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Potential of hydrogel treatment in
forest regeneration: impact on
growth and vitality of Central
European tree species

Ivana Tomaskova, Karolina Resnerova*, Jifi Trombik,
Jaromir Blaha, Filip Pastierovi¢ and Jan Macku

Faculty of Forestry and Wood Sciences, Czech University of Life Sciences, Prague, Czechia

Introduction: Drought negatively affects the growth and yield of plants. Several
measures have been employed to improve the drought tolerance of plants, including
the application of superabsorbent hydrogel (SAH) to soil. However, studies on the
effect of SAH on trees in Central Europe, which has a temperate climate, are scarce.

Methods: Here, the effects of SAH treatment on the cultivation of four key
tree species in Central European forest ecosystems—European beech, sessile
oak, Scots pine, and Norway spruce—were evaluated. Field and greenhouse
experiments were conducted; the greenhouse conditions served as the reference
for the absence of water stress.

Results and Discussion: SAH treatment reduced seedling mortality by 1%-9% in
the field experiment. The morphological parameters of the control and SAH-
treated seedlings did not significantly differ. Among the tree species, oak seedlings
exhibited a positive response to SAH treatment. Spruce, pine, and beech did not
respond to SAH treatment; the proline content of SAH-treated conifer leaves was
three times higher than that of oak leaves but still very low, revealing no drought
stress. The results highlight the significance of employing an individual approach
in the application of SAH in forestry, rather than relying on generic measures.

KEYWORDS

soil conditioners, carbon dioxide assimilation, fast kinetics of fluorescence,
transpiration, vitality, morphology

1 Introduction

Recently, forest ecosystems worldwide have been affected by drastic changes in the climate,
including changes in temperature, precipitation, and humidity (Choi et al., 2011; Marchi et al.,
2018). The climate in Central Europe tends to decrease the soil-water content of the land
between April and September (Brazdil et al., 2015); however, the total precipitation tends to
increase in all seasons, except for the summer. The discrepancy between soil dryness and
increasing precipitation is attributed to a higher evaporative demand as the temperature
increased by 0.7°C from 2011 to 2019 (Maitah et al.,, 2021). Climate change is expected to
increase the severity and frequency of drought in Central Europe, especially in the southern
regions (Hungary and south Slovakia) (Hlasny et al., 2014).

One of the key challenges in forest management in the future is maintaining the genetic
diversity of trees and altering tree species composition during forest regeneration to improve
the resistance of forest ecosystems to climate change and extreme weather conditions, such as
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drought during the initial growth of trees (Hlasny et al., 2014). The
hybridization of drought-tolerant tree species and assisted migration
of trees have been proven beneficial in improving the drought
tolerance of trees; such programs are being applied in Canada and
Mexico (Sdenz-Romero et al., 2020). Forest managers also employ
traditional measures, such as drought hardening of seedlings in the
nursery and using containerized seedlings for transplanting. Adding
soil conditioners (organic substrate, mycorrhizae, or synthetic
polyacrylamide), especially superabsorbent hydrogels (SAH), one of
the most promising additives, during forest regeneration can help to
mitigate transplanting shock and increase the survival of newly
planted forests (Beniwal et al., 2011).

SAH has a hydrophilic three-dimensional network (Saha et al,
2020), which affects soil permeability, texture, rate of evaporation
from the soil, and rate of water infiltration into the soil (Ekebafe et al.,
2011); thus, applying SAH can improve soil structure, increase water
retention, and increase water availability to plants. Commercially
available SAHs have a water absorption capacity ranging from 100 to
500gg™" SAH (Akhter et al., 2004; Koupai et al., 2008; Saha et al,,
2020). Plants can survive through a prolonged dry period as the soil
surrounding the rhizosphere begins to dry out, because they continue
absorbing water and nutrients from the hydrogel (Hiittermann et al.,
1999). However, an excessive amount of SAH may vyield adverse
effects, including the drying out of plant roots (Watanabe et al., 2019),
as SAH pulls out water from the root tissue in the case of an overdose
or dried-out soil. In terms of alleviating drought stress in plants,
mycorrhizae have elicited positive effects on plant growth compared
with SAH (Rydlova and Piischel, 2020). One of the negative effects of
SAH application could be the swelling of hydrogel granules, which
pushes seedlings out of the soil after precipitation, as evidenced by an
approximately 18% decrease in the survival of rate of Pinus sylvestris
L. after the application of dry SAH to the pit (Sarvas et al, 2007). SAH
also interacts with the chemical properties of soil, as high ion
concentrations in fertilizers and soil reduce the monomer
polymerization and water absorption of SAH (Zhong et al., 2013).

