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Standardized cultivation systems are crucial for establishing reproducible agronomic

techniques. Especially stone wool-based cultivation is governed by standardized

specifications and provides a controllable root-zone environment. However, the effects

of stone wool cover incision on root-zone variability have rarely been studied. Therefore,

in this study, we focused on the effect of the stone wool cover incision method on

environmental variations and their subsequent effects on tomato plant productivity. Stone

wool slab plastic covers represent a core component of this substrate system that

can potentially affect the performance of water control techniques. We designed a

cover incision method to create four different levels of drainage performances that were

tested by cultivating tomato plants (Solanum lycopersicum “Dafnis”). The water content,

root-zone temperature, and dissolved oxygen were measured and analyzed relative to

the tomato yield. We found that the incision level with the lowest drainage performance

showed a lower air-root zone temperature correlation slope than those of slabs with

favorable drainage conditions. Furthermore, these slabs had low dissolved oxygen levels

(3.2 mg/L); nevertheless, the tomatoes grown in the slabs with incision level showing the

lowest drainage performance had greater fruit yield (6,748 g/plant) than those in the slabs

with favorable drainage conditions (6,160 g/plant). Furthermore, the normalized yield

separation timing between treatments coincided with the hotter air temperature (27◦C

average) periods. We noted that manipulating the cover incision process consequently

entailed variations in the correlation slope between the air temperature and root-zone

temperature in the substrate. Our results reveal another trade-off relationship in the

conventional perspective on the drainage performance effects and provide insights into

further optimization of crop production and water use in the stone wool-based system.
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1. INTRODUCTION

In contrast to soil-based cultivation, soilless cultures are prepared
using solid substrates as rooting media. Especially the stone wool
substrate is widely used in horticultural soilless crop production
in controlled environment agriculture (Gruda, 2019). Further,
it has confined root zone boundaries and rapidly responds to
root zone environment manipulations (Sonneveld, 1991; Saha
et al., 2008). Hence, the stone wool culture represents a basic
production model, and technical frameworks have long been
built on stone wool-based systems.

Typically, the monitored variables in a stone wool-based
system include transpiration-dependent irrigation, drainage
ratio, root-zone water content, and electrical conductivity (EC)
(Shin and Son, 2016). In this system, temporal water control
occurs in three major phases (Lee, 2010; Ahn et al., 2020):
controlled irrigation commences post sunrise (to compensate
for crop water use during the day and the previous night);
water is discharged after substrate field capacity is reached;
and the controlled irrigation ends around sunset. Furthermore,
commercially available sensors such as for measuring radiation,
infrared, gutter weight, and substrate moisture, can be utilized
for on-farm applications (Shin and Son, 2016; de Koning and
Tsafaras, 2017; Montesano et al., 2018). In all, stone wool-based
agronomic systems have greatly improved the productivity of
soilless crop farming.

Precision control techniques can be applied for the stone
wool-based system as it was built on the standardized
specifications of the root-zone environment. However, to
maximize its performance, it is critical to understand the effect
of changing certain parameters of the stone wool substrate. The
stone wool substrate usually accommodates three to six plants per
slab depending on the cultivation conditions (Jensen, 1997; Shin
and Son, 2016), and nutrient and water management processes
are carried out in a volume of approximately only 0.01 m3 with a
plastic cover wrapping (Sonneveld, 1991; Bussell and Mckennie,
2004). A reduction in the size of the root zone volume lowers
the buffering capacity of root environment and requires more
stringentmanagement of the system parameters (VanNoordwijk,
1990). Under such conditions, fine-tuning system parameters
such as physical shape of the stone wool slab and dripper
positions may significantly impact the root-zone environment
and yield responses (De Rijck and Schrevens, 1998; Bar-yosef,
2008; Saiful Islam et al., 2008). Indeed, previous studies have
analyzed the effects of stone-wool system parameters on the
hydraulic properties of the stone wool substrate (Bougoul et al.,
2005; Bougoul and Boulard, 2006). Stone wool cover is also of
critical importance for drainage and gas exchange performance;
however, the cover incision effects on the root-zone environment
have rarely been studied as an optimizing factor under stone
wool-based water management regime.

