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Mohammed Benbrahim and René Guénon
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1. Introduction

In the last few decades, soilless culture systems (SCSs) have been gaining worldwide
popularity, making them one of the fastest-growing sectors in agriculture [1,2]. As a result,
there is increased interest in the production of seedlings and transplants and the growth of
pot ornamentals, small/soft fruit crops, greens, herbs, and medicinal and aromatic plants
in soilless container systems [3].

Growing media, i.e., crop cultivation in solid, inorganic, or organic materials, are
relevant to efficient and intensive horticultural plant production within soilless systems.
Therefore, today, horticultural science focuses on searching for alternative materials to
peat, mineral wool, and other non-renewable raw materials. Thus, problems related to the
despoiling of ecologically important peat bog areas, pervasive waste, and the sustainability
of materials production, including transportation, have been moved to the forefront.

Currently, interest in organic production is continually increasing. However, the
regulations that concern hydroponic production are different in different countries. For
instance, EU rules do not allow plants grown hydroponically to be marketed as organic
except when they grow naturally in water. This regulation applies to plants grown in
aquaponics systems [4]. In contrast, the USDA organic regulations do not currently prohibit
hydroponic production. Certification to the USDA organic standards is currently allowed
if it is certifying to comply with the NOSB recommendations. However, which hydroponic
practices align or do not align with the Organic Foods Production Act and USDA organic
regulations is the subject of intense debate [5–7].

New strategies and technologies, including new sustainable raw materials, should be
continually developed to solve specific cultivation limitations, optimise existing systems,
reduce related environmental impacts, and address the impacts of climate change.

2. Special Issue Overview and a Short Discussion

Moving horticultural production from open fields to greenhouses means that all
environmental conditions can be controlled better. The application of SCS means that
conditions in the rootzone can also be controlled. After the reviewers’ evaluation, nine
original papers and one review from 41 authors from different countries were published in
this Special Issue.

The focuses of the review papers included in this Special Issue were recent scientific
evidence regarding the effects of several environmental and cultivation factors on the
morphology, architecture, and performance of the root systems of plants grown in SCS. In
this review, different issues were comprehensively discussed: the effect of root restriction,
nutrient solution, irrigation frequency, rootzone temperature and pH, oxygenation, vapour
pressure deficit, lighting, root exudates, CO2, and beneficiary microorganisms [8].

Horticulturae 2022, 8, 292. https://doi.org/10.3390/horticulturae8040292 https://www.mdpi.com/journal/horticulturae
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One of the topics addressed in the current Special Issue was the optimisation of soilless
culture systems. For instance, as ammonium is preferentially taken up, the rhizosphere of
blueberry plants tends to become acidified over time [9]. The authors found that substrate
amendment with low rates of CaCO3 and fertigation with a low-pH nutrient solution
(pH 4.5) are viable tools with which the pH buffering capacity can be increased in coconut
coir-based substrates used for blueberry cultivation. CaCO3 neutralised H+ and contributed
to Ca and Mg for plant uptake.

The application of organic fertilisation is complex because organic compounds first
need to be mineralised. Cannavo et al. [10] reported that the release of mineral N is strongly
dependent on the growing media, temperature, humidity, and fertiliser used. However, as
the results described in this study were only derived from incubation trials, they should be
additionally verified using plant experiments. Rhizosphere conditions and growing media
properties influence the uptake of mineral elements.

Moreover, Loera-Muro et al. [7] recommended using vermicompost leachate fertiliser
as a feasible replacement for inorganic fertiliser in hydroponic systems to achieve sustain-
able and eco-friendly agricultural production. The use of vermicompost leachate allows
the maintenance of rosemary (Rosmarinus officinalis L.) or the increase in the production of
mint (Mentha spicata L.) and with neither the modification of the bacterial communities for
both plants nor changes to their ability to form biofilms. The product quality of both plants
remained unaltered.

Avdouli et al. [11] investigated the performance of basil in a soilless culture cascade sys-
tem. In such as system, the used nutrient solution drained from a primary crop is directed to
a secondary crop, enhancing resource-use efficiency while minimising waste. The authors
found that the performance of basil in the cascade system was subject to a compromise
between a reduction in fresh produce and an increase in total amino acids and ascorbate
content with an electric conductivity (EC) of 5 dS m−1 as the upper limit/threshold of
tolerance to stress. They concluded that basil might be a good candidate for use as a
secondary crop in a soilless culture cascade system.

The impacts of environmental issues and climate change required alternative peat
materials in growing media. Peat is a limited resource in high demand, and the extraction of
peat bogs has negative impacts on the environment. Covering only about 3% of Earth’s land
area, they may store nearly one-third of the entire world’s terrestrial organic carbon [2,12].
In the long-term, peatlands are the largest stores of organic carbon out of all of the terrestrial
ecosystems [13], i.e., they store more organic carbon than forests.

In the current Special Issue, different raw materials such as composts of spent mush-
rooms, composted heather, different coir types, alder, cattail, and reed were analysed as alter-
natives for the partial replacement of peat in growing media [14–16]. Hernández et al. [14]
showed 3 to 7-times higher yields of red baby leaf lettuce compared to peat when composts
from Agaricus bisporus and Pleurotus ostreatus were used, even under the pressure of the
plant pathogen Pythium irregulare. The combinations of two compost types affected the
higher suppressiveness of 50% against Pythium. Machado et al. [15] reported a high fresh
yield and total flavonoids by cultivating spinach in coir pith. In contrast, the levels of other
phytochemicals and antioxidant activity were not affected and remained within normal
ranges for spinach. Moreover, Leiber-Sauheitl et al. [16] developed a preliminary test
procedure for the identification of new raw materials as peat substitutes in growing media.

With sustainability in mind, the performance of greenhouse beit-alpha-cucumber in
pine bark and perlite fertigated with biofloc aquaculture effluent was analysed [17]. In
another study, hemp fibres were used to cultivate tomato plants as an organic alternative to
mineral wool [18]. Hemp fibres led to similar yields to those achieved using conventionally
used mineral wool. Likewise, no adverse effects on plant growth parameters and the quality
of fruits were observed. Nevertheless, the authors reported low air volume and easily
available water and very rapid microbial decomposition associated with high nitrogen
immobilisation in hemp [18]. However, a question arises: what is the contribution of these
changes and transformations of hemp during the cultivation on the total greenhouse gas
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emissions? The need to evaluate biological decomposition throughout the cultivation cycle
should be considered for further research. At the same time, the greenhouse gas emissions
should be calculated from the production of the material until its disposal. For instance,
mineral wool has a high energy demand associated with the expansion of the minerals
during the manufacturing process with disposal problems. At the same time, hemp is a
renewable material that can be composted at the end of cultivation.

3. Conclusions

This Special Issue provides insight into the optimisation of the existing SCS. Further-
more, it contributes to an extension of the research that concerns finding and utilising novel
alternative raw materials to those currently preparing sustainable growing media.

It is clear that while much has been achieved in this Special Issue, many challenges
remain. The use of new, practical, and effective tools and technologies in SCS and the
continuous pursuit and validation of novel and renewable soilless substrate materials may
assist in solving some of the challenges in a climate-smart agriculture approach and dealing
with the environmental problems in soilless cropping. We expect these publications to
promote further discussion about these two exciting topics.

Author Contributions: N.S.G. prepared the outline of the manuscript and analysed the Special Issue
topics. J.A.F. wrote the concluding remarks and future perspectives. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Soilless culture systems are currently one of the fastest-growing sectors in horticulture.
The plant roots are confined into a specific rootzone and are exposed to environmental changes and
cultivation factors. The recent scientific evidence regarding the effects of several environmental and
cultivation factors on the morphology, architecture, and performance of the root system of plants
grown in SCS are the objectives of this study. The effect of root restriction, nutrient solution, irrigation
frequency, rootzone temperature, oxygenation, vapour pressure deficit, lighting, rootzone pH, root
exudates, CO2, and beneficiary microorganisms on the functionality and performance of the root sys-
tem are discussed. Overall, the main results of this review demonstrate that researchers have carried
out great efforts in innovation to optimize SCS water and nutrients supply, proper temperature, and
oxygen levels at the rootzone and effective plant–beneficiary microorganisms, while contributing
to plant yields. Finally, this review analyses the new trends based on emerging technologies and
various tools that might be exploited in a smart agriculture approach to improve root management in
soilless cropping while procuring a deeper understanding of plant root–shoot communication.

Keywords: soilless culture systems; root restriction; nutrient solution; irrigation frequency; rootzone
temperature; oxygenation; vapour pressure deficit; lighting; rootzone pH; root exudates; CO2;
plant-microorganism relationships

1. Introduction

Roots are an essential organ that provides physical anchorage, water, nutrient uptake,
stress avoidance mechanisms, and specific signals to the aerial part biome [1]. Root
architecture considers the root elongation and hairiness, and lateral and adventitious
roots (ARs) developed during plant evolution. It enables plants to respond to changing
environmental conditions and adapt to different growing media [2]. Understanding how
plant root system architecture enables plants to adapt to their environment and enhance
this potential is essential for effective crop management [3].

While taking up water and nutrients, roots compete with other plants, fungi, and
microorganisms in the rootzone, where positive or negative interactions occur due to
complex processes [3]. Root architecture under abiotic stress conditions is regulated by phy-
tohormones, inducing or repressing the process depending on the adverse condition [4–6].
However, environmental factors, such as temperature, nutrient elements, and water and
salt stress [2,7] play significant roles.

Horticulturae 2021, 7, 243. https://doi.org/10.3390/horticulturae7080243 https://www.mdpi.com/journal/horticulturae
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Due to increasing problems in soil-based crop production, such as the loss of arable
land, soil degradation, and, mainly, the impacts of climate change and soil-borne pathogens,
soilless culture systems (SCS) are currently one of the fastest-growing sectors in horti-
culture [8–10]. They are used both in simple greenhouses and in advanced controlled-
environment conditions. Recently, alongside typically grown plants, such as fruit and leafy
vegetables and ornamental plants, there is an increasing interest in growing and producing
other plants in soilless culture systems. For instance, figs (Ficus carica L.), table grape
(Vitis vinifera L.), and other traditionally soil-grown fruit and vegetable crops, greens and
herbs, wild vegetables, and recently cannabis have been cultivated in these systems [11].

In SCS, the roots are confined into a specific rootzone, one of the main distinctions
between plants grown in soil and SCS [12]. In response to small rooting volume, plants
increase root density, which involves greater water, nutrient, and oxygen consumption
per unit volume of the rootzone [8]. Moreover, there are differences in root growth based
on the type of SCS. For instance, root morphology is visually distinct among hydroponic
types, such as deep water culture, ebb-flood, and aeroponic sub-mist systems, compared to
a solid medium [13].

Growing plants in a limited rooting volume, root restriction, is a powerful technique
to improve the utilization efficiency of agricultural resources such as space, water, and
nutrition [14]. However, in container plants, the root system is more exposed to every
environmental change and human-imposed mistake. According to [15], the following issues
can be caused by mistakes in container-grown plants: root death due to oxygen shortage
as a result of over-irrigation (particularly during hot growing periods), salt accumulation
in the rootzone when it is not sufficiently leached by irrigation water, ammonium toxicity
as a result of the application of high concentrations of fertilizer throughout extreme high-
temperatures periods, or exposure of the plant container to direct solar radiation that may
provoke over-heating and subsequently, root death.

The physical and chemical characteristics of the growing medium, changes in the
nutrient solution, rootzone volume and depth, water availability, and microbial organisms
inhabiting the rhizosphere can all affect root growth [16]. Bláha [17] reported a general
acceptation that a 1% change in root system size corresponds to a 2% change in the
yield. Hence, appropriate conditions should be provided in the rootzone for healthy root
development, although extensive root growth may not be the best for most SCSs [16].

Considering the essential role of the root system in plant growth, yield, and product
quality, in this review, we summarize the recent scientific evidence regarding the effects
of several environmental and cultivation factors on the morphology, architecture, and
performance of the root system of plants grown in soilless culture systems. Root restriction,
nutrient solution, irrigation frequency, rootzone temperature, oxygenation, vapour pres-
sure deficit, lighting, rootzone pH, root exudates, CO2, and beneficiary microorganisms
are discussed.

2. Root Restriction

Apart from porosity that is much higher in growing media, the difference between
soil and SCS is the limited volume of plant roots [9]. Root restriction affects the root system
(by reducing root dry matter and inducing ARs formation and a dense mat of roots) and
yield. There are reported cases of reduced yield, but there is always a significant increase
in plants’ harvest index. A summary of several recently published papers regarding the
influences of root restriction on root morphology and plant yield are presented in Table 1.
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Table 1. Plant responses to root restriction.

Plant Response Crop Production System Additional Information Reference

Reduced dry
matter of roots

Chili pepper
Polyvinyl-chloride (PVC) columns, filled with a

mixture of coconut coir dust and empty fruit bunch
compost (70:30, v:v)

9570 mL (control) vs. 2392 mL
(root-restricted) columns [18]

Pepper Plastic pots (three seeds per pot) containing Fafard
2B mix (Sun Gro Horticulture, Agawam, MA)

500 mL (control) vs. 60 mL
(restricted) containers [19]

Cucumber Floating system (F.S.) Control vs. 40 mL
(restricted) vessels [20]

AR
formation

Cucumber Floating system (F.S.) Control vs. 40 mL
(restricted) vessels [20]

Tomato Flow-through hydroponic culture system (FTS) 1500 mL (control) vs. 25 mL
(restricted) containers [21]

Dense mat
of roots

Cucumber Floating system (F.S.) Control vs. 40 mL
(restricted) vessels [20]

Tomato Flow-through hydroponic culture system (FTS) 1500 mL (control) vs. 25 mL
(restricted) containers [21]

Yield reduction

Sweet potato A mixed system of solid media and
nutrient solution 4.5 L, 3.0 L, and 1.6 L pots [22]

Tomato
Different alternatives of solid growing media
(perlite, pumice, volcanic ash, perlite + peat,

pumice + peat, volcanic ash + peat)
8 L and 4 L pots [23]

Processing tomato Solid growing media (Metro-Mix 350,
Sun Gro Horticulture) 26 L, 16, 6, and 1 L pots [24]

Non-significant
yield reduction

Pepper Growth media (Fafard 2B mix; Sun Gro
Horticulture, and Turface clay) mixed in a 3:1 ratio

1500 mL, 500 mL, and 250 mL
plastic pots [19]

Tomato Coconut fiber substrate 10, 7.5 and 5 L pots [25]

Increased harvest
index

Pepper Growth media (Fafard 2B mix; Sun Gro
Horticulture, and Turface clay) mixed in a 3:1 ratio

1500 mL, 500 mL, and 250 mL
plastic pots [19]

Chili pepper
Polyvinyl-chloride (PVC) columns, filled with a

mixture of coconut coir dust and empty fruit bunch
compost (70:30, v:v)

9570 mL (control) vs. 2392 mL
(root-restricted) columns [18]

Commonly, roots in container-grown plants are very dense to compensate for limited
rootzone volume. On the other hand, the increased root density means more oxygen and
an increased nutrient consumption per unit volume of the rootzone. While in general,
no changes in root anatomy have been seen in unrestricted plants [20,21], small volume
causes significant changes in the morphology of the root system. These changes are mainly
manifested by forming ARs, a rapid elongation of apical meristematic tissues, barriers to
radial oxygen loss, and air films in the upper cuticle [26]. The replacement of primary
root by ARs [21] is a typical adaptive change in root morphologyin response to stress
conditions [27]. ARs can promote the exchange of gases by alleviating the adverse effects of
oxygen deficiency [26,28] and enhancing the absorption of nutrients [26,27,29]. Experiments
conducted with cucumbers grown in a floating system confirmed that the primary roots of
root-restricted plants, grown in a container with a 40 mL volume, proliferate towards the
bottom of the container producing numerous shorter lateral roots (LR) that filled the entire
volume with a dense mat of roots [20]. The mat of ARs accelerating the loss of primary
roots was also observed in root-restricted tomato plants [21]. Due to the volume restriction,
the LRs impede their growth, and the root system displays an apparent water-logging
performance indicated by the browning of roots [20]. The ‘root turnover’ progresses with
the loss of older roots and the subsequent gain of new roots.

Root restriction significantly depresses root and shoot growth [14,19,20]. However, the
effects of root restriction on reduced shoot growth are not implemented through nutrient
deficiency or water stress [30]. Root-restricted plants develop more densely branched root
systems than root-unrestricted plants [31]. Since the distal root orders play a key role in the
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uptake and translocation of minerals [32], new, fine roots might be a reason for a higher
nutrient uptake rate in root-restricted plants.

Plant photosynthetic capacity can also be depressed by root restriction [18,33]. The re-
duction in the photosynthesis rate in root-restricted plants is often explained by a feedback
inhibition mechanism of the excessive carbohydrate accumulation in leaves [34,35]. This
was related to decreased sink activity due to removing active sinks [36] or reducing phloem
transport to the available sinks [37]. However, some recent evidence does not support
that claim. No carbohydrate built-up was found in root-restricted chili pepper plants [18].
Similarly, Shi et al. [33] found that decreased photosynthesis rate due to carbohydrate-
induced feedback inhibition did not occur because carbohydrate concentration was lower
in root-restricted tomato plants. The decreased plant ability to capture photosynthetically
active radiation due to reduced leaf area is the main factor for the decreased photosynthetic
activity of root-restricted plants [33]. Further, [14] have found a significant decrease in
root respiration, cytochrome pathway capacity, hydrolytic ATP-ase activities, and root cell
viability. In addition, they reported a significant decrease in leaf water potential, stomatal
conductance, intercellular CO2 concentration, and increases in the stomatal limitation and
the xylem sap ABA concentration [33].

Usually, a larger container size provides higher yields. Thus, the total and first quality
yields of pepper plants grown in a closed irrigation system were highest in the variant
with 16.6 L plant−1 perlite, followed by 6.7 and 3.3 L plant−1 [38]. Similarly, Sakamoto and
Suzuki [22] reported that sweet potato plants grown in small-sized pots (1.6 L) decreased
the fresh weight of tuberous roots compared with plants grown in 3.0 L and 4.5 L pots. By
analyzing the effects of pot volume on tomato growth and yield, Tüzel et al. [23] found
that 8 L rooting volume per plant resulted in a higher total yield (7.4 kg plant−1) than
4 L plant−1(6.2 kg plant−1). Saito et al. [24] found that, in 1 and 6 L root volume, fruit
number per plant, fruit fresh weight, and yield of processing tomatoes were significantly
smaller than 16 L and 26 L treatment. However, differently from the above, Pires et al. [25]
found that the medium volume did not affect the number of fruits and the total yield
of tomatoes grown in pots (5, 7.5, and 10 L plant−1) filled with coconut fiber substrate.
However, the number of non-marketable fruits was higher in the lowest volume irrigated
once a day, due to calcium deficiency.

Despite partly contradictory results, there are fine pieces of evidence that root restric-
tion increases the harvest index—the ratio of edible to total biomass [18,19,30]. Any loss
in edible biomass production is offset by including more plants in a given volume [19].
As such, root restriction can save up to 50% of medium volume and would be beneficial
in reducing production costs [18]. In addition, if properly managed, root restriction can
be a tool for increasing volume use efficiency in both terrestrial and space-flight plant
production systems and reducing inedible biomass burdens in bio regenerative life-support
systems [19]. However, to maximize the benefits of root restriction, further studies should
be conducted focusing on manipulating the limited root system by ensuring adequate
nutrition, optimum irrigation frequency, and maintaining proper rootzone temperature
and oxygenation level.

3. Nutrient Solution

Plants in soil typically exhibit good root growth to gain water and nutrients from
less-explored regions. Contrary to that, in frequently flushed soilless rootzones, the near-
absence of clear depletion zones somewhat diminishes the need by the plant for such active
‘foraging’ [12]. A considerable number of research publications have shown that variation
in root system architecture plays a key role in crop nutrient efficiency [39,40]. A summary of
plant responses to nutrient solutions in SCSs is presented in Table 2. Correspondingly, root
architecture can also be significantly influenced by nutrient availability, the heterogeneity of
the nutrient supply, and symbiotic microorganisms [41]. Forde and Lorenzo [42] reported
two ways to monitor the nutrient supply: directly through localized changes in the nutrient
solution or indirectly through changes in the internal nutrient status of the plant itself. The
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direct pathway allows plants to respond to short-term changes of nutrients and provides
roots with spatial information about the nutrient distribution within the medium profile.
Thus, the developmental responses are concentrated to that region of the medium to benefit
from the nutrient acquisition. The indirect pathway has the advantage of enabling the plant
to integrate its nutritional signals with those coming from the range of other physiological
processes, such as photosynthesis [42].

The phenotypic consequence of a change in nutrient supply in a given genotype
depends on exact nutrient concentration, nutrient distribution and gradients, concentra-
tions of other nutrients, developmental stage of the plant, and environmental factors [43].
Awika et al. [44] tested baby spinach accessions in small pots to determine phenotypic
and genetic correlations between root traits and the shoot fresh weights under low and
high nitrogen concentrations. They also found that, in a restricted soilless medium, the
architecture of roots is a function of genetics defined by the soilless matrix and exogenously
supplied nutrients. When plants face nutrient starvation, root morphology is affected, and
its root surface area (RSA) usually increases. However, the specific effects depend on the
element supplied in lower quantities, as the root response is focused on the assimilation
of a specific nutrient [45]. Thus, although the response to low P is species-dependent, the
general plant response includes primary root growth inhibition, increase in LR and root
hairs, and cluster root formation [46,47].

The general response to low N includes an increase in vertical, deep roots [47]. Gruda
and Schnitzler [48] reported differences in root length (RL) and root mass of tomato
transplants within and outside of containers, depending on N supply. The root mass
inside the container was higher with higher N-application rates. In contrast, outside the
containers, the root mass was significantly higher at low N-application rates. Thus, the RL
increased to search for more nutrients outside the containers.

On the other hand, the effect of nitrate on LR initiation is controversial. Several studies
report a positive effect of nitrate on LR density, while others have found no effects of nitrate
on LR number or density [43]. In general, at the morphological level, the inhibition of
primary root (PR) growth is a typical response to most nutrient deficiencies, except for
sulphur and zinc. In contrast, deficiency-induced LR responses vary considerably between
nutrients producing nutrient-specific patterns of LR length, density, and branching [43].
However, how different root architectures affect the nutrient status of aboveground tissues
and vice versa is a question that cannot be fully understood if nutrients are investigated
in isolation [49]. The crosstalk between different nutrient signals and the benefits of RSA
responses in a particular condition are yet to be characterized [43].

Table 2. Plant responses to nutrient solution.

Plant Response Crop SCS Additional Information Reference

No increase in plant yield by
increasing N fertilization rates

Lettuce

Washed sand; 2.5 L
(no confinement, the control); 1.0 L

(moderate) and 0.4 L
(severe root restriction)

Total nitrogen concentrations in mM
L1, 5.55, 8.05, 10.55, 13.05 and 15.55. [50]

Spinach
Styrofoam trays floated into

80 cm × 44 cm·× 19 cm (52 L)
plastic basins

“Full dose” nutrient solution
(mg L−1: N 150, P 50, K 150, Ca 150,

Mg 50, Fe 5.0, Mn 0.50, Zn 0.05,
B 0.50, Cu 0.03, Mo 0.02), “half dose”

(with macro elements reduced
by 50%)

[51]

Baby leaf lettuce
Styrofoam trays floated into
135 cm × 125 cm × 20 cm

a flotation bed

Nutrient solutions with 12
and 4 mM L−1 N [52]

Primary root growth inhibition,
increase in lateral roots and root hairs Various crops Various production system Limited P supply [39,41,46]

Increase in vertical, deep roots Various crops Various production systems Limited N supply [40,43,47]

Increased root dry weight, specific root
length, root tissue density, and root length

density due to increased irrigation intervals

Tomato, Zinnia
450 mL plastic pots containing either

Metromix 360 (MM360) or Ball
Professional Growing Mix (BPGM)

24-h, 48-h, and 96-h
irrigation intervals [53]

Chili pepper 31 cm × 15 cm × 60 cm container filled
with sandy-loamy soil 1-, 3- and 5-day irrigation intervals [54]
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When the growing system enables maintaining a constant concentration of each
nutrient at the root surface, as is the case of NFT, DFT, and aeroponics, the ability of the
restricted root system to meet plant requirements is not a limiting factor [12]. This is
because frequent fertigation might improve the uptake of nutrients through the continuous
replenishment of nutrients in the depletion zone at the vicinity of the root interface and
enhance the transport of dissolved nutrients by mass flow [55].

In commercial production, soilless grown crops are commonly provided with high
levels of inorganic nutrients. While this practice prevents growth from being limited by
nutrient supply, it can exacerbate the release of nutrients into the environment. According
to Grewal et al. [56], the drainage water contained 59% of applied N, 25% of applied P,
and 55% of applied K. Similarly, Yang and Kim [57] reported in a recent study that only
30–40% and 46–62% of total N and P inputs, were assimilated into aquaponic crops. Lower
proportions of 14–25% and 11–21% of total N and P inputs were assimilated into hydroponic
crops. Therefore, it is recommended to decrease nutrient concentrations, especially N, in
feeding recipes [58].

According to Cardoso et al. [50], root confinement reduces plant growth. However,
the increase of N concentrations in the nutrient solution does not compensate the entire
reduction in plant growth; the increase of N concentration in the nutrient solution en-
hanced shoot growth at the expense of decreased root growth. By studying the effect of
different nutrient solution concentrations in a floating system, Öztekinet et al. [51] found
no differences between full and half dose applications in many measured parameters of
spinach. The authors concluded that half-dose application might be preferred in terms
of yield and water consumption. Meantime, a reduction in leaf nitrate content due to
reduced N concentration in the nutrient solution (4 mM vs. 12 mM) was reported in baby
leaf lettuce grown in a floating system [52]. The limitation of nutrient element supply
(3-0.5-1.25mM of N-P-K), particularly combined with the restriction of root volume (9 L),
tended to induce early flowering, fruit set and maturation, and enhanced the allocation
of assimilates to pepper fruits [30]. Savvas and Gruda [10] and Gruda et al. [59] also
reported some methods to reduce the nitrate contents in SCS-leafy vegetables by lowering
or eliminating the NO3-N supply a few days before harvesting. However, nitrate-lowering
strategies require appropriate calibration based on species-/genotype-specific responses
interacting with climate and growing conditions [60].

4. Water Supply and Irrigation

The exact time to initiate an irrigation event and the respective amount of water
are the most critical factors for efficient irrigation management and saving water [61,62].
Irrigation frequency affects plant growth and productivity (Table 3), either directly by
affecting the wetting patterns and water distribution in the medium volume, modulating
root distribution and growth, or indirectly on nutrient availability [63].

Table 3. Plant responses to irrigation frequency.

Plant Response Crop SCS Additional Information Reference

Increased irrigation frequency
increases plant yield

Chrysanthemum Seedling tray contained
coconut peat

Irrigation frequencies of 4, 6,
and 8 times/day [64]

Tomato 40-L (15 cm × 18 cm × 120 cm)
bags containing expanded perlite

Irrigation applied when the
plants had consumed 0.4-, 0.8-,

or 1.2-L of water
[65]

Vertical root-density distribution mimics
container moisture content. Denser at the

lower part of the container.

Tomato Wood fiber substrate [66]

Chili pepper 31 × 15 × 60 cm container filled
with sandy-loamy soil

1-, 3-, and 5-day
irrigation intervals [54]

The irrigation method, rate, timing, and interval affect root initiation, elongation,
branching, development, and dry-matter partitioning between roots and shoots [67].
Roberts et al. [53] reported that plug-cell transplants irrigated at intervals of 48 h for
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zinnia (Zinnia elegans Jacq.) or 96 h for tomatoes (Lycopersicon esculentum Mill.) showed
significantly higher root parameters than similar transplants watered daily [53]. Similarly,
Ismail and Ozawa [54] found that a 3-day irrigation interval showed a remarkably higher
root development for chili pepper than 1 or 5 d treatments.

According to Savvas and Gruda [10], the particle size of the growing media and
container geometry affects water availability and aeration in the rootzone. Generally,
root development is better in well-aerated growing media with high air volume and high
saturated hydraulic conductivity. For instance, root development of plants grown in
wood fibers and coir is better than in a peat-based substrate [68]. The growing medium’s
interaction with water supply influences wetting patterns in the rootzone, easily available
water, leaching fraction, water availability [68–70], and consequently, root formation [66].
Variation in water supply led to different heights of substrate moisture in containers.
Usually, the wetted layer of the substrate is larger in optimum water supply treatments
and reduced in drought conditions. Gruda and Schnitzler [66] reported that the substrate
moisture of the whole container could be achieved only for the treatments with a high
matrix potential. This is reflected in a reduced development of rooting mass in drought
treatments [66]. The vertical distribution of moisture content in containers affects the
vertical root-density distribution [71]. Typically, the root distribution pattern mimics
moisture distribution [54]; the geotropic and hydrotropic nature of roots favor the formation
of a root layer at the bottom of the container.

The main mechanisms by which irrigation frequency enhances nutrient acquisition
by the plant are the frequent replenishment of the nutrient solution in the depletion
zone adjacent to the root surface and the enhancement of mass flow transport [55,63].
Thus, the increase of irrigation in SCS fertigation frequency could serve as an efficient
tool to enhance crop yield by improving the availability of less mobile nutrients, such
as P and K and water [55,72]. In addition, altering irrigation frequency increases N’s
availability in the growing medium or the ability of roots to absorb it with a generally
increased N use efficiency [73]. However, at high irrigation frequencies, as the time interval
between consecutive fertigations is reduced, the NH4 concentration increases. Therefore,
an adjustment of the NH4/NO3 ratio to diminish the risks of NH4 toxicity in sensitive
crops is recommended [55,63].

Irrigation frequency affects the target nutrient concentration, which Bar Yosef [74]
defines as a concentration providing an uptake rate equalling the target nutrient consump-
tion rate by the crop at the specific growth stage. For example, pepper fertigated 18 times
per day gave a similar total yield, large fruit yield, and unmarketable yield under target N
concentrations of 70 and 140 mg L. In contrast, tomato response to N target concentration
was even more assertive than pepper, showing an evident decline in total, marketable,
and large fruit yields as N concentration increased from 50 to 150 and 250 mg L−1 N [74].
As a general rule, at a higher frequency, the nutrient depletion zones around roots are
more often replenished by a fresh solution, increasing the time-averaged concentration in
the rootzone. Therefore, under similar weather and substrate conditions, a higher target
nutrient concentration is required under low irrigation frequency [38].

Irrigation frequency, directly or indirectly, influences plant yield and several physiolog-
ical aspects [63]. However, the results regarding the effect of irrigation frequency on plant
production are sometimes contradictory. For instance, Nikolaou et al. [74] reported that
irrigation frequency did not influence cucumber crop’s growth and production. According
to the authors, plants at low irrigation frequency induce water stress conditions, whereas
high irrigation frequency increases the plants’ transpiration rate, resulting in less water
and nutrient losses. On the contrary, Taweesak et al. [64] reported that increased irrigation
frequency improves plant growth and the number of flowers of chrysanthemum plants
grown under restricted root conditions. Similarly, Rodriguez-Ortega et al. [65] concluded
that for the optimal fertigation management of tomato plants grown in growing bags filled
with perlite, moderate- or high-frequency irrigation is required. According to them, low-
frequency irrigation is not recommended because it causes water deficit in plants due to
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salts accumulation in the medium. The effects of irrigation frequency and water availability
in the rootzone in SCSs could be related to the heterogeneity of root distribution in the
rootzone [61] and photoassimilate partitioning between shoot and root [25]. However,
container geometry, the temperature in the rootzone [75], and the hydraulic conductivity
of the medium affect the water status characteristics [76].

Lastly, high irrigation frequency can positively affect the radicle length of different
species by washing phytotoxic compounds when forestry products, such as bark, sawdust,
and woodchips, were used. These results were not only found in bioassays [77,78] but also
in container plants [77].

5. Rootzone Temperature

The environment temperature is a key factor in seed germination and subsequent
root system development [79]. A summary of recent publications studying the effects of
rootzone temperature is presented in Table 4. Optimum root temperatures will stimulate
constant growth and the formation of new roots and improve nutrients and water uptake,
crucially essential for the rapid growth of SCS plants [80]. The mechanisms regulating
root growth under a specific temperature remain unclear [81]. However, in addition to
changes in assimilate partitioning between roots and shoots [82], cold temperatures affect
the growth rate of single root tips and the total root system architecture, especially the
formation and orientation of LRs [83].

The root system comprises embryonic roots (radicles) and post-embryonic roots
formed from the existing roots LRs or ARs. LRs affect the root system architecture [84].
Lateral root primordia development (LRP), LR emergence, organ growth, and the peri-
odic branching of higher-order LRs are the main processes that increase the size of the
root system [85]. Although the times and places of LRP morphogenesis are genetically
controlled [86], plants can have very different root system architectures when grown in
varying environmental conditions [2]. The exposure of plant roots to temperatures below
or above their optimum temperature generally decreases (i) primary root length, (ii) LR
density, and (iii) the angle under which LRs emerge from the primary root, whereas the
average LR length is unaffected [79].

Roots growing in containers are more exposed to extreme ambient temperatures than
soil-grown roots [12]. As a rule, the smaller the medium/nutrient solution volume is, the
larger the temperature fluctuations are expected. In a study by Xu et al. [30], rootzone
temperature (RZT) in a small container (9 L) varied between 14.1 and 26.9 ◦C. It was close
to the variation of air temperature in small containers. In contrast, in large- and middle-
sized containers, a narrower temperature variation was maintained during the daily cycle,
and a higher temperature was recorded at night. Usually, an increased root:shoot ratio
was recorded under unfavourable, low RZTs. This adaptation may overcome water and
nutrient uptake restrictions due to increased water viscosity or decreased root hydraulic
conductance [79].

Table 4. Plant responses to rootzone temperature.

Plant Response Crop Production System Additional Information Reference

Increased root length
Cucumber Plastic pots filled with sand 12 ◦C vs. 20 ◦C [87]

Garden pea Foam trays filled with peat 12 ◦C vs. 20 ◦C [88]

Increased root branching

Oilseed rape Petri dishes filled with agar 10, 15 and 20 ◦C [83]

Several species
Transparent cylinders, filled with a growth

medium made from half-strength Hoagland
solution and 0.2% Phytagel

18–34 ◦C [88]

Increased root density
Oilseed rape Petri dishes filled with agar 10, 15 and 20 ◦C [83]

Garden pea Foam trays filled with peat 12 ◦C vs. 20 ◦C [89]

Reduced yield

Lettuce DFT hydroponic system with 25 ◦C and 30 ◦C vs. 10 ◦C [90]

Tomato Rockwool, cubs and slabs 16–27 ◦C vs. 10 ◦C [91]

Tomato NFT hydroponic system 20.3 vs. 16.6 ◦C and14.2 vs. 5.8 ◦C [92]

Baby leaves of lettuce and rocket Floating system 30 vs. 21.9 ◦C [93]
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The increase of RZT to an optimum level significantly increases RL [87], primarily due
to the increased density of LR [89]. At temperatures of 10–15 ◦C, the emerged LRs were
densest near the basal part of the tap root and declined acropetally along with it in garden
pea grown in a soilless culture system. Root branching is also affected by temperature.
According to Nagel et al. [83], lateral root formation in oilseed rape at 10 ◦C started later,
and the branching rate was reduced by 60% compared with the treatment of 20 ◦C. The
same effect was reported by Luo et al. [88] in the seedlings of different subtropical species.
On the other side, increased average root diameter [94] and the initiation of second and
third-order laterals [95] were reported in roots suffering from supra optimal temperature
stress. Changes in root system morphology are adaptive plant responses to temperature
stress, providing greater surface area for absorption per unit root weight or length [96].

In addition to root system architecture, especially the formation, density, and orienta-
tion of LRs [83,89], rootzone temperature affects the functionality of the root system [92,97].
Root water uptake decreases drastically when the temperature goes down because of the
decrease in the vapour pressure deficit (VPD) and the increase in the viscosity of water [98].
Also, root hydraulic conductance decreases faster than stomatal conductance when only the
roots were subjected to low-temperature stress [98,99]. Hence, although the transpiration
rate decreases under low-temperature conditions because of a decrease in VPD between
the leaf surface and the atmosphere, the stomata of the sensitive plants remain open. In
contrast, those of the tolerant plants close more rapidly. Under such conditions, sensitive
plants, such as cucumber and melon, start losing water from their leaves at dawn, while
the roots are still cold [99]. The decreased root-sourced water supply negatively affects leaf
growth [100] and stomatal conductance [101], and consequently, the overall assimilation
capability of a plant [97].

The rate of nutrient uptake in a plant might also be disturbed by low rootzone tem-
perature. The magnitude of these effects depends on the crop’s physiological stage [99]
and growing season and cultivar [91]. According to Xu et al. [30], increasing root medium
temperatures can increase N, P, and K uptake in pepper plants and enhance branch growth
and total fruit yield, despite delayed flowering and fruit set. Similar results were reported
by Tachibana [102] and Kawasaki et al. [103]. Increased rootzone temperature advanced the
internal xylem’s structure near the root tip [92,103]. This increases both xylem exudation
and root respiration, which improves nutrient transport to the shoot and increases shoot
growth [92,103]. The enhancement of nutrient uptake and the improvement in nutrient
transportation from roots to the aerial part of plants in optimum root temperature have
different reasons. Apart from changes in root structure, a higher transpiration rate of the
root system was recorded [104].

High rootzone temperature can also affect the functionality of the root system. The
adverse effects of high root temperature result from a significant increase in root respira-
tion rate [99], reduced oxygen solubility in the nutrient solution, and decreased oxygen
consumption and cell viability [105]. The increased enzymatic oxidization of phenolic
compounds in root epidermal and cortex tissues could be a reason as well [106]. The effects
of high temperature have to be counted in both the short and long term. In the short term,
a high solution temperature activates water and nutrient uptake through decreased water
viscosity and affects membranes transport. In contrast, in the long-term, high temperature
cause growth depression and browning in roots, accompanied by depressed water and
nutrient uptake rates [106]. Often, heat affects roots’ incomplete recovery even after several
days of post-heat recapture [107].

The adverse effects of high rootzone temperature on the root system and whole
plant growth and development might further worsen when ammonium is applied as the
source of N [12]. At rootzone temperatures as high as 25 ◦C, plant tolerance to high NH4
concentrations is often reduced due to low carbohydrate concentration in the cytoplasm
available to detoxify cytoplasmic ammonia (NH3) [99].

The growth and yield of many plants are influenced by rootzone temperature [92,97].
A 7-day low temperature (10 ◦C) exposure reduced leaf area, stem size, fresh weight, and
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the water content of lettuce, compared with ambient rootzone temperature (20 ◦C) expo-
sure [90]. Similarly, a reduction of marketable yield per plant was observed in two different
cocktail tomato cultivars in response to root cooling in winter, but not in summer [91].
On the other side, the increment of rootzone temperature from 13–19 ◦C had a significant
positive effect on the growth of cucumber seedlings [97]. This preserved the photosynthetic
capability of the already existing leaves and promoted the expansion rate of the newly
developed leaves [97].

In the same way, in tomatoes grown in a NFT system, the fruit yield was higher in the
heating treatment than the control; the increased individual fruit dry weight was responsi-
ble for this difference [92]. During extreme weather conditions, the yield of baby lettuce
and rocket was 31.4% and 18.9% higher with controlled RZT than the control, respectively,
whilst quality parameters and chemical composition were not affected significantly [93].
Contrary to that, high rootzone temperatures have reduced shoot and root growth and
water content in carrots grown in a DFT hydroponic system. In contrast, total phenolic
compounds and soluble-solid content were increased [108].

In most cases, root cooling had a positive effect on the functional quality of toma-
toes [91]. Sakamoto and Suzuki [90] have also reported that lettuce leaves under low
rootzone temperature contained higher anthocyanin, phenols, sugar, and nitrate concentra-
tions than leaves under optimum temperatures. Similarly, according to Kawasaki et al. [92],
the soluble solid content of tomato fruits decreased in a rootzone heating treatment. Slightly
different from above, the contents of ascorbic acid and sugar in strawberry fruits were not
significantly influenced by the rootzone cooling [105].

6. Oxygenation

Plants adapt to low soil oxygen availability through root morphology, anatomy, and
architecture to maintain root system functioning [109]. A summary of plant reactions under
O2 deficiency is presented in Table 5. Total root length, surface area, and the volume and
number of forks are significantly reduced under O2 deficiency conditions [110]. In addition,
the formation, elongation, and growth angle of roots change under flooding conditions,
resulting in an overall altered root architecture [109]. Therefore, the flooding-induced
inhibition of root growth ultimately would lead to nutrient limitation and negatively
impact the survival of the whole plant [79]. The phenomenon of hypoxiais particularly
acute in hot periods when water temperatures increase, because the quantity of dissolved
oxygen in water decreases and the rate of root respiration increases [111].

There are differences in sensitivity to oxygen deficiency in the rooting medium among
plant species [112]. Under O2 deficiency stress, tolerant plants develop several below-
ground adaptations, including adventitious root, aerenchyma, radial oxygen-loss barrier
development, and a change in root hydraulic conductance [109,113]. The formation of
aerenchyma in the root is one of the best-studied adaptations of plants to oxygen depletion,
providing an alternative pathway for oxygen supply to the root tissue [114]. This requires
that new, well-adapted, adventitious roots be formed. Thus, axial oxygen loss can be
kept to a minimum so that the root tip becomes a well-oxygenated micro-climate [79].
In addition, a greater cortex-to-stele ratio and a smaller surface area to the volume also
encourage the diffusion of O2 along roots. In contrast, barriers within the outer cell layers
to prevent radial O2 loss from the cortex to the rhizosphere further improves O2 movement
to the growing apex of roots in waterlogged growing media [109].

Lack of oxygen in the rootzone induces developmental responses in the shoot, such as
epinastic leaf curvature, stomatal closure, and the slowing of leaf expansion—all reactions
to compensate for the diminished input of resources from the roots [115]. Leaf yellowing,
wilting, roots rotting, and root blackening are also common symptoms of waterlogged
plants [113]. The appearance of wilting in waterlogged plants has generally been attributed
to the effects of ethylene production by roots rather than to a shortage of water to maintain
leaf turgor. In addition, the observation of altered aquaporin activity and lower hydraulic
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conductance in response to hypoxia stress suggests that the leaves of waterlogged plants
are water deficit stressed. However, this hypothesis needs testing [113].

Table 5. Plant responses to rootzone oxygen.

Plant Response Crop Production System
Additional

Information
Reference

Alterations in formation, elongation,
and growth angle of roots. Various crops Various systems O2 deficiency [109]

Adventitious root formation,
aerenchyma, and radial oxygen-loss

barrier development

Cucumber Floating system O2 deficiency [20]

Tomato Flow-through hydroponic
culture system (FTS) O2 deficiency [21]

Various crops Various systems O2 deficiency [113]

Increased yield
Melon Rockwool, cubs, and slabs Oxygen enrichment [116]

Melon Rockwool, cubs, and slabs Oxygen enrichment [117]

Lettuce Nutrient solution Oxygen enrichment [118]

Available oxygen is mainly determined by the layout of the hydroponic system and the
substrate’s physical properties. In contrast, oxygen diffusion rates into the water depend
directly on volumetric air content, partial oxygen pressure, and temperature [119]. Morard
and Silvestre [111] reported that the rate of root respiration depends on plant species and
can differ from 1.44 to 7.8 μmol O2 h−1 g−1 root FW. Considering that oxygen concentration
in the rootzone of plants in soilless systems is quite variable and rapidly changes [12],
attention should be paid not to let it fall below a plant-specific critical value [120].

High root respiration rate, high medium temperature, and high crop water demand
are factors that may provoke oxygen deficiency, even in well-aerated substrate crops [116].
In container-grown plants, an accumulation of roots at the bottom of the container is usually
observed. This results in intense root-to-root competition for oxygen and nutrients, leading
to more rapid decreases in the concentration of dissolved oxygen due to the respiration
of an extensive mass of dense roots and as a consequence of the existence of a perched
water layer on the bottom of the container [12]. This situation may be aggravated by the
consumption of oxygen from microorganisms under warm condition, which can complete
O2 depletion in less than 24 h. Consequently, roots will quickly be exposed to a transition
from a fully aerobic to an anaerobic environment [121].

Hydroponically grown plants may also suffer from oxygen deficiency. Especially in
NFT, the oxygen concentration can heavily deplete during the daytime [120]. Furthermore,
when roots start to intertwine and shield each other, the flow rate of the nearby root
nutrient solution is reduced. This means the transport rate of oxygen to dense root layers,
even in deep flow systems, can be limited, despite large flows in the adjacent nutrient
solution [122].

Under root asphyxia conditions, plants might use the oxygen from the reduction
reactions of nitrates to nitrites to ensure water and nitrate uptake processes, relying on
the metabolism of the “nitrate respiration” type [123]. In these conditions, switching
from aerobic respiration to the glycolytic generation of ATP results in a severe decrease in
energy available for maintenance, growth, and ion uptake [79]. Since less ATP is produced,
this implies that adaptation has a cost that will probably result in reduced growth and
yield [113]. According to Morard et al. [123], oxygen deprivation of the nutrient solution
has an immediate effect on the water and nutrient uptake of the whole plant. Thus, root
asphyxia of a tomato plant causes a 20 to 30% decrease in water uptake after 48 h, and the
active uptake of nutrients, namely nitrate, potassium, and phosphate, is rapidly reduced. In
addition, oxygen deficiency inhibits plant gas exchange parameters and net photosynthetic
rate [35]. On the contrary, aeration promotes plant growth, leaf K, P, Mg, and water
uptake [124], and plant net photosynthetic rate [35].
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Oxygenation is a common practice in soilless commercial production, and several
oxygenation methods are practised [118,125]. A higher yield of marketable and first cate-
gory fruits was reported in melon plants grown in rockwool slabs for the oxygen-enriched
treatment [116]. Also, increased head size and leaf number were reported by Öztekin
and Tüzel [118] in lettuce plants grown with an aerated nutrient solution. Furthermore,
Bonachela et al. [117] showed an increase in total and marketable yield for the oxygen-
enriched melon grown on rockwool slabs. No significant differences were found for the
melons grown on perlite grow bags. Therefore, they concluded that oxygen enrichment
should be restricted to rockwool and to crop periods when a high oxygen demand concurs
with low oxygen availability. In addition, no effects of oxygen enrichment on yieldwere
found in pepper and cucumber plants grown in porous mediasuch as cedar sawdust and
perlite [126]. Lee et al. [127] warned that excessive aeration inhibits root respiration, nutri-
ents, bioactivity, and water uptake, resulting in reduced plant growth and fruit yield. Some
modern oxygenation technologies can increase the nutrient solution dissolved oxygen (DO)
level to a few times higher than the saturation level at ambient conditions. To find out
whether too high of a rootzone DO can negatively affect the plant in SCS, Zheng et al. [128]
grew young tomato plants in a deep water culture system with DO at 8, 20, 30, or 40 mg L−1.
They found that two weeks from the start of the experiment, the roots in the 40 mg L−1

treatment were stunted and thicker, with fewer side and fine roots compared to roots in the
other three treatments, and the root respiration rate increased linearly with the increasing
DO. Therefore, they recommend, for soilless cultivation, rootzone DO should not go higher
than 30 mg L−1.

7. Water Pressure Deficit

Vapour pressure deficit (VPD) is the difference between the saturated vapour pressure
and the actual vapour pressure at a given temperature. VPD can affect plant root morphol-
ogy, architecture, and performance in soilless grown plants. For example, Zhang et al. [129]
grew Lycopersicon esculentum seedlings in perlite and vermiculite mix under either high
VPD (4–5 kPa at noon) or low VPD (<1.5 kPa) conditions. They found that the seedlings
grown under low VPD had longer total root length, larger root diameter, higher total root
volume, total root surface area, number of root tips, number of root forks, and biomass.
They further divided the roots into three diameter ranges (0–0.5, 0.5–1.0, and >1.0 mm) and
found that root lengths for root diameters in the 0–0.5 and 0.5–1.0 mm ranges were greater
under the low VPD condition than those under the high VPD condition. VPD did not have
any effect on root length of the roots with diameter >1.0 mm. By growing Lycopersicon
esculentum plants under either low VPD (0.23 kPa) or moderate VPD (0.7 kPa), Arve and
Torre [130] found that plants grown under the low VPD developed adventitious roots at
the base of the stem. However, those under the moderate VPD did not. Low VPD increases
root biomass for plants in the soilless system reported in other studies [131]. The response
of root growth to VPD is species specific, and the VPD is range dependent. Zheng and
Shimizu [132] grew four species of conifer tree seedlings in vermiculite under four different
VPDs (2.40/1.32, 2.00/1.06, 1.60/0.79, or 1.20/0.53 kPa during light/dark), they found the
root biomass of Pinus massoniana increased linearly with the increase of VPD; however,
there was no VPD effect on the root biomass of Pinus tabulaeformis; Platycladus orientalis and
Cunninghamia lanceolata.

Roots with different diameters can have different abilities in water and nutrient uptake;
it is generally believed that finer roots are better in water and nutrient uptake. VPD not only
can affect plant morphology and architecture and eventually, affect plant root water and
nutrient uptake, but VPD is also a major driving force for plant water and nutrient uptake.
When VPD is high, water is readily transpired from the leaf to the air, resulting in high
water and nutrient uptake. However, when VPD is too high, water cannot flow up quickly
enough, resulting in stomatal closure and reduced water and nutrient uptake. When
VPD is low, root uptake of nutrients can also be limited. The leaf Ca content dramatically
decreased by growing Lycopersicon esculentum in a low VPD environment [133].
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Most of the existing studies were focusing on how rootzone moisture levels affect root
morphology and architecture. More research is needed to investigate how different species
respond to the realistic VPD ranges in soilless plant production facilities.

8. Lighting

Lighting has three aspects: light intensity, spectral quality, and photoperiod. Lighting
can affect root initiation, growth, and ultimately, affect root water and nutrient uptake.
The generally accepted view for root initiation and growth is that there is an optimal
light intensity for different species, and different species may have different optimal light
spectra [134]. Gil et al. [135] rooted Dendranthema × grandiflorum cuttings in the soilless
medium under either a blue (peaked at 460 nm) or red (peaked at 625 nm) light-emitting
diode (LED) or fluorescent lights, all with photosynthetic photon flux density (PPFD) at 5,
35, or 65 μmol·m−2·s−1. Their results showed that the number of adventitious roots and
root dry weights were the highest for the cuttings under the 65 μmol·m−2·s−1, regardless of
the light spectrum used; under the same PPFD of 35 μmol·m−2·s−1, the blue LED treatment
had the highest number of adventitious roots, root length, and root dry weight among
the three light spectrum treatments, in general. Their finding indicates that blue light can
stimulate root initiation and growth. This is also supported by a few other recent studies.
For example, Rasool et al. [136] exposed cuttings (inserted in plugs containing soilless
medium) of Kalanchoe blossfeldiana under LEDs with different red and blue ratios,90:10,
70:30, and 15:85; results showed that the root-covered plug surfaces were highest under the
two higher blue ratios. Navidad et al. [137] grew Abies laciocarpa and Piceaabies seedlings
under either highpressure sodium light (HPS) with 5% blue (low blue) or under the same
HPS but increased the blue portion to 30% (high blue) using LED. They found that the
high blue treatment resulted in a 3.8 times increased root dry weight and a reduced total
root length in P. abies but had no effect on the root growth of A. laciocarpa. Olschowski
et al. [138], also showed that Calibrachoa cuttings rooted in soilless plugs generally had
higher root dry weight and total root length under higher vs. lower light intensity (i.e.,
PPFD of 80 vs. 40 μmol·m−2·s−1), regardless of the light spectrum. They also showed that
plants had higher root dry weight under HPS light and a combination of white, blue, and
red LEDs than those under the red-, blue-, or white-only LEDs.