The physiological effect of SAH on forest tree species is rarely
evaluated. Based on the results of the experiments conducted so far,
it has been concluded that the addition of SAH to slowly dissolving
fertilizers improves plant growth (Jungsinyatam et al, 2022).
However, this effect has mainly been observed in semi-arid, drought-
exposed, or controlled laboratory conditions, with both soil and
climatic conditions vastly different from those of the forests in
Central Europe. Moreover, previous studies have focused on tree
species, such as mango or mandarin trees, Siberian elm, silver maple,
and others, with very limited distribution and low growth potential
in Central Europe and their forest management (Kargar et al., 2017;
Hamdy et al., 2020; Alshallash et al., 2022). Here, we conducted field
and greenhouse experiments involving the application of SAH, with
an emphasis on the key tree species of Central European forests—
sessile oak Quercus petraea (Matt.) Liebl., European beech Fagus
sylvatica L., Norway spruce Picea abies (L.) H. Karst., and Scots pine
Pinus sylvestris—to evaluate the impact of SAH on the morphological
and physiological parameters of seedlings under the current
temperate climatic conditions in Central Europe (i.e., without
prolonged or extreme drought). We determined the effects of SAH
treatment on seedling vitality and growth in the absence of drought
stress and the responses of each tree species based on their
physiological and morphological traits.
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2 Materials and methods
2.1 Greenhouse experiment

A completely randomized design was applied in the greenhouse
experiment involving the four tree species: E sylvatica (beech),
Q. petraea (0ak), Pinus sylvestris (pine), and Picea abies (spruce), and
two treatments (SAH and control) (Supplementary Table S1). The
beech, oak, and spruce seedlings came from the Bohemian Upland
area, and pine seedlings were obtained from Polabi at altitudes
between 400 and 700 ma.s.l. Two-years-old bare root seedlings from
the forest nursery were planted in pots containing 9 dm” of peat and
fertilizer in March 2020. SAH (STOCKOSORB® 660, Evonik
Nutrition & Care GmbH, Germany) was added in the form of 1g of
fine powder mixed in 200 mL of water to the planting hole beneath the
seedling roots during transplanting. The SAH, according to the
manufacturer, consisted of acrylic acid, homopolymer, and potassium
salt. As the peat did not contain any nutrients, commercially available
SILVAMIX® fertilizer (SILVAMIX® R 30 TE; ECOLAB ZNOJMO,
Znojmo, Czech Republic) that contained the essential macronutrients
[total nitrogen (N), 11%; urea formaldehyde nitrogen (N), 7%; urea
formaldehyde nitrogen (N) soluble in cold water, 2.8%; nitrogen from
urea formaldehyde (N) soluble only in hot water, 2.7%; urea nitrogen
(N), 4.0%; total phosphorus oxide (P,Os), 17%; phosphorus oxide
(P,0:s) soluble in neutral ammonium citrate and water, 14% and 12%,
respectively; water-soluble potassium oxide (K,O), 8%; and total
magnesium oxide (MgO), 7%] was applied. The fertilizer was diluted
1:10 with water and applied every 14days throughout the
experimental period.

The basic soil water constants—field capacity (FC), refill point
(RP), and permanent wilting point (PWP)—were determined for the
peat using the pressure-plate apparatus at corresponding pressure
potentials of —20, —300, and —1,500kPa, respectively. A volumetric
soil moisture sensor (VIRRIB®, FIEDLER, Czech Republic) was used
to monitor the volumetric moisture of the soil in the pots (two sensors
for each treatment and each species) and the seedlings were
automatically drip-irrigated to maintain the water content of the peat
at approximately 40%, which roughly corresponded with the FC of the
peat. A total of 512 trees were planted, and each combination of
hydrogel treatment or control and tree species was represented by 64
trees. The research was conducted from March to November 2020.