In our study, we used the stone wool substrate to test the
effect of the plastic cover incision on the root-zone environment
and crop yield. Stone wool substrates are formed into slabs
and wrapped with a plastic cover. The slabs are used with the
cover, and the way the drain hole is cut into the plastic cover
can affect the liquid and gas exchange between the root and

outside environment. Thus, users generally follow the standard
procedures recommended by the manufacturer’s guidelines,
which primarily focus on favorable drainage performance
(Grodan, 2022). Further, root zone temperature is another
crucial environmental factor affecting plant growth (Zhao et al.,
2021). The stone wool system has lower complexity and fewer
variables than the soil system. However, the breathability of
the cover, oxygen diffusion in the root zone, drainage rate,
thermal condition, and water retention properties of the stone
wool system could be sensitively intertwined due to its low
buffering capacity, andminor modifications of these components
could entail significant environmental variations. The potential
cascading effects of modifying these variables can be significant
to the root zone environment variability. Thus, in this study, we
investigated the series of environmental changes caused by the
variations in the slab cover incision levels and their subsequent
effect on crop productivity. To our knowledge, this is the first
study to investigate the association between slab cover incision
and water, thermal, and dissolved oxygen parameters, and the
subsequent effect of their variations on crop production. In a
greenhouse experiment, four different levels of incisions were
made in the stone wool slabs resulting in different levels of cover
openness for tomato cultivation. Thereafter, we monitored the
root-zone temperature, water content, and dissolved oxygen in
the stone wool substrate water, along with the tomato yield.

2. MATERIALS AND METHODS

2.1. Greenhouse Experiment
Cultivation experiments were conducted in an experimental
plastic greenhouse at the KIST Gangneung Institute of Natural
Products (37.8◦N, 128.8◦E). Six tomato plants (Solanum
lycopersicum “Dafnis”) were cultivated in stone wool slabs (100
× 15 × 10 cm; Grodan GT Master, Grodan, The Netherlands)
placed in a hanging gutter of ∼9.6 m with a planting density
of 2.67 plants m−2. Irrigation was controlled with an automatic
drip irrigation system using an integrated solar radiationmethod.
Daily irrigation was regularly adjusted so that the daily drainage
ratio of the general cultivation lines, present in the same
greenhouse, that were not used for experimental treatment, was
maintained at about 30% of the daily irrigation amount. Thus,
all experimental gutter lines were irrigated with same amount
of water. Tomato crops were planted in stone wool slabs with
cover incisions on October 8, 2019 (Figure 1). The electrical
conductivity and pH of the irrigated nutrient solution was
controlled at 2.7 mS m−1, and 5.5–6.5, respectively.

2.2. Stone Wool Slab Cover Incision
Treatments
Four levels of stone wool slab cover incisions were designed
(Figure 1) as follows: (1) four-point incision at one-third of
the height of the slab (L1), (2) four-point incision at the
bottom of the slab (L2), (3) full single-sided incision in the
horizontal direction of the slab (L3), and (4) full double-sided
incision in the longitudinal direction of the slab (L4). For
the incision level and positions of L2 and L4 (Grodan, 2022),
we referred to the manual provided by the stone wool slab
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FIGURE 1 | Workflow of the stone wool cover incision treatment and analysis.

manufacturer; the remaining incision treatments (L1 and L3)
were designed accordingly to indicate the highest and lowest
drainage performance, respectively. The numeric details about
the incision levels are presented in Figure 1. The slab cover
drainage performance and breathability of each treatment were
manipulated in the following order: L1 <L2 <L3 <L4. All stone
wool slabs were saturated with the standard nutrient solution
before tomato transplantation and the cover incisions were made
right after transplanting.

