share a letter differ significantly according to
ANOVA and Duncan’s multiple range test (p < 0.05).

4. Conclusions

This study systematically investigates the effects of different detoxification agents
(types and concentrations) and environmental conditions (including incubation temper-
ature, aeration, and treatment duration) on the detoxification of ammonium salt-treated
green waste. Experimental results demonstrate that under appropriate concentrations and
incubation conditions, ammonium carbonate significantly reduces the phytotoxicity of
green waste. Specifically, treating with 1.5% ammonium carbonate under adequate aeration
at 30 ◦C for five days markedly reduces the total phenol content of the green waste and
effectively mitigates its phytotoxic effects on plants.

Furthermore, this study explores the feasibility of using detoxified green waste as a
partial substitute for peat in preparing plant-growing media. It was found that untreated
original green waste exhibits strong phytotoxicity, leading to significant growth inhibition
when used directly as a hydroponic substrate. In contrast, after ammonium incubation,
the phytotoxicity of green waste is significantly reduced, alleviating stress on crops and
resulting in significantly improved plant growth performance compared to untreated
waste.

Ammonium incubation emerges as a promising new technology due to its low en-
ergy consumption, lack of pollution, simplicity of operation, and low cost. Compared to
traditional composting methods, this technique requires less time and minimally alters
the volume of raw materials, which is crucial for the effective utilization of agricultural
waste and potential enhancement of production efficiency. Future research could further
explore the application of ammonium incubation technology in handling garden waste
from different countries and regions, therefore promoting its large-scale application in
practical production.
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Appendix A

Table A1. Interpretation and calculation of indicators for the determination of chlorophyll fluores-
cence parameters.

Calculation Formulas Parameters Interpretation

FO = F(20μs)

F0 (Minimum Fluorescence): In the state of dark adaptation,
when all reaction centers are open, i.e., the primary electron
acceptor QA in the reaction center is in an oxidized state, the

fluorescence value is observed. This reflects the baseline
fluorescence of the reaction center of Photosystem II (PSII),

mainly originating from antenna pigments.

FM = FP = F(t)max

FM (Maximum Fluorescence): The fluorescence value when all
reaction centers are closed in the state of dark adaptation. This
reflects the fluorescence of antenna pigments after maximum

photochemical quenching.

FV = FM − FO

ABS/RC = [4(F300μs − FO)/(F2ms − FO)](FM/FV) =
M0(1/V J)(1/φPo)

Energy flux absorbed by the active reaction center of PSII
per unit.

M0 = (ΔV/Δt)0 = 4(F300μs − FO)/(FM − FO) =
TR0/RC − ET0/RC

The approximate initial slope (per millisecond) of transient
fluorescence V = f(t). This parameter reflects the closing rate of

the active reaction centers (RCs) of PSII.

TR0/RC = φPo(ABS/RC) Energy flux captured by the active reaction center of PSII per
unit at t = 0

ET0/RC = φEo(ABS/RC) Energy flux transmitted by the active reaction center of PSII per
unit at t = 0

RE0/RC = φRo(ABS/RC) = (1 − VI)× (M0/V J) At t = 0, the ratio of electron flux reducing the terminal electron
acceptor of PSI per active reaction center of PS.II

DI0/RC = (ABS/RC)− (TR0/RC) At t = 0, the energy flux dissipated as heat per active reaction
center of PSII.

φPo = TR0/ABS = FV/FM = 1 − FO/FM

At t = 0, the maximum quantum yield of the primary
photochemical reaction, which refers to the quantum yield of
photon capture by the PSII reaction center, also represents the
maximum photochemical efficiency of the PSII reaction center

in the state of dark adaptation.

ψEo = ET0/TR0 = (1 − V J) At t = 0, the ratio of electrons captured by the active reaction
center of PSII that are transferred.

φEo = ET0/ABS = (1 − FO/FM) ψEo = φPoψEo At t = 0, the quantum efficiency of electrons transferred from
QA- to the electron transport chain.

ψRo = RE0/TR0 = 1 − VI At t = 0, the ratio of electrons captured by the active reaction
center of PSII that are transferred to PSI.

δRo = RE0/ET0 = (1 − VI)/(1–V J) The ratio of electrons reducing the terminal electron acceptor of
PSI to the electrons in the electron transport chain.

φRo = RE0/ABS = φPoψRo = φPoψEoδRo Quantum yield of reducing the terminal electron acceptor on
the acceptor side of PSI.

φDo = FO/FM = 1 − φPo
At t = 0, the quantum yield of heat dissipation reflects the

proportion of absorbed light energy in Photosystem II (PSII)
that is dissipated by the non-photochemical quenching process.

PIabs = [γo/(1 − γo)][ φPo/(1 − φPo)][ψEo/(1 − ψEo)]
Performance index based on absorption: It describes the
performance index from the absorption of photons to the

reduction of the electron transport chain.
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Figure A1. Seed germination at 36 h (from left to right for (NH4)2CO3, (NH4)2SO4, NH4HCO3

treatment groups).
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Abstract

Kenaf (Hibiscus cannabinus) core, an abundant renewable byproduct rich in cellulose and
hemicellulose, has emerged as a candidate to replace or supplement peat and coco coir
in soilless culture. This review synthesizes the physical, chemical, and biological perfor-
mance of ground kenaf core and benchmarks it against conventional substrates. Kenaf
core exhibits low bulk density (0.06 to 0.15 g cm−3), high total porosity (approximately
90%), and substantial plant available water (approximately 42%), supporting root aera-
tion and water supply. Its pH (6.0–7.2) is near optimal for most crops, whereas electrical
conductivity (EC) (3.2–4.7 dS m−1) can exceed recommended ranges for salt-sensitive
species, which necessitates pre-leaching or blending. Growth studies show comparable
shoot and root performance in blends containing 20 to 70% kenaf, with composted kenaf
often outperforming raw core. Pure kenaf generally requires more frequent irrigation
and may shrink at high proportions. We outline processing variables such as core purity,
particle size, composting, and leaching that govern stability and plant response, identify
critical data gaps (including standardized EC and pH methods, and long-term shrinkage),
and frame a sustainability agenda. Practically, studies to date indicate that pre-leached
kenaf core, incorporated at up to about 70% by volume into peat or coir-based blends with
structurally stable components such as perlite, can maintain growth and quality for several
ornamental and bedding crops under greenhouse and nursery conditions. At the same
time, reports of poor performance in some conifers and early suppression in direct-sown
vegetables underscore that the suitability of kenaf-based substrates remains crop specific
and dependent on material processing and management.

Keywords: soilless culture; container substrates; horticultural sustainability; coco coir; peat

1. Introduction

The science of growing media has evolved significantly since the mid-20th century,
with soilless substrates now dominating containerized plant production due to their ability
to promote vigorous root growth, enable efficient nutrient uptake, and mitigate risks from
soilborne pathogens [1,2]. However, the industry’s reliance on two primary components,
peat and coco coir, is facing a confluence of critical challenges [3]. Peat is increasingly
viewed as ecologically unsustainable due to its slow regeneration rate and the damage
that extraction inflicts on vital carbon sinks [4,5]. This has prompted intensifying political
initiatives to reduce or eliminate its use, creating regulatory urgency for high-performing
alternatives such as wood fiber and compost [6]. At the same time, while coco coir is a
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renewable byproduct, life cycle assessments confirm that the majority of its environmental
footprint stems from the impacts of long-distance sea transport from tropical production
zones [7]. Compounding these environmental and political pressures are significant sup-
ply chain disruptions, including cost volatility and interconnected barriers of availability,
affordability, and performance consistency that affect everyone from producers to con-
sumers [8–11]. Taken together, these factors underscore a pressing need to identify and
validate a new class of renewable, locally producible materials that are not only scientifically
sound but also economically viable and logistically practical.

Recent work has synthesized the broader landscape of peat alternatives, including
wood fiber and other organic byproducts, using formal systematic review methods. For ex-
ample, Sdao et al. [11] provide a comprehensive assessment of multiple candidate materials
in relation to peat reduction targets. In contrast, the present review adopts a deliberately
focused scope and concentrates on ground kenaf core as a single, underutilized substrate
component. By collating and benchmarking the dispersed literature on kenaf’s physical,
chemical, biological, and crop performance characteristics, we aim to provide a depth of
material-specific analysis that complements these broader evaluations of peat substitutes.

In this context, kenaf (Hibiscus cannabinus) is a promising renewable ingredient for
soilless media. A fast-growing annual suitable for cultivation in many warm-season pro-
duction regions, its central stalk comprises an outer bast (35%) and an inner core (65%) [12].
The bast fiber is well suited to applications such as paper pulp and biocomposites due to
its high cellulose content and fiber length [13–19]. The woody inner core is often treated as
a byproduct, yet its high hemicellulose content and absorbency make it useful for filtration
aids, oil absorbents, and as a component of growing media [4,17,19–23]. Early studies show
that as a partial replacement in peat-based blends, ground kenaf core delivers comparable
performance for many crops, although this varies with species, particle size, and blend
ratio.

Existing studies indicate that ground kenaf core can, under certain conditions, support
plant growth comparable to conventional peat- and coir-based substrates, particularly
when used in blends. However, the available evidence is fragmented across crops and
regions, and important aspects of substrate performance such as standardized physical and
chemical characterization, long-term structural stability, and quantitative sustainability
metrics remain incompletely described or inconsistently reported. In this review, we
therefore (i) synthesize published data on the physical, chemical, and biological properties
of kenaf core in soilless systems, (ii) benchmark these properties and crop responses against
peat and coco coir, and (iii) identify specific knowledge gaps and research priorities needed
to assess when and how kenaf can function as a reliable substrate component. By framing
what is known, what is uncertain, and what must be measured next, we aim to provide a
clear basis for future experimental work and for evidence-based evaluation of kenaf core
within modern soilless culture.

2. Review Methodology

This review was conducted as a narrative, topic-focused synthesis rather than a system-
atic review; nevertheless, we followed a structured approach to identify and select relevant
literature. Primary peer-reviewed studies evaluating kenaf (Hibiscus cannabinus) core as
a component of soilless substrates were identified using Google Scholar, with searches
conducted between November 2024 and December 2025. Search queries combined terms
such as “kenaf core growing media”, “kenaf potting medium”, “kenaf container substrate”,
and “kenaf soilless culture”, along with related phrases such as “peat alternative”, “coconut
coir”, and “container substrate physical properties”. Reference lists of key articles were
also screened (backward citation searching) to capture additional relevant studies.
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We focused on studies that (i) reported the use of ground or composted kenaf core
or whole-stem kenaf as a component of container media, (ii) provided quantitative data
on plant growth, substrate physical or chemical properties, or both. We excluded studies
that used kenaf exclusively for non-horticultural applications (such as for biocomposites
and paper pulp) unless they provided compositional data directly relevant to substrate
performance. Contextual information on peat and coco coir, as well as global trade patterns
in growing media constituents, was obtained from peer-reviewed articles, extension publi-
cations, and international databases. In particular, trade statistics for peat and coco coir
were extracted from the UN Comtrade database (https://comtrade.un.org, accessed on
15 December 2025) using the relevant HS codes.

Because the body of literature specifically addressing kenaf core as a growing medium
is relatively limited and spans multiple decades, we did not restrict our search to a fixed
publication window; instead, we included all accessible studies up to December 2025 that
met the above criteria. Where possible, we prioritized original experimental work over
secondary summaries, and we synthesized findings across studies to highlight consistent
patterns as well as knowledge gaps in the physical, chemical, biological, and sustainability
dimensions of kenaf-based substrates.

3. Desirable Characteristics of Growing Media

To support plant health, growing media must perform four core functions: provide
physical support, aerate the root zone, supply water, and deliver nutrients [24,25]. A
substrate’s ability to perform these functions is determined by its physical, chemical, and
biological properties. These characteristics are interdependent and dictate a medium’s
suitability for a given crop and production system [24,25]. However, since reported values
for these properties depend heavily on test protocols, standardized methods and clear
reporting are essential for meaningful comparisons. This review therefore uses these three
property classes as the framework for comparing kenaf core against peat and coco coir.

3.1. Physical Properties

The physical properties of a growing medium are central to healthy root development
and sustained plant growth. A high-quality substrate maintains a balanced relationship
between air and water, which enables root respiration, nutrient uptake, and overall plant
vigor [26,27]. These properties originate from the size, shape, and packing arrangement
of the substrate’s particles and are commonly described by metrics including particle
size distribution, bulk density, and total porosity. These foundational properties in turn
determine functional outcomes such as water-holding capacity and aeration [24–26].

Particle size distribution governs a substrate’s pore architecture and therefore its
porosity and bulk density. For many container systems, a particle size range of 0.25 to
2.5 mm provides a desirable balance of air-filled porosity and water retention [25,28]. Bulk
density, the mass of medium per unit volume, is inversely related to total porosity. Lower
bulk density, with typical values for soilless mixes falling near 0.2 to 0.5 g cm−3, indicates a
looser structure that promotes aeration and root expansion. Higher bulk density suggests
compaction that can restrict air movement and plant growth [25,29–31]. Total porosity, the
fraction of volume occupied by pores, usually ranges from 50 to 90% by volume in effective
mixes [24,25,30–33].

Water-holding capacity is the fraction of pore space that remains filled with water
after gravitational drainage, while aeration is the air-filled fraction in the same state [24].
The two are inversely related; as total porosity increases, aeration generally increases while
water-holding capacity decreases. For many crops in small to medium containers, a water-
holding capacity of about 50 to 60% and an air-filled porosity of 20 to 30% are common
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targets. However, optimal values always vary with container height, irrigation regime, and
specific crop requirements [25,30,34].

In summary, a substrate’s key physical properties are tightly linked and must be
optimized in concert to provide a root environment that supports robust growth. Because
reported values can vary with test protocols, container dimensions, and handling, the clear
documentation of measurement methods is critical for comparing results across studies.

3.2. Chemical Properties

A substrate’s chemical properties govern nutrient availability at the root interface. The
key indicators are pH, electrical conductivity (EC), and cation exchange capacity (CEC),
which growers can adjust through practices like liming, fertigation, and pre-leaching
to optimize plant growth [26,35,36]. Because reported values for these metrics depend
on the test method and extraction ratio, clear documentation is essential for meaningful
comparisons [24–26].

The pH, which indicates the acidity or alkalinity of the substrate solution, strongly in-
fluences nutrient solubility and availability [24]. At high pH, the availability of phosphorus
and several micronutrients decline. Conversely, at low pH, aluminum and manganese can
become phytotoxic and the availability of key macronutrients may be reduced [25,37,38].
Most container crops perform best within a pH range of 5.2 to 6.5, which ensures broad
nutrient availability [25,30,31].

Electrical conductivity measures the concentration of soluble salts in the root-zone
solution and serves as a proxy for fertility status [25,39]. While moderate EC indicates
adequate nutrients, excessive EC can cause osmotic stress and reduce water uptake, and
very low EC suggests nutrient deficiency. Although target ranges are method and crop
dependent, many soilless systems aim for an EC between 1.5 and 3.5 dS m−1, with lower
targets for salt-sensitive species [25,34].

Cation exchange capacity is the substrate’s ability to adsorb and exchange positively
charged ions such as K+, Ca2+, and Mg2+, providing a buffer and reservoir for nutrients [25,40].
For organic soilless media, a CEC between 50 and 200 cmolc kg−1 is often desirable, as it
promotes nutrient retention without excessive fixation. Substrates with very low CEC are
prone to rapid leaching and unstable nutrition, while very high CEC can slow fertilizer
adjustments and contribute to imbalances if not managed correctly [25,35,41].

In summary, pH, EC, and CEC jointly regulate nutrient supply and overall plant
performance. Optimizing substrates and enabling valid comparisons across studies requires
managing these properties within crop-specific targets and consistently reporting the
measurement methods used.

3.3. Biological Properties

A substrate’s biological properties strongly influence its performance and ability to
support healthy plant development [26,42]. The key factors are the presence of harmful
organisms, the material’s biological stability, and the potential for nutrient immobilization.
Each requires active management to maintain a favorable root environment [26]. Pathogens,
pests, and weed seeds can severely damage plant health by causing root rots, fungal in-
fections, and direct root damage that impairs water and nutrient uptake [26,43–45]. To
minimize these risks, high-quality media must be produced using clean sourcing, screening,
and sanitation. Pasteurization or steam treatment is often preferred over complete steriliza-
tion because it reduces pathogen loads while preserving beneficial microflora that aid in
nutrient cycling and disease suppression. Similarly, preventing weed seed contamination
reduces competition for resources and helps ensure uniform crop growth [26,44].
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Biological stability is critical for organic substrates, which are subject to microbial
decomposition. As microorganisms break down carbon-rich components, the medium
can shrink, reducing air-filled porosity and impairing root respiration [46,47]. This decom-
position can also alter water relations, sometimes increasing water retention to the point
of waterlogging if irrigation is not adjusted [26,48]. Stability can be managed by select-
ing appropriate particle sizes, blending with structurally stable components, and using
pretreatments like composting to reduce the most degradable fractions. High microbial
activity can also temporarily immobilize nutrients, particularly nitrogen and phosphorus,
as microorganisms consume these ions while metabolizing carbon [26,42]. This process can
lead to transient nutrient deficiencies and slow plant growth. To counteract this, growers
must monitor substrate nutrient levels and provide supplemental fertilization as needed to
maintain adequate nutrition throughout the crop cycle. Managing a substrate’s biological
profile is integral to its performance. By preventing contamination, maintaining structural
stability, and offsetting nutrient immobilization through best practices, growers can sustain
a healthy root environment that minimizes risks and supports consistent, high-quality
plant growth.

4. Commonly Utilized Growing Media

Peat and coco coir are the dominant substrates in containerized plant production, a
status supported by massive international trade flows (Table 1). To illustrate the scale,
2023 peat imports to the United States exceeded 1.1 million metric tons at a value of nearly
USD 500 million, which was part of a global trade valued at over USD 1.9 billion [49]. While
the market for coco coir is smaller, it remains significant, with global imports valued at over
USD 462 million in the same year [49]. These figures underscore the horticultural sector’s
deep reliance on imported substrates and its vulnerability to supply chain disruptions and
price volatility. The primary exporters of peat are Latvia, Estonia, Germany and Canada,
while those of coco coir are India and Sri Lanka, resulting in substantial transport distances
to supply large markets such as the United States.

Table 1. United States and global imports of peat and coco coir in 2023, quantity (t) and trade values
(USD). Source: UN Comtrade, 2023 [49].

Commodity
Net Weight (t) Approximate Value (Million $)

USA Global USA Global

Peat 1,172,104 8,036,966 494 1900
Coco Coir 75,738 1,105,622 52 462

4.1. Peat

Peat remains the dominant substrate in containerized production because it combines
high CEC, excellent water retention, and favorable aeration. Together, these properties support
robust root growth and provide a strong nutrient buffer [2,25,26,50–52]. Derived from partially
decomposed mosses like sphagnum that accumulate in bogs, peat typically exhibits a low
bulk density (0.04 to 0.2 g cm−3), high total porosity (83.8 to 96.4%), and a high CEC (90 to
140 cmolc kg−1) [36,52–54]. It also has a low inherent EC of around 0.2 to 0.49 dS m−1 [25,52].

However, peat presents significant practical and environmental challenges. Its natural
acidity, with a typical pH near 3.9, requires liming for most crops [52]. It also becomes
hydrophobic once dry, making it difficult to rewet uniformly and increasing the risk of
crop stress [3]. Beyond the greenhouse, peat extraction is increasingly scrutinized for its
environmental impact. Peatlands cover only 3% of the global land surface but are vital
carbon sinks and hotspots of biodiversity [55–57]. Harvesting peat degrades these functions
and habitats, raising questions about its long-term sustainability. These environmental
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concerns, combined with the costs of extraction, processing, and long-distance transport,
are driving the search for alternatives. While peat’s physical and buffering properties make
it a valuable substrate, there is a clear and growing need to substitute it with sustainable,
locally sourced materials that can maintain high performance.

4.2. Coco Coir

Coco coir (also called coco coir pith or coco peat), a byproduct derived from the
fibrous coconut mesocarp, is another widely used substrate component [58]. It offers
several advantages, including a near-optimal pH (5.6 to 6.9) that rarely requires adjustment
and excellent rewetting properties. Its physical characteristics are also favorable, with a
low bulk density (0.04 to 0.08 g cm−3) and high total porosity (85.5 to 89.5%) [52,59]. Coco
coir has a higher EC compared to peat, with values ranging from 0.3 to 2.9 dS m−1 [59].
However, its CEC (39 to 60 cmolc kg−1) is considerably lower than that of peat [59].

Coco coir’s primary challenges are high salt content and inconsistent quality. Ma-
terial sourced from coastal regions often contains elevated levels of sodium, chloride,
and potassium that can impair plant growth unless it is aged and thoroughly washed or
buffered [58,60]. The process of creating horticultural-grade coir can take up to two years,
leading to significant variability in EC and nutrient profiles between suppliers and even
between batches. This inconsistency adds processing costs and management complexity
for growers. Although often positioned as a sustainable alternative to peat, these issues of
quality control, lengthy processing, and the costs associated with freight from tropical pro-
duction zones can limit coir’s practical utility. Its successful use hinges on sourcing reliable,
pre-treated products and using regular substrate tests to guide fertility management.

5. Kenaf as Growing Media

The dried, ground core of the kenaf plant is a promising material for use in growing
media. Research has demonstrated its value both as an amendment and as a complete
substrate. As an additive in conventional mixes, kenaf core can improve aeration and root
development, with performance comparable to peat-based blends at moderate inclusion
rates [23,61]. As a complete replacement for traditional media, its performance is more
variable and highly dependent on careful management of irrigation and fertility, as well as
on pretreatments like composting or leaching [4,23,62].

However, wider adoption of kenaf core is constrained by limited data and a lack of
standardized testing protocols. To move forward, research must focus on establishing a
more complete and comparable profile of the material. Key priorities include quantifying
its long-term structural stability and shrinkage under commercial irrigation, characteriz-
ing its nutrient release dynamics, and determining its CEC using standardized methods.
Furthermore, given reports of high EC in some batches, best-practice guidelines for pre-
leaching and blending are needed. Defining optimal processing variables, such as core
purity, particle size, and composting protocols, will ultimately enable growers to realize
kenaf’s full potential as a sustainable and cost-effective substrate.

5.1. Growth Studies

Growth studies across a range of vegetables and ornamentals support that ground kenaf
core is a valuable component in soilless mixes, though performance hinges on inclusion rate,
particle size, and crop species (Table 2). For example, when used as an additive for tomato
(Lycopersicon esculentum), a blend with 20 to 35% finely ground kenaf core in peat yielded the
best overall shoot growth [61]. A broader study evaluating a 70% kenaf and 30% peat mix
across 17 species showed more nuanced results. While root mass was generally enhanced in
the kenaf-amended media, shoot dry weight was higher in the peat control for seven species
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and comparable for the remaining ten [63]. Reinforcing this theme of variability, Webber
et al. [22] found that when kenaf core was used to substitute pine bark and vermiculite, its
effectiveness depended entirely on the grind fineness, blend proportion, and the specific crop
being grown. This underscores the need to tailor kenaf blends to a particular application.

Table 2. Summary of published growth studies evaluating ground kenaf core as an additive or
replacement in soilless substrates, with species tested, main outcomes, and references.

Species Main Outcomes Location Reference

Lycopersicon esculentum
(Tomato)

Finely ground kenaf core at 20 to 35% in
peat gave best shoot growth vs. other
ratios; supports use as additive at
moderate inclusion.

Newark, DE, USA [61]

Brassaia actinophylla
(Umbrella Tree), Hibiscus
rosa-sinensis (Tropical
Hibiscus), Pittosporum tobira
(Japanese Cheesewood)

100% kenaf supported normal growth
but required more irrigation; blends with
70 to 80% kenaf plus peat and vermiculite
produced shoot growth comparable to or
better than two commercial mixes.

Weslaco, TX, USA [4]

Nephrolepis exaltata (Boston fern),
Impatiens walleriana
(Impatiens), and Viola spp.
(Pansies)

Pure kenaf led to slower growth than
commercial mixes; 70% kenaf plus 30% peat
produced plant growth comparable to
commercial media.

Starkville, MS, USA [23]

Pinus halepensis (Aleppo Pine)

Any mix containing kenaf core performed
poorly relative to controls, indicating
species-specific limitations for conifers under
tested conditions.

Chalkidona, Greece [62]

Lactuca sativa (Lettuce) and
Capsicum annuum (Pepper)

Whole-stem kenaf with sand at sowing
suppressed early growth even at 10 to
90 kenaf to sand; inhibition partly
alleviated by ammonium nitrate soak;
normal growth after transplant into
kenaf-free media.

Athens, Greece [64]

Ilex crenata (Japanese Holly)
cv. Cherokee

Composted kenaf core compared favorably
with pine bark, suggesting composting
improves performance.

Poplarville, MS, USA [65]

Euphorbia pulcherrima
(Poinsettia)

In peat-based media, 50 to 70% coarse-ground
kenaf by volume produced best growth and
quality, comparable to a commercial control
(Sunshine #1). Media with more than 70%
fine-ground kenaf yielded smaller plants, leaf
chlorosis, and container media shrinkage.
Kenaf-amended media had lower
water-holding capacity than the control and
required more frequent irrigation.

College Station, TX, USA [66]

17 vegetable and ornamental
species

70% kenaf core plus 30% peat enhanced root
mass; shoot dry weight higher in peat control
for 7 species and comparable for 10; final
height similar except tomato and Celosia
argentea favored peat.

Starkville, MS, USA [63]

Various ornamentals

Kenaf core substituted for pine bark
and vermiculite; performance depended on
grind fineness, kenaf proportion, and crop,
indicating need to tailor particle size and
blend ratio.

Lane, OK, USA [22]
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Ground kenaf core has also been tested as a complete replacement for conventional
substrates, but results suggest it performs best in blends. For instance, Wang [4] found that
while several ornamentals could grow in 100% kenaf core, they required substantially more
irrigation. Blends containing 70 to 80% kenaf, however, produced shoot growth comparable
to or better than commercial mixes. Williams and Reichert [23] reported a similar pattern:
slower growth in pure kenaf but comparable performance in a 70% kenaf and 30% peat
mix. Performance is also species-specific, as Tsakaldimi [62] found that kenaf-based media
performed poorly for Pinus halepensis seedlings, suggesting some species, like conifers, may
be less suited to kenaf substrates.

Beyond performance variability, some studies report early growth suppression, partic-
ularly when whole-stem kenaf (core plus bark) is used at sowing. In a study on lettuce and
pepper, even a low 10% ratio of whole-stem kenaf to sand reduced seedling height, leaf
number, and biomass [64]. Although this inhibition was partially alleviated by soaking the
kenaf in ammonium nitrate, normal growth resumed only after seedlings were transplanted
into kenaf-free media. These findings underscore the importance of material processing
and suggest that for sensitive species, kenaf is best introduced at transplant rather than
at germination.

Pretreatments like composting can also significantly improve performance. Laiche
and Newman [65] reported that Ilex crenata cv. Cherokee grown in composted kenaf core
compared favorably to plants grown in a standard pine bark medium. Overall, the evidence
indicates that ground kenaf core is most effective as a component in blends, typically at
up to 70% by volume. Its performance is optimized by selecting an appropriate particle
size, pre-leaching to reduce high EC, and using composted material to enhance stability
and mitigate potential growth inhibition.

Taken together, these studies span a range of climatic and production contexts, from
humid subtropical regions of the southern United States (Texas, Mississippi) to temperate
greenhouse environments (Delaware, Oklahoma) and Mediterranean conditions in Greece.
These differences in climate and production systems likely influence irrigation demand,
substrate drying cycles, and the rate of kenaf core decomposition, all of which can affect crop
response. For example, in warmer, more humid regions, higher evapotranspiration and
more frequent irrigation may accentuate shrinkage and structural changes in kenaf-based
media, whereas in cooler or more controlled environments, the same mixes may remain
physically stable for longer crop cycles. Nevertheless, across these diverse locations, a
consistent pattern emerges: kenaf core performs best as a component of blended substrates
rather than as a sole medium, suggesting that the general conclusions of this review are
broadly applicable across production regions, provided that irrigation and fertility are
locally optimized.

5.2. Physical Properties of Kenaf as Growing Media

Ground kenaf core exhibits favorable physical characteristics that are comparable to
both peat and coco coir (Table 3). Its bulk density, at 0.06 to 0.15 g cm−3, is similar to peat
and indicates a light, loose structure that resists compaction [22,52,62]. Its total porosity
has been reported at 90.7%, a value which aligns with ranges for peat and coir and ensures
ample pore space for root aeration [62]. Furthermore, its plant available water content
is also high at approximately 41.9%, placing it within the upper range of conventional
substrates and suggesting it can supply effective moisture to the root zone [62].

Together, these properties demonstrate that ground kenaf core can provide a suitable
physical environment for root growth in soilless systems. It is important to note, however,
that reported values for porosity and available water can vary significantly depending
on the test protocol, container dimensions, and packing method used. For this reason,
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clear documentation of measurement approaches is essential for valid comparisons across
different studies and materials.

Table 3. Physical properties of ground kenaf core compared to peat and coco coir.

Growing Media Bulk Density (g cm−3) Total Porosity (%) Available Water (%)

Ground Kenaf Core 0.06–0.15 [22,62] 90.7 [62] 41.9 [62]
Peat 0.04–0.2 [52] 83.8–96.4 [52] 6.1–47.8 [52]

Coco Coir 0.04–0.08 [59] 85.5–89.5 [59] 19.9–37.8 [52]

In summary, the physical properties of ground kenaf core, as reported to date, fall
broadly within the same general range as those of peat and coco coir for parameters such
as bulk density, total porosity, and plant available water. Given the variability in mea-
surement protocols among studies, these comparisons should be interpreted as indicative
rather than as demonstrating strict equivalence. Within this context, and with appropriate
particle sizing and pretreatment, kenaf core appears capable of providing a suitable root
environment and functioning as a substrate component in blends that can reduce reliance
on imported materials.

5.3. Chemical Properties of Kenaf as Growing Media

The chemical characteristics of ground kenaf core are promising, though they also
highlight areas where further research is needed. Its most significant advantage is a near-
optimal pH, which typically ranges from 6.03 to 7.17 (Table 4) [4]. This is comparable
to coco coir and falls within the preferred range for most container crops, reducing or
eliminating the need for liming that is required for acidic peat-based media [25,30,31].

Table 4. pH and EC of ground kenaf core compared to peat and coco coir.

Growing Media pH EC (dS m–1)

Ideal 5.2–6.5 [25,30,31] 2.5–3.5 [25,34]
Ground Kenaf Core 6.03–7.17 [4,62] 3.18–4.7 [4]

Peat 3.9 [52] 0.2–0.49 [25,52]
Coco Coir 5.6–6.9 [52,59] 0.3–2.9 [59]

In contrast, kenaf’s EC presents a management challenge. Reported EC values of
3.18 to 4.7 dS m−1 are considerably higher than those of peat or coir and can exceed the
recommended targets for salt-sensitive species [4]. This makes pre-leaching or blending
with lower-EC components a necessary practice for many applications. As with other
properties, reported EC values are highly dependent on the measurement method and
extraction ratio, so consistent reporting is critical for cross-study comparisons.

Ground kenaf core contains measurable amounts of several essential mineral nutrients.
For instance, one study reported total calcium and magnesium concentrations (12 and
2.34 mg g−1, respectively) that are considerably higher than typical values for peat and
coir (Table 5) [62]. The core’s nitrogen content (1.44%) was also found to be comparable
to peat and higher than coir. These values suggest that kenaf core may contribute to the
baseline supply of several key nutrients, although differences in analytical methods and
the limited number of reports mean that these comparisons with peat and coir should be
viewed as approximate. However, these figures represent total elemental content, not the
plant-available fraction. The release kinetics of these nutrients under typical fertigation
regimes remain uncharacterized. Therefore, while kenaf has the potential to supplement
crop nutrition and perhaps reduce initial fertilizer inputs, existing evidence does not justify
reducing fertigation inputs without careful monitoring. In practice, it is prudent to base
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fertility management on regular substrate testing rather than to assume a substantial
nutrient contribution from the kenaf itself.

Table 5. Inorganic nutrient content of phosphorus (P), potassium (K), nitrogen (N), calcium (Ca), and
magnesium (Mg) of ground kenaf core compared to peat and coco coir.

Nutrient Ground Kenaf Core Peat Coco Coir

P (mg g−1) 0.14 [62] 0.25 [67] 0.27 [58]
K (mg g−1) 0.5 [62] 0.13 [67] 0.33 [58]

N (%) 1.44 [62] 0.0–5.0 [68] 0.44 [69]
Ca (mg g−1) 12.0 [62] 5.86 [67] 0.058 [70]
Mg (mg g−1) 2.34 [62] 0.97 [67] 0.055 [70]

To more reliably characterize the chemical performance of ground kenaf core, a tar-
geted research agenda on its chemical behavior is needed that uses standardized analytical
methods. This agenda should prioritize three key areas. First, its nutrient dynamics must
be characterized using standardized measurement protocols for CEC and EC, along with a
thorough analysis of nutrient release kinetics over time, so that future comparisons with
peat and coir are based on directly comparable data. Second, the long-term stability of
its pH and EC must be assessed under commercial growing conditions. To support this,
all studies must consistently report measurement methods, such as saturated paste or
pour-through, to ensure results are comparable. Finally, the effects of pretreatments like
composting and leaching should be systematically evaluated to quantify their impact on
salt levels and potential phytotoxic compounds. By generating this body of method-rich,
comparable data, kenaf core can be optimized for widespread adoption as a sustainable
and efficient growing medium.

5.4. Biological Properties of Kenaf as Growing Media

The biological properties of kenaf core are primarily defined by its chemical compo-
sition: approximately 32.1% cellulose, 41% hemicellulose, and 25.2% lignin (Table 6). Its
lignin content is significantly lower than that of coco coir and is at the lower end of the
range reported for peat. Because lignin provides structural rigidity and resists microbial
breakdown, kenaf’s lower lignin content makes it more susceptible to decomposition than
more stable substrates [25].

Table 6. Cellulose, hemicellulose, and lignin content of ground kenaf core compared to peat and
coco coir.

Growing Media Cellulose (%) Hemicellulose (%) Lignin (%)

Ground Kenaf Core 32.1 [18] 41 [18] 25.2 [18]
Peat 5–20 [71] 10–30 [71] 5–40 [71]

Coco Coir 32–43 [18] 0.15–0.25 [18] 40–50 [18]

This higher rate of decomposition has two major consequences for growers. The first
is volumetric shrinkage, which reduces total porosity and air-filled pore space, potentially
impairing root respiration. This effect is most pronounced at high inclusion rates, with one
study reporting significant shrinkage when kenaf exceeded 70% of the mix by volume [4].
The second consequence is the potential for nutrient release as microorganisms break down
organic matter. While this can contribute to plant nutrition, it may also lead to imbalances
if not monitored.

Managing these biological properties is key to the successful use of kenaf. Shrink-
age can be mitigated by blending kenaf with more structurally stable components like
perlite, managing particle size, or using composted core, which has already undergone
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initial decomposition. To manage nutrient dynamics, monitoring substrate pH and EC
and adjusting fertigation accordingly appear important, particularly in kenaf-rich mixes
where decomposition and salt levels may change over time. Further research is needed to
quantify shrinkage rates under commercial irrigation and to define optimal particle size
and pretreatment protocols to maximize long-term stability.

Taken together, the studies reviewed here suggest a process–property–performance
framework for kenaf-based substrates (Figure 1). Processing decisions such as core purity
(removal of bark and extraneous stem tissue), particle size distribution, and the use of
composting and pre-leaching directly influence key physical and chemical properties,
including bulk density, porosity and available water, shrinkage behavior, pH, and EC.
These property shifts, in turn, help explain the observed variation in plant responses, such
as differences in root mass, shoot growth, irrigation demand, and sensitivity to salinity
across species and production systems. Finally, management choices at the grower level,
including blend ratio with peat or coir, the inclusion of structurally stable components
like perlite, and irrigation and fertigation regimes, can be used to moderate these effects
and align kenaf-based media with crop-specific requirements. This framework provides a
basis for interpreting the diverse results summarized in Tables 2–6 as parts of a coherent
substrate system rather than as isolated findings.

Figure 1. Conceptual process–property–performance framework for ground kenaf core in soilless
substrates. The figure highlights that kenaf core performance emerges from the interaction of
structure, processing, and management rather than from any single factor. The leftmost panel
illustrates key structural and compositional features of kenaf core (high hemicellulose and cellulose,
lower lignin, high porosity and low bulk density) [18] that underlie its behavior as a growing medium
component. Processing decisions (core purity, particle size, composting, pre-leaching) modify these
features through specific mechanisms (for example, altering pore-size distribution and water–air
balance, stabilizing or accelerating decomposition and shrinkage, or removing soluble salts and
reducing EC). These changes in physical, chemical, and biological properties in turn influence plant
responses (root development, shoot growth, species-specific failures), irrigation and fertigation
demand, and blend strategy. Colored arrows indicate processing-driven mechanisms affecting
substrate properties: blue arrows highlight changes that primarily alter physical properties, orange
arrows highlight mechanisms that primarily affect chemical properties, and pink arrows highlight
mechanisms affecting biological properties. Gray arrows represent downstream impacts of these
properties for plant responses, irrigation demand, and blend strategy.

https://doi.org/10.3390/plants15040666
117



Plants 2026, 15, 666

Notwithstanding these promising indications, the current evidence base on kenaf
core as a substrate component has important limitations. Most growth studies have been
conducted on a relatively narrow set of ornamental and bedding crops under greenhouse or
nursery conditions in a limited number of geographic regions, and documented failures in
species such as Pinus halepensis and in direct-sown lettuce and pepper show that responses
can be strongly crop- and management-specific. Structurally, the relatively low lignin
content and high hemicellulose fraction raise concerns about decomposition and volumet-
ric shrinkage at high inclusion rates, particularly under frequent irrigation. Chemically,
high native EC in some batches constrains use for salt-sensitive species unless effective
pre-leaching is implemented, and long-term trajectories of pH and EC under commercial
fertigation regimes remain poorly quantified. Economically and environmentally, potential
advantages related to local cultivation and dual-use of bast and core are still hypothetical
in the absence of kenaf-specific life-cycle and cost analyses. Addressing these limitations
through standardized characterization, long-term performance trials across diverse envi-
ronments, and quantitative sustainability assessments will be essential to define where
kenaf-based substrates are truly fit for purpose and where alternative materials may be
more appropriate.