During the experiment, the plants were maintained under optimal
humidity, light, and nutritional conditions to avoid seedling mortality
and to set baselines for all control and SAH-treated seedlings. The
average temperature was 19.1+6.1°C and the relative air humidity was
74.6%+20.3 during the first Although
photosynthetically active radiation was reduced by a plastic film that

growing season.
covered the greenhouse and prevented direct radiation, the values
exceeded the saturation point of photosynthesis (approximately
450 pmol m? 7).

First, the physiological measurements—photosynthetic rate (P,)
and transpiration rate (T,)—were taken directly in the greenhouse
using a gasometric system. The proline concentration was later
estimated in the laboratory, as described in the analytical methods
chapter. All data were taken simultaneously together with other
information concerning the leaf area, internal temperature, external
photosynthetic active radiation, etc. The measurements were
performed on leaves for broadleaved trees and needles for conifers,
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with the necessary needle area measured. All measurements were
performed on the annual shoots of seedlings.

Second, the samples of needles or leaves were removed with
scissors and put in liquid nitrogen in a Dewar flask immediately; these
samples were used for proline analysis. In the laboratory, the needles
or leaves were removed from the falcon tube and 100-mg samples
were weighed. After weighing, the material was added to an Eppendorf
tube with three beds and then into the mill. Each treatment was
represented by six replicates seedlings.

2.2 Field experiment

In 2019, a study site was established in a forested area near
Kostelec nad Cern}’fmi lesy (49°56.37" N, 14°20.96" E), Central
Bohemia, Czech Republic. The site has a flat relief and the bedrock is
predominantly composed of sandstone and conglomerate rock, with
loess clay soil. The long-term average precipitation in the area (1980-
2016) is 697 mm and the average temperature is 7.7°C (Podrazsky
et al., 2009). During the experiment, no severe heat events were
recorded and, although precipitation was not normally distributed
throughout the vegetation season of 2020, no extreme drought was
recorded (Supplementary Figure S1).

A completely randomized design was followed. Two-years-old
bare root seedlings of E sylvatica, Q. petraea, P. sylvestris, and P. abies
from the same provenance used in the greenhouse experiment were
planted in a mixed manner in March 2019. The seedlings were
obtained from a commercial forest nursery and all seedlings were
transplanted on the same day. More detailed information about the
seedlings planted is presented in Supplementary Table S1. Each
planting hole received one of the two treatments: without SAH
application (control) and with SAH. SAH (STOCKOSORB® 660,
Evonik Nutrition & Care GmbH, Germany) was added in the form
of 1g of fine powder mixed in 200 mL of water to the planting hole
beneath the seedling roots. In total, 400 seedlings of each species were
planted: 200 were treated with SAH and 200 were retained as a
control sample. The seedlings were not irrigated or fertilized
after transplanting.

The physiological parameters and proline content of the seedlings
were analyzed following the same design applied in the
greenhouse experiment.

2.3 Analytical methods

2.3.1 Morphological parameters and gasometric
measurement

In May and September 2020, the following measurements of the
seedlings were taken: height, diameter of the root collar measured by
a digital caliper, vitality, and related measurements of physiological
characteristics. Vitality measurements were performed for all
seedlings in individual categories:

1. Excellent to slightly reduced vitality,

2. Clearly reduced vitality (stagnant growth and drying of the
youngest shoots),

3. Residual vitality (most of the crown is dead), and,

4. Dead seedling.
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The assimilation rate (P,), transpiration rate (T,), and water use
efficiency (WUE) were calculated based on the light curve monitored
using a gas exchange system (LI-6400XT; LI-COR, Inc., Nebraska,
United States); all variables were calculated with maximum light at
1,500 pmol m ™ s™". For each treatment and tree species, six seedlings
were physiologically evaluated; these measurements were taken from
different seedlings than those used for the proline analyses. An
artificial diode (6400-02B-LED) was applied to generate uniform and
stable light inside the chamber. The temperature was adjusted
according to the external conditions. A standard light curve was
plotted for the fully developed leaves. The reference CO, concentration
was set at 415pumolm™ s™' and the light gradually decreased from
1,500 to Opmolm™s7".