2.3. Measurements
Experimental measurements were performed from March 12,
2020, 156 days after transplanting (DAT) to 245 DAT (Figure 1).
Biomass and yield measurements were performed to compare
plant growth between the different stone wool cover incision
treatments. Total yield per plant, fruit weight, and the number
of fruits per plant were measured after harvest in 20 plants of
each treatment. Fruits displaying nearly 70% coloration based
on visual inspection were harvested weekly. In addition, at the
end of the experiment, shoot fresh weight and stem diameter
were measured in 29 plants of each treatment. The longest
diameter of each plant was considered as its stem diameter.
Water content and root-zone temperature were measured
with frequency domain reflectometry (FDR)-based multi-sensors

(GroSens, Grodan, The Netherlands). The FDR-based multi-
sensor operates under the principles of dielectric constant
measurement for water content monitoring and is integrated
with the sensors for root-zone temperature and EC monitoring.
Due to the limited number of FDR-based multi-sensor modules
available in the experiment, the third incision level (L3) was
excluded from the sensor assignment and three FDR-based
multi-sensors were placed in the first, second, and fourth incision
levels (L1, L2, and L4). The inside air temperature and relative
humidity was measured using a climate sensor module in the
center of the greenhouse (JN-DL1, JiNong, Republic of Korea).
Water samples were extracted from the stone wool slabs using
a 50 mL syringe to measure the dissolved oxygen variations
following the protocol given in Bonachela et al. (2010). The
collection points were randomly selected to ensure representative
samples of the overall dissolved oxygen in the stone wool
slabs. Five 10 mL samples of water were collected for each
extraction (50 mL final volume). During 215–225 DAT, three
measurements were recorded, and the extraction time was
between 14:00 and 17:00.

2.4. Statistical Analysis
A completely randomized design was used, and each treatment
was replicated five times and randomly distributed within the
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four gutter lines. The stone wool slabs at the beginning and end
of the hanging gutter lines were excluded from the treatment
application. Thus, five stone wool slabs and 30 plants were
allocated for each treatment. One-way analysis of variance
(ANOVA) was used to detect the difference in the cover incision
effects on the dissolved oxygen, total tomato yield per plant,
average fruit weight per plant, number of fruits per plant,
shoot fresh weight, and stem diameter. We did not use two-
way (time × treatments) repeated measure ANOVA since all
incision treatments were simultaneously applied since the day
of transplant. Thus, we analyzed all the measured data for the
significance tests as independent samples. In addition to the
significance tests, we performed normalization on the cumulative
yield data to relatively compare and visualize the time course
variation in the yield data between different treatments using the
following equation:

xnor,t =
xt − xmin,t

xmax,t − xmin,t
(1)

where at any given harvesting time (t), xnor,t is the normalized
cumulative yield, xt is the cumulative tomato yield to be
normalized, xmin,t is the lowest cumulative yield among all the
treatments, and xmax,t is the highest cumulative yield among
all the treatments. The time-series analysis was conducted
by visualizing the normalized yield change curves over the
cultivation period. In addition, we investigated the yield response
by treatments to air temperature variations by classifying the
normalized yield distributions into temperature groups observed
during the tomato harvest period. In addition, we investigated
the yield response of each treatment to air temperature variations
by classifying the normalized yield distributions into different
temperature groups observed during the tomato harvest period.

3. RESULTS

3.1. Root Environment
The environmental root zone properties were affected by the
stone wool cover incision level (Figure 2). The L1 treatment
was associated with the highest water content distribution in
the stone wool slab (Figure 2A). The water content distribution
associated with the L1 treatment differed greatly from that of
the L4 treatment, which had the 100 cm cover incision and
favorable drainage performance. The median water content of
the L4 treatment was 26% (first quartile = 21%; third quartile =
30%), whereas that of the L1 treatment was 75% (first quartile =
70%; third quartile = 80%). With a median of 55% (first quartile
= 50%; third quartile = 58%), the L2 water content value was
between those of the L1 and L4 treatments.

In contrast to the water content variations, the root-zone
temperature did not differ substantially, based on the median
values (L1, 18.9◦C; L2, 18.9◦C; L4, 18.6◦C) and quartile values
(L1, first quartile = 17.4◦C, third quartile = 20.4◦C; L2, first
quartile = 17.1◦C, third quartile = 20.1◦C; L4, first quartile
= 16.9◦C, third quartile = 20.8◦C). However, distinct trends
were observed for outlier values. The maximum outlier value
of L1 was 30.2◦C, while that of L4 was 36.5◦C. Furthermore,

a comparison of the root-zone temperatures of L1, L2, and L4
with concurrent variations in the greenhouse air temperature
revealed that the slope of the correlation increased in the order
L1 <L2 <L4 (L1, 0.50; L2, 0.63; L4, 0.76), along with the increase
in the determination coefficients (L1, R2

= 0.58; L2, R2
= 0.66;

L4, R2
= 0.82).