6. Discussion

The search for sustainable growing media has become urgent as producers con-
front the environmental, economic, and logistical drawbacks of relying on peat and coco
coir [9,25]. In this context, ground kenaf core emerges as a credible, locally sourced can-
didate substrate component. The studies synthesized here indicate that, when properly
managed and used in appropriate blends, kenaf core can supplement conventional sub-
strates without compromising crop performance for several tested ornamental and bedding
species [4,22,23,61–63,65,66]. However, these findings also indicate that the performance of
kenaf core is constrained by crop- and system-specific responses, potential shrinkage at high
inclusion rates, and uncertainties about its long-term chemical behavior and sustainability.

The evidence presents a mixed but interpretable profile of benefits and constraints.
Physically, reported values for kenaf core’s bulk density and total porosity fall broadly
within the same order of magnitude as those reported for peat [52] and coco coir [59], and
its near-neutral pH [4,62] reduces or eliminates the need for liming [25,30,31]. At the same
time, some lots exhibit relatively high native EC that often requires pre-leaching [4], and
the lower lignin content [18] may increase susceptibility to microbial decomposition and
volumetric shrinkage, particularly at high inclusion rates [4,46–48]. Growth studies in
ornamental and bedding crops suggest that blends containing roughly 20 to 70% kenaf
core by volume can produce shoot and root growth similar to commercial mixes under
greenhouse and nursery conditions [4,22,23,61,63,65,66], when particle size, irrigation,
and fertility are adjusted appropriately. In contrast, species such as Pinus halepensis and
direct-sown lettuce and pepper have performed poorly in kenaf-containing media under
the reported conditions [62,64], which underscores that kenaf is not a universally suitable
substrate component and that its use must be evaluated on a crop- and system-specific
basis. More generally, because the reported physical and chemical properties of kenaf,
peat, and coco coir derive from heterogeneous measurement protocols, the numerical
comparisons presented here should be interpreted as indicative of broad ranges rather than
as standardized benchmarks that demonstrate strict equivalence among substrates.

From a sustainability perspective, kenaf core has several potential advantages that
warrant further quantitative evaluation. As a renewable annual crop, kenaf can be cul-
tivated in many warm-season production regions, which may reduce the transport dis-
tances and associated emissions compared with imported substrates such as peat and
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coco coir [4,5,7,8,50–52]. In addition, the dual-use model in which the bast fiber serves
higher-value industrial applications (paper pulp, biocomposites), leaving the core as a
byproduct for horticultural use, suggests a possible economic and resource-efficiency bene-
fit. However, robust kenaf-specific life cycle or carbon footprint data for growing media
applications are not yet available, so these putative advantages remain to be demonstrated
formally. Realizing and documenting any such benefits at scale will require not only
optimized processing infrastructure and quality assurance but also dedicated life-cycle
assessments that compare kenaf-based substrates with conventional mixes under consistent
functional units.

For practice, a cautious implication of the current evidence is that pre-leached and,
where feasible, composted kenaf core can function as an amendment in blends with peat or
coir for certain crops, particularly ornamentals and bedding plants, under greenhouse and
nursery conditions similar to those in the published studies [4,22,23,61–63,65,66]. Perfor-
mance depends on tailoring the particle size and blend ratio to the crop and production
system, and on managing irrigation to account for the water-holding characteristics and EC
of kenaf-based mixes. Regular monitoring of substrate pH and EC remains essential, and it
would be advisable to evaluate new formulations at small scale before broader adoption.

Despite these potential benefits, there is a notable lack of quantitative life-cycle as-
sessment data specific to kenaf core used as a growing medium. Existing assessments
of growing media focus mainly on peat, coco coir, or other organic constituents and do
not consider kenaf core within a comparable functional unit, such as per cubic meter of
substrate or per crop cycle. As a result, robust indicators such as global warming potential,
cumulative energy demand, and water use cannot yet be directly compared between kenaf-
based substrates and conventional peat- or coir-based mixes. This absence of kenaf-specific
life-cycle data represents an important research gap and currently limits the ability to rigor-
ously quantify the environmental benefits that are suggested by its agronomic performance
and supply chain characteristics.

To transition kenaf from a niche alternative to a mainstream component, a targeted
research roadmap is required. This roadmap must prioritize three areas: (i) Standardization,
including universal methods for measuring and reporting CEC, EC, and pH to ensure
cross-study comparability; (ii) Performance optimization, through studies that quantify
long-term shrinkage and determine optimal particle sizes and pretreatment protocols for
representative crops; and (iii) Economic validation, via life-cycle assessments that clarify
the cost and carbon savings of kenaf relative to conventional substrates.

In conclusion, ground kenaf core shares many of the essential attributes of a high-
quality growing medium and appears to be a promising candidate substrate component.
Current evidence suggests that, when pre-treated and used in appropriate blends, kenaf
core can help reduce reliance on non-renewable peat and globally shipped coco coir for
certain crops and production systems. At the same time, further work is needed to stan-
dardize methods for physical and chemical characterization, quantify long-term structural
stability and shrinkage, and generate kenaf-specific life-cycle and economic assessments.
With these research needs addressed, kenaf-based substrates could more reliably support
high-quality crop production while contributing to a more sustainable and resilient future
for soilless culture.
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Abstract: Environmental concerns drive the search for sustainable organic alternatives in
horticultural substrates. This review critically examines three agro-industry renewable
byproducts—wood fiber, coffee silverskin, and brewer’s spent grain—as partial peat sub-
stitutes. We aimed to comprehensively analyze their origin, processing methods, current
applications, and key physical, hydrological, and chemical properties relevant to horticul-
tural use. In soilless culture, wood fiber can be used as a stand-alone substrate. When
incorporated at 30–50% (v/v) in peat mixtures, it supports plant growth comparable to peat;
however, higher proportions may restrict water and nutrient availability. Coffee silverskin
demonstrates high water retention and nutrient content, but its inherent phytotoxicity
requires pre-treatment (e.g., co-composting); at concentrations up to 20%, it shows promise
for potted ornamental crops. Brewer’s spent grain is nutrient-rich but demands careful
management due to its rapid decomposition and potential salinity issues; inclusion rates
around 10% have shown beneficial effects. In conclusion, when used appropriately in
blends, these bio-based byproducts represent viable alternatives to reduce peat dependence
in vegetable and ornamental cultivation, contributing to more sustainable horticultural
practices. Future research should optimize pre-treatment methods for coffee silverskin
and brewer’s spent grain, investigate long-term stability in diverse cropping systems,
and explore novel combinations with other organic waste streams to develop circular
horticultural substrates.

Keywords: brewer’s spent grain; bioresources; circular economy; coffee silverskin;
containerized cultivation peat alternative; renewable raw material; sawdust

1. Introduction

Soilless culture systems refer to all plant cultivation methods without using natural
soil. These systems are generally classified into two main categories: liquid-based and
solid media systems. Among liquid-based approaches, hydroponics is the most common,
where plant roots grow directly in a nutrient solution that supplies water and essential
minerals. In contrast, solid and aggregate media systems use substrates that provide
physical support and a medium for delivering water and nutrients [1]. Here, we will use
the terms “substrate” and “growing media” interchangeably.

Solid media systems typically arrange substrates in containers, foil-lined beds, rows, or
shallow layers. One of the most significant applications of this method is in the production
of ornamental plants. The containerized cultivation of trees, shrubs, and herbaceous species
has become a central practice in the decorative sector, offering flexibility, efficient space
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utilization, and better environmental control. Containerized ornamental plants are used in
urban and rural environments, improving aesthetic appeal, supporting biodiversity, and
contributing to human well-being [2].

A growing medium placed in a container provides anchorage for roots while maintain-
ing suitable levels of water and air to support healthy plant growth. However, container
systems inherently limit root expansion, gas exchange, and water buffering capacity. To
overcome these constraints, substrates typically comprise blended organic and inorganic
components that balance the physical and chemical characteristics needed for optimal plant
performance [3–5].

Inorganic materials commonly used in substrate mixtures include both natural and
processed materials. Natural materials, such as sand, pumice, and tuff, provide good
drainage and aeration. On the other hand, processed materials like perlite, vermiculite,
rock wool, expanded clay, and zeolite are valued for their structural consistency and long-
term stability [4,6,7]. Although they often comprise a smaller portion of substrate blends [8],
these materials remain essential for ensuring reliable performance, especially in intensive
horticultural systems [9].

Increasingly, there is a shift toward sourcing substrate components locally and sustain-
ably. Renewable and regionally available materials are encouraged to reduce environmental
impact and production costs while promoting circular practices in horticulture [7,8,10].
Consequently, the careful selection and formulation of substrates are crucial for the suc-
cess of soilless cultivation systems, particularly in high-value sectors such as ornamental
plant production.

Peat is the most widely used material in horticultural substrates [8,11]. From an
agronomic perspective, it is considered an ideal substrate for propagation and cultivation
due to its ability to retain water and nutrients and its porosity, which provides oxygen to
the roots and facilitates drainage. Adding specific amendments can easily correct its low
pH and nutrient content [11].

However, the use of peat in horticulture has been strongly criticized because of en-
vironmental and climate change concerns [7] and because it is a non-renewable organic
matrix [12]. The areas where peat accumulates over time, called peatlands, cover an
estimated 4 million km2, which accounts for 2.8% of the Earth’s surface. It is a unique
ecosystem that develops in oxygen-deficient environments with groundwater or heavy
precipitation, forming carbon- and nitrogen-rich organic soils. Their carbon storage ca-
pacity is significant, estimated at approximately 644 Gt, accounting for 21% of global
organic carbon [13]. Therefore, peatlands are crucial to climate stability [14]. Also, the
“2030 Agenda for Sustainable Development" in target 15.1 refers to “Protect, restore and
promote the sustainable use of the earth’s ecosystem”, among which the protection of
peatlands as environments rich in biodiversity and useful for CO2 sequestration [15].

In Pinus engelmannii Carr. (Apache Pine) seedling production [16], the substrate is a
critical factor, as the properties of its constituent materials significantly influence growth
and future plant development. In general, the root system of the seedlings produced
in sawdust-based growing media presented good physiognomy based on the points of
growth observed in the root, possibly due to the ratio of the dry root biomass and the
growth potential.

Moreover, the organic and inorganic components also directly impact production
costs. González-Orozco et al. [16] pointed out the difference in cost of USD 2.34 between
50% composted pine bark (USD 3.49) and 70% pine sawdust (USD 1.15) peat-based grow-
ing media. Therefore, the substrate’s cost has led to research on replacing peat with
local materials.
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The physical properties of growing media depend on the morphological characteristics
of the particles composing them [17]. A growing medium must strike a balance between
water retention, air supply, and drainage to prevent waterlogging and disease, while
ensuring sufficient porosity for root aeration. In addition, it must guarantee a stable
structure over time, resistant to shrinkage or expansion [18]. Chemically, the substrate
should have a neutral to slightly acidic pH [19], low salinity, and a slow decomposition
rate, and contain essential nutrients or allow for adequate fertilization [18]. Other desirable
qualities include the absence of weed seeds, nematodes, pathogens, and phytotoxins [20].
From a practical perspective, the material used for the substrate should be readily available,
low-cost, and easy to mix with different matrices [5,7,8].

Agriculture-based industries generate approximately 1.3 billion tons of waste annu-
ally [21,22]. Most of this waste is disposed of through incineration or landfilling, which
presents considerable environmental, economic, and social challenges. Capanoglu et al. [23]
emphasize that the carbon footprint associated with agro-industrial waste is significant,
contributing approximately 3.3 billion tons of CO2 emissions to the atmosphere each year.
This excessive generation of agro-industrial waste disproportionately impacts developing
countries, where viable alternatives for recovering and reusing these valuable resources
remain limited [24], underscoring a critical gap in sustainable waste management.

Forestry byproducts are residual logging and wood processing materials, including
bark, branches, sawdust, and industrial wood residues. Agro-industry byproducts are ma-
terials left over after processing agricultural goods and can be valuable rather than wasteful.
Often considered waste, they hold potential for bioenergy, bioproducts, and sustainable ma-
terials, supporting circular economy approaches while reducing the environmental impact
of forest-based industries [25]. Utilizing food, drink, and agricultural waste presents both
a challenge and a necessity in daily life. This aligns with the core concepts of the circular
economy, which are based on the three rules: Reduce, Reuse, and Recycle. Furthermore,
target 12.5 is a key component of Sustainable Development Goal 12, which focuses on
achieving sustainable consumption and production patterns. It emphasizes moving from a
“take, make, and dispose” linear economy towards a more circular one [4,26].

2. Organic Byproducts as Growing Media

Organic byproduct sources derived from forestry and agro-industrial processes—such
as wood fiber, coffee silverskin, and brewer’s spent grain—are gaining attention for their
potential use in horticultural growing media (Figure 1).

 

Figure 1. Wood fiber (a), coffee silverskin (b), and brewer’s spent grain (c).

Several standard growing media contain up to 30 to 40% by volume of wood fiber
(WF), and its potential for co-use in growing media has not yet been fully exploited.
Coffee silverskin (CS), a thin tegument directly covering the coffee bean, is a byproduct
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of the coffee roasting process. Considering the large quantities produced globally and
their potential environmental impact if not effectively utilized, developing sustainable
applications for CS becomes an apparent necessity. Similarly, brewer’s spent grain (BSG),
the solid residue remaining after brewing, stands out as an attractive and cost-effective raw
material. Its year-round availability and rich composition of carbon and nitrogen sources
make it particularly appealing for diverse agricultural and horticultural applications.

Despite the recognized potential of these byproducts, a comprehensive synthesis of
their diverse properties and efficacy in horticultural applications remains a critical research
gap. While wood fiber has established its presence as a growing media component, its
full potential for co-utilization with other novel organic byproducts, especially in diverse
horticultural contexts, is still underexplored.

This systematic review addresses this gap by examining three organic byproducts,
two of which are unconventional—coffee silverskin and brewer’s spent grain—alongside
wood fiber, all sourced from the forestry and agro-industrial sectors, for their potential use
in growing media. The objective is to provide a comprehensive overview of their origin,
processing, current applications, and key chemical and hydrological properties, focusing
on their individual and synergistic effectiveness in supporting the cultivation of a wide
range of horticultural crops.

3. Methodology

3.1. Formulation of the Problem

The use of peat in horticultural substrates raises environmental and climate change-
related concerns. Therefore, it is urgent to identify organic replacement byproducts that
can be used in substrate composition and validated in cultivation.

3.2. Keyword Identification

Thomson Reuters’ Web of Science, Elsevier’s Scopus, and Google Scholar were queried
from 1972 to April 2025 for worldwide published scientific publications, written in English,
with subject areas limited to Agricultural and biological sciences, and Environmental sci-
ence and they were identified using the following keywords: (i) potted growing media
(Figure 2a); (ii) agro-environmental sustainability (Figure 2b); (iii) forestry and agro-
industry byproducts (Figure 2c); (iv) unconventional organic matrices (Figure 2d). Sub-
sequently, the process of identification of bibliographical references took place by ti-
tle/keywords/abstract and discarding those irrelevant.

About 67% of the references are categorized as organic and inorganic, peat-free,
and sustainable growing media (Figure 2a). Regarding agro-environmental sustainability
(Figure 2b), 30% of the references are placed in themes related to peatland C-rich ecosystems,
and 30% in sustainable development. In Figure 2c (forestry and agro-industry byproducts),
the agro-industry byproducts account for 66% of the references. Figure 2d (unconventional
organic matrices) shows that wood fiber (WF) references consist of 28%, those of coffee
silverskin (CS) of 38%, and those of brewer’s spent grain (BSG) of 34%.

Figure 3 shows the references (%) of agricultural use: in WF (a), 91% represents
ornamentals and vegetables; in CS (b), soil amendments and compost represent 49% of
uses, while peat replacement reaches 17%. The BSG (c) agricultural use consists of 44%
as fertilizer.
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Figure 2. Keywords references (%) divided into categories of interest: (a) potted growing media;
(b) agro-environmental sustainability; (c) forestry and agro-industry byproducts; (d) conventional
and unconventional organic matrices as wood fiber (WF), coffee silverskin (CS), and brewer’s spent
grain (BSG).

Figure 3. Overview of agricultural applications for the three organic materials. (a) Wood fiber
(WF) is used predominantly in horticultural practices, with 91% applied to ornamental plants and
vegetable production; (b) presents data on coffee silverskin (CS), where soil amendments and
composting account for 49% of its agricultural uses, and peat replacement represents 17%; (c) shows
that brewer’s spent grain (BSG) is primarily utilized as a fertilizer, making up 44% of its reported
agricultural application.
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4. Wood Fiber

Wood-based growing media, including bark, chips, biochar, sawdust, and wood
fibers, have been used in Europe for a long time. Their market is expected to reach
30 Mm3 year−1 in 2050 [27]. Wood fiber (WF) is generally made from lumber, and as a
substrate, it contains little or no bark [28,29]. It is considered a renewable resource that
can be obtained from sustainably managed forests, thus, as an organic material resulting
from industrial wood processing. Production typically involves subjecting wood to high
pressure and temperature. Wood fiber is often processed through grinding, where the
size of the wood pieces is reduced and the fibers separate from each other. It appears as
filaments. It is predominantly sourced from coniferous species such as Norway spruce
(Picea abies (L.) H. Karst.), pine (Pinus spp.), lodgepole pine (Pinus contorta Douglas ex
Loudon), or broadleaf trees such as chestnut (Castanea sativa Mill.) [30]. In the late 1980s, the
first to grind pine wood for use as a soilless culture substrate were Laiche Jr. and Nash [31].
Following their promising results, interest in commercial WF grew in the early 1990s. In
1994, Benoit and Ceustermans [32] described WF in cultivation as the phenomenon of
degradation by microorganisms, which leads to a worsening of the physical properties and
nitrogen immobilization [33–36]. In Europe, WF growing media were particularly popular
in Germany in the early 2000s, as reported by Gumy [37] and Bobo and Jackson [38]. In the
same period, they also attracted the attention of the USA [8].

4.1. The Production Process

Wood fiber (WF)-based growing media production involves turning raw wood, often a
byproduct of sawmilling or wood processing, into a stable, safe, and horticulturally suitable
substrate. The process varies depending on the desired fiber quality and end use. Wood
is mechanically defibered using disc refiners, hammer mills, or high-speed grinders [39],
and then treated with steam at temperatures between 80 ◦C and 120 ◦C (stabilized WF),
ensuring the elimination of plant pathogens, reducing the resin content (which could be
phytotoxic), and partially stabilizing the material biologically.

WF can be produced in both coarse and fine grades, and the characteristics of the
source material and fiber structure are significant in plant cultivation. During this process,
nitrogen (N) is often used to enrich it, particularly when derived from wood chips or bark,
and tends to have a relatively low N content [28]. The most commercially available WF
products have included various trade names over the years, although some are no longer
actively produced or widely distributed. Notable examples include Toresa, Hortifibre,
Cultifibre, Piatel, Torbella, SunFiber Nuova Flesan, Ecofibrex, and Brill Substrate Fiber.

4.2. Agricultural and Non-Agricultural Uses

In farming systems, wood fiber is used to cultivate vegetables [40–43], ornamen-
tals [12,44–46], forest seedlings [47], and trees [48]. WF use is consolidated above all in the
production of insulating panels for construction and laminates [25], as a mechanical buffer,
and electrolyte reservoir for sodium–ion batteries [49].

4.3. Physical, Hydrological, and Chemical Characterizations
4.3.1. Physical and Hydrological Characterizations

Gruda and Schnitzler [50,51] found a low bulk density, good drainability, and rewet-
tability of wood fiber (WF). Domeño et al. [52] describe a bulk density of 0.07 g cm−3

(recommended range (R.R.) < 0.4) and a particle density of 1.56 g cm−3 (R.R. = 1.4–2.6).
Commercial products are typically mixtures of particle size fractions in varying percentages.

Wood fiber (WF) moisture content is between 10.3% [53] and 41% [41]. Gruda and
Schnitzler [50] reported that pure or 50–70% wood fiber: white peat (v:v) showed a similar
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total pore space to each other and in line with the R.R. >85% found by De Boodt and
Verdonck [54]. These WF-based growing media showed lower readily available water
(E.A.W. calculated as the amount of free water of the tested materials when the water
tension increased from pF = 1.0 to 1.7) than peat, according to Domeño et al. [52], who
report an E.A.W. of 13.8 vol. %. In mixtures of peat and WF (v:v, 50:50), the readily available
water reached 25.1%, which is lower than that of peat (33.5%) but is still within the ideal
range of 20–30%, as noted by De Boodt and Verdonck [54] (1972), with rapid drainage of
surplus water.

Reineke et al. [45] reported that in petunia, the thermo-hydrolytically and thermally
treated WF, at 30–60% v/v, decreased shoot biomass and flower number with increasing WF
content due to lower water-holding capacity. Therefore, the WF proportion and irrigation
regime are key to achieving a peat substitution without compromising quality.

Finally, wettability characterization, defined by Michel [55] as the degree of hy-
drophilicity, is particularly crucial in containerized crops, in which fluctuations can quickly
lead to oxygen stress and root asphyxiation in cases of excessive irrigation, or conversely,
to water stress and potential hydrophobicity when water inputs are insufficient. Barrett
et al. [4] argued that WF exhibits a high degree of wettability: in fact, it is used, in blended
growing media, to optimize physical properties, reduce bulk density, increasing air space
and, thus, improving re-wetting capacity; for the same reason, it is not used as a stand-alone
component for the constitution of a substrate [56].

Table 1 reports the main physical and hydrological properties determined for wood
fiber, as described in previous studies.

Table 1. Wood fiber physical and hydrological characterizations.

Parameters Unit of Measure Value References

B.D. g cm−3 0.07 [52]

P.D. g cm−3 1.56 [52]

M. % 10.3–41.0 [41,53]

T.P.S. % >85 [54]

E.A.W. vol. % 13.8 [52]
B.D. = Bulk Density; P.D. = Particle Density; M = Moisture; T.P.S. = Total Pore Space; E.A.W. = Readily
Available Water.

4.3.2. Chemical Characterization

Regarding the chemical properties, wood fiber has a subacid pH, between 4.1 [53]
and 6.0 [30], and a variable but still very low EC: from 4.0–6.0 [30] to 18.6 [57] to
28 mS cm−1 [53]. This wide variability is due to the heterogeneity of the raw wood
material. The ash content was estimated at 0.15% (w/w) [53]. Domeño et al. [52] stated
a cation exchange capacity of 0.22 meq g−1; Zaccheo et al. [30] reported a total organic
matter content of 95–98%, based on the findings of Zawadzińska et al. [53], along with an
organic carbon content of 64–67%. Zaccheo et al. [30] estimated the total nitrogen content
to be 0.20–0.40%, consistent with Zawadzińska et al. [53], who found 0.16%. Čepulienė
et al. [41] identified 0.22%, while Sdao et al. [57] measured 0.45%. The C/N ratio noted by
Zaccheo et al. [30] of 168–336 differs little from that observed by Čepulienė et al. [41] of 435
but is in line with the value documented by Domeño et al. [52], equal to 456. Wood fiber is
primarily made of cellulose and lignin, rich in C and poor in nitrogen. Čepulienė et al. [41]
recorded a P content of 57 mg kg−1 and a K of 472 mg kg−1. Finally, Zawadzińska et al. [53]
indicate Ca = 1574 mg kg−1, Mg = 346 mg kg−1, and Fe = 46.5 mg kg−1. Maher et al. [28]
determined a lignin content of 360 g kg−1 (dry weight), while Domeño et al. [52] quantified
a cellulose content of 180 g kg−1 (dry weight) and a hemicellulose content of 489 g kg−1

129



Plants 2025, 14, 1945

(dry weight). Table 2 summarizes the key chemical characteristics of wood fiber, including
C/N ratio and pH, based on the relevant literature.

Table 2. Wood fiber chemical characterization.

Parameters Unit of Measure Value References

pH 4.1–6.0 [30,53]

E.C. mS cm−1 4.0–28 [30,53,57]

C.E.C. meq g−1 0.22 [53]

T.O.M. % 95–98 [30,53]

O.C. % 64–67 [30]

T.N. % 0.20–0.45 [30,41,53,57]

C/N 168–456 [30,41,52]

P mg kg−1 57 [41]

K mg kg−1 472 [41]

Ca mg kg−1 1574 [53]

Mg mg kg−1 346 [53]

Fe mg kg−1 46.5 [53]

Lignin g kg−1 d.w. 360 [28]

Cellulose g kg−1 d.w. 180 [52]

Hemicellulose mg kg−1 d.w. 489 [52]
E.C. stands for Electrical Conductivity; C.E.C. stands for Cation Exchange Capacity; T.O.M. stands for Total
Organic Matter; O.C. stands for Organic Carbon, T.N. stands for Total Nitrogen; and C/N stands for Carbon–
Nitrogen ratio.

4.3.3. Practical Applications

Wood fiber’s low bulk density, good trainability, and high wettability make it an
excellent component for lightening growing media and enhancing aeration in containerized
crops, particularly when blended with peat. While its lower readily available water
capacity and high C/N ratio necessitate careful irrigation management and potential
nitrogen supplementation, WF-based mixtures optimize physical properties and improve
re-wetting capacity, positioning wood fiber as a valuable partial peat substitute for diverse
horticultural applications.

4.4. Crop’s Performance

In recent years, wood fiber (WF) has gained popularity and become a renewable raw
material in peat-based substrates [58–60]. Studies on vegetables and ornamentals have
shown differences in performance and fertilizer requirements, so the substrate composition
needs to be optimized.

4.4.1. Wood Fiber Peat Replacement up to 50%

In Leucanthemum vulgare [12], wood fiber (WF), at moderate levels (30–40% v/v) and
combined with coir and compost, supported plant growth and nutrient uptake comparable
to, or better than, peat-based control. Beretta and Ripamonti [61] report that a peat substitu-
tion rate of between 30% and 50% showed promising results in the cultivation of Juniperus
communis ‘Repanda’, J. communis ‘Prince of Wales’, and Ribes uva-crispa ‘Hinnonmaki Rot’.
In Petunia × hybrida, peat-reduced mixes up 35% WF yielded comparable plant vitality and
flowering to peat control. In basil, the buffering capacity of WF may help maintain more
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stable pH levels [44]. Laun et al. [62] also stated that wood fiber in vegetable seedlings
could replace up to 30 to 50% of peat volume.

4.4.2. Wood Fiber Peat-Replacement Beyond 50%

Substrates containing 70% wood fiber (WF) led to significant biomass reduction and
impaired performance, highlighting that excessive doses may compromise water retention
and nitrogen availability [61]. Woznicki et al. [63] (2024) showed that substrates with high
WF content were less acidic and rapidly increased pH in petunia cultivation, resulting
in iron malabsorption. In Petunia and basil, WF ≥ 75% led to chlorosis, mainly growth
reduction, unless pH and nutrition supply were taken care of. In the hydroponic strawberry
system [42], the 100% spruce fiber (Picea abies) significantly advanced the ripening and
commercial marketable yield, compared to the control peat and perlite. Similar results were
achieved in studies by Gruda and Schnitzler [29] with lettuce transplants. Many authors
agree that WF in the hydroponic cultivation of strawberries has given good results as a
stand-alone substrate [42,64–66].

4.4.3. Wood Fiber and Fertilization

Incorporating wood fiber components into peat-based soilless substrates can increase
the amount of fertilizer N needed during production as a result of greater N immobi-
lization [5,67]. Čepulienė et al. [41] conducted a study to explore the effect of WF as an
alternative to peat in growing media for cucumber (Cucumis sativus L.) cultivation, focusing
on its impact on nutrient content and uptake. This experiment compared different growing
media combinations of peat and WF (0, 25, 50, 100 WF) with additional nitrogen fertilizer
(13, 23, 30 g plant−1). Results showed that in the substrates with 50 and 100% WF content
and with the increased additional fertilization, there was a significant reduction in dry
biomass of the aerial part compared to the peat-based substrate without fertilization.

5. Coffee Silverskin

Coffee is among the most widely consumed beverages globally [68]. Coffee has
become a beloved staple in people’s lives worldwide; over 2.25 billion cups of coffee are
consumed worldwide each day [69]. Cultivation mainly occurs within the “coffee belt”
between the Tropics of Cancer and Capricorn, at 25◦ North and 25◦ South latitudes. In
the coffee industry, a “bag” refers to a standard unit of measurement for coffee, typically
60 kg of raw coffee beans, from Central and South America, accounting for 96.93 million
bags, followed by Asia, with 41.91 million bags. Additional contributions came from
Africa: 15.0 million bags. The global green coffee market was valued at approximately
USD 39.97 billion in 2024 [70].

There are two main coffee species: Coffea arabica cultivated in Latin America and
Ethiopia, accounting for 57,4% of production (102.2 million bags), and C. canephora (syn.
C. robusta) cultivated in Southeast Asia and Africa, which constitutes 42,6% (75.8 million
bags) [71]. C. arabica grows at higher altitudes (usually 600–2000 m) and requires cooler
temperatures. Arabica plants are more delicate and require more agronomic maintenance;
C. robusta grows at lower altitudes, is more resistant to heat and drought, and is easier to
cultivate [72]. Green coffee, along with its byproducts and residues, represents a valuable
source of macromolecules (e.g., carbohydrates, proteins, pectin) and bioactive compounds.
These can be cost-effectively extracted and repurposed for novel applications in the food,
nutraceutical, agricultural, cosmetic, and pharmaceutical sectors, aligning with FAO’s
bioeconomy and circular economy principles [73].
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5.1. The Production Process

The testa surrounds the coffee bean, a thin, fibrous, and protective layer, often referred
to as the silverskin, due to its silvery appearance. Once the green beans are picked and
processed, the silverskin is typically eliminated during roasting, leaving the roasted beans
used to make coffee [74]. Coffee silverskin (CS) represents the only byproduct released
during the coffee roasting process, accounting for approximately 4.2% (w/w) of seed
total weight. About 400,000 tons of this waste is generated each year [75,76]. For coffee
producers, managing this waste represents a significant cost [77], and its storage also poses
a risk, as CS is highly flammable [78].

5.2. Agricultural and Non-Agricultural Uses

Although coffee silverskin (CS) is primarily considered industrial waste, it is a biomass
with a valuable raw input into a wide range of potential applications [79].

The favorable composition of coffee processing waste, its high availability, and low
cost make it an excellent source of various bioactive compounds with nutritional value [80].

In recent times, the Farm-to-Fork strategy [81], Salbitani et al. [82], and Carnier
et al. [83] have shown the use of CS for organic fertilization purposes due to its high
content of macro and micronutrients. Other uses in agriculture have also been evaluated:
Picca et al. [84] and González-Moreno et al. [85] evaluated their use in compost and ver-
micompost. Finally, Sdao et al. [57] evaluated its use as a substitute matrix for peat in
containerized ornamental plants.

Regarding the non-agricultural uses, CS has been studied in the food sector [86] to
enrich preparations such as cookies, chocolate cake [87], and candies, as a fat replacer for
chicken hamburgers, and as a source of antioxidants [88]. Industrially, it can be used as a
material for polymers [89] and packaging [90].

In cosmetics utilization, dos Santos et al. (2021) [91] showed that CS in sunscreen is
promising, as is in other cosmetic applications [92]. CS has also been studied as a feed for
another critical sector, such as insect breeding [93].

5.3. Physical, Hydrological, and Chemical Characterization
5.3.1. Physical and Hydrological Characterization

Prandi et al. [94] describe the structural characterization of coffee silverskin (CS),
supplied by Illycaffè S.p.A. (Trieste, Italy), as consisting of flakes ranging in size from 2 to
5 mm, with a bulk density of 0.18 g cm−3 and a particle density of 0.71 g cm−3. Moisture
content ranged between 7.3 and 7.1, in agreement with Pourfarzad et al. [95] and Arya
et al. [96]. Ballesteros et al. [97] report a water holding capacity of 5.11 g H2O g−1 dry
sample, probably due to the high fiber content [96]. Sdao et al. [57] report a water retention
of 91.4%. Table 3 presents the physical and hydrological parameters of coffee silverskin.

Table 3. Coffee silverkin physical and hydrological characterization.

Parameters Unit of Measure Value References

F.S. mm 2–5 [94]

B.D. g cm−3 0.18 [94]

P.D. g cm−3 0.71 [94]

M. % 7.1–7.3 [94–96]

W.H.C. g H2O g−1 dry sample 5.11 [97]

W.R. % 91.4 [97]
F.S. = Flake Size; B.D. = Bulk Density; P.D. = Particle Density; M. = Moisture content; W.H.C. = Water-Holding
Capacity; W.R. = Water Retention.
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5.3.2. Chemical Characterization

In coffee silverskin (CS), the pH, determined by Sdao et al. [98], was found to be
5.7; this value is consistent with that reported by Thligene et al. [99] of 5.6 and Del
Pozo et al. [78] of 5.3. Electrical conductivity (EC), as reported by Sdao et al. [57], was
measured at 1.8 dS m−1, which is in agreement with González-Moreno et al. [85]. However,
this contrasts with the findings of Carnier et al. [83], who reported a significantly higher
EC of 4.9 dS m−1. This discrepancy underscores the necessity of monitoring soil condi-
tions during the application of CS to prevent salinization. The ash content, evaluated by
Sdao et al. [98] with 6.6, aligns with the range reported by Pourfarzad et al. [95], Ballesteros
et al. [97], and Arya et al. [96] of 5–7 g 100 g−1 dry weight.

The total organic matter content, as reported by Sdao et al. [98], was found to be
93.4 g 100 g−1, consistent with the 91.3 g 100 g−1 reported by González-Moreno et al. [85].
Carnier et al. [83] reported 43.3 g 100 g−1. The C/N ratio also varies: González-
Moreno et al. [85] reported a minimum value of 11, while Ballesteros et al. [97] reported
14.4, and Carnier et al. [83] reported 19.1. The total Kjeldahl nitrogen is reported by Carnier
et al. [82] as 0.14 g 100 g−1; in contrast, González-Moreno et al. [85] reported 5.1 g 100 g−1,
and Sdao et al. [57] 2.39 g 100 g−1.

Sdao et al. [57] reported a total phosphorus content of 0.76 g 100 g−1. The presence
of a considerable concentration of potassium, equal to 7,6 g kg−1, in this waste makes
it particularly interesting for tropical soils, which are often poor in K, and many crops.
Carbohydrates, including cellulose, hemicellulose, and lignin, were also analyzed. Arya
et al. [96] assessed the hemicellulose and cellulose contents of 62.1 and 23.7 g 100 g−1;
they also reported a lignin content of 28.6 g 100 g−1, which agrees with the findings
of Mussatto et al. [100], who documented 30.2 g 100 g−1. Finally, protein content was
determined by Arya et al. [96] to be 18.7 g 100 g−1, aligning with 16.2 g 100 g−1 reported by
Mussatto et al. [100].

Coffee silverskin is rich in inhibitory substances, such as caffeine, tannins, and
polyphenols, which are responsible for insufficient nitrogen mineralization. Consequently,
while these residues are rich in organic matter and exhibit promising soil conditioning
properties, their use as primary nitrogen sources is not recommended. Table 4 outlines
the main chemical properties of coffee silverskin, including organic matter content and
nutrient profile.

Table 4. Coffee silverskin chemical characterization.

Parameters Unit of Measure Value References

pH 5.3–5.6 [78,98,99]

E.C. dS m−1 1.8–4.9 [95–97]

Ash g 100 g−1 5–7 [95–98]

T.O.M. g 100 g−1 43.3–93.4 [83,85,98]

T.N. g 100 g−1 0.14–5.1 [57,83,85]

C/N 11–19.1 [83,85,97]

P g 100 g−1 0.76 [57]

K g kg−1 7.6 [57]

Lignin g 100 g−1 28.6–30.2 [96,100]

Cellulose g 100 g−1 23.7 [96]
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Table 4. Cont.

Parameters Unit of Measure Value References

Hemicellulose g 100 g−1 62.1 [96]

Protein g 100 g−1 16.2–18.7 [96,100]

T.P. mg kg−1 140 [101]
E.C. = Electrical conductivity; T.O.M. = Total Organic Matter; T.N. = Total Nitrogen; C/N = Carbon–Nitrogen
ratio; T.P.= Total Polyphenol.

5.3.3. Phytotoxicity

Another fundamental aspect of coffee silverskin (CS) is phytotoxicity. Picca et al. [84]
showed that it is due to high polyphenols and chlorogenic acid content, which can limit its
direct application as a soil amendment, despite its beneficial agronomic properties, such
as high nitrogen and potassium content, and excellent water retention capacity. The co-
composting CS with carbon-rich materials eliminates phytotoxicity while maintaining its
agronomic benefits. The antioxidant properties of CS derive from its polyphenolic content:
Ziemah et al. [101] report a total polyphenol content (GAE) of 140 mg g−1. Al-Charchafchi
et al. [102] results indicate that chlorogenic acid possesses phytotoxic properties, as it
negatively affects seed germination.

5.3.4. Practical Applications

Owing to its high water holding capacity and significant organic matter content, coffee
silverskin is a promising amendment for improving soil structure and water retention
in growing media. However, its inherent phytotoxicity and potential for variable elec-
trical conductivity (EC) and nitrogen immobilization primarily necessitate its use after
co-composting carbon-rich materials. When properly treated, its potassium richness makes
it particularly beneficial for K-deficient soils or specific crop requirements.

5.4. Crop’s Performance

Coffee silverskin (CS) was used as organic fertilizer, compost, vermicompost, and
peat-based growing medium to cultivate herbaceous and ornamental crops.

5.4.1. Coffee Silverskin as Organic Fertilizer

Salbitani et al. [82] show that at a 2% dose, CS improves soil properties and promotes
barley growth and physiology. In comparison, at a 10% dose, it negatively impacts leaf
proteins. It reduces Chl b and Chl a/Chl b ratios, probably due to potential disruption
of the photosynthetic apparatus, decreasing chlorophyll synthase activity, or nitrogen
availability. Carnier et al. [83] investigated CS. They experimented with coffee powder for
maize (Zea mays L.) at the dose of 450 mg of Kjeldahl nitrogen per pot, compared to a control
fertilized with ammonium nitrate. Maize growth in soil treated with coffee residues did
not significantly differ from the control but was lower than in ammonium nitrate-treated
plants, suggesting limited nitrogen availability.

5.4.2. Coffee Silverskin as Co-Composting Matrix

Composting organic residues for agricultural soil amendment offers significant bene-
fits. Through enhanced water retention, composting reduces inorganic fertilizer demand
and irrigation requirements. This positions composting as a cost-effective and industrially
scalable technology for organic waste recycling, yielding a valuable soil conditioner with
fertilizing properties [103].