2.3.2 Proline content

A ninhydrin-based method was used for proline estimation using
a cuvette spectrophotometer (Lee et al., 2018). The leaves or needles
of six selected trees from both experiments (greenhouse and field),
every treatment, and every species were stored in the freezer at
—80°C. Proline was extracted from 100 mg of the needles or leaves in
1.5mL of sulfosalicylic acid. The samples were homogenized into
powders using an oscillating mill. The extract was centrifuged (Model
1-16K; Sigma, Germany) for 5min at 13,500 rpm. After centrifugation,
400 pL of the supernatant was added to Eppendorf tubes containing
400pL of acetic acid and 400puL of ninhydrin. After repeated
centrifugation, a heat block was used to heat the mixture to 95°C for
L h. After the mixture had cooled, 800 pL of toluene was added and the
preparation was thoroughly mixed. A UV-vis spectrophotometer
(DR6000; Hach Company, Colorado, United States) was used to
measure the absorbance at 520 nm.

2.4 Statistics

A Kruskal-Wallis test was run in the TIBCO Statistica® 14.0.1
software to compare the measured seedling parameters between the
SAH and control groups. The significance level of the factors was set
at <0.05. The data collected from the field and greenhouse
experiments were analyzed using the same statistical methods.

3 Results
3.1 Basic physiological parameters

3.1.1 Greenhouse experiment

The application of SAH significantly impacted several
physiological traits in the studied tree species. SAH positively
influenced the main physiological traits of oak seedlings
(Figures 1A-D). The net photosynthesis (P,) was significantly higher
with the SAH treatment (Figure 1B). The favorable growth conditions,
together with SAH treatment, also resulted in a higher rate of
transpiration (T,), although the difference in the transpiration rate and
water use efficiency (WUE) between treatments was not significant
(Figures 1C,D). The quantum yield of photosynthesis, which
represented the tangent to the light curve, was significantly higher in
the SAH group (0.08+0.01 mol O, mol™) than that in the control
(0.06 £0.01 mol O, mol™), indicating that the conversion of light into
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fixed carbon had improved (Figure 1A). On the contrary, the T, of the
control beech (Figure 1G) and pine (Figure 10) seedlings was higher
than that of the SAH group; additionally, the SAH-treated beech
seedlings had a significantly lower WUE (Figure 1H). The P, and
quantum yield of photosynthesis in spruce seedlings was also higher
in the control group than that in the SAH groups (Figures 11,]).
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3.1.2 Field experiment

The results from the field and greenhouse experiments were
congruent, as positive trends in P, T,, and WUE in oak were recorded
(Figures 2A-C), although the difference in P, was not significant
(Figure 2B). Furthermore, the quantum yield of photosynthesis was
higher in the SAH-treated seedlings of both spruce and pine
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(Figures 21,M). Overall, increased variability of the measured

parameters in the field was observed but no clear trend was found for

the SAH treatment in spruce and pine (Figures 2E-P). Almost
identical data were recorded for all measured parameters in the

control and SAH-treated beech samples (Figures 2E,EG,H).
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3.2 Proline content

3.2.1 Greenhouse experiment
As drought stress was not induced in the greenhouse, the proline

concentration of all investigated species was below 1 pmolg™ of the

05
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fresh weight (FW). Regardless of the normal conditions, statistical
differences were observed among the oak seedlings in the greenhouse
experiment (Figure 3A). Additionally, the proline content of
SAH-treated spruce was higher, although the difference was not
significant (Figure 3C). Overall, beech (Figure 3B) and pine
(Figure 3D) had the lowest and highest proline concentrations,
respectively. The proline content of the control and SAH-treated beech
was less than 0.01 pmolg™ of FW, whereas that of pine reached
0.14+0.04 pmol g~" of FW for both treatments.