The dissolved oxygen level in the root-zone water of the
L4 treatment was significantly higher than those of the other
treatments. In L1, the dissolved oxygen average value was 34%
below that of the L4 treatment (Figure 2D). The root-zone water
of the L1 treatment had the lowest dissolved oxygen average
value. However, the differences among the average values of L1,
L2, and L3 were not significant. Although there was no significant
difference, the dissolved oxygen average values of L2 and L3 were
14 and 17% higher than that of L1, respectively.

3.2. Biomass and Yield Components
Significant growth performance differences were mainly grouped
as L1–L2 and L3–L4 incision treatments (Figures 3A,B,E). The
L1 treatment with the unfavorable drainage levels had the highest
average yield, whereas the L4 treatment with the 100 cm cover
incision and favorable drainage levels had the lowest average
yield. The L1 treatment had a significantly higher average of
10% (P <0.05) tomato yield per plant than the L4 treatment
(Figure 3A). Among the growth indices contributing to the
tomato yield per plant, the number of fruits per plant and
fresh weight of the shoots did not significantly vary between the
treatments (Figures 3C,D), whereas significant differences were
observed in the fruit weight and stem diameter (Figures 3B,E).
Specifically, manipulation of the stone wool cover incision level
increased the average fruit weight and average stem diameter
by up to 8 and 4%, respectively. Apart from the statistically
significant differences, an overall decrease in the averages of the
growth indices was inversely correlated with an increase in the
drainage performance level of the treatments (L1: limited cover
incision lengths and drainage slit at a higher distance from the
base of the slab; L2: limited cover incision lengths and drainage
slit at a lowest part of the slab; L3: full opening on one side of the
slab cover toward the gutter slope direction; L4: full opening in
the lowest two longitudinal sides of the slab) (Figures 3A–E).

3.3. Trends in Normalized Yields Over
Experimental Periods
Normalization of tomato yield variations during the
experimental period identified a time-dependency of relative
changes associated with the stone wool cover incision treatments
(Figure 4A). The trends in the normalized average yield during
the second half of the experimental period were different
from those during the first half of the observation period. At
approximately 160 DAT, the normalized yields diverged between
the treatments into two groups: L1 and L2 (>0.5) and L3 and
L4 (<0.5). After the first divergence, the normalized yield
fluctuated between the two groups. However, during the second
half of the experimental period, the L1 treatment was associated
with the largest tomato production increase until the end of
the experiment. In contrast, the relative tomato production
in the L4 treatment was reduced to the lowest level after the
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FIGURE 2 | Changes in environmental root-zone factors: (A) water content distribution, (B) root-zone temperature distribution, (C) correlation between the air

temperature and root-zone temperature, and (D) dissolved oxygen in the water extracted from the stone wool substrates during 215–255 days after transplanting (n =

15). Significance was analyzed using one-way ANOVA. The letters a and b denote significant differences between the cover incision treatments.

FIGURE 3 | Growth performance of tomato cultivation (mean ± SD): (A) total tomato yield per plant (n = 20), (B) fruit weight (n = 20), (C) number of fruits per plant (n

= 20), (D) shoot fresh weight (n = 29), and (E) stem diameter (n = 29). Significance was analyzed using one-way ANOVA. The letters a and b denote significant

differences between the cover incision treatments. NS, no significant difference.

second half of the experimental period. The normalized yields
at the end of the experiment were ranked in ascending order,
as follows: L4 <L3 <L2 <L1.