Picca et al. [84] demonstrated that coffee silverskin (CS) co-composting with gardening
pruning waste and biochar produced nutrient-rich, non-phytotoxic compost with phy-
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tostimulant properties. González-Moreno et al. [85] examined the vermicomposting process
of CS and spent coffee grounds (SCG), mixed with horse manure (HM). The vermicom-
posting was conducted at varying ratios of CS/SCG/HM (25, 50, 75, and 100%) and lasted
60 days. The biological results showed that the growth and reproduction of the worms
were significantly affected by the different waste combinations. The total biomass growth
was highest in CS = 50, while treatment with 100% CS showed the lowest growth. The
worm growth rate followed a similar trend. Regarding Triticum aestivum seed germination,
used as a compost maturity and non-phytotoxicity indicator, no significant differences
were found between the various mixtures. However, the germination, at a dose of CS 50%,
showed the best results.

5.4.3. Coffee Silverskin as Peat-Based Growing Medium

Sdao et al. [57] evaluated the coffee silverskin (CS) at 0, 10, 20, and 40% doses in
seedlings and sale pot plants, as a partial peat substitute in ornamental marigold (Tagetes
patula) and nasturtium (Tropaeolum minus) cultivation. In marigold seedlings, the peat-
based substrate achieved the highest chlorophyll content; the values decreased as the CS
dose increased. In nasturtium, however, the chlorophyll content at the CS 10% dose was
comparable to that of the control, exhibiting the highest values. As sale plants, the dry
weight in tagetes did not show significant differences between treatments; in nasturtium,
20% CS reached results comparable to peat.

6. Brewer’s Spent Grain

Beer is one of the oldest and most popular alcoholic beverages in the world. Ac-
cording to the 2024 European Beer Trends Statistics Report [104], beer production reached
346 million hL in 2023, marking a decline of more than 3% compared to 2022. Italy ranked
ninth in beer production, with a total output of 17,430 thousand hL.

6.1. The Production Process

Brewer’s spent grain (BSG) is the primary byproduct of the brewing industry, account-
ing for 85% of total brewing residues [105], with a global annual production of 12 million t.
In producing the most common beer type, light lager, malt consumption is estimated at
approximately 20 kg hL−1 [106,107]. BSG is made through a fermentation process in which
the sugars contained in malt are transformed into alcohol and carbon dioxide through
the action of yeasts. During the malting phase, barley grains are germinated and dried
to develop the necessary enzymes for starch conversion. In mashing, the malt is mixed
with hot water, allowing the enzymes to break down starches into fermentable sugars; this
stage generates BSG [108]. The brewing industry significantly impacts the environment by
generating substantial waste. Per 1000 tons of beer, approximately 137–173 tons of solid
waste are produced, with spent grain accounting for roughly 20 kg per 1 hL of beer [109].

6.2. Agricultural and Non-Agricultural Uses

Traditionally considered waste, brewer’s spent grain (BSG) is now the focus of a few
research studies aimed at developing sustainable strategies for its valorization. Several
studies highlight its potential applications across various sectors [110]. BSG has also been
studied and applied in agricultural uses, such as producing biochar [111], organic soil
amendment [112], compost [113], and peat replacement [57].

Regarding non-agricultural uses, brewers’ spent grain (BSG) for animal feed is already
consolidated and favored by breweries because it is environmentally sustainable and
economically favorable [114]. BSG is used in the food industry for bakery products [115]; in
plant-based meat [116], pasta [117], and yogurt [118], due to its high content of fiber, protein,
and bioactive compounds. Moreover, it is utilized in the production of bioplastics and bio-
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composites [119], bioenergy [120], and reducing sugars for biofuels [121]. In recent years,
the use of BSG in the medical-pharmaceutical field has been interesting and increasingly
studied by researchers [122]. In animal nutrition, BSG supplementation has improved
growth performance, immune responses, and antioxidant capacity, without detrimental
effects on metabolic profiles [123,124].

6.3. Physical, Hydrological, and Chemical Characterization

Brewer’s spent grain (BSG) is a complex lignocellulosic material composed of the seed
coat, pericarp, and husk layers of barley grain [125].

6.3.1. Physical and Hydrological Characterization

Naibaho et al. [126] reported a bulk density of 0.129–0.159 g cm−3. Meneses et al. [127],
Castro et al. [128], Cacace et al. [112], and Belardi et al. [129] agree on a moisture ranging
between 78% and 84%. This high moisture content and fermentable sugars, mainly maltose
and maltotriose [130], make BSG highly susceptible to microbial growth, leading to rapid
spoilage within a short storage period of 7 to 10 days. Refrigeration or drying is advised
to maintain physico-chemical properties and prevent deterioration [131]. Sdao et al. [57]
report a water retention of 207%. Table 5 displays brewers’ spent grain’s principal physical
and hydrological features, focusing on structure, moisture retention, and air capacity.

Table 5. Brewer’s spent grain physical and hydrological characterization.

Parameters Unit of Measure Value References

B.D. g cm−3 0.129–0.159 [126]

M. % 78–84 [112,127–129]

W.R. % 207 [57]
B.D. = Bulk Density; M. = Moisture Content; W.R. = Water Retention.

6.3.2. Chemical Characterization

Brewer’s spent grain (BSG) pH is sub-acidic, with attested values of 5.5 [128], 4.5 [112],
and 6.0 [98]. Sdao et al. [57] evaluated the electrical conductivity (EC) as 3480 μS cm−1. The
ash content is variable, and it was accounted for in 2021 by Castro et al. (2.3%) [128], in 2023
by Belardi et al. (3.5%) [129], in 2024 by Mainali et al. (8.5%) [132], and in 2025 by Garcia
et al. (1.9%) [133]. Sdao et al. [57] evaluated the Organic Matter content as 93.8 g 100 g−1.
Organic Carbon content ranged between 47.3 [132] and 53% [134], and C/N ratio ranged
from 10.8 [132] to 13.9 [134]. Nitrogen content ranged between 3.8 [134] and 5.1% [132].

According to Meneses et al. [127], the most abundant elements in BSG are phosphorus
(P = 6000 mg kg−1), calcium (Ca = 3600 mg kg−1), magnesium (Mg = 1900 mg kg−1), and
sulfur (S = 2900 mg kg−1). Meneses et al. [127] pointed out a sodium (Na) content of
137 mg kg−1, according to Ikram et al. [105]. The negative impacts of high Na levels
on plant metabolism include cellular dehydration, nutrient deficiency, growth inhibition,
stomatal rupture, and plant death [135].

Chemically, 100 g d.w. BSG contains about 15–25 g protein, 50–70 g fiber (hemicellulose,
cellulose, and lignin), and 5–10 g fat [136].

Bachmann et al. [131] reported a cellulose content between 16.8 and 26.0% and
19.2 and 41.9% of hemicellulose. Lignin content was reported in a range of 15.4 [137]–
28 g 100 g−1 [138]. Bachmann et al. [131] argue that a high lignin content makes BSG
interesting for obtaining biochar. The high protein content is mainly characterized by
the abundant presence of amino acids (2571.7 mg kg−1) [117,139]. The presence of lysine,
histidine, and arginine is linked to anti-inflammatory potential and antimicrobial proper-
ties [140]. Belardi et al. [129] investigated the total polyphenols content, which reported
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7.41 mg GAE (gallic acid equivalent) g−1 d.m. Niabaho et al. [126] reported that the type of
grain, production process, sun exposure, soil type, and climatic conditions caused differ-
ences in the amounts of phenolic compounds. Table 6 shows the chemical composition of
brewer’s spent grain, including nitrogen content, carbon content, and pH, as reported by
several authors.

Table 6. Brewer’s spent grain chemical characterization.

Parameters
Unit of

Measurement
Value References

pH 4.5–6.0 [98,113,128]

E.C. dS m−1 3480 [57]

Ash % 1.9–8.5 [128,129,132,133]

T.O.M. g 100 g−1 93.8 [57]

O.C. % 47.3–53.0 [132–134]

T.N. % 3.8–5.1 [132–134]

C/N 10.8–13.9 [132–134]

P mg kg−1 6000 [127]

Ca mg kg−1 3600 [127]

Mg mg kg−1 1900 [127]

S mg kg−1 2900 [127]

Na mg kg−1 137 [105,127]

Lignin g 100 g−1 15.4–28.0 [137,138]

Cellulose % 16.8–26.0 [131]

Hemicellulose % 19.2–41.9 [131]

Protein g 100 g−1 d.w. 15–25 [136]

Amino acids mg kg−1 2571.7 [117,139]

Fiber g 100 g−1 d.w. 50–70 [136]

Fat g 100 g−1 d.w. 5–10 [136]

T.P. mg GAE g−1 d.m. 7.41 [129]
E.C. = Electrical conductivity; T.O.M. = Total Organic Matter; O.C. = Organic Carbon content; T.N. = Total Nitrogen;
C/N= Carbon–Nitrogen ratio; T.P.= Total Polyphenol.

6.3.3. Practical Applications

Brewer’s spent grain, with its high-water retention capacity, significant organic matter
content, and richness in essential macronutrients (such as P, Ca, Mg, and S), presents as a
promising organic component for growing substrates. However, its high moisture content
and rapid degradability necessitate careful management to prevent spoilage, suggesting
that preliminary treatments like drying or composting are required before incorporation
into substrates. Furthermore, its lignocellulosic composition and high lignin content
make it of interest for biochar production, which could further enhance its properties as a
long-term amendment.

6.4. Crop’s Performance

According to Assandri et al. [141], the use of brewer’s spent grain (BSG) for agricultural
purposes began to be studied in the early 90s, following the research of Mbagwu and
Ekwealor [142] who used it as a fertilizer when combined with mineral fertilizers on maize.
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Subsequently, Yoo et al. [111] studied BSG-based biochar as an organic soil amendment
for lettuce in response to soil acidification. The 5% application rate yielded the best lettuce
fresh shoot weight increase. Cacace et al. [112] also examined its agronomic potential as an
organic soil amendment in the escarole (Cichorium endivia var. Cuartana) cultivation. Results
showed that BSG amendments increased leaf number and fresh/dry weight, soil organic
carbon, total nitrogen, and water retention. Ebido et al. [113] evaluated BSG composted with
poultry manure for amaranth (Amaranthus viridis L.) grown, which significantly increased
total fresh biomass (143%) and dry matter (58%) compared to the control, correlated with
increased exchangeable Ca and total N. Finally, Sdao et al. [57] evaluated BSG in container-
grown ornamental marigold and nasturtium, at 10, 20, and 40% peat replacement. In
marigold seedlings, 10% BSG improved chlorophyll content and photosynthesis, while 40%
BSG led to growth depression. In marketable plants, 10% BSG produced root length and
dry matter similar to peat control. Meanwhile, 20% and 40% doses reduced plant height
and flower production due to increased electrical conductivity and phosphorus deficiency.
The researchers concluded that BSG is a potential partial P substitute at low replacement
rates. Table 7 compares peat, wood fiber, coffee silverskin, and brewer’s spent grain. It
summarizes their origin, main advantages, and limitations as growing media components,
along with relevant bibliographic references.

Table 7. Comparative Analysis of Sphagnum Peat, Coffee Silverskin, Brewer’s Spent Grain, and Wood
Fiber as Alternative Organic Materials for Growing Media.

Material Origin Advantages Disadvantages References

Sphagnum peat Surface of the rewetted
peat soils

Good T.P.S., air content,
and W.H.C.
The acidic pH value can easily
be adjusted.

Contain herbal or grass seeds,
poorly re-wettable; investment
costs are still high.

[8]

Wood fiber
Byproducts from the
wood industry (sawdust,
chips, bark).

Good drainability, re-wetting.
Low B.D. is used to optimize the
physical properties of the blend.
It reduces B.D., increases
airspace, and
improves rewettability.

May cause nitrogen
immobilization (due to
degradation by microorganisms).
High C/N.
Degradation by microorganisms
leads to deterioration of physical
properties. Relatively low
N content.
It can impair W.R. and nitrogen
availability if used in
excessive proportions.
High proportions (≥75%) can
lead to chlorosis and reduced
growth unless pH and nutrient
supply are managed.

[4,5,8,12,25,27–62]

Coffee silverskin Byproduct of
coffee roasting.

Rich in nutrients (N, P, K, etc.).
High W.R. capacity, high O.M.,
acidic pH. Antioxidant
properties. Compostable to
eliminate phytotoxicity.

Phytotoxicity (polyphenols,
chlorogenic acid)
inhibits germination.
Low C/N. Compositional
variability. Low
nitrogen mineralization.

[57,68–102]

Brewer’s spent grain Byproduct of
brewing (mashing).

Rich in fiber, protein, and
bioactives (amino acids).
Biochar, soil conditioner,
compost, and peat substitute
(low doses) are used
in agriculture.
Good W.R. Sub-acid pH.

High M. and sugar content
(rapid deterioration:
7–10 days); needs
refrigeration/drying. High Na
levels (negative impact
on plants).
At high doses, it reduces growth
and flowering due to high EC
and P deficiency.

[57,98,104–143]

T.P.S. = Total Pore Space; W.H.C. = Water-Holding Capacity; B.D. = Bulk Density, W.R. = Water Retention;
O.M. = Organic Matter content; M. = Moisture content; E.C. = Electrical conductivity; P = Phosphorous.
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7. Conclusions

This systematic review highlights the significant potential of wood fiber, coffee sil-
verskin, and brewer’s spent grain as viable components for horticultural growing media,
offering sustainable alternatives to peat. While many of the findings presented in this
review are interesting for practical applications, several research gaps and key technolog-
ical challenges remain for their widespread and optimized adoption. For wood fiber, a
well-established component, optimizing its inclusion rates for different species and over-
coming potential water and nutrient availability limitations at higher concentrations are
key research avenues. Long-term degradation patterns of wood fiber in growing media and
strategies for improved nitrogen management and pH stabilization also warrant further
investigation. Although coffee silverskin shows promising water retention and high nutri-
ent content, the technological challenge of eliminating its intrinsic phytotoxicity at a large
scale is key for broader application. Future research must fully elucidate specific inhibitory
compounds and develop robust, industrial-scale pre-treatment methods. Similarly, for
brewer’s grains, overcoming the obstacles of microbial content that leads to rapid spoilage
and high salinity is critical to ensuring substrate performance and quality plants. Studies
will also assess their integration into advanced cultivation systems such as hydroponics,
aeroponics, and vertical farming, emphasizing enhancing sustainability and efficiency.

A central goal remains ensuring the environmental sustainability of wood fiber pro-
duction relative to peat. Future research needs to go beyond the morphophysiological
quality to truly confirm the use of these innovative organic matrices as viable peat alterna-
tives. It also needs to assess their agronomic, environmental, and economic sustainability
comprehensively. This means conducting Life Cycle Assessments (LCA) for the entire pro-
duction process of plants grown in these new organic matrices, and thoroughly analyzing
the production costs of the plant products. This will provide a complete and holistic picture
of their sustainability compared to traditional peat-based cultivation.
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Abstract: Cultivating microgreens in central-southern Chile in unheated greenhouses offers a viable
and productive alternative to growers. In 2023, two experiments were conducted in autumn and
spring. These experiments involved the production of microgreens of eleven vegetable species.
The tray system with the substrate was employed. Subsequently, agronomic, nutritional, and
sensory perception variables were assessed. Despite notable fluctuations in external temperatures
between these seasons, a diverse array of microgreens can be successfully cultivated, meeting local
consumer preferences. Research indicates that microgreens grown under these conditions exhibit
high nutritional quality, serving as a rich source of essential nutrients and bioactive compounds
beneficial to human health. This nutritional value remains consistent across autumn and spring,
establishing microgreens as a reliable and valuable food option. The observed acceptance and
purchasing intentions among the surveyed population suggest a promising market opportunity for
introducing these products regionally. Consumers appreciate microgreens’ quality and nutritional
advantages, underscoring their potential.

Keywords: microgreens; vegetables; food composition; sensory analysis; functional foods

1. Introduction

Microgreens, also known as microplants, are young vegetables or herbs characterized
by fully expanded cotyledon leaves and the emergence or partial expansion of the first
true leaf [1,2]. They originated in California, United States, in the 1980s and were initially
grown commercially. The surge in marketing efforts was due to their remarkable taste,
colors, appearances, and textures [3]. They can be used in salads, soups, sandwiches,
or as visually appealing, edible garnishes, enhancing various dishes [4]. Additionally,
microgreens are rich in diverse nutrients, driving increased consumer interest due to their
nutritional value [1,5].

Microgreens are rich in minerals and phytochemicals that promote human health,
containing higher nutrient levels than adult plants and earning them the label of superfoods
or functional foods. Numerous studies have underscored their vital impact on human
health [1,6–8]. In Chile, the cultivation of microgreens has markedly increased in recent
years, especially in urban areas with a rising demand for fresh, nutritious products [3].
Recent reviews, such as [9], have highlighted the nutritional value of various microgreen
species, emphasizing that their nutrient composition and content can significantly vary
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based on the growth stage and are influenced by factors such as cultivars and growing
conditions [10,11]. Additionally, microgreens possess superior phytochemical profiles com-
pared to baby vegetables, making them an even more potent source of health-promoting
compounds [12].

Microgreen production is advantageous for productivity as it optimizes physical space
and inputs, resulting in minimal resource losses [13]. This demonstrates the increased
sustainability of microgreen production compared to the traditional cultivation of mature
plants [14,15]. Moreover, microgreen production allows for a diverse range of species to
be cultivated and quickly commercialized due to their short shelf-life. Consequently, the
cultivation environment must be close to consumer centers [16]. As various methodolo-
gies and technologies continue to gain prominence, there is a growing need to enhance
the approaches used in producing microgreens. Essentially, evaluating the cultivation
of different species under accessible conditions encourages local investments, bolsters
the food supply, and elevates quality. Furthermore, conducting assessments on mineral
content and consumer preferences leads to better reception in the local market, enhancing
commercialization and helping producers to direct their activities.

This study aimed to evaluate the performance and nutritional composition of various
microgreens produced locally and assess consumer perception regarding their organoleptic
characteristics.

2. Results

2.1. Earliness and Yield

During the study, only chard had a low germination rate (20%), while the other species
had germination rates above 80%. Additionally, the sowing density ranged from 90 to
640 mg m−2, and the average germination time varied between three and nine days due to
the distinct characteristics of each species (Table 1).

Table 1. Characteristics of germination rate, sowing density, and germination time of the species
used to grow microgreens.

Commercial Name
Sowing Density

(g m−2)
Germination Index

(%)
Germination Time

(days)

Experiment 1

Chard 640 20 9
Carrot 130 85 9
Radish 320 85 3
Lettuce 90 85 8

Kale 190 85 3
Arugula 128 95 3

Experiment 2

Mizuna 255 100 3
Fennel 155 80 8

Spinach 255 100 3
Broccoli 320 95 3
Anise 180 75 8

2.2. Biometric and Productive Analysis

In the autumn experiment, radishes had significantly greater height than other species,
while carrots and lettuce had the lowest average for plant height (Table 2). In the spring
experiment, mizuna, fennel, and broccoli showed no significant differences in plant height,
and all three species were taller than spinach. However, anise exhibited growth issues,
which were attributable to the elevated temperatures recorded within the greenhouse
during the spring period. Additionally, regarding green mass harvested per tray and
productivity, radish and lettuce exhibited superiority in the autumn experiment, whereas
mizuna and broccoli excelled in the spring experiment (Table 2).
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Table 2. Average height values harvested fresh mass and productivity of different species used to
grow microgreens.

Commercial Name Height (cm) * Fresh Mass (g tray−1) * Yield (g m−2) *

Autumn experiment

Chard 3.6 d 116 bc 756 bc
Carrot 2.9 e 96 c 624 c
Radish 6.6 a 341 a 2216 a
Lettuce 2.9 e 295 a 1994 a

Kale 4.4 c 88 c 673 c
Arugula 6.2 b 136 b 1171 b

p-value 0.000 0.000 0.000

Spring experiment

Mizuna 7.9 a 1367 a 8877 a
Fennel 8.4 a 808 b 5247 b

Spinach 6.7 b 995 b 6461 b
Broccoli 8.5 a 1346 a 8805 a

p-value 0.004 0.003 0.000

* The means followed by the same letter in the column do not differ from each other using the Tukey test at a
5% probability.

2.3. Nutritional and Mineralogical Analysis

It was found that the total proteins and raw fiber contents of the species used in
the autumn experiment varied between them, ranging from 3.7% to 4.8% and 0.4% to
0.7%, respectively. For these same characteristics, the variation presented in the spring
experiment was 2.42% to 3.50% and 0.5% to 0.6%, respectively, with higher averages of
proteins and fiber being observed for fennel (Table 3).

Table 3. Average values of total protein, total phenols, nitrates, raw fiber, and beta-carotene of
different species used to grow microgreens.

Commercial Name Total Proteins (%)
Total Phenols (mg

kg−1 of GAE)
Nitrates (g L−1) Raw Fiber (%)

β-Carotene (mg
equiv 100 g−1)

Autumn experiment 1

Chard 4.4 a 3335.9 a 3281.9 a 0.5 a 39,966 a
Carrot 4.6 a 3083.6 a 2508.5 a 0.5 a 15,379 d
Radish 3.7 a 2001.2 b 1099.5 b 0.6 a 17,438 c
Lettuce 3.8 a 2060.5 b 4169.3 a 0.7 a 12,550 e

Kale 4.6 a 3269.6 a 2489.1 a 0.6 a 19,369 b
Arugula 4.8 a 3304.6 a 2442.2 a 0.4 a 12,612 e

p-value n.s. 0.007 0.000 n.s. 0.000

Spring experiment 2

Mizuna 2.94 5663.8 4707.8 0.5 1451
Fennel 3.50 6164.5 5600.0 0.6 3474

Spinach 2.42 11,025.0 3866.7 0.5 3629
Broccoli 2.67 4538.9 4266.0 0.5 2498

GAE: Gallic acid equivalent; n.s.: not significant. 1 For the autumn experiment, means followed by the same letter
in the column do not differ using the Tukey test at a 5% probability. 2 For the spring experiment, no statistical
analyses were performed.

For total phenol contents, two groups were observed: one formed by chard, carrot,
kale, and arugula, with values above 3000 mg kg−1 GAE, which was higher than the second
group, formed by radish and lettuce, for which values close to 2000 mg kg−1 GAE were
observed. In the spring experiment, the highest value of total phenol content was observed

148



Plants 2024, 13, 2787

for spinach (11,000 mg kg−1), followed by fennel, mizuna, and broccoli (4500 to 6000 mg
kg−1), respectively.

Only radish, with the lowest average, showed a significant difference from the other
species for the nitrate characteristic in the autumn. Chard stood out for beta-carotene levels,
with values over twice the concentrations verified for nitrate.

In the autumn experiment, only radish showed significantly lower average beta-
carotene levels than other species. On the other hand, chard stood out with beta-carotene
levels over twice the concentrations found in the other species. In the spring experiment,
fennel and spinach had the highest average nitrate and beta-carotene levels, respectively.
These characteristics varied across species, ranging from 1733.33 mg L−1 to 2178 mg g−1

(Table 3).
Except for P content, significant differences existed in the mineralogical compositions

of the species used in the autumn experiment. In this context, kale microgreens contained
higher Fe, Mg, and Ca levels, while chard showed higher Na levels, surpassing only radish
(Table 4). Among the species in the spring experiment, mizuna microgreens exhibited the
highest Fe, Mg, and Ca concentrations, while spinach had the highest average Na content.
The variations in Fe, Mg, Ca, Na, and P content in the spring experiment were 45.46 mg
kg−1, 84.3 mg kg−1, 594.2 mg kg−1, and 25.55 mg kg−1, respectively, and the number of
sample repetitions did not allow for a comparison of means. (Table 4).

Table 4. Nutrient values of different species used for the production of microgreens.

Commercial Name Fe (mg kg−1) Mg (mg kg−1) Ca (mg kg−1) Na (mg kg−1) P (mg kg−1)

Autumn experiment 1

Chard 70.6 bc 207.4 bc 308.9 c 32.9 a 1.1 a
Carrot 75.8 bc 203.3 bc 313.6 c 26.3 ab 1.1 a
Radish 79.9 b 202.2 c 410.9 b 23.5 b 0.9 a
Lettuce 156.8 a 268.5 ab 353.1 c 26.2 ab 1.0 a

Kale 80.6 b 300.0 a 552.8 a 26.2 ab 1.2 a
Arugula 69.1 c 202.6 bc 380.7 bc 25.7 ab 0.8 a

p-value 0.000 0.001 0.000 0.015 n.s.

Spring experiment 2

Mizuna 79.2 292.1 846.3 25.7 0.9
Fennel 54.5 279.4 587.6 25.9 0.4

Spinach 33.8 207.8 281.6 31.1 0.4
Broccoli 68.4 253.7 252.1 5.6 0.4

n.s.: not significant. 1 For the autumn experiment, means followed by the same letter in the column do not differ
using the Tukey test at a 5% probability. 2 For the spring experiment, no statistical analyses were performed.

2.4. Organoleptic Properties and Preference for Purchasing Vegetables

Significant differences were observed in the various species’ appearance in the autumn
and spring experiments. In the autumn experiment, chard was rated as having an extremely
pleasant appearance, while carrot and arugula received the worst evaluations. Similarly,
mizuna had the best appearance in the spring experiment, while spinach had the worst.
Despite these differences, none of the species received scores equal to or greater than 5,
which could indicate negative evaluations.

In both experiments, color differences were observed between species. According to
the respondents, chard and Mizuna consistently had the best color perception.

For texture, there were no differences between species in the autumn experiment.
However, significant differences were observed in the spring experiment, with spinach
having the most pleasant texture and receiving the highest evaluation (Table 5).
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Table 5. Average values of sensory evaluations regarding appearance, color, texture, and flavor of
different species used to produce microgreens.

Commercial Name Appearance * Color * Texture * Flavor *

Autumn experiment

Chard 2.3 a 2.1 a 3.0 a 4.3 ab
Kale 2.7 ab 2.3 ab 2.8 a 3.2 a

Lettuce 2.9 ab 3.1 c 2.6 a 3.5 ab
Radish 3.0 ab 2.9 bc 3.2 a 4.5 b

Arugula 3.1 b 2.6 abc 3.2 a 4.5 b
Carrot 3.2 b 2.6 abc 3.2 a 3.7 ab

p-value 0.000 0.000 n.s. 0.000

Spring experiment

Mizuna 2.2 a 2.0 b 2.6 ab 3.4 ab
Fennel 2.7 ab 2.7 ab 3.1 a 4.4 a

Spinach 3.2 b 3.3 a 2.2 b 2.7 b

p-value 0.05 0.02 0.05 0.01

n.s.: not significant. * The means followed by the same letter in the column do not differ from each other using the
Tukey test at 5% probability. Each attribute was evaluated from 1 (extremely pleasant) to 9 (extremely unpleasant)
(Table 8).

Notably, for the appearance, color, and texture characteristics, all averages obtained
resulted in a positive evaluation of the species since, according to the scale used, the
evaluations remained very pleasant and moderately pleasant (values vary from 2.2 to 3.2).
However, for the flavor characteristic, the evaluators’ scores varied between moderately
pleasant and slightly pleasant (values range from 3.2 to 4.5 in the autumn experiment),
with radish and arugula the species that received the worst evaluations, while kale was
considered the tastiest. For the spring experiment, spinach and fennel differed significantly,
with spinach being considered the species with the best flavor (Table 5).

Regarding purchase intention, among the species used in the autumn experiment,
there was no difference between the average scores of the evaluators. Thus, the variation
between 2.18 and 2.84 implied a purchase intention result of “would probably buy” (Table 6).
In addition, for the spring experiment, it was found that mizuna had a significantly lower
average than fennel and spinach, receiving a purchase intention of “I would definitely buy
it”, while the other species had the same purchase intention as the species in the experiment
autumn, “I would probably buy” (Table 6).

Table 6. Summary of consumers’ purchasing preferences regarding the different species used to
produce microgreens.

Commercial Name Purchase Intention * Result of Purchase Intention

Autumn experiment

Chard 2.2 a I would probably buy it
Kale 2.4 a I would probably buy it

Lettuce 2.5 a I would probably buy it
Radish 2.6 a I would probably buy it

Arugula 2.8 a I would probably buy it
Carrot 2.8 a I would probably buy it

p-value n.s.

Spring experiment

Mizuna 2.0 a I would definitely buy it
Fennel 2.6 a I would probably buy it

Spinach 2.5 a I would probably buy it

p-value n.s.
n.s.: not significant. * The means followed by the same letter in the column do not differ using the Tukey test at a
5% probability.
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In the autumn experiment, of the total number of respondents, 53% were men and 47%
were women, with most aged between 20 and 25 (79%). Additionally, 65% of the judges
declared that they frequently consumed vegetables, but 84% responded that they had never
consumed microgreens. In the spring experiment, of the total number of respondents, 68%
were men and 32% were women, the majority of whom were between 20 and 25 years
old (68%); from the total, 68% were frequent vegetable consumers, but 55% had never
consumed microgreens.

2.5. Correlation Analysis

The search for direct relationships between the quality of microgreens and consumers’
acceptance of them can help define production planning. In this way, a correlation analysis
was carried out to determine which characteristics could positively interfere with the choice
of a certain species. It is also possible to determine which characteristics do not affect
sensory evaluations or which could negatively impact the choice. While red represents
significant interactions, these are related to sensory evaluations, with lower averages
indicating positive evaluations. In this sense, all the interactions highlighted with thick
lines seem positive, with interference between the factors of Na, Fe, beta-carotene content,
and the appearance of the species.

Mg levels interfere with texture and flavor characteristics, and there is a direct relation-
ship between total proteins and total phenols, the latter with the plants’ characteristic color
(Figure 1). For all the correlation groups formed, there is evidence that the variation in the
composition of species, nutrients, and bromatological components significantly alters the
sensory evaluations of the individuals participating in the autumn experiment.

Figure 1. Pearson correlation network between the variables of total protein (TP), total phenols (TF),
nitrates (TN), beta-carotene (BC), raw fiber (RF), iron (Fe), manganese (Mg), calcium (Ca), sodium
(Na), phosphorus (P), appearance (AP), color (CL), texture (TX), and flavor (FL) of different species
of microgreens evaluated during the autumn experiment. Positive correlations were highlighted in
green, while negative correlations were highlighted in red; determining the line thickness followed a
cut-off value of 0.7, corresponding to 70% reliability.

151



Plants 2024, 13, 2787

3. Discussion

3.1. Biometric and Productive Analysis

Notably, there is great variation in development among the different species used to
grow microgreens (Table 2). This fact, combined with the environmental conditions of
cultivation, will define a set of interactions encompassing sowing and harvesting cycles. In
this sense, using unheated greenhouses, common environments for vegetable producers,
creates a reliance on local environmental conditions, leading to increased variability in
temperature and relative air humidity.

The variability in height development between species is related to intrinsic genetic
and morpho-physiological factors. Species have different characteristics regarding the
amount of seed reserves: for example, lettuce, has small seeds and low reserves, compared
to radish, which has larger seeds, enabling the development of larger seedlings. However,
the values obtained are based on height values previously reported in the literature for
species cultivated in different environmental conditions [17–19].

During the autumn experiment, low temperatures may explain the lengthening of
the production cycle, 33 days. The cultivation period was characterized by average daily
temperatures below 20 ◦C, with around 50% of days with average temperatures below
15 ◦C. In this sense, harvests are reported to be carried out between 4 and 12 days after
sowing for some of the species used in the present study, such as radish, chard, and
spinach [20]. However, such studies are mostly carried out in controlled environmental
chambers, optimizing the conditions for plant development. In addition to temperature,
other environmental factors can also significantly interfere with cultivation, such as incident
radiation, influencing crop productivity averages, as seen in the present study (Table 2), in
which the average production obtained in autumn cultivation was 5.7 times lower than
that obtained in spring. Such characteristics greatly influence the development of crops,
resulting in seasonality for species such as chard [21] and arugula [10], for which it appears
that autumn crops, when the temperature and incident radiation are decreasing, are less
productive than crops in spring when temperature and radiation are rising.

3.2. Nutritional and Mineralogical Analysis

Plants harvested early, especially microgreens, are considered bioactive foods or
superfoods due to their high levels of elements beneficial to human health [10]. In this
sense, other studies have demonstrated that nutritional elements and bioactive compounds
are found in higher microgreens values than conventionally harvested vegetables [11,22].

The protein levels in this research did not show differences between the species
evaluated in the autumn experiment, ranging between 3.66% and 4.75%. In the spring
experiment, the values ranged between 2.4% and 2.9%. The literature reports protein
values like those obtained in this study, and in some cases, they exceed the ones previously
reported (Table 3), as with radish, carrot [23], and arugula [24]. No variations were observed
in this study’s protein, phenols, and fiber contents, and the variation in the nitrate contents
was confirmed (Table 3).

Among the species, significant differences were only found in the autumn experiment,
with the lowest nitrate content recorded for radish (1099.55 mg L−1) and the highest
concentration observed for lettuce (4169.27 mg L−1). For the spring experiment, the lowest
value was found for spinach (3866.67 mg L−1), while the highest concentration was verified
for fennel (5600.00 mg L−1). High variability in nitrate levels is close to those previously
verified by other authors, in which different species vary between 13 and 8279 mg kg−1,
which are also influenced by the growing season [25]. High variability in nitrate levels
can also occur in species belonging to the same botanical family, as verified in the present
study (Table 3), which may be related to genetic factors and cultivation environment and
inputs used, which are also influenced by the growing season [25]. In addition, due to the
negative implications of consuming high nitrate levels, it is essential to find alternatives to
reduce these levels in microgreens.
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Beta-carotene is a red-orange pigment found in fruits and vegetables; it is a precursor
of vitamin A and has an important physiological role in humans, such as vision and
development. Also, it works as an important antioxidant that allows the maintenance
of cellular metabolism [5]. This compound can be obtained abundantly in microgreens,
implying that consuming these young plants can help prevent disorders and diseases,
increasing the quality of life [9]. Therefore, an increase in beta-carotene levels is desired
in microgreens. Significant variation was also observed for this compound between the
species studied, with the highest concentrations of chard, fennel, and spinach (Table 4).
These three species have practically double the concentration of beta-carotene compared to
the other species evaluated. Just like beta-carotene, the presence of minerals in species used
for producing microgreens can benefit human health, allowing the natural replacement
of minerals and avoiding problems related to their absence [9,25]. These characteristics
make microgreens foods that promote human health and which, in the future, can be
included in specific diets to reduce problems related to inflammatory and cardiovascular
diseases and obesity, among others. The variation observed between species in terms of
their mineral composition (Table 4) implies that different species, or even genetic materials
from the same species, can be used in a specific way for a given need. The literature shows
a positive relationship between early harvesting and the amount of nutrients available,
with microgreens tending to contain higher amounts of minerals [26]. Also, combining
species could result in an even richer food, generally increasing the nutrients available to
the final consumer.

3.3. Organoleptic Properties and Preference for Purchasing Vegetables

Sensory perception is something particular and varies between people according to
their perception of what is pleasant or unpleasant. In this sense, the sensory evaluation
of the species of microgreens used in this study, in both experiments, was considered
positive since there were no average measurements of scores above 5 points (Table 5). Thus,
it would be verified if evaluators were indifferent to characteristics and arugula, which
obtained the highest averages in the flavor assessment, followed by fennel, belonging to
the Apiaceae family, which has a pronounced aromatic characteristic [27].

Bitterness can also trigger an aversion reaction to the product due to evolutionary
issues since it can be related to toxic compounds in nature [6]. The highest averages were
verified for the flavor characteristic. This is related to the fact that some species used
in producing microgreens may present marked spiciness or bitterness due to the high
levels of compounds present, such as sulfur in the case of some species. This positive
evaluation also resulted in positive purchase intention for all species evaluated, varying
between 1.95 for mizuna and 2.84 for carrots on the 1 to 9 scale used. It was also found
that purchase intention evaluations formed different groups; thus, the species that received
more positive evaluations were mainly women over 30 years old. Moreover, those who
claimed to consume vegetables and microgreens frequently or sometimes also evaluated
two (spinach and mizuna) of the eight species used more positively (Figure 2). In this sense,
it is also observed that groups of younger women who frequently consume vegetables and
microgreens tend to opt for species with a more robust flavor (Table 5).

Similar to those observed for women, the evaluations of the group of men also indi-
cated that the best evaluations were concentrated on evaluators over 30 years old and who
habitually consume vegetables regularly (Figure 3). For this group, we also found that
two of the three species indicated as the ones with main purchase intentions, fennel and
arugula, received high evaluations regarding flavor (Table 5), indicating a preference for
these evaluators over species with a strong flavor.
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Figure 2. Map of female reviewers’ purchase intention.

Figure 3. Map of male reviewers’ purchase intention.

3.4. Correlation Analysis

Our findings enabled us to identify relationships between microgreens’ composition
and evaluators’ sensory perception in the autumn experiment (Figure 1). In this sense, we
can highlight that the presence of higher levels of beta-carotene results in better evaluations
of the general appearance of microgreens. This fact may be related to the color of the
microgreens, as more intense colors tend to influence consumers’ decision-making [28].

For other species consumed as mature vegetables, it appears that the presence of beta
carotene increases consumer acceptability, increasing evaluations regarding flavor and
general sensory characteristics, such as tomatoes [29]. Consumers also gave higher scores
in sensory evaluation to orange sweet potatoes, rich in beta carotene, when compared to
those with purple and yellow colors [30], a result like that observed for cassava cultivars,
in which biofortification with beta-carotene positively influenced greater acceptability on
the part of the evaluators, who also related part of their choices to the more intense orange
color [31]. This relationship between beta-carotene content and consumer acceptability can
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have important implications regarding the definitions of species to be cultivated, increasing
commercialization potential. In addition to economic factors, using species-rich compounds
in this compound can benefit consumers, improving the general characteristics of food
quality [5]. Also, the positive relationships between magnesium texture and magnesium
flavor may imply the choice of vegetables rich in this nutrient, which participates in a series
of metabolic processes in the human body, improving performance, balancing blood sugar
levels, and promoting heart health, among others [32].

In sensory terms, as demonstrated in this research (Figure 1), it can be seen in the
literature that magnesium is related to the flavor and texture of a series of vegetables, as it
is involved in metabolic activities that will influence the levels of sugars in vegetables, as
well as on texture, increasing firmness and post-harvest life [33]. In addition, the relation-
ship between phenol levels and the positive evaluation regarding color (Figure 1) can be
attributed to the high correlation between these compounds and the existence of pigments
with high antioxidant capacity, such as betacyanin, betaxanthin, and betalain [34,35]. Again,
choices regarding the antioxidant capacity of the species used can be targeted, increasing
the quality of the product sold to the final consumer.

4. Materials and Methods

In 2023, two experiments were carried out at the University of Talca’s Soilless Cultiva-
tion and Vertical Agriculture Unit, located at the Talca Campus in the Maule Region, South
Central of Chile (35◦24′26′′ SL and 71◦38′10′′ WL). The experiments took place from April to
May (autumn) and August to September (spring) and involved cultivating eleven different
horticultural species as microgreens in rigid plastic trays (55 cm long × 28.5 cm wide)
filled with moistened peat substrate up to 2 cm high (Table 7). These eleven species were
selected because they are among the most common vegetables grown in the South-Central
region of Chile. The rationale behind using a diverse range of species was to observe
variations in the production process, product quality, and consumer acceptance, providing
a comprehensive understanding of how different microgreens perform under controlled
soilless cultivation conditions.