3.2.2 Field experiment

No statistical differences in proline content were found in the trees
in the field experiment. The physiological traits showed significantly
higher variability in the measurements. Nevertheless, spruce
(Figure 4C) had the highest proline concentration among the tree
species, following the same trend observed in the greenhouse
experiment, with the proline content of SAH-treated seedlings being
higher than that of the control. The proline content of SAH-treated
beech was also slightly higher than that of the control (Figure 4B), as
was also the case for pine (Figure 4D). The proline content in oak was
almost untraceable (Figure 4A), ranging from 0.02
0.04+0.01 pmol g™ of FW in both groups.

to

3.3 Morphological parameters

3.3.1 Greenhouse experiment

Overall, the seedlings exhibited excellent vitality during the
experiment (Table 1), with only pine seedlings exhibiting reduced
vitality and increased mortality. Seedling mortality was 8% higher in
the control than in the SAH group. Moreover, only the SAH-treated
pine had significantly lower height and thickness increments
compared with the control group. For the other tree species, there was

10.3389/ffgc.2023.1251041

no significant difference in the measured morphological parameters
between the control and SAH-treated seedlings (Table 1).

3.3.2 Field experiment

The seedlings in the field experiment generally exhibited lower
vitality, higher mortality, and lower height increments than those in
the greenhouse experiment, unrelated to the applied treatment
(Table 2). The application of SAH to seedling species resulted in a
decrease in the mortality rates of all four tree species, with decreases
of 4%, 6%, 1%, and 9% in oak, beech, spruce, and pine, respectively.
The overall vitality of the seedlings was comparable among the
SAH-treated and control groups. Only significant improvements in
vitality were observed in beech seedlings. Additionally, a significantly
greater height increment in the SAH-treated seedlings of beech was
observed (Table 2). There were no other significant differences
recorded in the morphological parameters of the studied species
between the control and SAH-treated seedlings (Table 2).

4 Discussion

Positive effects of hydrogel and soil amendment on growth,
water-use efficiency, and dry matter production of seedlings are well
documented (Vierro and Little, 2006; Thomas, 2008; Kumar et al.,
2020; Tomaskova et al., 2020); however, uncertainties still persist due
to the number of experiments that have also shown either no or even
2011). In addition,

knowledge of the effect of SAH on trees in the absence of drought stress

negative impacts (Oscroft, 2000; Del Campo et al,,
is still lacking, with research focusing on a small spectrum of tree
species and climatic conditions (Orikiriza et al., 2009). Our findings
suggest that, under a favorable climate, the studied European tree
species did not show a significant response to SAH treatment, with
only oak responding positively regarding its physiological parameters.

I
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Proline content in the assimilation apparatus of superabsorbent hydrogel-treated (SAH) and control seedlings in the greenhouse experiment for
(A) oak, (B) beech, (C) spruce, and (D) pine. Horizontal lines indicate the mean, standard error (box), and minimum and maximum values (whiskers);
KW-H represents the Kruskal-Wallis test results, significant differences are in bold.
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TABLE 1 Vitality, mortality, height increment, and diameter increment of four tree species during the 2020 growing season in the greenhouse.

Tree species Treatment Vitality Mortality (%) Height increment Diameter
(mm) increment (mm)
Control 1.0+0 — 1985+ 131.1 26+13
Oak
SAH 1.0+0 — 182.3 +102.0 24+24
Control 1.0+0 — 55.5+45.8 1.6+ 1.0
Beech
SAH 100 — 69.1 £ 64.4 20£1.2
Control 1.0+0 — 149.1 £ 55.4 42+22
Spruce
SAH 1.0+0 — 149.5+51.6 41+2.1
Control 14+1.0 13 189.2 + 55.7%%* 2.6 £ 0.9%*
Pine
SAH 12407 5 154.7 + 71.3%% 2.1+ 1.2%%

Except for mortality, values are means + standard deviation. Vitality was rated from 1 to 4 (1 indicates high vitality, 4 indicates low vitality, i.e., a dying tree). **Kruskal-Wallis test: significant

difference p <0.01.