Light can also affect root water and nutrient uptake performance. For example, by
growing Brassica oleracea var. Alboglabra under either fluorescent or LED lights, with differ-
ent blue and red light ratios of 1:9, 2:8, and 4:6, Barickman et al. [139] found that the shoot
tissue concentrations of P, S, K, Ca, and Mg increased under the LEDs, compared to those
under the fluorescent light. However, the root tissue concentrations increased for K and
decreased for Mg under LEDs vs. fluorescent, and no light-treatment effects were observed
on Ca or P uptake. By growing Larix principis-rupprechtii seedlings under different fertili-
sation levels and two LED spectral combinations, Zhao et al. [140] found light×nutrient
interactions on root dry weight, uptake of N and P, and the nutrient utilisation efficiencies.
There is no clear cut whether light affects root morphology and architecture, leading it to
affect water and nutrient uptake. It mainly affects plant aboveground (e.g., leaf morphol-
ogy and, size and stomatal conductance) and ultimately leads to affecting on water and
nutrient uptake.

Based on the limited available literature, we are not able to generalize which spectrum
or spectra combination are the best in promoting root initiation, root growth, and root
water and nutrient uptake; however, both light quality and intensity can affect water and
nutrient uptake, and the effects are species, lighting, and environment-dependent [141].
Future research needs to investigate how light spectrum, intensity, and photoperiod affect
root growth, morphology, architecture, and nutrient and water uptake during the entire
plant growth and development period, rather than only during the early propagation stage.
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9. CO2

Since roots are one of the major organs for the storage of photosynthates, the growth,
architecture, and nutrient contents of roots will be considerably impacted by elevated
CO2 [eCO2]. eCO2 increases root to shoot ratio in nutrient-limited conditions because the
increased biomass by eCO2 will be preferentially allocated to roots to exploit and acquire
more nutrients [142]. By using a meta-analysis, Dong et al. [143] found an 8% increase in
the root-to-shoot ratio of vegetables and a 35% increase in yield of root vegetables under
[eCO2] conditions compared to ambient [CO2] conditions. The improvement of vegetable
root growth by [eCO2] may be attributed to plants’ higher nutrient requirement, leading
to more allocation of photosynthates to roots [142]. The biomass and the morphology of
vegetable roots could dramatically change under [eCO2] conditions. Li et al. [144] found
that the total root length, root surface area, root volume, average diameter, and the number
of root tips of cucumber plants were also significantly increased by elevating [CO2] from
400 to 1200 μmol mol−1 with sufficient nitrogen supply [144]. The authors also found
that the concentrations of three soluble sugars (glucose, fructose, and sucrose) and three
organic acids (citric acid, malic acid, and oxalic acid) were all increased with [eCO2]. Those
results indicated that [eCO2] strongly promoted the robust root growth of vegetables and
facilitated the transportation of photosynthates from aerial part to roots.

10. Rootzone pH

Rootzone pH can affect nutrient availability and the microorganism community and
activities and cause effects on root initiation and growth and ultimately, influence root water
and nutrient uptake [141]. For soilless production, it is recommended to keep rootzone
pH between 5.5 and 6.5 for most plant species. Lower than pH 5.5, there is a potential for
toxicity caused by an excess concentration of Mn levels; higher than 6.5, many elements,
such as P, Fe and Mn, can become unavailable to plants. Dysko et al. [145] compared
different pH levels (4.5, 5.0, 5.5, 6.0, and 6.5) of nutrient solution of tomato plants grown
on mats made of shredded rye straw, peat, or rockwool slabs. The authors found that the
concentration of available phosphorus in the root zone was strictly linked with the pH level
of the nutrient solution, and the substrate used and available phosphorus was lower in
organic substrates (straw, peat) than in rockwool, and, regardless of the substrate type, the
best yield performance was obtained at pH 5.5 of the nutrient solution. However, higher
nitrogen, calcium, and magnesium concentrations were obtained in organic substrates [146].
In gerbera plants grown in pumice, the high pH level of a nutrient solution (5.0 vs. 5.8)
increased the pH of RZ, resulting in significant restrictions in Cu, Mn and Zn uptake [147].

Different plant species can have different sensitivities to rootzone pH, and differ-
ent plant species can also influence their rootzone pH differently. By growing different
species in a soilless cultivation system, Huang et al. [148] found that Viola × wittrockiana,
Petunia × hybrida, and Catharanthus roseus seedlings raised rootzone pH. However, Celosia
cristata, Lycopersicon esculentum, and Zinnia elegans seedlings lowered rootzone pH. Grow-
ing Echinacea purpurea and E. angustifolia in three different soilless cultivation systems with
three different growing media and three NO3/NH4 ratios, Zheng et al. [149] found that
rootzone pH remained stable in both Echinacea species, regardless of growing media or
the ratio of NO3/NH4. Zhang et al. [150] studied the effects of Ca at different pH levels of
RZ in jack pine (Pinus banksiana) seedlings and found that high pH and Ca concentrations
decreased root dry weight and inhibited root cell elongation

More studies need to be designed to investigate how rootzone pH affects root growth,
morphology, and architecture in soilless cultivation.

11. Root Exudates and Allelopathy

Plant root exudates include carbohydrates, organic acids (e.g., aminoacids), nucle-
osides, flavonoids, phenolics, glucosinolates, salicylic and jasmonic acid catabolites, en-
zymes, and vitamins [141]. More than 100 compounds were detected in the root exudates
from Arabidopsis thaliana grown in a hydroponic system [151]. Plants allocate about 27%
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of carbon to their roots, and roots release about11% of the net fixed carbon in to the
rootzone [1]. The amount and type of exudates depend on plant species, ages, rootzone
microorganisms, and the growing environment. Root exudates can improve plant root
and shoot growth and improve plant resistance to unfavourable conditions by attracting
beneficial microbiota, toxic chelating compounds in the rootzone, changing rootzone pH,
and increasing certain nutrient elements [1]. More research is needed to investigate what
compounds can be beneficial to root initiation, growth, morphology, and architecture in
order to utilize them to promote plant growth in a soilless cultivation system.

Some root exudates can have inhibitory effects on themselves or other species. These
chemicals are known as allelochemicals, which can cause a variety of stresses (e.g., oxidative
stress) to plants. Allelochemicals can cause injury to roots, reduce root water and nutrient
uptake, and ultimately, reduce photosynthesis and plant growth [141]. By growing Dactylis
glomerata L., cv. Amba, Lolium perenne L. cv.’Belida’, and Rumex acetosa L. cv. ‘Belleville’,
in a soilless medium, Hussain and Reigosa [152], found that the root length of all the
three species was reduced when there was a presence of either one of the allelochemicals,
benzoxazolin-2(3H)-one or cinnamic acid, at a concentration of 0.1 mM or higher.

In soilless cultivation systems, nutrient solutions are often reused. This practice can
lead to the accumulation of certain allelochemicals, which can negatively impact plant roots.
For example, by growing Lactuca sativa cv. Southern in solution culture, Talukder et al. [153]
demonstrated that the length of the longest root and total root dry weight of plants were
reduced when the nutrient solution was continuously used without replacement for six
weeks, compared with the control. When the solution was treated by different technologies
to degrade the harmful allelochemicals, these root growth attributes were the same as the
control. Future research needs to investigate what allelochemicals at what critical level can
cause adverse effects on what species in order to provide recommendations for soilless
cultivators to decide which species can be grown within the same nutrient solution and
when and what technologies to use for extending nutrient solution life for reuse.

12. Root–Microbial Relationships

Plant roots release a vast range of low- and high-molecular weight compounds, includ-
ing carbohydrates, amino acids, organic acids, fatty acids, proteins, enzymes, nucleotides,
and vitamins [154–156]. The type and amount of root exudates are affected by plant species,
growth stage, the physico-chemical properties of the growing medium, and other factors.
The latter could be (i) physical, such as light, water status, salinity, and temperature;
(ii) chemical, nutrient quantity, toxic ions, and pH; and (iii) biological, such as a microbial
community [1]. Among other functions, root exudates have a crucial role in the com-
munication between plants and rhizosphere-inhabiting microorganisms [1,157,158]. The
chemical communication and interaction between plant roots and microorganisms may be
positive or negative [159]. The ones having positive interactions are called plant-beneficial
microorganisms. They include mycorrhizal fungi and plant growth-promoting bacteria
(PGPR), which help plants by enhancing nutrient availability, inducing plant defence mech-
anisms, and improving the effectiveness and interaction of plants in SCS [59,160]. The ones
having negative interactions, such as competition, parasitism, and pathogenesis, include
pathogenic fungi, viruses, and bacteria [158].

The population of microorganisms is low before planting in a solid growing media or
nutrient solution. However, high numbers of aerobic, heterotrophic bacteria are present
within twenty hours after transplanting [161], derived from plant material, growing media,
water, and insects [162]. The contamination of microorganisms starts immediately after
planting and is affected by the growing system and media, e.g., organic vs. inorganic,
moisture content; nutrient status (e.g., pH, concentration and sources of organic and
inorganic nutrients); species and growth stage of the plant and environmental factors [163].

The number of aerobic bacteria is significantly lower in a deep water culture (DWC)
compared with NFT, inorganic (rockwool) and organic (coconut fiber) substrate cul-
ture, whereas beneficial fungi are significantly higher in coconut-fiber culture than other
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SCSs [164]. However, the composition and function of the microbial population on the root
and nutrient solution changes during the growing season [165,166].

Arbuscular mycorrhizal fungi (AMF) could increase yield and improve the quality
of vegetables [167,168] and other horticultural crops [169]. The improved performance
of AM-inoculated plants has been attributed to the more efficient uptake of nutrients,
increase in photosynthesis efficiency, the facilitation of water uptake, and the mitigation
of ionic imbalances [170–172]. Root association with AMF enhances nutrient acquisition,
particularly for diffusion-limited mineral nutrients, such as P, Zn, and Cu [173]. In the
case of P acquisition, it may be attributed to integrative physiological/biochemical events,
including the proliferation of mycorrhizal hyphae, improved root morphology, increased
soil acid phosphatase activity, and the AMF-up-regulated expression of roots [172]. In
accordance, Nurbaity et al. [174] recommended that phosphorus concentration in ebb-flow
techniques could be reduced up to 50% when AMF is used.

In addition, AMF may lower the root infections of pathogens in SCSs [175], such as
Pythium aphanidermatum in cucumber [176], Fusarium oxysporum f. sp. Radicis lycopersici in
tomato [177], or Phytophthora cryptogea in gerbera [178]. Furthermore, Song et al. [179] re-
ported that mycorrhizal inoculation with AMF Funneliformis mosseae significantly alleviated
tomato early blight (Alternaria solani) in sand culture due to significantly increased activity
of β-1,3-glucanase, chitinase, phenylalanine ammonia-lyase, and lipoxygenase in leaves.

PGPR typically promote plant growth in two ways: direct stimulation and bio con-
trol [180]. Growth promotion is implemented through nitrogen fixation, phosphate solu-
bilization, iron sequestration, synthesis of phytohormones, modulation of plant ethylene
levels, and the control of phytopathogenic microorganisms [180,181]. PGPR colonizing
the surface of the root system (and sometimes inner tissues) have been used both in soil
and soilless culture systems due to their positive effects on nutrient uptake (e.g., nitrogen
fixation, solubilization of phosphorus), plant stress control, and competition or antagonism
with pathogens, suppression, etc. [182]. Recently, they were successfully used in many
crops grown hydroponically, such as tomato [183], cherry tomato [184], and lettuce [181].
In addition, PGPR is able to modify root architecture and root tissue structures through
the production of phytohormones, secondary metabolites and enzymes. They reduce
the growth rate of the primary root and increase the number and length of LR and root
hairs [185]. A comprehensive list of reports regarding PGPR effects on root traits was
recently published by Grover et al. [186].

Plant inoculation with AMF or rhizobial bacteria, separately or combined, significantly
influences and alters root architecture [187,188]. Two different types of root architecture
remodelling associated with AMF or rhizobial associations have been reported. In type
I, AMF colonization promotes root growth, with a greater number and length of lateral
roots and more fine roots. In contrast, in type II root-rhizobium symbiotic associations,
in different crop species such as legume crops infected by AMF, often result in inhibited
root growth, probably due to the carbon costs of developing nodules maintaining N2
fixation [41]. Separately, significant increases in root dry weight due to mycorrhizal
inoculation were reported in pepper [189] and tomato seedlings [170]. However, since
a decrease in root-hair density was reported in specific crops [173,190], the mycorrhizal
effects on root hairs seem to be related to plant species [191].

Both AM fungi and PGPB are negatively affected by adverse environmental conditions.
Salt stress can affect AM fungi by slowing down root colonization, spore germination, and
hyphal growth [192,193]. On the other hand, salinity leads to a failure in the establishment
of rhizobia, either by decreasing the survival rate and proliferation of rhizobia or by
inhibiting root hair colonization [194]. However, AM fungi have alleviated the salinity
stress in transplanted cucumber plants by extending their RL and RSA [195]. In addition,
combined applications of AMF and PGPB in garden pea were able to sustain RL, RSA,
and root volume (RV) at the level of non-saline plants and provide a significantly higher
yield than control plants [187]. Similarly, inoculation with both rhizobia and mycorrhiza
fungi provided the best results regarding the length and the weight of faba bean primary
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roots, suggesting that co-inoculation could be a potential solution to alleviate the harmful
effects low rootzone temperatures [196]. More information regarding the response of the
root-associated microbiome under different stress conditions can be found in a recent
review by Pascale et al. [197].

13. Conclusions, Trends and Outlook

The recent scientific evidence about the effects of several environmental and culti-
vation factors on the morphology, architecture, and performance of the root system of
plants grown in SCS, which have been presented in this review, point to the high degree
of research carried out in recent years intending to achieve high efficiency in water and
nutrient supply by using proper pH, temperature, and oxygen levels at the rootzone,
proper lightening and CO2 concentration, and an effective root–microbial relationship
while helping a plant to achieve its target yields.

Using rootzone variables, specific models can be developed and used to efficiently
manage the irrigation or fertigation needed for optimizing root behaviour in specific
horticultural plants grown in SCS. In addition, by using tools, such as multi-element
sensors and interpretation algorithms based on machine learning logic, it is possible to
monitor the availability of nutrients in the hydroponic solution and modify its composition
in real-time while reducing economic costs and minimizing the environmental impact of
SCSs. In this context, computer-controlled nutrient management systems with an array of
ion-selective electrodes represent a useful tool for the online and real-time monitoring of
nutrient solutions, intending to satisfy the nutritional requirements of plants for optimal
growth. However, several disadvantages of ion-selective electrodes, such as signal drift
and distortions due to interfering ions, make application in SCS difficult. Therefore, it is
essential to develop an effective data-processing method to compensate for signal drift
and interference. Similarly, advanced Big Data analytics and simulation techniques might
allow forecasting the quality and quantity of greenhouse vegetable and fruit production
under various conditions and, in turn, to determine the optimal parameters, such as the
composition and concentration of the hydroponic nutrient solution temperature, humidity,
CO2 levels, and lighting.

Further investigation of rootzone temperature regulation is required for a deeper
understanding of plant root–shoot communication and developing proper environmental
control strategies. In addition, the differential thermal regulation of shoots and roots would
be an effective strategy to increase plant growth and improve the yield and quality of crops
with minimum stress. Notably, the effects of rootzone temperature on crops to increase
phytochemical compounds, which are beneficial components for human health, are another
important research area with practical interest.

Even hydroponically grown plants, especially in NFT, may suffer from oxygen defi-
ciency, affecting water and nutrient uptake. Despite several techniques already developed
to facilitate the oxygen enrichment of growing media or nutrient solution, conflicting
results are obtained regarding crop yield and quality. Therefore, comprehensive studies are
required to identify the best oxygenation methods depending on different SCSs, growing
media, crops, and cultivation cycles.

Lastly, but very importantly, more research is required to study the response of root-
associated microorganisms under different stress conditions on root behaviour in different
SCSs. Furthermore, further studies are needed to select and detect efficient microorganisms
under different SCSs to obtain superior responses on crop productivity.
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Abstract: The objective of this study was to compare the morphology of M. spicata and R. officinalis
plants, and the relative abundance quantification, colony-forming units, ribotypes, and biofilm former
bacteria under an inorganic fertilizer and the use of vermicompost leachate in the rhizosphere under
a closed hydroponic system. In mint (Mentha spicata) plants treated with the vermicompost leachate,
growth increase was determined mainly in root length from an average of 38 cm in plants under
inorganic fertilizer to 74 cm under vermicompost leachate. In rosemary (Rosmarinus officinalis), no
changes were determined between the two treatments. There were differences in the compositions of
microbial communities: For R. officinalis, eight ribotypes were identified, seven for inorganic fertilizer
and four for vermicompost leachate. For M. spicata, eight ribotypes were identified, three of them
exclusive to vermicompost leachate. However, no changes were observed in microbial communities
between the two treatments. Otherwise, some changes were observed in the compositions of these
communities over time. In both cases, the main found phylum was Firmicutes, with 60% for
R. officinalis and 80% for M. spicata represented by the Bacillus genus. In conclusion, the use of
vermicompost leachate under the hydroponic system is a viable alternative to achieve an increase in
the production of M. spicata, and for both plants (mint and rosemary), the quality of the product and
the microbial communities that inhabited them remained unaltered.

Keywords: organic fertilizer; hydroponic; ribotypes; vermicompost leachate

1. Introduction

At present, the growing global population has put pressure on agriculture in different
ways: the increase in demand for food and the need to meet this demand in an environmen-
tally friendly manner. Although the use of chemical fertilizers has led to an enhancement
in crop production, several major health- and environment-related concerns are associated
with their use [1,2]. Pollution and the increase in global temperature are predicted to have
negative consequences for agriculture in the coming decades [3]. Likewise, future climate-
change scenarios predict a more frequent occurrence of extreme conditions [4]. In this sense,
hydroponic systems have emerged as an alternative to improve yield, product quality,
water management, land saving, nutrient recycling, and environmental and pathogen
control. Hydroponic systems are cultivation technologies that use nutrient solutions rather
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than soil substrates, and can use natural or artificial media to provide physical support
to plants [5–7]. However, there is an intense debate about which hydroponic practices
align or do not align with the Organic Foods Production Act (OFPA) and USDA organic
regulations [8]. Furthermore, hydroponic systems are a form of soilless food production,
and one of the points of conflictive in points in organic agriculture is the use of inorganic
nutrition in water solutions, which many people strongly believe should not be allowed [8].
Hydroponic production has increased in recent years due to its multiple benefits. Thus, it
is convenient to understand the role of microorganisms and natural sources of nutrients
to improve hydroponic systems for the production of healthy food beyond reaching cer-
tification in organic agriculture. At present, the use of vermicompost leachate coupled
with hydroponic systems seems to be a viable alternative. Vermicompost is the resulting
product from the processing of organic waste in the digestive tract of earthworms [9,10].
This process involves the bio-oxidation and stabilization of organic compounds by the
joint action of earthworms and microorganisms [11]. Consequently, the obtained vermi-
compost is a fertilizer with available nutrients for plants and a strong charge of beneficial
bacteria [12,13]. Likewise, vermicompost is an effective technique to reduce the toxicity of
waste material [14]. Vermicompost leachate is a subproduct of the vermicompost process
with nutrients, microorganisms, and biologically active substances, such as fulvic acids
and humic acids, and the released water during the decomposition of the organic mate-
rial [15,16]. One of the positive effects of the use of vermicompost leachate is an increase in
the population of plant-growth-promoting bacteria (PGPB) [17]. PGPB can promote plant
growth by both direct and indirect mechanisms. Direct mechanisms include the production
of auxin, ACC deaminase activity, cytokinin, gibberellin, the nitrogen fixation process,
phosphorus solubilization, and the sequestration of iron by bacterial siderophores. Indirect
mechanisms refer to the bacterial capability to inhibit the proliferation of plant pathogenic
organisms, such as fungi and bacteria [2,18]. Most studies on hydroponic systems reported
the role of indigenous bacteria and the effects of bacterial addition, and indirect bacte-
rial mechanisms for biological pathogen control, but scarce data are available about the
existence of differences between the bacteria content and plant growth when applying
vermicompost leachate to a hydroponic system [13,19]. The influence of agricultural man-
agement practices on plant microbial communities is not completely clear [20]. Opportune
microorganism identification in hydroponic systems which uses vermicompost leachate as
a low-cost organic fertilizer is essential to select the most adequate microorganisms for an
efficient pathogen biocontrol program, also to define a fertilization protocol for this system
environmentally friendly and accessible to any producer [21]. Mint (Mentha spicata L.) and
rosemary (Rosmarinus officinalis L.) are two plants of agronomic importance belonging to
the Lamiaceae family [19,22], a family with many wild and cultivated officinal species, rich
in essential oils and antioxidant compounds that are useful to humans [23,24]. The leaves
of M. spicata are dried and used for tea infusions, and cultivated for the production of
essential oils that are widely used in the pharmaceutical and cosmetic industries [19]. R.
officinalis, besides its culinary uses due to its characteristic aroma, is also widely employed
by indigenous populations in areas where it spontaneously grows. Rosemary extracts are
used as a natural antioxidant, improving the shelf life of perishable foods [22,25]. This
study assessed the effect of two types of fertilizer (inorganic versus organic fertilizer) on
the growth of mint (M. spicata) and rosemary (R. officinalis) plants under a hydroponic
production system, as an alternative agronomic method contributing to a reduction in
pollution, water use, and fertilizer consumption, and low-cost production.

2. Materials and Methods

2.1. Study Area

The experiment was conducted in a shade-enclosure environment that served as a
greenhouse facility in La Paz, located in a Bw (h’) hw (e) climate, which is considered to be
semiarid and sustains the xerophytic vegetation of Baja California Sur, northwest Mexico,
at 7 m above sea level. Mean, maximal, and minimal temperature in the shade-enclosure
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facility were 21.4, 31.8, and 8.9 ◦C, respectively, with a mean of 70% relative humidity.
Meteorological records were obtained during the study from an automated weather station
located inside the shade-enclosure facility.

2.2. Plant Cultivation Conditions and Hydroponic System

The experiment was carried out from September to November. M. spicata and
R. officinalis cuttings were obtained from mother plants within their regional cultivars
and were placed in pots with vermiculite until they developed enough roots to be able to
absorb nutrients from fertilizers after applying the treatments. The pots were placed in
30 propylene containers of 20 L (24.5 × 16 × 10 cm (length × width × height)) filled with
water. Oxygen supplementation in containers was provided with a Blogger Sweetwater
pump (model SST20, 50 Hz). The water volume was maintained constant to build a closed
hydroponic system; there was no recirculating water because the study was on the early
vegetative stage (September to November).

2.3. Treatments and Experimental Design

The experimental design consisted of two treatments: one applying vermicompost
leachate (L) and the other applying inorganic fertilizer (SS; control group) [26]. Vermi-
compost leachate (L) was produced at the CIBNOR experimental field according to rec-
ommendations by Gunadi et al. [27]. The vermicomposting process was carried out in
200 L containers cut in half, to which 5 holes were made in its base. Subsequently, a 5 cm
thick layer of gravel and an antiaphid mesh were placed to separate the gravel from the
bed where the earthworms developed. Kitchen waste and manure were used as food for
the earthworms in a ratio of 1:1 volume:volume. Both kitchen waste and manure were
precomposted for 21 days before being used as food for the earthworms. The feeding
process was carried out using 5 cm thick layers of precomposted food every week for
12 weeks. The vermicomposting process was considered to have ended when a homoge-
neous material was observed without the presence of remnants of the original material.
The vermicompost was separated to be laid and sheltered in a dry place and away from
light for 90 days for its mineralization. Vermicompost leachate was obtained according to
the methodology described by García-Galindo et al. [28], where 5 kg of vermicompost was
placed in a container. Three liters of distilled water was poured into the container, and the
leachate was collected. Information of the nutrient content of both inorganic fertilizer and
vermicompost leachate is shown in Table 1. The experiment was established under a com-
pletely randomized design with 15 replicates for each treatment (vermicompost leachate
and inorganic fertilizer). Each replicate consisted in a container before descripted with
12 pots, each pot with one plan. Treatments were applied once at five days after sowing
(DAS), for inorganic fertilizer a commercial fertilizer of 17% NPK was used to prepared
10 mL that contained 0.0079, 0.000087, 0.070 (parts per million of N, P K, respectively)
diluted in 40 L of top water (the capacity of pot container). For the vermicompost-leachate
treatment, 140 mL that contained 0.00709, 0.000259, and 0.074 (parts per million of N, P K,
respectively) was diluted in 40 L of tap water. The nutrient doses of N–P–K corresponded
to the minimum established for these crops in the region to examine if any differences could
be detected in microbial and morphological traits in the use of an organic versus inorganic
fertilizer. Plants were analyzed in early-stage growth at 35 days after fertilizer application.

2.4. Morphological Traits and Relative-Growth Analysis

Stem length (SL, cm), fresh stem weight (FSW), dry stem weight (DSW), foliar area
(FA), fresh foliar weight (FFW), dry foliar weight (DFW), root length (RL), fresh root weight
(FRW), and dry root weight (DRW) were evaluated in five M. spicata plants and five R.
officinalis rosemary plants before treatment application and at the end of the experiment (35
DAS). Stem and root weights (g) were obtained using an analytical scale (Mettler Toledo,
AG204); for dry weights, an oven was used with forced air circulation at 70 ◦C (Shel-Lab®,
FX-5, series 1000203) until constant weight. Data of initial and final dry weights were used
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to calculate total relative growth rate (TGR), foliar growth rate (FGR), root growth rate
(RGR), and stem growth rate (SGR) in grams per day, according to Hunt [29], following
Formula (1):

TGR = ((lnDW2) × (lnDW1))/(t2 − t1), (1)

where DW2 and DW1 are the total plant (TGR), foliar (FGR), root (RGR) and stem (SGR)
dry weight (g), recorded at times t2 (time of sampling) and t1 (beginning of the experiment),
respectively. The difference (t2 − t1) is expressed in days. TGR, FGR, RGR, and SGR are
expressed in g−1 day−1.

Table 1. Solution-component analyses of nutritional source for M. spicata and R. officinalis in hydro-
ponic system.

SS L

pH 5.5–6.5 pH 5.5–6
Electric conductivity (dS/m) 1.84 Electric conductivity (dS/m) 1.36

mg L−1 mg L−1

Potassium nitrate 53,330 Potassium nitrate 5490.6
Ammonium nitrate 10,200 Ammonium nitrate 0.021

Monoammonium phosphate 14,800 Nitrite 0.012
Calcium nitrate 60,200 Nitrate 1.500

Magnesium sulphate 42,200 Potassium total 0.074
Ferrous sulfate 2000 Nitrogen total 1.5

Manganese Sulfate 50 Manganese Sulfate 6.38
SS: inorganic fertilizer, L: vermicompost leachate.

2.5. Photosynthetic Pigments

For M. spicata and R. officinalis plants under organic and inorganic treatments, we de-
termined chlorophyll with seven plants (one leaf per plant) per treatment. M. spicata SPAD
values [30,31] were recorded for 20 consecutive days after the beginning of both organic
and inorganic treatments application. In R. officinalis plants, chlorophyll was evaluated two
times: before any treatment application, and 20 days after both treatment applications. For
R. officinalis, the chlorophyll was extracted following the acetone extraction methodology
from leaf tissue, and the absorbance measure was carried out with a UV/visible spec-
trophotometer (model HELIOS OMEGA, Thermo Scientific, Vantaa, Finland). Chlorophyll
a and b concentrations were estimated by applying the following functions [32]:

Chlorophyll a (mg mL−1) = 11.64 (A663) − 2.16 (A645) (2)

Chlorophyll b (mg mL−1) = 20.97 (A645) − 3.94 (A663), (3)

where A663 and A645 correspond for the absorbance values at wavelengths (λ) of 663 and
645 nm, respectively.

2.6. Sampling for Bacterial-Community Characterization

To determine the influence of organic and inorganic fertilizers on rhizobial microbial
communities from the plant rhizosphere, samples of the root rhizosphere were taken in
the hydroponic system as follows: a water sample of 50 mL with the roots (0–0.5 cm) from
three different reservoirs at three times (1, 7, and 35 DAS). The collected samples were
processed immediately for: (i) total DNA isolation from water (rhizosphere) samples, and
(ii) bacterial isolation from R. officinalis and M. spicata root samples with the methodology
that follows below. Vermicompost was free of pathogens.

2.7. Colony-Forming Units (CFU) Quantification and Isolation of Bacteria from M. spicata and
R. officinalis Cultivated by Hydroponic System

The water and root samples were vorticed for 30 s. Then, 25 mL of the sample was
transferred to a new tube for DNA isolation. The remaining 25 mL was used to determine
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the colony-forming units (CFU). One milliliter of the remaining sample was used to perform
serial dilutions in saline solution 0.85% (w/v) (from 10-2 to 10-7). Lastly, 100 μL for each
dilution (from 10-2 to 10-7) was plated on nutrient agar (NA) and incubated for 24 h at
30 ◦C. After 24 h, the CFU count was performed.

After the CFU count, bacterial colonies were isolated on the basis of their morphology.
A representative colony of the five most abundant colonial morphologies was reseeded
by streak dilution in a new plate of NA and incubated at 30 ◦C overnight. This step was
repeated until a pure isolate in each case (a single bacterial morphology per isolate) was
obtained. The obtained pure isolates were stored in glycerol 30% (v/v) at −80 ◦C until
their use.

2.8. DNA Isolation

The total DNA isolation of the water samples and bacterial isolates was carried out
according to the protocol with slight modifications [33]. For water samples, 25 mL was
centrifuged at 5000× g for 10 min, and the supernatant was discarded. For bacterial isolates,
3 mL of liquid culture was placed in nutrient broth (NB) at 30 ◦C overnight and centrifuged
at 5000× g for 5 min, and the supernatant was discarded. Both the pellet from water
samples and the bacterial isolate pellets were processed in the same way. The resulting
pellet was resuspended in 1 mL of a lysis buffer (15% sucrose, 0.3 mg/mL lysozyme, 0.05 M
EDTA and 1 M Tris, pH 8) and incubated for 30 min at 37 ◦C. Then, 100 μL of 10% SDS (w/v),
100 μL of 5 M NaCl, and 5 μL of proteinase K (0.4 mg/mL) were added and incubated
under agitation for 1 h at 50 ◦C. After incubation, 200 μL of phenol–chloroform–isoamyl
alcohol (25:24:1) was added to 500 μL of the solution, briefly vorticed, and then centrifuged
at 12,000× g for 5 min. The aqueous phase was recovered, and 200 μL of ammonium acetate
(7.5 M) and 500 μL (1 volume) of absolute ethanol were added to be mixed by inversion and
precipitate at 4 ◦C overnight to centrifuge at 4 ◦C at 12,000× g for 15 min. The supernatant
was discarded, and the pellet was washed twice with 100 μL of ethanol 70% (v/v). The
DNA was dried at room temperature, resuspended in molecular-biology-grade water, and
stored at −20 ◦C until use.

2.9. Relative-Abundance Quantification by qPCR

The relative abundance of the bacterial population was assessed through qPCR to deter-
mine the effect of treatments. The qPCR was performed on a CFX96 Touch™ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) according to the instructions of the iTaq™
Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA). The relative abundance of
the total bacteria in the rhizosphere samples for each treatment was assessed according to
the methodology described by López-Gutiérrez et al. [33] with slight modifications.

2.10. Characterization of Bacterial Communities by Ribotype Assay Analysis (16S rRNA Gene)

Ribotype assay analysis was conducted according to the Bogino et al. [34] methodology.
A total DNA of 36 water samples (3 samples × 3 times × 2 treatments × 2 species of
plants = 36 samples in total) and 60 bacterial isolate strains (30 isolate strains for each plant
for both organic and inorganic fertilization treatments) were characterized by amplified
ribosomal DNA restriction analysis (ARDRA). Bacterial genomic DNA was extracted from
each isolate as mentioned previously. For 16S rRNA gene amplification, we used primers
fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rD1 (5′- AAGGAGGTGATCCAGCC-3′).
PCR amplification products (~1500 bp) were processed by a restriction endonuclease assay
with HaeIII (Thermo Fisher Scientific), and the resulting fragments were electrophoretically
separated on a 2% (w/v) agarose gel, stained with ethidium bromide to visualize them with
UV radiation, and the corresponding image was photographed. Ribotype identification
is directly associated with a specific restriction fragment fingerprint. The community
structure dendrogram was constructed on the basis of ribotypes of the bacterial isolates
with GelCompar II software. Bacterial isolate strains belonging to either unique majority
ribotypes or common ribotypes were selected for further identification through 16S rRNA
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gene nucleotide sequence analysis with primers COM 1 (5′-CAGCAGCCGCGGTAATAC-
3′) and COM 2 (5′-CCGTCAATTCCTTTGAGTTT-3′) with the methodology described by
Stach et al. [35]. The 16S rRNA gene sequences were analyzed using the BLAST (blastn)
search program (National Center for Biotechnology Information (NCBI)).

2.11. Biofilm-Formation Assay

Biofilms are microbial communities that adhere to surfaces and are enclosed in a
protective matrix; this is also the primary structure from which bacteria interact with plants
and other eukaryotes. Thus, to characterize the bacterial capability of the rhizosphere
(water samples) isolate strains from M. spicata and R. officinalis to form biofilms, we carried
out the crystal violet (CV) staining quantitative assay of Labrie et al. [36] with slight
modifications. CV staining absorbance was measured at 590 nm using a spectrophotometer
(Multiskan Spectrum, Thermo Scientific, Wilmington, DE, USA).

2.12. Statistical Analysis

Data were analyzed using univariate and multivariate analysis of variance (ANOVA
and MANOVA) for one-way classification, and the nutrition source was the study fac-
tor. For chlorophyll content, multiple analysis of variance (MANOVA) and significant
differences between means for each recorded date were determined by two-way analysis
of variance (ANOVA). Least significant differences (LSD) in Tukey’s HSD test (p = 0.05)
were estimated for one-way ANOVA. For all cases, significant differences between means
were considered to be significant at p < 0.05. All statistical analyses were performed with
Statistica software program v10.0 and GraphPad Prism version 6.0 (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Plant Morphology and Photosynthetic Pigments
3.1.1. M. spicata

Stem height (SL), dry foliar weight (DFW), fresh foliar weight (FFW), foliar area (FA),
and root length (RL) showed a significant increase in the vermicompost leachate treatment
compared with the inorganic treatment for M. spicata (Table 2). There was no difference
between the vermicompost leachate treatment and the inorganic treatment for relative
growth rates of leaves (FGR), stems (RGS), total growth rate (TGR), and roots (RGR), which
was lower for vermicompost leachate than inorganic fertilizer was (Table 3). Chlorophyll a
and b, and total content did not show any differences between plants with vermicompost
leachate or inorganic treatment (Table 4 and Figure 1).

Figure 1. Chlorophyll SPAD readings in M. spicata plants under leachates of inorganic and vermi-
compost leachate fertilizers. Vertical bars represented mean ± standard error.
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Table 2. Morphometric parameters in M. spicata and R. officinalis plants under fertilization treatments.

SL (cm) FSW (g) DSW (g) FA (cm2) FFW (g) DFW (g) RL (cm) FRW (g) DRW (g)

M. spicata SS 11.8 ± 0.5 b 1.6 ± 0.5 a 0.4 ± 0.1 a 123 ± 51 b 4 ± 0.3 b 1 ± 0.1 b 38 ± 5 b 10 ± 2 a 1.5 ± 0.3 a
L 14.7 ± 0.7 a 3 ± 0.5 a 0.6 ± 0.1 a 246 ± 21 a 7 ± 0.5 a 2 ± 0.2 a 54 ± 7 a 12 ± 2 a 1.8 ± 0.3 a

R. officinalis SS 4.5 ± 0.5 a 4.5 ± 1 a 3.5 ± 0.6 a 32.7 ± 7 a 7.9 ± 1.4 a 4.6 ± 1 a 8.2 ± 0.6 a 10 ± 1 a 4 ± 0.6 a
L 5.2 ± 0.4 a 4.9 ± 0.2 a 3.4 ± 0.1 a 33.5 ± 2 a 8 ± 0.8 a 4.5 ± 0.1 a 8.8 ± 0.5 a 11 ± 0.7 a 4.3 ± 0.2 a

SS: inorganic fertilizer, L: vermicompost leachate, SL: stem length, FSW: fresh stem weight, DSW: dry stem weight, FA: foliar area, FFW: fresh
foliar weight, DFW: dry foliar weight, RL: root length, FRW: fresh root weight, DRW: dry root weight. Data represent means ± standard
error (n = 3). M. spicata and R. officinalis data were treated as independent ANOVA analyses. Different letters for each column denote
statistical difference.

Table 3. Total growth rate (TGR), foliar growth rate (FGR), root growth rate (RGR), and stem growth rate (SGR) expressed
in grams per day of M. spicata and R. officinalis plants.

TGR FGR RGR RGS

M. spicata SS 0.03 ± 0.00 a 0.023 ± 0.01 a 0.057 ± 0.02 a 0.013 ± 0.0 a
L 0.02 ± 0.00 a 0.021 ± 0.01 a 0.048 ± 0.01 a 0.015 ± 0.0 a

R. officinalis SS 0.0339 ± 0.008 a 0.0218 ± 0.01 a 0.0424 ± 0.001 a 0.034 ± 0.01 a
L 0.0239 ± 0.007 a 0.0206 ± 0.01 a 0.0282 ± 0.001 b 0.022 ± 0.00 a

SS: inorganic fertilizer, L: organic fertilizer (vermicompost leachate). Data represent means ± standard deviation (n = 5). Different letters
denote statistical differences.

Table 4. Chlorophyll (Chl) a and b, and total (mg·mL−1) content in M. spicata and R. officinalis plants
under different nutrient sources in two times before (BT) and after (AT) application of vermicompost
leachate and inorganic treatments.

Treatment Date * Chl a Chl b Chl Tot

M. spicata SS BT b 60 ± 11 a 5 ± 0.4 a 86 ± 16 a
L AT a 67 ± 10 a 5.4 ± 0.6 a 97 ± 17 a

R. officinalis SS BT b 63 ± 9 a 4.9 ± 0.4 a 87 ± 13 a
L AT a 74 ± 10 a 5.5 ± 0.4 a 105 ± 15 a

SS: inorganic fertilizer, L: organic fertilizer (vermicompost leachate). Data represent means ± standard deviation
(n = 5). Different letters denote statistical differences. * Denote statistical differences between sampling dates.

3.1.2. R. officinalis

For all morphological traits, there were no differences between the vermicompost
leachate and inorganic treatments (Tables 2 and 3) except for rosemary under treatment
with leachate in RGR, which showed lower growth (Table 3). Organic treatment did not
affect chlorophyll a and b, and total content did not undergo alterations in either organic
or inorganic treatment, and the only variable that exerted an effect was the time (date) of
chlorophyll sampling (Table 4).

3.2. CFU Quantification and Relative Abundance of Bacterial Communities

The relative abundance of total bacterial communities due to the effect of treatments
was assessed by CFU estimation and by a qPCR-based assay. For both M. spicata and R.
officinalis, no differences were determined between the vermicompost leachate and inor-
ganic treatments regarding the abundance of bacterial populations; however, an increase in
relative abundance in time was more evident for the vermicompost leachate (Figure 2).

Bacterial community structure kinetics between both vermicompost leachate and
inorganic treatments was analyzed. Thirty-six total DNA water samples were analyzed by
amplified ribosomal DNA restriction analysis (ARDRA). As this test showed for M. spicata
and R. officinalis, bacterial community structures underwent changes through time without
a significant effect between treatments (Figure 3a,b). Thus, these results highlight the feasi-
bility of replacing inorganic fertilizer with the vermicompost leachate without significant
impact on the bacterial abundance or bacterial community structures of M. spicata and R.
officinalis in hydroponic systems.
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Figure 2. Colony-forming unit (CFU) quantification and relative abundance (qPCR) of bacterial
communities in M. spicata and R. officinalis. CFU quantification in (a) M. spicata and (b) R. officinalis;
relative abundance (qPCR) of bacterial communities in (c) M. spicata and (d) R. officinalis (M1SS: mint
composed sample, time 1, inorganic fertilizer; M2SS: M. spicata composed sample, time 2, inorganic
fertilizer; M3SS: M. spicata composed sample, time 3, inorganic fertilizer; M1L: M. spicata composed
sample, time 1, vermicompost leachate; M2L: M. spicata composed sample, time 2, vermicompost
leachate; M3L: M. spicata composed sample, time 3, vermicompost leachate; R1SS: R. officinalis
composed sample, time 1, inorganic fertilizer; R2SS: R. officinalis composed sample, time 2, inorganic
fertilizer; R3SS: R. officinalis composed sample, time 3, inorganic fertilizer; R1L: R. officinalis composed
sample, time 1, vermicompost leachate; R2L: R. officinalis composed sample, time 2, vermicompost
leachate; R3L: R. officinalis composed sample, time 3, vermicompost leachate.

Figure 3. Dendrogram of general distribution of bacterial composition of communities between
treatments in (a) M. spicata and (b) R. officinalis (M1SS: M. spicata composed sample, time 1, inorganic
fertilizer; M2SS: M. spicata composed sample, time 2, inorganic fertilizer; M3SS: M. spicata composed
sample, time 3, inorganic fertilizer; M1L: M. spicata composed sample, time 1, vermicompost leachate;
M2L: M. spicata composed sample, time 2, vermicompost leachate; M3L: M. spicata composed sample,
time 3, vermicompost leachate; R1SS: R. officinalis composed sample, time 1, inorganic fertilizer;
R2SS: R. officinalis composed sample, time 2, inorganic fertilizer; R3SS: R. officinalis composed sample,
time 3, inorganic fertilizer; R1L: R. officinalis composed sample, time 1, vermicompost leachate; R2L:
R. officinalis composed sample, time 2, vermicompost leachate; R3L: R. officinalis composed sample,
time 3, vermicompost leachate).
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3.3. Composition and Diversity of Bacterial Communities

A total of 60 bacterial isolate strains (30 isolate strains for each plant for both vermi-
compost leachate and inorganic fertilization treatments) were characterized by ARDRA.
From ARDRA, 15 ribotypes were identified in M. spicata and R. officinalis according to the
yielded fingerprint after the restriction assay with the HaeIII restriction enzyme (Table 5).
In the case of R. officinalis, eight different ribotypes were identified (Figure 4). Of these
eight ribotypes, seven were present in inorganic treatment, and four in the vermicompost
leachate. Of the ribotypes present in the inorganic treatment, four were exclusively present
in this treatment, while only one ribotype was exclusive of the vermicompost leachate. In
the case of M. spicata, there were also eight different ribotypes for both the vermicompost
leachate and the inorganic treatment. For the inorganic treatment, there were five ribotypes,
and none was exclusive to this treatment. For the vermicompost leachate treatment, eight
ribotypes were present, and three ribotypes were exclusive of this treatment. However,
it was not possible to characterize the ribotype to which three bacterial isolates from M.
spicata belonged (two from inorganic treatment and one from organic treatment).

Representative bacterial strains were identified by 16S rRNA gene sequencing. Bac-
terial isolate strains were selected according to ribotype ARDRA profiles (Table 6). Most
bacterial isolate strains belonged to the Firmicutes phylum, which was mainly composed
of the Bacilli class, the Bacillaceae family, and the Bacillus genus. Bacterial isolate strains
belonging to Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria classes
from the Proteobacteria phylum were found (Table 6).

 

Figure 4. Ribotypes present in M. spicata and R. officinalis obtained by amplified ribosomal DNA
restriction analysis (ARDRA; R: ribotype, number: number of ribotypes, and number in parentheses:
number of isolates corresponding to each ribotype).
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Table 5. Ribotypes of bacteria isolated from hydroponic system in M. spicata and R. officinalis plants.

Ribotype Isolates from M. spicata Isolates from R. officinalis

SS L SS L

1 MSS1, MSS5, MSS10, MSSR1,
MSSR4, MSS2, MSS6, MSSR5

ML6, ML7, ML8, ML10,
MLR3, MLR5

RSS1, RSS5, RSS7, RSS8,
RSS9, RSSR1

RL4, RL5, RL6, RL7, RL8, RL9,
RL10, RLR2

2 RSS2
3 MLR4 RSS3 RL2, RLR1, RLR3, RLR4, RLR5
4 RSS4
5 RSS6, RSS10
6 RSSR2, RSSR3, RSSR4 RL3
7 RSSR5
8 RL1
9 MSS3 ML1

10 MSS4 MLR2
11 MSS7
12 MSS8, MSS9 ML2, ML4
13 ML5
14 ML9
15 MLR1

SS: inorganic fertilizer, L: vermicompost leachate, MSS-number or MSSR-number: isolates from M. spicata inorganic fertilizer, ML-number
or MLR-number: isolates from M. spicata vermicompost leachate, RSS-number or RSSR-number: isolates from R. officinalis inorganic
fertilizer, and RL-number or RLR-number: isolates from R. officinalis vermicompost leachate. Note: MSSR2, MSSR3, and ML3 are missing
from the table because they were unclassified.

Table 6. Identities of bacterial strains isolated from hydroponic system in M. spicata and R. officinalis plants.

Isolated Rt Most Closely Related Sequence (Accession Number) (Id %) Phylogenetic Affiliation

RSS-1 1 Bacillus koreensis (NR_043084.1) (98) Firmicutes
RSS-5 1 Bacillus aryabhattai (NR_118442.1) (99) Firmicutes
MSS-2 1 Bacillus aryabhattai (NR_118442.1) (99) Firmicutes
ML-6 1 Bacillus vietnamensis (NR_113995.1) (98) Firmicutes
RSS-2 2 Enterobacter cloacae (NR_118568.1) (99) Gammaproteobacteria
RSS-3 3 Herbaspirillum chlorophenolicum (NR_114143.1) (99) Betaproteobacteria
RSS-4 4 Bacillus pseudomycoides (NR_114422.1) (99) Firmicutes
RSS-6 5 Bacillus subtilis (NR_102783.1) (99) Firmicutes

RSSR-2 6 Novosphingobium pokkalii (NR_149820.1) (94) Alphaproteobacteria
RSSR-5 7 Lysinibacillus tabacifolii (NR_132691.1) (99) Firmicutes

RL-1 8 Novosphingobium capsulatum (NR_113.591.1) (99) Alphaproteobacteria
ML-1 9 Bacillus paralicheniformis (NR_137421.1) (99) Firmicutes
MSS-4 10 Pseudomonas entomophila (NR_102854.1) (99) Gammaproteobacteria
MLR-2 10 Pseudomonas entomophila (NR_102854.1) (99) Gammaproteobacteria
MSS-7 11 Brevibacterium frigoritolerans (NR_117474.1) (99) Firmicutes
MSS-8 12 Staphylococcus petrasii (NR_136463.1) (99) Firmicutes
MSS-9 12 Staphylococcus petrasii (NR_136463.1) (99) Firmicutes
ML-5 13 Bacillus oceanisediminis (NR_118440.1) (98) Firmicutes
ML-9 14 Bacillus flexus (NR_118382.1) (99) Firmicutes

MLR-1 15 Bacillus toyonensis (NR_121761.1) (98) Firmicutes

Rt: ribotype.

Ribotypes found in rosemary bacterial isolate strains belonged to Firmicutes (60%),
mainly composed of the Bacillus genus. Comparing the vermicompost leachate and in-
organic treatments, we determined that the Firmicutes phylum was the most abundant
between treatments, and the Alphaproteobacteria and Betaproteobacteria classes, and
Gammaproteobacteria showed greater abundance in inorganic treatment than in the vermi-
compost leachate treatment (Figure 4, Table 6). The ribotypes found in M. spicata bacterial
isolate strains belonged to Firmicutes (80% and were mainly composed of the Bacillus
genus. Interestingly, 10% of the bacterial isolate strains were unclassified. Comparing the
vermicompost leachate and inorganic treatments, the most abundant phylum was Firmi-
cutes, followed by the Gammaproteobacteria class (Tables 5 and 6). For the vermicompost
leachate, the Betaproteobacteria class showed greater abundance in the vermicompost
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leachate treatment than in inorganic treatment (Tables 5 and 6). Therefore, the Firmicutes
phylum was the most abundant in both R. officinalis and M. spicata plants, and in both the
vermicompost leachate and the inorganic treatment.

3.4. Biofilm-Forming Ability of Bacterial Communities

All bacterial isolate strains from R. officinalis (30 isolates) and M. spicata (30 isolates)
were assessed for adhesion and biofilm-establishment capability with a CV assay. The CV
assay showed that all bacterial isolates were able to adhere to the surface and establish
biofilms (Figure 5). Differences were found in biofilm formation that were categorized
according to the capability to retain CV measured by the OD at 595 nm (CV-OD595) [28],
for all bacterial isolate strains as follows: weak (<0.6), moderate (0.6–1.2), and strong (>1.2).
R. officinalis bacterial isolate strains with the vermicompost leachate treatment showed that
3 bacterial isolates formed a moderate biofilm, 2 a strong biofilm, and the remaining 10
a weak biofilm. For the bacterial isolate strains from the inorganic treatment, 4 bacterial
isolates formed a moderate biofilm, 1 a strong biofilm, and the remaining 10 a weak biofilm.
The M. spicata bacterial isolate strains with the vermicompost leachate treatment showed
that 1 bacterial isolate formed a strong biofilm, 2 a moderate biofilm, and the remaining 12
formed a weak biofilm. For the inorganic treatment, 2 bacterial isolates were able to form a
strong biofilm, 1 a moderate biofilm, and the remaining 12 a weak biofilm. Altogether, for
the R. officinalis and M. spicata plants and both the vermicompost leachate and the inorganic
treatment, most bacterial isolates were able to form weak biofilms in the conditions assessed
in this study.

Figure 5. Biofilm formation quantified by staining with crystal violet of isolates from (a) R. officinalis
and (b) M. spicata (RSS-number or RSSR-number: isolates from R. officinalis inorganic fertilizer,
RL-number or RLR-number: isolates from R. officinalis vermicompost leachate, MSS-number or
MSSR-number: isolates from M. spicata inorganic fertilizer, and ML-number or MLR-number: isolates
from M. spicata vermicompost leachate.