Table 7. General characteristics of the species used to produce microgreens.

Commercial Name Scientific Name Commercial Variety

Autumn experiment

Chard Beta vulgaris L. var. cicla Penca roja
Carrot Daucus carota L. Chantenay Royal 2
Radish Raphanus sativus L. Pablo
Lettuce Lactuca Sativa L. Tango roja

Kale Brassica oleracea L. var. sabellica Verde rizado
Arugula Eruca sativa Mill. Astro

Spring experiment

Mizuna Brassica rapa L. subsp.
nipposinica Verde

Fennel Foeniculum vulgare L. Etrusco
Spinach Spinacia oleracea L. Woodduck
Anise Pimpinella anisum L. -

Broccoli Brassica oleracea L. var. italica Italian Green Sprouting

The seeds were sown manually in the trays and then covered until they sprouted.
They received daily watering, and a nutrient solution with a low EC of 1.3 dS m−1 was
applied every three waterings. Temperature and relative humidity in the greenhouse were
measured using sensors; these variables ranged from 3.7 ◦C to 35 ◦C and 34% to 95% in
the autumn experiment and 3.6 ◦C to 36.6 ◦C and 23% to 95% in the spring experiment,
respectively (Figures 4 and 5).
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Figure 4. Relative humidity values and maximum, mean, and minimum temperatures during the
autumn experiment.
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Figure 5. Relative humidity values and maximum, mean, and minimum temperatures during the
spring experiment.

In each experiment, a completely randomized design with six replicates was imple-
mented, with one tray assigned to each species as the experimental unit. After 33 days from
sowing, the microgreens were harvested, and detailed plant height (cm) and fresh weight
(g) measurements were taken as part of the agronomic evaluations. Following these mea-
surements, the samples underwent chemical analysis to determine their nutritional content.

Total protein content (%) and nitrate levels (g L−1) were assessed using the Kjeldahl
method, following the A.O.A.C. Official Methods of Analysis [36]. Total phenols (ppm of
GAE) were quantified using the Folin–Ciocalteu method as outlined in the A.O.A.C. Official
Methods of Analysis [36]. For β-carotene content (mg equiv 100 g−1), an organic solvent
miscible in water, was employed to extract carotenoids, ensuring accurate quantification.
Crude fiber content (%) was determined by the gravimetric method using a Velp fiber
extractor [36–38].

Additionally, mineral contents—including iron (Fe), magnesium (Mg), calcium (Ca),
sodium (Na), and phosphorus (P)—were measured in mg kg−1 using the electrothermal
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atomic absorption (EAA) method with Analytik Jena NOVAA 800 equipment. However,
due to the small sample size in the spring experiment, only one repetition per species was
conducted for chemical determination, which prevented statistical analysis of these variables.

To assess consumer acceptance, a sensory panel was conducted with 57 evaluators for
the autumn experiment and 22 for the spring experiment. The panels evaluated all species
based on flavor, texture, general appearance, and color using a nine-point hedonic scale,
where one indicated “extremely pleasant” and nine indicated “extremely unpleasant” [39]
(Table 8). In addition, consumers’ purchase intentions and habitual consumption patterns
were evaluated using a five-point scale (Table 8).

Table 8. Code and definition of the sensory scale and purchase preference for microgreens.

Code Sensory Scale Purchase Preference Scale

1 Extremely pleasant I would definitely buy it
2 Very pleasant I would probably buy it
3 Moderately pleasant May be maybe not
4 Sightly pleasant I probably would not buy it
5 It does not matter to me I definitely would not buy it
6 Slightly unpleasant -
7 Moderately unpleasant -
8 Very unpleasant -
9 Extremely unpleasant -

Statistical analyses of the parametric variables were carried out using analysis of
variance (ANOVA), while non-parametric variables were subjected to the Kruskal–Wallis
test. When significance was found, mean separation was performed using the Tukey Honest
Significant Difference (HSD) test (p = 0.05). Additionally, a correlation network analysis
was conducted using the Rbio program to explore relationships between variables [40].

5. Conclusions

This study demonstrates that cultivating various microgreen species in unheated
greenhouses in South Central Chile is a viable strategy to enhance both nutritional qual-
ity and consumer acceptance of fresh produce. The findings confirm that microgreens
produced under these conditions consistently exhibit high levels of essential nutrients
and bioactive compounds, such as proteins, phenols, and beta-carotene, which are critical
for promoting human health. Notably, the variation in nutritional composition among
species, such as the high phenol and β-carotene content observed in Swiss chard, carrots,
and species from the Brassicaceae family, underscores the importance of selecting specific
cultivars to target desired nutritional and functional outcomes. These compounds are
particularly valued for their antioxidant activity, with β-carotene also contributing anti-
inflammatory effects and a high vitamin A content, making these microgreens a potent
functional food. The agronomic evaluation revealed that radish had the highest yield
among the evaluated species, further highlighting its potential for commercial production.
Additionally, the sensory evaluation indicated a strong consumer preference for micro-
greens, demonstrating a strong relationship between β-carotene content and appearance,
as well as magnesium content with taste and texture. This interaction between organoleptic
perception and nutritional composition reinforces the appeal of microgreens as a health-
promoting food choice. From a broader perspective, this research validates the potential
of microgreens as a healthy, nutritious, productive, and sustainable food option, offering
an alternative solution to global food security challenges. The high acceptance of these
products among local consumers suggests a significant opportunity for their expansion in
regional markets. However, future research should address challenges related to exploring
additional species, optimizing post-harvest handling, and further elucidating their direct
benefits to human health. Finally, the successful cultivation of microgreens in unheated
greenhouses not only enhances food diversity and nutritional quality but also presents a
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sustainable agricultural practice that aligns with local market demands. Ongoing research
and development should focus on refining cultivation practices, expanding species diver-
sity, and enhancing post-harvest strategies to maximize microgreens’ health benefits and
market potential, thereby contributing to more resilient and sustainable food systems.
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Abstract: A peat substrate is made from peat from drained peatlands, which is a limited resource.
A realistic estimate is that 50% of the world’s wetlands have been lost. Peat is used in horticulture,
especially for the cultivation of vegetables in greenhouses. The consequences of peatland exploitation
are an increase in the greenhouse effect and a decrease in carbon stocks. Wood fiber can be used
as an alternative to peat. The chemical properties of growing media interact and change continu-
ously due to the small volume of growing media, which is limited by the growing container. This
study aims to gain new knowledge on the impact of nutrient changes in the microbial degrada-
tion of carbon compounds in wood fiber and mixtures with a peat substrate on the content and
uptake of nutrients required by plants. The cucumber (Cucumis sativus L.) variety ‘Dirigent H’ de-
veloped in the Netherlands was cultivated in growing media of a peat substrate and wood fiber:
(1) peat substrate (PS); (2) wood fiber (WF); (3) wood fiber and peat substrate 50/50 v/v (WF/PS
50/50); (4) wood fiber and peat substrate 25/75 v/v (WF/PS 25/75). The rates of fertilization were
the following: (1) conventional fertilization (CF); (2) 13 g N per plant (N13); (3) 23 g N per plant (N23);
(4) 30 g N per plant (N30). The experiment was carried out with three replications. As the amount
of wood fiber increased, the humidity and pH of the growing media increased. The fertilization
of the cucumbers with different quantities of nitrogen influenced the nutrient uptake. The plants
grown in the 50/50 and 25/75 growing media had the best Cu uptake when fertilized with N23.
When the plants grown in the wood fiber media and the 50/50 media were fertilized with N13, N23,

and N30, the Mn content in the growing media at the end of the growing season was significantly
lower than the Mn content in the media with conventional fertilization. Thus, nitrogen improved the
uptake of Mn by the plants grown not only in the wood fiber, but also in the combinations with a
peat substrate. Growing plants in wood fiber and fertilizing them with N13 can result in the optimum
uptake of micronutrients. The number and biomass of cucumber fruits per plant were influenced
by the amount of wood fiber in the growing media and the application of nitrogen fertilizer. The
highest number of fruits and biomass of fruits per plant obtained were significantly higher when the
cucumbers were grown in WF/PS 50/50 growing media with additional N13 fertilization.

Keywords: wood fiber; cucumber productivity; nutrient uptake; nitrogen fertilization; physicochemical
properties of growing media

1. Introduction

The decline in arable land is putting pressure on agricultural producers. This is not
only linked to changes in the ecosystem—soil degradation and climate change—but also
to increasing urbanization. These changes are forcing farmers to look for alternatives to
produce more from less land per unit area. These global changes have led to a significant
increase in soilless crop production in recent years [1].

Soilless crop production can be 2–5 times more productive, with 10 times less water
consumption compared to that of field production. This results in year-round production,
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a better taste, and a higher nutritional value [2]. Switching from an outdoor soil-based
crop production system to a soilless system can improve water use efficiency, especially in
closed-loop systems with a recirculating solution of water and nutrients that is collected
in a closed drainage water tank for reuse [3,4]. Another reason is related to ecology and
environmental protection; the intensive destruction of peatland areas that are important for
the ecosystem and the use of artificial substrates cause waste accumulation problems and
environmental pollution. Peat has been the dominant organic component of growing media
in many parts of the world for the last 50 years due to its excellent physical properties,
such as excellent air and water retention, low pH and salinity, and protection against
pests and diseases [5]. Due to its ease of use and beneficial properties, peat has, over
time, become the key component of growing media and still dominates the greenhouse
sector. Worldwide, around 40 million m3 of peat is used annually in horticulture [6], with
Germany (8.5 million m3) and the UK (2.5 million m3) being the main consumers of peat in
horticulture [7]. Other resources, such as treated and untreated waste wood or its bark, can
also be used as growing media or as the components of growing media, and renewable raw
materials have a lot of potential for their use in agriculture for growing plants in closed
systems without soil. The preliminary studies by Dutch researchers have shown that the
performance of five peat–pine bark mixtures in the region is comparable to that of perlite at
the vegetative and early fruiting stages of cucumbers [4,8,9]. Waste management strategies
to reduce, reuse, and recycle waste should be further and more rigorously applied in
soilless cropping systems [2,4,9]. Wood-based substrates, including pine bark and wood
fiber, have good air permeability and high saturated hydraulic conductivity [10]. Wood-
based substrates are more sustainable than peat and more readily available and cheaper
than coir [8]. Wood fiber or sawdust is a by-product of the wood industry, produced from
clean, broken wood. Wood substrates are typically produced by chopping and grinding
a tree, as well as from the leaves, twigs, branches, and needles removed during forest
thinning. Sawdust is a by-product of wood that remains after production operations and
has been used as an ingredient in other growing media materials, especially where peat is
scarce or expensive. Wood sawdust can be used as a component of growing media with
peat [4,11]. Wood fiber is produced using mechanical defibrillation or, most commonly,
water vapor by squeezing clean wood chips through a thermoplastic press. Wood fiber can
be compressed for ease of transport [12]. Using wood fiber as a growing medium dates
back to 2000 in Spain, France, and Germany [13]. New wood waste recycling plants have
been established in the USA, Ireland, Germany, the UK, and Latvia [14]. Materials that
are easy to produce, financially viable, environmentally friendly, and capable of providing
quality growing media will become the future substitutes for rockwool and peat.

Climate change, soil degradation, and other ecological problems will drive the devel-
opment of soilless cropping systems and the choice of growing media in the near future.
Growing crops in soilless culture systems involves high energy consumption for heating in
the cold season and artificial lighting, expensive greenhouse construction [15,16], fertilizer
use [3], post-harvest transportation, and packaging [17]. On the other hand, SCSs (soilless
culture systems) help to alleviate many of the problems associated with conventional in
situ cultivation, such as soil-borne diseases and pests, and the precise control of water and
fertilizer requirements [18,19]. The resulting high-quality production and higher yields in a
shorter time justify the production costs in these systems [20].

Innovative, sustainable, and renewable materials, such as compost, bark, wood, coir,
and other organic wastes, with low production costs and short transport routes may become
the growing media of the future and dominate the market for growing media raw materials.
In the future, waste and organic materials will be highly competitive materials, similar to
wood and bark today [21]. As an alternative to synthetic and peat-based substrates, wood
fiber from wood processing can be used, but further research is needed.

Nutrient availability is one of the main factors determining the suitability of organic
substrates for plant growth [22], which may depend on their elemental composition and
other factors affecting nutrient forms and dynamics, including the presence of dissolved
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organic compounds, the biological stability of the growing media, and the adsorption
capacity [23]. The availability of nutrient elements, including magnesium and calcium,
directly influences the rate of synthesis of certain metabolites in plants [24,25]. Wood fiber
in growing media can influence the uptake of nutrients by a plant, as it has a nutrient
storage function [26]. Nutrient cycling in wood fiber growing media is a complex and
dynamic process influenced by various environmental factors and plant species, making it
difficult to predict nutrient availability and uptake [27]. However, wood fiber is a suitable
material for horticultural growing media due to its fibrous structure, hydrophilic nature,
and low nutrient or growth-inhibiting content compared to those of other components
such as bark [28].

Given the above, this study was carried out to identify a suitable soilless media
made of wood fiber and peat, select optimum fertilization to compensate for nitrogen
immobilization, and ensure optimum nutrient uptake and physicochemical properties for
the growing media.

2. Materials and Methods

2.1. Site Description and Experiment Design

This experiment was conducted in Lithuania at Vytautas Magnus University Agricul-
ture Academy, Joint Research Centre of Agriculture and Forestry, in a regulated-climate
greenhouse and the Soil and Crop Ecology Laboratory of Experimental Station on 2021.
The cucumbers were grown for 97 days. The cucumbers selected for the experiment with
different growing media under controlled climate conditions were common short cucum-
bers (Cucumis sativus L.), variety ‘Dirigent H’, developed in the Netherlands. The cucumber
seeds were sown in 28 × 38 cm plastic tray with 24 holes of 5.5 × 6 × 6 cm on 21 May 2021.
The tray was filled with peat substrate for seed germination, consisting of a peat fraction of
up to 7 mm. The substrate was enriched with 2.0 g L−1 fertilizer N14P16K18. The pH of the
germination substrate was 6. The seedlings were grown from seeds in a climate-controlled
chamber with lighting, RUMED1303. The temperature of the germination chamber was
25 ◦C, and the humidity was 80%. As the seedlings produced their second true leaf, they
were transferred to the greenhouse and planted one plant at a time in 5 L plastic growing
containers (D—23 cm (SBH)) filled with test growing media. Four growing media (four
treatments of the experiment (factor A)) were studied: (1) 100% peat substrate (PS) (control
substrate); (2) 100% wood fiber (WF); (3) 50/50% wood fiber/peat by volume (WF/PS
50/50); and (4) 25/75% wood fiber/peat by volume (WF/PS 25/75). The peat substrate was
produced from a fraction of Sphagnum peat with a particle size <20 mm by the company
Rekyva (Lithuania). Wood fiber was produced by Lithuanian company Nereta only from
softwood highest-quality chips (residues of the lumber industry). Wood fiber is RAL-
certified. Both the mixtures of wood fiber and peat were prepared just before the start of the
experiment (company Rekyva, Lithuania). The wood fiber density was 0.16 g cm−3, the air
dry moisture content was 41%, and the water absorption total was 2.1 g g−1. The chemical
composition of the wood fiber and the peat substrate was analyzed in a laboratory of the
Lithuanian Agricultural Advisory Service and in an agrochemical research laboratory of
the Lithuanian Research Centre for Agriculture and Forestry. The characteristics of the
materials used for the cucumber-growing media are presented in Table 1.

The growing containers were arranged in rows on either side of the irrigation pipe.
Each row contained 12 growing containers spaced 30 cm apart. The whole experiment
consisted of 16 rows, i.e., 192 growing containers. One irrigation capillary (drip sprinkler)
was introduced into each growing container (Figure 1).

Each treatment consisted of 48 growing containers, with one cucumber plant each.
Each treatment of the growing media (substrate) was divided into four groups with four
fertilization backgrounds (factor B): (1) conventional fertilization (control); (2) N13 as an
additional fertilization—13 g N per plant; (3) N23 as an additional fertilization—23 g N per
plant; and (4) N30 as an additional fertilization—30 g N per plant.
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The experiment was carried out with three replications. The growing containers were
arranged in a completely randomized design.

The average daily temperature in the greenhouse during the experiment was 25 ◦C, the
humidity was 65%, and the daily light integral was 21.8 mol·m−2 d−1. The cucumbers were
watered every two hours. Water was supplied to each plant using a capillary irrigation
system. The growing containers were protected with polyethylene film to prevent excess
water from draining into the drainage system. The plants were grown as a single stem
throughout the study. The cucumbers grew upwards using polypropylene ropes.

The experiment was carried out for 80 days after transplanting the seedlings into the
greenhouse.

Table 1. Characteristics of wood fiber and Sphagnum peat used in experiment as growing media and
their parts.

Parameter Wood Fiber Sphagnum Peat

pH 4.6 5.3
EC mS m−1 58 76

C:N 435 80
N total % DW * 0.22 1.08
P mg kg−1 DW 57 181
K mg kg−1 DW 472 674

Mg mg kg−1 DW 29.3 23.2
Fe mg kg−1 DW 113.0 86.2
Cu mg kg−1 DW 2.9 3.0
Zn mg kg−1 DW 10.4 12.4
B mg kg−1 DW 15.3 14.0
Cl mg kg−1 DW 117.0 29.9

*—DW, these parameters were determined as dry weight.

Figure 1. Experiment after transplanting cucumbers into growing containers and experimental
design.

2.2. Plant Fertilization

In the experiment, conventional fertilization was carried out with the mineral fertilizer
YaraMila® COMPLEX NPK 12-11-18 with microelements. This complex fertilizer contains
all the essential nutrients needed for the plants. The chemical composition of the fertilizer
is as follows: nitrogen (N): 12%; phosphorus (P2O5/P): 11/4.8%; potassium (K2O/K):
18/14.9%; magnesium (MgO/Mg): 2.7/1.8%; sulfur (SO3

−/S): 20/8%; boron (B): 0.015%;
iron (Fe): 0.20%; manganese (Mn): 0.02%; and zinc (Zn): 0.02%. A total of 1.60 kg of
complex fertilizer was dissolved in 1 m3 of water. Until they flowered, the cucumbers
were fertilized once a week with 500 mL of the nutrient solution per plant. The cucumbers
were fertilized twice a week with this fertilizer during the later stages of growth until the
end of the growing season. For additional nitrogen fertilization, water-soluble calcium
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nitrate (Ca(NO3)2) was used. The chemical composition of the fertilizer was as follows:
total nitrogen (N)—15.5% ((nitrate nitrogen (N–NO3)—14.4%) and ammonia nitrogen
(N–NH4)—1.1%); and calcium oxide (CaO)—26.3% (calcium—18.8%). Calcium nitrate was
applied once a week (11 times every 7 days) to the plants during the growing season to
provide them with the additional nitrogen required in the experiment (Figure 2).
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Figure 2. Nitrogen fertilization during cucumber growing season (days after transplanting).
N13, N23, and N30—additional nitrogen fertilization.

2.3. Measurement Properties of Growing Media

The agrochemical parameters of the growing media were determined at the end of the
experiment. Samples of the growing media were taken from the two growing containers of
each treatment after cutting the aboveground part of the plant for agrochemical analyses.

Organic carbon and nitrogen in the growing media were determined according to
standard methods. Organic carbon (C) was determined using the Tyurin spectrophoto-
metric method [24]. The sample was heated with a solution of potassium bichromate in
sulfuric acid (+160 ◦C). The final measurement of C at 590 nm was carried out on a Cary
60 spectrophotometer (Varian, Palo Alto, CA, USA) using glucose standard solutions. The
total nitrogen (Ntotal) content of the soil was determined by the Kjeldahl method (the Kjel-
dahl apparatus Vapodest), with a spectrophotometric measurement at 655 nm. The mineral
nitrogen (Nmin) content was determined spectrometrically using sulfosalicylic acid [29].

Copper (Cu) and zinc (Zn) contents were determined according to EN 13650:2003
and EN 8288:2002. Manganese (Mn) and total iron (Fe) were determined according to EN
13650:2003, AOAC 974.27. Boron (B) and chlorine (Cl) were determined using LST EN
13650:2003, LST EN ISO 11885:2009. Chemical analysis of nutrients was carried out at the
Agrochemical Research Laboratory of the Lithuanian Research Centre for Agriculture and
Forestry. All nutrients were determined in three replications.

The electrical conductivity (EC), density (D), and moisture content (M) of the growing
media were measured with a Delta-T Device HH2 Moisture Meter (Cambridge, UK) at a
depth of 10 cm in each growing container six times per growing season. The acidity (pH) of
the growing media was determined by potentiometric determination in a 1 N KCl extract
according to ISO 10390:2005.

The variation (%) in micronutrient content in the growing media during the growing
season was calculated by summing the nutrient content of the growing media (dry matter)
at the start of the experiment with the nutrient content of the fertilizer. This amount is
equivalent to 100%. The micronutrient content (%) of the growing media (dry matter) at
the end of the experiment, minus 100, was taken as nutrient uptake.
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2.4. Plant Growth and Yield Measurements

Cucumber productivity was determined by picking, weighing, and counting the
marketable fruit (17–20 cm) from each cucumber treatment separately. The cucumber fruits
were harvested twice a week. Total cucumber productivity during the growing season was
determined at the end of the experiment (80 days after transplanting) by converting the
results obtained into productivity in kg per plant.

At the end of each stage of the study, the plants were cut from the two growing con-
tainers of each treatment, and the green biomass of the aboveground part was determined.
The plants with all their morphological parts were weighed and crushed. The dry biomass
of the aboveground part of the plant was determined by drying at 105 ◦C in a drying oven
Memmert (Schwabach, Germany) to a constant biomass.

2.5. Statistical Analysis

All data were statistically analyzed using the computer program package STATIS-
TICA10 using the method of two-way (growing media × fertilization rate) analysis of
variance (ANOVA). Statistically significant differences in the data were determined by
Fisher’s and the least significant difference (LSD) tests at the probability levels of 95%
(p < 0.05) and 99% (p < 0.01). Principal component analysis (PCA) was performed using
principal component and classification methods. PCA is a widely used statistical technique
that simplifies complex multidimensional data into a smaller set of interpretable variables
called principal components.

3. Results

3.1. Cucumber Productivity and Physicochemical Properties of Growing Media

The moisture content of the cucumber growing media depended on the amount of
wood fiber and additional N, but significant differences were found in the non-factor-
related interaction (growing media × fertilization rate) (Table 2). Increasing the amount
of wood fiber in the media increased the moisture content from 9.8 to 35.0% compared to
the moisture content of the peat substrate. Additional N fertilization significantly reduced
the moisture content of the cucumber growing media by up to 37.6% compared to that
of the growing media without additional fertilization. The density of the growing media
was influenced only by its composition, decreasing with an increasing wood fiber content.
Electrical conductivity (EC) depended on the interaction of the factors, on the proportion
of wood fiber in the growing media, and on the addition of N fertilizer. The highest EC
value was found in the growing media mixture WF/PS 25/75. The index decreased with
an increasing fiber content in the media. The EC value in the wood fiber media was higher
than that in the peat substrate, but lower compared to the EC value in the WF/PS 50/50
media. The additional fertilization with N30 increased the EC value by a factor from 1.1
to 3.3 compared to the EC value in the media without additional fertilization. A higher
proportion of the wood fiber in the growing media had an alkalizing effect by increasing
the pH, while the additional fertilizer N13–30 significantly decreased the pH of the media.

The dry biomass and green biomass of the cucumber plants were significantly in-
fluenced by the interaction of factors. The higher proportion of wood fiber in the media
(WF/PS 50/50 and WF) and the additional fertilization with higher rates of N23,30 signif-
icantly reduced the dry biomass content of the aboveground biomass of the plants. The
aboveground green biomass was significantly higher only when the cucumbers were grown
on the peat substrate without additional N fertilization. Increasing the proportion of wood
fiber and N fertilization in the growing media resulted in a significant decrease in the
average aboveground green biomass of the plants. The amount of fruit and biomass of
cucumber fruits on the plant were influenced by the amount of wood fiber in the growing
media and additional N fertilization. The highest number of fruits was produced on the
plant when they were grown in a 50/50 mixture of peat substrate and wood fiber WF/PS,
with additional fertilization with the lowest rate of nitrogen N13. The cucumbers were
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also significantly higher in fruit biomass when grown in a WF/PS 50/50 mixture without
additional fertilizer and with the lowest rate of additional N13.

Table 2. The indicators of cucumber productivity and the physicochemical properties of the growing
media as a function of the nitrogen fertilization rate and the wood fiber content in the growing media.

Factors
Physicochemical Properties

of Growing Media
Indicators of Cucumber Productivity

Growing
Media

(A)

N
Fertilization

Rate (B)

Moisture,
%

Density,
g cm−2

EC,
mS m−1 pH

Dry Biomass
Content of

the Plants, %

Aboveground
Fresh

Biomass,
g per Plant

Number
of Fruits,
per Plant

Fruit
Biomass,

kg per Plant

Growing media

PS 41.48 c 0.39 a 399 c 5.18 c 18.95 a 195.6 a 35.15 b 5.61 b
WF/PS 25/75 45.55 c 0.39 a 513 a 5.85 b 17.43 b 164.1 d 34.85 b 5.48 b
WF/PS 50/50 50.98 b 0.30 b 370 d 6.55 a 16.48 c 187.6 b 41.18 a 6.22 a

WF 55.99 a 0.23 b 420 b 5.98 b 14.30 d 172.0 c 36.80 b 5.68 b

Fertilization

CF 55.40 a 0.33 a 172 d 6.18 a 17.13 ab 212.9 a 36.61 b 6.06 a
N13 54.90 a 0.33 a 434 c 5.88 b 17.25 a 204.0 a 40.00 a 6.03 a
N23 49.14 b 0.33 a 522 b 5.80 b 16.13 c 157.5 b 34.55 b 5.40 b
N30 34.56 c 0.33 a 575 a 5.70 b 16.65 b 144.9 c 36.82 b 5.51 b

Influence and interactions

A ** * ** ** ** ** ** **
B ** ns ** ** ** ** ** **

A × B ns ns ** ns ** ** ** **

Note: peat substrate (PS); wood fiber/peat by volume (WF/PS 50/50); wood fiber/peat by volume (WF/PS
25/75); wood fiber (WF); conventional fertilization (CF). Data with the same letters for Factor A and Factor B
are not significantly different at p < 0.05. * and **—the level of statistical significance at p < 0.05 and p < 0.01,
respectively; ns—not significant.

Principle component analysis (PCA) showed that the physicochemical properties of
the growing media were altered by increasing the proportion of wood fiber and the quantity
of nitrogen fertilizer and that the productivity of cucumbers depended on them (Figure 3).
Only the pH of the growing media had no significant effect on the cucumbers’ performance,
irrespective of the rate of nitrogen fertilization. The other physicochemical properties of
the growing media were correlated in distinct groups. When the cucumbers were grown
without supplementary fertilization (CF), the green aboveground biomass and the fruit
content of the plants correlated strongly with the moisture content of the growing media,
while the dry biomass content of the aboveground biomass was influenced by the density
of the media. There was a strong correlation between the EC of the growing media and the
biomass of fruit on the plants, but a negative correlation was found between this and the
moisture of the growing media.

With additional N13 fertilization, a strong correlation was obtained in the group
between the EC of the growing media and the biomass of the fruit on the plants, with a
weaker correlation with the moisture content of the media. The other strongly correlated
group was the plant aboveground dry biomass and the density of the growing media. The
cucumber fruit content and plant aboveground green biomass were negatively correlated
with the EC of the growing media.

When the nitrogen fertilizer rate was increased to N23, only the dry biomass content
of the aboveground plant correlated with the density of the growing media. The other
cucumber performance parameters were not affected by the physical characteristics. When
the cucumbers were fertilized at the maximum rate of N30, the largest group of correlated
parameters was the aboveground dry biomass of the plant with the electrical conductivity
and density of the growing media. In another group, there was a strong correlation between
the cucumber fruit biomass and the moisture content of the growing media.
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Figure 3. PCA analysis shows the relationship between the physicochemical properties of the growing
media with wood fiber and the productivity parameters for the cucumbers grown under different
nitrogen fertilization rates. Note: the density of the growing media (D), the electrical conductivity
of the growing media (EC), the moisture of the growing media (M), the aboveground dry biomass
content of the plants (ADM), the aboveground fresh biomass content of the plants (AFM), the number
of cucumbers per plant (CUN), the cucumber biomass per plant (CUM), conventional fertilization
(CF), the fertilization rates (N13, N23 and N30), and active variables (*).

3.2. Micronutrient Content, Nitrogen Content, and C:N at the End of the Growing Season in the
Growing Media

This study found that the highest uptake of micronutrients during the growing season
was observed in the plants grown in the wood fiber (Table 3). The plants grown in this
medium had a 37 percentage point higher copper uptake than the plants grown in the
peat substrate with conventional fertilization. The plants grown in wood fiber showed
the best uptake of zinc and manganese when fertilized with the highest N fertilization
rate of N30, which was 13 and 28 percentage points, respectively, compared to that of
conventional fertilization in wood fiber. Only the iron uptake of the plants grown in wood
fiber decreased with increasing nitrogen levels. The plants fertilized with N30 nitrogen
absorbed 15 percentage less iron than the plants grown in the wood fiber with conventional
fertilization, but 6 percentage more than the plants grown on the peat substrate with
conventional fertilization.
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Table 3. The variation (%) in micronutrient content in the growing media during the growing season,
taking into consideration the amount obtained with fertilizer.

Growing Media Fertilization Rate Cu Zn Mn Fe B Cl

PS

CF −2 −67 −18 −65 1 853
N13 −4 −66 −37 −80 21 586
N23 16 −42 −36 −78 76 870
N30 −11 −28 −26 −64 44 1044

WF/PS 25/75

CF 13 −45 −1 −59 31 14
N13 7 −33 −9 −74 50 97
N23 −3 −36 −2 −77 56 91
N30 35 −24 −7 −59 102 120

WF/PS 50/50

CF −31 −47 −14 −47 1 −9
N13 −25 −52 −22 −49 26 14
N23 −33 −48 −22 −63 36 119
N30 −20 −40 −21 −63 81 144

WF

CF −39 −62 −60 −86 −18 118
N13 −39 −70 −77 −82 27 150
N23 −39 −53 −71 −62 25 232
N30 −39 −75 −78 −71 12 269

Note: a negative value indicates that the micronutrients were taken up by the plant. PS—peat substrate;
WF/PS 50/50—wood fiber/peat by volume; WF/PS 25/75—wood fiber/peat by volume; WF—wood fiber;
CF—conventional fertilization.

A higher nitrogen content N30 interfered with the uptake of copper and zinc by the
plants grown on the peat substrate and on the WF/PS 50/5 and WF/PS 25/75 wood fiber
media. The maximum N30 fertilization on the peat substrate reduced the zinc uptake by
39 percentage points, by 7 percentage points on the WF/PS 50/50 growing media, and by
21 percentage points on the WF/PS 25/75 growing media compared with the zinc uptake
by the plants given the conventional fertilization. Thus, the plants grown in these growing
media showed the best uptake of zinc under conventional fertilization. The plants grown
in WF/PS 50/50 and WF/PS 25/75 had the best uptake of copper when fertilized with
N23. Copper uptake increased by 2 and 16 percentage points, respectively, compared to
that under conventional fertilization.

Manganese and iron uptake by the plants was better when fertilized with increased
nitrogen. The plants grown on the peat substrate showed the best uptake of these trace
elements when fertilized with N13 nitrogen, with increases of 19 and 15 percentage points,
respectively, compared to that of conventional fertilization. The plants grown on the WF/PS
50/50 media showed the best uptake of manganese and iron when fertilized with N23
nitrogen. The plants grown on WF/PS 25/75 had the best uptake of manganese when
fertilized with N13 nitrogen and iron when fertilized with N23 nitrogen. The cucumbers
grown on the WF media showed a better uptake of Fe and Mn than the cucumbers grown
on the other growing media studied. The cucumbers fertilized with conventional fertilizer
(CF) in WF were 32 percentage points more efficient in Fe uptake than those in PS.

The trends of the boron and chlorine contents in the growing media were similar.
The smallest changes in these elements during the growing season were observed in the
media where the plants were fertilized with conventional fertilization. When the plants
were fertilized with N13 nitrogen, the boron content of the growing media increased from
19 percentage points in the WF/PS 25/75 growing media to 45 percentage points in the
wood fiber. Additionally the chlorine content increased from 23 percentage points in the
WF/PS 50/50 growing media to 73 percentage points in the WF/PS 25/75 growing media
compared with the levels of these elements in the media where the plants were treated
with conventional fertilization. As the nitrogen supply to the plants was further increased
up to the maximum rate of N30, the levels of these chemical elements increased in all the
growing media studied, and at the end of the cucumber growing season, the levels of
boron increased from 30 percentage points in WF to 80 percentage points in WF/PS 50/50.
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Additionally the level of chlorine increased from 106 percentage points in WF/PS 25/75
to 191 percentage points in PS compared with the level of the growing media where the
plants were treated with conventional fertilization.

At the end of the cucumber growing season, the micronutrient content of the growing
media was determined to assess how the plant nutrient uptake depended on the fertilization
with different nitrogen rates and the amount of wood fiber in the growing media. The
comparison of the copper content of all the media at all the fertilizer rates showed that at
the end of the growing season, the WF media contained significantly less copper, by as
much as 99%, and the WF/PS 25/75 media contained significantly more copper than the
PS media under conventional fertilization (CF).

This study showed that the highest uptake of micronutrients during the growing
season was observed for plants grown on WF. The plants grown on this medium had a
37-percentage-point-higher copper uptake than the plants grown on PS. The plants grown
in the wood fiber had the best uptake of zinc and manganese when fertilized with the
highest nitrogen rate N30, which was 13 and 28 percentage points, respectively, compared
to that of the conventional fertilizer WF. Only the uptake of iron by WF plants decreased
with increasing nitrogen levels. The plants fertilized with N30 absorbed 15 percentage less
of it than those subjected to WF and conventional fertilization, but 6 percentage points
more than those subjected to PS and conventional fertilization (CF). The boron content
was more influenced by the composition of the media than by nitrogen fertilization. Boron
uptake by the plants was better from PS and WF without additional nitrogen fertilizer. The
higher nitrogen rate made the uptake of boron from the growing media more difficult.

At the end of the cucumber growing season, the highest levels of total and mineral
nitrogen were found in the WF/PS 25/75 growing media, but the carbon/nitrogen ratio
was found in the WF media (Table 4). PS had the lowest Fe content compared to those of
the WF growing medium and the mixed medium, with an average of 1.9 times more of the
content of this trace element. The total and mineral nitrogen contents of the growing media
increased with increasing nitrogen fertilization. The C:N ratio was more dependent on the
proportion of wood fiber in the growing media and decreased with an increasing nitrogen
fertilizer rate up to N30.

Table 4. The influence of the N fertilization rate and the wood fiber content of the growing media on
the micronutrient content, the nitrogen content, and C:N at the end of the growing season.

Factor Micronutrient Content of the Growing Media mg kg−1

Ntotal % Nmin

mg kg−1
C:N

Growing
Media (A)

N Fertilization
Rate (B)

Cu Mn Zn Fe B Cl

Growing media

PS 2.73 b 17.11 c 6.59 ab 27.25 c 18.98 b 281 b 1.28 b 136.4 bc 52.50 b
WF/PS 25/75 2.92 b 22.28 b 5.32 b 45.50 b 20.93 ab 312 ab 1.35 a 116.6 c 48.25 c
WF/PS 50/50 10.61 a 36.39 a 7.44 a 76.00 a 23.95 a 292 b 1.26 b 154.1 ab 47.92 c

WF 2.52 b 11.70 d 6.78 ab 34.58 c 17.08 b 342 a 0.88 c 186.6 a 94.75 a

Fertilization

CF 4.37 b 24.80 a 6.51 b 50.25 a 15.43 b 225 d 0.90 c 74.9 c 79.17 a
N13 4.65 ab 20.38 b 5.70 c 41.75 b 19.58 a 262 c 1.05 b 155.4 b 62.75 b
N23 4.25 b 21.63 b 7.14 a 42.33 b 22.05 a 344 b 1.37 a 224.5 a 51.75 c
N30 5.52 a 20.68 b 6.78 ab 49.00 a 23.88 a 395 a 1.45 a 239.0 a 49.75 d

Influence and interactions

A ** ** * ** * * ** ** **
B * * * * * ** * ** **

A × B * * * * ns * * ** **

Note: peat substrate (PS); wood fiber/peat by volume (WF/PS 50/50); wood fiber/peat by volume (WF/PS
25/75); wood fiber (WF); conventional fertilization (CF). Data with the same letters for Factor A and Factor B
are not significantly different at p < 0.05. * and **—the level of statistical significance at p < 0.05 and p < 0.01,
respectively; ns—not significant.

Principle component analysis showed that increasing the proportions of wood fiber
and nitrogen fertilizer in the growing media resulted in a change in the trace element content
of the media, which, in turn, influenced the cucumbers’ performance. These parameters
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were correlated in separate groups (Figure 4). The green biomass of the cucumber plants in
the substrate without additional fertilization (NCF) was strongly dependent in the group
on B and Fe, and to a lesser extent on Mn and Cu. The cucumber fruit sets in pcs m−2 were
more dependent on B than on the Fe content in the growing media and significantly less on
Mn and Cu. The cucumber fruit biomass per plant was strongly correlated with Zn, but
there was a negative correlation between this trace element and the plant dry biomass.

  

Figure 4. PCA analysis shows the relationship between the micronutrients on the growing media with
wood fiber and the productivity parameters for the cucumbers under different nitrogen fertilization
rates. Note: the density of the growing media (D), the electrical conductivity of the growing media
(EC), the moisture of the growing media (M), the aboveground dry biomass content of the plants
(ADM), the aboveground fresh biomass content of the plants (AFM), the number of cucumber fruits
per plant (CUN), the number of cucumber fruits per plant (CUM), conventional fertilization (CF), the
fertilization rates (N13, N23 and N30), and active variables (*).

In the growing media, increasing the nitrogen rate (N13), the number of cucumber
fruit pieces m−2, and the green biomass of the plants in kg m−2 correlated strongly with
Mn and Cu and less strongly with the Fe content of the substrate. The number of cucumber
fruits per plant (CUM) was strongly correlated with the Cl content of the growing media.