The long-term effects of synthetic hydrogels on ecosystems
remains an important issue, mainly the process of the polymerization
of acrylic acid, which could potentially lead to negative impacts on soil
microflora or threaten plant health. A higher concentration of sodium
in hydrogels prevents calcium ion uptake, and plants can suffer from
mineral deficiency (Jeyabaskaran et al., 2021). Moreover, maintaining
high osmotic pressure might also negatively influence the water-
absorbing power of roots (Jeyabaskaran et al., 2021). Sodium ions
released the hydrogels should prevent water stress by synthesizing
osmotic active substances, but may also cause osmotic stress to plants
(Ceaetal, 2022). Even though no adverse effect of synthetic hydrogel
on soil microbiota has been reported, mitigation of the soil microbiota
was recorded (Karagoz and Yiicel, 2020). On the other hand,
microbiota mitigation has been revealed to have a positive effect on
delaying denitrification and thus preventing nitrogen loss from the
ground (Wang et al., 2020). All these findings lead to the development
of natural-based hydrogels and their application to the environment
(Wang et al., 2020).
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In this study, no negative response of seedlings to SAH presence
was recorded, but given the relatively short duration of the
experiments, the long-term effects of SAH remain uncertain.

4.1 Basic physiological parameters

Positive effects on the growth performance and physiological
traits of plants using synthesized hydrogels under drought or dry
conditions have been reported (Coello et al., 2018). In this study, SAH
treatment had no effect on spruce, beech, and pine under a favorable
climate (Figures 1, 2). These results support the idea of complicated
relationships among the ecological demands of species, soil and
environmental conditions. In the study by Sarvas (2003), spruce, as a
shallow-rooted species, profited greatly from the addition of SAH;
however, pine planted in sandy soil did not respond to SAH treatments
well (Sarvas et al., 2007). Generally, hydrogel application is more
beneficial for shallow-rooted trees than deep-rooted trees because
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TABLE 2 Vitality, mortality, height increment, and diameter increment of four tree species during the 2020 growing season in the field.

Tree species Treatment Vitality Mortality (%) Height increment Diameter
(mm) increment (mm)
Control 22+12 24 76.9 +127.1 1.0£18
Oak
SAH 22+1.1 20 84.5+137.9 0.8+12
Control 2.4+ 1.2%% 25 35.2+92.5%% 14+16
Beech
SAH 2.0 + 1.2%% 19 42.6 + 76.9%% 20+12
Control 1.6+ 0.8 7 109.1 £ 1249 40+28
Spruce
SAH 14+11 6 92.6 + 106.9 3.8+34
Control 24+ 14 43 129.4 +132.3 48+45
Pine
SAH 22+15 34 109.2 £122.5 3.8+4.1

Except for mortality, values are means + standard deviation. Vitality was rated from 1 to 4 (1 indicates high vitality, 4 indicates low vitality, i.e., a dying tree). **Kruskal-Wallis test: significant

difference p <0.01.

water drainage is prevented below the root zone (Yu et al., 2012). On
the other hand, the physiological performance of pine and beech
treated with SAH is better pronounced in loamy and clay soils than in
sandy soils (Crous, 2017).

The conflicting results mainly arise from interactions between tree
species and soil types (Orikiriza et al., 2013), with soil type influencing
tree survival in SAH-amended soil (Agaba et al., 2010). According to
Crous (2017), the overall physiological performance of SAH-treated
woody plants was more pronounced in sandy soils than in loamy soils.
The discrepancies between the morphological and physiological
results might be explained by the different distributions of carbon
sinks above and below the ground. The differences between the field
and greenhouse experiments arise from a variety of external factors
that might have affected the results in the field experiment.