4. Discussion

The vermicompost leachate treatment for both M. spicata (mint) and R. officinalis
(rosemary) plants did not affect their growth; even for M. spicata plants, we were able
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to determine a growth increase for several morphometric parameters. Moreover, for
R. officinalis plant growth, for all morphometric parameters, there were only differences for
root growth, which was lower for vermicompost than for inorganic leachate; similar results
were found by Peng et al. [37]. This is important since the aim of healthy food production
is avoiding the application of inorganic fertilizer [25,38–41]. Furthermore, vermicompost
leachate contains a high amount of plant hormones, such as auxins, gibberellins, and
cytokinins from microbial origin, giving rise to plant-growth enhancement, and acting
as a liquid fertilizer [15,42–45]. Emperor and Kumar [45] determined that organic matter
processed in the earthworm gut and then excreted as vermicast undergoes an increased
level of microbial population, microbial respiration, microbial enzyme activity, and N,
P, and K enrichment, bacterial exopolysaccharide production, lignocellulolytic activity
establishment, nitrifying, and nitrogen-fixing microorganism proliferation. The above
allow for us to conclude that the use of vermicompost to replace inorganic fertilizers is a
viable option under the use of hydroponic systems [43,46–49].

The bacterial communities’ relative abundance showed no differences between the
vermicompost leachate and inorganic treatments for both R. officinalis and M. spicata plants,
showing time-related differences, as expected, in accordance with previous works, where
the analyzed bacterial communities underwent the same behavior [50,51]. The bacterial-
community structure for the R. officinalis and M. spicata plants and for both treatment types
were mainly composed by the Firmicutes phylum, followed by the Proteobacteria phylum,
which was represented by the Alphaproteobacteria, Betaproteobacteria, and Gammapro-
teobacteria classes; we were also able to determine the presence of beneficial bacteria
from the Bacillus (Firmicutes phylum) and Pseudomonas (Proteobacteria phylum) genera.
Those bacteria are designated as beneficial or plant-growth-promoting (PGPB), and the
characterization of the bacterial-community structures of the rhizosphere for other plant
members (Thymus vulgaris, T. citriodorus, T. zygis, Santolina chamaecyparissus, Lavandula den-
tata, and Salvia miltiorrhiza) of the Lamiaceae family showed that Proteobacteria, Firmicutes,
Bacteroidetes, Actinobacteria, Acidobacteria, and Gemmatimonadetes were among the
most abundant bacterial phyla [5,52–56].

Lastly, the capability to establish biofilms was assessed for all 60 bacterial isolate
strains from the M. spicata and R. officinalis plants and both treatments, with no differences
highlighting the essential role of biofilm development in bacterial survival and physiol-
ogy [36]. We determined that most of the isolates (66.67% in R. officinalis and 80% in M.
spicata) had weak capacity (CV-OD595) to form a biofilm; a smaller proportion were able
to produce a strong biofilm for both M plants and both treatments. In an aqueous envi-
ronment, such as a hydroponic system, biofilm establishment follows other mechanisms
that are not yet characterized. Authors should discuss the results and how they can be
interpreted from the perspective of previous studies and working hypotheses. The findings
and their implications should be discussed in the broadest context possible. Future research
directions may also be highlighted.

5. Conclusions

In this study, we showed that the substitution of inorganic fertilizer by vermicompost
leachate in a hydroponic system allows for us to maintain or increase the production of
two crop plants with agricultural importance (M. spicata (mint), and R. officinalis (rose-
mary)). Furthermore, we determined that this fertilizer substitution modifies neither the
bacterial communities for both plants nor their ability to form biofilms. Through time,
the vermicompost leachate tendency showed an increase in relative abundance, which is
important to consider for future studies. Therefore, we propose the use of vermicompost
leachate fertilizer as a feasible replacement for inorganic fertilizer in hydroponic systems to
achieve sustainable and ecofriendly agricultural production, in agreement with our results
and recent research conducted on open-field cultures, to face the challenge of a growing
population and pollution derived from the use of inorganic fertilizers.
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Abstract: Blueberry (Vaccinium corymbosum interspecific hybrids) production in soilless substrates is
becoming increasingly popular. Soilless substrates have low pH buffering capacity. Blueberry plants
preferentially take up ammonium, which acidifies the rhizosphere. Consequently, soilless substrates
where blueberry plants are grown exhibit a tendency to get acidified over time. Agricultural lime
(CaCO3) is commonly used to raise soil and substrate pH in other crops, but it is rarely used in
blueberry cultivation. We hypothesized that substrate amendment with low rates of agricultural lime
increases substrate pH buffering capacity and provides nutritional cations that can benefit blueberry
plants. We tested this hypothesis in a greenhouse experiment with ‘Emerald’ southern highbush
blueberry plants grown in rhizoboxes filled with a 3:1 mix of coconut coir and perlite. We found
that substrate amendment with CaCO3 did not cause high pH stress. This amendment maintained
substrate pH between 5.5 and 6.5 and provided Ca and Mg for plant uptake. When blueberry plants
were grown in CaCO3-amended substrate and fertigated with low pH nutrient solution (pH 4.5), they
exhibited greater biomass accumulation than plants grown in unamended substrates. These results
suggest that low rates of CaCO3 could be useful for blueberry cultivation in soilless substrates.

Keywords: Vaccinium corymbosum; container; ammonium uptake; southern highbush blueberry

1. Introduction

Cultivation in containers filled with soilless substrates is rapidly becoming a popular
growing system for blueberry (Vaccinium corymbosum interspecific hybrids) production.
Soilless substrates based on sphagnum peat moss or coconut coir are generally acidic [1] and
have high water holding capacity [2]. These substrate characteristics promote blueberry
nutrient uptake and support vigorous growth [3,4]. As this growing system becomes
widespread [5], there is a need for research focused on fertilization and management
practices for substrate-grown blueberry.

Sphagnum peat moss and coconut coir have low pH buffering capacity [6,7]. Conse-
quently, pH changes of up to 1 unit per month are not uncommon [3,4,8,9]. While blueberry
roots exhibit limited ability to change the rhizosphere pH through H+ extrusion [10], am-
monium uptake can lead to rapid rhizosphere acidification [11,12]. Considering blueberry
growth and N content are enhanced by ammonium-based fertilization [11,13], substrate
acidification appears inevitable in this production system.

Calcitic (CaCO3) and dolomitic [CaMg(CO3)2] lime are commonly used to raise soilless
substrate pH, but amendment rates and effects are crop-specific (reviewed in [14]). The
carbonate moiety in lime acts as a buffer that maintains the rhizosphere approximately at
pH 6.4 [14]. The cations in lime are nutritionally relevant Ca and Mg. Substrates used for
cultivation of other acid-loving plants are routinely amended with lime to limit substrate
pH change [15,16]. Nevertheless, the effects of lime amendments in substrate-grown
blueberry remain understudied.

Lime is rarely used in soil-based blueberry cultivation because high liming rates can
raise soil pH excessively and cause plant stress. When grown in high pH soils, blueberry
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plants exhibit nutritional deficiencies, stunted growth, and lower yields [17–19]. Lime is
only used in situations where soil pH is very low to deliver Ca and Mg [20]. Hence, lime
amendments must be meticulously used to avoid stressing blueberry plants.

This research investigates the effect of substrate amendment with CaCO3 on the
substrate pH, growth, and nutrition of southern highbush blueberry. We hypothesized that
substrate amendment with low rates of agricultural lime increases substrate pH buffering
capacity and provides nutritional cations that can benefit blueberry plants. We tested this
hypothesis in a greenhouse experiment with plants grown in rhizoboxes.

2. Materials and Methods

Rooted cuttings of ‘Emerald’ southern highbush blueberry (SHB; rooting volume = 3 cm3,
average dry weight = 1.15 g, average height = 12 cm) were acquired from a commercial mi-
cropropagation nursery (Agristarts LLC, Apopka, FL, USA) and transplanted to benchtop
rhizoboxes as per [21]. Rhizoboxes were built using two 35.56 cm × 35.56 cm plexiglass
panels spaced 1.9 cm apart using wood inserts. Each rhizobox contained approximately
1.7 L of substrate and was irrigated or fertigated by two 1.89 l·h−1 pressure-regulating
emitters, spaced approximately 15.25 cm apart. Custom-made rhizobox stands kept roots
in the dark at 33◦ inclination. There was one plant per rhizobox. Rhizoboxes were used as
a tool to study root growth patterns in response to substrate amendment and fertigation
pH treatments.

Rhizoboxes were filled with a 3:1 mixture of coconut coir (SpongEase™, Enroot Prod-
ucts LLC, Cromwell, CT, USA) and horticultural grade perlite (American Garden Perlite,
LLC, Lake Wales, FL, USA) pre-treated to deliver two substrate amendment treatments. In
one treatment, substrate was amended with CaCO3 (Garden Lime, Austinville Limestone,
Austinville, VA, USA) at a rate of 6.18 Kg·m−3. This rate corresponds to half of the rate
used in [22] where lime amendments were used to stress azalea (Rhododendron spp.). In
the other treatment, substrate was amended with Ca-containing fertilizer produced from
neutralized CaCO3 (Calexin ®, Miller Chemical & Fertilizer Corporation, Hanover, PA,
USA) at a rate of 100.3 L·m−3. Guaranteed analysis and product density information were
used to calculate a Calexin application rate that delivered the same amount of Ca as the
CaCO3 amendment. Both amendments were incorporated into moist substrate 7 days
before transplant.

Fertigation solution pH was a second variable in the experiment. Plants were fertigated
with a solution containing 0.5 mM (NH4)2SO4, 0.5 mM K2PO4, 1.0 mM MgSO4, 0.5 mM
CaCl2, 0.045 mM H3BO3, 0.01 mM MnSO4, 0.01 mM ZnSO4 with 0.3 mM CuSO4, 0.2 mM
Na2MoO4, and 45 mM Fe provided as Sequestrene 330 (10% iron(III)-diethylenetriamine
pentaacetic acid) (Becker Underwood, Inc., Ames, IA, USA). Ammonium was the only
form of N provided, in agreement with industry practices [20]. The low N rate was
selected because blueberry microcuttings exhibited ammonium toxicity when fertigated
with higher N rates in a preliminary experiment. Fertigation solution was buffered using
5.0 mM 2-(4-morpholino)-ethane sulfonic acid to pH 4.5 or pH 6.5 using HCl or KOH.
These fertigation pH treatments are referred to as low pH and high pH respectively in
relation to fertigation pH used in previous studies [3]. There were 21 fertigation/irrigation
events per week. Each plant received 1.75 L of fertigation solution (delivered through
7 events) and 3.96 L of irrigation water per week (delivered through 14 events). Fertigation
events preceded irrigation events. Fertigation and irrigation volumes were measured with
graduated cylinders connected directly to emitters.

Substrate samples were collected at the start (day 0) and end (days 75–77) of the
experiment and submitted for analysis at a commercial laboratory (Waters Agricultural
Laboratory, Camila, GA, USA). Ca, Mg, and K concentrations in the substrate were deter-
mined using inductively coupled plasma mass spectrometry [23]. Cation exchange capacity
(CEC) was calculated from K, Ca, Mg, and H concentrations as per [24]. Substrate pH was
measured in a 1:1 substrate:deionized water slurry [25].
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Substrate pH and electrical conductivity (EC) were monitored using the pour-through
method [26]. Deionized water samples that eluted through the substrate (hereon, leachate)
were collected on a weekly basis (n = 3 per treatment). Rhizoboxes were removed from the
stand and placed vertically on top of plastic trays (one rhizobox per tray) approximately
2 h after the last fertigation event. Then, 500 mL of deionized water were slowly poured on
top of the substrate. Leachate was collected in the plastic tray for approximately 20 min.
Then, leachate volume was measured with a graduate cylinder and 50 mL aliquots were
transported to the laboratory for immediate measurement of leachate pH (Accumet AP110
Portable pH Meter, Thermo Fisher Scientific, Hampton, NH, USA) and EC (Accumet
Excel Conductivity Meter, XL30, Thermo Fisher Scientific, Hampton, NH, USA) using
standardized electrodes. In this manuscript and elsewhere [26], it is assumed that leachate
pH and EC represent rhizosphere conditions. Leaf greenness was measured on the youngest
fully expanded leaf of each plant using a SPAD-502 meter (Konica Minolta, Inc., Ramsey,
NJ, USA).

Rhizoboxes were scanned using a flatbed scanner (LX1100, Seiko Epson Corp., Tokyo,
Japan) at a resolution of 1000 dots per inch (dpi). The scanner was held at an inclination of
30◦ during scanning to avoid substrate loss. Rhizoboxes were scanned on a weekly basis
starting on week 2 of the experiment. Rhizobox images were used to measure root system
convex hull area using ImageJ version 1.51 [27]. Convex hull area is the area of the polygon
formed by lines connecting the most distal root tips in a plant. Root system spread was
computed as the ratio of the convex hull area to root dry weight.

Rhizoboxes were disassembled 75 to 77 days after the start of the experiment. Roots
were washed clean of substrate using tap water. A subset of the root systems (n = 4 per
treatment except for CaCO3 + pH 6.5 where one root image was lost due to human error)
were scanned floating in water using the transparency unit of the flatbed scanner at 1000
dpi. Images were divided into 5 tiles using ImageJ. Then, total root length was determined
using WinRhizo Pro 2013b (Regent Instruments, Quebec, QC, Canada). Organ and whole
plant fresh weight were measured. Leaves were laid flat and photographed at a distance of
48.25 cm from the lens using mobile phone cameras (iPhone 7 and iPhone X, Apple Inc.,
Cupertino, CA, USA) on a white background with a scale bar of known size. Total leaf area
was measured using ImageJ. Plant tissues were weighted after drying at 72 ◦C for a week.
Dry tissue was ground until it passed through a size-20 mesh (sieve opening = 0.841 mm).
Then, tissue was submitted for elemental analysis at a commercial laboratory (Waters
Agricultural Laboratory, Camila, GA, USA).

The experiment was conducted in a greenhouse where average temperature and
relative humidity were 22.53 ◦C and 70.19%, respectively. The experiment followed a
completely randomized design with treatments in a 2 × 2 factorial arrangement. There
were 10 single-plant replications per amendment × pH combination. Unless otherwise
stated, n = 10 per treatment. Treatment effects on biomass accumulation, leaf area, substrate
characteristics, elemental content, and root traits were assessed using two-way analysis
of variance (R package agricolae, [28]). Where significant effects were identified, pairwise
comparisons were made using the least significant difference method. Leachate pH and EC
data were analyzed through linear mixed-effect analysis (R package lme4, [29]). Fertigation
solution pH, substrate amendment, and their interaction were considered fixed effects.
Repeated measures per plant and week were considered random sources of error. Leachate
pH and EC were response variables analyzed in separate models. Statistical significance
was determined by likelihood ratio tests comparing the full model against a model without
the effect being investigated. All statistical analyses were conducted in R version 3.6.2 [30].
Data were illustrated using ggplot 2 [31].

3. Results

At the start of the experiment, substrates amended with CaCO3 exhibited higher pH,
percentage base saturation, Mg content, and K content than substrates amended with
Calexin (Table 1). Substrate CEC and Ca content were not different between the amend-
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ment treatments. At the end of the experiment, substrate pH was not different among
treatments (Table 2). Substrates amended with CaCO3 exhibited higher CEC, percentage
base saturation, Ca concentration, and Mg concentration than substrates amended with
Calexin. Substrates that were fertigated at pH 4.5 exhibited lower K concentration than
substrates that were fertigated at pH 6.5. The interaction of substrate amendment and
fertigation pH did not affect substrate characteristics (p ≥ 0.158).

Table 1. Substrate characteristics before transplant. A substrate composed of a 3:1 mixture of coconut coir and per-
lite was amended with CaCO3 or a Ca-containing fertilizer (Calexin) 7 days before transplanting ‘Emerald’ southern
highbush blueberry.

Amendment pH
Cation Exchange Capacity
(meq·100 g−1 Substrate)

Base
Saturation (%)

Ca
(mg·Kg−1)

Mg
(mg·Kg−1)

K
(mg·Kg−1)

CaCO3 6.4 9.50 71.77 932.17 158.67 325.67
Calexin 4.4 10.97 57.27 1089.00 43.84 194.00

p value z <0.001 0.084 0.021 0.283 <0.001 0.009
z Treatments were compared using ANOVA.

Table 2. Substrate characteristics after 75–77 days of growing ‘Emerald’ southern highbush blueberry with contrasting substrate
amendments and fertigation pH.

Treatment Substrate pH
Cation Exchange Capacity
(meq·100 g−1 Substrate)

Base
Saturation (%)

Ca
(mg·Kg−1)

Mg
(mg·Kg−1)

K
(mg·Kg−1)

CaCO3 4.9 8.05 57.38 1298.33 307.50 99.17
Calexin 4.7 6.73 34.60 601.83 169.67 95.83

p value z 0.094 0.009 <0.001 <0.001 0.003 0.596

pH 6.5 4.8 7.30 48.95 958.33 248.67 164.67
pH 4.5 4.8 7.48 43.03 941.83 228.50 30.33
p value 0.999 0.643 0.144 0.901 0.563 <0.001

z Data were analyzed by two-way ANOVA. The interaction of fertigation pH and substate amendment did not affect substrate characteristics
(p ≥ 0.158).

Substrate amendments and fertigation pH created contrasting leachate pH and EC
during most of the experiment (Figure 1). Leachate pH gradually decreased in all treatments
(χ2 = 11.74, df = 1, p ≤ 0.001, estimate = −0.42). Amendment with CaCO3 (χ2 = 93.34,
df = 1, p < 0.001) and high pH fertigation (χ2 = 28.69, df = 1, p < 0.001) led to high leachate
pH. The interaction of substrate amendment and fertigation pH did not affect leachate pH
(χ2 = 2.57, df = 3, p = 0.11). Amendment with CaCO3 led to higher leachate EC (χ2 = 5.26,
df = 1, p = 0.02). Fertigation pH (χ2 = 1.13, df = 1, p = 0.29), time (χ2 = 0.22, df = 1, p = 0.63),
and the interaction of substrate amendment and fertigation pH (χ2 = 7.33, df = 3, p = 0.06)
did not affect leachate EC.

Substrate amendments and fertigation pH affected plant biomass accumulation
(Table 3). Plants grown with a combination of Calexin amendment and low pH ferti-
gation solution exhibited lower cane, leaf, and total dry weight than plants grown with
CaCO3 amendments. Within a substrate amendment, fertigation pH did not affect biomass
accumulation. Plants grown in substrates amended with CaCO3 exhibited larger root
systems than plants grown in substrates amended with Calexin. Leaf area followed the
same trends as leaf dry weight (data not shown). Leaf greenness was not affected by the
treatments (average = 24.68, p = 0.23).
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Figure 1. Leachate pH (A) and electrical conductivity (EC) (B) collected from rhizoboxes where
‘Emerald’ southern highbush blueberry grew with contrasting substrate amendments (CaCO3 or
Ca-containing fertilizer Calexin) and fertigation pH (pH 4.5 and pH 6.5).

Table 3. Biomass accumulation of ‘Emerald’ southern highbush blueberry plants grown in rhizoboxes with contrasting
substrate amendments and fertigation pH.

Amendment Fertigation pH Root Dry Weight (g) Cane Dry Weight (g) Leaf Dry Weight (g) Total Dry Weight (g)

CaCO3
6.5 2.38 a 3.40 ab 5.06 ab 10.84 ab
4.5 2.38 a 4.91 a 6.99 a 14.32 a

Calexin
6.5 1.16 b 2.33 bc 4.01 bc 7.50 bc
4.5 0.58 b 1.33 c 2.59 c 4.2 c

Effect z

Amendment <0.001 <0.001 <0.001 <0.001
Fertigation pH 0.272 0.574 0.672 0.947

Amendment x pH 0.208 0.009 0.008 0.017
z Data were analyzed by two-way ANOVA. Means followed by the same letter were not significantly different according to Tukey LSD at
α = 0.05.

Substrate amendment and fertigation pH also affected root system characteristics.
Root systems of plants grown with low pH fertigation and CaCO3 amendments exhibited
larger convex hull areas than all other treatment combinations between weeks 3 and 9
(Figure 2A). Root systems of plants grown with low pH fertigation and Calexin amend-
ments had smaller convex hull area than all other treatments initially (weeks 3 and 4).
Plants grown with low pH fertigation and CaCO3 amendment exhibited higher total
root length than plants grown with high pH fertigation and CaCO3 amendments and
plants grown with low pH fertigation and Calexin (Figure 2B). High pH fertigation so-
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lution (274.53 cm2·g−1 vs. 191.66 cm2·g−1) and CaCO3 amendments (338.97 cm2·g−1

vs. 127.22 cm2·g−1) reduced root system spread (p < 0.008 in all cases). Root system
spread was not affected by the interaction of substrate amendment and fertigation solution
pH (p = 0.29).

Figure 2. Root system characteristics of ‘Emerald’ southern highbush blueberry grown with contrast-
ing substrate amendments and fertigation pH. (A) Convex hull area during the treatment period.
(B) Total root length after 77 days of cultivation. Means followed by the same letter were not
significantly different according to Tukey LSD at α = 0.05.

Substrate amendment and fertigation pH affected root and leaf nutrient concentrations
(Table S1). High pH fertigation decreased N, Zn, and Cu concentrations and increased
Ca concentration in roots. Substrate amendment with CaCO3 decreased K, S, B, and
Cu concentrations and increased Fe concentrations in roots. Other elements were not
affected. The interaction of fertigation pH and substate amendment did not affect root
nutrient concentrations (p ≥ 0.078). Plants grown in substrates amended with Calexin
and fertigated with low pH solution exhibited the highest leaf N, P, Ca, Mg, S, Fe, Zn,
and Cu concentrations (Table S2). Plants grown in substrates amended with CaCO3
generally exhibited the lowest leaf concentrations of these elements. Plants grown with
low pH fertigation exhibited higher leaf Mn concentrations than plants grown with high
pH fertigation. Plants grown in substrates amended with CaCO3 exhibited lower leaf K,
Mn, and B. With the exception of K, treatment effects on nutrient concentration did not
exhibit the same trends in roots and leaves.
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4. Discussion

Soilless substrates have limited pH buffering capacity [6], which allows large pH
changes over the cultivation period [3,4,8,9]. In this experiment, ‘Emerald’ SHB plants were
fertigated with a nutrient solution where ammonium was the only form of N. Ammonium
uptake leads to rhizosphere acidification [11,12]. As expected, leachate pH gradually
decreased in all treatments. Similar leachate acidification has been previously observed in
experiments with substrate-grown blueberry [4,12] and azalea [32].

CaCO3 is routinely used to raise soil or substrate pH in other crops [14–16], but not in
blueberry. When blueberry and other acid-loving plants are grown in soils or substrates
amended with high CaCO3 rates, they exhibit high pH stress symptoms such as interveinal
chlorosis and stunted growth [17–19,33]. In this experiment, CaCO3 in the substrate did
not cause high pH stress in ‘Emerald’ SHB, probably due to the low rate used. Plants
grown in substrates amended with CaCO3 did not exhibit Fe deficiency symptoms either,
but leaf Fe concentrations were lower than published recommendations [20]. These results
suggest that even though CaCO3 raised substrate pH, the effect was mild enough to avoid
causing high pH stress in ‘Emerald’ SHB. Further research will be necessary to determine
if the CaCO3 rate used here is appropriate for other blueberry varieties.

In this experiment, CaCO3 in the substrate acted as a pH buffer that partially neutral-
ized H+ from ammonium uptake and the fertigation solution, maintaining leachate pH
between pH 5.5 and pH 6.5 for most of the experiment. Additionally, CaCO3 amendment
replaced cations from the substrate adhesion sites with Ca and Mg. The combination of
acidic substrate and nutritional cation availability supported vigorous growth above- and
below-ground in ‘Emerald’ SHB, especially when CaCO3 amendment was matched with
low pH fertigation solution.

When the substrate did not contain carbonates, leachate pH ranged between pH 4.5
and pH 5.0 and almost half of the adhesion sites were occupied by non-nutritional cations.
The lack of nutritional cations was likely caused by the abundance of H+ and/or Calexin
leaching out of the rhizoboxes. These substrate conditions affected shoot and root growth,
particularly when the fertigation solution pH was low. Low pH increases Al solubility [34],
which can cause Al toxicity in blueberry [35]. Perlite contains 10–15% Al2O3 [36]. Thus,
it is possible that Al toxicity might have affected ‘Emerald’ SHB growth when substrate
pH was extremely low. Al concentrations in the rhizosphere were not measured in this
experiment. Further research will be necessary to establish if Al toxicity impacted plant
responses.

Substrate characteristics affected blueberry root abundance and distribution. CaCO3
amendments increased ‘Emerald’ SHB root dry weight and, in combination with low
pH fertigation, they led to large root systems that reached most of the substrate in the
rhizoboxes. Nevertheless, large root systems were not always better at taking up nutrients.
Previous research has shown that CaCO3 can affect nutrient uptake through pH-dependent
and pH-independent effects [37]. Thus, fertilization practices might need to be adapted to
maintain optimum plant nutrition in substrates amended with CaCO3.

Irrigation water can contain carbonates and bicarbonates (collectively called alkalinity).
Alkaline water sources are not uncommon in blueberry production areas [38], but water
acidification through sulfuric acid injection or sulfur dioxide generators is routinely used
to neutralize alkalinity [39]. Our results suggest that increasing substrate pH buffering
capacity can be beneficial for blueberry. Thus, it is important to recognize the tradeoff
between irrigation water pH and pH buffering capacity when irrigation water is acidified.
Considering the substrate acidification tendency observed here and elsewhere [4,12], it is
tempting to speculate on the utility of alkaline water for substrate pH management. Future
research should explore this potential management strategy.

Altogether, our results indicate that substrate amendment with low rates of CaCO3 is
a viable tool to increase pH buffering capacity in coconut coir-based substrates used for
blueberry cultivation. CaCO3 neutralized H+ and contributed Ca and Mg for plant uptake.
Access to a weakly acidic substrate with abundant nutritional cations supported vigorous
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growth in ‘Emerald’ SHB. Further research should evaluate other CaCO3 amendment
rates and other blueberry varieties to facilitate decision making when using CaCO3 in
substrate-based blueberry cultivation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2311-752
4/7/4/74/s1, Table S1: Nutrient concentrations in roots of ‘Emerald’ southern highbush blueberry,
Table S2: Nutrient concentrations in leaves of ‘Emerald’ southern highbush blueberry.

Author Contributions: Conceptualization, G.H.N.; methodology, data collection, analysis, and
visualization, writing, M.J.S. and G.H.N. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available on request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Konduru, S.; Evans, M.R.; Stamps, R.H. Coconut husk and processing effects on chemical and physical properties of coconut coir
dust. HortScience 1999, 34, 88–90. [CrossRef]

2. Abad, M.; Fornes, F.; Carrión, C.; Noguera, V.; Noguera, P.; Maquieira, A.; Puchades, R. Physical properties of various coconut
coir dusts compared to peat. HortScience 2005, 40, 2138–2144. [CrossRef]

3. Kingston, P.H.; Scagel, C.F.; Bryla, D.R.; Strik, B.C. Suitability of sphagnum moss, coir, and douglas fir bark as soilless substrates
for container production of highbush blueberry. HortScience 2017, 52, 1692–1699. [CrossRef]

4. Kingston, P.H.; Scagel, C.F.; Bryla, D.R.; Strik, B.C. Influence of perlite in peat- and coir-based media on vegetative growth and
mineral nutrition of highbush blueberry. HortScience 2020, 55, 658–663. [CrossRef]

5. Fang, Y.; Nunez, G.H.; Silva, M.N.d.; Phillips, D.A.; Munoz, P.R. A review for southern highbush blueberry alternative production
systems. Agronomy 2020, 10, 1531. [CrossRef]

6. Kithome, M.; Paul, J.W.; Kannangara, T. Adsorption isotherms of ammonium on coir. Com. Soil Sci. Plant Anal. 1999, 30, 83–95.
[CrossRef]

7. Rippy, J.F.M.; Nelson, P.V. Cation exchange capacity and base saturation variation among Alberta, Canada, moss peats. HortScience
2007, 42, 349–352. [CrossRef]

8. Ramirez, S.V.; Altland, J. Minding Your pHs and Qs. Grow. Talks 2018, 81, 68–69.
9. Taylor, M.D.; Nelson, P.V.; Frantz, J.M. Substrate acidification by geranium: Light effects and phosphorus uptake. J. Am. Soc. Hort.

Sci. 2008, 133, 515–520. [CrossRef]
10. Nunez, G.H.; Olmstead, J.W.; Darnell, R.L. Rhizosphere acidification is not part of the strategy I iron deficiency response of

Vaccinium arboreum and the Southern Highbush Blueberry. HortScience 2015, 50, 1064–1069. [CrossRef]
11. Imler, C.S.; Arzola, C.I.; Nunez, G.H. Ammonium uptake is the main driver of rhizosphere pH in southern highbush blueberry.

HortScience 2019, 54, 955–959. [CrossRef]
12. Tamir, G.; Zilkah, S.; Dai, N.; Shawahna, R.; Cohen, S.; Bar-Tal, A. Combined effects of CaCO3 and the proportion of N-NH4

+

among the total applied inorganic N on the growth and mineral uptake of Rabbiteye blueberry. J. Soil Sci. Plant Nutr. 2020, 21,
35–48. [CrossRef]

13. Merhaut, D.J.; Darnell, R.L. Ammonium and nitrate accumulation in containerized southern highbush blueberry plants.
HortScience 1995, 30, 1378–1381. [CrossRef]

14. Altland, J.E.; Jeong, K.Y. Dolomitic lime amendment affects pine bark substrate pH, nutrient availability, and plant growth: A
review. HortTechnology 2016, 26, 565–573. [CrossRef]

15. Ownley, B.H.; Benson, D.M.; Bilderback, T.E. Physical properties of container media and relation to severity of Phytophthora root
rot of rhododendron. J. Am. Soc. Hort. Sci. 1990, 115, 564–570. [CrossRef]

16. Scagel, C.F.; Bi, G.; Fuchigami, L.H.; Regan, R.P. Nutrient uptake and loss by container-grown deciduous and evergreen
Rhododendron nursery plants. HortScience 2011, 46, 296–305. [CrossRef]

17. Finn, C.E.; Luby, J.J.; Rosen, C.J.; Ascher, P.D. Blueberry germplasm screening at several soil pH regimes. I. plant survival and
growth. J. Am. Soc. Hort. Sci. 1993, 118, 377–382. [CrossRef]

18. Finn, C.E.; Rosen, C.J.; Luby, J.J.; Ascher, P.D. Blueberry germplasm screening at several soil pH regimes. II. plant nutrient
composition. J. Am. Soc. Hort. Sci. 1993, 118, 383–387. [CrossRef]

54



Horticulturae 2021, 7, 74

19. Jiang, Y.; Zeng, Q.; Wei, J.; Jiang, J.; Li, Y.; Chen, J.; Yu, H. Growth, fruit yield, photosynthetic characteristics, and leaf microelement
concentration of two blueberry cultivars under different long-term soil pH treatments. Agronomy 2019, 9, 357. [CrossRef]

20. Hart, J.; Strik, B.; White, L.; Yang, W. Nutrient management for blueberries in Oregon. Or. State Univ. Ext. Serv. 2006, EM8918.
21. Nunez, G.H.; Rodríguez-Armenta, H.P.; Darnell, R.L.; Olmstead, J.W. Toward marker-assisted breeding for root architecture traits

in southern highbush blueberry. J. Am. Soc. Hort. Sci. 2016, 141, 414–424. [CrossRef]
22. Susko, A.Q.; Rinehart, T.A.; Bradeen, J.M.; Hokanson, S.C. An evaluation of two seedling phenotyping protocols to assess pH

adaptability in deciduous azalea (Rhododendron sect. Pentanthera G. Don). HortScience 2018, 53, 268–274. [CrossRef]
23. US Environmental Protection Agency. Determination of Trace Elements in Waters and Wastes by Inductively Coupled Plasma—

Mass Spectrometry; Office of Research and Development US Environmental Protection Agency: Cincinnati, OH, USA, 1994;
pp. 200.8-1–200.8-51.

24. Reganold, J.P.; Harsh J., B. Expressing cation exchange capacity in milliequivalents per 100 grams and in SI units. J. Agron. Educ.
1985, 14, 84–90. [CrossRef]

25. Schofield, R.K.; Taylor, A.W. The measurement of soil pH. Soil Sci. Soc. Am. J. 1955, 19, 164–167. [CrossRef]
26. Cavins, T.J.; Whipker, B.E.; Fonteno, W.C.; Harden, B.; McCall, I.; Gibson, J.L. Monitoring and Managing Ph and Ec Using the

Pourthru Extraction Method; Horticulture Information Leaflet, No. 590; North Carolina State University: Raleigh, NC, USA, 2000.
27. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef]
28. De Mendiburu, F. Agricolae: Statistical Procedures for Agricultural Research. Available online: https://www.cran.r-project.org/

web/packages/agricolae/index.html. (accessed on 7 June 2020).
29. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 2015, 67, 48. [CrossRef]
30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2017. Available online: http://www.R-project.org/ (accessed on 7 June 2020).
31. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis, 2nd ed.; Springer: Dordrecth, The Netherlands, 2016.
32. Demasi, S.; Caser, M.; Handa, T.; Kobayashi, N.; De Pascale, S.; Scariot, V. Adaptation to iron deficiency and high pH in evergreen

azaleas (Rhododendron spp.): Potential resources for breeding. Euphytica 2017, 213, 148. [CrossRef]
33. Turner, A.J.; Arzola, C.I.; Nunez, G.H. High pH Stress Affects Root Morphology and Nutritional Status of Hydroponically Grown

Rhododendron (Rhododendron spp.). Plants 2020, 9, 1019. [CrossRef] [PubMed]
34. Driscoll, C.T.; Schecher, W.D. The chemistry of aluminum in the environment. Environ. Geochem. Health 1990, 12, 28–49. [CrossRef]
35. Carcamo, M.P.; Reyes-Díaz, M.; Rengel, Z.; Alberdi, M.; Omena-Garcia, R.P.; Nunes-Nesi, A.; Inostroza-Blancheteau, C. Aluminum

stress differentially affects physiological performance and metabolic compounds in cultivars of highbush blueberry. Sci. Rep.
2019, 9, 11275. [CrossRef] [PubMed]

36. Bush, A.L. Construction materials: Lightweight aggregates. In Encyclopedia of Materials: Science and Technology, 2nd ed.; Elsevier:
Oxford, UK, 2001. [CrossRef]

37. Brito, L.M.; Monteiro, J.M.; Mourão, I.; Coutinho, J. Organic lettuce growth and nutrient uptake response to lime, compost and
rock phosphate. J. Plant Nutr. 2014, 37, 1002–1011. [CrossRef]

38. Smith, E.; Porter, W.; Hawkins, G.; Harris, G., Jr. Blueberry Irrigation Water Quality; University of Georgia Cooperative Extension:
Athens, GA, USA, 2016.

39. Bryla, D.R.; Strik, B.C. Nutrient requirements, leaf tissue standards, and new options for fertigation of northern highbush
blueberry. HortTechnology 2015, 25, 464–470. [CrossRef]

55





Citation: Cannavo, P.; Recous, S.;

Valé, M.; Bresch, S.; Paillat, L.;

Benbrahim, M.; Guénon, R. Organic

Fertilization of Growing Media:

Response of N Mineralization to

Temperature and Moisture.

Horticulturae 2022, 8, 152.

https://doi.org/10.3390/

horticulturae8020152

Academic Editors: Nazim Gruda

and Juan A. Fernández

Received: 12 December 2021

Accepted: 7 February 2022

Published: 10 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Organic Fertilization of Growing Media: Response of N
Mineralization to Temperature and Moisture

Patrice Cannavo 1,*, Sylvie Recous 2, Matthieu Valé 3, Sophie Bresch 4, Louise Paillat 1, Mohammed Benbrahim 5

and René Guénon 1

1 Institut Agro, EPHOR, 49000 Angers, France; louisepaillat@gmail.com (L.P.);
rene.guenon@agrocampus-ouest.fr (R.G.)

2 Université de Reims Champagne Ardenne, INRAE, FARE, UMR A 614, 51097 Reims, France;
sylvie.recous@inrae.fr

3 AUREA AGROSCIENCES, 45160 Ardon, France; m.vale@aurea.eu
4 CDHR Centre-Val de Loire, Domaine de Cornay, 45590 Saint-Cyr-en-Val, France; sophie.bresch@astredhor.fr
5 RITTMO Agroenvironnement, ZA Biopôle, 37 rue de Herrlisheim, CS 80023, CEDEX, 68025 Colmar, France;

mohammed.benbrahim@rittmo.com
* Correspondence: patrice.cannavo@agrocampus-ouest.fr

Abstract: Managing plant fertilization is a major concern of greenhouse growers when it comes to
sustainable production on growing media. Organic fertilization is popular, but more difficult to
control since organic compounds first need to be mineralized by microbes. The objective of this study
was to characterize the time course of N mineralization by different fertilizer–growing media pairs, in
the absence of plants. Several incubations were carried out at four temperatures (4, 20, 28, and 40 ◦C)
and three suction potentials (−3.2, −10, and −31.6 kPa) on four growing media under two organic
fertilization conditions to study the dynamics of NH4

+ and NO3
− production. The results showed

that the release of mineral N was strongly dependent on growing media, temperature, humidity, and
fertilizer nature, varying from 10.7% to 71.3% of the N fertilizer applied. A temperature action law
was established for the four growing media. The Q10 value of the growing media was 1.13, lower
than the average Q10 value of arable soils. On the other hand, the specific behavior of the growing
media did not yield a single humidity action law. Nevertheless, the nitrification process, evaluated by
analyzing the ratio of NO3

− to total mineral N, showed a humidity-dependent relationship common
to the four growing media and comparable to admitted observations on soils. Nitrification was
optimal when growing media humidity was higher than 0.46 v/v.

Keywords: NH4
+; NO3

−; nitrification; Q10; modeling

1. Introduction

Consumers are concerned about food quality and the environmental impact of its
production. The subject is thorny in horticulture, particularly in soilless production which
consumes resources (water and other inputs). As a consequence, producers are moving
toward agro-ecological practices such as organic fertilization and the development of grow-
ing media from renewable organic materials [1]. Indeed, organic fertilization introduces a
recycling concept in agroecosystems, and the non-use of synthetic inorganic N fertilizers
considerably reduces the CO2 emissions produced during the industrial N2 fixation.

In conventional soilless production (cultivation in pots and containers), the plant
grows in a finite volume of a growing medium with limited buffering capacity for water,
temperature, and pH in particular [2]. The physical, chemical, and, to a lesser extent, bio-
logical properties of growing media materials have been investigated over the last 40 years,
but practical considerations have been relatively little investigated [3]. Professionals have
good knowledge of the physicochemical properties of the growing media, allowing for
the control of irrigation and mineral fertilization. Introducing organic fertilizers requires
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adapted practices because organic fertilizers first have to be mineralized by the microbiota
of the growing media before being assimilated by plants.

Matching the rate of nutrient release by micro-organisms to the plant demands is essen-
tial [4,5]. Although microbial communities are widely used in growing media, few studies
have characterized them. The authors of [6,7] studied microbial communities in peat,
coir, and wood fiber growing media. They showed that organic growing media display
specific activities and microbial structures depending on their origin and manufacturing
process. Organic nutrient sources may be single or blended, and they may come from
plant or animal byproducts or allowable mined sources [5]. Solid organic fertilizers are
often unbalanced in their nutrient content, especially in their nitrogen, phosphorus, and
potassium ratios, and a delay in shoot growth can result from their use [8,9]. The authors
of [10] studied microbial activities involved in organic C, N, P, and S availability and the
release of mineral forms in different growing media made of organic fertilizer combinations.
Specific responses were observed, showing the complexity of the mineralization process.
In particular, the mineralization rate varied greatly from one growing media to another.

Mineral nitrogen is the nutrient most used by plants, and it is often the most limiting
element for plant growth [11]. The N preference of plants is variable and closely related to
environmental conditions. For example, the N preference of plants changes from NO3

−
to NH4

+ from drier to wetter sites [12], while the preference shifts from NH4
+ under an

acidic environment to NO3
− at alkaline locations [13]. Moreover, NO3

− is more accessible
to plants because it reaches the roots by mass flow, whereas ammonium reaches them
by diffusion [14]. Nitrogen deficiency results in symptoms such as reduced growth, and
yellowing of leaves occurs very fast after the onset of deficiency [15]. Conversely, nutrient
excess due to too rapid mineralization of organic fertilizer or the presence of unwanted ions
such as SO4

2−, sodium, or chlorine at high concentrations can result in salinization of the
organic growing media [16]. It is difficult for growers to match the availability of dissolved
growing media nutrients with plant demands at different stages of their developmental
cycle [17]. Because a large proportion of organic nutrients are mineralized within the first
few weeks and can leach out of containers, substrates containing organic fertilizers are
typically used as the sole fertilizer source only for short-term crops. For long-term crops,
substrates containing fertilizers are typically not enough to supply plant needs throughout
the crop cycle and must be supplemented by top-dressing, side-dressing, or the use of
liquid fertilizers in irrigation water [1].

The microbe-mediated N mineralization rate and the microbial community com-
position are highly variable and dependent on several factors such as growing media
temperature, air porosity, and moisture content, as well as on the nature of the organic
fertilizer source and the growing media composition (particle size and composition) [17–19].
The C:N ratio of growing media can also impact organic fertilizer mineralization. Substrates
with C:N ratios exceeding 30:1 tend to immobilize N due to microbial decomposition of
available C, which requires N [20]. Wood components such as composted barks, hammer
milled, wood materials, and sawdust can have C:N ratios of 300:1 or more, and they have a
high potential to immobilize N from applied fertilizers. Non-wood components with high
C:N ratios, such as coir fiber, can also immobilize N [21].

N mineralization and nitrification have been thoroughly studied in soils, but knowl-
edge gaps persist with regard to growing media; as they present low biodegradability,
one can wonder whether indigenous microbial communities are suitable for organic N
mineralization and nitrification, depending on temperature and moisture conditions. More
generally, the transposition of mineralization and nitrification knowledge from soils to
growing media is questioned. Thus, understanding the drivers of organic fertilizer mineral-
ization and nitrification in horticultural growing media is necessary for a better prediction
of mineral N availability for plants. The objectives of this study were to characterize the
dynamics of NH4

+ and NO3
− production, and to evaluate the impacts of temperature

and humidity on the N dynamics in the growing media. The ambition was to set up
temperature and moisture functions to be ultimately used for modeling the N dynamics
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in fertilized growing media under fluctuating conditions of moisture and temperature,
as met by producers. A laboratory incubation experiment was conducted to characterize
the organic N fertilizer mineralization of four commercial growing media under different
growing media moisture and temperature regimes. We hypothesized that the action laws
for temperature and moisture established for soils would be applicable to the growing
media, whatever the growing media.

2. Materials and Methods

2.1. Materials

Four marketed growing media (GM1 to GM4) were studied. They were selected to be
representative of the mostly used growing media (frequency and commercial volume, grow-
ing media producers survey, results not shown). Their properties are presented in Table 1.
GM1 was made of black peat and composted plant fibers (80–20 vol.%), GM2 contained
blond and black peat, coconut fiber, and composted plant fibers (50–20–10–20 vol.%), GM3
contained blond peat, coconut fiber, and composted bark (70–20–10 vol.%), and GM4 con-
tained blond and black peat, coconut fiber, and green waste compost (60–10–20–10 vol.%).
The properties of GM3 were somewhat different from those of the other growing media,
with a coarser particle size, a higher OM content, a higher C:N ratio, and a lower bulk
density. Three fertilizer modalities were studied: no fertilization (F0), organic fertilizer of
an animal-based origin (F1), and organic fertilizer of a plant-based origin (F2). The fertilizer
compositions are presented in Table 2, but commercial names were kept confidential.

Table 1. Physicochemical properties of the growing media.

GM1 GM2 GM3 GM4

Professional Use
Container/Aromatic

and Flowering Plants
Market Garden Plants in

Plugs or Trays
Container/Tree

and Shrub

Market Garden
Plants in Plugs

or Trays

Particle size distribution
Size fraction >4 mm (%) 6.1 4.7 43.3 5.4
Size fraction 2–4 mm (%) 10.1 12.7 11.6 9.3
Size fraction <2 mm (%) 83.8 82.6 45.1 85.3
Bulk density (g·cm−3) 1 0.18 0.20 0.12 0.18

Total porosity (v/v) 2 89.1 88.3 92.0 88.0
EAW (v/v) 3 0.38 0.41 0.23 0.40
AFP (v/v) 4 0.17 0.03 0.47 0.04
pH water 5 6.8 6.7 7.3 6.5

EC (mS·cm−1) 6 0.7 0.7 0.6 0.6
OM (g dw·kg−1) 7 687.3 690.6 908.5 712.6
Org N (g dw·kg−1) 11.1 11.1 6.9 13.1

C:N ratio 30.9 31.0 65.9 27.2
Total N (g dw·kg−1) 8 11.5 11.5 6.9 13.4

AmoA (log nb_seq·g−1) 8.06 7.96 6.60 8.02
Basal respiration (μg C-CO2·g−1 dw·h−1) 9 0.30 ± 0.1 0.80 ± 0.32 0.85 ± 0.1 0.99 ± 0.2

1 Bulk density (g·cm−3) was determined following [22], and 2 total porosity (v/v) was determined following [22],
3 EAW: easy available water (%, v/v) and 4 AFP air-filled porosity (%, v/v) were calculated from water retention
curves determined using a tension table draining at pressure potentials ranging from −1 to −10 kPa [22]; 5 pH
was determined following [23]; 6 EC: electrical conductivity was determined following [24]; 7 OM (organic matter;
% dry mass) was determined by loss of ignition (550 C, 7 h); 8 total N was determined by dry ignition according
to [25]; 9 basal respiration was obtained by the MicrorespTM method with growing media maintained at 60% of
the water holding capacity at 25 ◦C for 1 week.

2.2. Experimental Design

The four growing media were incubated at four temperatures (4, 20, 28, and 40 ◦C) and
three matric suctions (humidity maintained at −3.2, −10.0, and −31.6 kPa corresponding
to pF1.5, pF2.0, and pF2.5, respectively), with or without added fertilizer, in the dark, in
the absence of plants. Destructive samples were used to measure NH4

+-N and NO3
−-N

contents after 3, 7, 14, 28, and 49 days. They consisted of 90 mL vials filled with growing
media depending on its bulk density (Table 1), i.e., 16, 18, 11, and 17 g dw per vial for GM1,
GM2, GM3, and GM4, respectively. Vials were destroyed at each date for measurements.
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They were placed in trays with a lid on each vial, and the growing media water content was
maintained by weighing control. The organic fertilizer was applied at a rate of 55 g N·kg−1

growing media dw. Caps were placed on the vials, unsealed to permit air circulation but
limit fast water evaporation. The amount of applied fertilizer was calculated on the basis of
usual producers’ practices (200 g fertilizer N·m−3). The growing media were analyzed for
their NH4

+-N and NO3
−-N contents at the beginning and after the start of the experiment.

Three replicates were prepared per modality.

Table 2. Fertilizer composition.

F1 F2

OM (g·kg−1) 559.5 636.7
C (g·kg−1) 279.8 318.4

Org N (g·kg−1) 59.5 54.1
Total N (g·kg−1) 67.4 55.1

Total P (mg·kg−1) 35.4 18.6
Total K (mg·kg−1) 52.3 40.8

Total Mg (mg·kg−1) 6.4 5.2
Total Mn (mg·kg−1) 50.8 258.8

C:N ratio 3.8 5.1
C:P ratio 7.9 17.1
N:P ratio 1.9 3.0

pH 6.8 6.9
OM was determined following [26]; inorganic N was extracted with 1 M KCl (1:5 v/v ratio). Ammonium and
nitrate concentrations were determined by colorimetry using a continuous flow analyzer (Skalar Analytical). Total
P, K, Mg, and Mn were extracted following [27] and measured following [28]; pH was measured following [23].

2.3. Analysis

NH4
+-N and NO3

−-N were extracted with deionized water (1:1.5 vol.) for 1 h. Con-
centrations were determined by colorimetry using a continuous flow analyzer (Skalar
Analytical). To obtain a growing media water suction curve, samples were saturated with
distilled water for 48 h, with three replicates per growing media. Then, they were gradually
dried using sand suction tables [29] with potentials equivalent to 0, −3.2, and −10 kPa.
A ceramic pressure press was used for suction equivalent to −31.6 kPa [30,31]. When
equilibrium was reached (2–3 days), the samples were dried in an oven at 105 ◦C for 48 h
and weighed.

Nitrifying bacteria were quantified as follows: total nucleic acids were extracted from
growing media samples using a Qiagen DNeasy PowerSoil kit (Cat No./ID: 12888-100).
Then, quantitative polymerase chain reaction was performed using primers 968 R and
1401 R [32] for total bacteria and primers amoA-1F and amoA-2R [33] for nitrifying bacteria.

2.4. Data Treatments
2.4.1. Ammonium and Nitrate Concentrations

N mineralization was estimated by measuring NH4
+-N and NO3

−-N concentrations,
and their sum was used as the total mineral N concentration at each sampling time. Since
growing media already contained mineral N (Table 1), NH4

+-N and NO3
−-N concentrations

were expressed by subtracting each respective initial mineral N content. Nitrate was the
final product of N mineralization we monitored; hence, we expressed NO3

− production
as the relative proportion of total mineral N (i.e., NO3

− + NH4
+) released from fertilizer

degradation at each timepoint.

2.4.2. Abiotic Factors

The temperature action law was determined in two steps, as described below.
First, it corresponded to a ratio of the mineralization rate at a given temperature over

the mineralization rate at a reference temperature. Second, this ratio was plotted against
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growing media temperature, and modeled using the STICS crop model temperature action
law dedicated to the simulation of organic matter decomposition [34].

f (T) =

(
[N]i, f in − [N]i,init

)
(
[N]re f , f in − [N]re f ,init

) =
B

1 + C × exp(−k × T)
, (1)

where T is the temperature (◦C), [N]i,fin and [N]i,init are the total mineral N on days 49 and 0
at a given temperature Ti, respectively, and [N]ref,fin and [N]ref,init are the total mineral N on
days 49 and 0 at the reference temperature Tref = 20 ◦C, respectively. This reference temper-
ature was made to be close to that of the STICS model (i.e., 15 ◦C). B was a dimensionless
adjusted parameter, and k was an adjusted parameter (◦C−1). C was a parameter and was
recovered by solving the following equation:

C = (B − 1)× exp
(

k × Tre f

)
, C = (B − 1)× exp

(
k × Tre f

)
. (2)

The water content action law was also determined in two steps, as described below.
First, it corresponded to a ratio of the mineralization rate at a given growing media

matric suction over the mineralization rate at a reference matric suction. Second, this ratio
was plotted against growing media moisture, and modeled using the STICS crop model
moisture action law dedicated to the simulation of organic matter decomposition [34].

f (H) =

(
[N]i, f in − [N]i,init

)
(
[N]re f , f in − [N]re f ,init

) =
H − Hwp × Hf c(

Hf c − Hwp

)
× Hf c

, (3)

where H is the volumetric water content of the growing medium (v/v), [N]i,fin and [N]i,init
are the total mineral N on days 49 and 0 at a given water content Hi, respectively, and
[N]ref,fin and [N]ref,init are the total mineral N on days 49 and 0 at the reference water content
corresponding to water suction −10 kPa, respectively. Hwp is the volumetric water content
at the wilting point (water suction −100 kPa), and Hfc is the volumetric water content at
field capacity (water suction −1 kPa).