When the nitrogen fertilizer level was increased to N23, a correlation was observed in
two groups. The cucumber fruit biomass in units m−2 was strongly correlated with Zn, Cl,
and Fe, while in the other group, the cucumber plant green biomass and the fruit biomass
were strongly correlated with Cu and Mn, with a weaker correlation with B. A negative
correlation was found between the plant dry biomass and Zn.

When the fertilizer rate was increased to a maximum of N30, there was a very strong
correlation between the fruit content and the Cl content, and the fruit biomass was strongly
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dependent on the Cu and Fe contents of the growing media. The dry biomass content of
the aboveground part of cucumber plants at N30 was already positively correlated with
the Zn content of the growing media. A negative correlation was found between the green
aboveground biomass of the plants and the Cu and Fe contents of the media.

Principle component analysis showed that increasing the proportion of wood fiber
and nitrogen fertilizer in the growing media resulted in changes in the total and mineral
nitrogen contents and the carbon/nitrogen ratio in the growing media and that these
changes were related to the cucumber performance parameters (Figure 5). The fruit biomass
was significantly influenced by the C:N ratio, while the other performance parameters were
not affected by higher nitrogen rates and C:N. In the substrate without supplementary
nitrogen (NCF), the number of cucumber fruits in pcs m−2 was strongly influenced by
Ntotal, while the dry biomass content of the aboveground part of the plants correlated not
only with Ntotal, but also with Nmin. When N fertilization was increased with N13, the
cucumber fruit biomass depended on the Nmin content, while the fruit content and the
aboveground dry biomass correlated strongly with Ntotal in the growing media. The fruit
content of the cucumbers on the Nmin growing media was significantly influenced by the
addition of more intensive N fertilization with N23. This was also strongly correlated with
the C:N ratio. The cucumber green aboveground biomass was strongly correlated with the
Ntotal content. A negative correlation was found between the biomass of fruit on the plant
and the Nmin in the substrate.

  

Figure 5. PCA analysis shows the relationship between the Ntotal, Nmin, and C:N in the growing
media with wood fiber on the productivity parameters for the cucumbers with different nitrogen
fertilization rates. The density of the growing media (D), the electrical conductivity of the growing
media (EC), the moisture of the growing media (M), the aboveground dry biomass content of the
plants (ADM), the aboveground fresh biomass content of the plants (AFM), the number of cucumber
fruits per plant (CUN), the number of cucumber fruits per plant (CUM), conventional fertilization
(CF), the fertilization rates (N13, N23 and N30), and active variables (*).
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This research shows that the composition of the growing medium and the amount
of fertilizer need to be carefully balanced to ensure optimum growing conditions for
cucumbers. Combinations of wood fiber and peat with moderate rates of nitrogen can
be effective for cucumber cultivation, providing better access to moisture and nutrients,
while too much nitrogen can interfere with the uptake of nutrients and lead to problems of
balanced plant nutrition.

4. Discussion

Plants grown under climate-controlled conditions take in more nutrients from the
growing media than those grown outdoors. This high nutrient demand is due to the
shallow penetration of the root system (limited by the volume of the growing container),
the weak suction power of the roots, and the large difference between the biomass of
the aboveground part of the plant and the root system. To provide the plants grown
with wood fiber under controlled climatic conditions in different media with the required
micronutrient content, the micronutrient content of the media at the beginning and the end
of the study was determined. Wood fiber contains a significant amount of nutrients, and
the concentration of these nutrients in wood varies between tree species and depends on
the nutrient supply of the soil [29]. Fe use efficiency can contribute to improving plants’
physiology by playing the key role as a component of the catalytic centers of various
bio-protein redox enzymes, including cytochromes, peroxidases, and catalases. This trace
element is vital for nitrogen assimilation and photosynthesis [30].

Wood fiber, wood shavings, and sawdust are wastes from the wood industry. All these
products have good water and air retention. Wood fiber can be used in crop production
as a stand-alone substrate or in combination with other components such as peat [15,31].
Typically, wood fiber-enriched substrates are used for growing ornamental plants, shrubs,
or seedlings in pots [32,33], but are also used in vegetable production [34]. The sorption
capacity depends on many factors: the amount of wood fiber in the substrate, the physical
and chemical properties of the fiber, and its type and origin [35,36]. In this study, the
moisture absorption of the wood fiber/peat blend WF/PS 50/50 was significantly higher
compared to that of PS and WF/PS 25/75 (Table 2). Fertilization with higher nitrogen
rates of N23 and N30 reduced the moisture absorption of the growing media, but there
was no interaction between media composition and fertilization. Principle component
analysis showed that by increasing the proportion of fiber in the growing media, the green
biomass of the cucumber plants correlated very strongly with the moisture content of
the growing media without additional fertilization with NCF (Figure 3). The biomass of
cucumber fruits on the plant correlated strongly with the additional fertilization at the
highest rate of N30 [37], pointing out that the addition of 40% and 50% wood fiber to peat
reduces the water content by 16% vv−1 and increases the air content of the substrate by
the same amount. This indicates that it is more difficult to overwater, but also requires
the more accurate monitoring of the water content and the state of the nutrients. Wood
fiber media need to be watered more frequently than peat. Pelargonium grown in wood
fiber was also found to flower earlier than the ones grown in other media or mixtures
with wood fiber [11,14]. In our experiment, the cucumbers were irrigated equally in all the
media. However, the moisture content was significantly highest in WF, but was reduced
by additional fertilization with N23 and N30. Wood fiber has a high level of total porosity
and, in most cases, a very high number of air-filled pores and a relatively low level of
readily available water. It was found also to have a higher air diffusion rate compared to
that of peat [11,38]. Therefore, wood fiber is used to optimize the physical properties of
other components in growing media, e.g., by reducing the bulk density, increasing the air
capacity, and improving the re-wetting capacity [16,39]. The density of the growing media
was highly dependent on their composition. The density of the WF media and the WF/PS
50/50 mixture was significantly lower compared to that of PS. The lower proportion of
wood fiber in the WF/PS 25/75 mixture was equivalent to the density of PS. Fertilization
with N did not affect the density of the growing media. The dry biomass of the cucumber
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plants correlated very strongly with the density of the growing media as the proportion of
wood fiber in the growing media increased (Figure 3).

In their studies on growing media with wood fiber [40], the authors found that strawber-
ries grown in a mixture of 75% wood fiber and 25% peat gave the best yields. This suggests
that a mixture of growing media with wood fiber can improve plants’ performance. The
composition of the growing media did not affect the chemical composition of the berries, but
the berries of the plants grown in this mixture had a lower firmness than those grown in coir
fiber. The most productive plants were in mixtures containing up to 75% wood fiber, even
without a starter fertilizer [40]. Cucumbers were the most productive in a medium made of
wood fiber 50% and peat 50% [29]. Other researchers’ studies on ornamental plants have
shown that in growing media with 10% and 20% wood fiber, the leaf greenness index, the
flower biomass, and the visual score did not differ from those grown on 100% peat substrate.
A total of 40% wood fiber harmed all the growth parameters and the macro- and micronutrient
contents of the leaves. The plants grown on a peat substrate enriched with 20% wood fiber and
fertilized with nitrogen had the highest leaf greenness index, the highest number of flowers,
and the highest N, P, Ca, Na, Fe, Mn, and Cu contents. This study showed that high-quality
ornamental plants can be successfully grown in a growing media with 20% wood fiber and
additional nitrogen fertilization [9]. In our experiment, the most productive cucumbers were
grown in a WF/PS 50/50 mixture with additional N13 fertilizer. Higher nitrogen rates resulted
in a lower fruit number and biomass per plant (Table 2).

Electrical conductivity (EC) is an indicator of the concentrations of soluble salts (Na+,
Mg2+, Ca2+, Cl−, SO4

2−, HCO3−, K+, NO3−, etc.) [41]. High EC has negative effects
on germination, photosynthesis, plant vigor, yield, and the nutritional and economic
values [42]. Salinity is detrimental to plant growth and development due to water stress,
cytotoxicity due to excessive levels of ions such as sodium (Na+) and chloride (Cl−),
and nutritional imbalances. In our study, it was found that at the highest N30 fertilizer
rate, the dry biomass content of the aerial part of the plant was dependent on electrical
conductivity (Figure 3). On the other hand, a very low EC value of the media indicates
nutrient deficiency. During the anion exchange process, excess sodium ions can replace
calcium and magnesium, leading to changes in the structure and fertility of the media.
This results in the depletion of available nutrients. That different plants differ in their
salt sensitivity-tolerance range [43]. Cucumber is a salt-sensitive species, and the EC of
the growing media must be <2.7 dS/m, otherwise significant yield losses are inevitable.
Our results also showed that EC was influenced by the biomass of fruit grown without
additional nitrogen fertilization and at the lowest N13 rate (Figure 3). Zucchini (moderately
salt-sensitive) grow well in a media with an EC of 2.6–2.8 dS/m, while tomatoes can
tolerate salt concentrations of up to 2.9 dS/m with no yield loss [43]. An EC < 2.5 dS/m
is considered optimal for creating an ideal substrate [44], but it has been reported that
an EC < 3.5 dS/m is the most suitable for growing media and substrates with high EC
have higher nutrient sorption and buffering capacities [39]. This study points out that the
cucumber fruit biomass with increasing WF in the growing media was strongly dependent
on EC, but only without additional fertilizer (NCF) and with the lowest N13 rate (Figure 3).
When the nitrogen rate was increased to N30, a greater influence of EC was observed on the
aboveground dry biomass than on the fruit biomass. The replacement of growing media
with wood fiber for Zinnia hibrida and Tagetes erecta has been investigated [45]. The authors
suggest that in media with wood fiber, fertilization with 100–200 mg L−1 N can maintain
an adequate pH and EC levels of the substrate solution and plant growth without the need
for additional N fertilization at the later growth stages.

In our experiment, increasing the proportion of wood fiber in the growing media
increased the pH from 5.2 to 6.6, while additional N fertilization reduced the pH value
by 7.8%. It has been pointed out that wood waste materials also have a naturally higher
pH compared to that of peat, which requires less limestone for initial pH adjustment, but
the effect on the substrate’s ability to protect itself against pH changes is unknown [46].
Another study also shows that the pH of the substrate solution decreases with an increasing
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N concentration [45]. Principle component analysis showed that the pH had no significant
effect on the cucumber biometric parameters by increasing the proportion of wood fiber
in the growth media (Figure 3). A moderately strong relationship was found between the
fruit biomass on the plant and the pH when the plants were fertilized at the maximum rate
of N30.

Inducing moderate salinity and/or nutritional stress and the biofortification of vegeta-
bles with micronutrients beneficial to human health (iodine, iron, molybdenum, selenium,
silicon, and zinc) are well-known methods that have been successfully used to enhance
the content of health-promoting phytochemicals in vegetables [47]. It has been shown
experimentally that EC and the pH vary with the growing media, depending on the wood
components, and can modify the chemical properties of the substrate differently. Other
work has shown that increasing the ratios of some wood components increases the pH of
the substrate and inhibits EC during the growing season [12]. Some researchers provided
this conclusion after three seasons of tomato cultivation in three different substrates—wood
fiber, coir, and perlite. The growing media did not show significant differences in tomato
yields, but the yields were obtained slightly earlier in wood fiber [13,48].

Plants grown under controlled climatic conditions take up more nutrients from the
growing media than those grown outdoors. The high nutrient requirement is due to the
shallow penetration of the root system (limited by the volume of the vegetative receptacle),
the weak suction power of the roots, and the large difference between the biomass of
the aboveground part of the plant and the root system. The nitrogen concentration in
wood fiber is generally low, so additional nitrogen is added either at the production
stage or by the consumer. Therefore, the nutrient levels, especially nitrogen, can vary
considerably depending on the production process. The addition of nitrogen during
production can increase the level of water-soluble N. The levels of K, Na, Mg, and Ca can
also vary considerably. Some wood fibers have been found to have slightly elevated P levels.
The level of extractable (plant-available) nutrients is high, indicating that decomposition
processes and nutrient exchange take place in wood fiber [49]. Wood fiber products used in
combination with peat, the main component of the growing media, have been found to
have a high water-holding capacity, which may have an impact on the retention of nutrients
in the growing media [50]. Another aspect to consider is the efficiency with which these
mineral nutrients can be used to achieve good production without using too much fertilizer,
which can cause environmental pollution. In our experiment, at the end of the cucumber
growing season, the levels of Cu, Mn, Zn, Fe, and B were found to be significantly higher
in the WF/PS 50/50 mixture than those in the PS, the WF, and the WF/PS 25/75 mixture
(Table 4). Only Cl was detected at higher levels in the WF growing media than those in
the other media. Other researchers suggest that the accumulation of chloride should be
attributed to unfavorable nutrients in the root environment [51]. Additional fertilization
with N30 increased the levels of Cu, Zn, Fe, B, and Cl in the WF growth media. This may
be related to the increase in EC, as the increase in N rate blocked the uptake of nutrients
from the media, resulting in the highest micronutrient levels in the root zone. Sometimes,
the Mn and Zn levels can vary over a wide range, but generally, the concentrations and
availability of the other trace elements are very low. In general, the levels of trace elements
in the WF media are higher than those of the water-soluble trace elements [11]. Scientists
have investigated the chemical composition of nutrient solutions in the root environment
of tomatoes grown in wood fiber and rockwool under different levels of nitrate nitrogen
in nutrient solutions at 200, 220, and 240 mg N–NO3·dm−3. Despite the wide range of
carbon-to-nitrogen ratios (C:N) in wood fiber, no significant variation in nitrate content in
the root environment was observed. This was the result of an appropriate frequency of
nutrient solution application per day [51]. Our results show that the Nmin and the Ntotal
increased significantly in the growing media (cucumber root zone), while C:N decreased
significantly when the N fertilization rate was increased to N23 (Table 4). Although the
Nmin content in the WF media was highest at the end of the cucumber growing season,
the C:N content was not as high as that in the WF media. The addition of wood fiber to
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the growing media may improve macronutrient uptake in the short term, but may reduce
micronutrient uptake in the medium term, highlighting the complex effects of wood fiber
on nutrient availability and plant growth [52]. The decreasing effect of N-NH4 and N-NO3
contents in wood fiber on cucumber growth can be attributed to biosorption due to the
high C:N = 125 ratio in these media [53].

In our experiment, similar results were obtained; the highest C:N ratio was found
in the wood fiber growing media compared to those of the peat substrate and the media
mixtures, but additional N fertilization reduced this ratio. The Ntotal content was low in
the WF media at the end of the growing season. The WF media had the highest Nmin,
but there was no significant difference compared to that of the WF/PS 50/50 growing
media. It can be concluded that for the cucumbers grown on WF, WF/PS 50/50 nitrogen
uptake was more difficult than it was for the cucumbers grown on the PS and WF/PS 25/75
growing media. When fertilization was increased to N23 and N30, mineral N remained
in the growing media (Table 4). Wright et al. (2008) found that plants grown on soils
containing woody material require about 100 mg L−1 N more fertilizer to achieve a similar
result to that of the plants grown on peat substrates. Different types of wood component
also differ in their physical properties and their ability to immobilize N. The differences
in air and water porosity, total water-holding capacity, and bulk density can also affect
microbial activity and plant growth. The main cause of N immobilization is biosorption
by microorganisms that use the N available in plants [54]. This can lead to nutritional
deficiencies in ornamental plants and a reduction in their aesthetic value [50]. The negative
effects of the sorption of N and other components on plant growth and flowering can be
eliminated by appropriate fertilization. To overcome N immobilization in growing media
with wood fiber, it is necessary to provide additional nutrient solutions from the beginning
of plant growth [11,39,55].

Wood fiber-based growing media can be produced with the desired physical and
chemical properties for the optimal growth of a wide range of plants and vegetables. Other
studies on the yield of plants grown on wood fiber media show that additional fertilizers
are needed, but growth may depend on the nature of the wood fiber and its content in
the growing media. Wood fiber can be a reliable, consistent, renewable, and cost-effective
alternative to the traditional peat substrate in greenhouses. The use of wood fiber in
growing media is in line with sustainable development policies and can help reduce the
carbon footprint of the product.

5. Conclusions

The cucumber fruit biomass and quantity were highest when the cucumbers were
grown on the WF/PS 50/50 media. Additional fertilization with N13 significantly increased
the cucumber yield. Higher nitrogen rates of N23 and N30 reduced the fruit biomass and
the number of cucumbers per plant. Wood fiber reduced the density and increased the
moisture content of the growing media. Increasing the nitrogen content decreased the
moisture content of the growing media. Wood fiber reduced the acidity of the media. At the
end of this study, significantly higher levels of Cu, Mn, Zn, Fe, and B were found in WF/PS
50/50 than those in the PS, WF, and WF/PS 25/75 media. The application of N30 fertilizer
increased the levels of the trace elements Cu, Zn, Fe, B, and Cl in the EC growing media. It
can be assumed that the excessive nitrogen applied blocked the uptake of nutrients from
the media. At the end of the growing season, the micronutrient content in the root zone
of cucumbers fertilized with N23 and N30 was highest. At the end of the growing season,
the Nmin content was higher in the growing media with a higher proportion of wood fiber,
but the C:N content remained highest in the WF medium. The optimum medium with
wood fiber for cucumber production in a greenhouse was found to be WF/PS 50/50 with
additional fertilization with N13. Thus, wood fiber-based substrates can be produced with
the desired physical and chemical properties for the optimal growth of a wide range of
plants and vegetables.
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Further research is needed to evaluate wood fiber-based soilless substrates containing
different types of wood to assess not only N immobilization, but also the availability of
other nutrients and the effect on the plants. A comparison of the range of wood production
residues available from using different methods for the development of growing media
is needed to show the advantages and disadvantages of wood products as substrate
components. Cultivation technologies need to be developed based on nutrient management
strategies that depend on the type of wood and the quantity used in the growing media. The
cultivation technologies should be tested before making science-based recommendations
to growers.
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Abstract: Wood fiber substrates are widely used as peat substitutes in horticulture, but
the impact of their high carbon-to-nitrogen ratio on nitrogen immobilization and crop
photosynthetic performance remains unclear. This study systematically examined the
effects of wood fiber substrates on lettuce photosynthetic performance and underlying
physiological mechanisms using pot experiments. Two substrate treatments—peat (control)
and wood fiber—were combined with three nitrogen levels: low, medium, and high (63,
127, and 210 mg N·L−1). Results indicated that wood fiber substrates significantly reduced
the availability of fast-acting nitrogen, leading to a substantial decrease in lettuce biomass
(39.0–56.8%), total nitrogen content (7.2–39.9%), and chlorophyll content (13.7–36.2%).
Chlorophyll fluorescence kinetics analysis revealed that wood fiber substrates impair
photosystem function through multiple pathways. At the early stage (15 days), key effects
included structural damage to the donor side of PSII(Photosystem II), indicated by L
and K peaks, and inhibited electron transfer on the PSI(Photosystem I) acceptor side (δRo
decreased by 15.08–27.90%, along with a reduction in WOI amplitude). The findings provide
an important theoretical basis for optimising nitrogen management strategies for wood
fibre substrates.

Keywords: chlorophyll fluorescence; JIP test; PSI; PSII

1. Introduction

Peat, the most widely used substrate [1,2], is non-renewable and poses significant
ecological concerns [3,4]. To address this issue, the horticultural industry is actively seeking
sustainable alternative materials [5–7]. Among these alternatives, wood fiber has emerged
as a promising peat substitute due to its unique physical properties—low bulk density,
high porosity, and good rewettability—as well as its eco-friendliness [8,9].

It is now gaining widespread global adoption. Despite its advantages in soilless
cultivation, the high carbon-to-nitrogen (C/N) ratio of wood fiber can induce nitrogen
immobilization, which may negatively affect plant growth [10]. Nitrogen immobilization
of the cultivation substrate refers to the phenomenon in which inorganic nitrogen from
fertiliser sources is fixed in the substrate due to the unique physicochemical properties of the
substrate’s organic materials and is difficult to be absorbed and utilised by the crop [3,11,12].
Because the exogenous nitrogen is partially immobilised by the substrate material, the
amount of nitrogen that the plant can take up becomes less. Studies have shown that
microbial nitrogen immobilization significantly increases when the substrate’s C/N ratio
exceeds 30:1, thereby reducing plant-available nitrogen [13–15]. However, wood fiber
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substrates typically exhibit C/N ratios of 100:1 or higher, making nitrogen immobilization a
significant concern [16]. Numerous studies have shown that Woody Substrate (WS), such as
wood fibre, wood chip substrate, bark substrate, etc., tends to have severe nitrogen fixation
during crop cultivation, leading to crop nitrogen deficiency, which greatly increases the
difficulty of nitrogen and nutrient management in WS cultivation [17,18]. Gruda et al. [19]
reported that complete wood fiber substrates exhibited significant nitrogen immobilization,
leading to tomato growth inhibition. Wright et al. [12] found that plants grown in wood-
fractionated substrates required an additional 100 mg·L−1 of nitrogen to achieve growth
comparable to peat-based cultivation. These findings indicate that nitrogen immobilization
in wood fiber substrates may severely restrict their horticultural applications, highlighting
the urgent need for optimization through scientific nitrogen management strategies.

Nitrogen availability plays a crucial role in shaping the structure and function of
the photosynthetic system, while nitrogen deficiency severely disrupts the stability and
efficiency of the photosynthetic apparatus [20]. Chlorophyll a fluorescence measurement is
a widely used technique for evaluating the impact of stress factors on photosynthesis [21].
The JIP test, a robust mathematical model developed by Strasser et al. [22], quantifies
energy uptake by the PSII antenna complex, energy capture in the PSII reaction center,
electron transport from PSII to PSI, and the final reduction of the PSI electron acceptor. The
JIP test has been widely employed to assess crop responses to nitrogen deficiency [23–25].
Nitrogen deficiency decreases chlorophyll a and accessory pigments while altering the
structure of chloroplast-like vesicle membranes [23]. This typically results in impaired PSII
reaction center function, a reduced pool of electron acceptors, disrupted electron transfer
processes, and diminished photochemical efficiency [20,24].

Nitrogen immobilization in woody substrates reduces plant-available nitrogen,
thereby significantly impacting plant growth and physiological functions. While nu-
merous studies have explored the effects of nitrogen deficiency on plant photosynthesis,
research on plant photosynthetic responses to nitrogen immobilization in wood substrates
remains limited. Moreover, whether nitrogen deficiency caused by immobilization in
wood-fiber substrates induces physiological effects similar to low-nitrogen stress lacks
systematic investigation.

Based on this, this study systematically examined how nitrogen immobilization in
wood fiber substrates affects lettuce photosynthesis and its underlying mechanisms. Pot-
ting experiments were conducted with two substrate types (peat and wood fiber) and
three nitrogen levels (low, medium, and high). Chlorophyll fluorescence kinetics and
photosynthetic parameters were analyzed to elucidate these effects. In this study, it was
hypothesised that nitrogen fixation by wood fibre substrates would have a negative effect
on the photosynthetic performance of lettuce. The findings will contribute to optimizing
nitrogen management strategies for wood fiber substrates and facilitating their efficient
use in soilless cultivation.

2. Results

2.1. Fast-Acting Nitrogen Supply in the Substrate

N immobilization by wood fiber substantially reduced fast-acting nitrogen supply
in the substrate (Figure 1). At day 15, the ammonia nitrogen content in the wood fiber
substrate was reduced by 22.0%, 21.2% and 20.2% compared to the control at high, medium
and low nitrogen application levels, respectively, with all differences being statistically
significant (p < 0.05); At day 30, that reductions were 23.1%, 13.4% and 13.3%, respectively.
Nutrient measurements were taken 2–3 days after applying the nutrient solution, reflecting
the residual nitrogen state in the substrate following both lettuce uptake and nitrogen
immobilization by the substrate. Although the total nitrogen applied to the wood fiber
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substrate was equivalent to that of the control substrate, the biomass and total nitrogen
content of the lettuce grown in it were significantly lower, suggesting reduced nitrogen
uptake by plants in the wood fiber substrate (Figure 2). Theoretically, the remaining
quick nitrogen concentration in the wood fiber substrate should be higher than that in the
control; however, actual measurements revealed a significantly lower concentration of quick
nitrogen. This paradox suggests that the wood fiber substrate significantly reduces the
availability of quick-acting nitrogen by strongly fixing nitrogen and converting exogenous
inorganic nitrogen into organic forms, which are less accessible to plants. Table 1 shows that
the wood fiber substrate has a high nitrogen immobilization potential, reaching 115 mg·L−1

within 4 days, equivalent to 18.40 mg per pot of substrate. Over the 30-day experimental
period, the total N input per tray of substrate was approximately 67.30 mg, 40.32 mg and
20.00 mg for high, medium and low N applications, respectively, whereas wood fiber fixes
between 27.3% and 92.0% of the applied N in 4 days, which is sufficient to result in a
significant reduction in the supply of fast-acting N to the substrate.

Figure 1. Concentration of quick nitrogen in the substrate under different treatments ((A) is for
Day 15; (B) is for Day 30). High nitrogen & control substrate (HC), high nitrogen & wood fiber
substrate (HT), medium nitrogen & control substrate (MC), medium nitrogen & wood fiber substrate
(MT), low nitrogen & control substrate (LC), and low nitrogen & wood fiber substrate (LT). Within
each organic acid or germination index, values that do not share a letter are significantly different
according to ANOVA and Duncan’s multiple range test (p < 0.05).

Table 1. Nitrogen immobilization potential of wood fibers. High nitrogen (100% N, HN), medium
nitrogen (60% N, MN), and low nitrogen (30% N, LN).

Form HN MN LN

Nutrient solution nitrogen concentration
(mg N·L−1) 210.30 127.60 62.50

Nutrient solution input per pot (L) 0.32 0.32 0.32
Total nitrogen input to single pot (mg) 67.30 40.32 20.00

Wood fiber nitrogen immobilization capacity
(mg N·L−1) 115.00

Volume of wood fiber in single pot substrate (L) 0.16
4-day nitrogen immobilization potential of

single-pot substrates (mg) 18.40
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Figure 2. Above ground fresh weight and morphological characteristics of plants under different
treatments ((A) for Day 15 and (B) for Day 30). High nitrogen (100% N, HN), medium nitrogen
(60% N, MN), and low nitrogen (30% N, LN). Control substrate (CK) and wood fiber substrate (T).
Within each organic acid or germination index, values that do not share a letter are significantly
different according to ANOVA and Duncan’s multiple range test (p < 0.05).

2.2. Lettuce Growth Performance and Nutrient Accumulation

Wood fiber appeared to have a significant negative effect on the growth performance
of lettuce (Figure 2).The aboveground fresh weight of lettuce in the wood fiber substrate
was reduced by 43.5%, 39.0% and 52.9% at day 15 compared to the control at high, medium
and low nitrogen application levels, respectively; at day 30, this reduction was 42.6%, 56.8%
and 47.2%, with the difference reaching the level of significance on both occasions (p < 0.05).
Morphological characteristics of lettuce also showed that at the same level of nitrogen
application, the control plants had larger and thicker smooth leaves with intense green
colour, while the wood fiber group had shorter plants and narrower leaves. By day 30,
this morphological difference was even more pronounced, with wood fiber-based lettuce
showing significant nitrogen deficiency characteristics such as short plants and yellowed
leaf ends.

Further, nutrient accumulation in lettuce cultivated on wood fiber substrate was
also significantly lower than the control (Figure 3). Nitrogen content in lettuce gradually
decreased with decreasing nitrogen application, both in wood fiber substrate and control,
indicating that nitrogen availability directly affected nitrogen accumulation in lettuce
leaves under the conditions of this experiment. The N content of lettuce in the wood fiber
substrate was reduced by 39.9%, 24.2%, and 7.2% at day 15 compared to the control at high,
medium, and low N application levels; at day 30, this reduction was 21.7%, 9.5%, and 9.9%,
respectively. The accumulation of phosphorus and potassium in leaves of lettuce cultivated
on wood fiber substrates at different levels of nitrogen application showed a similar pattern
to that of nitrogen, being significantly lower than that of the control substrate in most cases,
and decreasing with decreasing nitrogen application.
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Figure 3. N, P, and K contents of plants under different treatments ((A–C) for Day 15 and (D,F) for
Day 30). High nitrogen (100% N, HN), medium nitrogen (60% N, MN), and low nitrogen (30% N,
LN). Control substrate (CK) and wood fiber substrate (T). Within each organic acid or germination
index, values that do not share a letter are significantly different according to ANOVA and Duncan’s
multiple range test (p < 0.05).

2.3. Chlorophyll a Fluorescence Properties
2.3.1. OJIP Chlorophyll Fluorescence Kinetics

The OJIP chlorophyll fluorescence kinetics can well reflect the changes in primary
photochemical reactions and photosynthetic functions of PSII [26]. OJIP is the four key
stages of the Chlorophyll Fluorescence Induction Kinetics (CFIK) curve for studying the
functional state of photosynthetic system II (PSII).It reflects the efficiency of light energy ab-
sorption, transfer and electron transfer in PSII by irradiating dark-adapted plant leaves with
high-intensity light and recording changes in fluorescence intensity on millisecond time
scales. The chlorophyll fluorescence induction curves for all treatments showed a typical
OJIP shape (Figure 4A,D). To visualise the comparative effects of the treatments on transient
kinetics, the curves were plotted as relative variable fluorescence Vt = (Ft − Fo)/(FM − Fo)
and ΔVt = Ft(treated) − Ft(HC) (Figure 4B,E). Rising O-J step in the OJIP curve correlates with
the degree of closure of the PSII reaction center [24]. The J-I part of the curve corresponds
to the reduction of the secondary electron acceptor QB, plastoquinone (PQ), cytochrome
(Cyt b6f), and plastocyanin (PC) [21]. Fluorescence transient analysis showed that the
Vt of lettuce under different treatments showed significant divergence at points J and I,
especially at point I, indicating that the effect of wood fiber substrate on lettuce mainly
occurred at the O-J and J-I periods.

To further explore the initial site of action of nitrogen nutrition, the JIP test parameter
VJ/VI was introduced (Figure 4C,F). At 15 days of age, VJ and VI increased with decreasing
nitrogen application in both wood fiber and control. Whereas, at the same level of nitrogen
application, both VJ and VI were significantly higher in the wood fiber group than in the
control group. Considering that the wood fiber substrate itself reduces the effective supply
of nitrogen, the above facts suggest that reduced nitrogen supply can lead to elevated VJ

and VI, reflecting the openness of the PSII reaction center in lettuce and reduced electron
transfer from QA

− to QB
− on the PSII receptor side. It is noteworthy that only the wood

fiber group had significantly higher VJ and VI at both low and medium N levels, whereas
only VI was significantly higher in the other treatments, suggesting that the effect of
nitrogen deficiency firstly affected VI, and only when nitrogen deficiency was severe to a
certain extent did it further lead to a significant increase in VJ. At 30 days of age, VJ and VI
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showed a significant increase in VJ and VI in and only in the low nitrogen treatments, and
there was no significant difference between wood fiber and control, suggesting that the
effect of the wood fiber substrate was weakening with time, but that the effect of severe
low nitrogen continued to affect the chlorophyll fluorescence performance of lettuce. In
addition, at the same level of nitrogen application, both VJ/VI were lower in the wood
fiber group than in the control group, suggesting that nitrogen immobilization by wood
fiber had a greater effect on the lettuce I step.

Figure 4. Relative variable fluorescence curves and VJ/VI of lettuce under different treatments
((A–C) for Day 15 and (C–F) for Day 30). High nitrogen (100% N, HN), medium nitrogen (60% N,
MN), and low nitrogen (30% N, LN). Control substrate (CK) and wood fiber substrate (T). High
nitrogen & control substrate (HC), high nitrogen & wood fiber substrate (HT), medium nitrogen
& control substrate (MC), medium nitrogen & wood fiber substrate (MT), low nitrogen & control
substrate (LC), and low nitrogen & wood fiber substrate (LT). Within each organic acid or germination
index, values that do not share a letter are significantly different according to ANOVA and Duncan’s
multiple range test (p < 0.05).

To further assess the events reflected in the OK, OJ, OI and IP phases, additional
normalisations and corresponding subtractions (differential kinetics) of the fluorescence
rise kinetic curves are also presented. Fluorescence rise kinetic curves for the different
treatments were double normalised between O (20 μs) and K steps (300 μs) to show the
L peak, and differential kinetics were plotted on a linear time scale from 0 to 300 μs,
WOK = (Ft − FO)/(FK − FO), ΔWOK = WOK(treated) − WOK(HC) (Figure 5A,C). Simultane-
ous double normalisation between O (20 μs) and J-steps (2 ms) was performed to show
the K-peak and to plot the differential dynamics on a linear time scale from 0 to 2 ms,
WOJ = (Ft − FO)/(FJ − FO), ΔWOJ = WOJ(treated) − WOJ(HC) (Figure 5B,D). At 15 days of age,
lettuce in the wood fiber group showed distinct L and K peaks at all levels of nitrogen
application, whereas the control group showed L and K peaks only at low nitrogen. Sur-
prisingly, the wood fiber group exhibited the highest L and K peaks at high nitrogen levels,
which usually implies the most intense adversity stress. at 30 days of age, significant L and
K peaks were only evident in low-nitrogen wood fiber lettuce.
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Figure 5. ΔWOK, ΔWOJ of lettuce under different treatments ((A,B) are for Day 15, (C,D) are for
Day 30). High nitrogen & control substrate (HC), high nitrogen & wood fiber substrate (HT), medium
nitrogen & control substrate (MC), medium nitrogen & wood fiber substrate (MT), low nitrogen &
control substrate (LC), and low nitrogen & wood fiber substrate (LT).

As shown in Figure 6, the chlorophyll fluorescence transients of each group were
double normalised between FO and FI and expressed as relative variable fluorescence
WOI = (Ft − Fo)/(FI − Fo), ΔWOI = WOI(treated) − WOI(HC), FI = Ft = 30 ms, and plotted
WOI ≥ 1 over the 30–270 ms time range to show how the IP phase was affected. ΔWOI was
used to show the effect of different treatments on the J-step, and the results were generally
consistent with ΔVt. The amplitude of the I-P phase in the WOI ≥ 1 fraction reflects the
size of the terminal electron acceptor pool on the receptor side of photosystem I (PSI), with
smaller amplitudes indicating a smaller terminal electron acceptor pool on the PSI receptor
side [24]. The wood fiber substrate as well as the amount of nitrogen applied affected the
amplitude of the WOI curves to varying degrees. At 15 days of age, the amplitude of the
WOI curve decreased with decreasing nitrogen application, both for wood fiber substrate
and control. At the same level of nitrogen application, the WOI amplitude of lettuce in
the wood fiber group was even lower. The WOI performance of the different treatments at
30 days of age was essentially the same as at 15 days of age. Considering that the wood
fiber substrate itself reduces the effective supply of nitrogen, the above facts suggest that
the reduction in nitrogen supply reduces the terminal electron receptor pool on the PSI
receptor side and that this inhibition persists over the 30-day cultivation period.
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Figure 6. WOI, ΔWOI of lettuce under different treatments ((A,B) are for Day 15, (C,D) are for Day 30).
High nitrogen & control substrate (HC), high nitrogen & wood fiber substrate (HT), medium nitrogen
& control substrate (MC), medium nitrogen & wood fiber substrate (MT), low nitrogen & control
substrate (LC), and low nitrogen & wood fiber substrate (LT).

2.3.2. Photosynthetic Electron Transfer

The quantum yield-related data were normalized and visualized as a spider plot to
illustrate changes in lettuce quantum yield, from photon uptake to the electron acceptor at
the PSI terminal, under each treatment. As shown in Figure 7, at 15 days, the maximum
quantum yield for primary photochemistry (ϕPo), the probability of electron transfer
beyond QA

− (ψEo), and the quantum yield for electron transport (ϕEo) did not differ sig-
nificantly. Subsequently, electron transfer efficiency diverged significantly. δRo represents
the probability of electron transport from the reduced intersystem electron acceptor (RE)
to the final electron acceptor in PSI. At 15 days, δRo was significantly lower in the wood
fiber group than in the CK under the same nitrogen level. The reductions were 15.08%,
27.90%, and 17.68% at high, medium, and low nitrogen levels, respectively. Similarly, ϕRo,
the quantum yield for the reduction of end electron acceptors at the PSI acceptor side (RE),
decreased by 20.22%, 27.84%, and 21.46%, respectively. At 30 days, similar to ΔVt trends,
differences in electron transfer efficiency diminished across treatments, except for the two
low-nitrogen treatments (LC, LT).

Figure 7. Normalised spider plots of quantum yield of PSII-active reaction centers in lettuce under different
treatments ((A) for Day 15 and (B) for Day 30). High nitrogen & control substrate (HC), high nitrogen &
wood fiber substrate (HT), medium nitrogen & control substrate (MC), medium nitrogen & wood fiber
substrate (MT), low nitrogen & control substrate (LC), and low nitrogen & wood fiber substrate (LT).
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Changes in electron transfer energy fluxes at the core of the active reaction were
further visualized using an energy pipeline membrane model of specific fluxes in the
photosynthetic apparatus (Appendix A Figure A1). The arrow sizes of ABS/RC, TR0/RC,
ET0/RC, RE0/RC, and DI0/RC represent the efficiencies of light absorption, trapping,
electron transport, reduction of electron acceptors, and dissipation, respectively, for each
active reaction center (RC). In this study, RE0/RC exhibited the most pronounced response
to treatments, showing a significant decline in the wood fiber group compared to the
control at the same nitrogen level, indicating reduced electron flux from QA

−
to the PSI

final electron acceptor. These findings indicate that nitrogen availability significantly
influences electron transfer in the lettuce photosynthetic apparatus, with the strongest
impact occurring between the reduced intersystem electron acceptor (RE) and the PSI final
electron acceptor.

The performance index PIabs quantifies PSII performance by measuring the efficiency
from photon absorption to electron transport chain reduction. PItotal represents the effi-
ciency of electron transfer from photon absorption to the PSI terminal electron acceptor,
reflecting its performance [27]. As shown in Figure 8, at 15 days, PIabs and PItotal were
lower in the wood fiber group than in the control (C) group under the same nitrogen level.
The reduction in PItotal was significantly greater than that in PIabs, reaching statistical sig-
nificance. PIabs decreased by 26.02%, 3.76%, and 13.90%, while PItotal decreased by 51.67%,
49.35%, and 40.94% at high, medium, and low nitrogen levels, respectively. This suggests
that both PSII and PSI functions were impaired in the wood fiber group, with a more
pronounced reduction in the PSI terminal electron acceptor. These findings align with
the aforementioned quantum yield and energy flow results. Interestingly, by 30 days, the
differences between the wood fiber and control groups had disappeared, suggesting that
the nitrogen immobilization-induced damage to the lettuce photosystem may be reversible.