A similar trend was observed for the daily average temperature
inside the greenhouse (Figure 4B). Between 150 and 200
DAT, the daily average temperature and the relative humidity

were maintained within 17–24◦C and 38–89%, respectively.
Beyond 200 DAT, the internal greenhouse temperature gradually
increased to 31◦C (Figure 4B). Based on the concurrent trends,
the normalized yields of the different treatment samples (n
= 20 per treatment) were assessed in combination with
five average temperature ranges based on measurements
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FIGURE 4 | Trend in the normalized cumulative tomato yield and temperature variations during the experimental period: (A) average normalized cumulative yields (n =

20 per treatment) of the stone wool incision treatments, (B) average daily air temperature and relative humidity inside the greenhouse, and (C) normalized cumulative

yield distribution (n = 20 per treatment) according to the air temperature groups observed during the tomato harvest period. L1, L2, L3, and L4, incision treatment

levels; DAT, days after transplanting.

during the harvest interval (Figure 4C). The ridgeline plot
in Figure 4C illustrates the separation of the normalized
tomato yield distribution according to the temperature ranges
during the tomato harvest intervals. Within the temperature
range of 20–26◦C, the normalized yield values of each
treatment sample were uniformly distributed. However, at 27◦C,
there was a clear separation between L1 and L4. Moreover,
the L3-associated distribution moved toward the middle
level, and the L2-associated distribution moved toward the
upper-middle level.

4. DISCUSSION

Stone wool cultivation is amenable to precision control. Various
commercially available sensors can be utilized to maximize the
efficacy of agronomic technologies (Neupane and Guo, 2019).
However, there is a risk of compromising the performance of
crop production and water use if the impact of system parameters
is neglected. The plastic cover is an important component of
the stone wool substrate system, affecting the air and water
exchange at the atmosphere and slab interface by modulating
its level of openness. However, the systemic effects associated
with the plastic cover incision that could potentially interfere
with the water use and crop production performance of stone
wool-based agronomic techniques have not been studied. Our
study is the first to report a series of environmental variations
in the slab, aroused by the cover incision modulation and
its subsequent impact on crop productivity. The results of
this study will improve our understanding of the intertwined
relationship between the stone wool cover incision, the

environmental root-zone variables, and the associated
yield variations.

Previously, the stone wool cover incisions were made based
on the grower’s expertise or using the methods recommended
by the manufacturer, which was sufficient to achieve proper
drainage function (Grodan, 2022). To date, the method of
making an incision into the stone wool plastic cover for
drainage has not been considered as a significant factor, as
long as the drainage function is as expected. We found that
the stone wool cover incision level modified the stone wool
substrate parameters, which substantially affected environmental
root-zone variables related to the hydraulic, thermal, and
gaseous properties and significantly impacted crop production
(Figures 2–4). Our results demonstrate that the stone wool
system with high drainage performance could adversely affect its
environmental rhizosphere characteristics.

The variations in water content and dissolved oxygen, in our
study, demonstrate a general relationship between the liquid and
gaseous phases in a porous substrate; increasing the water content
in a porous substrate reduces the air content in the medium
(Unger et al., 2009). Therefore, high water content can limit
oxygen diffusion from the air-filled pores within the substrate
(Yanful et al., 2006). Therefore, hours of long-term exposure
of the plant roots to flooding conditions can eventually deplete
the dissolved oxygen in the liquid phase (Ruperti et al., 2019).
The water distribution in Figure 2A shows a clear distinction
between the cover incision levels and the maximum achievable
water content. Based on the general interactions, the maximum
water capacity in this study is related to the field capacity, which
is a core parameter of the hydraulic properties of the growth
substrate (Assouline and Or, 2014). The plastic stone wool cover
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could not actually change the physicochemical properties of the
slabs; thus, we do not suggest that the cover incision modifies the
hydraulic properties of the stone wool slab itself. However, the
alterations of the achievable maximum water content triggered
by different cover incision levels modified the thermal properties
of the stone wool slabs. As shown in Figure 2B, the cover
incision treatment affected the outlier temperatures of the
root-zone temperature distribution. Although the median and
quartile values were similar, the maximum outlier values were
30.2◦C in L1 and 36.5◦C in L4, exceeding the optimal root
zone temperature (<25◦C) (Tindall et al., 1990). Typically, the
heat inside a greenhouse is induced by solar radiation and
subsequently transferred to root-zone (Fitz-Rodríguez et al.,
2010). Water, air, and stone wool materials are coexisting
components of the root zone that differ in their heat capacity,
with water having the highest heat capacity (Rubio et al., 2015). In
addition, the root biomass itself is a significant component within
the slab, with its own thermal properties. Therefore, the greater
water content increased the thermal mass of the slab, conferring
a root zone buffer to changes in air temperature.