To further understand the temperature and moisture interactions, the ratio of NO3
−

to total mineral N was calculated as a mean ratio for the whole incubation period. This
allowed us to identify abiotic conditions that may have slowed down or favored the
nitrification process.

2.5. Statistical Analyses

We used three-way repeated-measures ANOVA (rmANOVA) to test the interaction of
the growing medium type, the fertilizer type (Fert), temperature (Temp), and matric water
suction (ψ) on NO3

−, NH4
+, and NH4

+ + NO3
− concentrations following fertilization. We

analyzed these effects separately depending on the significant interactions. We present the
results for each growing medium, comparing temperatures or matric water suctions, and
only with or without addition of fertilizers 1 or 2 to simplify the viewing of these effects.
Significant differences were tested by the least significance difference test (LSD, p < 0.05).
Correlations were tested using Pearson correlations (p < 0.05). When data seemed to present
segmented regressions, we tested piecewise regressions with SegReg free software.

3. Results

3.1. Dynamics of Growing Media N Mineral Content

We did not find a significant four-level interaction among growing medium, fertil-
izer type (Fert), temperature (Temp), and humidity (Hum) over time as hypothesized
(Table S1, four-way repeated-measures ANOVA). Instead, we did find significant three-
way interactions such as GM × Temp × Hum. This interaction was the most power-
ful one (F > 3.9, p < 0.001, within effect) and was also confirmed independently of time
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(GM × Temp × Hum: F > 1.7, p < 0.001, between effect). As a result, we focused on these
interaction factors to present our results (i.e., without considering the fertilizer type, even
though we detected some minor modularity of the results per fertilizer type compared to
GM, Temp and Hum).

Temperature significantly controlled the total mineral N content (Figure 1), as well as
NH4

+ and NO3
− contents (Figures S1 and S2, respectively), in the four growing media. The

pattern of total mineral N differed depending on the growing media. We generally observed
a plateau between 28 and 49 days modulated by temperature, except GM1 and GM2 that
displayed a linear increase in mineral N content at 40 ◦C. GM1 and GM2 presented the
best mineral N content at 40 ◦C after 49 days of incubation (877 and 807 mg N·kg−1 dw
growing media, respectively, Tables S2 and S3). The temperature increase from 4 to 20 ◦C
was always significant, whereas 20 ◦C and 28 ◦C tended to have similar effects on GM1
and GM2. For GM3 and GM4, 28 ◦C gave the best mineral N content, whereas 40 ◦C gave a
lower content. In the absence of organic fertilization, the rates were close to zero except for
GM1 and GM2, where total mineral N significantly increased at 40 ◦C; moreover, a negative
N content was found in GM2 and GM4, especially at 28 ◦C, corresponding to organization
of the initial mineral N content. At 28 ◦C, GM3 contained the highest mineral N content
reached in these incubations (1053 mg N·kg−1 dw growing media, Table S4).

Figure 1. Influence of temperature on net N mineralization at −10 kPa water matric suction, for
(A) GM1, (B) GM2, (C) GM3, and (D) GM4, with fertilizer F2 or without fertilizer (F0).

Humidity significantly controlled the mineral N content (Table S1, Figure 2), as well as
NH4

+ and NO3
− contents (Figures S3 and S4, respectively), in the four growing media, but

less markedly so than temperature. We observed similar trends, with a decreasing mineral
N content between 28 and 49 days of incubation. GM1 showed the best mineral N content at
−3.2 kPa (the highest humidity rate) and the lowest one at −31.6 kPa (the lowest humidity
rate), whereas GM2 presented its best mineral N content at −31.6 kPa. GM3 showed
very contrasted mineral N dynamics from 0 to 28 days, and finally reached the same level
of mineral N content after 49 days of incubation whatever the humidity level (Figure 2).
GM4 showed the highest contrasts between humidity levels, with −31.6 kPa giving the
highest mineral N content and −3.2 kPa giving the lowest one (712 mg N·kg−1 dw GM
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and 378 mg N·kg−1 dw growing media, respectively, Figure 2; Table S5). In the absence of
fertilization, GM1 provided mineral N at −3.2 kPa (151 mg N·kg−1 dw growing media),
while GM2 provided a similar content at −31.6 kPa, indicating that humidity did not
drive the mineral N content in the same way as in GM1. In GM4, we observed a strong
organization of the mineral N content, with no significant effect of humidity (Figure 2,
Table S5).

Figure 2. Influence of water matric suction on net N mineralization at 20 ◦C, for (A) GM1, (B) GM2,
(C) GM3, and (D) GM4, with fertilizer F2 or without fertilizer (F0).

3.2. Fertilizer Mineralization

An increase in temperature from 4 ◦C induced an increase in the percentage of fertil-
izer N mineralized (Table 3), with slightly contrasting results depending on the growing
medium, the fertilizer type, and humidity leading to 20, 28, or 40 ◦C with the highest
percentage mineralization of the applied fertilizer N. Whatever the factor, F2 mineralized
faster than F1 (10.7–69.2% vs. 14.7–71.3%). GM1 and GM4 reached the highest percentage
of fertilizer mineralization at −31.6 kPa, but at different temperatures (40 ◦C and 20 ◦C,
respectively). GM2 and GM3 reached the highest percentage of fertilizer mineralization at
−10 kPa and 28 ◦C.
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Table 3. Total mineralized fertilizer F1 and F2 as a percentage of applied N on day 49 (i.e., at the end
of the experiment) (n = 3, SD = standard deviation).

GM1 GM2 GM3 GM4

F1 F2 F1 F2 F1 F2 F1 F2

suction
(kPa) T Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

4 10.7 1.2 14.7 1.3 31.7 2.7 36.5 3.3 20.3 1.4 35.0 0.5 14.5 0.8 35.0 8.2
−3.2 20 28.2 0.9 43.1 3.7 32.3 1.6 42.5 0.6 29.2 2.7 37.5 0.5 26.1 1.4 43.0 2.5

28 25.0 0.3 42.7 0.7 24.2 1.1 39.9 0.6 32.7 1.4 40.0 1.3 39.7 0.8 27.8 1.4
40 30.9 1.0 28.8 0.8 17.0 1.8 29.7 0.9 22.3 1.1 31.0 0.8 38.1 1.6 45.6 1.4

4 22.3 1.8 22.6 1.9 18.5 0.8 23.1 1.4 17.1 3.5 25.2 0.7 12.7 1.6 17.0 1.2
−10 20 44.9 0.9 55.7 1.1 56.9 1.2 57.0 0.3 36.2 0.7 39.7 1.3 46.2 1.4 56.3 0.6

28 45.2 0.4 56.6 0.4 52.5 0.2 68.5 0.4 32.4 2.2 51.2 0.3 44.2 2.6 64.7 0.3
40 39.1 1.6 47.1 0.8 42.5 0.4 52.7 0.3 26.8 2.0 35.4 1.0 28.3 1.0 36.2 1.4

4 19.1 2.4 21.1 0.4 16.6 3.3 32.1 2.7 13.8 0.8 17.8 0.5 26.2 2.0 34.3 0.7
−31.6 20 34.0 1.2 45.5 2.2 40.8 1.8 48.4 1.4 29.2 2.5 35.8 4.6 69.2 0.9 71.3 0.8

28 50.5 1.2 57.4 1.5 29.2 1.1 35.6 1.3 36.9 4.8 43.5 0.5 59.5 1.0 61.8 0.5
40 36.3 1.8 59.8 2.0 50.7 1.3 57.5 0.7 20.3 0.9 25.3 0.7 47.4 1.8 50.7 2.4

3.3. Relative Proportion of NO3
− to Total Mineral N

We observed four patterns for the relative proportion of nitrate to total mineral N
depending on the GM type, temperature, and humidity (Figure 3). GM1 was affected by
a decrease in humidity (i.e., a suction decrease), with a weak influence of temperature.
GM2 was affected mostly at 40 ◦C and in the driest and wettest conditions (−3.2 and
−31.6 kPa, respectively). GM3 was affected by temperature but not by humidity; the ratio
was almost the same for all temperatures. The very low values of the ratio revealed that
NH4

+ accumulated substantially in this growing medium type, especially at 4 ◦C. GM4
was the least affected growing medium, with a slow but linear decrease in the values of the
ratio as humidity decreased. These decreases were constant, but more pronounced at 20
and 28 ◦C than at 40 and 4 ◦C.

3.4. Temperature and Humidity Action Laws

A temperature action law was established for all growing media, all humidity levels,
and by combining fertilizers F1 and F2 (Figure 4A). The model (Equation (1)) fitted the
observed data well. It was calibrated for all humidity levels taken together. Table 4 presents
the calibrated parameters and statistical performances (RMSE, R2). The lowest RMSE and
the best R2 corresponded to the model adjustment with humidity at −10 kPa (Figure 4B).

The humidity action law f(H) is presented in Figure 5, combining fertilizers F1 and
F2. Different patterns were observed depending on the growing medium, and they also
changed according to temperature. At 28 ◦C, f(H) presented less variation for all growing
media, with values around 1 in most cases (Figure 5B). This was almost the same at 40 ◦C,
except in GM4 (Figure 5C). However, strong variations of f(H) were observed at 4 ◦C,
except in GM1 where it was around 1 whatever the H-to-Hcc ratio (Figure 5A).

No correlation was found between the amount of mineralized N and the humidity
level whatever the growing medium, but a relationship was established between the ratio of
NO3

—N to total mineral N and the humidity content H (Figure 6). The ratio first increased
with increasing H, whatever the temperature and considering all growing media, with a
breakpoint of the slope when H reached 0.46 v/v, and a plateau thereafter. The segmented
regression gave a very good correlation coefficient (R2 = 0.83, p < 0.001).
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Figure 3. Relative proportion of nitrate to total mineral N (ratio: NO3
−/total min N) depending on

humidity and temperature in GM1 (A), GM2 (B), GM3 (C), and GM4 (D) fertilized with F2. Bars
represent standard deviations (n = 3).

Figure 4. (A) Temperature response during N mineralization for all growing media incubated at −3.2,
−10, and −31.6 kPa; (B) temperature response of all growing media incubated at −10 kPa. Data are
the means of six replicates (i.e., three each with fertilizers F1 and F2). The temperature action law f(T)
was calculated according to Equation (1).
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Table 4. Adjusted parameters B and k and statistical performance of the temperature action
law model.

−3.2 kPa −10 kPa −31.6 kPa All Suction Treatments

B 1.00 1.20 1.16 1.35
k 0.25 0.12 0.12 0.12

RMSE 0.21 0.14 0.26 0.24
R2 0.30 ns 0.91 *** 0.70 *** 0.66 ***

*** p < 0.001, ns: nonsignificant.

Figure 5. Water content action law at (A) 4 ◦C, (B) 28 ◦C, and (C) 40 ◦C for the four growing media.
Data are the means of six replicates.

 

Figure 6. Effect of growing media volumetric water content on the average ratio of NO3
− to total

mineral N. The dataset compiles all temperatures.

4. Discussion

In soils, it has been widely demonstrated that N mineralization is particularly depen-
dent on temperature [35], humidity [36], and texture [37,38]. Growing media are made
of organically stable compounds that strongly limit biological activity in the absence of
fertilization [10]. Compared to soils, growing media do not provide available nutrients,
especially nitrogen, and they usually require mineral or organic fertilization for biological
activation of microbes and plant growth. Studies on growing media are mostly focused
on physical properties such as hydrodynamic parameters and aeration, or they lay the
emphasis on chemical properties such as water pH, electrical conductivity, or cationic
exchange capacity [39–42]. These properties are very important and easily monitored, but
they weakly reflect the biological aspects and nutrient availability needed for organically
fertilized crops. Growers attempt to maintain these properties steadily throughout crop-
ping, but alteration of growing media compounds and root growth can modify them [43,44].
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This study was focused on the monitoring of the N mineralization process—which depends
on many bio-physicochemical interactions—in four commercial organic growing media
with similar physicochemical properties (Table 1). We tested different temperature and
moisture levels and compared the responses of the four growing media types when added
with two different organic fertilizers and when no fertilizer was added.

The four growing media were relatively similar in terms of physicochemical properties
even if they were made from different materials and for different cropping purposes. We
rather focused the discussion on the biochemical and microbial aspects addressed in the
body of the manuscript.

4.1. Growing Media Type

The organic growing media were biochemically stable and characterized by high
C-to-nutrient ratios, much higher than the C:N:P stoichiometry of microbial biomass [45],
which ranges between 42:6:1 and 60:7:1 according to [46] and [47], respectively. Due to
their homeostatic stoichiometry, microbes are extremely constrained by the low resource
availability in the growing medium; the growing media are considered as biologically
inactive, such that microbes strongly respond to organic fertilization (Figure 1) [10]. Conse-
quently, N immobilization can occur in growing media with a C:N ratio exceeding 30:1 due
to microbial decomposition of available C—a process requiring N [48]. In the present study,
the C:N ratios were similar: around 30 for three growing media types (GM1, GM2, and
GM4), and twice higher in GM3 (Table 1). Thus, high N immobilization (i.e., a greater mi-
crobial demand) was expected in the four growing media, with the strongest effects in GM3.
However, the time course of N mineralization did not confirm these expectations whatever
the growing media or the temperature and humidity conditions when fertilizer was added.
Even so, GM3 presented the best performances in terms of mineral N release (Figure 1C).
Net N immobilization (i.e., negative net N mineralization rates due to gross N organization
higher than gross N mineralization) occurred and was only observed in the absence of
fertilization and in all growing media; it was the highest in GM2 and GM4, not in GM3
as expected (Figure 1). Net N immobilization was only observed in growing media that
already contained mineral N and plant-based compost (i.e., GM2 and GM4). Consequently,
its intensity appeared to be limited by the very low initial mineral N content of GM3.
Significant N mineralization occurred at 40 ◦C in the absence of fertilization. However, we
failed to distinguish whether it resulted from the activation of microbes mineralizing grow-
ing media compounds or from dead cells, since this temperature can be critical for some
microbial populations such as nitrifiers [49] (Supplementary Materials Table S6). These
results could be confirmed by decreased N mineralization rates at this temperature in the
fertilized treatments, but further investigations are required. N immobilization occurred in
all four commercial growing media, especially because they received a compost fraction
during formulation that produced mineral nitrogen before they were used. However, this
immobilization effect was easily outperformed by organic fertilization. On the contrary, the
raw materials showed no such immobilization effect and even no biological activity or very
weak activity in the absence of organic fertilization [10].

4.2. Fertilizer Type

F1 and F2 were commercial animal-based and plant-based fertilizers, respectively. Due
to confidentiality rules, the fertilizer compositions were unavailable, but we analyzed them
for pH, elemental composition, and C:N:P stoichiometry (Table 2). We detected significant
differences between the two organic fertilizers (Table S1). However, the patterns obtained
with either fertilizer were very close, and we only showed curves of unfertilized versus
F2-fertilized growing media to clarify illustrations (Figures 1 and 2). We previously showed
that the huge C:N and C:P ratios of different growing media were the most important
drivers of organic fertilizer mineralization and microbial activity, and they constrained
the autochthonous microbial communities through C and nutrient availability [10]. The
results of the current study confirm these effects. The C:N ratios of the growing media
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indeed largely overcame (Table 1) the different C:N ratios of the two fertilizers, and this
explained the small difference in their N mineralization response. The C:N ratio of an
organic fertilizer is usually considered as a good predictor of the N mineralization or
immobilization balance following fertilizer incorporation in soil [50,51]. However, in
growing media where nutrient availability is low, fertilizers have a smaller impact than
growing media on N mineralization, and this raises the question of the importance of
growing media formulation. Granular fertilizers present similar patterns of nutrient release,
but other organic fertilizers such as raw or thermally treated horn can have a huge impact
on the control of nitrogen release, while remaining driven by the unbalanced stoichiometry
of the growing media types [10]. Since C cannot be decoupled from the N and P cycles [10],
we hypothesized that the lower P content in F2 (Table 2) may also have increased the
microbial mining effect [52] to access P compared to F1, leading to overall faster fertilizer
mineralization. Further investigations on coupling microbial C, N, and P functions [10]
would be necessary to confirm this assumption.

We also expressed total mineral N at the end of incubation as a percentage of N
fertilizer addition and detailed the patterns according to temperature and humidity, as
a function of the two fertilizers (F1 and F2, Table 3). However, these values were not
cumulative because we only measured the mineral N content at different timepoints of
incubation. Thus, at the end of the experiment, the mineral N content did not express the
total mineral N produced from the organic fertilizers, but the total mineral N content as
a fraction of fertilizer-added N. Only a minimum value of what was really mineralized
from the organic fertilizers was expressed. We cannot rule out that some of the mineral N
came from (i) microbial turnover [53], especially at 40 ◦C, which can be critical for some
microbial populations, and (ii) growing media biodegradation. However, growing media
biodegradation is believed to be very low in growing media and would necessitate specific
C inputs to trigger a priming effect [54].

4.3. Temperature Effects and Action Law

Temperature influences transformation rates through the responses of microorganisms
and enzymatic activities. We tested four temperatures frequently met during plant growth
in horticulture. Specifically, 20 and 28 ◦C are classical temperatures in the greenhouse and
supposed to be optimal, whereas 4 and 40 ◦C are extreme temperatures affecting nutrient
availability by slowing down microbial activity; 40 ◦C potentially affects the microbes
themselves. We observed maximum nitrification at 28 ◦C, close to the soil optimum of
30 ◦C [55]. However, 40 ◦C sometimes gave the best mineral N content depending on the
growing media, suggesting that this temperature provided for the highest mineralization
rates. Delving deeper into the ammonification and nitrification processes (Figure S2), this
mineralization was not sustainable since the NH4

+ content was higher (Figure S1) than at
the other temperatures while the NO3

− content decreased, indicating that nitrifiers were
probably affected [55,56]. This unbalance between ammonification and nitrification was
also analyzed by studying the relative proportion of NO3

− content over total mineral N
(Figure 3): 40 ◦C and mostly 4 ◦C consistently resulted in bad conditions, and even critical
ones for GM3.

N mineralization increases exponentially within the range of temperatures met in
farmed soils (0–40 ◦C) and can be successfully modeled with numerous functions [57].
This study showed that the formalism of the temperature action law proposed by the
STICS model for soils is also adapted to organic growing media mineralization. This is a
first modeling of the effect of temperature on N mineralization rates applied to growing
media. Modeling performance was best when using incubations were run at −10 kPa, as
this modality was most adequate to reveal fertilizer N mineralization. A common way
to express temperature sensitivity is to use the Q10 function. A Q10 of 2, for example,
means that the rate of a particular process doubles when the temperature increases by
10 ◦C [58]. Using 20 ◦C as the reference temperature, the Q10 value of the growing media

68



Horticulturae 2022, 8, 152

was 1.13, lower than the average Q10 value of arable soils, but within the large range of
values reported in the literature (from 0.55 to 11.9 [59]).

4.4. Humidity Effect and Action Law

Matric suction (ψ) was used to study the effect of humidity (H). However, due to their
composition, the growing media had a specific H at a given ψ value, and this made it more
difficult to analyze the results (Table 5). H might have been a better parameter choice in the
experimental design, even though ψ affected organic nitrogen mineralization statistically.
The choice of ψ made agronomic sense in terms of water-filled porosity; a ψ of −1 kPa is
equivalent to the retention capacity of a growing media (Hfc), a ψ of −10 kPa corresponds
to the temporary wilting point, and a ψ of −100 kPa corresponds to the permanent wilting
point [60].

Table 5. Volumetric water content (v/v) and water-filled pore space (WFPS, %) values according to
the growing media and ψ modalities.

GM1 GM2 GM3 GM4

θ at 0 kPa (v/v) 0.891 0.883 0.920 0.880
θ at −3.2 kPa (v/v) 0.515 0.608 0.364 0.667
θ at −10 kPa (v/v) 0.337 0.436 0.219 0.448
θ at −31.6 kPa (v/v) 0.215 0.233 0.135 0.271
WFPS −3.2 kPa (%) 57.8 68.9 39.6 75.8
WFPS −10 kPa (%) 37.8 49.4 23.8 50.9

WFPS −31.6 kPa (%) 24.1 26.4 14.7 30.8

Water is necessary for microbial activity, and its content has to be balanced with
the oxygen required for root and microbial respiration [61]. Aerobic microbial activity
is optimal at a humidity volumetric content ranging between 50% and 70% of the water
holding capacity (WHC) [62,63] corresponding to water and oxygen availability in good
equilibrium. Other studies estimate the maximum microbial activity (respiration and nitri-
fication) in soils around 60% of the total porosity occupied by water (WFPS, “water-filled
pore space”) [64,65]. A major influence of the water content has been shown on microorgan-
ism activity in different organic growing media, with higher microbial respiration at 63%
WFPS compared to 73% and 83% WFPS [66]. According to the theory mentioned above,
fertilizer mineralization should be optimal around −3.2 kPa, as in GM1 and GM3. Yet, the
mineralization rates of GM2 and GM4 were highest at −31.6 kPa, i.e., the driest conditions
of this study. As a result, oxygen could be more important than water availability. Suction
of 31.6 kPa is supposed to be too low for plant survival and growth. The ratio of NO3

− to
(NH4

+ + NO3
−) as a function of growing media humidity showed a similar trend to that

observed for soils, regardless of temperature [67], i.e., a progressive increase with humidity
up to 0.46 v/v (corresponding to a WFPS of 50–52% depending on the growing medium),
followed by a plateau up to 0.67 v/v (corresponding to a WFPS of 73–76% depending on
the growing media) (Figure 6). Thus, the optimal humidity for nitrification in the growing
media was similar to that of soils. However, we failed to establish a humidity action law
on the basis of experimental data. Indeed, at a given temperature each growing media had
a specific response curve to H/Hfc (Figure 5); when H/Hfc increased, f(H) decreased for
some growing media and then increased with increasing H/Hfc values. For other growing
media, f(H) progressively increased, or even reached a plateau. At another temperature, the
growing media behaved again in a different way, making it difficult to establish a generic
humidity action law.

Thus, an interaction between growing media temperature and moisture did occur, and
this process is commonly encountered in soils [68,69]. Several humidity action laws have
been established for arable soils and expressed as a function of the soil water content, the
WFPS, or the matric potential. The need to improve the representation of this relationship
in models has been highlighted. The authors of [70] presented a data-driven analysis of
soil humidity–respiration relations based on 90 soils. They showed how the relationship
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between soil heterotrophic respiration and different soil humidity levels is consistently
affected by soil properties. On the basis of the proportional response of soil respiration
(PRSR) related to a 0.01 increase in soil humidity as the central unit for analysis, they
found little or no effect of soil properties on the PRSR in organic soils (i.e., a soil organic
content higher than 300 g·kg−1). Thus, due to their nature and their specific behavior,
the formalisms known today are not adapted to growing media; research work has to be
developed in this area.

4.5. Management Implications

In terms of professional applications, growing media and fertilizer type need to be
considered at the same time to determine the rate of N release adequate for plant growth
as precisely as possible. Depending on plant requirements, professionals could select a
growing media according to its use (but physical characteristics would need to be checked)
and use an organic fertilizer to provide nutrients. Our results tend to show that GM4
supplied slow nutrient release that quickly reached a plateau at the lowest level in this
study, whereas GM3 supplied slowly the highest nutrient level. These results also indicate
that detecting the plateau would have required a longer incubation time than 49 days for
GM3 (Figure 1). Moreover, all four growing media presented a linear increase in total
mineral N at 40 ◦C indicating that extreme temperature can cause fast N release with
potential N loss if not synchronized with plant needs, whereas the process would be best
controlled at a temperature maintained between 20 and 28 ◦C. Peat is a reference material
in soilless production. Nevertheless, its use is questioned because exploiting peatland
implies depleting a recognized carbon (C) sink. Thus, efforts and the immediate need for
peat reduction in horticulture are a strong challenge for the future. Growing media tested
in this study were peat-based, but combined with other alternative materials. We were able
to show here that growing media with only 50% or 60% peat (GM2 and GM4, respectively)
mineralized as much fertilizer as GM1 (80% of peat). The results are, therefore, encouraging
and demonstrate that it is possible to progressively free ourselves from peat.

Mineralized F2 induced a high N release and appeared to be interesting for short- or
medium-term crop cultivation, while the fertilizer dose could be defined accordingly. The
temperature and ψ conditions that promoted the highest N fertilizer mineralization were
28 ◦C and −10 kPa (for GM2 and GM3) or −31.6 kPa (for GM1 and GM4). To go further,
growing media–fertilizer combinations should be tested in actual growth experiments since
the plant uptake could reveal inadequate growing media–fertilizer combinations or too
limiting ones in terms of nutrient supply, as suspected with GM4. Indeed, synchronizing
nutrient supply with the nutrient requirements of plants is a major issue for increasing
nutrient use efficiency. While nitrogen is essential and often the most limiting element for
plant growth, plants can be subjected to multiple nutrient limitations, especially colimitation
of N and P [71]. A depressive effect of organic versus mineral fertilization is frequently
observed [72,73]. For example, higher ammonification over nitrification rates is the main
explanation for the lower performances of organically grown basil plant because roots are
exposed to high levels of NH4

+ without supplying enough NO3
− [74,75].

5. Conclusions

The N mineralization dynamics of two organic fertilizers in four growing media types
at different temperature and humidity conditions showed a strong impact of the different
treatments on NH4

+ and NO3
− release. Under optimal conditions of temperature (20 ◦C)

and humidity (−10 kPa), 32% to 57% of the applied fertilizer was mineralized after 49 days
depending on the growing media. These results constitute major food for thought on
fertilizer application strategies during crop itineraries. The introduction of plants in the
system will have an impact on the mineralization process, which we plan to study in the
future. We attempted to adapt temperature and humidity action laws, whose formalisms
are derived from work on soils, to growing media. We succeeded in describing the effect of
temperature with an action law common to the four growing media, but the response of
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the growing media to humidity greatly varied among growing media and in a temperature-
dependent manner. Therefore, we failed to establish an action law for humidity, although a
satisfactory relationship between nitrification and humidity was demonstrated. Research is
needed to further investigate the effect of humidity and temperature-humidity interactions
on the mineralization of organic N from fertilizers. In addition, the present results need to
be refined using other growing media–fertilizer pairs. This work will allow for the short-
term development of a prediction model of mineralization of organic N from fertilizers in
soilless growing media production because such a model is lacking at present.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/horticulturae8020152/s1: Figure S1. Influence of temperature on NH4

+-N at −10 kPa water matric
suction, for (A) GM1, (B) GM2, (C) GM3, and (D) GM4; Figure S2. Influence of temperature on NO3

−-
N content at −10 kPa water matric suction, for (A) GM1, (B) GM2, (C) GM3, and (D) GM4; Figure
S3. Influence of water matric suction on NH4

+-N content at 20 ◦C, for (A) GM1, (B) GM2, (C) GM3,
and (D) GM4; Figure S4. Influence of water matric suction on NO3

−-N content at 20 ◦C, for (A) GM1,
(B) GM2, (C) GM3, and (D) GM4; Figure S5. NO3

− to total N min ratio, depending on matric suction
and temperature and with fertilizer F1, in (A) GM1, (B) GM2, (C) GM3, and (D) GM4. Bars represent
standard deviation (n = 3); Table S1. Results of three-way repeated-measures ANOVA with growing
media, fertilizer (Fert), temperature (Temp), and matric water suction (ψ) as between subject and time
(t) after fertilizer addition as within subject, on total mineralized N, NH4

+, and NO3
− contents; Table S2.

NO3
−, NH4

+, and total mineral N in GM1, depending on ψ, temperature, and fertilizers modalities (n = 3,
F0 = without fertilizer); Table S3. NO3

−, NH4
+, and total mineral N in GM2, depending on ψ, temperature,

and fertilizer modalities (n = 3, F0 = without fertilizer); Table S4. NO3
−, NH4

+, and total mineral N in
GM3, depending on ψ, temperature, and fertilizer modalities (n = 3, F0 = without fertilizer); Table S5.
NO3

−, NH4
+, and total mineral N in GM4, depending on ψ, temperature, and fertilizer modalities (n = 3,

F0 = without fertilizer); Table S6. AmoA content (log nb_seq·g−1 dw growing media) at −3.2 and
−31.6 kPa, and temperatures of 20 and 40 ◦C, during the 49 day incubation (n = 3).
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Abstract: In a cascade hydroponic system, the used nutrient solution drained from a primary
crop is directed to a secondary crop, enhancing resource-use efficiency while minimizing waste.
Nevertheless, the inevitably increased EC of the drainage solution requires salinity-tolerant crops.
The present study explored the salinity-tolerance thresholds of basil to evaluate its potential use
as a secondary crop in a cascade system. Two distinct but complemented approaches were used;
the first experiment examined basil response to increased levels of salinity (5, 10 and 15 dS m−1,
compared with 2 dS m−1 of control) to identify the limits, and the second experiment employed a
cascade system with cucumber as a primary crop to monitor basil responses to the drainage solution
of 3.2 dS m−1. Growth, ascorbate content, nutrient concentration, and total amino acid concentration
and profile were determined in both experiments. Various aspects of basil growth and biochemical
performance collectively indicated the 5 dS m−1 salinity level as the upper limit/threshold of
tolerance to stress. Higher salinity levels considerably suppressed fresh weight production, though
the total concentration of amino acids showed a sevenfold increase under 15 dS m−1 and 4.5-fold
under 5 and 10 dS m−1 compared to the control. The performance of basil in the cascade system was
subject to a compromise between a reduction of fresh produce and an increase of total amino acids
and ascorbate content. This outcome indicated that basil performed well under the conditions and
the system employed in the present study, and might be a good candidate for use as a secondary
crop in cascade-hydroponics systems.

Keywords: cascade hydroponics; basil; salinity; amino acids; nutrients; ascorbic acid

1. Introduction

Enhanced soil salinity is a worldwide and expanding problem posing serious threats
to crop production [1]. It is an inherent problem of intensive cultivation systems and
of semi-arid zones, which are characterized by the imbalance between precipitation and
evapotranspiration. Nevertheless, increased salinity affects soilless cultivation systems
as well—either open or closed [2]. Especially in the latter, where the nutrient solution
re-circulates more than once in the crop lines, the increased salt accumulation in the root
zone is inevitable. This entails risks regarding impaired plant function and performance,
which negatively affect crop yield [3,4]. Additionally, in both open and closed soilless
systems, the discharge of used nutrient solutions to the environment further deteriorates
soil quality, causing severe environmental degradation and a waste of resources [5]. The
ultimate result of such management practices is a reduced sustainability of soilless systems,
although their implementation has considerable advantages in terms of crop productivity,
space utilization, and nutrient-use efficiency [6,7]. Toward mitigating the environmental
impacts of the discharge of waste nutrient solutions, a new concept in closed systems has
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been recently proposed that includes a transformation of the classical system into a cascade
system; i.e., the used nutrient solution drained from a primary crop is subsequently directed
to a secondary crop, and its drainage solution to a tertiary crop [5,8]. This exhaustive re-use
of the same nutrient solution confers great advantages in resource-use efficiency while
minimizing waste, and thus enhances the sustainability of cascade cultivation systems.
Apparently, the suitability of certain crops to be used as secondary and tertiary crops
should be carefully considered in terms of salt tolerance; it becomes a crucial characteristic
due to increased salinity of the drained nutrient solution [5,9].

Plants grown under increased soil or water salinity are exposed mainly to three
constraints; i.e., water deficit, ion imbalance, and ion toxicity [10,11]. The consequent
physiological and metabolic disturbances collectively affect gas exchange rates, as well
as morphological and biochemical characteristics of plants, and hence compromise crop
growth and yield [3,12]. Plant species exhibit differential potentials to tolerate salinity, rang-
ing from non-tolerant glycophytes—among them most cultivated plants—to salt-tolerant
halophytes, which are adapted to thrive in saline environments. Interestingly, though
different in tolerance, plants employ the same basic mechanisms to respond and acclimate
to salt stress [10]. Among them are the control of cell water balance, ion homeostasis mech-
anisms, and scavenging of toxic compounds, all of which are deployed to various extents
by different genotypes [11]. All the above-mentioned mechanisms include the activation
of certain pathways of the secondary metabolism of plants, which result in production of
antioxidants and accumulation of compatible osmoprotectants such as proline and glycine
betaine [11]. Thus, the effort of the plant to cope with salt stress results in the enhancement
of bioactive compounds, which are defined as phytochemicals that can modulate metabolic
processes in humans and promote better health [13]. This effect is desirable from the human
diet perspective, representing the “bright side” of salt stress. The promotion of bioactive
compounds production by plants under stress is a new, intensive, and promising line of
research [13].

The selection of crops that may efficiently cope with salt stress will optimize the
use of the available resources of low quality, such as saline soil and irrigation water. The
fundamental step in this process is to determine the salinity thresholds for both productivity
and quality of the specific crops. There is often a trade-off between yield in terms of biomass
production and quality characteristics in terms of marketable plant products of high-added
value; e.g., health-promoting bioactive compounds and essential oils [4,14,15]. This trade-
off reflects of course the balance between primary and secondary plant metabolism, and is
usually challenged by imposing abiotic stress to crops [16]. Yet, given the adverse effects of
salt stress on crop function and growth, it is crucial to consider and fine-tune the balance
between yield, nutritional value, and bioactivity of the given crop species [17].

It is well documented that aromatic plants can tolerate moderate salinity, and thus
can be used as alternative crops in salt-degraded soils without significant yield loss [18,19].
Among them, sweet basil (Ocinum basilicum L.) has a high commercial value because of its
vast variety of uses [20]. Apart from culinary and ornamental use, basil has antimicrobial
and medicinal properties that add potential to its further utilization and increase its com-
mercial value [21]. The aim of the present study was two-fold: (i) the exploration of the
salinity tolerance thresholds of basil toward the best compromise between yield and the
content of ascorbic acid and amino acids, combined with (ii) the evaluation of basil as a
candidate for cascade hydroponics. Here, we report the implementation of two separate
experiments, the first determining the tolerance thresholds of basil exposed to three salinity
levels, through its response in terms of growth, antioxidant capacity, nutrient concentra-
tion, and amino acid profile; and the second examining the same response variables in
an experimental set-up in which basil was the secondary crop irrigated by the drainage
solution of a primary crop; i.e., cucumber, a commercial high-value crop that is commonly
cultivated in soilless systems.
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2. Materials and Methods

2.1. Plant Material and Experimental Design

This study was conducted in the greenhouse premises of Hochschule Geisenheim
University in Geisenheim, Germany during the summer months of 2018. The mean monthly
temperature during the experimental period ranged from 22.4 to 27.0 ◦C, and crops were
grown under ambient light conditions, with 517 μmol m−2 s−1 average light intensity.
Basil seeds of the Genovese (Eowyn) variety were sown in 3 L pots containing a mixture
of peat and perlite (2:1). After two weeks, basil plants had reached the two true leaves
stage. For the first experiment, a total of 40 pots with 25 plants each were selected. The
pots were divided into four treatments with 10 replicates each, and were irrigated daily
with a nutrient solution of four salinity levels; i.e., 2 dS m−1 (control), 5 dS m−1 (T5),
10 dS m−1 (T10), and 15 dS m−1 (T15). Commercial fertilizers were used to build up the
selected salinity levels. Table 1 summarizes the elemental composition and concentration
of each nutrient in the irrigation solution used for the four treatments. The pots were
arranged according to the randomized complete block design, and frequent rotation (every
10 days) was performed to minimize the impact of the microenvironment. The experimental
period lasted five weeks, during which two harvests were performed, 15 and 35 days after
commencement of the salinity treatment.

Table 1. Nutrient concentrations in the irrigation solution used for each treatment, expressed in
mmol L−1 for macronutrients and μmol L−1 for micronutrients.

Control T5 T10 T15

NO3
− 13.6 47.4 93.4 140.8

NH4
+ 5.4 14.8 29.2 44.0

Ca2+ 1.7 11.8 23.3 35.2
P 0.2 1.2 2.4 3.6

K+ 1.7 5.4 10.6 15.9
Mg2+ 0.4 1.9 3.7 5.6

S 0.4 2.4 4.7 7.0
Fe 12.3 31.6 62.3 94.0
Cu 1.5 4.0 7.8 11.8
Mn 7.1 18.3 36.2 54.5
Zn 3.7 9.6 19.0 28.6
B 22.7 58.3 115.0 173.4

Mo 0.4 1.1 2.1 3.1

In the second experiment, a cascade system was established with cucumber as a pri-
mary crop grown in hydroponics, the drainage of which was driven to basil grown in pots
as a secondary crop. A total of 36 cucumber plants were planted in six rows, each composed
of two rock wool slabs (Grodan, Roermond, the Netherlands; length: 1 m; volume: 11.25 L)
planted with three cucumber plants each. The primary crop plants were allocated to three
groups, with 12 plants each. The drainage of each group was driven to a tray upon which
12 pots were placed and received this capillary irrigation, with no additional watering
throughout the experimental period. Each pot contained 25 basil plants, as described above.
Thus, three replicates of the drainage solution treatment were formed while the control
group of basil (also 12 pots) received fresh nutrient solution, the same that was prepared
for cucumber. The latter was a standard nutrient solution for cucumber grown in open
hydroponic systems, with the following composition: 3.0 mM K+, 6.0 mM Ca2+, 2.0 mM
Mg2+, 1.0 mM NH4

+, 11.5 mM NO3
−, 1.5 mM H2PO4

−, 3.5 mM SO4
2−. The electrical

conductivity (EC) was set at 2.1 dS m−1 and pH 5.7. The EC range of the drainage solu-
tion that irrigated the treated basil plants was 3.2 ± 0.3 dS m−1, and its composition was
4.1 ± 0.3 mM K+, 7.1 ± 1.0 mM Ca2+, 2.2 ± 0.6 mM Mg2+, 13.2 ± 2.8 mM N, 1.7 ± 0.3 mM
P+ (average ± SD from three measurements during the experimental period). The same
experimental duration and harvest times as for the first experiment were applied.
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The following methods and sampling protocols for the growth and biochemical
parameters determination apply to both experiments described above.

2.2. Plant Growth

Plant height was measured at intermediate and final harvest. At the same time-points,
projected leaf area was determined through capturing photographs from the same height
above plants and subsequently using the free software ImageJ (open-source software,
ImageJ.net/ver. ImageJ 1.51j) to estimate the green area of the plants. At the intermediate
and final harvests, five random plants were selected from each pot. Leaves and stems were
separated, the fresh weight was measured immediately, and all the samples were oven
dried for four days at 55 ◦C and weighed for biomass assessment.

2.3. Nutrient Element Analysis

After the determination of dry weight, 0.25 g of leaf tissue from each sample was used
to conduct the nutrient elemental analysis. A modified Kjeldahl extraction was used for the
mineralization of all nutrients. Each leaf sample was extracted with 4.4 mL of the digestion
solution, which included 1.94 mL concentrated sulfuric acid, 2.82 mg Se, 82.13 mg Li2SO4,
and 1.94 mL 30% H2O2. The samples were digested for two hours at 30 ◦C, then left to reach
room temperature, and finally diluted up to 50 mL with distilled water before proceeding
to elemental analysis. The concentrations of N, P, K, Ca, Mg, Fe, Zn, Mn, and Cu were
determined by ICP-OES (Spectro Arcos EOS 12 ICP—OES Spectrometer, SPECTRO Analytical
Instruments GmbH, Kleve, Germany) and flow injection analysis (Foss Tecator FIAStar 5000,
FOSS, Hilleroed, Denmark). The concentration of macronutrients (N, P, K, Ca, Mg) and
micronutrients (Fe, Zn, Mn, Cu) are expressed in % and mg/kg of leaf dry weight, respectively.

2.4. Ascorbic Acid Content

For each treatment, 20 individual plants were used to constitute five samples. For each
plant, all the leaves were removed and grounded in liquid nitrogen. The ascorbic acid content
was determined according to Pegg et al. (2007) [22]. First, 100–200 mg of tissue per sample
was homogenized using 5 mL of 80% ethanol. The homogenate was mixed threefold using
a vortex for 5 s. The samples were submerged in an iced ultrasound bath for 15 min. After
that, the samples were centrifuged at 1792× g for 15 min at 0 ◦C, then 1 mL of supernatant
was transferred into cryogenic Eppendorf vials and stored at –80 ◦C. The ascorbic acid content
(mg AsA/g of dry tissue) was determined based on photochemoluminescence (PCL) with the
PHOTOCHEM Antioxidant Analyzer (Analytik Jena GmbH, Jena, Germany).

2.5. Amino Acids

The sample preparation followed the procedure described above for the ascorbic
acid determination. Concerning the extraction, 100–200 mg of tissue per sample were
homogenized using 2 mL of polyvinylpyrrolidone (PVP) 100 buffering solution. The ho-
mogenate was mixed using a vortex for 5 s. The samples were submerged in an ultrasound
bath for 15 min. After that, the samples were centrifuged at 1792× g for 15 min at 4 ◦C.
The supernatant was filtered through a 0.2 nm cellulose filter to sealable glass vials. The
concentration of amino acids (mg/kg of fresh tissue) was determined using an automatic
Amino Acid Analyzer (SYKAM s433, Sykam GmbH, Fürstenfeldbruck, Germany).

2.6. Statistics

Statistical analysis was performed with IBM SPSS Statistics v.26 software, using one-way
ANOVA, followed by Tukey’s HSD post hoc tests, and confidence intervals for p ≤ 0.05.

3. Results and Discussion

3.1. Exploration of Salinity-Tolerance Thresholds of Basil

In the first experiment, we evaluated the productivity as well as quality parameters of
basil exposed to various levels of salt stress to explore its tolerance thresholds. Moreover,
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we performed an evaluation with two time-points, including an intermediate harvest before
the final one to identify crucial patterns of response and the course of growth performance.

Basil’s growth response to increased salinity confirmed its moderate potential to cope
with this stress condition. Plant height reduction was evident at both intermediate and
final harvest (Figure 1A). In the latter, T5 slightly reduced plant height, but with statistical
significance, while T10 and T15 severely affected it, resulting in a decrease of 46 and 62%,
respectively, compared to the control. After only two weeks of exposure to stress, the treated
groups began to differentiate from the control plants, and these differences were magnified
in the final harvest. The same profile was followed by another indicative growth parameter,
the projected leaf area, as shown in Figure 1B. The between-treatment differences over
the course of the experiment were clearly reflected in both intermediate and final harvest
values of projected leaf area, showing a significant stepwise reduction with increasing
salinity levels (Figure 1B). The time-point of 15 days seemed to be crucial for all growth
responses of basil, since it marked the establishment of the first statistically significant
differences compared to the control. This applied not only to height and leaf area, but also
to the plant fresh weight and dry biomass production. Figure 2A presents the fresh weight
as determined in the intermediate and final harvest. After 18 days of exposure, T5 caused a
small but significant decrease of 18% compared to the control, and this was maximized to
47% at the final harvest. T10 and T15 considerably suppressed fresh weight production,
reaching a remarkable 72% and 87% reduction of control values, respectively, at the end of
the experiment. Similar severe reduction was evidenced in basil dry biomass accumulation
(Figure 2B). In the relevant literature, there are some studies on basil indicating that certain
varieties are tolerant to salinity levels even higher than those examined in the present
study [20]. Nevertheless, most similar works emphasize the limited potential of basil
to cope with salinities higher than 5 dS m−1, corroborating our results [23,24]. Indeed,
increased salinity was found to negatively affect basil height [12] and have a detrimental
effect on basil’s canopy area [25,26], while Caliskan et al. (2017) [27] indicated a negative
correlation between the accumulation of dry matter and increased salinity. The various
aspects of basil growth performance in the present study collectively indicated the 5 dS m−1

salinity level as the upper limit/threshold of tolerance to stress, and 15 days of treatment as
the critical point for the appearance of salinity symptoms on growth. It is well documented
that during the early phase of salinity stress (first days), the growth reduction is ascribed to
decreased leaf emergence and expansion [28,29]. The underlying mechanisms are related
to osmotic stress, which affects the availability of water to the plant body with profound
effects on stomatal conductance, cell cycle, and cell expansion. Apart from the rapidly
occurring water stress, the evolution of oxidative stress by uncontrolled production of
ROS, as well as nutrient imbalances, may account for the compromised growth under
enhanced salinity [26,30]. Accordingly, the time frame of 15 days (intermediate harvest)
and, moreover, 30 days (final harvest) in the present experiment may be adequate for these
stresses to be developed. In an article demonstrating both the water stress imposed and
the antioxidant response of salt-affected basil, Barbieri et al. (2012) [31] reported that the
constitutively reduced stomatal density improved the acclimatization of the more tolerant
basil variety to salinity stress, along with the efficient production of antioxidants.

The total concentration of amino acids in basil leaves showed a sevenfold increase under
15 dS m−1 and 4.5-fold under 5 and 10 dS m−1 compared to the control at the final harvest
(Figure 3). Statistically significant but smaller differences between the treatments were also
recorded in the intermediate harvest. It was noteworthy that the total amino acid content of the
control plants remained virtually unchanged between the intermediate and final harvests, while
saline treatments induced a three- to fourfold increase. An accumulation of free amino acids has
been usually reported in various plants exposed to abiotic stress [32,33]. Neto et al. (2019) [21]
measured the total content of amino acids of two basil varieties grown under 80 mM NaCl and
reported a marginal increase in both leaves and roots. There is a tight relationship between
amino acid metabolism and plant response to stress, due to the multiple roles of certain amino
acids in stress mitigation; i.e., osmoprotectants, ROS scavengers, N source and storage, and
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as alternative substrates for mitochondrial respiration [32–34]. Whether from a direct salinity-
induced effect or basil’s response in the adaptation process, the increase of total amino acid
content indicated metabolic adjustments and was particularly ascribed to specific compounds.
To the best of our knowledge, this is the first report of salinity effects on the detailed amino acid
profile of basil. Notably, it was obvious in the individual amino acid concentrations (Table 2)
that glutamine and arginine showed a significant increase at both intermediate and final
harvests in all salinity levels. At the final harvest, the asparagine was also responsive to the
imposed stress in a salinity level-dependent manner. In fact, the above-mentioned amino acids
presented an eight- to 12-fold increase in T15 compared to the control, substantially contributing
to the enhanced levels of total amino acid content shown in Figure 3. The results presented
are in accordance with other authors, who suggested that amino acids such as asparagine,
arginine, and glutamine, as well as proline, function as compatible solutes combating osmotic
stress within plant cells [32,33]. Asparagine accumulation may also play a role in nitrogen
remobilization and ammonia detoxification during abiotic stress [35], while the role of arginine
as precursor of the stress-induced polyamines is well documented [32].

Figure 1. Growth characteristics of basil leaves grown under the various salinity treatments: plant height at the intermediate
and final harvests (A); projected leaf area at the intermediate and final harvests (B). Values are expressed as mean ± standard
deviation (n = 50 for plant height and n = 10 for the PLA). Different letters indicate statistically significant differences
between treatments at each harvest (small letters refer to the intermediate and capital ones to the final harvest, p < 0.05).

Figure 2. Leaves fresh weight (A) and leaves biomass (B) grown under the various salinity treatments at the intermediate and
final harvests. Values are expressed as mean ± standard deviation (n = 10). Different letters indicate statistically significant
differences between treatments at each harvest (small letters refer to the intermediate and capital ones to the final harvest, p < 0.05).
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Figure 3. Total amino acid content of basil leaves grown under the various salinity treatments at the intermediate and final
harvests. Values in all layers are expressed as mean ± standard deviation (n = 5). Different letters indicate statistically
significant differences between treatments at each harvest (small letters refer to the intermediate and capital ones to the final
harvest, p < 0.05).

Ascorbic acid (AsA) is directly involved in salinity stress protection, and particularly
in basil, it has been identified as a good indicator of the total antioxidant capacity [36].
The AsA content of T15 plants was severely suppressed at the final harvest, although at
the intermediate harvest showed a statistically significant increase compared to all other
treatments (Figure 4). Only T5 plants displayed similar AsA concentration with the control
group. High levels of AsA effectively maintain low levels of H2O2, which may prevent the
H2O2-mediated stress responses and can therefore contribute to overcome saline stress [31].
The enhanced AsA content at the intermediate harvest in the T15 group may reflect this
process. Nevertheless, the decreased levels of AsA after prolonged salinity stress in all
treated plants may have multiple explanations, pointing to the parallel and overlapping
mechanisms that control and modulate physiological responses to stress. Possibly the
extensive utilization of AsA for the detoxification of H2O2, accompanied by the inefficient
regeneration of ascorbate, as proposed by Barbieri et al. (2012) [31], may explain the
decreased concentration at the end of the growth period. Overall, after 15 days of saline
treatment, the protection that AsA confers to basil plants may be considered insufficient. It
should be noted here that although the AsA concentration is correlated with salt tolerance,
it is obviously not the only responsible substance, since other physiological mechanisms
and metabolites, not determined in the present study, may also contribute.
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Figure 4. Ascorbic acid content of basil leaves grown under the various salinity treatments at the intermediate and final
harvests. Values are expressed as mean ± standard deviation (n = 5). Different letters indicate statistically significant
differences between treatments at each harvest (small letters refer to the intermediate and capital ones to the final harvest,
p < 0.05).