Figure 8. PIabs, PItotal of lettuce under different treatments ((A,B) for Day 15 and (C,D) for Day 30).
High nitrogen (100% N, HN), medium nitrogen (60% N, MN), and low nitrogen (30% N, LN). Control
substrate (CK) and wood fiber substrate (T). Within each organic acid or germination index, values
that do not share a letter are significantly different according to ANOVA and Duncan’s multiple
range test (p < 0.05).

2.4. Lettuce Chlorophyll Content and Gas Exchange Parameters

The chlorophyll content of lettuce cultivated on wood fiber substrate was signifi-
cantly lower compared to the control (Figure 9). This was particularly evident at 30 days,
where chlorophyll a and b contents of wood fiber substrate lettuce were significantly lower
(p < 0.05) than the control at both medium and low nitrogen levels, and the total chloro-
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phyll content decreased by 13.7%, 36.2%, and 29.6%, respectively, and with decreasing
nitrogen application.

Figure 9. Chlorophyll content of lettuce under different treatments ((A) for Day 15 and (B) for Day
30). High nitrogen & control substrate (HC), high nitrogen & wood fiber substrate (HT), medium
nitrogen & control substrate (MC), medium nitrogen & wood fiber substrate (MT), low nitrogen &
control substrate (LC), and low nitrogen & wood fiber substrate (LT). Within each organic acid or
germination index, values that do not share a letter are significantly different according to ANOVA
and Duncan’s multiple range test (p < 0.05).

Wood fiber substrates significantly reduced the net photosynthetic rate of lettuce
(Figure 10). The net photosynthetic rate of lettuce gradually decreased as nitrogen levels
decreased. At the same nitrogen level, the net photosynthetic rate of lettuce with wood
fiber substrates was lower than that of the control. At 15 days, the net photosynthetic rate
of the wood fiber group was significantly lower than that of the control group at high,
medium, and low nitrogen levels, with decreases of 32.1%, 33.2%, and 27.5%, respectively
(p < 0.05). At 30 days, the decreases were 7.2%, 34.1%, and 31.3%, respectively, and
were significant (p < 0.05) at medium and low nitrogen levels. Interestingly, stomatal
conductance, intercellular CO2 concentration, and transpiration rate were lower in the
wood fiber group compared to the control group at the same nitrogen level. However, at
30 days, these parameters were higher in the wood fiber group, indicating that CO2 was
not efficiently utilized after entering the leaves, leading to Ci accumulation. This suggests
that at 15 days, photosynthesis in the wood fiber group is primarily limited by stomatal
factors, while at 30 days, it is limited by non-stomatal factors [28]. This difference supports
the idea that the mechanism of photosynthesis inhibition by wood fiber substrates exhibits
significant stage-dependent characteristics.

Figure 10. Photosynthetic parameters of lettuce under different treatments ((A–D) for Day 15 and
(E–H) for Day 30). High nitrogen (100% N, HN), medium nitrogen (60% N, MN), and low nitrogen
(30% N, LN). Control substrate (CK) and wood fiber substrate (T). Within each organic acid or
germination index, values that do not share a letter are significantly different according to ANOVA
and Duncan’s multiple range test (p < 0.05).
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3. Discussion

3.1. Effect of Wood Fiber Substrate on Nutrient Supply and Growth and Development of Lettuce

Wood fiber substrates with high carbon to nitrogen ratios significantly reduced the
supply fast-acting nitrogen, consistent with previous findings on microbial-mediated ni-
trogen immobilization in organic substrates [29]. The present study showed a significant
reduction in ammoniacal and nitrate nitrogen content in the wood fiber substrate compared
to the control (Figure 1), which aligns with Wright et al.’s [12] findings that an additional
100 mg·L−1 nitrogen fertilizer is required for the wood substrate. Notably, despite the
same total nitrogen application, lettuce biomass and total nitrogen content in the wood
fiber substrate were significantly lower than in the control (Figure 2), indicating a signifi-
cant inhibition of nitrogen uptake efficiency. This phenomenon may be attributed to the
strong immobilization of inorganic nitrogen by microorganisms in the wood fiber substrate,
converting exogenous nitrogen into organic forms and reducing effective nitrogen accumu-
lation in plants [30]. Notably, even with 40% wood fiber in the substrate, lettuce exhibited
significant nitrogen deficiency symptoms (yellowing leaves and plant dwarfism), support-
ing previous recommendations that wood fiber should not exceed 30% of the substrate [31].
Furthermore, nitrogen immobilization in the wood fiber substrate also affected lettuce total
phosphorus and potassium content, with the gap becoming more pronounced over time.
This phenomenon may be related to limited root development and down-regulation of
nutrient transport protein expression due to nitrogen deficiency [32].

3.2. Effect of Wood Fiber Substrate on the Structure and Function of PSII and PSI in Lettuce

Chlorophyll a fluorescence transients provide a sensitive assay for assessing photo-
synthetic responses to abiotic stresses [26]. In this study, we revealed multiple mechanisms
of damage to the lettuce photosystem caused by the wood fiber substrate, by analyzing the
variable fluorescence curve (ΔVt) and characteristic bands (L and K bands).

Wood fiber substrates significantly affected electron transfer in both photosystem II
(PSII) and photosystem I (PSI) of lettuce. Relative variable fluorescence (VJ) at the J step
reflects the efficiency of electron transfer from QA

− to QB
− on the PSII receptor side [24],

And step I (VI) characterises the redox capacity of the PSI receptor side plastoquinone (PQ)
library. In the present study, VJ and VI values were significantly higher under wood fiber
treatment compared to control (Figure 3), indicating that electron transfer was blocked on
both PSII donor side (OEC) and PSI acceptor side. Notably, VJ and VI values in the wood
fiber group increased simultaneously at low and medium nitrogen levels, while only VI

values were significantly higher in other treatments. This suggests that nitrogen deficiency
first affects electron transfer on the PSI acceptor side, and exacerbates damage to the PSII
donor side only under severe nitrogen stress. This dose-dependent effect is consistent with
Guo et al.’s study on the decline of photosystem function under nitrogen stress, which
may be related to reduced ferredoxin-NADP+ reductase (FNR) activity and disruption of
cyst-like body membrane structure caused by nitrogen deficiency [33]. At 30 days, VJ and
VI values were significantly higher only under low nitrogen treatments, with no significant
difference between the wood fiber and control groups. This suggests that the negative
effects of the wood fiber substrate diminished as the reproductive period progressed, but
the inhibitory effects of severe low nitrogen stress on photosystem function persisted.

Structural damage on the donor side of PSII is further revealed by the kinetic features
of the L and K peaks. The L peak indicates reduced connectivity of the antenna complex
to reaction centers (RCs) [34,35], and the K peak reflects impaired OEC function [36]. In
this study, the control group at 15 days of age showed L and K peaks only at low nitrogen
levels, while the wood fiber group showed significant L and K peaks at all nitrogen
levels (Figure 5), further confirming that the wood fiber substrate significantly exacerbated
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structural damage on the PSII donor side. At 30 days, distinct L and K peaks were observed
only in the low-nitrogen wood fiber group, suggesting that the negative effects of the
wood fiber substrate diminished with increased fertility, but the inhibitory effects of severe
low-nitrogen stress on OEC function persisted.

A reduction in WOI amplitude indicates shrinkage of the PSI-terminal electron acceptor
pool (ferredoxin-NADP+ reductase) capacity [24]. Reduced nitrogen application decreased
the size of the PSI receptor-side terminal electron acceptor pool, with stronger inhibition in
the wood fiber group at the same nitrogen level (Figure 6). This may be related to restricted
FNR synthesis due to reduced bioavailability of micronutrients (e.g., iron) in the wood fiber
substrate [37]. This result, along with the 19.81–27.9% reduction in δRo in the wood fiber
group (Figure 7), supports the mechanism of blocked electron transfer at the end of PSI.

Comparative analysis of chlorophyll fluorescence parameters from 15- and 30-day-old
lettuce revealed a stage-specific effect of nitrogen immobilization by wood fiber substrates
on photosystem function. At 15 days, the relative variable fluorescence values at the K,
L, and I steps in the wood fiber group were significantly higher than those in the control
group (Figure 4), indicating severe inhibition of both PSII reaction centers (particularly
OEC function) and PSI receptor-side electron transfer. This is consistent with the fact that
nitrogen immobilization is strongest early in planting (within 2 weeks) [30]. However, at
30 days, differences between the wood fiber and control groups were no longer significant at
the K and L steps, with only the I step remaining significant, indicating superior recovery of
the PSII structure compared to PSI. In performance indicator analysis, both PIabs and PItotal
were significantly lower in the wood fiber group than in the control at 15 days, suggesting
impaired PSII and PSI performance, particularly a significant reduction in the PSI terminal
electron acceptor’s reduction capacity. By 30 days, PIabs were higher in the wood fiber
group than in the control, and the gap between PIabs and PItotal narrowed, indicating
compensatory restoration of photosystem function and improved synergy between PSII
and PSI as nitrogen immobilization waned. These results suggest that wood fiber substrate-
induced photosystem damage is reversible, with recovery potential linked to rapid PSII
repair mechanisms (e.g., D1 protein turnover) and compensatory effects of PSI cyclic
electron flow [38]. This finding provides a theoretical basis for optimizing the application
strategy of wood fiber substrate.

3.3. Effect of Wood Fiber Substrates on Photosynthesis

Nitrogen immobilization by wood fiber substrates significantly inhibited chlorophyll
biosynthesis in lettuce. Chlorophyll, a key pigment of the photosynthetic system, directly
influences the efficiency of light energy capture and conversion [39]. Nitrogen is essential
for chlorophyll porphyrin ring synthesis and also regulates pigment accumulation by
influencing chloroplast developmental gene expression [25,40,41]. The reduced nitrogen
availability caused by the wood fiber substrate in this study (Figure 1) directly explains the
significant decline in lettuce chlorophyll content. Additionally, potassium regulates stom-
atal function, activates photosynthesis-related enzymes, and facilitates assimilate transport,
while phosphorus plays a direct role in assimilation and photophosphorylation [42]. Thus,
nitrogen deficiency, along with potassium and phosphorus shortages, further impairs
lettuce photosynthetic performance.

The inhibitory effect of wood fiber substrates on photosynthesis exhibited distinct
stage-dependent characteristics (Figure 10). At the early stage (15 days), stomatal limitation
was the primary factor restricting photosynthesis, indicated by a 36.2–56.8% reduction
in stomatal conductance (Gs) and a 2.8–10.1% decline in intercellular CO2 concentration
(Ci). This phase may be regulated by the ABA signaling pathway, triggered by acute
nitrogen deficiency, which induces stomatal closure to minimize transpirational water

191



Plants 2025, 14, 1518

loss [43]. By 30 days, the net photosynthetic rate (Pn) declined significantly (by 7.2–
34.1%), even though Gs and Ci had recovered to control levels or higher, indicating a
shift from stomatal to non-stomatal limitation [28]. Photosystem damage at this stage was
characterized by: (1) impaired electron transfer at the PSI terminus, with δRo decreasing
by 13.93–25.17% and RE0/RC decreasing by 8.79–19.74% (Figure 7, Supplementary Figure
A1). (1) Indicating an imbalance in the ferredoxin redox cycle. (2) Reduced Rubisco activity,
as evidenced by elevated Ci and persistently low Pn, indicating insufficient carboxylation
efficiency. (3) Reduced photosynthetic complexes: chlorophyll content declined by 13.7–
36.2%, leading to a lower density of photosystem reaction centers (RCs). This transition
aligns with Cetner et al.’s theory that nitrogen deficiency triggers adaptive remodeling
of photosynthetic organs, where plants prioritize basal metabolism over light energy
conversion efficiency under prolonged nitrogen stress [23].

Wood fiber substrates likely inhibit photosynthesis through three primary mecha-
nisms: (1) reduced chlorophyll synthesis, which limits light energy capture; (2) decreased
stomatal conductance, leading to a lower net photosynthetic rate; and (3) structural im-
pairment of the PSII and PSI systems. Notably, at 30 days, the difference between PIabs
and PItotal narrowed in the wood fiber group, indicating a partial compensatory recovery
of photosystem function. This suggests that wood fiber-induced damage was not entirely
irreversible. These findings provide a theoretical basis for dynamically adjusting nitrogen
supply during the reproductive period to mitigate its adverse effects.

4. Materials and Methods

4.1. Experimental Materials and Treatment Setup

The trial was conducted and completed in September 2023 at the Institute of Urban
Agriculture, Chinese Academy of Agricultural Sciences. The substrate materials used in
the trial included wood fiber, peat, vermiculite, and perlite. Wood fiber was sourced from
Shanghai Meizijia Horticulture Co., Ltd. (Shanghai, China), whereas peat, vermiculite,
and perlite were purchased from the market. Table 2 presents the substrate types: control
substrate (CK) and wood fiber substrate (T). The control substrate was formulated as
Vpeat:Vperlite:Vvermiculite = 9:3:1. In order to exclude the interference of other factors, we
screened the wood fibre substrate for group allocation ratio before the experiment to control
the physicochemical properties which were basically the same as the control substrate. The
final formulation was determined as Vwood fiber:Vpeat:Vperlite = 2:2:1.

Table 2. Basic physico-chemical properties of test substrates.

Capacity
(g·cm−3)

Porosity (%)

pH EC
(ms·cm−1)

Nutrients (g·kg−1 Dry Weight)

Total
Porosity

Water-
Holding
Porosity

Air
Porosity

Quick-
Acting

Nitrogen

Total
Nitrogen

Total
Phosphorus

Total
Potassium

Control
substrate 0.21 0.72 0.68 0.04 6.26 0.46 0.30 0.82 0.01 2.2

Wood fiber 0.18 0.8 0.72 0.07 6.09 0.42 0.24 0.65 0 1.67

The second experimental factor was nitrogen level, which was adjusted based on
Hoagland’s nutrient solution [44]. Three nitrogen levels were established by varying the
nitrogen concentration: low nitrogen (30% N, LN), medium nitrogen (60% N, MN), and
high nitrogen (100% N, HN). The concentrations of other nutrients remained essentially
unchanged, and the detailed nutrient solution formulations are presented in Table A1.
Six treatment groups were included in the study: high nitrogen & control(HC), high
nitrogen & treatment (HT), medium nitrogen &control (MC), medium nitrogen & treatment
(MT), low nitrogen & control (LC), and low nitrogen & treatment (LT), with each treatment
having 10 replicates.

192



Plants 2025, 14, 1518

4.2. Plant Cultivation and Sampling

The test crop was cream lettuce (Lactuca sativa cv.) and square plastic boxes (8 cm ×
8 cm × 8 cm) filled with substrate were used for the cultivation experiment. Seeds were
germinated at a temperature of 22 ◦C and 70% humidity, shaded with a shade cloth. At
21 days after lettuce sowing, when lettuce had two leaves took the seedlings with even growth
and set them in the cultivation box, one plant per box. They were placed in a light incubator
with the temperature set at 22 ◦C for 14 h during the day and 18 ◦C for 10 h at night. Humidity
70%, light intensity 30,000 Lux. The light quality is white LED light. An equal amount of
nutrient solution was applied to each cultivation box every 5 days during crop growth.

Analytical tests were carried out by randomly taking five plants from each treatment
on the 15th and 30th day after planting, respectively. The tests consisted of three categories,
namely (1) chlorophyll fluorescence curve and photosynthesis analysis of lettuce were
firstly carried out, (2) Lettuce was harvested and its aboveground fresh weight, nutrient
content, and chlorophyll content were determined, and (3) substrates were collected and
their nitrogen fixation and ammonia and nitrate-nitrogen concentrations were determined.

4.3. Determination of Physico-Chemical Properties of Cultivated Substrates
4.3.1. Determination of Physical and Chemical Properties of Substrates

Physical properties of the substrates, including bulk density, total porosity, air voids,
and water-holding porosity, were measured using the ring knife method. Chemical proper-
ties were analyzed with a multi-parameter tester (Mettler Toledo Instruments, Shanghai,
China): pH and electrical conductivity (EC) were determined in a 1:10 (w/v) extract of
air-dried substrate and distilled water. Total nitrogen (TN) content was measured using a
total organic carbon analyzer (Elemental XPERT-TOC/TN). For this, 0.1 g of freshly milled
substrate was digested with 5 mL concentrated H2SO4 at 375 ◦C, followed by analysis
with an inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo
Scientific ICAP PRO XP) [44]. Total phosphorus (TP) and total potassium (TK) were also
determined by ICP-OES, while total carbon (TC) was analyzed using an elemental ana-
lyzer. Available potassium was extracted using the ammonium acetate leaching method
and quantified via flame photometry. Available phosphorus was measured using the
molybdenum-antimony anti-colorimetric method. The contents of cellulose, hemicellulose,
and lignin were determined via the Van Soest method (a detergent fiber analysis technique).

4.3.2. Determination of Substrate Nitrogen Immobilization

According to Vandecasteele’s method [18], 350 mg N·L−1 of KNO3 was added to the material
and incubated at 28 ◦C for 4 days. The rate of nitrogen immobilization (% N) was calculated
based on the difference between the mineral nitrogen content of cultured Day0 and Day4.

The steps were as follows: firstly, KNO3 solution with NO3
−-N content of 2000 mg·L−1

was prepared, 400 mL of each material was taken and weighed (M1), and 70 mL of KNO3

solution was added to each material separately. Pure water was added to the material to
adjust the moisture content to 70%, mixed thoroughly and the wet weight M2 was recorded.
Place in a 200 mL acrylic box with a perforated lid and shake to level. On day 0 of incubation,
the samples were left for half an hour and weighed 5.00 g. The samples were macerated
with 25 mL 2 mol·L−1 KCL (1:5 V soil/V solution). The extract was prepared after shaking
and filtration and its concentration (C1) was determined. The material was incubated at
28 ◦C and 70% relative humidity for 4 days, maintaining normal aeration of the cover
holes. The water content was adjusted using deionised water and maintained at 70% (w/w)
during incubation. On day 4 of incubation, the mineral nitrogen concentration (C2) in the
material was leached using the same method as on day 0. Nitrogen immobilization rate and
nitrogen immobilization were calculated from the difference between the 0-day nitrogen
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concentration and the 4-day nitrogen concentration. A 100% nitrogen immobilization rate
means that all mineral nitrogen in the 350 mg·L−1 N material is fixed.

Nitrogen immobilization rate = (C1 − C2)/C1 ∗ 100%

Nitrogen immobilization =
140 − C2 ∗ 25

5 ∗ M2
0.4

(mg·L−1)

4.3.3. Determination of Ammonia and Nitrate Nitrogen in Substrates

The ammonia and nitrate nitrogen contents of the extracts were determined using
a continuous flow analyser (SEAL Analytical, AA3, Mequon, WI, USA) to characterise
the fast-acting nitrogen content of the substrate, using a 1:5 extract of fresh substrate and
2 mol·L−1 KCl solution (w/v).

4.4. Determination of Physiological Indicators in Lettuce
4.4.1. Determination of Chlorophyll Content and Plant Nutrients in Lettuce

On the day of harvest for each crop, take the first leaf of lettuce that is fully expanded
and photosynthetic pigments were determined according to the Lichtenthaler spectropho-
tometric method, including chlorophyll a, chlorophyll b [24]. Nitrogen, phosphorus and
potassium were determined as previously described for nitrogen, phosphorus and potas-
sium in planting substrates.

4.4.2. Determination of Chlorophyll a Fluorescence Parameters in Lettuce

Chlorophyll fluorescence parameters were measured on the day of harvest for each
crop using a FluorPen FP110 handheld chlorophyll fluorometer, and leaves were dark-
adapted for 30 min prior to measurement to ensure that all PSIIs were dark-adapted.
The chlorophyll a fluorescence transient was then triggered with a beam of saturated red
light (~3000 μmol·m−2·s−1) with a peak wavelength of 650 nm [45].The chlorophyll a
fluorescence parameters involved in this study are shown in Table A2.

4.4.3. Determination of Gas Exchange Data for Lettuce

Gas exchange data were measured on the day of harvest for each crop. The first fully
expanded leaf was selected from five plants with uniform growth in each treatment, and
the photosynthetic rate (Pn), intercellular CO2 concentration (Ci), and transpiration rate
(Tr) were measured using a LI-6400 portable photosynthesizer on a sunny day between 9:30
and 11:00 a.m. The results showed that the photosynthesis rate (Pn), inter-cellular CO2

concentration (Ci), and transpiration rate (Tr) were all measured at the same time and in the
same manner as in the other treatments. Stomatal limiting values were judged according to
the formula Ls = 1 − Ci/Ca, with Ca being the ambient CO2 concentration of Berry et al. [46].

4.5. Statistical Analysis

This study was analysed by one-way ANOVA using IBM SPSS Statistics 27, significant
differences between treatment means were detected using Duncan’s multiple range test
(p < 0.05) and graphing was done using Origin 2022.

5. Conclusions

This study systematically examined the physiological mechanisms by which wood
fiber substrates influence lettuce photosynthesis via nitrogen immobilization. The high
carbon-to-nitrogen ratio of the wood fiber substrate significantly reduced the supply of
fast-acting nitrogen (Figure 1), decreasing lettuce nitrogen uptake efficiency (Figure 3),
triggering typical nitrogen deficiency symptoms (Figure 2), and reducing chlorophyll
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content (Figure 9). Chlorophyll fluorescence kinetics analysis suggests that wood fiber
substrates impair photosystem function through multiple pathways: In the early stage
(15 days), structural damage occurred on the donor side (OEC) of PSII, and electron transfer
was blocked on the acceptor side of PSI (Figure 5). In the later stage (30 days), PSII function
was partially restored, but PSI damage persisted, indicating that nitrogen deficiency caused
by wood fiber nitrogen immobilization affects the photosystem in stages (Figure 6). Notably,
some of the photosystem damage induced by wood fibers appears reversible. The results
provide a theoretical basis for optimizing nitrogen management in wood fiber substrates
and suggest that negative effects can be mitigated by dynamically regulating nitrogen
supply during the reproductive period and supplementing trace elements (e.g., iron and
magnesium), promoting the efficient use of wood fiber substrates in horticulture.
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Abbreviations

The following abbreviations are used in this manuscript:

N Nitrogen
PSII Photosystem system II
PSI Photosystem system I
OEC Oxygen evolving complex
Pn Photosynthesis rate
Ci Inter-cellular CO2 concentration
Tr Transpiration rate
Gs Stomatal conductance
Ls Stomatal limiting values
CK Control substrate
T Wood fiber substrate
L Low nitrogen
M Medium nitrogen
H High nitrogen

Appendix A

Table A1. Nutrient solution formulations used in this study.

Formulation Name
Elemental (mg·L−1) Nitrogen

Level

Concentration of Each Element
(mg·L−1)

Ca(NO3)2·4H2O KNO3 NH4H2PO4 MgSO4·7H2O N P K Ca Mg

Hogeland and
Anon Universal

Nutrient Solution
(modified)

HN 945 607 115 493 100% 210.3 31.0 234.4 160.2 48.1

MN 240 607 115 493 60% 126.6 31.0 234.4 40.7 48.1

LN 0 350 115 493 30% 62.5 31.0 135.1 0.0 48.1
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Table A2. The chlorophyll fluorescence parameters involved in this study.

Terms and Formulas Illustrations

FO = F (20 μs)
FO (Minimum fluorescence): the fluorescence value in the dark-adapted state when all
reaction centres are open, i.e., when QA

− , the primary electron acceptor of the reaction
centre, is in the oxidation state

FL = F (150 μs) Fluorescence value at 150 μs
FK = F (300 μs) Fluorescence value at 300 μs
FJ = F (3 ms) Fluorescence value at 3 ms (J level of OJIP)
FI = F (30 ms) Fluorescence value at 30 ms (I level of OJIP)

FM = FP = F (t)max
FM (maximum fluorescence): the fluorescence value when all reaction centres are switched
off in the dark-adapted state

Fv = FM − FO Maximum variable fluorescence
VL = (FL − FO)/ (FM − FO) Relative variable fluorescence in the L phase of the fluorescence induction curve
VK = (FK − FO)/ (FM − FO) Relative variable fluorescence in the K phase of the fluorescence induction curve
VJ = (FJ − FO)/ (FM − FO) Relative variable fluorescence in the J phase of the fluorescence induction curve
VI = (FI − FO)/ (FM − FO) Relative variable fluorescence in stage I of the fluorescence induction curve
M0 = (ΔV/Δt)0 = 4 (F300μs − FO)/ (FM − FO) =
TR0/RC − ET0/RC

Approximate initial slope (per millisecond) of transient fluorescence V = f(t).This parameter
reflects the rate of closure of PS II active reaction centres (RCs).

ABS/RC = [4 (F300μs − FO)/ (F2ms − FO)] (FM/FV)
= M0 (1/VJ) (1/φPo) Energy flux absorbed per unit PS II active reaction centre

TR0/RC = φ Po (ABS/RC) Energy flux captured per unit PS II active reaction centre at t = 0
ET0/RC = φEo (ABS/RC) Energy flux transferred per unit PS II active reaction centre at t = 0

RE0/RC = φRo (ABS/RC) = (1 − VI)× (M0/VJ)
Specific electron flux per unit of PS II active reaction centre reducing PS I terminal electron
acceptor at t = 0

DI0/RC = (ABS/RC) − (TR0/RC) Energy flux per unit PS II active reaction centre heat dissipation at t = 0

φPo = TR0/ABS = FV/FM = 1 − FO/FM

The maximum quantum yield of the primary photochemical reaction at t = 0 refers to the
quantum yield of photons captured by the PSII reaction centre and also indicates the
maximum photochemical efficiency of the PSII reaction centre in the dark-adapted state

ψEo = ET0/TR0 = (1 − VJ) Ratio of electrons captured by the active reaction centre of PS II being transferred at t = 0
φEo = ET0/ABS = (1 − FO/FM) ψEo = φPoψEo Quantum efficiency of electron transfer from QA

− to electron transfer chain at t = 0
ψRo = RE0/TR0 = 1 − VI Ratio of electrons captured by the active reaction centre of PSII being transferred to PSI at t = 0

δ Ro = RE0/ET0 = (1 − VI)/ (1 − VJ)
Ratio of electrons in the reduced PSI receptor measuring terminal electron acceptor to
electrons in the electron transport chain

φRo = RE0/ABS = φPoψRo = φPoψEoδRo Quantum yields of electron acceptors at the lateral end of reduced PSI receptors

φDo = FO/FM = 1 − φPo
Thermal dissipation quantum yield at t = 0, reflecting the proportion of absorbed light energy
dissipated by non-photochemical quenching processes in PSII

Figure A1. Membrane-specific flux modelling of Energy pipelines in lettuce under different treatments
((A), day 15, (B), day 30).
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Abstract

This review proposes a “phenomenon–mechanism–regulation” framework for understand-
ing nitrogen immobilization during the conversion of green waste into growing media.
Nitrogen immobilization acts as a double-edged sword: intense short-term immobilization,
typically occurring within the first 1–2 weeks after substrate establishment, can rapidly
deplete mineral nitrogen and induce plant nitrogen deficiency, whereas the immobilized
nitrogen is subsequently incorporated into microbial biomass and lignin-associated organic
pools, forming a slow-release reservoir that enhances nitrogen retention and reduces leach-
ing losses. Owing to its extremely high C/N ratio (often >100) and the coexistence of labile
carbon fractions and recalcitrant compounds (e.g., lignin and phenolics), green waste ex-
hibits substantially stronger immobilization potential than conventional media. Empirical
evidence indicates that nitrogen immobilization can reach 10–115 mg N·L−1 within a few
days in wood-derived substrates, and additional fertilization of up to 100 mg N·L−1 may be
required to maintain crop growth. Mechanistically, nitrogen immobilization is governed by
the coupling of microbial assimilation—driven by stoichiometric C/N imbalance (typically
triggered when C/N > 20–25)—and abiotic chemical fixation, including reactions between
NH4

+/NO2
− and lignin-derived phenolics forming stable organic nitrogen compounds.

The relative dominance of these pathways is jointly regulated by carbon quality, nitrogen
form, and pH. Based on these mechanisms, regulatory strategies are summarized at multi-
ple scales, including feedstock pretreatment to reduce labile carbon availability, substrate
formulation to optimize C/N balance, and model-assisted intelligent fertigation to synchro-
nize nitrogen supply with crop demand. Overall, this study provides a theoretical basis for
improving green waste valorization and promoting sustainable horticultural production.

Keywords: organic residues; soilless substrates; Biotic N immobilization; abiotic N immobilization

1. Introduction

Growing media serve as the physical carrier and nutrient interface in soilless cul-
ture systems and therefore strongly influence the rhizosphere environment and crop
productivity [1]. Peat has long been the preferred medium because of its favorable physic-
ochemical properties; however, its non-renewability and the ecological damage caused by
its extraction have made the search for sustainable, locally available alternatives an urgent
priority in horticulture [2–5].

Among various candidates, green waste is considered a promising peat alternative
because it is abundant, renewable, and relatively inexpensive. Globally, the generation of

Plants 2026, 15, 1298 https://doi.org/10.3390/plants15091298
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municipal solid waste continues to increase and is projected to rise from approximately
2.1 billion t in 2023 to 3.8 billion t by 2050, indicating that the management pressure associ-
ated with organic wastes, including green waste, will further intensify [6]. In China, green
waste has become the second largest category of organic solid waste in urban areas after
municipal household waste, with an annual generation of approximately 40–70 million t.
Moreover, its production has increased rapidly, rising from 10.7134 million t in 2003 to
60.9705 million t in 2022, and is projected to reach 83.35–91.48 million t by 2030 [7]. In con-
trast, countries in Europe and the United States incorporated garden waste into systems for
the separate collection and resource utilization of biowaste at an earlier stage. For example,
in the United States, yard trimmings amounted to approximately 35.4 million t in 2018,
accounting for 12.1% of total municipal solid waste. In the European Union, municipal
waste generation reached 511 kg per capita in 2023, of which 48% was recycled through
material recovery, composting, and related pathways [8,9]. However, despite this vast
resource potential and decades of exploration, the high-value utilization of green waste in
professional horticulture remains disproportionately low. This discrepancy highlights a
persistent gap between the theoretical availability of biomass and the practical stability of
substrate performance.

Predominantly composed of plant fibers, green waste can be processed into growing
media with excellent water-holding capacity and aeration performance, while providing
essential nutrients such as N, P, and K [2,10,11]. Its local availability may also reduce the
carbon footprint of substrate production and transport, aligning with the principles of
circular agriculture. However, its high C/N ratio often induces nitrogen immobilization,
which remains a critical bottleneck restricting the large-scale application of green waste as
growing media [12–14]. While nitrogen immobilization is traditionally viewed as a simple
biological competition for nutrients, emerging evidence suggests a more complex interplay
between microbial consumption and abiotic chemical immobilization. Nevertheless, the
relative contributions of these biotic and abiotic pathways, particularly in high-lignin
substrates, remain a subject of ongoing debate and lack quantitative clarity.

This process (nitrogen immobilization) has a dual role in green-waste-based media.
In the short term, strong immobilization can induce nitrogen deficiency in plants. In the
longer term, however, the immobilized nitrogen may contribute to a stable organic nitro-
gen pool that is gradually remineralized, thereby supporting sustained nutrient supply
and reducing the risks of nitrate leaching and ammonia volatilization. Current research,
however, tends to focus heavily on the detrimental short-term effects, often overlooking the
long-term ecological benefits and the potential to steer this process via precise management.
Because nitrogen supply, transformation, and retention are central to agricultural produc-
tivity and environmental sustainability [15], a comprehensive re-evaluation of nitrogen
immobilization in green-waste-based media is essential. However, current knowledge
is fragmented: microbial immobilization has been extensively studied, whereas abiotic
pathways, particularly those involving lignin-derived compounds, remain poorly char-
acterized, and their relative contributions are rarely integrated into existing frameworks.
Moreover, most current studies are case-specific and lack a unified conceptual framework
linking mechanisms, controlling factors, and management strategies. This review there-
fore examines its biochemical mechanisms and major controlling factors and proposes a
regulatory framework from feedstock pretreatment to cultivation management, with the
aim of supporting the conversion of green waste into a more efficient and manageable
horticultural resource (Figure 1).
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Figure 1. Nitrogen immobilization in organic media: mechanisms, effects, and regulatory strategies.

2. Nitrogen Immobilization in Organic Media

2.1. Nitrogen Immobilization in Natural Soil

Nitrogen immobilization is a fundamental biogeochemical process in natural soils. By
converting reactive inorganic N—primarily ammonium (NH4

+) and nitrate (NO3
−)—into

organic forms, this process plays a key role in regulating nitrogen retention, primary
productivity, and environmental risk in terrestrial ecosystems. The intensity of this process
exhibits significant ecosystem dependency, and its quantitative characteristics have been
systematically characterized on a global scale. A comprehensive meta-analysis of 398 global
15N isotope dilution and tracer experiments revealed average immobilization rates of
1.93 ± 0.31 and 8.17 ± 0.94 mg N kg−1·d−1 for NO3

−-N and NH4
+-N, respectively [16].

These findings globally validate that most natural soils possess a higher affinity and
immobilization capacity for NH4

+. This preference dictates the primary pathway for the
flux of inorganic nitrogen into organic pools. This mechanism serves as the cornerstone for
nitrogen retention and buffering capacity within ecosystems.

In natural forest ecosystems, the continuous input of litter with high C/N ratios
provides abundant carbon substrate and energy for microbes, thereby driving intensive
microbial nitrogen immobilization. Global meta-analyses indicate that microbial nitrogen
immobilization rates in forest soils reach 8.10 mg N kg−1·d−1, significantly exceeding the
average gross N mineralization rate of 6.65 mg N kg−1·d−1. Furthermore, these rates
exhibit significant positive correlations with soil organic carbon, microbial biomass carbon,
and the C/N ratio [17].

In contrast, nitrogen immobilization in agricultural ecosystems is strongly influenced
by anthropogenic management, exhibiting distinct intensities, mechanisms, and dynam-
ics compared with forest soils dominated by natural litter inputs. Generally, intensive
agricultural practices tend to suppress the soil’s nitrogen immobilization capacity [16].
A comparative study demonstrated that NH4

+ immobilization in forest soils can reach
6.67 mg N kg−1·d−1, whereas it drops to only 0.34 mg N kg−1·d−1 in adjacent croplands.
This disparity underscores that land-use conversion from forest to cropland significantly
weakens the soil’s internal nitrogen retention capacity [18].

2.2. Nitrogen Immobilization in Growing Media

In substrate-based systems, the rhizosphere microenvironment—characterized by
optimal aeration and water-holding capacity—promotes rapid microbial proliferation
and metabolic activity, thereby intensifying the competitive uptake and temporary im-
mobilization of exogenous inorganic nitrogen. Simultaneously, due to the confined rhizo-
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sphere volume, limited physicochemical buffering capacity, and small nutrient reservoir
of growing media, any short-term fluctuations in nitrogen availability are rapidly trans-
mitted to the root system. Consequently, the impact of nitrogen immobilization on crop
growth is more immediate and pronounced in soilless growing media than in traditional
soil-based systems.

Nitrogen immobilization in growing media has been recognized since the 1990s and
occurs mainly in organic substrates [19–21]. Its intensity depends largely on feedstock
composition and maturity. Peat generally shows little immobilization because it is highly
humified [22,23]. In contrast, coconut coir, typically characterized by a C/N ratio of
80–100 and high lignin content (approx. 35–45%), exhibits moderate immobilization.
Based on its reported Nitrogen Drawdown Index (NDI), this may necessitate a 15–20%
compensation in initial nitrogen loading compared to peat to ensure optimal seedling
nitrogen uptake [24,25]. Research indicates that these woody substrates can necessitate
an additional 50–100 mg·L−1 of supplemental inorganic nitrogen to compensate for rapid
microbial assimilation. Furthermore, based on established diagnostic protocols, fresh
woody materials often yield a Nitrogen Immobilization Index (NII) exceeding the critical
threshold of 100 mg N·L−1 substrate, whereas stabilized or composted materials typically
remain below 50 mg N·L−1, highlighting the significant impact of material maturity on
nitrogen dynamics [26,27].

Green waste typically possesses extremely high C/N ratios, which directly triggers
intensive microbial nitrogen immobilization [19,20,23]. Quantitative assessments reveal that
the nitrogen immobilization intensity in these growing media far exceeds that of mineral
soils or conventional organic media: For instance, fresh pine wood growing media exhibit
an nitrogen immobilization capacity of 10–20 mg N·L−1 within just four days, whereas
specific wood fiber growing media can reach as high as 115 mg N·L−1 [22,28]. This intensive
immobilization leads to a severe depletion of plant-available nitrogen. Studies indicate that
tomato plants grown in pure wood fiber require an additional N supplementation of up to
100 mg N·L−1 to achieve biomass levels comparable to those grown in peat [14].

2.3. The Dual Role of Nitrogen Immobilization

Nitrogen immobilization is inherently dual-natured, and its effects are context-
dependent, reflecting a trade-off between short-term limitation of plant-available N and
long-term formation of a N reservoir. In natural or semi-natural ecosystems such as forests
and croplands, nitrogen immobilization is generally regarded as an ecological buffering
mechanism that helps reduce nitrogen losses and maintain nutrient cycling. However, in
growing substrates dominated by garden waste with a high C/N ratio, this process can
rapidly immobilize inorganic nitrogen in the short term, thereby restricting the immediate
nutrient availability for crops.

In these ecosystems, nitrogen immobilization functions as a key ecological buffering
mechanism. Under increasing atmospheric N deposition, microbial immobilization rapidly
sequesters both exogenous and mineralized inorganic N, thereby delaying its transfer into
leaching pathways [29]. Especially in carbon-rich systems, this process serves as a domi-
nant mechanism for regulating the balance between N retention and loss in N-saturated
ecosystems [30]. Agricultural studies have demonstrated that incorporating organic amend-
ments with high C/N ratios (e.g., wheat or rice straw) promotes microbial immobilization
and physicochemical adsorption, which sequesters excess mineral N in the short term
while reducing nitrate leaching and N2O emissions [31–33]. This mechanism remains
effective under both flooded and arid conditions. Furthermore, it acts synergistically with
chemical fertilizers to facilitate slow-release nitrogen supply, thereby improving nitrogen
use efficiency [34,35].
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In contrast, the negative impacts of nitrogen immobilization are significantly amplified
in cultivation growing media dominated by high C/N ratio organic materials, such as green
waste. Intense microbial N assimilation is typically initiated within days of transplanting
and peaks around two weeks [22]. This process leads to a rapid decline in mineral N
concentration in the substrate solution. This induces severe N deficiency during critical
early growth stages, which manifests as growth retardation and foliar chlorosis and further
impairs the plant’s photosynthetic physiology [36]. During this phase, the organic substrate
may transition from a potential nutrient source to a nutrient competitor for plants. However,
the latent positive effects of nitrogen immobilization persist: the sequestered nitrogen is
not permanently lost but is instead incorporated into microbial biomass and necromass.
Structural organic components such as lignin may also sequester nitrogen through chemical
bonding. Together, these processes form an organic N pool that gradually releases nutrients
through mineralization over subsequent weeks or months [37]. Furthermore, intensive
microbial nitrogen immobilization alters rhizosphere chemical signaling and nutrient
gradients, potentially stimulating plant roots to excrete organic acids as a stress response.
This may indirectly influence the bioavailability of elements such as phosphorus (P) and
iron (Fe) and selectively enrich specific rhizosphere microbial communities [38]. Such
processes may foster symbiotic relationships between plants and rhizosphere microbes,
thereby enhancing abiotic stress tolerance and the nutrient acquisition capacity of plants.