Specifically, the tendency for increased outlier values could
be derived from the elevated susceptibility to the thermal peak
during the cultivation period due to a lower heat capacity
and water distribution range. This is supported by our data;
the correlation test between the greenhouse air temperature
and the stone wool temperatures for each treatment identified
different sensitivities to the thermal variations of the greenhouse
air temperature (Figure 2C). L4, with the favorable drainage
performance, had a high positive correlation and slope with
air temperature. The slope and coefficient of determination
decreased in descending order from L4 to L1. The high
correlation associated with L4 suggested rapid responsiveness
of the stone wool substrate under this treatment. Consequently,
the incision level modifications of the stone wool substrate
cover altered the hydraulic, thermal, and gaseous properties of
the plastic wrapped stone wool slabs, resulting in significant
changes in tomato production (Figure 3). The L1 treatment was
applied as an incision level with poor drainage performance.
Although water-logged condition could be an unfavorable for
normal growth (Striker, 2012), high water conditions, in our
study, did not result in hypoxia symptoms such as growth
retardation (Fukao and Bailey-Serres, 2004) or a significant yield
reduction. On the contrary, the L1 treatment was associated
with the highest yield. Although the dissolved oxygen in the
water extracted from the stone wool substrate indicated the
lowest average value for L1, there were no significant differences
between this treatment and the L2 and L3 treatments, which
had normal drainage conditions (Grodan, 2022) (Figure 2D).
Hypoxia development is a function of exposure time and
oxygen conditions (Ruperti et al., 2019). Irrigation is frequently
supplied in soilless culture systems (Ta et al., 2012; Shin and
Son, 2016). Therefore, oxygen consumption in the root zone
might be replenished by a series of irrigation events. Under
these experimental conditions, high water content did not act
as an inhibitory condition; on the contrary, it significantly
enhanced plant growth parameters, such as stem diameter

and fruit weight, increasing the tomato production linked to
L1 treatment. These results are also supported by previous
studies demonstrating the effects of root-zone water content
on the plant stem diameter (Nortes et al., 2005; Li et al.,
2012).

Root-zone temperature is an important yield-impacting
environmental component, other than the water content and
dissolved oxygen. In general, the root-zone temperature and
yield response have a quadratic curve relation (Díaz-Pérez
et al., 2005). Based on this relationship, plant growth can
be increased up to the vertex of the curve and decreased
thereafter. The normalized yield trends associated with
temperature ranges during the experimental period suggested
that differences in the heat capacity affected the tomato
growth (Figure 4). This finding also suggests a trade-
off between drainage performance and heat capacity in
stone wool substrate systems during high-temperature
weather. However, in this study, we have used a single
stone wool product. Therefore, although stone wool
products have similar physicochemical characteristics, the
variations in the different stone wool products should be
additionally considered.

5. CONCLUSIONS

The cover incision method significantly affected the average
water content of the stone wool substrate, which is a
predictable response typically expected by the modified drainage
performance. However, we noted that this process could
entail variations in the thermal sensitivity of the stone
wool substrate with yield responses to water management.
This result reveals another trade-off factor when considering
the modulation of drainage and gas exchange performance
in a stone wool-based system. Although the difference in
average total tomato yield per plant between the highest (L4;
6,160 g/plant) and lowest drainage performance (L1; 6,749
g/plant) treatment was ∼589 g/plant, significant differences
at the individual plant level can be amplified into very
large differences on a commercial scale. Our study reported
a series of environmental changes and the resulting crop
growth impacts that were not intuitively expected even for
a relatively standardized and simplified system such as stone
wool slab. In particular, we showed that generally unfavorable
drainage conditions can be exploited as a beneficial buffer
to changes in air temperature during hot periods. The
expanded understanding of the effect associated with the
cover incision provides insight into further optimization of
water use and crop production in stone wool-based water
management systems. For example, monitoring dissolved oxygen
concentration, root zone temperature, and air temperature and
modeling the relationship between these variables and drainage
performance can be helpful for designing a more dynamic
stone wool water management program that reduces the cooling
energy load during the high-temperature periods. Further,
for the technical aspects, developing a drainage performance
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adjustable gutter might be more effective for implementing this
management model.
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