High salinity interferes with uptake and assimilation of certain nutrients [37], mainly
through alterations in related enzyme activity. The source of salinity; i.e., the composi-
tion and concentration of salts in the irrigation water or nutrient solution, significantly
shapes the type and magnitude of nutrient-related problems; deficiencies, ion toxicities,
and altered ion balance and competition may differentially arise due to various salinity
sources [38]. In salinity-related research, the use of NaCl predominates, yet there are many
other sources of excessive salts that may impact crops, and their result in plant nutritional
response may be different [12,39]. In the context of cascade hydroponics, using nutrient
solutions of increasing elemental concentration, thus increasing EC, is a more realistic ap-
proach compared to NaCl addition. The enhanced EC substantially modified the nutrient
absorption and content. Nutrient imbalances were found in basil plants exposed to salinity
in both harvests of the current study (Table 3), with the effect being more pronounced at
the intermediate harvest (15 days). At the final harvest, the leaf elemental concentration
may reflect the trade-off between enhanced nutrient availability in the irrigation solution
and the salinity effects on plant function and metabolism; accordingly, we followed the
interference of imposed salinity to nutrient status. Under T5, T10, and T15, N content in
leaf tissues was increased at both harvest dates compared to the control. The opposite trend
has also been reported by Elhindi et al. (2017) [23], but the differences may be ascribed to
their use of NaCl for imposing salt stress, the longer duration of their experiment (57 days),
and possibly to the different developmental stage of basil plants at their final harvest,
since flowering alters nutrient allocation patterns. Indeed, NaCl-imposed salinity stress
has profound effects on N concentration due to inhibition of NO3-transport systems [40].
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Corroborating our results, Scagel et al. (2017) [39] found increased N content in basil
leaves exposed to either NaCl- or CaCl2-induced salinity. N concentrations in basil in the
present experiment, except for the increased availability in the irrigation solution, may
also be related to the enhanced concentration of certain amino acids mentioned above.
Indeed, the induction of glutamine and asparagine synthesis during stress has been linked
to storage of organic nitrogen and transport within plants [33]. Phosphorus uptake was
gradually decreased along increasing salinity (Table 3), a result that has been also found in
NaCl-challenged basil [20,23]. According to Scagel et al. (2017) [39], the source of salinity
determines the mechanism of P reduction, being either limited availability of phosphate
ions or competition with other ions for binding sites within roots. Apparently, in the case
of P in the current experiment, the salinity effect outweighed the increasing P supply by
irrigation solution. Potassium content in leaves exhibited an interesting profile. T10 and
T15 plants showed significantly lower K content compared to the control and T5 at the
intermediate harvest, although their irrigation solution permitted increased K availability.
An increase was evident during the last days, resulting in similar K levels in all treatments
at the final harvest. This increase may be due to the role of K in osmoregulation, since
it is considered, along with Cl, among the inorganic solutes with a greater contribution
to the osmotic adjustment in basil [21]. Similar regulatory involvement in osmotic stress
may be ascribed to Ca, the accumulation of which was induced by the two higher salinity
levels at the early phase of stress. Ca content enhancement in leaves has been ascribed to
its altered allocation under salt stress [40], which has been evidenced also in basil [39] as an
increased translocation from root to shoot. The micronutrients determined in the present
study showed distinct profiles along treatments and harvests (Table 3). A general trend was
evident for lower values under salinity at the final compared to the intermediate harvest.
Fe accumulation was suppressed under saline conditions, while Cu and Zn concentrations
did not respond consistently. Nevertheless, the variation of Mn content was significant; at
the intermediate harvest, increasing salinity induced a stepwise increase compared to the
control, with almost doubled values under 15 dS m−1. The opposite effect was recorded at
the final harvest, where an apparent suppression of Mn uptake and/or translocation to
leaves was imposed by all salinity levels, resulting in decreased concentration. The salt-
affected micronutrient content of basil leaves has been rarely determined. A recent study
by Elhindi et al. (2017) [23] reported a general decline in concentration of all micronutrients
when plants were exposed to 6 and 12 dS m−1. Scagel et al. (2019) [20] found that 5, 10, and
20 dS m−1 did not significantly alter Fe, Mn, and Zn concentrations. However, in an earlier
work by the same authors [39], a substantially increased uptake of Cu and Zn was found,
along with a reduced uptake of Fe with either NaCl- or CaCl2-imposed stress. Of course,
the direct comparison with other works may be misleading, since it is documented that
differences in salt source used and salinity tolerance among basil cultivars may account for
specific effects on leaf nutrient composition [12,39].

In conclusion, the various aspects of basil growth and biochemical performance
collectively indicated the 5 dS m−1 salinity level as the upper limit/threshold of tolerance
to stress. Additionally, the results of the first experiment indicated the first 15 days of
treatment as a critical point for the process of salinity-symptom appearance in growth
performance, as well as mineral composition.
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3.2. Is Basil Suitable as a Secondary Crop in a Cascade Hydroponics System?

The second experiment was established to evaluate the suitability of basil as a sec-
ondary crop in a cascade hydroponics system. The inevitably moderate to high electrical
conductivity of the solution that drains from the primary crop to the secondary one chal-
lenges the growth and functional performance and depends on the salinity-tolerance
thresholds of the latter. In the current experiment, basil grown in pots directly received the
drainage solution of cucumber grown in hydroponics without any further treatment.

The growth response of basil clearly correlated with the low salinity level of the first
experiment analyzed above. Even though the EC of the solution that was channeled to
basil never exceeded 3.5 dS m−1, a reduction of growth was evident, notably at the final
harvest (Figure 5). All aspects of growth were affected by salinity to a different extent,
ranging from 20% reduction of the projected leaf area to 47% and 42% reduction of the
fresh and dry weights, respectively (Figure 5B–D). Similar growth restrictions were also
recorded in the T5 plants in the first experiment (Figures 1 and 2). Elvanidi et al. (2020) [5]
reported similar reductions of basil grown in cascade hydroponics in which basil received
only 40% of cucumber drainage complemented with typical irrigation water.

Figure 5. Growth characteristics of basil leaves grown as a secondary crop in the second experiment: plant height (A),
projected leaf area (B), leaves fresh weight (C), and leaves biomass (D) at the intermediate and final harvests. Values are
expressed as mean ± standard deviation (n = 50 for plant height and n = 10 for all the others). Different letters indicate
statistically significant differences between treatments at each harvest (small letters refer to the intermediate and capital
ones to the final harvest, p < 0.05).

The total amino acid content of basil that received the drainage solution from cucumber
(hereinafter referred to as “treated plants”) displayed a trend for higher values compared
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to the control only at the final harvest (Figure 6). Accumulation of amino acids is usually
connected to a stress-induced protein breakdown as mentioned above; nevertheless, plants
may actively synthesize specific amino acids that play a distinct and beneficial role in stress
response [33]. In this line, the 67% increase of glutamic acid concentration at the final
harvest (Table 4) may be correlated with its use as a precursor to essential amino acids or
its newly reported signaling role toward increased activities of antioxidative enzymes [41].
A trend toward increase in citrulline concentration in treated plants may be ascribed to its
function as a compatible solute involved in the maintenance of cellular osmolarity [42].
Overall, the profile of amino acids of the treated plants was in accordance with the T5 basil
plants in the first experiment. However, there was a significant difference in magnitude
of certain amino acid responses between the T5 and the second experiment. For example,
while glycine, ornithine, and proline had a 40–60% increase in treated plants compared
to the control in the second experiment, their increase in T5 was two- to fivefold of the
control values. Additionally, two- to sevenfold increases in asparagine, glutamine, and
arginine of T5 plants were not found in the second experiment. The above-mentioned
distinct responses indicated that other factors apart from EC might also act as drivers of the
regulation of free amino acid homeostasis and control the dynamic amino acid pool. We
may speculate that these factors were related to cucumber root exudates that enriched the
drainage solution, and affected the basil plants’ response, but they were not determined
in the present study. Further and targeted experiments on exudate composition and their
detailed metabolomic profile are needed to validate this hypothesis.

The ascorbic acid content of treated plants showed an increase compared to the control
plants, but was statistically significant only in the intermediate harvest. The same trend
was observed at the final harvest, but it was marginally non-significant (Figure 7). This
finding was slightly different compared to the AsA concentration of T5 plants presented
above (Figure 4). It seemed that the drainage solution from cucumber triggered the antioxi-
dant machinery, and the response was more pronounced during the acclimation process
compared to the first experiment. Apparently, other antioxidants, not determined in the
present study, may also play a role in this process.

Figure 6. Total amino acid content of basil leaves grown as a secondary crop in the second experiment.
The absence of letters indicates no statistically significant differences between treatments at both
harvests (p < 0.05). Values are expressed as mean ± standard deviation (n = 5).
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Table 4. Individual amino acid concentrations in basil leaves for the various salinity treatments at the intermediate and
final harvests, expressed as mg kg−1 FW. Different letters indicate statistically significant differences between treatments at
each harvest (small letters refer to the intermediate and capital ones to the final harvest, p < 0.05). Values are expressed as
mean ± standard deviation (n = 5).

Intermediate Harvest Final Harvest

Control Treated Control Treated

alanine 13.27 ± 1.88 a 13.13 ± 3.39 a 9.14 ± 0.71 A 12.83 ± 2.69 B
arginine 2.44 ± 0.64 a 1.56 ± 0.64 b 13.07 ± 3.65 A 9.48 ± 16.25 A

asparagine 2.48 ± 0.68 a 1.97 ± 0.53 a 11.41 ± 3.84 A 8.86 ± 5.29 A
aspartic acid 3.92 ± 0.40 a 4.29 ± 1.30 a 8.34 ± 1.44 A 10.44 ± 2.54 A

b-alanine 0.04 ± 0.00 a 0.05 ± 0.02 a 0.09 ± 0.04 A 0.10 ± 0.04 A
b-amino-isobutyric acid 0.03 ± 0.02 a 0.13 ± 0.08 b 0.05 ± 0.02 A 0.09 ± 0.05 A

citrulline 3.16 ± 0.51 a 3.09 ± 0.96 a 0.82 ± 0.22 A 1.80 ± 1.32 A
g-aminobutyric acid 9.18 ± 1.87 a 6.88 ± 2.49 a 8.72 ± 2.04 A 6.61 ± 1.32 B

glutamic acid 31.31 ± 1.29 a 38.05 ± 6.52 b 28.91 ± 3.74 A 48.20 ± 7.30 B
glutamine 25.49 ± 3.61 a 22.67 ± 7.62 a 30.87 ± 6.19 A 31.28 ± 8.60 A

glycine 2.09 ± 0.33 a 1.83 ± 0.48 a 0.84 ± 0.22 A 1.80.51 A
histidine 0.84 ± 0.20 a 0.79 ± 0.16 a 1.67 ± 0.47 A 1.49 ± 0.74 A

isoleucine 0.33 ± 0.05 a 0.34 ± 0.08 a 0.87 ± 0.21 A 0.87 ± 0.37 A
leucine 0.37 ± 0.04 a 0.34 ± 0.07 a 0.90 ± 0.23 A 0.93 ± 0.41 A
lysine 2.08 ± 0.48 a 2.20 ± 0.98 a 2.57 ± 0.54 A 2.60 ± 0.68 A

methionine 0.05 ± 0.01 a 0.03 ± 0.02 b 0.02 ± 0.02 A 0.03 ± 0.02 A
ornithine 0.30 ± 0.10 a 0.39 ± 0.17 a 0.13 ± 0.05 A 0.19 ± 0.10 A

phenylalanine 0.30 ± 0.03 a 0.42 ± 0.09 b 0.68 ± 0.18 A 0.85 ± 0.38 A
proline 0.37 ± 0.07 a 0.38 ± 0.20 a 0.27 ± 0.16 A 0.42 ± 0.17 A
serine 5.09 ± 0.64 a 5.16 ± 1.37 a 4.07 ± 0.63 A 5.07 ± 1.31 A

threonine 1.68 ± 0.10 a 1.74 ± 0.36 a 2.66 ± 0.35 A 3.23 ± 0.76 A
tryptophan 0.33 ± 0.13 a 0.69 ± 0.35 b 0.51 ± 0.16 A 0.56 ± 0.29 A

tyrosine 0.07 ± 0.04 a 0.12 ± 0.10 a 0.35 ± 0.18 A 0.32 ± 0.15 A
valine 1.11 ± 0.10 a 1.27 ± 0.41 a 1.73 ± 0.27 A 1.93 ± 0.50 A

Figure 7. Ascorbic acid content of basil leaves grown as a secondary crop in the second experiment
at the intermediate and final harvests. Values are expressed as mean ± standard deviation (n = 5).
Different letters indicate statistically significant differences between treatments at each harvest (small
letters refer to the intermediate and capital ones to the final harvest, p < 0.05).
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Table 5 summarizes the macro- and micro-nutrient content of basil plants in the
second experiment. Noticeable impacts of treatment were recorded in P concentration,
with 40% and 52%, and Mn with 74% and 60% reductions in the intermediate and final
harvests, respectively; and in K, which showed a significant 45% reduction at the end of the
experiment. On the contrary, Mg concentration was increased by 108% at the final harvest.

Table 5. Nutrient concentrations in basil leaves of the control and cascade hydroponics treatments (2nd experiment) as
determined at the intermediate and final harvests. Different letters indicate statistically significant differences between
treatments at each harvest (small letters refer to the intermediate and capital ones to the final harvest, p < 0.05). Values in all
layers are expressed as mean ± standard deviation (n = 10).

Intermediate Harvest

Treatment N (%) P (%) K (%) Ca (%) Mg (%)
Fe

(mg/kg)
Zn

(mg/kg)
Mn

(mg/kg)
Cu

(mg/kg)

Control 5.54 ±
0.64 a

0.91 ±
0.21 a

5.97 ±
0.45 a

2.66 ±
0.68 a

0.44 ±
0.13 a

132.62 ±
30.72 a

87.11 ±
7.02 a

175.75 ±
17.69 a

17.49 ±
2.93 a

Treated 4.82 ±
0.32 b

0.55 ±
0.05 b

4.87 ±
0.65 b

2.74 ±
0.23 a

0.59 ±
0.09 b

146.36 ±
25.92 a

57.27 ±
8.31 b

46.36 ±
10.19 b

16.92 ±
2.87 a

Final Harvest

Treatment N (%) P (%) K (%) Ca (%) Mg (%)
Fe

(mg/kg)
Zn

(mg/kg)
Mn

(mg/kg)
Cu

(mg/kg)

Control 4.74 ±
0.13 A

1.06 ±
0.05 A

7.11 ±
0.46 A

2.23 ±
0.13 A

0.33 ±
0.02 A

172.69 ±
30.86 A

91.49 ±
5.46 A

198.76 ±
10.19 A

19.22 ±
2.21 A

Treated 4.75 ±
0.17 A

0.50 ±
0.05 B

3.89 ±
0.46 B

2.95 ±
0.14 B

0.69 ±
0.06 B

148.13 ±
17.79 B

58.24 ±
4.61 B

46.36 ±
12.01 B

14.69 ±
2.42 B

The performance of basil under the conditions and the system in which the present
experiment was carried out proved to be promising for its use as a secondary crop in
cascade hydroponic systems. Obviously, there are numerous aspects of basil biochemistry,
complementary to those measured in the present study, that might be determined in future
studies and complete the picture of basil performance. Among them, the impact of the
drainage solution for various primary crops on concentrations and profiles of secondary
metabolites, especially those responsible for aroma, would be worth studying.

The concept of cascade cropping systems is new; thus, few studies have explored their
potential in ornamental and horticultural production and delineated their advantages and
drawbacks [5,8,43,44]. The main constraint seems to be the increased salinity in the root
zone of the secondary and tertiary crops, a problem that may be overcome by various levels
of dilution of the primary crop leachates with water of low electrical conductivity [5,8,45].
Additionally, the use of salt-tolerant or even halophytic species, which can successfully
grow under conditions of increased salinity, may be a feasible idea. Future experiments
are expected to focus on this latter group, i.e., halophytes, some of which have recently
been domesticated and included in human diet. Therefore, halophytes may be excellent
candidates for their use as tertiary crops in cascade hydroponics.

4. Conclusions

The present study explored the salinity-tolerance thresholds of basil to evaluate its
potential use as a secondary crop in a cascade hydroponics system. We used two distinct
but complemented approaches to address our target; the first experiment tested several
aspects of basil’s response to increasing levels of salinity in order to identify the tolerance
limits, while the second experiment employed a cascade system to monitor the responses,
with cucumber grown in hydroponics as the primary crop, the drainage solution of which
irrigated basil grown in pots, a setup comparable to the first experiment. The various
aspects of basil growth and biochemical performance collectively indicated the 5 dS m−1

salinity level as the upper limit/threshold of tolerance to stress. Additionally, the results of
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the first experiment indicated the first 15 days of treatment as a critical point for the process
of salinity-symptom appearance on growth performance, as well as mineral composition.
The use of basil as a secondary crop, which inevitably faces increased EC of the drainage
solution of the primary crop, is subject to a compromise between fresh produce reduction
and an increase in specific biochemical attributes related to basil quality. The increase of
total amino acids under enhanced EC in both experiments and the trend for higher levels
of the antioxidant AsA, as a surrogate of the antioxidant pool of basil, may compromise
the 40% reduction in fresh produce yield in the cascade system. Another important aspect
that should be considered is the benefit of re-using the drainage solution from the primary
crop, which results in combined production of more than one crop and the optimization
of the environmental footprint. Comparing the two experiments reported in the current
study, we should highlight certain different responses of basil’s biochemical parameters
when exposed to drainage solution in the cascade system. This finding may indicate that
other factors, except for the increased EC, may also act as drivers of plant response, and
this must be confirmed in future experiments to reach deeper insights. We concluded after
both experiments that basil performed well under the specific conditions and in the system
employed in the present study and might be a good candidate for use as a secondary crop
in cascade hydroponics systems.
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Abstract: Composts of spent mushrooms substrates can be an alternative for the partial replacement
of peat as growing media in horticulture. Three mature composts from Agaricus bisporus (Ag),
Pleurotus ostreatus (Pl), and 70% Ag:30% Pl (AgPl) production were used as partial components
of peat growing media, used at a 1:4 compost:peat ratio for growing red baby leaf lettuce. They
showed higher yields, between 3 and 7 times more than that for peat itself, even under the pressure
of the plant pathogen Pythium irregulare. AgPl showed the higher suppressiveness (50%) against
Pythium irregulare than Ag- (38%) or Pl- (15%) supplemented media. The combination of these raw
materials and a suitable composting process is important for obtaining mature compost for use as a
partial component of peat-based growing media.

Keywords: suppressiveness; Trichoderma harzianum; peat; compost; substrate

1. Introduction

At the present time, there is an increasing demand for proteins of plant origin, which
cost less and are healthier than the proteins from animal sources [1]. Edible mushrooms
belonging to the Basidiomycetes are an interesting alternative due to their high concen-
trations of proteins and vitamins. Agaricus bisporus (A. bisporus) and Pleurotus ostreatus
(P. ostreatus) are the most commonly cultivated mushroom species.

Worldwide mushroom production is greater than 25 MT per year [2], producing an
average 5 kg of spent mushroom substrate (SMS) per kilogram of mushroom. Accumulation
of this waste over time has a negative impact on the environment [3,4], generating leachates
that can contaminate the soil and surrounding water [5]. After mushroom harvest, SMS
still holds high levels of organic matter and nutrients and could be of potential use in
agriculture, horticulture, or disease management [4]. However, SMS requires stabilization
for using in agriculture, due to the amount of labile organic matter, assuring at the same
time the elimination of mushroom mycelia that invade the SMS [6]. The stabilization of SMS
through a composting process could offer a sustainable alternative for agriculture [7,8]. The
composting process involves the succession of microorganisms, which is directly affected
by various factors such as the specific mix of raw materials, temperature, aeration, moisture,
C/N ratio, and pH, among others [9,10].

Lettuce (Lactuca sativa L.) is the most common of the salad leaf crops and is mainly
consumed fresh. Among lettuces types, baby leaf red lettuce has popularity, due to its easier
and faster processing and high content of phytochemicals with health beneficial effects.

Horticulturae 2021, 7, 13. https://doi.org/10.3390/horticulturae7020013 https://www.mdpi.com/journal/horticulturae
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The successful production of lettuce in soilless culture with a minimal level of pest control
depends on uniform, high-quality seedling germination and growth in a substrate [11].

Peat is the main component of growing media for lettuce production, because of its
ideal characteristics for cropping such as constant chemical and physical properties [12].
Nevertheless, peat is a non-renewable resource whose harvest produces a negative im-
pact on global climate change, and which is susceptible to soilborne pathogens such as
Pythium irregulare (P. irregulare) (causing damping-off diseases), characterized as virulent
and fast spreading in baby leaf lettuce crops in Mediterranean areas [11].

Composts from SMS can be partial components of growing media [13,14]. Moreover,
some have shown potential suppressive activity against plant pathogens [11–15]. There
are different mechanisms involved in pathogen suppression, including nutrient and space
competition, antibiosis, and mycoparasitism [16], and the induction of systemic resistance
to biotic stresses such as disease and abiotic stresses [17].

Our hypothesis is that the use, as a component of plant growing media, of compost
made from spent mushroom substrate (SMS) after culture of A. bisporus (Ag), or P. ostreatus
(Pl), or a combination combination of 70% A. bisporus and 30% P. ostreatus (AgPl) mixed
with peat (1:4; compost:peat) would increase germination and plant biomass production
and reduce the effects of P. irregulare in red baby leaf lettuce grown under soilless conditions
compared to peat alone as growing media. To test this hypothesis, several experiments
were carried out with the following objectives: (1) to evaluate the composting process
of SMS from Ag, Pl, and AgPl; (2) to evaluate whether the composts could be used as a
component of soilless growing media (1:4; compost:peat) to produce red baby leaf lettuce;
(3) to evaluate the suppressive capacity of the composts under biotic stress of P. irregulare;
and, (4) to evaluate whether the suppressiveness of SMS compost from AgPl inoculated
with the biocontrol agent Trichoderma harzianum (AgPl + T) as a component of soilless
growing media could be increased.

2. Materials and Methods

2.1. Raw Materials

Spent mushroom substrates from A. bisporus culture and P. ostreatus culture were
produced after 3–4 mushroom harvests. The substrate for A. bisporus production was
principally made using cereal straw, poultry manure, calcium sulphate (CaSO4·2H2O)
and water to reach 70% humidity. Limestone gravel (high-purity calcium carbonate) was
added to buffer the pH to 7.5, and the compost reached temperatures around 70 ◦C and
was turned 3–4 times. The substrate for P. ostreatus production was principally made
using straw, 70% humidity, and was not composted. Both substrates for A. bisporus or
P. ostreatus production were packed in plastic bags for mushroom production and they
were distributed to the production sites, 30–40 farms in a radius of 20 km from the substrate
production site. Once they were spent, they were moved to a recycling plant for their
management, which involved removing the plastic, homogenizing the SMS, and placing in
piles for composting. For this study, SMS was collected from the compost recycling plant
Sustratos de la Rioja located in Pradejón (La Rioja, Spain). The main characteristics of the
Ag SMS and Pl SMS can be found in Table 1.

2.2. The Composting Process

Three composting piles of 2500 tons were set up: 100% Ag SMS (Pile Ag), 100% Pl
SMS (Pile Pl), and a mix of 70% Ag SMS and 30% Pl SMS (v/v) (Pile AgPl). The piles
showed an initial water holding capacity of 70%, which was maintained to 50–60% by
regular turning when the temperature was higher than 65 ◦C. The composting processes
lasted around 130 days, including 50 days for the bio-oxidative phase and a maturation
phase of 80 days. Sampling was performed throughout the composting process at 0, 20, 35,
90, and 130 days from the beginning, from three sites on each pile and mixed to obtain a
representative sample.
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2.3. Assessment of Composts as a Component of Growing Media for Red Baby Leaf Lettuce
Cultivation and as a Suppressive Growing Media under P. irregulare Biotic Stress

A pot experiment was performed to assess the different composts obtained after
the composting process as compost growing media for red baby leaf lettuce cultivation.
Treatments were Ag, Pl, and AgPl composts mixed with commercial peat 315 (Blond/black
60/40 Turbas y Coco Mar Menor S.L.) at a 1:4 (w/w; compost:peat) ratio. This ratio was
selected as optimal for avoiding seed germination inhibition. Peat alone was used as the
control treatment. The main physicochemical and chemical characteristics of the peat
were as follows: pH 5.6; electrical conductivity (EC) 1 mS cm−1; total C 466 g kg−1; total
N 9.4 g kg−1; total P 0.3 g kg−1; and total K 0.9 g kg−1. Red baby leaf lettuce “Ligier RZ84-
14” (Rijk Zwaan, De Lier, The Netherlands) was selected as the assayed crop and P. irregulare
as the pathogen to evaluate compost suppressiveness.The pathogen (P. irregulare) was
isolated in potato dextrose agar medium (PDA, Sharlau, Spain) culture from lettuce plants
showing disease symptoms in a lettuce field, then selected based on phenotypic appearance,
and re-cultured on PDA to ensure identity The P. irregulare inoculum was produced by
mixing and blending 4-day-old mycelia onto PDA with 200 mL of sterile distilled water.
Thirty replicate pots were prepared from each treatment: half (15) were not inoculated
with the pathogen and were used to evaluate the effect of compost as a growing media; the
other half were infected with the pathogen (6.75 mL) before planting, equivalent to 8.23 log
copies of internally transcribed spacers (ITS) g−1 growing media.

For germination, the pots were placed in a growth chamber at 18 ± 1 ◦C at 80% relative
humidity (RH) and in darkness for 48 h. After that, the pots were randomly distributed
in a growth chamber at 24/18 ◦C day/night with a RH range of 60–70% for 25 days. The
germination percentage was measured six days after sowing and was calculated as the
ratio of germinated seeds divided by total seeds, multiplied by 100. The lettuce plants were
collected 25 days after planting, and the fresh plant biomass was weighed.

2.4. Assessment of Composts Inoculated with T. harzianum as a Component of Growing Media and
a Suppressive Growing Media under P. irregulare Biotic Stress for Red Baby Leaf
Lettuce Cultivation

A pot experiment was performed with two treatments: AgPl and AgPl + T. The latter
was inoculated with T. harzianum (CEBAS collection) to achieve a final concentration of
6.75 log copies ITS g−1 growing media. T. harzianum was produced and immobilized in
bentonite (1:9) [18]. The experiment was set up as described in the prior section.

2.5. Chemical and Microbiological Properties

The pH and electrical conductivity (EC) were measured in a 1:10 (w/v) aqueous
extract of the substrate media. The total organic carbon (TOC) and total nitrogen (N) were
measured using a LECO TruSpec C/N Elemental Analyzer. P, K, Na, Ca, Mg, Fe, and heavy
metals were determined by inductively coupled plasma-mass spectrophotometry (ICP-MS
PQExCell, VG-Thermo Elemental, Winsford, Cheshire, UK), after HNO3/HClO4 high-
pressure digestion. Total organic carbon (TOC) loss due to mineralization was calculated
from the initial (X1) and final (X2) ash contents according to the following equation [19]:

TOC loss (%) = 100 - 100 [X1 (100 − X2)/X2 (100 − X1)]

The suppressiveness index was calculated according to the formulae of disease sup-
pressiveness describe by Veeken et al. [20]. The abundance of P. irregulare and T. harzianum
inoculated was measured in a real-time PCR system by quantitative 7500 Fast real-time PCR
(qPCR), following the protocol described by Giménez et al. [11] with the specific primers
for P. irregulare and T. harzianum previously described by López-Mondéjar et al. [21].

2.6. Statistical Analysis

Data were analysed using the IMB Statistics SPSS 26 software, and an ANOVA test
was performed. When the F-statistic was significant, the differences between treatments
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were determined using Tukey’s test at α = 0.05, or Duncan’s multiple range test for non-
homogeneous values at p = 0.05. Normality and homogeneity of the variances were checked
using the Shapiro–Wilk and Levene tests, respectively.

3. Results

3.1. The Composting Process

The temperature in the piles increased until it reached values ranging from 47.76
to 54.32 ◦C; these temperatures were maintained for 55 days (thermophilic phase). The
temperatures then decreased during the cooling and maturation phase (Table 1). The
thermophilic phase duration for Pile Ag was 64 days, for Pile AgPl 52 days, and for the Pile
Pl only 44 days. Both piles with Ag (Pile Ag and Pile AgPl) showed higher temperatures
(>50 ◦C) than Pile Pl.

The variations in physicochemical and chemical parameters during the composting
process are shown in Table 1. In general, the pH and EC increased during the composting
process in the three piles. After 130 days, the pH reached values of 7.62 (Pile Ag), 7.57 (Pile
AgPl), and 7.88 (Pile Pl), while the EC reached values of 7.67 (Pile Ag), 7.56 (Pile AgPl), and
7.11 (Pile Pl). The C/N ratios and total carbon (TC) of the three piles diminished during the
composting process, although the C content was higher in Pile Pl during composting than
in the other two piles. The highest percentage of TOC loss occurred in Pile AgPl (45%),
followed by Pile Ag (30%) and Pile Pl (23%) (Figure 1). Inversely to C content, the total
nitrogen (TN) content increased during the composting process, and Piles AgPl and Ag
showed the highest TN content throughout the process (Table 1). In general, total P, K, Mg,
and, especially, Ca also significantly increased during the composting process, with Pile Ag
showing the highest values at the end of composting process. Total Cd, Cr, Mn, Zn, Cu, Cr,
Pb, and Ni showed a similar trend to the other measured minerals, also increasing during
composting (Table 2). Composts did not show evidence of Salmonella spp., Listeria spp., or
Escherichia coli. Moreover, no animal pathogens were detected in the substrates before use
in mushroom cultivation (data not shown).

3.2. Composts as a Growing Media Component

The percentage of red baby leaf lettuce seed germination in the different composts
was significantly higher than the germination rate of plants grown in peat alone, and no
significant differences between the composts were observed (Figure 2A). The fresh shoot
weight of red baby leaf lettuce grown in the composts was also significantly higher than
that grown in peat. Comparing the three composts, the highest fresh shoot weight was
obtained for Ag (Figure 2B).

Figure 1. Percentage of total organic carbon losses during the composting process of the different piles. 100% A. bisporus
(Pile Ag), 100% P. ostreatus (Pile Pl), and 70% A. bisporus: 30% P. ostreatus (Pile AgPl).
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Table 2. Heavy metal concentration of 100% A. bisporus (Ag), 100% P. ostreatus (Pl), and 70% A. bisporus: 30% P. ostreatus
(AgPl) composts.

Compost Cu (mg/kg) Zn (mg/kg) Cd (mg/kg) Cr (mg/kg) Pb (mg/kg) Ni (mg/kg)

Ag 43 ± 2.06 z 258 a ± 12.93 <1 ± 0.01 7 ± 0.28 2 ± 0.11 4 ± 0.17
Pl 36 ± 2.43 169 b ± 9.00 <1 ± 0.00 9 ± 1.37 2 ± 0.16 4 ± 0.60

AgPl 41 ± 0.11 167 ± 1.4 <1 ± 0.01 9 ± 0.33 3 ± 0.10 4 ± 0.05
Spanish

framework y 400 1000 3 300 200 100

z Mean value ± standard error. y Limits permitted in the current Spanish legal framework (Real Decreto 506/2013). For each growing
media, values with different letter differ significantly according to Tukey’s test (α < 0.05).

 

 

 

Figure 2. Germinated seed percentage (A) and fresh shoot weight (B) of red baby leaf lettuce plants without pathogen.
Germinated seed percentage with P. irregulare (C) and fresh shoot weight (D) of red baby leaf lettuce plants with P. irregulare.
Suppressiveness index (%) against P. irregulare (E). Error bars represent the standard errors. Values with the same letter
do not differ significantly according to Tukey’s test (α < 0.05). Compost growing media of 100% peat, and peat with 100%
A. bisporus (Ag), 100% P. ostreatus (Pl), or 70% A. bisporus: 30% P. ostreatus (AgPl) added at a 1:4 compost:peat ratio.
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3.3. Composts as a Component of Suppressive Growing Media against P. irregulare

Under P. irregulare pressure, red baby leaf lettuce seed germination was between 20%
and 70%. The Ag and AgPl media showed significantly higher seed germination rates
than Pl and peat (Figure 2C). Moreover, the fresh shoot weight was significantly higher in
all compost growing media than in peat alone. Comparing the composts, the fresh shoot
weight for Ag was significantly higher than the others, which did not differ (Figure 2D).

The suppressiveness index made it possible to separate suppression against the
pathogen from the nutritional and biostimulant effects of the composts. AgPl showed the
highest suppressiveness index against P. irregulare (Figure 2E). Both AgPl and Ag showed
greater suppressiveness than Pl and peat. Differences were not observed in final P. irregulare
concentration (Table 3).

Table 3. Amount of P. irregulare in the different compost growing media.

Composts z P. irregulare
Log Copies ITS g−1

Experiment 1

Peat 7.14 a y ± 0.12
Ag 6.61 b ± 0.02
Pl 6.17 b ± 0.08

AgPl 6.73 b ± 0.09

Experiment 2

Peat 6.17 ± 0.12
Peat + T 5.73 ± 0.11

AgPl 5.90 ± 0.09
AgPl + T 5.92 ± 0.08

z 100% peat (Peat); peat with A. bisporus (Ag), P. ostreatus (Pl), or 70% A. bisporus: 30% P. ostreatus (AgPl) added at a
1:4 compost:peat ratio. Peat + T. harzianum (Peat + T), (70% A. bisporus and 30% P. ostreatus) (AgPl); (70% A. bisporus
and 30% P. ostreatus) + T. harzianum (AgPl + T). ITS, internally transcribed spacer. y Mean value ± standard errors.
For each growing media, values with different letters differ significantly according to Tukey’s test (α < 0.05).

3.4. Composts Amended with T. harzianum as a Component of Growing Media

AgPl showed the best suppressiveness index and germination under P. irregulare biotic
stress and a good value for fresh plant biomass weight. This compost was inoculated
with T. harzianum (AgPl + T) in order to evaluate the possibility of increasing the effects
against P. irregulare. Red baby leaf lettuce grown in AgPl and AgPl + T showed significantly
higher germination rates and fresh shoot weights than lettuce grown in Peat and Peat + T
(Figure 3A,B). No significant differences were observed between compost growing media
either with or without T. harzianum (Figure 3A,B).

3.5. Composts Amended with T. harzianum as a Component of Suppressive Growing Media against
P. irregulare: Effects on Red Baby Leaf Lettuce Seed Germination, Growth, and the
Suppressiveness Index

Lettuce seed germination was significantly lower in Peat than in Peat + T and in both
AgPl and AgPl + T (Figure 3C). No significant differences were observed between AgPl
and AgPl + T. Both compost growing media also showed significantly higher fresh shoot
weight than Peat and Peat + T (Figure 3D). T. harzianum did not increase the fresh shoot
weight compared to its non-inoculated treatment. With respect to the suppressiveness
index, T. harzianum was not found in either compost growing media or in peat under
P. irregulare pressure (data not shown). Moreover, there were no differences between
the amount of T. harzianum in Peat and AgPl showing, 4.44 and 4.51 log copies ITS g−1,
respectively (Table 3).
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Figure 3. Germinated seed percentage (A) and fresh shoot weight of baby red lettuce plants (B) without pathogen.
Germinated seed percentage (C) and fresh shoot weight of baby red lettuce plants with P. irregulare (D). Suppressiveness
index (%) against P. irregulare (E). Error bars represent the standard errors. Values with the same letter do not differ
significantly according to Tukey’s post hoc test (α < 0.05). Peat; Peat + T. harzianum (Peat + T), (70% A. bisporus and 30%
P. ostreatus) + T. harzianum (AgPl + T).

4. Discussion

Composting has gained significant attention as an environmentally friendly way to
dispose of utilized organic wastes, rather than sending them to a landfill [14]. However, it is
necessary to develop adequate composting processes. The temperature profile, C/N ratio,
and the evolution of the total organic C are three of the main parameters that indicate the
progress of a composting process [22,23]. The temperatures profiles of the compost piles
followed the stages frequently observed in the composting process. These stages included
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a thermophilic phase (>45 ◦C) resulting from the intense aerobic microbial metabolism
that leads to the rapid breakdown of organic matter by microbes producing heat as an
exothermic reaction, and a maturation stage with a temperature decrease (down to 35 ◦C)
as the organic matter is stabilized and consequently microbial activity drops [24]. The
length and temperatures of the thermophilic phase depend on the composition of the raw
materials. Pile Ag and Pile AgPl showed higher temperatures (54 ◦C) than Pile Pl (48 ◦C),
probably due to the fact that the A. bisporus SMS contained labile components, especially
nitrogen, to reactivate the microbial biomass during the composting. This would increase
the temperature to a greater extent and maintain it for longer than in Pile Pl [25].

During composting, the amount of organic matter tends to drop due to mineralization
and carbon loss in the form of carbon dioxide. The highest TOC losses were found in both
piles with A. bisporus (Pile Ag (30%) and Pile AgPl (45%)), probably due to the higher
amounts of most labile components in the organic matter from A. bisporus SMS. In contrast
to the C losses, the TN level increased during the composting process; this usually occurs
in the composting process when organic matter loss is greater than ammonium loss [23]
or nitrate leaching. The higher TN levels in Pile Ag and Pile AgPl could be due to the
chicken manure, rich in organic nitrogen [3–14]. Similar results were also observed by
González-Marcos et al. [3], who found a TOC reduction of 50% when composting a mix
of A. bisporus SMS and by-products from a winery. During the composting process, the
C/N ratio diminished significantly due to the C losses, and the piles reached values below
15–20, indicative of high-quality mature compost [14,26]. Both pH and EC are important
factors that influence seed germination and plant growth rates. The pH values of the three
final composts ranged between 7.57 and 7.88, adequate for use in agriculture. Nevertheless,
a lower range for growing media (5.2–7.0) is recommended [9]. The ECs of the three SMSs
assayed were also higher than those found in other agroindustrial wastes (>4 dS m−1) [9].
Furthermore, during composting, the mineralization of organic matter contributes to
EC increases [27], reaching values ranging from 7.11 to 7.67. These EC values are not
recommended in growing media [28], and some strategy must be applied to make the
composts more suitable for use. One of those is the use of smaller ratios of compost as
growing media. We used composts in at a 1:4 compost:peat ratio. As a result, both the EC
and pH levels reached values within the range recommended. The composts displayed
some characteristics ideal for agricultural application: [29] N > 1 g/100 g, P > 0.43 g/100 g,
K > 0.41 g/100 g, Ca > 1.4 g/100 g, Mg > 0.2 g/100 g. The heavy metal content also
increased in the three composts due to the composting process, although the levels were
within the limits permitted in the current Spanish legal framework [30].

The use of these three composts as a growing media component for baby leaf lettuce
cultivation increased the germination percentage and fresh plant weight over peat alone,
mainly due to the nutrient content and a possible biostimulant effect [10]. Ag and AgPl
resulted in the highest plant weights, even in presence of the P. irregulare pathogen. These
characteristics make the three composts (Ag, AgPl, and Pl) attractive as at least a partial
component of growing media, not only for their effect but also for the homogeneity of the
raw materials. Moreover, spent mushroom composts from A. bisporus and P. ostreatus pro-
duction would assure the same characteristics of the final composts, which is an important
aspect of growing media materials, which should not result in differences in production
from one batch to another [10]. Properties such as suppressiveness against certain plant
diseases make it possible to reduce the use of chemical pesticides in agriculture. The
disease-suppressive effects of composts of different origins and compositions have been
widely studied, and different results have been obtained according to the compost type,
pathogen to be controlled, environmental conditions, etc. [15]. The three compost growing
media (Ag, Pl, AgPl) also showed a suppressive capacity against P. irregulare. AgPl fol-
lowed by Ag showed the highest suppressiveness index. Disease suppression by composts
is mainly attributed to the biotic factor [31], where beneficial microorganisms recolonize
the compost [32]. The suppressive effects of composts are associated with the organic
matter–microorganism–root consortia that occur in the plant rhizosphere. There are two
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main types of mechanisms via which composts help suppress plant pathogens: direct
and indirect. In our assay, as no effect on the pathogen interaction was observed, the
suppressive effect should be therefore mainly attributed to an indirect effect through the
plant rather than through a direct interaction with the pathogen. Indirect mechanisms
include the activation of plant disease-resistance genes or the improvement of plant nu-
trition and vigour, allowing the plant to grow in the presence of the pathogen and not be
affected [10,11].

The difference observed between the suppressiveness of AgPl and Ag could be due
to the presence in the combined AgPl compost of plant growth-promoting rhizobacteria
(PGPR) and endophyte microorganisms, rending the host more resistant or tolerant to
disease [33]. This would explain the fact that there was a suppressive effect when Ag and Pl
were combined but not with Ag alone. The suppressiveness of composts has been studied
in depth, and it can be generally concluded that the raw materials from which a given
compost is prepared are crucial to the development of suppressive microbiota within it [33].
Kumbhar [34] observed, for instance, that compost from A. bisporus showed a beneficial
effect in controlling some pests and diseases such as damping off, root rot of creeping grass,
Verticillium disease, and Fusarium wilt in tomato.

The incorporation of T. harzianum into composts is a method used to induce or increase
the natural suppressiveness of growing media [35]. The incorporation of T. harzianum into
the AgPl compost did not appear to increase the compost’s natural suppressiveness, while
the incorporation in peat was effective. It could be due to the raw materials in the composts
or the addition of biocontrol microorganisms against T. harzianum, that did not permit
T. harzianum growth. It is well documented that some species of Trichoderma are mushroom
pathogens [36], and this forces mushroom growers to control them by using biocontrol
microorganisms such as Bacillus spp. [37]. These could have been well established in the
spent composts and therefore be part of their potential natural suppressiveness, yet they
would not permit T. harzianum establishment.

5. Conclusions

We conclude that the composting process of spent mushroom substrates from A. bisporus,
P. ostreatus, and a mix of 70%:30% mixture, respectively (Pile Ag, Pile Pl, and Pile AgPl) may
produce quality, stabilized composts. The compost may be reintroduced into a production
system and be a promising partial component (1:4, compost:peat) of organic growing
media that could produce higher red baby leaf lettuce yields and provide some suppressive
activity against P. irregulare. The compost obtained from the combination of both A. bisporus
and P. ostreatus showed the highest suppressiveness against P. irregulare although the
incorporation of T. harzianum did not increase the suppressiveness. A study of a compost
microbial community before adding T. harzianum would be recommended to evaluate the
establishment of the T. harzianum.
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Abbreviations

SMS spent mushroom substrate
Ag SMS of Agaricus bisporus
Pl SMS of Pleurotus ostreatus
AgPl mix of 70% SMS of Agaricus bisporus and 30% SMS of Pleurotus ostreatus
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Abstract: The effects of four commercial substrates, a peat-based substrate, and three coir types
(coir pith, coir chips, and coir pith + fibers) on yield, phytochemical accumulation, and antioxidant
activity were evaluated in Spinacia oleracea L. cv. ‘Manatee’. Soil-blocked spinach seedlings were
transplanted into Styrofoam planting boxes filled with the substrate. Each planting box was irrigated
daily by drip with a complete nutrient solution, and the irrigation scheduling was optimized to the
peat. Leaf area and fresh yield in coir pith and coir pith + fiber were similar to those obtained in
peat. However, shoot dry weight accumulation and leaf chlorophyll were lower in plants grown
in coir. Substrate type did not affect leaf carotenoids. Total flavonoid content was higher in plants
grown in the different types of coir. Total phenols and antioxidant activity (DPPH) were higher in
plants grown in coir pith. This indicates that the different coir types, mainly coir pith, may provide
an alternative to peat since they allowed a high fresh yield to be reached and the total flavonoids to
be increased. In contrast, the levels of other phytochemicals and antioxidant activity were usual for
spinach. However, further research is necessary to analyze the effects of irrigation scheduling and
the nutrient solution adjusted to each growing medium on yield and phytochemical accumulation.

Keywords: Spinacia oleracea; substrates; soilless culture systems; photosynthetic pigments; phenols;
flavonoids; ascorbic acid; DPPH; FRAP

1. Introduction

Peat alone or mixed with other constituents is the most used material in horticultural
production. However, peat is a nonrenewable resource. Its exploration has negative envi-
ronmental and ecological impacts [1,2], being classified as the growing medium with the
greatest impact on climate change and resources [3]. Coir, also known as coir dust, coir
meal, coir pith, and coir fibers, may provide an alternative to peat since it is a biodegradable
and renewable by-product. Social and ecological questions concerning child labor, inad-
equate wastewater management, and transportation should be additionally considered.
From the perspective of substrate properties, coir pith has high water capacity and easily
available water. It contains more lignin and less cellulose than peat, thus being more
resistant to microbial breakdown. It is also easily rewettable, which improves the water
absorption of substrate mixtures and water distribution in the growing medium [2,4]. All
those properties make coir pith a good peat alternative growing medium. The use of
coir enabled high yields in spinach [5,6]. However, nowadays, in addition to yield, the
nutritional quality of vegetables is essential. A further increase in bioactive compounds is
desirable and an object of diverse research projects worldwide.
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Spinach is one of the healthiest vegetables for the human diet due to its high concen-
tration of nutrients and health-promoting compounds [7]. Among vegetable crops, it has
one of the highest aggregate nutrient density index values [8,9].

According to [10], the nutrient level in plants is strongly affected by nutrient solution
characteristics, such as the nutrient concentration, chemical forms of the elements, the
temperature of the nutrient solution, pH, and irrigation scheduling (dose and frequency).
On the other hand, substrate characteristics and irrigation interaction influence wetting
and salt patterns in the root medium, easily available water content, leaching fraction, and
nutrient and water availability. This affects the water and nutrient uptake by plants, which
may lead to a greater or lesser degree of abiotic stress related to the water deficit, nutrient
deficiency, salinity, and the combination of these factors.

Abiotic stress affects phytochemical accumulation and antioxidant activity. In response
to water deficit, plants typically accumulate phytochemicals of low molecular weight and
enzymes for scavenging the reactive oxygen species (ROS) induced by stress. [11,12].

The synthesis and accumulation of secondary metabolites may be associated with
changes in nutritional status [13,14]. Thus, nitrogen, potassium, and phosphorus deficiency
affect phytochemical accumulation in spinach [15]. Salinity affects the bioactivity of various
fruits and vegetables and could be considered a sustainable and low-cost approach towards
this direction [14]. Cultural practices that involve either low fertilizer levels or slight
and moderate salt stress could reduce the yield but improve the nutritional value of
vegetables [10,16], including spinach [15]. According to Shimomachi et al. [17], salt stress
increased polyphenol contents in spinach. However, [18] reported that moderate levels of
nutrient solution concentration (1.2 and 1.7 dS m−1) did not affect total phenols, ascorbic
acid, chlorophyll a and b, carotenoids, and ascorbate peroxidase content. It could be
concluded that the response of phytochemical accumulation to salinity is not always
linear [19] and clear [20].

The physicochemical properties of coir in the market differ significantly from peat [21].
This is due to different levels of fiber, which may affect water and plant nutrition, creating
a greater or lesser abiotic degree of stress. Therefore, we hypothesize that coir can replace
peat, but it is necessary to know their effects on yield and nutritional quality of the produce.

Therefore, this study aimed to evaluate the effects of different coir types on plant
growth and nutritional quality, such as phytochemical composition, antioxidant enzyme
levels, and antioxidant activity of spinach grown during late winter and early spring in
unheated greenhouses.

2. Materials and Methods

2.1. Growth Conditions and Substrates

The experiment was conducted in a greenhouse located at the “Herdade Experimental
da Mitra” (38◦31′52′′ N; 8◦01′05′′ W), University of Évora, Portugal. The greenhouse was
covered with polycarbonate and had no supplemental lighting or heating. Diurnal changes
in air temperature inside the greenhouse at the plant canopy level ranged from 8 to 27 ◦C.
Solar radiation ranged from 34 to 248 W·m−2·d−1.

Our experiment used four commercial substrates: peat (70% black peat + 30% white
peat) and three different types of coir from Projar Group (Table 1). According to the
manufacturer, coir chips, coir pith, and coir pith + fiber had 0, 7, and 20% fiber, respectively.

Spinach (Spinacia oleracea L. cv. Manatee) seedlings were produced in soil blocks
with six seedlings per block 18 days after emergence. Soil blocks were obtained from a
commercial nursery. They were transplanted into Styrofoam plant boxes on 16 February
2017. The boxes (100 × 25 × 10 cm) were filled with 14 L substrate at the height of approx.
7 cm. The blocks were spaced 12.5 cm in two rows per box and 10 cm between rows with
a plant density of 384 plants m−2. Treatments were arranged in a complete randomized
block design with five replicates. Each planting box was irrigated using 4 L·h−1 pressure-
compensating and antidrain emitters. The emitters were attached to 4 fine tubes with 70 cm
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length and 5 mm diameter, inserted into the substrate along the center of the Styrofoam
box. Thus, 8 water emission points were used per box.

Table 1. Physicochemical properties of substrates.

Substrate Peat Coir Pith Coir Chips
Coir Pith +

Fiber

Composition 70% black peat +
30% white peat 100% 100% 93% coir pith +

7% fiber

pH * 5.5–6.0 5.5–6.0 5.5–6.2 5.5–6.2
EC (dS·m−1) * 1.5–1.8 <1.9 ≥1.5 ≥1.5

CEC (meq/100g)* 100–190 60–120 20–40 40–80
N (mg L−1) * 50–300
P (mg L−1) * 35–131
K (mg L−1) * 60–330

Total porosity (v/v, %) * 95
Granulometry (mm) * 0–10 10–15 2–4

Air (v/v, %) * - 25 40 30
Water holding capacity

(v/v, %) * - 70 54 65

Mass wetness (g water/g
substrate) ** 6.07 † c 7.84 b 5.75 d 8.65 a

Moisture content
(w/w, %) ** 82.6 ab 84.68 a 71.10 b 84.63 a

Bulk density (g·cm−3) ** 0.127 a 0.103 a 0.070 b 0.081 a
* According to the manufacturer. ** Determined following the methods described in [22]. Moisture content: The
percent moisture found in a sample on a wet mass basis. This is calculated by ((wet weight − dry weight)/wet
weight) × 100. Mass wetness the water content of a sample on a dry mass basis. This is calculated by (wet
weight − dry weight)/dry weight. † Means followed by different letters within a line are significantly different at
p < 0.05.

The irrigation schedule was optimized for peat. It was based on substrate volumetric
water content at Styrofoam box control (peat), measured using a soil moisture probe
(SM105T delta devices England), and the volume of water drained.

The nutrient solution was applied three to seven times per day, depending on climatic
conditions, and averaged 15 to 30% drainage, i.e., leaching fraction, for each application.
The leaching fraction was controlled through a relay level connected to an electric valve
that stopped watering when the level of leached water was within 10 to 25% of the applied
water. Excepting the first irrigation to moisten the growing mediums, the nutrient solution
was applied continuously from transplanting to the day before harvesting.

The fresh tap water had an electrical conductivity (EC) of 0.4–0.5 dS·m−1 and a pH of
7–7.4 and contained 0.10–0.30 mol·L−1 NO3, 1 mol·L−1 Ca, 1 mol·L−1 Mg, 2.1 mmol·L−1

Cl−, 0.7 mol·L−1 Na, 0.53 μmol·L−1 Fe, and 0.16 μmol·L−1 Mn. The nutrient solution
initially contained 7.21 mol·L−1 NO3, 2.32 mmol·L−1 NH4, 0.59 mmol·L−1 P, 3.38 mmol·L−1

K, 2.55 mmol·L−1 Ca, 1.35 mmol·L−1 Mg, 0.80 mmol·L−1 S, 46 μmol·L−1 B, 7.86 μmol·L−1

Cu, 8.95 μmol·L−1 Fe, 18.3 μmol·L−1 Mn, 1 μmol·L−1 Mo, 2 μmol·L−1 Zn, 2.1 mmol·L−1

Cl−, and 0.7 mmol·L−1 Na.
At 26 DAT, in order to reduce the nitrate concentration in the leaves, the nutrient concen-

trations and the NO3/NH4 ratio in the nutrient solution were adjusted to 4.26 mmol·L−1 NO3,
4.11 mmol·L−1 NH4, 0.67 mmol·L−1 P, 2.84 mmol·L−1 K, 2.13 mmol·L−1 Ca, 0.88 mmol·L−1

Mg, 0.47 mmol·L−1 S, 46 μmol·L−1 B, 7.86 μmol·L−1 Cu, 8.95 μmol·L−1 Fe, 18.3 μmol·L−1

Mn, 1 μmol·L−1 Mo, 2 μmol·L−1 Zn, 2.1 mmol·L−1 Cl−, and 0.7 mmol·L−1 Na.