3. Mechanisms of Nitrogen Immobilization

Nitrogen immobilization in organic media is governed by two fundamentally different
but interacting mechanisms: microbial assimilation and abiotic chemical immobilization.

3.1. Microbial Nitrogen Immobilization

Microbial nitrogen immobilization is the most widely recognized mechanism driving
N fixation in organic media, fundamentally stemming from microbial assimilation based on
stoichiometric requirements [39]. Owing to their higher specific surface area and more rapid
growth rates compared to plant roots, microbes typically possess a competitive advantage
in the acquisition of available nitrogen [40]. In high-C/N media, the rapid proliferation of
microorganisms triggers the rapid uptake of inorganic NH4

+ and NO3
− from the substrate

solution to maintain a stable cellular C/N ratio (typically 5 to 10), thereby causing local
nitrogen deficiency. Empirical studies demonstrate the high efficiency of this process. For
instance, in acidic spruce forest soils, 50–60% of exogenous N is rapidly incorporated into
microbial biomass within 48 h [30]. In agricultural systems, wheat straw facilitates the rapid
immobilization of excess nitrogen, storing it as microbial biomass nitrogen (MBN), with
rates reaching 42 kg N ha−1 within 7 days [31]. The sequestered nitrogen is primarily syn-
thesized into intracellular components, including peptides, proteins, and nucleic acids [41].
Microbial nitrogen immobilization is mediated by a functional consortium of bacteria,
fungi, and actinomycetes rather than by a single group. These microorganisms cooperate
in lignocellulose degradation and nitrogen transformation, thereby sustaining nitrogen
immobilization across decomposition stages [42–45]. This biotic process is characterized by
its rapid onset and potential reversibility; as carbon sources are exhausted, the immobilized
nitrogen is eventually returned to the plant-available pool through microbial turnover
and remineralization.

3.2. Abiotic Nitrogen Immobilization

Beyond microbial nitrogen immobilization, abiotic chemical immobilization represents
another crucial pathway for nitrogen sequestration in organic media, particularly in acidic
environments with high organic matter content. It proceeds through direct reactions
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between inorganic N and reactive organic functional groups and can occur rapidly, with
NH4

+, NO3
−, and NO2

− all participating under suitable chemical conditions [46,47].
Currently, our understanding of the mechanisms underlying abiotic nitrogen immo-

bilization in organic materials remains quite limited. Both NH4
+ and NO2

− exhibit high
chemical reactivity toward various soil organic compounds (e.g., humic and fulvic acid
analogs, as well as lignin derivatives), thereby driving abiotic nitrogen immobilization
within the soil matrix [48]. Specifically, NH3 can undergo condensation reactions with
activated phenols or quinone rings to form nitrogenous humates [49,50]. NH4

+ may react
chemically with lignin-derived phenols, facilitating the abiotic sequestration of nitrogen
in the soil [51]. Additionally, NO2

− reacts with lignin or its derivatives (e.g., phenolic
compounds) to form recalcitrant organic N conjugates [52,53]. Using 15N labeling, re-
searchers found that NO2

− primarily reacts abiotically with fulvic acids, sequestering ~6%
of applied NO2

−-N into stable forms such as amides and pyrrolic “black nitrogen” [54].
Furthermore, NO3

− can be converted into organic nitrogen species under specific condi-
tions via the so-called “ferrous wheel mechanism” [55]. Lignin likely plays a pivotal role
in abiotic nitrogen immobilization [56,57]. Collectively, abiotic nitrogen immobilization
is characterized by rapid chemical reactions and the formation of stable, low-turnover
organic nitrogen pools, particularly under conditions rich in reactive phenolics and acidic
environments. Nevertheless, research on nitrogen immobilization has predominantly fo-
cused on organic-rich soils within forests, grasslands, oceans, and agricultural lands [58].
Consequently, for growing media such as green waste—which are uniquely characterized
by high concentrations of lignin and polyphenols—the intensity, specific pathways, and
relative contributions of abiotic nitrogen immobilization remain poorly understood. This
constitutes a critical knowledge gap for the valorization and sustainable application of
green waste as growing media.

3.3. Dominant Factors in Nitrogen Immobilization Pathways

The relative contributions of nitrogen immobilization pathways—both biotic and
abiotic—are primarily determined by the C/N stoichiometric status of the system, with
carbon (C) sources and N availability acting as co-regulators [59]. When organic matter is
abundant in labile carbon (e.g., sugars, organic acids), microbial metabolism is strongly
stimulated, thereby rendering biotic immobilization the dominant pathway. Conversely, if
the organic matter is dominated by recalcitrant components (e.g., lignin-derived phenols),
abiotic immobilization through chemical reaction pathways is favored. Nitrogen availabil-
ity further modulates this balance: during the N-limitation phase, microbial assimilation
governs the nitrogen immobilization process. As N sufficiency shifts microbial metabolism
toward carbon limitation, the relative contribution of abiotic processes increases signifi-
cantly, even becoming predominant under N-rich conditions [50].

4. Key Factors Influencing Nitrogen Immobilization in Growing Media

4.1. Material Composition

The substrate biochemical profile acts as the primary determinant; specifically, the
balance between labile carbohydrates and recalcitrant lignin determines whether immo-
bilization is dominated by rapid microbial uptake or stubborn chemical sequestration.
Among various parameters, the carbon-to-nitrogen (C/N) ratio serves as the primary
empirical indicator for assessing nitrogen immobilization potential [60,61]. It is generally
accepted that when the C/N ratio exceeds 20–25, microbial growth becomes N-limited,
prompting the assimilation of exogenous or mineralized inorganic N, which leads to net
nitrogen immobilization [62]. However, as a macroscopic stoichiometric index, the C/N
ratio possesses inherent limitations in its predictive capacity [63]. The bioavailability of
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carbon sources often predicts the occurrence and intensity of nitrogen immobilization
more accurately than total carbon content [58]. If a high C/N ratio originates from recal-
citrant components such as lignin and cellulose, microbial metabolism remains sluggish,
potentially delaying or attenuating nitrogen immobilization. Conversely, materials rich in
labile carbon sources (e.g., soluble sugars, organic acids) can intensely stimulate microbial
activity, even if the C/N ratio is not exceptionally high, triggering the rapid assimilation
and immobilization of inorganic nitrogen [29,63,64].

For specific materials such as green waste, nitrogen immobilization is shaped by a
unique suite of chemical attributes. First, its exceptionally high C/N ratio (often >100)
provides the fundamental prerequisite for intensive nitrogen immobilization [65]. Second,
the quality of its carbon (C) pool exhibits a distinct duality. On one hand, it is rich in
lignin-derived phenolic compounds [3], which can selectively inhibit or modulate the
activity of specific microbial communities through allelochemical effects, thereby regu-
lating microbial nitrogen immobilization processes [66]. On the other hand, green waste
is typically abundant in labile carbon fractions (e.g., organic acids) [67], which serve as
preferred carbon sources for microbes and stimulate microbial proliferation [68,69]. This
coexistence of inhibitory and stimulatory carbon patterns significantly complicates the
microbial nitrogen immobilization process. Crucially, phenolics and their oxidation prod-
ucts (e.g., quinones) not only modulate biological processes but also directly participate in
abiotic chemical immobilization. They chemically react with inorganic N (e.g., NH4

+) to
form stable quinone-ammonium complexes or aromatic organic N, sequestering nitrogen
into a chemically stable pool with low turnover rates [65,70]. Consequently, nitrogen im-
mobilization in green waste growing media is the synergistic result of microbial drivers
and chemical reactions. Its intensity, dynamics, and the stability of the resulting N pool
are jointly determined by the relative concentrations and interactions among labile car-
bon, recalcitrant lignocellulose, and reactive phenolics. This defines its unique nitrogen
immobilization properties—distinct from those of other organic wastes—and serves as the
fundamental basis for scientific management and resource valorization of green waste.

4.2. Medium Environment

Substrate environmental factors profoundly influence the intensity, pathways, and
ultimate fate of nitrogen immobilization by modulating microbial activity and the microen-
vironmental conditions of chemical reactions. Rather than acting in isolation, these factors
synergistically regulate microbial processes, inorganic N availability, mass transfer, and re-
dox microenvironments to jointly shape the dynamic landscape of nitrogen immobilization.

4.2.1. The Role of pH

pH is a key environmental factor regulating both the pathways and intensity of nitro-
gen immobilization in growing media, affecting both biotic and abiotic processes. In the
biotic pathway, pH influences nitrogen transformations by shaping microbial community
structure and regulating enzyme activity and functional gene expression [71]. Acidic condi-
tions (pH < 5.5) inhibit nitrification and promote NH4

+ accumulation, thereby promoting
microbial NH4

+ assimilation and immobilization [72,73]. However, strongly acidic condi-
tions also suppress organic matter decomposition, limiting energy supply and reducing
microbial NO3

− immobilization [59]. Conversely, neutral to slightly alkaline conditions
generally stimulate microbial activity to enhance nitrogen immobilization.

pH is equally critical for abiotic pathways: In the abiotic pathway, pH controls the
chemical reactivity of nitrogen species and organic matter. Lignin degradation products
(e.g., phenolics) can react with amino acids or NH3 via condensation reactions to form
brown nitrogenous humic acids, a process facilitated under alkaline conditions [74]. Weakly
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acidic conditions promote the abiotic adsorption of NH3/NH4
+ onto organic matter or clay

minerals [75]. Furthermore, lower pH environments promote the generation of NO2
− and

its rapid reaction with reactive organic components like phenolics, forming stable “black
nitrogen” compounds [54,76]. This abiotic process can reach completion within minutes
without microbial involvement, serving as a vital N-retention mechanism in organic-rich
acidic media [48,52]. Collectively, pH regulates the balance between biotic and abiotic N
immobilization pathways, playing a pivotal role in regulating N cycling and availability in
green-waste-based growing media.

4.2.2. Electrical Conductivity

High electrical conductivity (EC) acts as a physiological stressor that suppresses nitro-
gen immobilization primarily through osmotic imbalance and ion-specific toxicity [77,78].
These conditions inhibit microbial proliferation and metabolic vigor, effectively lowering
the biological demand for inorganic nitrogen assimilation. Beyond direct immobilization,
excessive salinity disrupts the kinetics of mineralization and nitrification, leading to an
accumulation of unsequestered mineral nitrogen [79,80]. Consequently, the diminished
microbial “buffering” capacity under high EC conditions significantly elevates the risk of
nitrogen leaching and gaseous losses in green-waste-based media.

4.2.3. Temperature

Temperature regulates nitrogen immobilization by modulating microbial metabolic
kinetics and enzymatic activity Within the biological range of 5–25 ◦C, warming typically
accelerates organic matter decomposition; provided that labile carbon is sufficient, this
leads to an intensified microbial demand for inorganic nitrogen. However, this stimulatory
effect is often self-limiting. Sustained high temperatures can lead to the rapid exhaus-
tion of available carbon sources or increase microbial maintenance energy requirements,
eventually shifting the system toward the remineralization of previously immobilized
nitrogen [81]. However, this stimulatory effect is subject to a threshold; sustained warming
may lead to rapid substrate depletion or increased maintenance and metabolic costs for
microorganisms. These factors can weaken long-term nitrogen immobilization capacity
and potentially accelerate the remineralization of previously immobilized nitrogen [82].
Overall, temperature primarily regulates the rate and temporal dynamics of nitrogen
immobilization, rather than its net accumulation.

4.2.4. Moisture and Oxygen Concentration

Moisture and oxygen concentrations jointly regulate the redox status of the sub-
strate, profoundly influencing the pathways and efficiency of nitrogen immobilization.
Insufficient moisture levels limit the diffusion of growing media and nutrients, thereby
inhibiting microbial activity. Conversely, excessive moisture leads to pore–water satura-
tion, creating anaerobic microenvironments that suppress aerobic microbial processes and
potentially divert N flux toward loss pathways dominated by denitrification [83]. The pore
structure and connectivity of the substrate directly determine the uniformity of oxygen
transport; moreover, substrate compaction or structural degradation can exacerbate local
hypoxia. Therefore, maintaining optimal moisture levels and a well-aerated structure is
a critical prerequisite for ensuring adequate oxygen supply, promoting aerobic microbial
assimilation-driven nitrogen immobilization, and minimizing nitrogen loss.

Overall, nitrogen immobilization in growing media is governed by the coupled ef-
fects of substrate properties and environmental conditions, rather than any single factor
Table 1. Substrate composition—particularly C/N ratio and carbon quality—determines
the baseline potential and dominant pathways of nitrogen immobilization. Labile carbon
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generally promotes microbial assimilation, whereas lignin- and phenolic-rich components
favor abiotic stabilization and the formation of more persistent nitrogen pools.

Environmental factors regulate the expression of this potential. Among them, pH acts
as a key integrator by simultaneously influencing microbial activity, nitrogen speciation,
and the chemical reactivity of organic matter. Moisture and oxygen conditions control mass
transfer and redox status, thereby determining whether nitrogen is retained through im-
mobilization or lost via processes such as denitrification. Temperature primarily regulates
the rate and temporal dynamics of these processes, while elevated salinity (EC) generally
suppresses microbial activity and weakens nitrogen retention capacity.

Taken together, nitrogen immobilization can be understood as a system-level pro-
cess governed by the interaction between intrinsic substrate characteristics and external
environmental controls. These interactions ultimately determine its intensity, dominant
pathway (microbial vs. abiotic), and implications for nitrogen availability and loss risk in
green-waste-based growing media.

Table 1. Key factors regulating nitrogen immobilization in growing media.

Influence Factor Condition Dominant Pathway Mechanism

Substrate
Labile C Microbial Rapid microbial assimilation

Recalcitrant C Abiotic Chemical stabilization

Nitrogen form

NH4
+-dominated Microbial/abiotic

Preferentially assimilated by
microbes; can be directly

adsorbed onto organic matter
and clay minerals

NO3
−-dominated Microbial Requires reduction before

assimilation

NO2
− (intermediate) Abiotic

Rapidly reacts with phenolic
compounds to form stable

“black nitrogen”

pH
Acidic Mixed Inhibits nitrification; promotes

NH4
+ and NO2

− reactions

Neutral–alkaline Mixed Stimulates microbes and
phenolic reactions

Moisture & oxygen
Aerobic Microbial Supports microbial activity

Anaerobic/excessive
moisture Loss pathways Denitrification

Temperature 5–25 ◦C Microbial Enhances decomposition
Sustained warming Microbial C depletion

EC High EC Suppressed microbial Osmotic stress, ion toxicity

5. Strategies for Regulating Nitrogen Immobilization in Growing Media

Based on profound mechanistic insights into nitrogen immobilization and its key
drivers, effectively regulating N sequestration during the transformation of green
waste into growing media is pivotal for converting this environmental burden into a
controllable resource.

5.1. Source Pretreatment to Modify Material Properties

Theoretically, a nitrogen pre-loading strategy can satisfy the immobilization demand
of the substrate in advance. However, this approach substantially elevates total nitrogen
inputs throughout the growing cycle and diminishes nitrogen-use efficiency [84]. Therefore,
reducing the intrinsic nitrogen immobilization potential of the substrate at the source repre-
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sents a more fundamental and efficient solution. The core of source-based pretreatment lies
in directly altering the chemical properties of green waste to weaken the internal drivers of
nitrogen immobilization. Aerobic composting remains the most conventional and widely
used method. It relies on biochemical processes to promote the microbial consumption of
labile carbon fractions, leading to the bio-stabilization of green waste. This process also
significantly lowers the C/N ratio, thereby reducing the availability of carbon sources
for microbial assimilation in the rhizosphere [85]. However, composting is typically time-
consuming and may require substantial space, labor, and process control, which can limit
its scalability and economic feasibility in large-scale applications. Moreover, incomplete
or poorly managed composting may result in residual phytotoxic compounds or unstable
organic matter, leading to variable performance in practice. Recently, ammonium salt
incubation has emerged as a promising method for rapid detoxification and reduction
of nitrogen immobilization potential [67]. Studies have confirmed that this method effec-
tively lowers the nitrogen immobilization capacity of green waste, offering innovative
insights for the development of high-efficiency pretreatment technologies. Nevertheless,
the long-term stability of this treatment and its potential impacts on substrate salinity and
microbial community structure remain insufficiently understood, which may constrain its
broader application.

Thermal treatment is currently one of the most widely studied pre-conditioning strate-
gies for wood fiber materials. It reduces the availability of readily degradable components
in the fibers through thermal modification and increases the resistance of the material to
microbial decomposition, thereby alleviating nitrogen immobilization [86]. Despite its
effectiveness, thermal treatment is energy-intensive and may increase production costs,
raising concerns regarding its sustainability and large-scale adoption. In addition, excessive
thermal modification may negatively affect the physical properties of the substrate, such as
porosity and water-holding capacity.

Lignin functionalization represents another, more targeted approach for mitigating
nitrogen immobilization [87]. In this method, lignin is first dissolved in an alkaline solution
and then mixed with wood fibers. Acid-induced deposition subsequently enables lignin
to reattach to both inner and outer fiber surfaces, thereby reconstructing a degradation-
resistant barrier similar to that of natural wood. This treatment significantly reduces
microbial respiration and nitrogen immobilization in wood fibers. It suggests that limit-
ing rapid microbial utilization of carbon through surface functionalization is an effective
strategy for alleviating nitrogen immobilization in wood-fiber-based substrates. However,
this approach involves multiple chemical processing steps and may increase operational
complexity and cost. Furthermore, its feasibility at commercial scale and potential environ-
mental impacts of chemical reagents require further evaluation.

5.2. Process Blending to Optimize Substrate Formulation

During the substrate formulation stage, the scientific blending of additives with di-
verse properties is intended to actively optimize the physical, chemical, and biological
characteristics of the mixed substrate. This helps establish a rhizosphere environment
that inhibits excessive nitrogen immobilization while favoring plant growth. For example,
mixing pretreated green waste with low-C/N material (e.g., decomposed livestock manure
or biogas residue) can rapidly adjust the overall C/N ratio of the blend to a safe range
(typically <25). It also directly provides initial available N, thereby alleviating N stress
during the crop seedling stage [88]. Simultaneously, incorporating materials with high
cation exchange capacity—such as zeolite or biochar—can adsorb and slowly release nutri-
ents like NH4

+, which effectively buffers the sharp decline in available N concentrations
triggered by rapid microbial immobilization. Such a multi-dimensional compounding
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strategy systematically regulates the intensity and pathways of nitrogen immobilization,
leading to optimized substrate performance. However, the effectiveness of blending strate-
gies largely depends on the precise selection of material ratios and properties, and the
substantial variability in composition among green waste from different sources further
increases uncertainty in practical applications.

5.3. Intelligent Prediction for Managing Root-Zone Water and Fertilizer

Nitrogen immobilization in green-waste-based growing media is highly dynamic,
and its intensity and dominant pathway vary with substrate properties, environmental
conditions, and crop growth stage. In this context, intelligent water and fertilizer man-
agement, supported by sensor monitoring and model analysis, provides a promising
approach for dynamically regulating nitrogen immobilization. To support such predictive
management, several modeling approaches have been developed to describe nitrogen
mineralization–immobilization dynamics. Classical models are generally based on carbon–
nitrogen (C-N) balance principles, where nitrogen release or immobilization is governed
by the stoichiometric relationship between substrate composition and microbial demand.
For example, first-order decomposition models coupled with microbial C/N requirements
simulate nitrogen fluxes as a function of organic matter decomposition and microbial
assimilation [60]. More advanced frameworks incorporate microbial carbon use efficiency
and enzyme-mediated processes. They emphasize that nitrogen immobilization arises
from interactions among carbon availability, microbial metabolism, and environmental
drivers [61].

However, despite these advances, existing models remain limited in their applicability
to green-waste-based growing media. Most models have been developed for relatively
homogeneous soil systems and often assume stable substrate properties. In contrast, green
waste is highly heterogeneous in feedstock composition, lignocellulosic structure, and
decomposition stage. Furthermore, current modeling frameworks primarily focus on
microbial processes and rarely account for abiotic nitrogen immobilization pathways, such
as reactions involving lignin-derived phenolics and reactive nitrogen species.

Building on these modeling foundations, the integration of IoT-based sensing tech-
nologies enables continuous monitoring of key root-zone variables, including temperature,
moisture status, electrical conductivity, and nutrient concentrations. When coupled with
nitrogen transformation kinetics, such data can support the development of adaptive water
and fertilizer management strategies that are more closely aligned with crop nutrient
demand. Nevertheless, nitrogen immobilization in green-waste-based media is jointly reg-
ulated by multiple interacting factors, including substrate composition, microbial activity
and abiotic reactions. These interactions may vary substantially across feedstocks and
cultivation systems. Therefore, predictive management should be based on a mechanistic
understanding of substrate properties and nitrogen transformation processes, rather than
through the direct application of generalized model parameters. In particular, in systems
where microbial and abiotic immobilization coexist, identifying key process indicators and
improving model adaptability across different materials and environmental conditions
remain critical challenges.

6. Future Research Perspectives

The use of green waste as growing media should be considered within the broader
context of urban nutrient cycling, the circular economy, and carbon neutrality, rather than
being judged only by short-term horticultural performance. Among the many research
directions, the top priority is to develop a mechanistic and quantitative understanding
of nitrogen immobilization pathways and their relative contributions under different

https://doi.org/10.3390/plants15091298
209



Plants 2026, 15, 1298

substrate conditions. Future studies should therefore establish clear links between substrate
properties, nitrogen transformation processes, and crop responses throughout the entire
cultivation cycle.

A major knowledge gap is the lack of quantitative separation between microbial and
abiotic nitrogen immobilization, especially in lignin-rich green waste systems. Addressing
this issue should be a primary focus, as it underpins predictive regulation and substrate
design. In addition, rapid and practical assessment methods are needed to evaluate nitrogen
immobilization potential and its temporal dynamics under real production conditions.

Future work should also prioritize the identification of a small set of reliable
indicators—such as pH, inorganic nitrogen form, dissolved organic matter composition,
and oxygen status—that can effectively predict immobilization intensity. This approach
is more useful than examining many variables with similar importance. It will support
nitrogen risk assessment and help standardize different types of substrates.

Another key priority is to develop integrated and adaptable predictive models for
green-waste-based media. Existing models, mostly developed for soil systems, do not ac-
count for substrate heterogeneity or abiotic processes. Future efforts should therefore focus
on incorporating both microbial and abiotic pathways into unified modeling frameworks
and validating them under commercial production conditions. These models can then be
used to test whether process-based precision water and fertilizer management improves
the match between nitrogen supply and crop demand, while reducing nitrogen loss.

Overall, future research should move away from descriptive and fragmented ap-
proaches and toward hypothesis-driven, quantitatively integrated studies, with a clear
focus on the most impactful mechanisms and applications. Only by clarifying the
mechanisms behind the “double-edged sword” effect of nitrogen immobilization can
green waste be transformed into a stable, controllable, and agronomically valuable
growing-media resource.
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Abstract: Soilless cultivation systems are sustainable innovations in modern agriculture,
promoting high efficiency per unit area, supporting food sustainability, and addressing
the growing demand for high-quality produce with minimal environmental impact. This
study evaluates the effects of fulvic acid, amino acid, and vermicompost biostimulants on
the growth, yield, and nutrient profile of soilless-grown iceberg lettuce (Lactuca sativa var.
capitata) in floating culture under controlled glasshouse conditions. Two experiments were
conducted to determine the most effective concentrations and combinations of biostimu-
lants. In the first experiment, varying doses of fulvic acid (40 and 80 ppm), amino acid
(75 and 100 ppm), and vermicompost (1 and 2 mL L−1) were tested alongside a control. Op-
timal doses were identified based on their positive effects on lettuce growth and yield. The
second experiment examined combinations of fulvic acid, amino acid, and vermicompost
extract compared to a control. Biostimulants improved lettuce growth, nutrient uptake,
and antioxidants. Vermicompost boosted root biomass and leaf area, while fulvic acid
and amino acid reduced nitrates and increased dry matter. Fulvic acid and vermicompost
resulted in the highest yield (17.15 kg/m2, 18.2% increase), and the combined treatment
maximized antioxidants, increasing vitamin C by 17.16%, total phenols by 52.54%, and
flavonoids by 52.38%. These findings highlight the potential of biostimulants as eco-friendly
solutions for optimizing lettuce production in soilless systems.

Keywords: biostimulants; floating hydroponic culture; crop quality improvement;
eco-friendly practices; Lactuca sativa var. capitata; nutritional quality; produce quality

1. Introduction

Soilless agriculture offers numerous advantages, including improved water-use effi-
ciency, precise nutrient management, higher yields and quality, the ability to cultivate in
regions with challenging conditions, reduced labor needs, enhanced irrigation practices,
and streamlined production [1,2]. Soilless is a soil-free cultivation method extensively
utilized for modern crop production on a global scale. This field encompasses various
cultivation methods, such as deep-water culture, flowing water culture, nutrient film tech-
nique (NFT), and aeroponic culture [3,4]. In deep-water culture, plant roots are grown
on a floating material like styrofoam, which is submerged in a nutrient-rich solution; this
method is also known as floating hydroponic [5,6].

Lettuce (Lactuca sativa L.) belongs to the Lactuca genus within the Asteraceae family
and is an annual vegetable. Its production occurs primarily in autumn, winter, and spring,
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as it is classified as a cool-season crop. Iceberg lettuce (Lactuca sativa var. capitata), commonly
known as crisp iceberg lettuce, is a widely cultivated variety characterized by its compact,
spherical heads and pale green, crisp leaves. It is unlike leaf lettuces (Lactuca sativa var.
crispa), which have loose, ruffled leaves, or romaine lettuces (Lactuca sativa var. longifolia),
known for their elongated, firm leaves. Iceberg lettuce is prized for its dense, crunchy
texture and mild flavor [7]. These attributes make it particularly popular for adding texture
to salads, sandwiches, and wraps. Iceberg lettuce is low in calories and rich in water. It
is valued for its crisp texture and dietary fiber, vitamin A, vitamin K, folate (B9), vitamin
C, potassium, and calcium [8]. It also contains antioxidants such as beta-carotene, lutein,
and zeaxanthin [9]. Among lettuce types grown in soilless greenhouses and vertical indoor
farming systems, iceberg lettuce stands out as particularly noteworthy.

Biostimulants are natural or synthetic substances that enhance plant growth, yield,
and stress tolerance by stimulating physiological processes without acting as conven-
tional nutrients or pesticides [10]. In agriculture, their primary purpose is to improve
nutrient-use efficiency, enhance crop quality, and mitigate the effects of abiotic stresses,
offering an innovative and sustainable approach to increasing productivity while reducing
environmental impact [11–13].

Humic substances, among the most prominent biostimulants, are organic compounds
naturally formed through the decomposition of plant and animal matter. They are cat-
egorized into humin, humic acid, and fulvic acid (FA), standing out due to their lower
molecular weight and abundance of oxygen-rich functional groups [10]. These character-
istics enable fulvic acids to pass through biological membrane micropores, unlike humic
acids, which have larger molecular weights [14]. Fulvic acids also exhibit higher total acid-
ity, a significant number of carboxyl groups, and superior adsorption and cation-exchange
capacities, allowing them to act as natural chelators that facilitate the mobilization and
transport of micronutrients and pass through cell membranes [15–17]. They support plant
growth by enhancing photosynthesis, secretion of growth hormones, nutrient absorption,
availability of pH, and boosting resistance to biotic and abiotic stresses [18]. Fulvic acids
are a mixture of weak aliphatic and aromatic organic acids that are water-soluble across
a broad pH range, including acidic, neutral, and alkaline conditions. The composition
of fulvic acid is highly variable and is recognized as one of the most active carbon-based
chelating agents.

Amino acids (AAs), often considered the fundamental building blocks of proteins, are
nitrogen-containing compounds essential for protein synthesis [19]. They play a crucial
role in metabolic processes by providing key enzymes that stimulate cell growth [20].
They are widely recognized as effective biostimulants that significantly enhance plant
growth and development. Extensive research has demonstrated their multifaceted benefits
across various plant species. AAs have been shown to improve fertilizer assimilation,
optimize nutrient and water uptake, and enhance photosynthetic efficiency in numer-
ous vegetable crops. These effects collectively contribute to increased flower produc-
tion, improved fruit sets, and higher fruit yield, highlighting their vital role in boosting
agricultural productivity [21].

Vermicompost is an organic fertilizer produced by earthworms by decomposing or-
ganic waste. It consists of the nutrient-rich excreta of earthworms, which enhances soil
health and fertility [22]. This natural process transforms organic matter enriched with
essential macro and micronutrients, beneficial microorganisms such as bacteria, fungi,
and actinomycetes, and growth hormones like auxins, cytokinins, and gibberellins [23].
Vermicompost has been proven to act as both a growth promoter and a natural protector
for crop plants [24]. These properties make it a growth promoter and a natural protector
for crop plants. Vermicompost also improves soil structure, water retention, and aeration
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while gradually releasing nutrients to plants, making it an eco-friendly and sustainable
biostimulant [25]. Vermicompost has emerged as a highly effective and promising biostim-
ulant, demonstrating remarkable success in traditional soil-based cultivation and soilless
techniques for vegetable production in greenhouses [26].

The extended cultivation period of iceberg lettuce, which is 2–3 times longer than
that of Batavia-type lettuce due to the requirement for head formation, highlights the
importance of improving cultivation practices. Faster growth is particularly crucial in
soilless hydroponic water culture systems as it allows for increased production cycles per
year. To address this, our study investigates using biostimulants to enhance plant nutrition,
growth, quality, and yield. Although several studies have investigated the mentioned
biostimulants, to our knowledge, no studies have systematically explored their application
in soilless floating water culture systems for cultivating iceberg lettuce. By addressing this
gap, the study contributes to advancing sustainable agricultural practices and explores
the potential of biostimulants as innovative solutions for optimizing crop production in
soilless systems.

This study evaluates the effects of fulvic acid, vermicompost, and amino acid biostim-
ulants on the growth, yield, and quality of iceberg lettuce (Lactuca sativa var. capitata) grown
in a hydroponic floating culture system. The research is based on the hypothesis that these
eco-friendly biostimulants, applied individually or in combination, can synergistically
enhance plant performance.

2. Results

2.1. Iceberg Lettuce Yield

The application of biostimulants significantly influenced iceberg lettuce yield
in the first trial (Figure 1). The highest yield was observed with the application
of vermicompost at 2 mL (VC 2 mL), reaching 12.58 kg m−2, corresponding to a
13.96% increase compared to the control treatment (11.04 kg m−2). Fulvic acid at 40 ppm
(FA 40) also resulted in a notable yield increase, achieving 12.12 kg m−2, corresponding
to a 9.78% increase compared to the control. However, no significant difference was
observed between FA 40 and VC 2 mL. Other treatments, including FA 80, amino acid
applications (AA 75 and AA 100), and vermicompost at 1 mL (VC 1 mL), did not signif-
icantly increase compared to the control. VC 1 mL exhibited a 4.35% increase, which,
although higher than the control, was not statistically significant. In the first experiment,
VC 2 mL and FA 40 demonstrated the most promising results for enhancing iceberg
lettuce yield under experimental conditions.

The application of biostimulants significantly influenced iceberg lettuce yield dur-
ing the second trial (Figure 2). Among the treatments, FA 40 + VC 2 mL exhibited the
highest total yield, representing a 17.94% increase compared to the control. Similarly,
FA 40 + AA 100 achieved a yield corresponding to a 17.11% increase relative to the control.
The yields observed in FA 40 + AA 100 (17.16 kg m−2) and FA 40 + AA 100 + VC 2 mL
(17.04 kg m−2) were statistically similar. The combination treatment of AA 100 + VC 2 mL
produced a moderate yield, reflecting a 9.42% increase over the control. In contrast,
the treatment FA 40 + AA 100 + VC 2 mL resulted in the lowest yield, indicating a
20.14% reduction compared to the control (14.55 kg m−2). Other treatments, such as
AA 100 + VC 2 mL, yielded 15.92 kg m−2 and significantly differed from the control and
the higher-yielding treatments.
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Figure 1. The effect of biostimulants on iceberg lettuce yield in the first winter trial. FA = Fulvic
acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
represented by the same letter on the point (p < 0.05).

Figure 2. The effect of biostimulants on iceberg lettuce yield in the second spring trial. FA = Fulvic
acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
represented by the same letter on the point (p < 0.05).

2.2. Iceberg Lettuce Growth Parameters in First Experiment

Plant Height: The FA 80 led to a 6.3% increase in plant height compared to the control,
with FA 40 showing a 5.6% improvement. VC 2 mL also contributed positively, achieving a
2.8% increase, indicating the beneficial effects of fulvic acid and vermicompost on plant
height (Table 1).

Perimeter Dimension: FA 40 exhibited a slight advantage with a 0.6% increase over
the control, and FA 80 displayed a 0.4% improvement.

Head Firmness: AA 75 was the only one to increase head firmness, achieving a
4.5% improvement compared to the control. All other treatments were lower than the
control, highlighting AA 75 as the most effective parameter enhancement.

Root Weight: VC 2 mL achieved a notable 26% increase in root weight over the
control, while AA 100 provided a 22% improvement and VC 1 mL yielded a 20.2% increase.
These results underscore the efficacy of vermicompost and amino acid in promoting root
biomass accumulation.
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Table 1. The effects of biostimulants on growth parameters of iceberg lettuce in the first trial-I.

Treatments
Plant Height
(cm)

Perimeter (cm)
Head Firmness
(kg cm3)

Root Weight (g)

Control 38.85 abc 44.85 a 8.24 ab 45.40
FA 40 41.05 a 45.10 a 6.88 abc 50.00
FA 80 41.30 a 45.05 a 7.73 ab 48.50
AA 75 37.30 bc 40.85 b 8.61 a 44.70
AA 100 33.60 d 43.55 ab 6.75 bc 55.40
VC 1 mL 35.55 cd 41.75 ab 5.82 c 54.60
VC 2 mL 39.95 ab 44.00 ab 6.67 bc 57.20

p <0.0001 0.0011 <0.0001 0.1211
Tukey0.05 3.516 3.575 1.733 NS

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05). NS: Not Significant.

Leaf Fresh Weight: The VC 2 mL resulted in the highest leaf fresh weight, with a
14% increase compared to the control. FA 40 also showed a notable improvement, with a
10% increase, while AA 100 demonstrated a 3% rise (Table 2). These results suggest that
vermicompost and fulvic acid applications positively impacted leaf fresh weight.

Table 2. The effects of biostimulants on growth parameters of iceberg lettuce in the first trial-II.

Treatments
Leaf Fresh
Weight
(g Plant−1)

Leaf Area
(cm2

Plant−1)

Number of
Leaves per
Plant

Dry Matter
(%)

Chlorophyll
(SPAD)

Control 372 d 4793 b 33.15 c 7.31 16.44 ab
FA 40 409 b 5952 ab 34.25 bc 7.55 17.86 ab
FA 80 372 d 5791 ab 34.80 bc 7.63 17.74 ab
AA 75 371 d 7585 a 33.05 c 7.41 15.04 b
AA 100 383 c 6748 ab 39.85 a 7.68 21.61 a
VC 1 mL 388 c 6071 ab 36.95 ab 7.72 17.53 ab
VC 2 mL 424 a 692 ab 37.15 ab 7.83 18.46 ab

p <0.0001 0.0398 <0.0001 0.1951 0.0215
Tukey0.05 5.719 2515 3.654 NS 5.329

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. NS: Non-significant. No significant difference was
observed between means sharing the same letter within the same column (p < 0.05). NS: Not Significant.

Leaf Area: AA 75 achieved the largest leaf area, showing a substantial 58% in-
crease over the control. AA 100 followed with a 41% increase, and VC 2 mL exhibited a
45% improvement.

Number of Leaves: AA 100 application led to the highest leaf count, with a 20% in-
crease relative to the control. VC 2 mL and VC 1 mL also showed positive impacts, with
increases of 12% and 11.5%, respectively. This suggests that amino acids and vermicompost
applications effectively enhance leaf production.

Dry Matter: In comparison to the control, dry matter content increased by 7.1%, 5.6%,
5.1%, 4.4%, 3.3%, and 1.4%, respectively, for the VC 2 mL, VC 1 mL, AA 100, FA 80, FA 40,
and AA 75 treatments, although these increases were not statistically significant.

Chlorophyll Content (SPAD): The AA 100 demonstrated the highest chlorophyll
content, increasing SPAD values by 31% relative to the control. VC 2 mL and FA 40
followed with 12% and 9% improvements, respectively, indicating that amino acid and
vermicompost contributed positively to chlorophyll concentration.

2.3. Iceberg Lettuce Growth Parameters in Second Experiment

Plant height: The combined FA 40 + AA 100 yielded the highest plant height, with an
increase of 6.4% compared to the control. FA 40 + VC 2 mL was closely followed, achieving
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a 6.2% increase, and AA 100 + VC 2 mL showed a 1.3% improvement over the control.
(Table 3).

Table 3. The effects of biostimulants on growth parameters of iceberg lettuce in the second trial-I.

Treatments
Plant Height
(cm)

Perimeter
(cm)

Head Firmness
(kg·cm−3)

Root Weight
(g)

Control 29.42 b 38.85 bc 9.47 b 70.90 c
FA 40 + AA 100 31.30 a 45.45 a 8.96 b 80.70 b
FA 40 + VC 2 mL 31.25 a 42.15 ab 8.75 b 95.00 a
AA 100 + VC 2 mL 29.80 ab 42.80 ab 8.85 b 87.00 ab
FA 40 + AA 100 + VC 2 mL 29.20 b 37.55 c 22.17 a 72.10 c

p 0.0008 <0.0001 <0.0001 <0.0001
Tukey0.05 1.743 4.1311 1.744 8.294

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05).

Perimeter: FA 40 + AA 100 demonstrated a 17% increase in perimeter dimension over
the control, while AA 100 + VC 2 mL achieved a 10.2% increase. The FA 40 + VC 2 mL
combination showed an 8.5% enhancement compared to the control.

Head firmness: In terms of head firmness, the FA 40 + AA 100 + VC 2 mL substantially
increased, providing a 134.2% improvement over the control, making it the most effective
treatment in this parameter. Other treatments, including FA 40 + AA 100, FA 40 + VC 2 mL,
and AA 100 + VC 2 mL, demonstrated values below the control.