2.2. Measurements

The pH, EC, and the concentration of NO3 of the drainage water from each box were
measured weekly using a potentiometer (pH Micro 2000 Crison), a conductivity meter
(LF 330 WTW, Weilheim, Germany), and an ion-specific electrode (Crison Instruments,
Barcelona, Spain), respectively, following the procedures outlined in [23].
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The plants were harvested at 40 DAT. The shoots of the plants were cut off at 1 cm
above the substrate surface. The shoots of five representative plants from each box were
washed, oven-dried at 70 ◦C for 2–3 days, weighed, and ground.

Samples of 1.000 g of spinach leaf-blade from four treatments and five replicates were
macerated in a mortar and homogenized in 8 mL of methanol/water solution (90:10 (v/v),
MW90 extract) for 1 min and then centrifuged at 4 ◦C at 6440× g for 5 min. The methanol
extracts were stored in aliquots at −20 ◦C for later use [24]. Total chlorophyll, chlorophyll
a (Chl a) and b (Chl b), and total carotenoids (Cc) were determined in MW90 extract by the
method of [24] using the following equations:

Chl a (μg/mL) = 16.82 A665.2 − 9.28 A652.4;

Chl b (μg/mL) = 36.92 A652.4 − 16.54 A665.2;

Cc (μg/mL) = (1000 A470 − 1.91Chl a − 95.15Chl b)/225,

where A = absorbance, Chl a = chlorophyll a, Chl b = chlorophyll b, and Cc = carotenoids.
Samples of 1.000 g of spinach leaf-blade were macerated in a mortar and homogenized

in 8 mL of methanol/water solution (80:20 (v/v), MW80 extract) for 1 min and then
centrifuged at 4 ◦C at 6440× g for 5 min. The methanol extracts were stored in aliquots at
−20 ◦C for later use.

Content of total phenolic compounds (TPCs) was determined using Folin–Ciocalteau
phenol reagent described earlier [25], reading the absorbance at 760 nm. TPC content
expressed as milligrams of gallic acid equivalent (GAE) per 100 g of fresh weight (FW) was
calculated using a calibration curve (GAE, n = 6 concentrations from 0 to 50 mg/L).

For determination of flavonoid contents, 100 μL of MW80 extract was mixed with
20 μL of 10% AlCl3 (w/v), 500 μL of 1 M potassium acetate, and 380 μL of distilled water
and incubated at 25 ◦C for 30 min. Total flavonoid content was determined by reading the
absorbance at 420 nm, using an extinction coefficient of 0.004 μM−1 cm−1, and expressed
in mg of quercetin equivalent (QE) per 100 g of fresh weight [26].

Total anthocyanin content was determined by mixing 500 μL of MW80 extract with
500 μL of 50% ethanol (v/v) and 84 μL of 37% HCl. After incubation at 60 ◦C for 30 min,
the absorbance was measured at 530, 620, and 650 nm, and the absorbance of cyanidin-3-
glycoside was calculated using the following equation:

Aant = (A530 − A620) − 0.1 (A650 − A620).

Total anthocyanin content was calculated using a molar extinction coefficient of
34,300 M–1cm–1 and a molecular weight of 449.2 gmol–1 and expressed in mg of cyanidin-
3-glycoside equivalent (C3GE) per 100 g of fresh weight [27].

Ascorbic acid (AsA) content was determined by the method of [28], incubating the
sample (extracts or standard suitably diluted) in a mixture containing 5% TCA in ethanol,
0.4% H3PO4, 0.5% β-phenanthroline in ethanol, and 0.03% FeCl3 in ethanol, warmed at
30 ◦C, for 90 min. The absorbance of Fe (II)–β-phenanthroline complex formed was read at
534 nm. AsA concentration was calculated using a calibration curve (ascorbic acid, n = 6
concentrations from 0 to 30 mg/L).

Free Pro levels of MW80 extract were determined using the acid ninhydrin reac-
tion [29], reading the absorbance of yellow-orange chromophore formed 546 nm. Pro
concentration was calculated using a calibration curve (L-proline, n = 6 concentrations
between 0 and 20 mg/L).

The 2,2-diphenyl-1-picrylhydrazyl free radical scavenging antioxidant power (DPPH)
was determined by measuring the ability of plant MW80 extracts to capture the stable
organic radical DPPH• (2, 2-diphenyl-1-picryl-hydrazyl, violet) and its conversion into a
stable product, DPPH-H (diphenyl-picryl hydrazine, yellow). Aliquots of an extempora-
neous methanol solution of 0.03 g/L DPPH•, kept in the dark, were added to a known
volume of sample or standard solution. The reduction of DPPH• to DPPH-H was followed
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by reading the absorbance at 515 nm, at 25 ◦C, for 180 s. Antioxidant power reported as
milligrams of GAE per 100 g of FW was calculated using a calibration curve (GAE, n = 8
concentrations from 0 to 200 mg L−1) [30].

Ferric reducing antioxidant power (FRAP) was determined by the method of [25].
In sum, the FRAP reagent was prepared freshly by mixing 300 mM acetate buffer pH 3.6
and 10 mM TPTZ solution in 40 mM HCl and 20 mM iron (III) chloride solution (10:1:1,
v/v/v) and warmed to 37 ◦C before use. Then, 0.050 mL of the sample (suitably diluted
MW80 extracts or standard) was mixed with 0.950 mL of FRAP reagent. Absorbance
change was read at 593 nm at 37 ◦C, for 180 s. The reducing power of iron present in the
samples reported as milligrams of Trolox equivalent per 100 g of FW was calculated using
a calibration curve (Trolox solution, n = 8 concentrations from 0 to 1120 mg L−1). For all
previous determinations, a Genesys10S UV/Vis spectrophotometer was used.

Samples of 1.000 g of spinach leaf blade were macerated in liquid N2 and homoge-
nized in 5 mL of 0.12 mM phosphate buffer pH 7.2. The obtained supernatant using the
centrifugation of this extract for 15 min at 15,000× g at 4 ◦C was collected and stored in
aliquots at −20 ◦C (PB extract) for further use [31].

Glutathione (GSH) was assayed by the method of [32], based on the reaction of o-
phthalaldehyde (OPT) as a fluorescent reagent with GSH at pH 8 present in the PB extract.
The fluorescence of products was determined at 420 nm with the excitation at 350 nm, at
25 ◦C, using GSH as a standard in a single-beam Shimadzu RF-5001PC fluorimeter.

Glutathione reductase (GR) enzyme activity was determined by the method of [33]
in a reaction mixture containing 15 mM EDTA, 635 mM GSSG, and a suitable volume
of leaf-blade PB extract (0.5–0.2 mg mL−1 protein) in 0.12 mM phosphate buffer pH
7.2. The reaction was started with the addition of 9.6 mM NADPH. The oxidation of
NADPH was determined by reading the absorbance at 340 nm for 360 s. At 37 ◦C, GR
activity was calculated based on the slope of the reaction curves, using an extinction
coefficient value of 6.22 mM−1 cm−1 for NADPH. GR activity was expressed in terms of
nmol min−1/mg protein.

Peroxidase enzyme activity (POD) was determined by the method of [34] in a reaction
mixture containing 1% p-phenylenediamine, 1.5% hydrogen peroxide, and a suitable
volume of leaf-blade PB extract (0.5 mg/mL of protein) in 0.2 M potassium phosphate
buffer pH 6.5. The oxidation of p-phenylenediamine was determined by reading the
absorbance at 485 nm for 10 min, at 25 ◦C. POD activity was calculated based on the slope
of the reaction curves using the value of the extinction coefficient of 2.1 × 104 M−1 cm−1

for p-phenylenediamine. For all enzyme determinations, a double-beam Hitachi-U2001
spectrophotometer with temperature control was used.

The protein content of the PB extract was determined by the method of [35], using a cal-
ibration curve (bovine serum albumin (BSA); n = 6 concentrations from 0 to 200 μg mL−1).

Data were analyzed using the analysis of variance using SPSS Statistics 25 software
(Chicago, IL, USA). Means were separated at the 5% level using Duncan’s new multiple
range test. Bivariate correlation analysis between parameters was realized using Pearson’s
bilateral correlation coefficient.

3. Results and Discussion

3.1. Drainage Water

Nitrate and H3O+ concentration in the drainage water were affected by the substrate
(Figure 1). Nitrate concentration in the drainage water was higher in peat until 15 DAP
and in coir-chips during the crop cycle than in the other treatments (Figure 1). Coir chips
had the highest drainage volume (data not presented) and the lowest wetness mass (5.75 g
water/g substrate). In general, the H3O+ concentration was lower in peat and coir chips
than in the other coir types. The differences could be due to the different cation exchange
capacities of the substrates that contribute to the adsorption of the hydronium ions. The
differences in nitrate leaching can also affect the form of nitrogen uptake by plants, affecting

109



Horticulturae 2021, 7, 127

hydronium and hydroxide concentration in the root medium. The EC of the drainage water
was not significantly affected by substrate type.

Figure 1. The NO3 and H3O+ concentrations and EC in the drainage water. Each symbol represents the mean of five
replicates, and the error bars represent ± 1SE.

NO3
− concentration and the EC in the drainage water on the last three sampling dates,

as compared with the NO3
− and the EC in the nutrient solution, decreased significantly

(Figure 1) due to the decrease in nitrate applied to the nutrient solution (264 mg NO3
− L−1)

and due to high nutrient uptake by spinach plants.

3.2. Plant Growth and Yield

Leaf area and spinach fresh yield in coir pith and coir pith + fiber did not differ
significantly from those obtained in peat (Figure 2). The coir pith and coir-pith + fiber
yields were high, ranging from 3.79 to 4.32 kg·m2. These findings are consistent with those
obtained in [5,6]. The use of coir, a growing medium, enables the achievement of high
yields. The fresh yield in coir chips (2.64 kg m−2) was lower than in the other substrates.

 

Figure 2. Leaf area (a), shoot dry weight (%) (b), shoot dry weight per plant (c), and fresh yield (d) of
spinach. Means with different letters are significantly different at p < 0.05. Each bar represents the
mean of five replicates, and the error bars represent ± 1SE.
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Plants grown in coir accumulated less shoot biomass than those grown in peat. This
could be due to the physiochemical properties of coir, with lower nutrient and water
holding capacity than peat. Moreover, the initial content of nutrients in peat (Table 1)
and the substrates’ interaction and irrigation frequency affect substrate water content and
nutrient availability [36]. Shoot biomass accumulation was positively correlated to leaf K
(r = 0.75, p > 0.01) and N (r = 0.58 p > 0.01) content, with a higher level in plants grown in
peat than in plants grown in coir (Table 2). Biomass accumulation and crop growth are
related to crop N accumulation [37]. In spinach, shoot biomass decreased in response to
deficit irrigation [38], and it was higher in the plants grown in coir, mainly in coir chips.

3.3. Leaf Nutrients

Leaf nutrient concentrations of the plants grown in coir pith, coir pith + fiber, and peat
did not differ significantly, except for the concentrations of potassium and calcium. Leaf N,
K, Mn, and Zn concentrations in plants grown in coir chips were lower than those grown
in the other substrates (Table 2). However, leaf Ca and Mg concentrations were higher
in plants grown in coir chips than in plants grown in the other substrates. That could be
related to the low bulk density of the substrate (Table 1), which may have allowed for high
root branching and Ca and Mg uptake primarily occurring in the new roots [39].

Despite some differences, the concentrations of macronutrients, except nitrogen, were
within the sufficiency ranges (Table 2). Leaf nitrogen average values in coir pith + fiber and
coir chips were slightly lower than the lower end of the sufficiency range (4%). However,
the plant shoot dry weight of the plants grown in peat was higher, and plant nutrient
uptake may also have increased. Shoot nutrient uptake in spinach increased with dry shoot
matter in plants with the same leaf nutrient content [14].

Leaf Fe, B, Cu, and Mn concentrations were unaffected by substrate type. Leaf Zn
content was well above the recommended range (Table 2), which could be due to the NH4

+

concentration in the nutrient solution, which was high from 26 DAT until the harvest.
In lettuce, Savvas et al. (2006) [40] reported an increase in leaf Zn as ammonium supply
increased. These Zn concentrations are higher than the sufficiency range (100 μg g−1

DM [41] and 75 μg g−1 DM [42]). However, none of the plants in the treatments showed
visual symptoms of excess Zn. Zinc in excess can cause chlorosis in leaves due to a reduction
in chlorophyll [43]. According to [44], leaf Zn concentrations of up to 100–700 mg kg−1

DM can be achieved without yield loss, which can be advantageous since Zn is a desirable
nutrient for human health.

Table 2. Nutrient concentration in fully expanded spinach leaves.

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

N P K Ca Mg Fe B Cu Mn Zn

Peat 4.48 a Z 0.38 6.88 a 0.94 c 0.70 b 89.2 34.0 31.2 105.2 a 198.2 a
Coir pith 4.18 a 0.36 5.96 b 1.00 b 0.64 b 112.6 33.2 39.4 104.8 a 211.0 a

Coir pith + fiber 3.98 ab 0.32 6.26 ab 1.04 ab 0.72 b 77.0 35.2 25.4 104.8 a 210.0 a
Coir chips 3.48 b 0.32 5.14 bc 1.20 a 0.82 a 65.0 30.0 29.6 73.0 b 115.2 b

Recommended
range
[41] 4.00–6.00 0.30–0.60 5.00–8.00 0.70–1.20 0.60–1.00 60–200 25–60 5–25 30–250 25–100
[42] 4.00–6.00 0.30–0.50 3.00–8.00 1.00–1.50 0.40–1.00 50–200 25–60 5–15 25–200 20–75

Z Means followed by different letters within a column are significantly different at p ≤ 0.05.

3.4. Photosynthetic Pigments

Leaf total chlorophyll (chl a + chl b) (Figure 3a) and chlorophyll b (Figure 3c) were
higher in plants grown in peat and coir chips than in plants grown in coir pith and coir pith
+ fiber. Total chlorophyll in a plant grown in peat (79.82 mg/100 g FW) was similar to that
recorded in [45] (65.4 mg/100 g FW) and [46]. However, it was lower than those reported
in [47] (96.2 to 301.8 mg/100 g FW). Conversely, the ratio of chlorophyll a to chlorophyll b
(Figure 3d) was higher in plants grown in coir pith and coir pith + fiber. The differences in
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chlorophyll could be due to the water availability; salinity in the root media; and nutrient
uptake for nitrogen, potassium, and zinc. These factors or their combination may affect
chlorophyll biosynthesis.

 
Figure 3. Accumulation of photosynthetic pigments (total chlorophyll (a), Chl a (b), Chl b (c), and carotenoids (Cc) (e))
and Chl a/Chl b ratio (d). Means with different letters are significantly different at p < 0.05; FW—fresh weight. Each bar
represents the mean of five replicates, and the error bars represent ± 1SE.

Abiotic stresses have negative influences on chlorophyll biosynthesis [48]. Salinity
reduces the contents of photosynthetic pigments [49,50]. Average levels of chlorophyll
were lower in plants with average values of Zn > 200 μg g−1, that is, in plants grown in
coir pith and coir pith + fiber. As previously mentioned, high levels of Zn in spinach can
decrease the chlorophyll content.

Leaf-blade Cc content was unaffected by substrate type (Figure 3e). According to [51],
leaf Cc of strawberries was not also affected by substrate type. Carotenoid levels ranged
from an average of 25 to 30 mg/100 g FW (Figure 3e). These concentrations were in the
ranges reported in [14,52,53] (17 to 40 mg/100 g FW) for spinach grown in soil.
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3.5. Proline Accumulation

Leaf-blade proline (Pro) ranged on average from 3.22 to 4.27 mg/100 g FW (Figure 4).
These values are lower than those recorded in [54] (4.66–43.15 mg/100 g FW) and are within
the range recorded in [55] (2.74–7.2 mg/100 g FW) for spinach grown in the greenhouse
and the open air. The proline concentration was higher in plants grown in coir pith than
in those grown in the other substrates (Figure 4). Proline concentration is closely related
to abiotic stress, such as water and nutrient deficiency and salinity [56–59]. This indicates
that plants grown in coir pith may be subject to stress conditions. However, in the present
study, proline did not correlate with growth parameters, such as leaf area and plant dry
weight, as reported for young plants of tomatoes and lettuces in [60,61]. On the other hand,
proline was negatively correlated to FRAP (r = −0.628, p < 0.001), which increases when the
leaf extract’s ability to reduce ferric iron decreases. The plant produces Pro to compensate
for the oxidizing role of Fe, preventing the formation of reactive oxygen species (ROS). In
chickpea, [62] also reported a negative correlation between proline content and FRAP.

Figure 4. Proline content in the leaf blade. Means with different letters are significantly different
at p < 0.05; FW—fresh weight. Each bar represents the mean of five replicates, and the error bars
represent ± 1SE.

3.6. Phytochemical Accumulation

Leaf-blade TPCs, flavonoids, and GSH were higher in plants grown in coir pith than
in those grown in the peat and the other coir types (Figure 5a,b,e).

Leaf-blade TPCs in plants grown in coir pith, peat, coir pith + fiber, and coir chips were
329, 263, 220, and 213 mg GAE/100 g FW, respectively (Figure 5a). TPC concentrations
were next to the high end of the range reported by other authors (71–320 mg GAE/100 g
FW) [6,63–65].

It is worth mentioning that total flavonoid content was significantly higher in plants
grown in the different types of coir than in those grown in peat (Figure 5b). This could be
due to the differences in leaf nutrient contents, shoot nutrient uptake, water availability
of the substrate, irrigation scheduling, or interaction. Flavonoid biosynthesis is affected
by nutrient and water availability and salinity [66,67]. The total flavonoids in the plants
grown in different coir types ranged from an average of 6.58 to 7.14 mg/100 g FW. These
values were higher than those recorded in [68] (1.45 to 4.47 mg/100 g FW) for 27 varieties of
spinach grown organically and conventionally and were slightly lower than those recorded
in [45] (8.25 mg/100 g FW). However, they were much lower than those reported in [69]
(100 mg/ 100 g FW) and [70] (185 to 375 mg/100 g FW). The high variation might result
from different genotypes investigated [68,71], maturation [70], etc.
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Figure 5. Contents of total phenolic compounds (TPCs) (a), flavonoids (b), anthocyanins (c), ascorbic
acid (AsA) (d), and glutathione (GSH) (e) in the leaf blade. Means with different letters are signifi-
cantly different at p < 0.05; FW—fresh weight. Each bar represents the mean of five replicates, and
the error bars represent ± 1SE.

As a compound of the flavonoids group, the anthocyanin content ranged from an
average of 2.05 to 2.42 mg/100 g FW. These values were similar to those recorded in [12] (15
to 38 mg/100 g DW), considering that the dry weight percentage of the spinach leaf-blade
is close to 12%. However, the content was not significantly affected by the treatments
(Figure 5c). This indicates that the higher antioxidant protection mediated by flavonoids in
the plants grown in coir was affected by other flavonoid types.

AsA content of spinach grown in different growing media fell within the range
reported by other authors (11 to 130 mg AsA/100 g FW) [14,68,72,73]. It was higher in
leaf-blades of plants grown in peat (36 mg/100 g/FW) than in those grown in coir pith +
fiber (13 mg/100 g/FW), coir pith (24 mg/100 g/FW), and coir chips (19 mg/100 g/FW)
(Figure 5d). The differences could be related to leaf nitrogen content and/or plant nitrogen
uptake since the nitrogen amount [74–76] and its form can affect AsA [53,77]. However, AsA
was slightly correlated to leaf N (r = 0.483, p < 0.05). This may be due to the maintenance of
ascorbic acid synthesis requiring a moderate amount of N [78].

Glutathione (GSH) content was higher in plants grown in coir than in those grown in
peat. This indicates that plants grown in coir may have higher availability of antioxidant
activity modulated by the SH group of cysteine [79]. ROS are scavenged by low-molecular-
weight antioxidative metabolites like glutathione [80]. Leaf-blade GSH ranged from an
average of 40 to 54 nmol/g FW (Figure 5e). These values are lower than those reported for
spinach grown in soil in [81] (114–136 nmol/g FW), which could be related to the level of
oxidative stress [79].
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3.7. Antioxidant Enzyme (GR and POD) Activities

Leaf-blade GR activity was unaffected significantly by substrate type (Figure 6a). This
means that the substrate type did not influence the glutathione tripeptide regeneration
capacity of the spinach leaf blade. GR activity in the present study was approximately half
of that reported in [82] for spinach (16.85 μmol min−1/mg prot).

 

Figure 6. Glutathione reductase (GR) (a) activity and peroxidase (POD) (b) activity in the leaf blade.
Means with different letters are significantly different at p < 0.05. Each bar represents the mean of
five replicates, and the error bars represent ± 1SE.

POD activity was significantly higher in plants grown in peat than those grown in coir
substrates (Figure 6b), reaching 527 nmol.min−1/mg in peat, 433 nmol.min−1/mg in coir
pith + fiber, and 114 nmol.min−1/mg in coir pith and coir chips. This could be related to
the influence of substrates on plant nutrition and water uptake, as reported in [83]. The
lower POD activity can be advantageous since peroxidases are the enzymes responsible
for the browning of vegetable tissues [84]. Thus, spinach plants grown in coir substrate,
mainly in coir pith and coir chips, may present a longer shelf life than those grown in
peat. This is important in leafy vegetables since they are highly susceptible to enzymatic
browning, shriveling, microbial growth, and loss of nutrients [85].

3.8. Antioxidant Activity

Leaf-blade FRAP was higher in plants grown in coir pith + fiber (32 mg Trolox/g FW)
than in plants grown in peat (30 mg Trolox/g FW), coir chips (23 mg Trolox/g FW), and coir
pith (10 Trolox/g FW) (Figure 7a). Generally, FRAP concentrations in our study were higher
than those reported by other authors, which ranged from 2.67 to 13.8 Trolox/g FW [6,86,87].
The authors of [88] reported an increase in FRAP in basil as potassium increased in the
nutrient solution. However, in the present study, FRAP was not correlated to leaf K.
K concentration in nutrient solution affected total phenols, flavonoids, and antioxidant
activity (FRAP, DPPH) in Lavandula angustifolia (Mill.). However, FRAP response to leaf K
was not linear [89]. In the present study, despite K concentration in the nutrient solution
being equal, leaf K was affected, but FRAP was not correlated to leaf K.

Leaf-blade DPPH was higher in plants grown in peat (38 mg GAE/100 g FW) than
in plants grown in the coir types. Leaf-blade DPPH in plants grown in coir pith and coir
chips ranged from 29 to 31 GAE/100 g FW (Figure 7b).

The free radical-scavenging activity estimated by DPPH has a strong positive corre-
lation with AsA (r = 0.656, p < 0.01), indicating that ascorbic acid level contributes to the
scavenging capacity of the leaf extract.

The differences in dry weight accumulation, phytochemical accumulation, antioxi-
dant enzyme activities, and antioxidant power could be due to the characteristics of the
substrates and/or effects of irrigation scheduling optimized to peat in water and nutrient
uptake. Despite this, the findings indicate that the different types of coir, mainly coir pith,
may provide a promising substitute for peat since it allowed reaching a high yield and
increased total flavonoid content. The other phytonutrient contents and antioxidant activi-
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ties were within the range of values reported in the literature for spinach. The adaptation
of cultural management to the specific substrate and crop demand can further improve
the quality of horticultural products [10,14,90]. Therefore, further research is needed to
evaluate the response of spinach grown in different coir types with optimized irrigation
and nutrient solution.

 

Figure 7. FRAP (a) and DPPH (b) in the leaf blade. Means with different letters are significantly
different at p < 0.05; FW—fresh weight. Each bar represents the mean of five replicates, and the error
bars represent ± 1SE.

4. Conclusions

Coir pith and coir pith + fiber may provide an alternative to peat. Plants grown
in these substrates had a similar fresh yield but a higher total flavonoid content than
plants cultivated in peat. The levels of other phytochemicals and the antioxidant activity
(FRAP and DPPH) in plants grown in coir were within the usual ranges for spinach.
However, further research will be necessary to analyze the effects of adjusting the irrigation
scheduling and nutrient solution characteristics for each coir type, for instance, in coir
chips, on spinach yield and product quality.
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Abstract: Due to the major environmental impact of peat-based growing media production and the
need of lowering greenhouse gas emissions in all sectors, a wider application of peat substitutes
in growing media is requested. All peat substitutes under use have constraints associated with
their properties. Therefore, a preliminary test procedure for identifying new raw materials as peat
substitutes in growing media was developed and validated. By applying the preliminary test
procedure, the potential limitations of cultivation of potential peat substitutes are indicated, and
measures for cultivation regulation are recommended. For the development of the new preliminary
test procedure, four raw materials were investigated: composted heather, alder, cattail, and reed. The
preliminary test procedure comprises several material and technological criteria as well as aspects of
plant cultivation, enabling the evaluation of the raw materials and the processed components for
growing media. Results derived from the preliminary test procedure were checked and confirmed by
experiments with horticultural crops in different sections of commercial horticulture. Within two
years, the identification of new peat substitutes was possible by the application of the preliminary test
procedure and its test criteria, which provide a structure for the systematic investigation of potential
new peat substitutes starting with the raw material.

Keywords: peat substitute; growing media; decision tree; feasibility; heather; cattail; reed; alder;
peat reduction

1. Introduction

For several decades, peat has been the most important component for growing me-
dia [1] due to its ideal chemical, physical, and biological properties in plant cultivation [2].
Globally, about 90 million m3 of peat are produced per year from which 40 million m3

are used in horticulture [3,4]. Starting as a by-product, it is often to be found as the only
component in a growing medium. The search for peat substitutes started in the 1980s
due to rising awareness of the importance of peatland conservation especially focusing
on nature conservation [1]. Recently, peatlands came into focus in the light of climate
conservation due to the large stocks of carbon contained in peatlands. At present, several
peat substitutes are already under use such as coconut fibers, wood fibers, compost, and
many other [5–10]. However, there are constraints for each of these peat substitutes that
limit their usage in large quantities, or the available amounts of these peat substitutes
are limited (e.g. [2,11]). Therefore, new materials for growing media have to be found,
which first of all have to be tested if they meet the material requirements. Up to now,
a lot of plant trials with different raw materials and different combinations of growing
media components were conducted (e.g. [12]). First, these trials are cost intensive and
often cannot directly be compared to each other since e.g., experimental conditions differ.
Second, due to the mixture of three or more substrate components in plant trials, results
cannot be clearly attributed to a single substrate component. Due to this, it is often not clear
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if a raw material per se is not applicable or if it might be promising to specifically modulate
some of its unfavorable characteristics by for instance another processing or mixing with
other materials.

Due to these reasons, a new test procedure for raw materials focusing on material
characteristics was developed, the application of which makes the trials of different ma-
terials tested as growing media components comparable. Several raw materials (heather,
cattail, reed, and alder) were investigated by this new test procedure, and their suitability
as a growing media component was evaluated. By using a hierarchical combination of test
criteria, the resulting test procedure helps to identify completely unsuited substrate com-
ponents with simple tests at an early stage of the procedure and gives enough information
on problematic characteristics of more promising candidates at later stages so that it can be
decided if these can be overcome technically. Various chemical, physical, and biological
analyses are applied at different steps of the test procedure starting with material and
simple substrate analyses of a raw material, continuing with extended substrate analyses on
the chemical and physical properties of a processed raw material and ideally finishing with
the plant test under practical conditions. The possible limitations of properties of potential
peat substitutes, such as the water-holding capacity and N immobilization, are indicated,
and measures for plant cultivation regulation are recommended. In the future, the test
procedure needs to be extended by economic and ecological criteria such as availability
studies, cost effectiveness, and life cycle analyses.

The selection of the raw materials under investigation created synergy effects among
climate protection, nature conservation, and the interests of agriculture and horticulture.
These raw materials were derived from landscape conservation of a terrestrial site (heather
maintenance) and from water affected or rewetted sites (reed, cattail, alder). The new
raw materials tested here were selected according to a possible cultivation on rewetted
peatlands as paludiculture crop or in order to utilize material from landscape conservation.
It was not possible to include availability aspects in the investigation. The replacement
of peat in horticulture needs to be achieved by applying a broad set of peat substitutes of
which each may be available in smaller amounts only.

The objective of our study is to demonstrate the feasibility of the first steps of a test
procedure for peat substitutes by presenting the results of several raw materials applying
the test criteria regarding material aspects. In the future, economic and ecological aspects
need to be added to the test procedure. We hypothesize that the test procedure enables a
true-proof identification of peat substitutes for growing media in horticulture.

2. Materials and Methods

2.1. Test Procedure and Test Criteria

In general, the test procedure starts with simple and quick tests and only if these are
passed through successively, more complex and time-consuming tests are performed in the
following steps. The aim is to assure that the materials show a high probability being a new
peat substitute but also to identify and sort out unsuitable materials as early as possible.
Furthermore, especially, the more complex tests will first give information regarding how
to handle the material in practice. The test procedure for new components of growing
media involves several consecutive test criteria, which are applied successively (Figure 1).

The investigation of a new raw material using the proposed test procedure is performed
in two consecutive years or seasons, which are called stage 1 and stage 2. In stage 1, test
criteria I–IV are applied to the same batch of raw material resulting in a first rating of the
horticultural suitability in laboratory and greenhouse experiments. In stage 2, steps I to IV of
the test procedure have to be applied again with a new batch of the raw material in order to
check reproducibility of the results of stage 1. The implementation of adaptations, e.g., in the
processing of a raw material or fertilization strategies are possible. Finally, stage 2 complements
experiments under laboratory and greenhouse conditions by experiments under practical
conditions (test criterion V).
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Figure 1. Decision tree for testing raw materials as potential components for growing media.

First, test criterion I (TC I) comprises material and simple substrate analyses of the not
processed raw material, which include the determination of nutrient contents (% N, P, K in
dry matter) as well as C/N ratio, volume weight (g L−1), pH, and salt content (g KCl L−1).
If required due to the origin of the raw material, additional parameters, e.g., heavy metals
or herbicides, are to be analysed.

If the raw material under investigation does not show any constraints, test criterion II
(TC II) follows, which deals with the way of processing of the raw material. Depending
on the properties of the raw material, different ways of processing are possible. At the
beginning of the investigation of a new raw material, simple ways of processing are
conducted such as e.g., sieving, chopping, or shredding. If some information from pre-
studies on a raw material already exists, more complex methods of processing such as
composting or extruding can be considered. At the end of composting, the level of maturity
is determined.

123



Horticulturae 2021, 7, 164

Next, in test criterion III (TC III), extended substrate analyses on chemical and physical
properties are applied on the processed materials; because of the processing in TC II, some
properties of the processed raw material might have changed. Therefore, chemical analyses
such as volume weight, pH, salt content, and nutrient contents (mineral N contents, plant
available P and K, mg L−1) are conducted again as well as physical analyses such as water,
air capacity, and particle size distribution. In order to determine the demand on liming, the
buffer curves of the processed raw material are determined.

In the following test criterion IV (TC IV), more complex substrate analyses of the
potential substrate components are conducted. Stability tests of the nitrogen budget and
CO2 incubation tests are carried out. In order to attribute material characteristics for possi-
ble instabilities, water and salt-extractable C and N compounds as well as hemicellulose,
cellulose, and lignin contents are analysed. Other complex analyses are standardized
growing tests under controlled conditions, which summarize material characteristics and
reflect them in plant growth.

In the last test criterion V (TC V), tests under practical conditions are performed in
different sections of horticulture. During cultivation, substrate analyses are performed in
order to check for the adaptation of fertilization, liming, or irrigation during cultivation.
At the end of cultivation, plant biomass as well as N, P, and K (% in dry matter) in leaf
biomass are analysed. The quality of the plants for marketable yield is also assessed.

Test criteria I–IV can be conducted within the first season or year with the same batch
of raw material (stage 1). During the next season or year (stage 2), steps I to IV of the
test procedure have to be applied again with a new batch of the raw material in order
to check the reproducibility of the results (e.g. homogeneity of the raw material). If this
run was again successful, tests under practical conditions (TC V) have to be performed
considering the application notes developed from test criteria I–IV. If results from criteria
I–IV are not satisfying, before continuing in the test procedure, modifications can be carried
out, and their effect can be checked at different levels of the decision tree—for instance,
in processing the raw materials (TC II) or in running the growing tests (TC IV). If all the
test criteria are completed successfully, the test procedure results in a new peat substitute
considering material aspects that can be applied in practice, possibly under consideration
of application notes. In the future, economic and ecological criteria need to be added to the
test procedure.

2.2. Raw Materials and Experiment Treatments

In order to confirm the test procedure, it was applied to several raw materials. In all
experiments, milled white peat (fine to medium particle size; hereinafter referred to as “peat”)
derived from the Baltic States was used as control and for mixing. Heather (Calluna vulgaris)
was mowed at the military training area Nordhorn in Lower Saxony, Germany. Subsequently,
the heather material was chopped and composted for 8 months (September to April). After
composting, it was sieved to 0–10 mm particle size. Alder (Alnus glutinosa) was harvested
from a hedge bank near Bad Bentheim, Germany. Before chopping, the leaves were removed
from the stem. Alder chaffs were sieved to 0–10 mm. In stage 1, cattail (Typha angustifolia) was
harvested without seeds at the estuary of the river Danube, Romania, in January, and reed
(Phragmites australis) was harvested in a nature conservation area “Untere Wuemme” near
Bremen in February. After drying the plant material of reed and cattail, it was chopped and
sieved to 3–6 mm particle size.

Analyses of the different raw materials in the test procedure were performed with
single raw materials and their mixtures with peat. For experimental treatments of stage 1,
see the following table (Table 1).

According to the results from stage 1, experimental treatments were adapted in stage 2 as
well as reed was excluded from further analyses. In contrast to the first year, Typha latifolia was
used in the experiments of the second year. Peat 100, Cal 100, Cal 50, Al 50, Al 25, Ty 50, and
Ty 25 were set up as experimental treatments in stage 2 (for more details, see [13]).
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Table 1. Treatments and mixing ratios in stage 1.

Treatment Processed Raw Material I Processed Raw Material II

Peat 100 100% (Vol.) peat -
Cal 100 100% (Vol.) composted heather -
Cal 50 50% (Vol.) composted heather 50% (Vol.) peat
Al 100 100% (Vol.) alder -
Al 50 50% (Vol.) alder 50% (Vol.) peat

Ty 100 100% (Vol.) cattail -
Ty 50 50% (Vol.) cattail 50% (Vol.) peat

Ph 100 100% (Vol.) reed -
Ph 50 50% (Vol.) reed 50% (Vol.) peat

2.3. Analyses of Raw Materials and Treatments

The following methods were used for test criterion I. Volume weight of each treatment
was determined according to VDLUFA [14]. pH was measured in CaCl2 [15] and salt
content in distilled water [16]. Nutrients (% N, % P, % K) of raw materials in the dry matter
(d. m.) were determined. C (% in d. m.) and N (% in d. m.) were measured by oxidative
burning of the sample at 1080 ◦C with an elementary analyzer (vario EL III, Elementar) [17].
For P (% in d. m.) and K (% in d. m.), 0.1 g of the dry matter of each raw material was
ashed at 480 ◦C overnight, and the ash was transferred in 0.5 M HCl. P (% in d. m.) was
measured at 470 nm with an UV VIS spectrometer after staining with the molybdenum
yellow method and K (% in d. m.) in a CsCl matrix at 767 nm with an AAS.

For test criterion II, the technical processing of the raw materials was performed. In
the case of the raw materials used in these investigation, alder, cattail, and reed were
shredded and sieved. Drawing on results from previous experiments with heather, this
material was composted, and the degree of rotting (Rottegrad index) was determined for
heather compost [18,19].

For test criterion III, besides volume weight (g L−1), pH, and salt content (g KCl L−1),
plant available nutrients (mineral N, P, K; mg L−1) of processed raw materials and mixtures
were extracted with CaCl2 and DTPA (CAT extract) according to VDLUFA [20]. Mineral
nitrogen (Nmin (CAT)) was measured with a Skalar rapid flow analyzer, P in the CAT
extract was measured as described in the previous section, and K (CAT) was analysed at
767 nm with an AAS.

The maximum water-holding capacity (WHCmax, % v/v) was determined according
to VDLUFA [21]. Water and air capacity (% v/v) were determined for each treatment at
the pressure head levels −10 hPa, −50 hPa, and −100 hPa and the plant available water
(% v/v) was calculated as the amount of water between −10 and −100 hPa [22]. Particle
size distribution (% m/m) was determined for each processed raw material according to
DIN EN 11540 [23]. Buffer curves were carried out for each treatment in order to determine
the required amount of lime for adjusting the pH value in the subsequent experiments. For
liming, CaCO3 (85%) was used.

For test criterion IV, more elaborate analyses of C dynamics, standardized growing
tests, and stability tests were performed. The stability of the budget of mineral N was
tested according to VDLUFA [24] by adding 1000 mg of mineral N to 75 g material of each
treatment (60% WHCmax), adjusting to pH 6, and measuring Nmin (CAT) at the start of the
incubation at 25 ◦C. After 20 days, the Nmin of each treatment was extracted with CAT and
determined with a Skalar flow analyzer. Differences between Nmin (CAT) after 20 days
and Nmin (CAT) at the start provide information on the degree of N immobilization or N
mobilization of a material.

To obtain a rough idea concerning the plant tolerability of the processed raw materials,
standardized growing tests with Chinese cabbage under constant temperature and illumi-
nation cycles were performed [25]. First, 25 seeds of Chinese cabbage were sown in pots
containing the fertilized and limed growing media mixtures of the respective treatments
(5 replicates). Chinese cabbage was watered daily; seed germination was recorded daily
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for 7 days, and leaf development and leaf color were observed daily from day 7 until day
21. After 21 days, plant biomass was harvested, and fresh and dry matter as well as the
percentage of N, P, and K in the dry matter of the plants were determined. In stage 2,
fertilization of the treatments was adjusted to the amount of immobilized N determined in
the N stability test.

Degradation stability was determined by incubation experiments of each treatment
at 60% of WHCmax and measurement of microbial-derived CO2 [26]. This was done at
the original pH value and at pH 6, a horticultural relevant pH value. Each treatment was
incubated with five replications. Incubation took place at 20 ◦C for 13 days. At day 1, 2, 3,
6, 9, and 13 after the start of the incubation, samples were taken and titrated. The amount
of released CO2 was calculated for every sampling date according to Alef [1991; [26]], and
cumulated CO2 sums over 13 days were displayed.

For the determination of easily degradable compounds such as e.g., carbohydrates [27,28],
processed raw materials were extracted with 0.5 M K2SO4 at 20 ◦C and 80 ◦C, respectively, ac-
cording to an experimental set-up of Amha Amde [2011; [29]]. Salt-soluble C (SSC) compounds
were analysed with a liquid TOC analyzer (vario TOC cube, Elementar Analysensysteme
GmbH, Germany).

The amounts of lignin-derived phenols as slowly degradable organic compounds
were determined for each processed raw material using alkaline Cu oxidation following
the method of Hedges and Ertel (1982; [30]) modified by Dao et al. (2018; [31]). Total
lignin-derived phenols (VSC) were defined as the sum of individual units vanillyl (V),
syringyl (S), and cinnamyl (C).

Total contents of hemicellulose, cellulose, and lignin were analysed by determination
of the amount of acid–detergent–fiber (ADF) according to an abbreviated version of the
VDLUFA method [32], the amount of the neutral–detergent–fiber (aNDF) [33] and the
amount of acid–detergent–lignin (ADL) [34], respectively. The C and N contents of the
sample residues of each fraction were measured with an elemental analyzer (vario EL III,
Elementar Analysensysteme GmbH, Germany).

Only processed raw materials and mixtures according to the treatments successfully
applied TC I to TC IV were used for stage 2. Here, growing tests with treatments Peat 100,
Cal 100, Cal 50, Al 50, Al 25, and an in-house growing medium were performed under practical
conditions in three different companies specialized in the cultivation of vegetables, ornamentals,
as well as tree nursery plants. Due to logistical delays, Ty 50 and Ty 25 could not be tested. Basil
(Ocimum basilicum—variety Marian) was cultivated according to the rules of an organic farming
association for six weeks in a greenhouse, cyclamen (Cyclamen persicum—variety Verano) was
cultivated for four months in a greenhouse, and yew (Taxus baccata—variety Renkes Kleiner
Grüner) was cultivated for five months in containers outdoors. Due to N immobilization in
pretests, the treatments Al 50 and Al 25 were additionally fertilized during cyclamen and yew
cultivation. At the end of the respective cultivation period, a rating of the color and shape
of the leaves as well as the rooting intensity and root health were determined according to
VDLUFA [25]. Aboveground biomass (fresh and dry) and the N, P, and K (% in d.m.) in leaves
were analysed.

2.4. Statistical Analyses

All statistics were performed with R (version 4.0.2; R core team 2020).
In order to analyse differences among the different treatments, variance analyses were

performed. If the data were normally distributed and variances homogeneous, ANOVA
with a pairwise t test as the post hoc test was applied. If data were not normally distributed
and/or variances not homogeneous, a non-parametrical Kruskal–Wallis test with a pairwise
t test as post hoc test were performed. For correlation analyses, the R package “corrplot”
was used, and the correlation coefficient according to Pearson was calculated. The level of
significance for all analyses was p < 0.05. In stage 2, CO2 emissions of the processed raw
material cattail were excluded from the analyses, since it was an outlier.
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3. Results

3.1. Development of the Test Procedure

For the development of the test procedure, several raw materials were investigated
following the test criteria. Experiments were performed with different charges of the same
raw materials in two consecutive years. Results of stage 1 and partly of stage 2 are shown
in this article. Additional results of raw materials and experiments of stage 2 can be found
in Leiber-Sauheitl et al. (2021; [13]).

3.1.1. TC I: Analyses of Raw Materials

The basic parameters of all raw materials show that no raw material has to be excluded
(Table 2), but they also show that the C/N ratio could be an issue. Since the suitability of
heather was shown in pre-studies (data not published), composted heather was used in
the evaluation of the test procedure. For composted heather, the heavy metals Cu and Zn
were analysed, since this raw material was derived from a military training area. With
7.6 mg Cu kg−1 d. m. and 28.5 mg Zn kg−1 d. m., both values were definitely lower than
the critical value for growing media for trees used in landscaping [35]. Test criterion I was
successfully applied, and therefore, processing of the raw materials was investigated in the
subsequent test criterion II.

Table 2. Basic parameters of the investigated raw materials in stage 1. n = 3, variance analysis: Kruskal–Wallis (except P:
ANOVA), post hoc test: pairwise t test, p < 0.05. Different letters indicate significant differences among raw materials. d.m.:
dry matter.

Raw
Material

pH
(CaCl2)

Salt
Content

[g KCl L−1]
C/N

N P K

[% in d. m.]

Peat 3.2 ± 0.0 a 0.06 ± 0.00 a 60 ± 0 a 0.82 ± 0.00 a 0.03 ± 0.01 a 0.03 ± 0.01 a
Composted heather 5.2 ± 0.1 bc 0.47 ± 0.00 b 21 ± 0 b 1.44 ± 0.01 b 0.07 ± 0.02 b 0.22 ± 0.01 b

Alder 6.2 ± 0.1 d 0.21 ± 0.01 c 83 ± 0 c 0.55 ± 0.01 c 0.06 ± 0.01 b 0.17 ± 0.00 c
Cattail 5.4 ± 0.2 b 0.41 ± 0.00 d 154 ± 1 d 0.30 ± 0.00 d 0.01 ± 0.01 ac 0.23 ± 0.00 b
Reed 5.1 ± 0.0 c 0.37 ± 0.01 e 184 ± 4 e 0.25 ± 0.01 e 0.00 ± 0.00 c 0.07 ± 0.01 d

3.1.2. TC II: Processing of Raw Materials

The concept of the test procedure is to start with simple, inexpensive processing steps if
no information is available of the materials to be tested. This was the case of alder, cattail, and
reed. Therefore, branches and trunks of alder were shredded with bark and sieved <9 mm,
and after harvest, cattail and reed were dried, shredded, and sieved to 3–6 mm. Heather was
chopped after mowing and composted for several months, while temperature, water content,
and aeration were checked regularly. Composting was achieved within 8 months, resulting in
completed compost (Rottegrad index V), which was sieved <9 mm.

The processed raw materials (composted heather, alder, peat) were stored at 4 ◦C,
whereas cattail and reed were stored at dry at room temperature until being analysed.

3.1.3. TC III: Extended Substrate Analyses of the Processed Materials

In TC III, extended substrate analyses of chemical and physical properties were applied
with the processed materials (Table 3). Peat used as a control and mixing component
showed medium volume weight and a low pH value, salt, and nutrient content. Except for
cattail (36 g L−1), the volume weights of all investigated raw materials were higher than the
control (103–248 g L−1). The pH values of composted heather, alder, cattail, and reed were
significantly higher than the control peat (5.1–6.2). The salt contents of all processed raw
materials under investigation did not exceed 0.5 g KCl L−1. Except for Nmin, the nutrient
contents of composted heather, alder, cattail, and reed were significantly higher than the
control peat (P 10–62 mg L−1, K 68–608 mg L−1).
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Table 3. Basic parameters of the processed materials in stage 1. n = 3, variance analysis: Kruskal–Wallis, post hoc test:
pairwise t test, p < 0.05. Different letters indicate significant differences among raw materials.

Raw
Material

Volume Weight Dry
[g L−1]

pH
(CaCl2)

Salt Content
[g KCl L−1]

Nmin P K

[mg L−1]

Peat 78 ± 1 a 3.2 ± 0.0 a 0.06 ± 0.00 a 20 ± 1 a 1 ± 0 a 3 ± 0 a
Composted heather 248 ± 1 b 5.2 ± 0.1 bc 0.47 ± 0.00 b 28 ± 1 b 62 ± 1 b 608 ± 14 b

Alder 170 ± 1 c 6.2 ± 0.1 d 0.21 ± 0.01 c 0 ± 0 c 34 ± 1 c 231 ± 5 c
Cattail 36 ± 0 d 5.4 ± 0.2 b 0.41 ± 0.00 d 6 ± 0 d 10 ± 0 d 68 ± 2 d
Reed 103 ± 5 e 5.1 ± 0.0 c 0.37 ± 0.01 e 10 ± 0 e 15 ± 0 e 97 ± 1 e

The maximum water-holding capacity of all four potential substrate components
(Cal 100, Al 100, Ty 100, Ph 100) was significantly lower than that of peat (Table 4). As a
consequence, the WHCmax of all processed raw materials were proportionally increased
by the addition of 50% peat. WHCmax of Cal 50 was higher than that of Al 50 followed by
Ty 50 and Ph 50.

Table 4. Maximum water-holding capacity (WHCmax) and plant available water between −10 and
−100 hPa of treatments in stage 1. WHCmax n = 4 and plant available water n = 16, variance analysis:
Kruskal–Wallis, post hoc test: pairwise t test, p < 0.05. Different letters indicate significant differences
among treatments. Explanation of treatment names see Table 1.

Treatment WHCmax [Vol. %] Plant Available Water [Vol. %]

Peat 100 82 ± 1 a 35 ± 3 a
Cal 100 63 ± 1 b 31 ± 3 b
Cal 50 72 ± 1 c 37 ± 2 c
Al 100 36 ± 1 d 6 ± 1 d
Al 50 57 ± 1 e 20 ± 2 e

Ty 100 15 ± 1 f 0 ± 0 f
Ty 50 48 ± 1 g 17 ± 1 g

Ph 100 15 ± 1 f 0 ± 0 f
Ph 50 45 ± 1 h 19 ± 2 eg

The water and air capacity of the different treatments were analysed in order to draw
conclusions regarding the irrigation frequency and amount (Table A1) and were used to
calculate the amount of plant-available water (Table 4). With about 35% Vol., Peat 100
and Cal 50 showed the highest amount of plant available water, followed by Cal 100 with
approximately 30% Vol.. Al 50 and Ph 50 still showed half of the plant-available water in
comparison to peat, whereas the values for Al 100, Ph 100, and Ty 100 were too low to be
used as a sole component for growing media.

The particle size distribution of the different treatments confirmed the targeted particle
size of the processing step (Table A2).

3.1.4. TC IV: Stability Tests, Growing Tests, and Analyses of C Dynamics

At test criterion IV, more elaborate analyses on the stability of the N budget, standard-
ized growing tests, and analyses of C dynamics were performed.

Nmin Budget

In order to gain information on the mineral nitrogen demand of the different raw mate-
rials in plant experiments, the Nmin budget of the processed raw materials was determined
(Figure 2). All treatments except Peat 100 immobilized mineral N over the incubation period
in stage 1. According to VDLUFA, the mineral N budgets of Peat 100 and Cal 50 were
stable (change of Nmin contents lower than 50 mg N L−1; [24]) followed by Cal 100 and
Ty 50, which were slightly instable (change of Nmin contents between 51 and 125 mg N L−1),
whereas Ty 100 and Al 50 were instable (change of Nmin contents larger than 125 mg N L−1).
Al 100, Ph 100, and Ph 50 showed very high N immobilizations (larger than 250 mg N L−1),
which would lead to an exclusion as a component for growing media according to the defi-
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nition of VDLUFA [24]. According to the principles of the test procedure, treatments were
adapted in stage 2 (Al 25 and Ty 25 instead of Al 100 and Ty 100), and reed was excluded
from further analyses (see also [13]). This adaptation resulted in an improvement of the N
stability of Ty 50 and Ty 25 for cattail and Al 25 for alder [13].

Figure 2. Change of Nmin content of the different treatments after 20 days of incubation in stage 1,
determined according to VDLUFA [24]. n = 16, variance analysis: Kruskal–Wallis, post hoc test:
pairwise t test, p < 0.05. Lines show thresholds of the different stability levels [24]. Different letters
indicate significant differences among treatments.

Standardized Growing Test

For the estimation of plant tolerability, growing tests with Chinese cabbage were
performed using Peat 100 as control treatment. At the end of the growing test, Chinese
cabbage biomass of Cal 100 and Cal 50 was comparable to Peat 100 (Table 5). Ty 50 showed
significantly lower dry biomass than Peat 100. With Al 100, Al 50, and Ph 50, only 25–30%
of the dry biomass of Peat 100 was formed. The low water-holding capacity of Ty 100
and Ph 100 impeded germination caused the absence of seedlings in both treatments. In
addition, reed in comparison to cattail showed a high degree of mildew formation. For
Al 100, Al 50, Ty 50, and Ty 50, a high immobilization of N was identified in the analyses of
the substrates, which caused the bad performance of these processed raw materials in the
growing test. In stage 2, N deficiency was compensated by a treatment-specific fertilization
at the start of the experiment and an additional fertilization of single treatments if required
(for details, see also [13]). With these adaptations in stage 2, Al 50, Ty 50, and Ty 25 attained
80% of the dry biomass formed with Peat 100 (for details, see also [13]).

Table 5. Dry matter and N, P, K (% in d. m.) of the cabbage biomass at the end of the experiment in stage 1. N = 4, variance
analysis: Kruskal–Wallis, post hoc test: pairwise t test, p < 0.05. d.m.: dry matter. Explanation of treatment names see
Table 1. Different letters indicate significant differences among treatments.

Treatment
Dry Matter
[g pot−1]

N P K

[% in d. m.]

Peat 100 3.4 ± 0.3 a 3.1 ± 0.3 a 0.52 ± 0.05 a 2.1 ± 0.3 a
Cal 100 3.0 ± 0.5 a 2.8 ± 0.3 a 0.48 ± 0.08 a 4.1 ± 0.6 b
Cal 50 3.0 ± 0.3 a 2.9 ± 0.3 a 0.49 ± 0.05 a 3.8 ± 0.3 b
Al 100 0.9 ± 0.5 b 1.1 ± 0.0 b 0.40 ± 0.10 a 2.1 ± 0.7 a
Al 50 0.8 ± 0.4 b 1.0 ± 0.1 b 0.44 ± 0.02 a 2.5 ± 0.1 a

Ty 100 - - - -
Ty 50 2.2 ± 0.2 c 2.0 ± 0.1 c 0.42 ± 0.03 a 2.5 ± 0.3 a

Ph 100 - - - -
Ph 50 1.0 ± 0.2 b 1.0 ± 0.0 b 0.37 ± 0.09 a 1.9 ± 0.5 a
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Degradation Stability Tests

The amount of emitted CO2 during a two-week incubation experiment served as a
measure of microbial activity and therefore degradation stability of each treatment [36].
In stage 1, all treatments were incubated at their natural pH without liming (Figure 3a).
Peat 100 showed the lowest CO2 emissions due to the enrichment of stable organic com-
pounds during peat formation and a strongly acidic pH (3.2). Cal 100 showed only slightly
higher CO2 emissions since easily degradable compounds were already degraded during
composting. The highest CO2 emissions were found at Ty 100 and Ph 100, since cattail
and reed showed a low level of processing and still contained large amounts of easily
degradable compounds such as hemicellulose and cellulose (Table 7). Al 100 showed a
medium level of microbial activity due to its high contents of lignin in comparison to
Ty 100 and Ph 100 (Table 7). A mixture with peat resulted in a significant decrease of
CO2 emissions among all processed raw materials, which may also be due to a decreasing
pH value from slightly acid (Cal 100 5.2, Al 100 6.2, Ty 100 5.4, Ph 100 5.1) to stronger
acidic (Cal 50 4.0, Al 50 3.9, Ty 50 3.4, Ph 50 3.4). However, correlation between pH value
and CO2 emissions over all processed raw materials and treatments was not significant
(R2 = 0.22, p < 0.05). There was also no significant correlation between the total organic
carbon content and the CO2 emissions over all treatments in stage 1 (R2 = 0.21, p < 0.05)
and in stage 2 (R2 = 0.13, p < 0.05).

  
(a) (b) 

 
(c) 

Figure 3. Cumulated CO2 emissions of not limed processed raw materials and their mixtures over 13 days (a) stage 1 (n = 5,
except Peat 100 n = 19) and (b) stage 2 (n = 5) as well as of (c) limed treatments (pH 6) in stage 2 (n = 5). Variance analysis:
Kruskal–Wallis, post hoc tests: pairwise t test, p < 0.05. Different letters indicate significant differences among treatments.

In stage 2, trends of CO2 emissions among not limed treatments were similar to stage 1
(Figure 3b). Ty 50 showed nearly doubled emissions in stage 2 in comparison to stage 1,
which could be due a different cattail species. In general, the higher the proportion of peat
in a treatment, the lower the CO2 emissions of the respective processed raw material. In
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order to gain information on CO2 emissions of the treatments at a horticultural relevant
pH value, incubations were repeated at pH 6 in stage 2 (Figure 3c). Despite doubled CO2
emissions in comparison to stage 1, Peat 100 showed the lowest values of all treatments
followed by Cal 100 and Cal 50 (no significant difference) and Al 50 and Al 25. CO2
emissions of Ty 50 and Ty 25 increased by 50% and 100% in comparison to unlimed
mixtures, respectively. This results in an order of degradation stability of Peat 100 > Cal 100,
Cal 50 > Al 50, Al 25 > Ty 50, Ty 25.

Compound Classes Determining Degradation Stability

Several parameters such as the amount of salt-soluble carbon, the contents of hemi-
cellulose, cellulose, (raw) lignin, and the sum of VSC units were measured in order to
determine the reason for the state of stability of a processed raw material.

In stage 1, Typha 100 showed the highest amounts of SSC at 20 ◦C followed by Ph
100, whereas Peat 100, Cal 100, and Al 100 showed the lowest amounts (Table 6). At
80 ◦C, the highest amounts of SSC were again recorded for Ty 100 followed by Al 100,
Peat 100, Ph 100, and Cal 100 in descending order of quantities of SSC (Table 6). At both
temperatures, contents of SSC of mixtures (Cal 50, Al 50, Ty 50, Ph 50) were always between
the contents of SSC of the respective processed raw material and peat. In stage 2, the SSC
contents of the treatments were in a similar range than in stage 1.

Table 6. Content of salt-extractable C compounds of the different treatments at 20 and 80 ◦C in stage 1 and stage 2. n = 4,
variance analysis: Kruskal–Wallis, post hoc test: pairwise t test, p < 0.05. Corg: organic carbon, SSC: salt-soluble carbon, d.m.:
dry matter. Different letters indicate significant differences among treatments. Explanation of treatment names see Table 1.

Treatment

Stage 1 Stage 2

Total Corg SSC 20 ◦C SSC 80 ◦C Total Corg SSC 20 ◦C SSC 80 ◦C

[mg C g−1 d. m.]

Peat 100 470 ± 1 a 0.9 ± 0.1 a 8.2 ± 0.3 a 499 ± 1 a 0.6 ± 0.0 a 6.4 ± 0.2 a
Cal 100 302 ± 2 b 0.9 ± 0.1 a 6.5 ± 0.6 b 220 ± 2 b 0.9 ± 0.1 a,b 7.5 ± 0.5 b
Cal 50 350 ± 2 c 0.9 ± 0.0 a 7.2 ± 0.3 c 397 ± 1 c 0.7 ± 0.1 a,b 6.4 ± 0.1 a
Al 100 455 ± 3 d 0.9 ± 0.2 a 8.8 ± 0.4 d n.d. n.d. n.d.
Al 50 442 ± 1 e 1.0 ± 0.1 a 8.6 ± 0.3 a,d 477 ± 1 d 1.2 ± 0.0 b 10.7 ± 0.5 c
Al 25 n.d. n.d. n.d. 486 ± 1 e 0.9 ± 0.0 a,b 8.8 ± 0.2 d

Ty 100 469 ± 1 f 5.3 ± 0.1 b 14.0 ± 0.3 e n.d. n.d. n.d.
Ty 50 460 ± 1 g 2.2 ± 0.1 c 9.5 ± 0.1 f 475 ± 0 d 1.9 ± 0.6 c 11.4 ± 0.6 e
Ty 25 n.d. n.d. n.d. 485 ± 1 e 0.9 ± 0.1 a,b 8.5 ± 0.5 d

Ph 100 468 ± f 0 2.9 ± 0.1 d 7.4 ± 0.5 c n.d. n.d. n.d.
Ph 50 453 ± 1 d 2.0 ± 0.0 c 7.3 ± 0.1 c n.d. n.d. n.d.

During the composting of Cal 100, hemicellulose and cellulose were degraded, result-
ing in a relative enrichment of lignin (Table 7). Al 100, a material from trees, showed the
highest lignin contents of all not processed raw materials and medium contents of hemicel-
lulose and cellulose. The lowest proportions of lignin and the highest of hemicellulose and
cellulose were found in Ty 100 and Ph 100 (Table 7), since both are grasses of the family
Poaceae. Medium contents of hemicellulose and lignin and high contents of cellulose were
found in Peat 100 due to the plant genus and the peat-forming processes.

Due to its formation, Peat 100 and the composted heather (Cal 100) showed the lowest
contents of total lignin-derived phenols (VSC units) in both stages (Table 7). During
the long process of peat formation and the composting of heather material, VSC units
were degraded in Peat 100 and Cal 100, respectively. Ph 100, Ty 100, and Al 100 showed
significantly higher amount of VSC units in both stages. The amount of VSC units of Al 100
was 40% higher and Ty 100 was 30% lower in stage 2 compared to stage 1, which may be
due to a different age, different proportion of stem to branches, or different environmental
conditions [37] and different cattail species in both stages.
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Table 7. Proportions of cellulose, hemicellulose, and raw lignin (n = 1) and sum of VSC units (n = 4) of each processed raw
material in stage 1 and stage 2. VSC units: variance analysis: ANOVA, post hoc test: pairwise t test, p < 0.05. d.m.: dry
matter. Different letters indicate significant differences among treatments. Explanation of treatment names see Table 1.

Treatment

Stage 1/Stage 2

Hemi-
Cellulose

Cellulose
(Raw)
Lignin

Sum of VSC Units

[% of d. m.] [mg g−1 d. m.]

Peat 100 10.0/10.9 53.0/46.6 21.1/23.0 7.6 ± 1.9 a/ 11.6 ± 1.5 a
Cal 100 3.4/10.0 8.4/8.2 73.6/65.1 17.2 ± 3.7 b/ 22.6 ± 7.3 b
Al 100 16.4/13.4 41.2/40.3 32.4/31.1 37.4 ± 8.7 c/ 61.2 ± 7.8 c
Ty 100 23.5/22.3 47.0/32.6 16.8/20.7 55.4 ± 2.8 d/ 39.8 ± 3.5 d
Ph 100 25.1/- 53.7/- 14.7/- 70.8 ± 10.0 e/-

3.1.5. TC V: Experiments under Practical Conditions

After some of the processed raw materials passed through the test procedure suc-
cessfully up to TC IV, a confirmation of the developed test procedure followed in stage 2
by experiments under practical conditions in three different nurseries specialized in the
cultivation of vegetables, ornamentals as well as tree nursery plants (Table A3; see also [13]).
As control treatments, Peat 100 and the respective in-house growing medium were used.

Experiments under practical conditions in three different nurseries specialized in the
cultivation of vegetables, ornamentals, as well as tree nursery plants were successful if an
additional N fertilization was given in treatments which showed N immobilization during
testing with the test procedure. The cultivation of basil was successful for the treatments
without N immobilization (Cal 100, Cal 50, and in-house growing media). In treatments
with N immobilization, basil cultivation was not successful, as no extra N fertilization
was added to compensate for N immobilization (Table 8). The pH value of Peat 100 was
by mistake 7.4 instead of 6.4, which resulted in growth deficits of basil. Cyclamen were
successfully grown in all treatments due to additional N fertilization to Al 50 and Al 25
at the start and during cultivation. Fresh and dry weight of shoots of Al 25, Cal 50, and
Peat 100 showed no significant differences in comparison to the in-house growing medium,
whereas those of Cal 100 and Al 50 were significantly lower (Table 8). During cultivation of
yew, additional N was added to compensate for N immobilization. Fresh as well as dry
weight of yew were not significantly different among the treatments (Table 8).

Table 8. Experiments under practical conditions with basil, cyclamen, and yew. Aboveground biomass weights, n = 10.
Variance analysis: Kruskal–Wallis (basil, yew), ANOVA (cyclamen), post hoc test: pairwise t test, p < 0.05. Different letters
indicate significant differences among treatments. Explanation of treatment names see Table 1.

Treatment

Basil Cyclamen Yew

Fresh Weight Dry Weight Fresh Weight Dry Weight Fresh Weight Dry Weight

[g pot−1]

Peat 100 10 ± 2 a 1.1 ± 0.3 a 86 ± 12 a 7.2 ± 0.9 a 84 ± 15 a 31 ± 6 a
Cal 100 40 ± 7 b 3.9 ± 0.5 b 49 ± 4 b 4.1 ± 0.3 b 85 ± 10 a 31 ± 4 a
Cal 50 35 ± 1 b 3.7 ± 0.1 b 87 ± 11 a 6.9 ± 1.0 a 102 ± 10 a 38 ± 4 a
Al 50 7 ± 1 a 0.9 ± 0.2 a 46 ± 11 b 3.9 ± 0.7 b 84 ± 14 a 31 ± 4 a
Al 25 5 ± 1 a 0.7 ± 0.2 a 66 ± 11 a 5.9 ± 0.8 a 83 ± 11 a 31 ± 4 a

In-house growing media 51 ± 4 c 5.1 ± 0.3 c 89 ± 20 a 7.3 ± 1.3 a 93 ± 14 a 35 ± 5 a

4. Discussion

4.1. Evaluation of Processed Raw Materials

Having gone through the procedures of criteria I to IV in stage 1 and stage 2, the
raw materials under investigation were evaluated and compared to already established
peat substitutes. Peat used as the control and a mixing component showed a volume
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weight, a pH value, and salt and nutrient contents as expected from literature [2] (Table 3).
The salt contents of all processed raw materials under investigation did not exceed
0.5 g KCl L−1, which is clearly under the critical value of 3 g KCl L−1 for components
for growing media [35]. Nutrient contents were significantly higher than in the control
peat but were according to established and material-related criteria in a convenient range
(e.g., for compost [2,38]). Therefore, the basic parameters of all processed raw materials
were in a range convenient for components of growing media (e.g., [2]).

Composted heather showed the best results of all raw materials under investigation.
Chemical and physical analyses of composted heather were in the range of a substrate
compost according to RAL ([2,38]; Tables 2–4, Table A1 and [13]). The stability of the N
budget and the results in growing tests with Chinese cabbage were comparable to the
control (Peat 100) for both treatments Cal 100 and Cal 50 (Figure 2, Table 5 and [13]). In
tests under practical conditions, the promising results of Cal 100 and Cal 50 were confirmed
in comparison to the control “in-house growing medium” (Table 8).

The results of chipped and sieved alder in the chemical tests were comparable to cattail
and reed (Tables 2 and 3). The results of physical tests were moderate, but plant-available
water improved with increasing amounts of peat from Al 50 to Al 25 (Table 4). In both
stages, the N budgets of all treatments Al 100, Al 50, and Al 25 were highly instable, and
high amounts of nitrogen were immobilized (Figure 2 and [13,24]). However, by increased
N fertilization, good results were achieved in standardized growing tests [13] and also in
tests under practical conditions for cyclamen and yew (Table 8 and [13]). Therefore, we
suggest that alder chips need to be treated with additional N fertilization similar to wood
fibers from coniferous wood [39].

For chopped and sieved cattail, especially the treatments Ty 50 and Ty 25 showed
promising results in the chemical and physical analyses (Tables 2–4, Table A1 and [13]).
The N budget of both treatments was slightly instable (Figure 2 and [13,24]); however, with
a low N compensation, the results in standardized growing tests with Chinese cabbage
yielded good results [13].

Reed showed similar results as cattail in physical and chemical analyses in stage 1
(Tables 2–4, Table A1). However, reed immobilized huge amounts of N in N budget tests
(Figure 2), and therefore, growing tests without additional N showed a strongly reduced
biomass of Chinese cabbage (Table 5). Due to these results and the development of mildew
during standardized growing tests, reed was excluded in stage 2.

4.2. (Biological) Degradation Stability

In order to draw conclusions on the degradation stability of a processed raw material
or treatment, contents of SSC, hemicellulose, cellulose, and (raw) lignin as well as the sums
of VSC units were correlated to the cumulated CO2 emissions over 13 days, respectively.
In stage 2, CO2 emissions of the processed raw material cattail were excluded from the
analyses, since it was an outlier. The degradation stability of a substrate component
expressed as cumulated CO2 emissions during incubation under constant moisture and
temperature conditions depends mainly on the chemical composition of the processed
raw material [40,41].

In both years, CO2 emissions showed high correlations to SSC 20 ◦C on a treatment
level (R2 = 0.83 stage 1, R2 = 0.87 stage 2, or R2 = 0.72 for stage 1 and 2, p < 0.05) and
on the level of raw materials if stage 1 and 2 were combined (R2 = 0.88). SSC 80 ◦C only
showed very high correlations with CO2 emissions (R2 = 0.95, p < 0.05) but only in stage 2.
Amounts of salt-soluble carbon did not depend on the total amount of organic carbon
in any treatment but on extraction temperature. Therefore, SSC 20 ◦C should be used
as a proxy to estimate the degradation stability of a processed raw material. The higher
the SSC 20 ◦C content, the higher the degradation of the raw material. Investigations of
different types of peat by Amha Amde (2011; [29]) also showed a correlation of the content
of dissolved organic carbon that was extracted by water or salt solutions and microbial
activity measured as long-term CO2 evolution, which was measured by basal respiration.
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The investigation of the cell wall components and the level of lignification was performed
for the processed raw materials, and therefore, the data of all raw materials and both stages
were combined for correlation analyses. The sum of VSC units was highly correlated to
cumulated CO2 emissions (R2 = 0.86, p < 0.05). Among the cell wall components, hemicellulose
showed the highest correlation to the cumulated CO2 emissions (R2 = 0.78, p < 0.05).

As a comprehensive result, SSC 20 ◦C, VSC, and also hemicellulose contents could be
used to predict degradation stability, which were partly also used in stability indices [42].
Due to the fact that a higher C decomposition rate of a processed raw material results in
a lower air volume in the growing media and poorer plant growth [43,44], composted
heather showed the best results of all raw materials under investigation besides the control
Peat 100.

4.3. Comparison of Investigated Processed Raw Materials to Substrate Components in Commercial Use

The chemical, physical, and biological properties of the peat material used as control
and mixing components showed comparable results, as reported in the literature [2,45].

The pH, salt, and nutrient contents of composted heather are considerably lower
than the threshold values for green waste composts according to RAL [2,38]. Therefore,
composted heather could be used to a much higher proportion than the 40% (v/v) recom-
mended by RAL. In addition to its beneficial stable N budget, the properties of composted
heather are comparable to composted bark, which tends to a slight N immobilization [2,46].
Due to its good performance in experiments under practical conditions, composted heather
could be used in more than the maximum recommended proportion of 50% (v/v) in
growing media [47].

Chemical and physical parameters of the investigated reed and cattail are similar to
the results for reed found by Stucki et al. (2019; [48]), which indicates similar horticultural
properties of straw-based biomass. In Frangi et al. (2012; [49]), different ratios of pine
bark and miscanthus (0–6 mm) and their effect on physical growing media parameters
were investigated. The higher the content of Miscanthus giganteus was, the lower were
the container capacity and the higher the air capacity, which is similar to our results
for the straw-based raw materials reed and cattail. In another study, plant trials with
Prunus laurocerasus showed stunted growth with increasing proportion of miscanthus in
mixes [50] which is comparable to the high and medium N immobilization of reed and
cattail in our experiments, respectively.

Chopped and sieved alder material in our experiments behaved similarly to other
wood-based substrate components at the beginning of their development, showing low
water capacity and high N immobilization [39]. In addition, with an adapted fertilization,
the application of alder achieved promising results in distinct sectors of horticulture such
as ornamental and tree nurseries. A different processing of alder such as refining it to fibers
combined with an impregnation with nitrogen or also composting should be considered in
future trials.

4.4. Advantages of the Test Procedure

The test procedure for new raw materials that could be used as potential substrate
components consists of several consecutive test criteria regarding material aspects that are
applied successively. If the investigations in all five test criteria show positive results, a
new raw material can be identified as a not peat-based substrate component, which can
from a material point of view be applied in practice—possibly considering information on
cultivation derived from the test procedure.

The test procedure and its test criteria provide a structure for a systematical and
reproducible analysis of new peat substitutes starting with the raw materials. In the first
instance, simple and—depending on the results—in the following steps more elaborate
analyses are applied. As an alternative to the applied methods of the Association of
German Agricultural Analytic and Research Institutes (VDLUFA), the application of other
methods is reasonable if they are appropriate for investigating the requested parameter
and approved by the national or international scientific community. Concerning the
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safety of new substrate components with regard to plant production, more elaborate
analyses have to contain unconditional tests that give information on plant cultivation
such as N immobilization and standardized growing tests. Analyses of C dynamics,
degradation stability, and of the compounds influencing it broaden the existing scope of
routine substrate analyses to properties that give additional useful information. This might
become increasingly important if uncommon raw materials come into focus in the future.
In case laboratory equipment is not suitable, they can be omitted in a first approach and be
included if results are promising. Furthermore, it is worthwhile to check if already existing
and easier applicable analyses of stability can be applied in case a correlation with the
analyses used here was confirmed.

Decisions on the further procedure with a possible peat substitute can be made at an
early stage. In our case, reed was provisionally excluded from further investigations in
contrast to composted heather, cattail, and alder. However, a different processing for reed
and a new test in the frame of the test procedure could improve the suitability of reed. By
means of the test criteria, limitations of cultivation were identified which, in the case of the
raw materials examined, concerned water-holding capacity and N immobilization. The
limitation of cultivation “N immobilization” could be dealt with within the framework of
the test procedure by an adapted N fertilization. This revealed good results in the growing
tests for the N immobilizing substrates, which were confirmed in the tests under practical
conditions. It could be shown that composted heather, alder, and cattail can serve as a
substrate component by partly adapted N fertilization. Within 2 years, it was possible to
identify new peat substitutes by means of the test procedure and its test criteria.

In the future, additional test criteria representing the field of economy and ecology
have to be included in the original test procedure. The availability of a raw material, cost
effectiveness, life cycle analyses, as well as environmental aspects need to be integrated.
Evaluating only material aspects a raw material such as e.g., alder could also be excluded
as a substrate component by the test procedure. However, if including the suitability of
alder as a paludiculture crop [51] and thereby achieving benefits for the climate, alder
could be considered for further investigation with a modified processing.

5. Conclusions

The preliminary test procedure with its test criteria offers a structure enabling a system-
atical and reproducible investigation of new possible peat substitutes regarding material
aspects and starting at the level of the raw material. At first, simple and—depending on
the results—more elaborate analyses are applied. Decisions on the further proceeding with
a possible peat substitute can be made at an early stage. The preliminary test procedure
with its test criteria is suitable to identify possible new peat substitutes within two years
and to give first information on handling them in practice. This will promote the urgent
search for new peat substitutes.

Our hypothesis that suitable peat substitutes for growing media can be reliably identi-
fied by the preliminary test procedure has been confirmed. Before the test procedure can
be used as a standard, economic and ecological aspects need to be added in the future.
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Appendix A

Table A1. Water and air capacity of the different treatments at −10 hPa, −50 hPa, and −100 hPa in stage 1 determined
according to DIN EN 13041 ([22]; n = 4. except −100 h Pa: Ty 100 n = 2. Ty 50 n = 1. Ph 50 n = 5). variance analysis:
Kruskal–Wallis (except air capacity at −100 hPa: ANOVA). Post hoc test: pairwise t test. p < 0.05. At −100 hPa Ty 100 and Ty
50 were excluded from statistical analysis. Different letters indicate significant differences among treatments. Explanation
of treatment names see Table 1.

Treatment

Water
Capacity

Air
Capacity

Water
Capacity

Air
Capacity

Water
Capacity

Air
Capacity

at −10 hPa at −50 hPa at −100 hPa
[Vol. %]

Peat 100 75 ± 4 a 19 ± 4 a 41 ± 1 a 53 ± 1 a 40 ± 1 a 55 ± 1 a
Cal 100 64 ± 3 b 27 ± 3 b 49 ± 2 b 42 ± 2 b 33 ± 1 b 58 ± 1 b
Cal 50 79 ± 1 c 14 ± 1 c 50 ± 5 b 42 ± 5 b 41 ± 1 a 51 ± 1 c
Al 100 31 ± 1 d 60 ± 1d 29 ± 1 c 63 ± 1 c 25 ± 1 c 66 ± 1 d
Al 50 52 ± 2 e 41 ± 2 e 37 ± 2 a 56 ± 5 a 32 ± 1 b 61 ± 1 e

Ty 100 13 ± 1 f 85 ± 1 f 13 ± 1 d 85 ± 1 d 16 ± 1 (n.d.) 82 ± 1 (n.d.)
Ty 50 38 ± 1 g 58 ± 1 d 24 ± 1 e 72 ± 1 e 22 (n.d.) 74 (n.d.)

Ph 100 15 ± 1 f 78 ± 1 g 15 ± 0 d 78 ±0 f 15 ± 1d 78 ± 1 f
Ph 50 40 ± 2 g 54 ± 2 h 26 ± 2 c.e 68 ± 2 g 22 ± 1 e 72 ± 1 g

Table A2. Particle size distribution of the different treatments in stage 1 determined according to DIN EN 11540 [23] (n = 3).
Explanation of treatment names see Table 1.

Treatment

<0.2
mm

0.2–0.5
mm

0.5–1
mm

1–2
mm

2–4
mm

4–10
mm

10–16
mm

16–31.5
mm

>31.5
mm

[% of Total Mass]

Peat 100 7 ± 1 21 ± 1 21 ± 1 15 ± 2 14 ± 1 14 ± 2 7 ±1 1 ± 1 -
Cal 100 20 ± 6 32 ± 3 23 ± 3 15 ± 3 7 ± 2 3 ± 2 0.4 ± 1 - -
Cal 50 12 ± 5 28 ± 4 27 ± 1 18 ± 3 10 ± 2 5 ± 1 1 ± 1 - -
Al 100 9 ± 6 16 ± 5 19 ± 0.2 27 ± 4 24 ± 5 4 ± 1 - - -
Al 50 5 ± 1 17 ± 1 22 ± 1 23 ± 2 23 ± 1 9 ± 2 2 ± 1 0.3 ± 1 -

Ty 100 0.4 ± 0.1 0.5 ± 0.1 1 ± 0.3 11 ± 1 55 ± 8 32 ± 8 - - -
Ty 50 6 ± 1 14 ± 3 14 ± 3 16 ± 1 31 ± 3 17 ± 3 2 ± 1 - -

Ph 100 0.1 ± 0 0.3 ± 0 3 ± 0.3 30 ± 2 66 ± 2 1 ± 0.2 - - -
Ph 50 5 ± 1 11 ± 3 11 ± 3 35 ± 1 25 ± 3 10 ± 3 2 ± 1 2 ± 0 -

Table A3. General setup of the experiments under practical conditions with the potential new substrate components [13].
Explanation of treatment names see Table 1.

Vegetables Ornamentals Trees

Plant culture Occimum basilicum Cyclamen persicum Taxus baccata
Cultivation period 6 weeks 4 months 5.5 months
Irrigation ebb and flow system channel system irrigation cart
Treatments Peat 100, Cal 100, Cal 50, Al 50, Al 25, in house growing media
Fertilization (start) No N compensation N compensation for Al 50 and Al 25
Complementary fertilization
recommended

According to the results of the test procedure N compensation recommended for Al 50
and Al 25.

Complementary fertilization applied No Yes Yes
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Abstract: Using aquaculture effluent (AE) to fertigate plants is gaining popularity worldwide.
However, in substrate-based systems, the choice of substrate is essential due to their effects on crop
productivity. Differences in the retention of nutrients by substrates makes it necessary to assess
suitability for use in AE. This study was conducted from January to July in 2016 and September to
October in 2019 to evaluate greenhouse-grown Beit Alpha cucumber (Cucumis sativus L. ‘Socrates’)
performance fertigated with AE in pine bark or perlite substrates, grown either as one plant or two
plants per pot. A 2 × 2 factorial arrangement in a randomized complete block design with four
replications for each season was used. The substrate effect on yield in 2016 depended on the density
and season. The pooled yield over seasons in 2016 showed pine bark had a significantly higher
yield than perlite by 11% in one plant per pot but lowered by the same amount in two plants per
pot. In 2019, pine bark significantly reduced the leachate pH in both plant densities and reduced the
leachate EC by about 15% in two plants per pot. The foliar boron was occasionally below sufficiency
whilst manganese was above sufficiency in pine bark due to its inherently low pH. We conclude that
the effect of the substrates on cucumber yield fertigated with AE is dependent on the season and the
number of plants per pot. Therefore, due to the local availability of pine bark, it could be a potential
substitute for perlite especially when using one plant per pot for AE. In addition, pine bark could be
used as an intermediate substrate to reduce the pH in AE for downstream use.

Keywords: Aquaponics; soilless cucumber; leachate pH; cucumber yield

1. Introduction

The use of aquaculture effluent (AE) as a nutrient source for plant production is gaining
popularity worldwide with an exponential growth from 2004 to 2012 [1]. Aquaponics is
a term used to describe a plant production technique in which at least 50% of a plant’s
essential nutrients are obtained from an aquaculture system (RAS) [2] and can be coupled
with different hydroponic systems. Biofloc technology is used to distinguish the RAS
technique in which biofiltration, i.e., the conversion of total ammonium nitrogen into
nitrates by nitrifying bacteria, and aquaculture co-habit in the same unit. Therefore,
biofloc technology is different from a typical RAS or “clear water” systems in which
biofiltration is separated from the aquaculture unit. Biofloc technology shows promising
benefits for crop productivity with better growth and quality in lettuce [3].

Substrates differ greatly in their physical and chemical properties leading to differ-
ential effects on plant productivity. Substrates of an inorganic or mineral origin such
as perlite predominate in hydroponic systems due to their consistent composition and
predictable performance. However, perlite substrates tend to have a neutral or near neutral
pH, which may not be a good combination with the already high pH of AE. Aged or com-
posted pine bark is an organic substrate that has been used predominantly in containerized
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ornamental production [4]. However, pine bark substrate has a higher air-filled porosity
resulting in a lower water holding capacity than perlite [5]. In a pour through experiment,
pine bark substrate had less available water and retained less nitrogen, i.e., NO3

−-N and
NH4

+-N, implying more N would be drained out [6,7] when used. Although perlite is
also porous, due to its smaller particle size it has a higher amount of plant available wa-
ter [8]. On the other hand, pine bark substrate has a low pH [5], which may offer a better
combination with AE than perlite.

An assessment of the substrate effect shows that the marketable yield, fruit count and
plant height of cucumbers were the highest in a peat substrate that had a significantly higher
water holding capacity, cation exchange capacity and organic matter content than perlite
and other substrates with a lower water holding capacity [9]. However, in the same study,
when perlite was compared with bark mixed with peat of 50% v/v it resulted in a similar
performance of the cucumber crop [9]. Pine bark and perlite substrates also had similar
effects on Beit Alpha cucumbers when fertigated with a conventional hydroponic nutrient
solution [5]. However, differences in yields exist between conventional hydroponics and
aquaponics [10] mostly due to low nutrients, the presence of solids and the high pH of
AE. Thus, substrates that work well when fertigated with a hydroponic solution might
not adapt well with AE. Therefore, there is a need to explore substrate suitability and
performance in AE systems. We hypothesize that the type of substrate used would affect
the availability of nutrients and, thus, cucumber productivity. Experiments were conducted
to explore if pine bark and perlite substrates would influence Beit Alpha cucumber cv.
‘Socrates’ differently when fertigated with AE. The study also assessed the effect of the
plant number per pot and its interaction with the substrate on cucumber productivity.

2. Materials and Methods

2.1. Plant Material, Growth Conditions and Experimental Design

All trials were conducted at the Auburn University aquaponic project facility located
at the E.W. Shell Fisheries Center research station (lat. 32.648935◦ N, long. 85.486828◦ W).

The plant production for the three seasons was done in a 9 m × 29 m double-layered
plastic covered greenhouse. Three-week-old cucumber (Cucumis sativus L. ‘Socrates’)
seedlings were transplanted from 70-cell trays to 11-L rectangular Dutch buckets (Crop
King, Lodi, OH, USA) filled with either 100% horticultural grade perlite or aged pine bark
based on the treatment. Over the course of the experiment, plants were trellised upwards
to a height of approximately 2.2 m then allowed to drape.

The production in 2016 ran from 6 January to 31 July in two rounds of trials covering
winter to spring seasons. The first round of 2016 ran between winter and early spring while
the second round covered the rest of the spring months. The production in 2019 ran from
3 September to 28 October (late summer–fall), with a total of 55 days from transplanting.
Plant spacing was 0.46 m × 1.83 m or 0.84 m2/pot. During the 2019 trial, the greenhouse
temperature and the relative humidity were measured using pendant temperature data and
a temperature/RH logger (HOBO, Onset Computer corp. Bourne, MA, USA) placed 2.2 m
from the ground at the draping point. Data were logged every 10 min and averaged over a
12 h period. The greenhouse microclimate was considered important to assess the condition
of growth of the plants. Although cooling of the greenhouse was done using exhaust fans
and a cooling pad controlled by night and day temperature set points, temperatures and
the relative humidity still fluctuated throughout the production in 2019. The mean day and
night air temperatures over the trial period for 2019 were 28.3 ◦C and 20.8 ◦C, respectively.
The relative humidity was generally high. The mean day and night relative humidity
values were 64% and 92%, respectively.

Water was delivered to the cucumbers via an irrigation pump, with the corresponding
foot valve submerged 0.35 m below the surface of a passive clarifier system attached to
biofloc tilapia aquaculture unit, as described below, so that the settleable solids further
clarified in the bottom of the second clarifier were undisturbed. The irrigation pump was
wired to a timer that was scheduled to water for 3 min on the hour, nine times per day.
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Iron chelate (13% EDTA Fe) was added at a rate of 2 mg L−1 to the second clarifier at
monthly intervals.

The aquaculture unit used to irrigate the plants consisted of a 100 m3 rectangular tank
contained in 9 m × 29 m plastic greenhouse and a water clarifier unit consisting of two
cylindro-conical tanks of 0.5 m3 each located just outside the greenhouse. The fish tank was
aerated by a 1-hp blower (SweetWater, Aquatic Eco-systems, Apopka, FL, USA) fixed with
diffuser tubing. The blower was also used to create an airlift that circulated the water from
the tank to the clarifier and back. Using normal operating procedures, effluent and solids
from the fish rearing tank flowed into the first clarifier, from which settleable solids were
removed 2 to 3 times daily by opening a clarifier drain. The AE then flowed by gravity to a
second clarifier where further settleable solids were again removed and clarified effluent
either flowed back into the fish tank or pumped into the vegetable greenhouse for irrigation.
No other filtration devices were used with this system. Water pH was maintained in the
range of 6 to 6.5 by adding Ca(OH)2 directly to the fish tank. Potassium chloride was added
to the fish tank to maintain a concentration of 120–150 ppm when measured for chloride.
Water into the fish tanks came from a rainwater fed reservoir and flowed by gravity to the
fish tank as make-up water to account for plant use and water loss through evaporation
and disposal of fish sludge.

Prior to starting the first experiment in 2016, the fish rearing tanks were in continuous
operation, producing Nile tilapia (Oreochromis niloticus L.). Fish were cultured for 11 weeks
and then graded, sorted, and stocked by size into three separate netted structures called
hapas, from which 50–75 kg of fish were harvested weekly. To jumpstart fish production,
750 tilapia of 200 g each were stocked into a 6 m3 hapa to be harvested first during the
production cycle. Next 2500 tilapia of 100 g each and 7000 tilapia of 50 g each were stocked
into separate 18 m3 hapas to be cultured and eventually divided into an additional 100 m3

tank. The fish were fed twice daily at 1.5% of their body weight with a complete diet of
floating pellets containing between 40% and 36% protein (Cargill, Franklinton, LA, USA).
Thus, the fish culture unit was a mix of different ages and weights that required different
feed types and feeding rates.

A 2 × 2 factorial treatment arrangement in randomized complete block design with
4 replications per treatment was used leading to 16 experimental units in each season.
The treatment combinations were as follows: Treatment 1: Perlite substrate with two plants
per pot; Treatment 2: Perlite substrate with one plant per pot; Treatment 3: Pine bark
substrate with two plants per pot; Treatment 4: Pine bark substrate with one plant per pot.

2.2. Measurements and Sampling for Laboratory Analysis (Mineral Composition)

Once harvesting was started in 2016, cucumber fruits were picked daily. Cucumber
fruit count and fresh weights were recorded daily from five middle individual pots, for each
experimental unit. In treatments with two plants per bucket, fruit numbers and weights
were added together to represent count or weight per pot. In the 2016 trial, leaf samples
were taken for foliar analysis at day 50 from transplanting. In total, 15 recently matured
leaves from each experimental unit were sampled. Leaf tissues were digested in sulfuric
acid and analyzed for macro- and micronutrient concentrations, using the ICP-MS approach
(Waters Agricultural Laboratories, Inc., Camilla, GA, USA).

In addition to yield recorded in both 2019 seasons, measurements were taken on plant
height measured at each destructive sampling for biomass, from just below the cotyledons
to the apical meristems using a meter rule. Total nodes per plant were counted and divided
by plant height to obtain average internode length. Leaf area was measured using LI 3100
(LICOR, Lincoln, Nebraska, USA). Leaf samples after area measurements were dried in
an oven for minimum of 48 h at 77 ◦C. Specific leaf area (cm2 g−1) per pot was calculated
by dividing leaf area (cm2) over leaf dry weight (g). Leaf SPAD index was measured
with a portable SPAD meter (SPAD-502 plus, Spectrum technologies, Aurora, IL, USA)
at five points on newly fully expanded leaves and averaged. Leaf stomatal conductance
was measured on the same leaves used for SPAD measurements using a handheld leaf
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porometer (Decagon SC-1, Meter Group, Inc. Pullman, WA, USA). Plants were placed
on a raised platform constructed using cinder blocks and a fiberglass frame. Containers
(4.7-L) were placed below plants to collect leachate daily from which pH and EC were
measured using a HI9813-6 Portable pH/EC/TDS/temperature meter (Hanna Instruments,
Smithfield, RI, USA) and NO−

3 using a L-AQUA twin handheld meters (Horiba, Kyoto,
Japan) and multiplied by 0.22 to obtain NO−

3 -N.
Nitrogen use efficiency was calculated based on the measured nitrate of the AE. Daily

nitrate measurements were average over the period, and together with the irrigation
schedule (7:00 a.m. to 6:00 p.m. CDT), discharge rate of 3.785 L h−1 [11] the amount
fertigated over the period was estimated as;

Af = D/60 × r × E × Tp × Nc (1)

where:
Af = Amount fertigated;
D = duration (minutes) per irrigation event;
r = discharge rate;
E = number of events per day;
Tp = duration of trial;
Nc = N concentration.
The nitrogen use efficiency was then estimated by dividing total yield (kg) over

amount of NO−
3 N fertigated (kg)

2.3. Data Analysis

Data were subjected to analysis of variance (ANOVA) using the GLIMMIX procedure
in SAS (SAS Institute, Cary, NC, USA). Block and individual sampling units were consid-
ered as random variables. For yield and foliar data across seasons in 2016, a three-way
ANOVA including substrate, density, and season was used. However, for measurements
that were taken in 2019, a two-way ANOVA of substrate by density was used. Post-hoc
mean comparison was done using Tukey’s HSD at α = 0.05.

3. Results and Discussion

3.1. Aquaculture Effluent and the Substrate Leachate Nitrate Concentration, pH and EC

The weekly averages of nitrate-N, pH, EC over the experimental period for 2019
are shown in Table 1. Overall, nitrate-N fluctuated the most, ranging from 59.4 ppm to
77.3 ppm in the AE. The highest average weekly EC was 1.24 mS cm−1. The lowest weekly
average pH was 6.17, and reached a maximum at 6.7. Measurements of leachate pH, nitrate,
and EC allowed the determination of effect of each substrate and planting density on
these parameters. In the first configuration, leachate was collected in a non-replicated
manner, which was difficult to determine statistical effects of the substrate or density
on leachate parameters. However, the setup in 2019 allowed leachate collection from
individual experimental units and a test of treatment effect (Table 2).

Leachate pH was higher in perlite than pine bark by about 9% irrespective of plant
density but was not statistically significant. However, difference in leachate EC between
the substrates depended on plant density such that for one plant per pot, no significant
difference existed between the two substrates whereas for two plants per pot, perlite
recorded significantly higher leachate EC (12.9%) than pine bark (Table 2). There was no
main effect of substrate, and density or their interaction on leachate nitrate-N concentration.
Generally, the EC of leachate collected from the pots was averagely lower than the effluent
EC from the fish tanks, indicating a possible effect of plant nutrient uptake and substrate,
especially for pine bark, on leachate EC.
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Table 1. Weekly AE NO3-N, pH, and EC supplied from the aquaculture unit. Daily measurement for
2019 trial from the emitter and averaged over a 7-day period.

Week After
Transplanting

NO3-N (ppm) pH EC (mS cm−1)

Week1
Mean 61.05 ± 3.3 6.4 ± 0.15 1.08 ± 0.00
N 4 4 4

Week2
Mean 62.54 ± 4.9 6.2 ± 0.14 1.09 ± 0.09
N 7 7 7

Week3
Mean 77.31 ± 3.7 6.3 ± 0.21 1.24 ± 0.15
N 7 7 7

Week4
Mean 69.14 ± 7.6 6.5 ± 0.22 1.01 ± 0.14
N 7 7 7

Week5
Mean 61.60 ± 11.9 6.7 ± 0.27 1.18 ± 0.39
N 7 7 7

Week6
Mean 75.43 ± 17.0 6.5 ± 0.34 0.98 ± 0.25
N 7 7 7

Week7
Mean 61.6 6.7 ± 0.27 1.13 ± 0.20
N 6 6 6

Week8
Mean 59.4 ± 4.4 6.6 ± 0.10 1.12 ± 16
N 3 3 3

Table 2. Simple effects of substrate for each planting density level on leachate NO3-N, pH, and EC.
Data collected from Dutch bucket drainage in 2019.

Density z Substrate NO3-N (ppm) pH EC (mS cm−1)

1×
Pine bark 68.91 a 6.07 b 0.81 a

Perlite 77.11 a 6.66 a 0.87 a
p-value 0.4351 <0.0001 0.1942

2×
Pine bark 59.29 a 6.13 b 0.74 b

Perlite 74.17 a 6.61 a 0.85 a
p-value 0.1683 <0.0001 0.0169

z 1× = one plant per pot; 2× = two plants per pot; pot = 11-L Dutch bucket.

3.2. Foliar Nutrient Analysis of Cucumbers Affected by the Substrate and Density

The results showed that foliar nutrient concentration of the plants grown in either pine
bark or perlite substrates did not differ significantly (p > 0.05). In addition, number of plants
per pot did not significantly affect foliar nutrient composition of the leaves (Tables 3 and 4).
However, plants grown in winter–spring 2016 had higher N, P, K, and Mg values than those
in spring except for Ca and S. Foliar nutrient concentration was higher than sufficiency
range for N, P, Ca, and S, but not K and Mg which were below the sufficiency ranges
(Table 3). Foliar micronutrient concentrations were generally within reported sufficiency
ranges except for B which was at or below the low side of the reported sufficiency range
across all treatments in 2016 (Table 4). The nutrient levels in our system are far below the
recommended levels for cucumber production [12] which corroborates other studies show-
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ing that AE is low in plant essential nutrients, especially micronutrients [13], resulting in
low yields of aquaponics systems compared to conventional hydroponics system when
there is no nutrient supplementation in the AE [10]. However, even when two plants were
grown per pot, we observed no signs of nutrient deficiency indicating superior perfor-
mance amidst the low nutrient load. The interesting observation of sufficient foliar nutrient
concentration in this study was also reported by Blanchard et al. [14] where regardless
of pH adjustment, cucumber had sufficient foliar nutrient concentration. There needs to
be further investigation into what accounts for this performance. We hypothesize that
the presence of solids in the AE could play a role in the availability of nutrients through
mineralization over time. Additionally, the biological floc which is characteristic of the
biofloc system could be a better source of nutrients than clear water systems, as was demon-
strated by Pinho et al. [15] which previously led to better growth of lettuce in a biofloc
tilapia system [3]. We anticipated that pine bark, due to its organic nature would lead to
enhanced mineralization and thus nutrient availability than perlite which is inorganic in
such biofloc systems. In addition, we posited that since pine bark generally has lower
pH than perlite, it would present a better substrate level pH adjustment to the AE which
is usually maintained at higher pH to favor the fish and nitrifying bacteria. However,
our observations showed that although there are isolated cases of higher foliar nutrient
content in pine bark than perlite, this is not a general case. The effect of pine bark on pH
could however be responsible for the observed spikes in foliar Mn content in spring 2016
which was above the upper sufficiency levels. Manganese availability is easily influenced
by pH and, therefore, since pine bark has lower pH than perlite, this could have led to a
higher competitive advantage of Mn than the other divalent cations, such as iron in the pine
bark substrate. However, these spikes could be potential source of phytotoxicy [16]. This is
due to an attempt by the plant to balance its ionic charge concentration especially when
iron (Fe2+) is limiting. Foliar B concentration was lower than the lower sufficiency limit in
almost all cases except for pine bark in spring 2016. Boron availability is also dependent on
pH which must be below 6.0, preferably between 4.5 and 5.5 for maximum availability [17].
In this case, B sufficiency was favored under the low pH condition of pine bark which is
supported by the leachate measurement taken in 2019 (Table 2).

Table 3. Effect of substrate and planting density on foliar macronutrient concentration (g 100 g−1 dry mass) of ‘Socrates’
cucumber in two trials in 2016.

N P K Mg Ca S

Winter–Spring 2016

Substrate
Pine bark 5.26 0.86 2.63 0.43 2.07 0.55 a
Perlite 5.16 0.8 2.62 0.42 2.04 0.49 b
p-value 0.4313 0.2284 0.9796 0.8356 0.9153 0.0197

Density z

1× 5.25 0.86 2.70 0.44 2.06 0.53
2× 5.18 0.8 2.55 0.42 2.05 0.51
p-value 0.6028 0.195 0.2956 0.384 0.9636 0.2322

Spring 2016

Substrate
Pine bark 4.44 0.61 2.11 0.42 4.06 0.66
Perlite 4.45 0.57 2.14 0.43 4.21 0.6
p-value 0.9697 0.5708 0.8397 0.8091 0.5778 0.2014

Density
1× 4.43 0.6 1.98 0.44 4.23 0.63
2× 4.47 0.6 2.27 0.41 4.04 0.63
p-value 0.8694 0.9954 0.075 0.1828 0.4921 0.9772

Sufficiency level y 4.3 0.3 3.1 0.35 2.4 0.32
z 1× = one plant per pot; 2× = two plants per pot; pot = 11-L Dutch bucket. y Lower sufficiency level from Mills and Jones Jr [12].
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Table 4. Effect of substrate and planting density on foliar micronutrient concentration (mg kg−1 dry mass) of ‘Socrates’
cucumber in two trials in 2016.

B Fe Mn Cu Zn

Winter–Spring 2016

Substrate
Pine bark 19.55 69.32 99.37 a 9.75 a 67.3 a
Perlite 22.02 67.13 71.25 b 8.67 b 58 b
p-value 0.0893 0.5552 0.0205 0.0413 0.0246

Density z

1× 21.43 69.23 88.53 9.23 61.95
2× 20.13 67.22 82.08 9.18 63.35
p-value 0.327 0.5849 0.5004 0.9088 0.6695

Spring 2016

Substrate
Pine bark 30.66 79.49 215.59 7.68 79.75
Perlite 27.2 74.68 193.25 8.088 80.36
p-value 0.1214 0.6239 0.2067 0.3942 0.9221

Density
1× 28.83 79.20 a 213.5 7.73 84.43
2× 29.04 74.96 a 195.34 8.038 75.69
p-value 0.9187 0.6654 0.2972 0.5149 0.1851

Sufficiency levels y 30 50 50 8 25
z 1× = one plant per pot; 2× = two plants per pot; pot = 11-L Dutch bucket. y lower sufficiency level from Mills and Jones Jr [12].

3.3. Yield and Yield Components of a Cucumber Due to the Substrate and Density Effect

Total yield in 2019 was low due to an early termination of the trial. Maximum yields in
2019 were 3.7 kg m−2 and 5.5 kg m−2 for one plant per pot and 6.7 kg m−2 and 7.1 kg m−2

for two plants per pot, respectively, recorded by pine bark and perlite (data not shown).
Differences in fruit yield in 2019 was not significantly affected by substrate but plant density
(Table 5). The yield advantage of two plants per pot over one plant per pot in 2019 was
63% on a square meter basis. Yield in 2016 were higher with maximum values ranging
from 16.5 kg m−2 in one plant per pot to 24.3 kg m−2 in two plants per pot. Analysis of
variance conducted on only 2016 yields showed that season had no significant main effect
on cucumber yield (p > 0.05). However, there was a significant three-way interaction among
season, planting density, and substrate. In the winter–spring season of 2016, plants grown
in perlite substrate recorded 2 kg m−2 (±0.917; SE) less yield than those grown in pine
bark for one plant per pot, although the effect was not statistically significant (p = 0.15).
However, in spring 2016, perlite recorded statistically significant (adjusted p = 0.040) more
yield (2.29 kg m−2) than pine bark for two plants per pot. The average yields across seasons
are shown in Figure 1.

Effect of the substrates on yield difference is not direct but due to effect on nutrient
availability and uptake because of substrates physical, chemical, and biological properties
which affect the root environment. On the other hand, number of plants per pot would
influence aboveground parameters which relate to light interception for photosynthesis [18].
The interaction between nutrient and water availability due to the substrate effect and
aboveground factors due to effect of number of plants per pot, was anticipated to translate
into effect on yield. In terms of productivity of the crop, our results showed that both
substrates had similar influence on cucumber yield which was similar to observations
made by Shaw et al. [5]. In our case, pine bark only showed superior yield performance
over perlite in one plant per pot. This means that the increased above and below ground
mass due to the additional plant number did not offer benefit for pine bark substrate in
the inherently low nutrient AE. Pine bark is known to be high in potassium [19], which is
an essential nutrient for fruit development. In cucumber, potassium is especially required
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in increased concentrations at the heavy fruiting stage. Therefore, the high potassium
contained in pine bark, coupled with its higher than perlite cation exchange capacity of
10 cmol L−1 [20] was expected to confer superior yield performance in both plant densities.
It is not known why there was a reduction in fruit yield for pine bark in two plants per pot.
It is most likely that high bulk density, which is characteristic of pine bark, had a restricted
growth effect on two plants per pot. Few studies examine the performance of cucumbers
in different substrates fertigated with AE, making it difficult to examine the performance
of the two substrates in respect to other studies. However, Ayipio et al. [10] showed
that substrate-based systems resulted in poor yield comparison between aquaponics and
conventional hydroponics crop yield; very few studies used substrates, indicating that more
research on substrate use with AE is required. For cucumber fertigated with hydroponic
nutrient solution, performance in different substrates is affected by the substrate’s ability
to retain water and was demonstrated by improvement in marketable yield by wood bark
when combined with peat [9].