Root weight: FA 40 + VC 2 mL yielded the highest root weight, with a 33.9% increase
compared to the control. The AA 100 + VC 2 mL combination also showed a substantial
increase of 22.7%, and FA 40 + AA 100 demonstrated a 13.8% enhancement.

Leaf fresh weight: In the second trial, the combinations led to a higher increase in
leaf fresh weight than in the first trial (Table 4). Specifically, the FA 40 + VC 2 mL and
FA 40 + AA 100 produced 17–18% higher leaf fresh weight than the control.

Table 4. The effects of biostimulants on growth parameters of iceberg lettuce in the second trial.

Treatments
Leaf Fresh
Weight
(g Plant−1)

Leaf Area
(cm2

Plant−1)

Number
of Leaves
per Plant

Dry
Matter
(%)

Chlorophyll
(SPAD)

Control 490 b 10,943 bc 33.90 ab 9.92 c 20.45
FA 40 + AA 100 574 a 12,005 b 35.70 ab 11.16 bc 19.67
FA 40 + VC 2 mL 579 a 13,580 a 35.60 ab 11.04 bc 17.80
AA 100 + VC 2 mL 537 ab 10,492 c 37.15 a 13.48 ab 20.02
FA40 + AA100 + VC 2 mL 392 c 10,308 c 32.20 b 14.26 a 19.97

p <0.0001 <0.0001 0.0025 <0.0001 0.3022
Tukey0.05 82.545 1389 3.549 1.916 NS

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. NS: Non-significant. No significant difference was
observed between means sharing the same letter within the same column (p < 0.05). NS: Not Significant.

Leaf area: The FA 40 + VC 2 ml treatment increased leaf area by 24.1%, while the
FA 40 + AA 100 treatment resulted in a 9.7% increase compared to the control.

Number of leaves: The AA 100 + VC 2 mL combination yielded the highest leaf
count, with a 9.6% increase compared to the control. This increase is more significant
than observed in the first trial, suggesting that combinations were more supportive of leaf
production than single biostimulant applications.

Dry matter: For dry matter content, the most substantial increases were observed in
the FA 40 + AA 100 + VC 2 mL and AA 100 + VC 2 mL treatments, with enhancements of
43.8% and 35.9%, respectively, compared to the control.
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Chlorophyll content (SPAD): Chlorophyll content did not show statistically significant
differences among treatments.

2.4. Macro-Nutrient Profiles of Iceberg Lettuce

In the first trial of iceberg lettuce cultivation under soilless culture, significant vari-
ations in macro-nutrient concentrations were observed among treatments with different
biostimulants (p < 0.05) (Table 5). Nitrogen concentration was highest in VC 2 mL, showing
a substantial increase of 37.4% compared to the control. VC 1 mL and FA 40 followed, with
increases of 23.0% and 15.7%, respectively. Phosphorus levels reached their maximum
with VC 2 mL, surpassing the control by 19.2%. FA 80 showed a minor increase of 11.5%,
while FA 40 minimally contributed to phosphorus enhancement. Potassium concentration
peaked with FA 80, achieving a rise of 57.6% over the control. Strong performances were
also observed with VC 2 mL and AA 75, which recorded increases of 45.4% and 42.4%,
respectively. The highest calcium content was recorded with FA 40, representing an im-
provement of 18.0% relative to the control. FA 80 followed closely with a 15.0% increase, and
AA 75 contributed moderately to calcium enhancement. Magnesium concentrations exhib-
ited the most significant increase with AA 75, rising by 144.3% compared to the control.
FA 80 and FA 40 also demonstrated notable improvements, with increases of 102.5% and
69.6%, respectively.

Table 5. Macronutrients of iceberg lettuce leaves grown with different biostimulants in the
first trial (%).

Treatment N P K Ca Mg

Control 2.30 b 0.26 b 2.71 c 1.94 ab 0.79 c
FA 40 2.66 ab 0.20 c 3.34 abc 2.29 a 1.34 b
FA 80 2.57 ab 0.23 bc 4.27 a 2.23 a 1.60 b
AA 75 2.36 b 0.23 bc 3.86 ab 1.68 b 1.93 a
AA 100 2.37 b 0.24 bc 3.00 bc 1.67 b 0.40 d
VC 1 mL 2.83 ab 0.25 bc 3.53 abc 1.50 bc 0.34 d
VC 2 mL 3.16 a 0.31 a 3.94 ab 1.10 c 0.53 cd

p 0.0039 <0.0001 <0.0001 <0.0001 <0.0001
Tukey0.05 0.653 0.0524 0.976 0.514 0.304

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05).

In the second trial of lettuce cultivation under soilless conditions, the macronutri-
ent concentrations showed significant differences among treatments, with some com-
binations outperforming others (Table 6). Nitrogen concentration reached its highest
levels in FA 40 + VC 2 mL, demonstrating a considerable improvement of 37.4% over
the control. FA 40 + AA 100 and AA 100 + VC 2 mL followed closely, showing sim-
ilar enhancements in nitrogen levels. Phosphorus concentration was most elevated in
FA 40 + VC 2 mL, achieving an increase of 69.2% compared to the control. FA 40 + AA 100
ranked second with a 65.4% increase, while the AA 100 + VC 2 mL combination also
performed well, with a moderate enhancement. Although statistically not significant,
potassium concentration peaked in FA 40 + VC 2 mL, which improved by 43.5% compared
to the control. AA 100 + VC 2 mL followed with an increase of 43.2%, and FA 40 + AA 100
ranked third with a 33.2% improvement. FA 40 + VC 2 mL recorded the highest concen-
tration for calcium, reflecting an improvement of 68.6% over the control. FA 40 + AA 100
followed with a 50.0% increase, while AA 100 + VC 2 mL showed an enhancement of 48.5%.
Magnesium levels were highest in AA 100 + VC 2 mL, marking a 92.4% increase over
the control. FA 40 + AA 100 contributed a 69.6% improvement, while FA 40 + VC 2 mL
achieved a rise of 65.8%.
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Table 6. Macronutrients of iceberg lettuce leaves grown with different biostimulants in the second
trial (%).

Treatment N P K Ca Mg

Control 2.67 bc 0.42 ab 3.61 1.03 ab 0.79 a
FA 40 + AA 100 3.03 ab 0.43 a 3.70 0.97 ab 0.70 ab
FA 40 + VC 2 mL 3.16 a 0.44 a 3.89 1.14 a 0.67 ab
AA 100 + VC 2 mL 3.00 a ab 0.40 ab 3.88 0.96 ab 0.73 a
FA40 + AA 100 + VC 2 mL 2.50 b c 0.36 b 3.44 0.64 b 0.50 b

p 0.0011 0.0087 0.5855 0.0321 0.0063
Tukey0.05 0.404 0.0654 NS 0.438 0.218

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost, NS: Non-Significant. No significant difference was
observed between means sharing the same letter within the same column (p < 0.05). NS: Not Significant.

2.5. Antioxidant Contents of Iceberg Lettuce

In the first trial of iceberg lettuce cultivation under soilless culture, significant differ-
ences were observed in antioxidant parameters (Table 7). Vitamin C content was highest in
VC 1 mL, showing a 33.9% increase compared to the control. VC 2 mL ranked second with
a 28.1% improvement, followed by AA 100, which increased Vitamin C levels by 25.6%.
The application of biostimulants resulted in an increase in total phenol content compared
to the control for the following treatments: FA 40 (25.34%), AA 100 (8.96%), and VC 2 mL
(7.54%). Other treatments did not show an increase in total phenol content. In terms of total
flavonoid content, the treatments that exhibited an increase compared to the control were
FA 40 (60.64%), AA 100 (31.38%), VC 2 mL (29.26%), and AA 75 (15.96%). Other treatments
did not increase total flavonoid content.

Table 7. Effects of biostimulants on antioxidant of iceberg lettuce in first trial aquaculture.

Treatments
Vitamin C
(mg 100 g FW−1)

Total Phenols
(mg GA 100 g FW−1)

Total Flavonoids
(mg RU 100 g FW−1)

Control 5.40 d 41.39 ab 188 b
FA 40 6.37 c 51.88 a 302 a
FA 80 6.57 bc 39.08 b 182 b
AA 75 6.76 abc 41.19 ab 218 b
AA 100 6.78 abc 45.10 ab 247 ab
VC 1 mL 7.23 a 32.94 b 178 b
VC 2 mL 6.92 ab 44.51 ab 243 ab

p <0.0001 0.0055 0.0008
Tukey0.05 0.493 12.188 74.574

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05). FW: Fresh weight, GA: Gallic acid, RU: Rutin.

In the second trial in the spring, the combination treatments demonstrated no-
table increases in antioxidant content compared to the control (Table 8). For vitamin
C, the highest increase was observed with the FA 40 + AA 100 + VC 2 mL treat-
ment, which showed a 17.16% improvement, followed by FA 40 + AA 100 (15.06%),
FA 40 + VC 2 mL (9.11%), and AA 100 + VC 2 mL (4.20%). Regarding total phenol
content, FA 40 + AA 100 + VC 2 mL exhibited the most significant increase at 52.54%,
while FA 40 + AA 100 and AA 100 + VC 2 mL also showed substantial increases of
40.50% and 43.06%, respectively. The FA 40 + VC 2 mL treatment resulted in a
22.28% increase. For total flavonoid content, FA 40 + AA 100 + VC 2 mL again led
with a 52.38% increase, followed by FA 40 + AA 100 at 46.32%, AA 100 + VC 2 mL at
42.42%, and FA 40 + VC 2 mL at 35.50%.
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Table 8. Effects of biostimulants on antioxidant of iceberg lettuce in second trial of aquaculture.

Treatments
Vitamin C
(mg 100 g FW−1)

Total Phenols
(mg GA 100 g FW−1)

Total Flavonoids
(mg RU 100 g FW−1)

Control 5.71 d 57.71 c 231 c
FA 40 + AA 100 6.57 ab 81.08 ab 338 ab
FA 40 + VC 2 mL 6.23 bc 70.57 bc 313 b
AA 100 + VC 2 mL 5.95 cd 82.56 ab 329 ab
FA 40 + AA 100 + VC 2 mL 6.69 a a 88.03 a 352 a a

p 0.0003 0.0013 <0.0001
Tukey0.05 0.447 16.142 35.437

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05). FW: Fresh weight, GA: Gallic acid, RU: Rutin.

2.6. Leaf Quality Parameters of BRIX, Acidity, pH, and EC Values of Iceberg Lettuce

In the first trial of iceberg lettuce cultivation under soilless conditions, the effects
of biostimulants on brix, acidity, pH, and EC values were evaluated. In both trials, the
Brix values in lettuce leaves did not show any statistically significant differences among
the treatments. Among these parameters, pH showed statistically significant differences
(p < 0.05), while other parameters exhibited no variation (Table 9). pH levels showed
significant variation, with the highest values recorded in FA 80, FA 40, and the control, all
maintaining statistically similar levels. The lowest pH levels were observed in the VC 1 mL
and AA 100, significantly reduced compared to the control.

Table 9. Effects of biostimulants on some quality parameters of iceberg lettuce in the first trial.

Treatments
Brix
(%)

pH
EC
(μS cm−1)

Control 1.77 6.64 abc 780 b
FA 40 1.55 6.66 ab 1150 a
FA 80 1.60 6.69 a 1182 a
AA 75 1.30 6.73 a 1081 a
AA 100 1.40 6.39 bc 1123 a
VC 1 mL 1.42 6.37 c 966 ab
VC 2 mL 1.90 6.68 a 1123 a

p 0.4389 0.0013 0.0008
Tukey0.05 NS 0.286 260.679

FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05). NS: Not Significant.

In the second trial of iceberg lettuce under soilless culture, statistically significant
differences were observed for pH (p < 0.05) and EC (p < 0.05). At the same time, brix
and acidity values did not show significant variations (Table 10). pH levels demon-
strated significant differences among treatments. The highest pH values were recorded in
FA 40 + VC 2 mL and FA 40 + AA 100 + VC 2 mL, maintaining slightly higher levels than
the control. Conversely, FA 40 + AA 100 and AA 100 + VC 2 mL recorded lower pH values,
indicating a notable reduction. Electrical conductivity values were significantly affected
by the treatments. In comparison to the control, the highest increases in EC values were
observed with the FA 80, FA 40, and AA 100 treatments, showing increases of 51.5%, 47.4%,
and 44.0%, respectively. These results indicate that fulvic acid and amino acid applications
significantly enhanced the EC levels of the growing medium. The control recorded one of
the lowest EC values among all treatments.
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Table 10. Effects of biostimulants on some quality parameters of iceberg lettuce in the second trial.

Treatments
Brix
(%)

pH
EC
(μS cm−1)

Control 2.25 6.56 ab 1344 b
FA 40 + AA 100 2.50 6.43 b 1697 ab
FA 40 + VC 2 mL 2.30 6.62 a 1569 ab
AA 100 + VC 2 mL 2.50 6.46 ab 1952 a
FA 40 + AA 100 + VC 2 mL 2.54 6.60 ab 1618 ab

p 0.4382 0.0263 0.0440
Tukey0.05 NS 0.188 537.117

FA = Fulvic Acid, AA = Aminoacid, VC = Vermicompost. No significant difference was observed between means
sharing the same letter within the same column (p < 0.05). NS: Not Significant.

2.7. Nitrate Content in Iceberg Lettuce

In the first trial of iceberg lettuce cultivation, the nitrate reduction capacity of biostim-
ulants was evident, with specific treatments significantly decreasing nitrate accumulation
in leaf tissues (Figure 3). The lowest nitrate content was recorded in AA 100 (690 mg/kg),
demonstrating a remarkable reduction of 39.1% compared to the control (1133 mg/kg).
This highlights AA 100 as the most effective biostimulant in mitigating nitrate accumula-
tion, making it highly desirable for enhancing lettuce quality. Among the vermicompost,
VC 2 mL (1078 mg/kg) and VC 1 mL (1085 mg/kg) achieved moderate reductions of
4.9% and 4.2%, respectively, compared to the control. While these reductions are
less pronounced, they still reflect the potential of vermicompost to limit nitrate lev-
els. Conversely, FA-based, including FA 80 (1238 mg/kg), FA 40 (1229 mg/kg), and
AA 75 (1189 mg/kg), showed increased nitrate content, with levels exceeding the con-
trol. These results suggest that FA-based are less effective or may even promote nitrate
accumulation under the conditions tested. Overall, the findings demonstrate that the
nitrate-reducing capacity of biostimulants varies significantly, with AA 100 emerging as the
most effective treatment for reducing nitrate content in lettuce leaves, a highly desirable
outcome for improved quality and safety.

Figure 3. Effects of biostimulants on nitrate content in soilless-grown iceberg lettuce in first winter
experiment. FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was
observed between means represented by the same letter on the point (p < 0.05).

In the second trial of iceberg lettuce cultivation, biostimulants demonstrated vary-
ing capacities to reduce nitrate content in leaf tissues, highlighting their potential
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to enhance lettuce quality (Figure 4). The lowest nitrate content was recorded in
FA 40 + AA 100 + VC 2 mL (275 mg/kg), representing a significant reduction of
56.2% compared to the control (628 mg/kg). This treatment emerged as the most effective in
mitigating nitrate accumulation, underscoring the synergistic effects of combining multiple
biostimulants. AA 100 + VC 2 mL also showed a substantial reduction in nitrate content,
with a 44.9% decrease compared to the control. This highlights its effectiveness in reducing
nitrate levels while maintaining leaf quality. In contrast, FA 40 + AA 100 (646 mg/kg) and
FA 40 + VC 2 mL (596 mg/kg) recorded nitrate contents similar to or slightly higher than
the control, indicating limited or no nitrate-reducing capacity under the tested conditions.
The results demonstrate that combining biostimulants reduces nitrate levels in lettuce
leaves. FA 40 + AA 100 + VC 2 mL is particularly effective, making it a desirable option for
achieving high-quality lettuce with reduced nitrate content.

Figure 4. Effects of biostimulants on nitrate content in soilless-grown iceberg lettuce in second spring
experiment. FA = Fulvic acid, AA = Aminoacid, VC = Vermicompost. No significant difference was
observed between means represented by the same letter on the point (p < 0.05).

3. Discussion

The exogenous application of biostimulants, including amino acids, vermicompost,
and fulvic acid, represents an innovative and eco-friendly agricultural approach that
complements mineral fertilization, enhances plant productivity, promotes growth, increases
yield, and improves product quality.

3.1. Effects of Biostimulants on Plant Growth Parameters and Iceberg Lettuce Yield

The findings in this study reveal that biostimulants enhanced lettuce performance,
promoting growth parameters, chlorophyll levels, and nutrient absorption. Vermicompost
achieved the most substantial increases in root biomass and leaf area. In contrast, combina-
tions of amino acids and fulvic acid effectively reduced nitrate content while increasing
antioxidants and dry matter accumulation. The combined application of FA 40 + VC 2 mL
resulted in an 18.12% increase in iceberg lettuce yield compared to the control. At the same
time, the combination of FA 40 + AA 100 led to a 17.4% increase.

Biostimulants are rich in growth regulators, including humic substances, cytokinins,
and auxins, contributing to increases in root and leaf biomass, plant height, leaf number,
and shoot and root dry weight. Canellas et al. [27] and Taha et al. [16] reported that the
application of fulvic acid significantly enhanced lettuce growth parameters compared to
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the control. The foliar application at 3.1 g m−2 resulted in a 126% increase in fresh weight,
127% in dry weight, and 30% in plant height. Similarly, irrigation application at 3.1 g m−2

increased by 105% in fresh weight, 103% in dry weight, and 14% in plant height. These
results demonstrate the effectiveness of fulvic acid, mainly through foliar application, in
promoting lettuce growth. Lüdtke et al. [28] showed that the application of FA + NPK
significantly improved lettuce growth compared to the control. By day 48, the number of
leaves increased by 51%, plant diameter by 40%, plant height by 33%, and root length by
45%. Additionally, the aerial fresh mass of lettuce reached approximately 280 g/plant under
FA + NPK treatment, representing a 180% increase compared to the control. These findings
highlight the potential of FA + NPK to enhance overall lettuce growth, contributing to both
shoot and root development and biomass production.

Fulvic acid application plants increased the net photosynthetic rate and chlorophyll
fluorescence characteristics, including initial fluorescence (Fo), steady-state fluorescence
(Fs), maximum fluorescence (Fm), variable fluorescence (Fv), photochemical quenching
coefficient (qP), and the effective photochemical quantum yield of PSII (Fv’/Fm’) and pro-
moted photosynthesis [29]. In addition, fulvic acids enhance photosynthesis by modulating
signaling pathways associated with plant hormones. They improve essential physiologi-
cal parameters, including transpiration rate, stomatal conductance, water-use efficiency,
intercellular CO2 concentration, chlorophyll content, and relative water content. These
findings underscore the significant potential of fulvic acids to enhance plant growth and
productivity by optimizing critical physiological processes [30].

Al-Karaki and Othman [31] demonstrated that in soilless cultivation using a tuff-
zeolite medium, foliar application of an amino acid biostimulant at a concentration of
4 mL/L significantly increased yields, with a 26% improvement in iceberg lettuce and
a 50% increase in romaine lettuce compared to the control. Amino acids are building
blocks for protein biosynthesis and precursors for various biosynthetic pathways and
key regulators in signaling processes and stress responses [32]. Their role in promoting
a more robust root system enhances water and nutrient uptake efficiency, ultimately
driving better plant growth and yield [33]. Haghighi et al. [21] further reported that
amino acid application improved the fresh and dry weights of cabbage shoots and the
fresh weight of roots by enhancing key physiological processes such as photosynthesis,
transpiration, and stomatal conductance. These improvements were linked to enhanced
nitrogen uptake and assimilation, contributing to more efficient CO2 assimilation and the
effective transport of soluble sugars via the phloem to sink tissues. The biostimulatory
effects of amino acids are also associated with activating critical enzymes, such as nitrate
reductase and glutamine synthase, which are pivotal in nitrogen metabolism [34]. These
findings underscore the multifaceted benefits of amino acid biostimulants in improving
plant growth and productivity, particularly under soilless culture systems.

According to Yassen et al. [34], the application of 0.95 kg m−2 o fvermicompost com-
bined with 150 mL L−1 of vermiwash, a liquid extract derived from vermicomposting
processes, significantly improved lettuce yield, increasing it from 2.48 kg m−2 in the control
to 4.72 kg m−2, a remarkable 91% increase. Similarly, Kilic and Saracoglu [35] reported
substantial yield enhancements with vermicompost application, achieving a 121% increase
in iceberg lettuce and an 184% increase in Lollo Rosso lettuce. These findings emphasize
the efficacy of vermicompost and its combination with vermiwash in enhancing lettuce
productivity. The beneficial effects of vermicompost on plant growth are attributed to its
role in improving photosynthesis and chlorophyll fluorescence. Zou et al. [36] demon-
strated that vermicompost significantly increased key physiological parameters, including
net photosynthetic rate, stomatal conductance, transpiration rate, and intercellular CO2

concentration. Furthermore, chlorophyll fluorescence traits, such as maximum fluorescence
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(Fm), maximum photochemical efficiency (Fv/Fm), and potential photochemical activity
(Fv/F0), were also enhanced, contributing to improved plant growth and yield [37].

The positive impacts of vermicompost are linked to its high nutrient content and bioac-
tive composition. Vermicompost contains essential macronutrients (N, P, K, Ca, Mg, and S)
and micronutrients (Fe, Mn, Zn, Cu, and B), which are critical for supporting root, shoot,
and fruit development [38]. Additionally, it is enriched with beneficial microorganisms,
vitamins, growth hormones, and enzymes such as proteases, amylases, cellulases, and
chitinases, which promote plant development [23]. The microbial diversity in vermicom-
post, particularly bacterial and fungal populations, further enhances its growth-promoting
properties [39]. Another key advantage of vermicompost is its abundance of plant growth
regulators, including humic substances, cytokinins, and auxins. These compounds are
likely responsible for the observed increases in leaf and root weights, leaf number, plant
height, leaf area, and dry weight of shoots and roots [10]. Toor et al. [22] highlighted the
effectiveness of vermicompost in enhancing lettuce growth, reporting a 100% increase in
total chlorophyll content, a 118% increase in fresh weight, and a 20% improvement in plant
height with the optimal application dose of 2%.

3.2. Effects of Biostimulants on Mineral Nutrient Contents

Biostimulants, particularly fulvic acid, amino acids, and vermicompost, play a signif-
icant role in enhancing the mineral content of plants. Biostimulants primarily stimulate
root development, increasing the plant’s nutrient uptake capacity, as highlighted in [40].
According to Yassen et al. [34], the application of 0.95 kg m−2 vermicompost + 150 mL L−1

vermiwash significantly improved the N, P, K, Ca, and Mg contents in the head of lettuce
compared to the control. The increases were 46%, 43%, 45%, 16%, and 62%, respectively.
These results demonstrate the effectiveness of this optimal vermicompost dose in enhancing
both the macronutrient and micronutrient composition of lettuce heads, contributing to
their overall nutritional quality. A more robust root system enables the efficient absorption
and transport of nutrients to plant tissues. Moreover, biostimulants like vermicompost
enhance nutrient availability by providing organic compounds and beneficial microorgan-
isms that facilitate nutrient uptake [41]. Additionally, biostimulants influence hormone
balance and signaling pathways to support nutrient mobilization. Elevated cytokinin levels
promote nutrient transport to source tissues, such as leaves, enhancing plant growth [42].

Al-Karaki and Othman [31] demonstrated that in the soilless culture of iceberg lettuce,
the foliar application of an amino acid-based biostimulant led to notable increases in leaf
mineral concentrations compared to the control. Specifically, for iceberg lettuce, nitrogen
(N) content increased by approximately 29%, phosphorus (P) by 25%, potassium (K)
by 22%, and magnesium (Mg) by 53% [31]. Lüdtke et al. [28] demonstrated that the
application of FA + NPK significantly improved the macronutrient and micronutrient
contents of lettuce compared to the control. N, P, K, Ca, and Mg contents increased by
11%, 14%, 67%, 15%, and 2%, respectively. These findings underscore the effectiveness
of FA + NPK in enhancing plant nutrient levels, contributing to the nutritional quality of
lettuce. Biostimulants also improve photosynthesis, supporting energy metabolism and
facilitating active nutrient transport and ion uptake in roots [41]. Amino acids contribute to
increased carbohydrate production, meeting the energy demands of roots and improving
nutrient acquisition [43]. Vermicompost supports beneficial microbial populations, further
enhancing the bioavailability of essential minerals [36].

3.3. Effects of Biostimulants on Iceberg Lettuce Quality and Antioxidant Contents

In this study, biostimulants, particularly fulvic acid, amino acids, and vermicompost,
have proven effective in enhancing vitamin content, antioxidant capacity, phenolic com-
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pounds, and flavonoid levels in lettuce. Plants treated with amino acids exhibited higher
phenolic content and antioxidant activity, which can be partially attributed to the localized
beneficial effects of amino acids on plant processes. Amino acids are precursors to a wide
range of secondary metabolites and are closely linked to synthesizing proteins, hormones,
and carbohydrates [31]. Haghighi et al. [21] demonstrated that the exogenous application
of AAs enhances the nutritional profile of cabbage, including increased levels of phenols,
total protein, proline, and essential amino acids such as glutamic acid, glutamine, and
asparagine, along with improved antioxidant capacity.

Vermicompost has enhanced key quality compounds in strawberries, including sol-
uble sugar and vitamin C content [36]. Al Jaouni et al. [44] reported that vermicompost
exhibited the highest levels of antioxidants and bioactive compounds, including phenolics,
flavonoids, steroids, and ascorbate. Abdel–Baky et al. [30] demonstrated that applying
fulvic acid significantly increased total carbohydrate content, crude protein, and essen-
tial minerals. Additionally, it elevated the levels of key amino acids such as arginine,
lysine, phenylalanine, and tryptophan. The foliar application of fulvic acid significantly
enhanced secondary metabolites, including total phenolic content, anthocyanins, and total
carotenoids, underscoring its potential to improve quality attributes [14].

3.4. Effects of Biostimulants on Iceberg Lettuce Nitrate Content

During the second experimental period (February, March, and April), the light in-
tensity inside the greenhouse ranged between 350 and 550 W·m−2, and the day length
extended from 10.4 to 13.7 h. These conditions may have contributed to the observed reduc-
tion in nitrate levels, as increasing light intensity and extended day length play a critical
role in nitrate metabolism in leafy vegetables [45]. In this study, applying the biostimulant
combination FA 40 + AA 100 + VC 2 mL resulted in the highest reduction in nitrate content,
decreasing levels by 56.2% (275 mg/kg) compared to the control (628 mg/kg). Similarly,
AA 100 + VC 2 mL significantly reduced nitrate content by 44.9%. These findings align
with the role of nitrate reductase (NR) in plant nitrogen metabolism, where NR catalyzes
the reduction of nitrate to ammonium, a precursor for amino acid synthesis [46].

In the second spring trial, biostimulant applications significantly decreased nitrate
content in lettuce leaf tissues. This is consistent with the findings of Coronel et al. [47],
who reported that soilless lettuce cultivation enhances NR activity, making it a promising
method for producing lettuce with reduced nitrate levels. Biostimulants promote plant
growth by increasing amino acid concentrations, which are directly utilized in protein
biosynthesis. Elevated carbohydrate levels in the leaves further support this process by
enhancing nitrogen assimilation through the nitrate pathway. Carbohydrates provide the
carbon skeletons required for converting reduced nitrate (ammonia) into amino acids,
facilitating protein synthesis and overall growth [10]. Additionally, applying exogenous
amino acids has reduced nitrate concentrations in cabbage leaves, suggesting that externally
supplied amino acids may regulate nitrate uptake [21]. In our study, nitrate levels of both
trials were significantly lower than the safety limits for human health. According to the
European Commission regulation (EC Reg. No. 1258/2011), the maximum allowable
concentration is 5000 mg kg−1 FW for lettuce grown in protected conditions under cover.
Our research complies with this standard, as it was conducted between November and
April [45].

4. Materials and Methods

The research was conducted in a glasshouse at the Department of Horticulture, Faculty
of Agriculture, Çukurova University, during the winter and early spring seasons. This
study aimed to assess the impact of biostimulants on iceberg lettuce cultivation within

228



Plants 2025, 14, 609

a floating culture soilless system (Figure 5). The plant material used was the “Bombola”
iceberg lettuce variety, sourced from the seed company “Enza Zaden”. Biostimulants were
applied to enhance plant growth, yield, and nutrient content in iceberg lettuce. To establish
effective biostimulant dosages, we organized two distinct experimental trials. The first trial
was conducted during the winter months (November, December, and January) for 74 days,
while the second trial was conducted in the early spring months (February, March, and
April) for 70 days in a glasshouse environment.

Figure 5. Iceberg lettuce grown in a floating hydroponic system, showing plant growth, system setup,
and root development.

4.1. Biostimulants

Fulvic acid, amino acid, and vermicompost were the biostimulants [26]. The fulvic
acid and amino acid products were obtained from “Köklü Group” and marketed under
the brand names “Sacaka WS” and “Aminoset,” respectively. “Sacaka WS” has the fol-
lowing specifications: 80% organic matter content, 70% total (humic + fulvic) acid content,
70% fulvic acid content, and a pH range of 2–4. “Aminoset” contains 50% organic matter,
20% organic carbon, 4% organic nitrogen, 30% free amino acids, and a pH range of 3.1–5.1.
The vermicompost, branded as “EkosolFarm”, 100% organic liquid vermicompost, was
sourced from the “Ekosol Tarim” company. Vermicompost products are typically rich in
organic matter (up to 70%), humic acid (up to 30%), and fulvic acid (up to 20%). They also
contain essential macronutrients and micronutrients, such as nitrogen, phosphorus, potas-
sium, calcium, magnesium, iron, zinc, enzymes, beneficial microorganisms, and natural
growth hormones, which promote plant growth, resilience, and yield. The vermicompost
used in this study was produced from agricultural waste and manure.

4.2. Experimental Conditions

The dimensions of the containers used in the hydroponic system were 73.6 × 46 × 20 cm
(L × W × H), with lid-shaped plates measuring 105 cm × 55 cm (L × W). The spacing
between rows of iceberg lettuce plants was maintained at 18.4 cm × 18.4 cm, resulting in a
plant density of 29.54 plants m−2. Yield (kg/m2) was calculated based on the harvest of
10 iceberg lettuce plants grown in an area of 0.33856 m2.
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The first trial included seven treatments: a control, two doses of fulvic acid (40 and
80 ppm), amino acid (75 and 100 ppm), and vermicompost (liquid; 1 and 2 mL L−1). The
second trial was established using combinations of biostimulant doses that demonstrated
the best performance in the first trial. In the second experiment, five treatments were
applied, including a control, fulvic acid at 40 ppm + amino acid at 100 ppm, fulvic acid
at 40 ppm + vermicompost at 2 mL L−1, amino acid at 100 ppm + vermicompost at
2 mL L−1, and a combination of fulvic acid at 40 ppm + amino acid at 100 ppm + vermicompost
at 2 mL L−1.

The nutrient solution was prepared to supply essential nutrients for plant growth [48].
The elemental composition of the nutrient solution for lettuce plants included (in mg L−1):
nitrogen (230), phosphorus (50), potassium (320), calcium (220), magnesium (60), iron (4.0),
zinc (0.50), boron (0.51), copper (0.23), molybdenum (0.18), and manganese (0.78).

The nutrient solution’s electrical conductivity (EC) level was gradually increased from
1.5 to 2.4 dS·m−1 as the iceberg lettuce plants progressed through their phenological growth
stages. This adjustment was made to meet the increasing mineral nutrient requirements
of the plants, particularly during head formation. The nutrient solution was replaced
with a fresh nutrient solution every 10 days. The pH values of the nutrient solution were
maintained between 6.0 and 6.5. The nutrient solution was continuously aerated, with
oxygen levels fluctuating between 6 and 8 ppm throughout the experiments. During the
first trial, the greenhouse temperatures ranged between 15 ◦C and 21 ◦C, while in the
second trial, they ranged between 17 ◦C and 24 ◦C. During the first experimental period
(November, December, and January), the light intensity inside the greenhouse ranged
between 250 and 350 W·m−2, and the day length varied from 9.5 to 10.6 h. In the second
experimental period (February, March, and April), the light intensity inside the greenhouse
ranged between 350 and 550 W·m−2, while the day length extended from 10.4 to 13.7 h.

The “Bombola” iceberg lettuce variety reached the harvest stage 74 days after
transplanting in the first experiment, while the second harvest occurred 70 days post-
transplanting. Parameters measured across both experiments included total yield (kg m−2),
plant height (cm), perimeter length (cm), head firmness (kg cm−³), root weight (g), leaf fresh
weight (g plant−1), leaf area (cm2 plant−1), leaf count (leaves plant−1), dry matter content
(%), chlorophyll content (SPAD), and dry weight (g plant−1). Leaf samples were analyzed
for nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), iron (Fe),
manganese (Mn), copper (Cu), and zinc (Zn) concentrations. Nitrate concentration (ppm),
vitamin C (L-ascorbic acid), total phenolic, and flavonoid contents were also measured.
For lettuce leaves, total soluble solids (TSS, %), titratable acidity (%), pH, and electrical
conductivity (EC, mS cm−1) were also determined.

4.3. Measurements of Plant Growth Parameters

At harvest time, the yield (kg m−2) was computed by summing the total weight of
10 plants within each replicate, with leaf counts also documented. Lettuce head firmness
was evaluated using a digital penetrometer (Bareiss HPE-III-Fff, ABQ Industrial, Wood-
lands, TX, USA), with results recorded in kilograms [49]. Leaf area per plant (cm−2) was
measured using a leaf area meter (Li-3100, LICOR, Lincoln, NE, USA). After harvest, each
plant was weighed on a digital scale to determine fresh leaf weight per plant (g). Chloro-
phyll content in the leaves was measured by a SPAD chlorophyll meter (Minolta 502, Tokyo,
Japan). The harvested leaves’ luminosity (L) and chromaticity coordinates [a (red–green)
and b (blue–yellow)] were recorded digitally via a handheld color spectrophotometer
(HunterLab, Reston, VA, USA) [50]. Following this, fresh leaves were dried at 65 ◦C for
48 h to obtain dry weight per plant.
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4.4. Determination of Total Soluble Solids (TSS), pH, and Electrical Conductivity (EC) in
Lettuce Leaves

The juice extracted from lettuce leaves determined total soluble solids (TSS), pH, and
electrical conductivity (EC). TSS was measured with a digital refractometer (Atago PR-101,
Tokyo, Japan). At the same time, pH and EC values were assessed using a pH and EC
meter (WTW pH/Cond 3320, Weilheim, Germany) [11].

4.5. Determination of Nitrate Concentration

Nitrate concentration in lettuce leaves was assessed using the salicylic acid method
outlined by Cataldo et al. (1975), with measurements taken colorimetrically at 410 nm.
Results were reported in milligrams per kilogram of fresh weight [50].

4.6. Determination of Ascorbic Acid Content (Vitamin C)

The ascorbic acid content in lettuce leaves was analyzed following a modified method
by [51]. Lettuce leaves were processed using a juicer for extraction. Five milliliters
of the extracted juice were mixed with 45 milliliters of 0.4% oxalic acid and then fil-
tered. From the filtered solution, one milliliter was combined with nine milliliters of
2,6-dichlorophenolindophenol and thoroughly mixed. The samples were then measured at
520 nm using a UV spectrophotometer (UV-1700 PharmoSpec Shimadzu, Kyoto, Japan).

4.7. Determination of Total Phenolic and Flavonoid Compounds

The total phenolic content in lettuce leaves was measured with a modified spectropho-
tometric method based on Spanos and Wrolstad [52]. Absorbance readings were taken at
765 nm using a spectrophotometer (UV-1700 PharmoSpec Shimadzu, Kyoto, Japan) with
a gallic acid calibration curve for quantification. Total flavonoid content was assessed at
415 nm, following the method by Quettier–Deleu et al. [53] and quantified using a calibra-
tion curve prepared with rutin.

4.8. Leaf Mineral Nutrient Analysis

Leaf mineral nutrient analysis was performed by sampling one-quarter of three plants
from each replicate at harvest, using the method outlined by Dasgan et al. [49]. The analysis
included macronutrients (N, P, K, Mg, Ca) and micronutrients (Fe, Mn, Cu, Zn). Lettuce
leaf samples were thoroughly cleaned, rinsed three times with distilled water to avoid
contamination, and dried at 65 ◦C for 48 h using oven-drying. The dried leaves were
ground to a 40-mesh particle size using a leaf grinder. For K, Ca, Mg, Na, Fe, Mn, Zn, and
Cu analysis, 0.2 g of the ground sample were incinerated at 550 ◦C for 5 h, and the resulting
ash was dissolved in 3.3% HCl (v/v) and filtered [49]. Potassium, calcium, magnesium,
and sodium were analyzed in emission mode, while iron, manganese, zinc, and copper
were analyzed in absorbance mode with an Atomic Absorption Spectrophotometer (Varian
FS220, Palo Alto, CA, USA). Leaf nitrogen and phosphorus were determined using the
Kjeldahl and Barton methods, respectively [54].

4.9. Statistical Analysis

This study conducted both experiments using a randomized block design with four
replicates, each containing 10 plants. The data obtained were analyzed using the JMP
statistical software 13 version, and the means were compared using the Tukey test at a 5%
significance level.

5. Conclusions

This study demonstrates the significant potential of biostimulants such as fulvic acid,
amino acids, and vermicompost in enhancing the growth, yield, and nutritional quality of
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soilless-grown iceberg lettuce. Applying these eco-friendly biostimulants, individually and
in combination, improved key plant parameters, including biomass production, nutrient
uptake, and antioxidant content, while reducing nitrate levels in lettuce leaves. Notably,
FA 40 + VC 2 mL achieved the highest yield (17.15 kg/m2), an 18.2% increase over the con-
trol, followed closely by FA 40 + AA 100 (17.03 kg/m2, 17.4% increase). Both combinations
significantly enhanced lettuce yield. These findings underscore the value of biostimulants
as sustainable solutions for modern agriculture, reducing dependency on conventional
fertilizers and mitigating environmental impacts. Biostimulants are a promising approach
for advancing sustainable soilless culture systems and addressing the growing global
demand for high-quality, nutrient-rich vegetables.

Biostimulants provide sustainable solutions for soilless systems by enhancing nutrient-
use efficiency and amplifying the effectiveness of conventional fertilizers. Future research
should aim to optimize biostimulant application strategies by exploring novel biostimu-
lants, innovative combinations, and optimal dosing regimens to maximize their efficacy
and investigate their long-term benefits for sustainable soilless culture production.
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