Table 5. Interaction effect of planting density and substrate with season on cucumber fruit yield.

Yield (kg m−2)

Winter–Spring 2016 Spring 2016 Spring–Summer 2019

Substrate

Pine bark 13.26Aa z 11.17Aa 3.37Ba
Perlite 12.52Aa 12.03Aa 3.90Ba

Density y

1× 10.39Ab 9.73Ab 2.91Ba
2× 15.38Aa 13.46Aa 4.37Ba

z Means in the same column followed by the same lower-case letter are not statistically different (p ≥ 0.05); means in
the same row followed by the same upper-case letter are not statistically different. Means under ‘Substrate’ are not
compared with means under ‘Density’. y 1× = one plant per pot; 2× = two plants per pot; pot = 11-L Dutch bucket.

Figure 1. Yield per square meters of cucumber in 2016 trial across seasons of spring and winter–spring. Error bars are ±
standard error. 1× = one plant per pot; 2× = two plants per pot.

Although our data show that two plants have, overall, greater yield per square meter
than one plant per pot, these data are not sufficient to make conclusions on the economic
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productivity of two plants per pot when fertigated with AE. Other economic factors,
such as added labor and seed cost, must be considered. We realized that, on a per plant
basis, there was no significant effect of number of plants per pot on yield, indicating a
lack of mutual benefit of the added leaf foliage to improve yield. Yields obtained in 2019
were generally low for cucumbers grown for 35 days from transplanting due to an early
termination of the experiment resulting from observed foliar damage from disease spores.
Even the low yield results, obtained in 2019, compare well with an earlier study in the
same system [11] where cucumber plants were grown for 44 days from transplanting.

3.4. Morphological Measurements

In the 2019 trial, SPAD value was used as a proxy assessment of the overall health
of the plants since there was no foliar nutrient content analysis. Mean SPAD values were
23.27 and 25.77 in one plant per pot, whereas for two plants per pot, SPAD values were
24.73 and 25.98 for perlite and pine bark, respectively. Generally, plants grown in pine
bark had significantly higher SPAD values than those in perlite by about 1 SPAD unit
which is considered low in terms of horticultural importance. A value of 45.2 SPAD units is
considered sufficient to predict yields for cucumber [21]. Therefore, the low SPAD values
recorded in 2019 could also explain the low yields recorded in that year. Leaf area and dry
weights were used to estimate specific leaf area (SLA) which is usually an essential input
for leaf area index conversion when modeling light interception. The SLA of cucumber
plants grown in the system ranged from 249.69 cm2 g−1 to 430.35 cm2 g−1 which was
similar to that found in fruiting cumber plants for restricted and non-restricted roots at
60 days after sowing [22]. Low SLA values are an indication of high leaf dry matter
content as a result high light level. It was expected that SLA be high in two plants per
pot due to competition for light. However, our results showed no significant effect of
number of plants per pot on SLA indicating similarity in light environment for both
configurations. Mean Stomata conductance values were 712.4 and 696.1 mmol [(H2O)]
m−2 s−1 in perlite but were 674.0 and 729.22 mmol [(H2O)] m−2 s−1 in pine bark for one
plant and two plants per pot, respectively. However, there was no significant interaction
between substrate and number of plants per pot on stomata conductance. The values
obtained for stomata conductance are similar to values obtained for cucumber infested
with powdery mildew even with full strength nutrient supply [23]. This stomata response
was because of the greenhouse growing condition of high humidity and temperature
but not due to treatment effects. However, it was evident that in pine bark substrate,
growing two plants per pot exacerbated the situation as seen in the reduction in stomata
conductance. The low stomata conductance is an additional explanation for the low yield
observed in 2019, because stomata opening is necessary for both transpiration and leaf
photosynthesis. Leaf area index (LAI) values were also low, with the highest LAI being
3.0 m2 m−2 and the lowest being 1.07 m2 m−2 at 35 days after transplanting with more
than 16 leaves. For optimal cucumber productivity, a LAI of greater than 3.5 m2 m−2 is
estimated for more than 16 leaves per plant [18]. This means the current LAI estimated
from our study is not optimal for cucumber productivity. However, Nikolaou et al. [24]
obtained maximum LAI value of 1.84 m2 m−2 at 43 days after transplanting in greenhouse
soilless cucumber grown with cooling indicating our results are not an isolated case.

4. Conclusions

We can conclude that generally, although the biofloc AE was low in dissolved ions,
it was successful for growing the Beit Alpha cucumbers and had comparable yields between
the two substrates assessed. Foliar nutrient concentrations were generally within sufficiency
ranges, except foliar B which was lower. Pine bark showed effect on reducing leachate
pH and could be used as a pH downward regulator in AE for downstream. Effect of the
substrates on yield was dependent on season and number of plants per pot. Use of pine
bark as a substitute substrate for perlite is only justified in one plant per pot, when density
is increased to two plants per pot perlite is more preferrable.
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Abstract: Replacement of rock wool by organic substrates is considered to reduce the environmental
impact, e.g., through energy savings during production and waste prevention, caused by hydro-
ponically produced crops. A suitable substrate for plant production is characterized by an optimal
composition of air- and water-filled pores. In our study, we used hemp fibers as an organic alternative
to rock wool in order to cultivate tomato plants in hydroponics for 36 weeks. The leaf area, plant
length, and yields, as well as the quality of fruits including soluble solid contents, dry weight content,
mineral composition, and contents of phenolic compounds caused by both substrates, were similar.
Carotenoids were significantly increased in fruits from plants grown in hemp at some measuring
dates. Nevertheless, higher emission rates of greenhouse gases such as N2O, CO2, and CH4 caused
by hemp fiber compared to those emitted by rock wool during use are rather disadvantageous for
the environment. While hemp proved to be a suitable substrate in terms of some physical properties
(total pore volume, bulk density), a lower volume of air and easily available water as well as very
rapid microbial decomposition and the associated high nitrogen immobilization must be considered
as disadvantages.

Keywords: greenhouse gases; greenhouse; organic substrates; carotenoids; phenolic compounds;
carbon dioxide; nitrous oxide; methane; N2O; CH4

1. Introduction

The world population will grow from 7.3 billion to 9.6 billion people by 2050 [1],
which will reduce the amount of land available for growing food on a global scale. This
will be accompanied by increasing urbanisation (66% of people will live in large cities [2]).
Generally, population growth also increases total anthropogenic greenhouse gas (GHG)
emissions, of which 23% currently derive from the agricultural sector [3]. In the future,
however, the share of GHG emissions in the agricultural sector will continue to shift towards
protected greenhouse production. Precise climate control can reduce plant diseases and
improve the quality of products, which has led to an increase in greenhouse area, where
greenhouses are mostly defined as permanent structures, excluding tunnels, row covers,
etc. These greenhouse structures are common in industrialized countries and cover an
area of 497,815 ha to produce vegetables worldwide [4]. Unfortunately, it is not possible to
estimate the greenhouse area used in China due to the definition of greenhouses. It was
reported that there the total greenhouse area covered with plastic films, including covered
open vegetation fields, was 2.5 million hectares in 2004 [5].

From an energy point of view, greenhouse production caused very high CO2 emissions
caused by the heating energy required for plants in many places [6–8]. It is estimated that
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a temperature increase by heating of only one degree Celsius raises CO2 emissions by
100 t ha−1 [9]. In addition, there are non-negligible CO2 emissions caused by energy
input during the production of growing media [7]. In intensive hydroponic vegetable
production, huge amounts of substrate residue are produced at the end of a production
year. Rock wool, for instance, is the preferred growing medium of many horticultural
producers [10–13]. Up to 150 m3 of substrate residue is produced per hectare of tomato
production per year [14]. This would amount to 113,700 m3 of substrate residue from rock
wool that must be disposed of in landfills every year if rock wool were to be considered on
the entire acreage of tomatoes, cucumbers, and peppers (758 ha) [15] grown under glass or
other walkable protective covers in Germany in 2021. In addition, the production of one
cubic metre of rock wool requires an average primary energy demand of 275 kWh, with
167 kg of CO2 being released into the environment [16].

Although rock wool is almost a perfect growing medium for hydroponic systems,
alternative environmentally friendly organic substrates must be found to close the circular
economy and reduce environmental impact. In this context, organic substrates used
for hydroponic systems should have optimal physical properties in terms of total pore
space (>85 vol%), air volume (10 to 30 vol%), bulk density (<0.4 g cm−3), easily available
water (20 to 30 vol%), and water buffer capacity (4 to 10 vol%) as described by Abad and
Noguera [17], Abad, et al. [18], De Boodt and Verdonck [19], Boertje [20], and Jenkins and
Jarrell [21]. Maintaining these optimal physical properties when using organic substrates
over a very long period up to 330 days, especially for intensive tomato cultivation in
hydroponics, is challenging because organic substrates can degrade due to high microbial
activity [22]. On one hand, this means that the additional carbon input, in combination
with abundant mineral nitrogen applications through the nutrient solution, can promote
the growth of denitrifying bacteria [23]. This, in turn, means that high nitrous oxide
(N2O) emissions from denitrification are generated, e.g., when using organic growing bags,
because nitrogen is typically supplied in the form of nitrate in hydroponic systems [24].
This effect can vary between different organic substrates because denitrification processes
strongly depend on the quality of the C source [25] and can be additionally fueled by
reduced oxygen (O2) concentrations [26]. Under strictly anaerobic conditions, methane
(CH4) emissions from organic substrates are also possible [27], but are typically not relevant
in hydroponics [24]. On the other hand, high decomposition processes can also negatively
affect water and nutrient supply, as well as plant stability in the root zone, which in turn can
have a negative impact on yields, dry matter, and fruit quality characteristics, e.g., soluble
solid contents (SSC) [28]. Based on these facts, many organic substrates are tested for their
suitability as growing media for hydroponic vegetable production. The use of coconut
fiber, bark, or rice husk, for example, did not induce changes in growth, yield and SSC in
tomato plants compared to those grown in rock wool [13]. In contrast, SSC in tomatoes
could be increased by using almond shells as growing media, while the tomato yields did
not differ when this substrate was compared to rock wool [29]. Other research groups
combined organic with inorganic or different organic substrates and obtained equal tomato
yields when compared to tomato plants exposed to rock wool. Among others, the following
mixtures were used: peat and composted bark (66.6%:33.4%, v/v), sepiolite and leonardite
(97%:3%, v/v), sieved pumice and peat-lite (85%:15%, v/v), sepiolite and perlite (80%:20%,
v/v), as well as perlite and peat (85%:15%, v/v) ] [22,30,31]. Some wood-based substrates,
although not all, also seem to be promising alternatives to rockwool. White spruce and fir
bark (40%:60%, v/v) showed high potential for greenhouse tomato production, whereas
tomato yields produced with the aid of substrates consisting of fresh white spruce and
fir sawdust (40%:60%, v/v) or white spruce and fir shavings (40%:60%, v/v) were lower
than those achieved with rock wool [22]. This might be caused by phenols located in bark,
which can have a phytotoxic effect [32].

Based on this brief overview of possible advantages and disadvantages of using or-
ganic substrates in hydroponic systems, it becomes clear that not all organic substrates
can be used for intensive vegetable production and therefore further alternatives to rock
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wool must be sought. Studies on the effects of different growth media on greenhouse gas
emissions hardly exist. Furthermore, there is a deficit in studies on the synthesis of sec-
ondary metabolites depending on different substrates used as growth media in hydroponic
systems. Therefore, the present study is focused on the evaluation of hemp fiber bags to
be used as a substitute substrate for rock wool in intensive tomato production. The main
objectives of this research were to analyze the physical properties of the used renewable
hemp fiber bags compared to rock wool to discern the differences in water-retention curves
and possible disadvantages of using hemp fibers. Since the mineralization of hemp fibers
can lead to fixation of nitrogen in microbial biomass that may not be available to the plants,
nitrogen immobilization was investigated. Due to our hypothesis that organic substrates
produce greenhouse gas emissions during vegetable production through their decomposi-
tion, we assessed how the degradation of hemp fibers by bacteria in hydroponic tomato
cultivation affects the direct N2O-, CO2-, and CH4-emissions using gas flux measurements.
In addition to these study parameters, leaf area and yield development as well as mineral
composition in leaves and fruits were investigated. The latter characteristics should provide
information on whether nitrogen immobilization in organic substrates leads to nutrient
supply bottlenecks in the plants. Based on the knowledge gap mentioned above, SSC, dry
matter, carotenoids, flavonoids, and phenolic acids in tomato fruits were analyzed under
consideration of the growing media used. We hypothesize that greenhouse gas emissions
could cause a change in secondary metabolites in tomatoes.

2. Materials and Methods

2.1. Cultivation of Tomato Plants and Assessment of Crop Growth and Yield

Experiments were conducted in a Venlo-type greenhouse at Humboldt-Universität
zu Berlin, Germany (Latitude 52◦ 46′ 74”, Longitude 13◦ 31′ 16”) from calendar week
(CW) 21–47 in 2020. Hemp fiber was tested for its suitability as growing medium in bags,
which were provided by Klasmann-Deilmann GmbH, (Geeste, Germany). Rock wool
bags (Cutilene®; Tilburg, The Netherlands) were used as a control since rock wool is an
established substrate. Tomato seedlings (Solanum lycopersicum L. cv. Avalantino F1) with
two shoots were grown in small rock wool cubes (100 mm × 100 mm × 65 mm) and
supplied by Jungpflanzen Gernert GbR (Albertshofen, Germany). Tomato transplants in
small rock wool cubes were transferred to the growing bags on 13th March 2020, when four
leaves were formed. Tomato plants were cultivated on high gullies, each gully equipped
with 20 growing bags, and each bag planted with two plants, resulting in a distance between
plants of 0.5 m. The plant experiment was conducted with three replicates, randomly
selecting three gullies with rock wool bags and three gullies with hemp fiber bags. Two
additional outer gutters were planted with tomatoes to ensure equal light conditions of the
substrate variants.

A hydroponic system with a recirculating nutrient solution was used for a local drip
irrigation that delivered a nutrient solution for 150 s, which started mainly after a light
summation of 560 W m−2. To obtain a water overflow of 20% after each irrigation cycle,
the light summation for controlling the irrigation was regularly adjusted. Stock solution
according to the recipe of Göhler and Molitor [33] was mixed with fresh water up to desired
EC values and adjusted to pH 6 using phosphoric acid to obtain the nutrient solution for
irrigation. The nutrient solution tank in the closed irrigation system was automatically
refilled with the desired nutrient solution several times per day. Energy screens were closed
at a global radiation of less than 3 W m−2, in order to save energy. The floor level heating
was set at 17 ◦C for day and night and the ventilation was opened above 23 ◦C to reduce the
temperature inside the greenhouse. These processes were controlled using the application
of proportional integral differences. CO2 enrichment was applied and kept at a level of
800 ppm during daylight hours. When the ventilation opening of the greenhouse exceeded
10%, the CO2 supply stopped to avoid too much loss of CO2 into the atmosphere. Set points
for cooling, heating, ventilation, and the CO2 enrichment mentioned before were controlled
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by data obtained from different sensors evenly distributed in the canopy. Measurements
were forwarded to a central computer and recorded every 30 s.

Leaf number and the leaf area (LA) per plant was documented during the first six
weeks after planting from three randomly selected plants per substrate. The number of
leaves was noted and the leaf length (L) and width (W) of each leaf was measured with
a folding ruler. The measurements were inserted in the commonly used equation A = a
+ b × (L × W) with a = −61.70 and b = 0.35 to estimate the LA of each individual leaf
non-destructively [34]. The calculated values were added up to obtain the LA per plant,
which was expressed as m2 plant−1.

Yields were determined by weekly harvesting ripe tomatoes corresponding to ripening
stage 10 (according to the Organisation for Economic Co-operation and Development,
OECD colour gauge). Yields from every week were summed to calculate the total yield per
plant in kg plant−1.

At the end of the experiments on 19 November 2020, the plant height of five plants
per growing medium was measured after the stem of the plant was cut directly above the
small rock wool cubes.

2.2. Analysis of Substrate Characteristics Using Water Retention Curves (pF-Curves)

Different physical parameters such as total pore space (TPS), air volume (AV), bulk
density (BD), and easily available water (EAW) were examined for hemp fiber and rock
wool. The respective substrate was filled into metal rings with a volume of 100 cm3 and
completely saturated with water. These prepared cylinders were placed on a ceramic pres-
sure plate connected to a manometer. By increasing negative pressure values (pF values),
different pore sizes of the previously water-saturated soil sample (pF 0) were drained.
Released water volumes extracted at each pressure level (in our case pF 1.0 and pF 1.8)
correspond to the pore water volume of a given pore size range. In this way, the water
volume fractions (volumetric water content; θV (Equation (1))) of different substrate pore
sizes, and thus their percentages in the soil could be determined. The density of the water
was assumed to be 1 mg cm−3.

θV [vol%] = θg

[
g g−1

]
× BD

[
g cm−3

]
× 100 (1)

The gravimetric water content (θg) is given in g g−1 and is the amount of water in
gram at each suction point per g substrate (Equation (2)).

θg

[
g g−1

]
=

mH2O [g]
msubstrate [g]

(2)

Bulk density indicates the dry mass of the substrate per 100 cm3 (Equation (3)).

BD
[
g cm−3

]
=

msubstrate [g]
100 cm−3 (3)

According to De Boodt and Verdonck [19] moisture content at zero suction (pf 0) is
defined as TPS stated in vol% and is the product of gravimetric water content (θg) and the
BD (Equation (4)).

TPS [vol%] = θg (pf0)

[
g g−1

]
× BD

[
g cm−3

]
× 100 (4)

The air volume is the difference of the gravimetric water content at pF 0 and pF 1
(Equation (5)). The easily available water is the difference of the gravimetric water content
at pF 1 and pF 1.8 (Equation (6)).

AV [vol%] = θg(pf0)

[
g g−1

]
− θg(pf1)

[
g g−1

]
(5)
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EAW [vol%] = θg(pf1)

[
g g−1

]
− θg(pf1.8)

[
g g−1

]
(6)

All physical parameters were determined in five replicates per substrate, one time
before usage in hydroponic cultivation of tomatoes and one time after the cultivation period
(CW 21–47 2020, 26 weeks).

2.3. Determination of Substrate Decomposition during Cultivation Period

Decomposition of the organic hemp material could result in substantial mass loss in
the growing bags, thus decreasing stand stability for the plants cultivated. To determine the
amount of decomposed material, growing bags were weighed in their unused condition and
after usage for 16 weeks in tomato cultivation, including roots grown into the materials. The
used growing bags were weighed after drying in a ventilated oven for 10 days. Differences
in the weights of used and unused growing bags correspond to the decomposed amount of
hemp including root biomass, or in the case of rock wool, to the root biomass grown in the
rock wool.

2.4. N-Immobilization

Since it was expected that organic substrates would be mineralized during cultiva-
tion and that this could lead to the fixation of nutrients in microbial biomass, nitrogen
immobilization was determined. This was necessary so that the nutrient application in the
hydroponic system can be adapted to the plants’ needs. The determination of the nitrogen
immobilization of the substrates was carried out according to VDLUFA [35]. Sample mate-
rial was mixed with a defined amount of ammonium nitrate and incubated over a period
of 20 days at constant temperature and humidity. At the end of the incubation period, the
contents of ammonium and nitrate nitrogen were determined separately, thus establishing
the quantities in which these N compounds are released or fixed. The results are expressed
as mg dm−3.

2.5. Analysis of Greenhouse Gases Released by Growing Media

To evaluate the potential for substrate-related GHG emissions, three growing bags
each of rock wool and hemp fiber were incubated on a greenhouse gutter with nutrient
solution supplied via drippers starting in September 2020. After six weeks, the first gas flux
measurement took place on 15 October 2020 and was followed by two more measurements
on 9 November and 1 December 2020. For measuring the gas fluxes, the closed chamber
method as described by Karlowsky, et al. [24] was used and modified to determine GHG
emissions from unplanted growing bags. Briefly, acrylic glass chambers were fitted around
the substrate bags and sealed with foam rubber to obtain a closed headspace on top of
the growing bags with a volume of approximately 16 L. Over a period of one hour after
closing, four gas samples were taken in 20 min intervals with a syringe through a sampling
port on top of the chamber. The gas samples were analyzed on the same day by a gas
chromatograph (GC 2010 Plus, Shimadzu Corporation, Kyoto, Japan) equipped with an
electron capture detector (ECD) for N2O, a thermal conductivity detector (TCD) for CO2,
and a flame ionization detector (FID) for CH4.

2.6. Sample Preparation for Chemical Analyses and Determination of Dry Matter and Soluble
Solid Content

Over a period of 24 weeks (11 June to 25 November 2020), fruits from 15 different
plants per growing medium were harvested at intervals of three weeks and divided into
three pooled samples of five tomatoes each. Only the top two ripe fruits of a panicle and
panicles of the same age were considered. Each tomato was quartered. One quarter of five
fruits were combined into one sample and immediately frozen in liquid nitrogen and then
freeze-dried (Christ Alpha 1–4, Christ; Osterode, Germany) for seven days for analysis of
secondary metabolites.

The second quarters of the same five fruits were used to determine dry mass of tomato
fruits using a ventilated oven (Heraeus, Hanau, Germany) at 60 ◦C for seven days. The
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fruit’s dry matter content was calculated by the ratio of the dry mass to the fresh mass and
is expressed as a percentage.

The two remaining quarters per fruit were used fresh to determine the soluble
solid content (SSC). Firstly, the quarters of fresh tomatoes were mixed (KenwoodHB856,
De’Longhi Deutschland GmbH; Neu-Isenburg, Germany) to obtain a homogenous start-
ing material. Aliquots of the resulting liquid were transferred into centrifuge tubes and
centrifuged for five minutes at 5000 rpm to remove coarse components and receive a clear
solution for analysis. SSC was analyzed using a digital refractometer (PR101, ATAGO;
Karlsruhe, Germany) according to manufacturer’s protocol, which detects reducing sugars
and other soluble solids. The results obtained for SSC are expressed as grams SSC per
100 g FW.

2.7. Analysis of Phenolic Compounds

To analyze phenolic acids and flavonoids, freeze-dried tomato fruits were ground
to a fine powder (MM 30, Retsch GmbH, Haan, Germany) and stored at −80 ◦C until
analysis. Extraction and determination of phenolic acids and flavonoids was performed as
described by Förster, et al. [36].For analysis, an HPLC (Ultimate 3000, Thermo Scientific,
Dionex Softtron GmbH, Germering, Germany) equipped with a 150 × 2.1 mm C16 column
(AcclaimPA, 3 μm, Thermo Scientific, Dionex Softtron GmbH, Germering, Germany) was
used. Commercially available standards from Sigma-Aldrich of single compounds were
utilized as references.

Peak areas of detected phenolic acids and flavonoids were used for calculating contents
of each phenolic acid/flavonoid and further summed to total phenolic acid/flavonoid
content in tomato fruits in mg g−1 DM.

2.8. Analysis of Carotenoids

Extraction of carotenoids was performed as described by Mageney, et al. [37] with
slight adjustments. 10 mg of freeze-dried powdered plant material was weighed and
shaken with 500 μL of MeOH-THF solution (1:1, v/v; extraction solution) for 5 min at 24 ◦C
and 500 rpm. After centrifugation at 20 ◦C and 4500 rpm for five min, the supernatant
was transferred to a glass vial and the pellet was re-extracted two more times with 500 μL
of extraction solution. The collected extracts were evaporated under nitrogen flow. The
obtained pellet was dissolved in 100 μL dichloromethane and 300 μL isopropyl alcohol
and filtered through Corning® Costar® Spin-X® centrifuge tube filters (Merck KGaA,
Darmstadt, Germany) by centrifugation at 3000 rpm for five min. At the end, the filtered
extracts were transferred into dark HPLC vials with inlay. For analysis, 10 μL were injected
and separated at a flow rate of 0.2 mL min−1 using an Ultimate 3000 HPLC system (Thermo
Scientific, Waltham, MA, USA) equipped with a carotenoid column (YMC-Carotinoid
column). Detection was performed at 456 nm. The oven temperature was set to 25 ◦C. The
eluents consisted of a mixture of methanol, methyl tert-butyl ether, and Milli-Q (eluent A:
81/15/4, eluent B: 6/90/4). Separation was performed by the following gradient: 0–10 min:
0% B; 10–40 min: 0–100% B; 40–42 min: 100% B; 42–45 min: 100–0% B; 45–55 min: 0% B.

Commercially available standards from Sigma-Aldrich of single compounds were
utilized as references. For each run, 5 μL of lycopene standard solution (1 nmol μL−1)
was injected separately, corresponding to 5 nmol. Peak areas of this lycopene standard
with known concentration and determined response factors (RF) for β-carotene (RF = 0.65)
and Lutein (RF = 0.79) in relation to lycopene were used to calculate the contents of each
detected carotenoid. All carotenoids were summed to receive total carotenoid content in
tomato fruit in μg g−1 DM.

2.9. Analysis of the Mineral Composition of Tomato Fruits and Leaves

Oven dried samples of tomato fruits were ground (MM 30, Retsch GmbH; Haan,
Germany) and used for nutrient analysis. Elemental analysis (K, Ca, Mg, P, S) was done
after microwave digestion (microwave manufacturer CEM, MARS Xpress, CEM; North
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Carolina, USA) according to LUFA protocol Vol. III, 10.8.1.2. In brief, 0.2 g of dried and
ground sample was weighed into deionized containers and digested with 5 mL HNO3
(65%) and 3 mL H2O2 (30%) with the following program: Step 1: 20 min to reach 200 ◦C;
step 2: 5 min at 200 ◦C; step 3: 1 min to reach 210 ◦C; step 4: 5 min at 210 ◦C; step 5:
1 min to reach 220 ◦C; step 6: 5 min at 220 ◦C; and step 7: 30 min to cool down. The
resulting solution was transferred to 50 mL volumetric flasks using distilled water and
finally filtrated into plastic flasks. Thereafter, the analysis of the elements in the digestion
solution was conducted via ICP-OES with an ICP Emission Spectrometer (iCAP 6300 Duo
MFC, Thermo; Waltham, MA, USA). The operating conditions employed for ICP-OES were
1150 W RF power, 0.55 L min−1 nebulizer gas flow with argon employed as plasmogen
as well as carrier gas. Analysis was performed with a crossflow nebulizer (MIRA Mist,
Thermo Scientific; Cambridge, England). For quantification of each element, a single-
element calibration curve was used. The elements were analyzed in duplicate at the
following wavelengths: K = 766.5 nm; Ca at 317.9 nm; Mg at 279.0 nm; P = 213.6 nm; S
= 182.2 nm. Nitrogen and carbon were determined using an elemental analyzer (Vario
MAX, Elementar Analysensysteme GmbH; Hanau, Germany) according to DIN-ISO-13878
(1998). An aliquot of 0.3 g of sample material was weighed into crucibles and catalytically
combusted at 900 ◦C with pure oxygen. The combustion products and helium (as the carrier
gas) passed through specific adsorption columns at a temperature of 830 ◦C to separate
nitrogen and carbon with a thermal conductivity detector. All results are expressed as g
kg−1 dry matter (DM) for macroelements and mg kg−1 DM for micronutrients.

2.10. Statistical Analyses

Data were statistically analyzed using agricolae package [38] in RStudio Version
1.2.5033 [39]. The data were first tested for normal distribution and variance homogeneity
before comparisons were calculated using t-tests for all parameters except for greenhouse
gases. Significant differences between both substrates with respect to their physical proper-
ties and influences on performances of tomato plants in terms of growth, yield, mineral
content, SSC, dry matter, and secondary metabolite concentrations were calculated. Signifi-
cance of statistical analyses in this research was concluded for p < 0.05 for a given test.

For the measured gas concentrations, gas fluxes were calculated using the R package
“gasfluxes” [version 0.4–4; [40], including automatic selection of the most suitable regression
method (linear, robust linear, or non-linear HMR model). Input variables used were gas
concentration (μmol m−3, converted from ppm values according to the ideal gas law
assuming SATP conditions), chamber volume (m3), and time after closing the chamber (h).
The area was set to 1 in order to obtain gas fluxes (μmol h−1) for each growing bag. Gas
fluxes in g ha−1 d−1 were calculated based on molar masses and assuming a potential plant
density of 2 m−2 (substrate slab density of 1 m−2). An initial screening of the gas fluxes
indicated strong deviations from normal distribution. Therefore, statistical analyses were
done using exact two-sample Fisher–Pitman permutation tests from the R package “coin”
[version 1.3–1; [41] with the alternative hypothesis that GHG emissions from hemp fiber
growing bags are greater than GHG emissions from rock wool growing bags.

3. Results and Discussion

3.1. Substrate Characteristics
3.1.1. Water Retention Curves

A suitable substrate for the cultivation of plants is characterized by an optimal com-
position of air-filled and water-filled pores (physical properties). This composition can be
analyzed by using water retention curves. If an organic substrate is used instead of inor-
ganic rock wool, the degree of mineralization of the organic material may vary depending
on the cultivation period and conditions, and the proportions of water- and air-filled pores
may change as a result. Thus, in this study, physical properties of rock wool and hemp
substrates used during hydroponic cultivation of tomatoes were studied once before their
use and once afterwards (Table 1).
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The total pore volume (TPV) was 90 vol% for unused rock wool and was thus above
the reference value [19] given in Table 1, while unused hemp substrate was in the reference
range at 76 vol%. After use in hydroponic tomato cultivation, the TPV increased for both
substrates, hemp (83.1 vol%) and rock wool (95.6 vol%). Furthermore, hemp remained
within, rock wool outside the reference range. An increase of the TPV can be explained by
plant root growth into the substrate [42], which was observed in both substrates used.

Table 1. Physical properties of substrates before and after their use in hydroponic tomato cultivation.

Rock Wool Hemp Rock Wool Hemp Optimum *

unused used
TPV [vol%] 90.4 ± 2.6 aB 75.9 ± 2.9 bB 95.6 ± 1.6 aA 83.1 ± 2.8 bA >85
AV [vol%] 18.9 ± 5.1 aA 13.9 ± 3.3 aA 17.7 ± 6.3 aA 10.0 ± 2.9 aA 20 to 30

EAW [vol%] 70.3 ± 5.2 aA 41.4 ± 2.0 bA 63.2 ± 4.1 aA 12.5 ± 1.6 bB 20 to 30
BD [g cm−3] 0.1 ± 0.01 bB 0.1 ± 0.0 aB 0.1 ± 0.02 bA 0.2 ± 0.03 aA <0.4

Differences between substrates are indicated by different lower-case letters, and differences between unused and
used substrates are indicated by different upper-case letters (t-test, p < 0.05, n = 5, mean ± standard deviation:
TPV: total pore volume; AV: air volume; BD: bulk density; EAW: readily available water. * Reference values for
evaluation of our results were taken from the publication by Dannehl, et al. [28] and references therein.

The proportion of pores filled with air (air volume, AV) was in the range of values
between 10 vol% and 19 vol% and showed no significant difference between both substrates
and stayed similar before and after their use. All AV values obtained were not within the
optimal range when compared to the reference values (20–30 vol% [43]). The AV for hemp
was 10 vol% at the end of the tests and therefore much lower than rock wool. We suspect
that this is related to the particle size of the substrate, which is probably smaller for the
hemp substrate. The finer the material, the lower the air volume [43].

The proportion of pores with easily available water (EAW) in rock wool was highest
with 70 vol% and did not change significantly during use. EAW in hemp was significantly
lower (41 vol%) and during cultivation the proportion of EAW dropped drastically to
13 vol% falling below the recommended values of 20–30 vol% [19] at the end of the tests.
In a study of Islam, et al. [44], where rock wool, carbonated rice husks, and coconut coir
were investigated before and after usage, the air-filled pore space of rock wool didn’t
change over time and showed similar values as observed in our experiment. The organic
materials in that study showed increased TPV and water-filled pore spaces after utilization
as substrate compared to the unused material. In our study, we found an increase in TPV as
well. Contrary to Islam, et al. [44] who documented increased water filled pores, the EAW
declined in rock wool and hemp in our experiment after use. Since we did not analyze
complete water-filled pore space but only the proportion of EAW, there is the possibility
that the proportion of ultra-micropores increased and water within these pores is usually
unavailable to plants. With this in mind, it might be that more water-filled pore space is
present, but not taken into consideration due to the focus on EAW.

The bulk density (BD) in unused hemp substrates was 0.10 g cm−3 and twice that of
rock wool 0.05 g cm−3 (Table 1). However, BD had doubled by the end of culture in both
rock wool and hemp. The higher BD from hemp could result from decomposition during
the culture period and the associated reduction in pore size due to degradation processes.
Nevertheless, the BD of both growing substrates corresponds to values < 0.4 g cm−3 as
recommended by Abad, et al. [18].

3.1.2. Stability of Hemp towards Decomposition

Generally, organic substrates are subjected to chemical mineralization accomplished
mainly by bacteria and fungi [45]. Therefore, hemp can decompose during use as a substrate
and thus lead to unfavorable properties with regard to the standing stability of the plants,
as well as to the immobilization of nutrients through their fixation in microbial biomass.
However, this is not the case with rock wool, which is an inorganic material that is stable
with regards to degradation. Thus, rock wool bags can help to estimate the root mass
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formed in the substrate. Figure 1 shows how the weight of the growing bags changed as a
result of their utilization. Rock wool bags increased in mass by about 8% (from 529 g to
574 g DM), which can be attributed to the root mass. The weight of the hemp fiber bags
decreased by 54% (from 1628 g to 747 g including roots, in 16 weeks). It should be noted
that the total cultivation period was from week 11 to 47, i.e., 36 weeks, and not just the
16 weeks shown in Figure 1. It was very clear at the end of the trial that there was hardly
any substrate left in the hemp fiber bags. This means that less nutrient solution can be
stored in hemp fiber, which quickly reduces the water and nutrient supply for the plants
in the event of pump failures. Therefore, when assessing growing media for suitability in
hydroponic systems, the weight loss of these is at least as important as the volume loss
described by Gruda and Schnitzler [46].
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Figure 1. The mass of the substrates used as an indicator of the mineralized content of hemp and the
increase in root biomass in rock wool in grams after 16 weeks of cultivation. Differences between
unused and used substrates are indicated by different lowercase letters (t-test, p < 0.05, n = 3 for used
substrates, n = 4 for unused hemp, n = 4 for unused rock wool, mean ± standard deviation).

3.1.3. N-Immobilization in Hemp Fiber Bags

The observed rapid degradation of hemp fiber bags (Figure 1) poses the risk that
nutrients, especially nitrogen from the nutrient solution, could also be incorporated into the
growing microbial biomass involved in the degradation process and thus not be available
for the production of plant biomass. Therefore, nitrogen immobilization was determined,
which can be triggered by the substrates. This is important in order to adapt the nutrient
application in the hydroponic system to the plant. When values of nitrogen immobilization
reach 250 mg dm−3 and more the material is not recommended to be used as substrate
component [35]. It is not stable according to the evaluation of the N-balance (Table 2).
According to this investigation, hemp fibers caused a N-immobilization of 601 mg L−1 and
must therefore be classified as an unsuitable substrate. In comparison, the N-immobilization
in wood is only 175 mg L−1 and is to be seen as an advantage over hemp fibers [47].
However, hemp fibers are cheaper to procure than wood fibers. In this context, it must be
considered that the nitrogen source in hydroponic tomato production is not the substrate
itself, but the nutrient solution. A constant supply of necessary nutrients could compensate
for the nitrogen immobilization. Therefore, the accumulation of nutrients in the leaves and
fruits must also be considered. This will be discussed later.
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Table 2. Investigation of nitrogen immobilization of hemp substrates according to the VDLUFA
method.

Sample ΔNO3-N20d ΔNH4-N20d ΔN20d Evaluation of N Budget *

[mg L−1]
hemp 183 418 601 not stable

* according to VDLUFA [35].

3.1.4. Greenhouse Gas Emissions Released by Hemp and Rock Wool

In general, no traceable N2O, CO2, or CH4 emissions were found from rock wool
growing bags incubated with nutrient solution (Table 3). The calculated gas fluxes fluctu-
ated around zero due to background effects from gas chromatographic analyses yielding
apparent positive or negative fluxes. The missing GHG emissions from rock wool were
probably due to the absence of a C source, which strongly limited microbial activity in
the growing bags. In contrast, clear GHG emissions were found from hemp fiber bags
incubated with nutrient solution. N2O emissions were insignificant on 15 October, after
6 weeks of incubation, but increased to a maximum on 11 November before decreasing
again on 1 December (Table 3). The highest average value of 4.6 μmol h−1 per growing
bag on 11 November would correspond to 31 g N2O-N ha−1 d−1 (i.e., 49 g N2O ha−1 d−1

or 14.7 kg CO2-eqivalents ha−1 d−1) if a plant density of 2 m−2 is assumed. This value
lies in the upper range of N2O emission rates reported for rock wool substrates planted
with tomato or cucumber [24,48–50], and thus underpins the critical role of organic C
sources for N2O production by denitrifying bacteria. The CO2 emissions from hemp fiber
bags were highest on 15 October and decreased to a similar value at the following two
measurements on 11 November and 2 December (Table 3). The average CO2 emission rate
of 3.1 mmol h−1 per growing bag on 15 October would correspond to 32 kg CO2 ha−1 d−1

if a plant density of 2 m−2 is assumed. This value is in the lower range of CO2 emissions
found from tomato and cucumber cultivation on rock wool [24,48,49], possibly due to the
missing root respiration and root exudates, which can affect the microbial community
through the provision of easily degradable C [51]. In contrast to N2O, significant CH4
emissions from hemp fiber bags were found on 15 October (Table 3). Similar emission rates
were found on 11 November before they increased to the highest values on 1 December,
with on average 6.4 μmol h−1 per growing bag. This would correspond to 24.5 g CH4 ha−1

d−1 (i.e., 0.7 kg CO2-eqivalents ha−1 d−1) if a plant density of 2 m−2 is assumed, which is
approximately one tenth of the highest values reported for cucumber cultivation on rock
wool by Hashida, et al. [49].

Table 3. Emissions of greenhouse gases from hemp and rock wool.

Rock Wool Hemp

[g-N (N2O) ha−1 d−1]
15 October 2020 0.17 ± 0.07 a 5.03 ± 4.79 a

9 November 2020 n.d. b 31.02 ± 21.93 a
1 December 2020 0.04 ± 0.05 b 21.97 ± 10.76 a

[kg-CO2 ha−1 d−1]
15 October 2020 0.75 ± 0.12 b 32.38 ± 1.36 a

9 November 2020 0.10 ± 0.44 b 16.23 ± 3.85 a
1 December 2020 0.29 ± 0.45 b 17.60 ± 4.01 a

[g-CH4 ha−1 d−1]
15 October 2020 n.d. b 8.11 ± 2.91 a

9 November 2020 n.d. b 6.41 ± 4.83 a
1 December 2020 n.d. b 24.49 ± 17.68 a

Measured N2O, CO2 and CH4 emission rates per growing bag (mean ± SEM, n = 3) filled with hemp fiber or
rock wool substrates and incubated with tomato nutrient solution. Different small letters indicate significant
differences (p = 0.05) for individual measurement days (note that lower p-values are not possible in the used
permutation test due to the low number of replicates). N.d.: below detection limit.
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On one hand, replacing inert substrates such as rock wool with organic substrates such
as hemp fiber offers a compelling opportunity to reduce the climate impact of hydroponic
cultivation by lowering the energy demand for substrate production. In detail, if the CO2
greenhouse gas emissions from the production of rock wool [16] and hemp fibers [52] are
compared, they can be reduced by 84% when hemp fibers are used.

On the other hand, it must be considered that the degradation of organic C from
organic substrates increases GHG emissions during cultivation. However, if residues are
used that would otherwise also be degraded (e.g., in composts), the actual impact might be
small, especially for CO2 and CH4 [53]. The higher CO2 emissions from hemp substrates at
the beginning of the measurements in October indicate a strong degradation of the hemp
fibers, which could have continuously decreased oxygen availability in the substrate slabs.
The presence of anoxic conditions in the substrate slabs was furthermore indicated by the
perceptible odor of hydrogen sulfide. Denitrification works best under suboxic conditions
and decreases again under very anaerobic conditions. However, the latter are necessary for
methane formation. This would explain why the nitrous oxide emission was highest in the
second measurement, while the methane emission increased again significantly in the third
measurement. Thus, it would be desirable to introduce oxygen into the substrate bags to
prevent or reduce these anaerobic conditions to prevent emissions of methane and nitrous
oxide as suggested by Karlowsky, et al. [24].

3.2. Determination of Plant Growth Parameters

The different physical and chemical properties of both substrates could have an impact
on the performance of the plants. In order to be able to make statements on this, the
leaf areas during the first six weeks after planting, the plant length achieved at the end
of cultivation, and the total yields of the tomato plants were documented as a function
of the substrate used (Table 4). Leaf area increased to almost 3 m2 and the length of the
plants reached 9 m. Both parameters did not differ significantly between plants grown on
different substrate.

Table 4. Effects of different growing media on tomato plant growth and yield during and at the end
of cultivation.

Rock Wool Hemp

Leaf area per plant [m2] 6 weeks after planting 2.97 ± 0.19 a 2.82 ± 0.22 a
Plant length [m] 9.51 ± 0.43 a 8.96 ± 0.38 a

Total yield per plant [kg] 9.98 ± 0.72 a 9.27 ± 0.16 a
SSC fruit [ g 100 g−1 FM] CW 25 6.60 ± 0.08 a 7.07 ± 0.18 a
SSC fruit [ g 100 g−1 FM] CW 32 5.36 ± 0.04 a 5.40 ± 0.24 a

DM fruit [%] CW 25 7.73 ± 0.34 a 9.12 ± 0.56 a
DM fruit [%] CW 32 5.64 ± 0.26 a 5.54 ± 0.16 a

Leaf area (n = 3) was measured during first 6 weeks after planting and plant length at the end of the cultivation
period (n = 8). Total yield per plant was calculated by adding weekly yields (n = 60). SSC: soluble solid content
(n = 3). DM: dry matter content (n = 3). CW: calendar week. Different small letters indicate significant differences
between the substrates (t-test, p < 0.05, mean ± standard deviation).

Tomato fruits were harvested weekly, and yields were summed to calculate the total
yield per plant at the end of cultivation. No significant differences in the cumulated yields
of plants grown on rock wool and hemp were found during our cultivation period (Table 4).
These results are in line with other studies that also used organic (composted white spruce
and fir bark in 40%:60%, v/v ratio) rather than inorganic substrates [22]. However, a trend
seems to be developing that yields from rock wool bags would be higher than yields caused
by hemp fiber bags if the cultivation period were extended. Similar results were found
with the use of a mixture of white spruce and fir shavings mixed in a 2:3 (v/v) ratio [22].
The reason for this observed increasing trend is probably that hemp fibers were already
well advanced in mineralization and thus the conditions in the root zone, e.g., total pore
and air volume, were suboptimal at the end of the cultivation period. This hypothesis is
supported by Chérif, et al. [54], who showed that tomato plants are sensitive to hypoxia. In
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the present study, an odor of hydrogen sulfide coming from hemp fiber bags throughout the
cultivation period might be an indication that hypoxic conditions within hemp substrates
existed. The rapid mineralization in which mineralizing microorganisms use most of the
available oxygen could explain hypoxic conditions, which, in turn, might affect secondary
metabolites or yields.

3.3. Mineral Composition of Leaves and Fruits of Tomato Plants

During the 2020 growing season, leaf samples were taken every three weeks for a
period of 12 weeks, and fruit samples were taken every three weeks for a period of 24 weeks
to determine the mineral composition in tomato leaves and fruits. In this context, a nutrient
deficiency was neither observed visually nor detected in leaves and fruits (Table 5). If
the individual nutrients are considered, there are no significant differences, neither for
the macro- nor for the micronutrients in leaves and fruits. This means that the observed
high nitrogen immobilization caused by the hemp substrate could be compensated by
the regularly applied nutrient solution and had no negative influence on the nutrient
composition in different plant organs. This also refutes the assumption made by Allaire,
et al. [22] that lower yields in hydroponic tomato production using organic growing media
is favored by nitrogen immobilization.

Table 5. Nutrient contents in tomato leaves and fruits in relation to different substrates.

Nutrients in Tomato Leaves Nutrients in Tomato Fruits

Rock Wool Hemp Rock Wool Hemp

N [g kg−1] 50.2 ± 6.0 a 50.2 ± 6.1 a 17.2 ± 2.6 a 17.0 ± 2.8 a
P [g kg−1] 4.4 ± 0.6 a 4.0 ± 0.3 a 4.0 ± 0.3 a 3.9 ± 0.4 a
K [g kg−1] 49.2 ± 10.8 a 50.2 ± 9.7 a 44.6 ± 3.6 a 43.4 ± 3.8 a
Ca [g kg−1] 19.2 ± 5.9 a 17.2 ± 4.4 a 0.8 ± 0.1 a 0.7 ± 0.2 a
Mg [g kg−1] 8.2 ± 1.2 a 9.4 ± 1.6 a 1.6 ± 0.3 a 1.6 ± 0.3 a

Cu [mg kg−1] 16.7 ± 1.5 a 14.6 ± 1.8 a 9.3 ± 3.8 a 9.8 ± 4.0 a
Zn [mg kg−1] 37.9 ± 7.2 a 36.9 ± 9.0 a 25.1 ± 4.6 a 22.8 ± 4.8 a
Fe [mg kg−1] 174.7 ± 10.5 a 171.3 ± 35.8 a 41.4 ± 15.3 a 39.6 ± 16.3 a

Significant differences are indicated with small letters (t-test, p < 0.05, n = 3 per sampling date, 9 sampling dates,
mean ± standard deviation).

3.4. Effects of Different Growing Media on Quality Parameters of Tomato Fruits
3.4.1. SSC and Dry Matter Content of Tomato Fruits

In addition to mineral content, the soluble sugar content (SSC) and the dry matter
content of tomato fruits were determined. The results are shown in Table 4. For both
parameters, SSC and dry matter content, no differences were found in the fruits from the
different growing media at all measurement dates. Fruit dry weight consists of up to 60%
reducing sugars and organic acids [55], making fruit dry weight an important tomato
quality parameter. Dry matter contents in our study were between 4.7 and 9.1% and thus
in the range of values already published, e.g., in Bertin, et al. [56] or Moraru, et al. [57].
SSC values ranged from 5.1 to 7.1 g 100 g−1 FM, which is within documented values for
tomatoes from studies from Johnstone, et al. [58] or Verheul, et al. [59]. SSC and dry matter
content seem to be influenced more by the measurement date than by the substrate and
tend to decrease over the cultivation period. Dry matter content and SSC are influenced
by the amount of sucrose produced during photosynthesis, which is transported to the
fruit [60]. Photosynthesis, in turn, is closely related to solar radiation. This explains the
decreasing dry matter content and SSC in tomato fruit from mid-year (CW 24, 25) to autumn
(CW 31, 32).

3.4.2. Secondary Metabolites—Contents of Carotenoids

For the determination of secondary constituents (carotenoids, phenolic acids, flavonoids),
fruit from 15 different plants per growing media were harvested at 3-week intervals over
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24 weeks (11 June–25 November 2020). The results for the carotenoid analyses are shown
in Figure 2. In tomato fruits produced on hemp fibers, there was significantly increased
carotenoid content on several measurement dates compared to the fruits from rock wool
(CW 25, CW 27, CW 31 and CW 32). In addition, carotenoid content at each test date varied
over the culture period, which may reflect the influence of abiotic factors such as light
irradiance [61] and temperature [62] on carotenoid content. Furthermore, two hypotheses
are possible for significant differences in carotenoids caused by hemp and rock wool:
(i) nutrient supply and/or (ii) ethylene release in the substrate. In this context, Bénard,
et al. [63] found no effects of different nitrogen levels on the accumulation of carotenoids
in tomatoes, whereas a high proportion of K and Mg in the nutrient solution can increase
these secondary plant compounds in tomatoes [64]. Since all macronutrients in leaves and
fruits were similar regardless of which substrate was used (Table 5), the first hypothesis
is not valid. In terms of the second hypothesis, ethylene in organic substrates originates
from decomposition of these by microorganisms, where higher rates of ethylene production
were detected under anaerobic conditions [65]. Ethylene plays a central role in the ripening
of tomato fruit [66]. A dramatic increase in ethylene production is correlated with the rapid
accumulation of carotenoids [67]. Based on our results regarding high CO2-emissions and
weight losses caused by the use of hemp, we assume that high ethylene production existed
in these growing bags followed by a higher carotenoid accumulation, especially during
the end of the cultivation period (Figure 2). This hypothesis must be investigated in more
detail. In particular, ethylene concentration and microbial activity and composition must
be determined at close intervals during the experimental period.
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Figure 2. Influence of different substrates on the total carotenoid content in tomatoes. Different small
letters indicate significance between variants (t-test, p < 0.05, n = 3).

3.4.3. Secondary Metabolites—Contents of Phenolic Acids and Flavonoids

In addition to carotenoids, phenolic substances and flavonoids were also investigated
as representatives of secondary metabolites. For a first impression, the total phenolic and
flavonoid content was determined. In Figure 3 it can be seen that with regard to total
phenolic content in tomato fruits, no effect was triggered by the different substrates. The
same applied to total flavonoid content. In this context, hypoxia in the root zone can
increase phenols in plants [68,69]. In our study, it might be possible that hypoxia was not
high enough to increase the phenols in tomatoes.
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Figure 3. Mean total phenolic acid and flavonoid content in tomato fruit. No significant differences
were found (t-test, p < 0.05, n = 3 over 9 harvest dates 3 weeks apart).

Furthermore, it can be stated that total phenolic content increased during the cul-
tivation period when the last sampling date is not taken into consideration. A positive
correlation was found between decreasing temperatures towards the end of the cultivation
period and the accumulation of phenolic acid contents in tomato fruits (Figure 4).
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Figure 4. Correlation between phenolic compounds in tomatoes and temperature under consideration
of different growing media.

4. Conclusions

The study presented here shows that hemp fibers as an organic substrate in hydro-
ponic cultivation of tomatoes leads to similar yields to the conventionally used rock wool.
Likewise, no negative effects on plant growth parameters, nutrient accumulations in leaves
and fruits, or phenolic compounds were found. Carotenoids could even be increased by
the use of hemp as found in some weeks. Nevertheless, hemp can only be recommended as
a substrate for short-term use as the rapid mineralization can be disadvantageous for the
root anchoring and thus for the stability of the plants, especially when intensive vegetable
production in hydroponics is used.

A higher supply of nitrogen for plants is necessary since mineralization incorporates a
significant amount of nitrogen into microbial biomass, making it unavailable to the plants.
Although this N-immobilization can be compensated by regularly applied nutrient solution,
this increased demand for mineral nitrogen is rather unfavorable from the point of view
of sustainability. The observed release of greenhouse gases such as N2O, CH4, and CO2
from hemp fibers also does not correspond to the current goal of making horticulture
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more, but environmentally friendly, but could still be lower than CO2 emissions from rock
wool production.
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