Other sources of conflicting results include the varying
ecological demands of different tree species. Under semi-arid
conditions, drought-sensitive species exhibited a positive response
to SAH treatment compared with tree species that were less
vulnerable to drought (Tomaskova et al., 2020). The SAH-treated
oaks, both in the field and greenhouse experiments, displayed the
most positive response in assimilation rate (15%) among the four
tree species in both groups (Figures 1, 2). The higher photosynthetic
performance in oak treated with SAH could be explained by
hydraulic conductivity. As hydraulic conductivity is closely related
to stomatal conductance and CO, uptake, it might be the reason for
the higher transpiration and photosynthetic rates of oak under
stable water conditions. In oak, the hydraulic conductivity reaches
5.8kgm™ s' MPa™', while that in beech reaches only
4.4kgm™ s MPa™! (Aranda et al., 2005). Conifers have generally
lower hydraulic conductivity due to the anatomical structure of
conducting elements (Song et al., 2022). Moreover, they exhibit
isohydric behavior, which causes a linear decrease in stomatal
conductance with a decrease in hydraulic conductivity (Martinez-
Sancho et al., 2017); in contrast, oak maintains high stomatal
conductance over a wide range of hydraulic conductivity values
(Hubbard et al., 2001). According to Jamnicka et al. (2013), the
WUE is closely related to drought and decreases with prolonged
drought. With enough water, the conductive system of oak transfers
a larger bulk of water than the other investigated species, supported
by the significantly lower values of water use efficiency recorded in
the SAH-treated oak seedlings (Figures 1D, 2D).
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These complexities underscore the intricate web of factors shaping
hydrogel-plant interactions, promising ongoing exploration and
discovery. While conflicting outcomes arise from intricate tree-soil
interactions and species-specific demands, the dominant narrative
emphasizes the advantageous effects of hydrogels on the growth and
physiological traits of oak.

4.2 Proline content

Proline accumulation occurs in the early stages of water deficit
and contributes to the photoprotection and stabilization of
photosynthesis, ultimately enhancing the drought tolerance of plants
(Sivakumar et al., 2000). As proline metabolism is closely linked to
photosynthetic electron transport, it may also reduce the risk of
reactive oxygen species overproduction in adverse environments (Ben
Rejeb et al., 2014). The proline content under non-stress conditions
ranges from 0.5 to 2.0pmolg™ of FW (Jamnickd et al, 2019),
depending on the provenance. The biochemical analysis of our data
revealed differences in proline content among the tree species. Spruce
had the highest proline content, but was still below 1.0 pmol g™ of FW,
and only oak showed a higher proline content in the greenhouse
experiment when treated with SAH (Figure 3A). However, these
values are significantly lower than the values reported under stress
conditions (Robakowski et al., 2020; Arab et al., 2022) and thus do not
indicate a stress response.

4.3 Morphological parameters

The seedling vitality of the studied tree species was comparable for
the hydrogel treatment and the control (Tables 1, 2). The only
exception was beech seedlings in the field experiment, which exhibited
better vitality after SAH treatment. Seedling mortality was up to 9%
higher in seedlings without hydrogel addition. This is consistent with
previous studies that confirmed the prolonged survival time of
seedlings in SAH-amended soil compared with the controls (Orikiriza
et al., 2013) and generally, SAH application improved survival by
8%-18% (Crous, 2017). Furthermore, SAH applied under controlled
conditions tended to have a higher frequency of positive survival
responses compared with field experiments (Crous, 2017). This is

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1251041
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Tomaskova et al.

consistent with our results where seedling mortality was only observed
in pine; the other tree species in the greenhouse experiment thrived
well regardless of treatment (Table 2).

Not only did SAH affect survival, but its positive effects on the
height and diameter increments of tree seedlings have also been
reported (Sarvas, 2003; Vierro and Little, 2006; Sarva$ et al., 2007;
Sijaci¢-Nikoli¢ et al., 2011; Tomaskova et al., 2020). Surprisingly, our
results only showed significant differences in seedling growth for pine
in the greenhouse experiment (both height and diameter increment)
and for beech in the field experiment (height increment), with only
beech having a positive response to SAH (Tables 1, 2).

Non-significant effects of SAH on the seedling growth of several
tree species, e.g., spruce and beech (Repac et al., 2013), cork oak
(Chirino et al,, 2011) or pines (Oscroft, 2000) have been already
documented. Such conclusions underline the complex response of tree
seedlings to SAH treatment, varying and depending not only on the
tree species, soil conditions, and type or the amount of hydrogel
added, but also on the method of application, quality of seedlings, and
2017). Thus, the exact
quantification of both positive and negative effects of SAH on plant

numerous external factors (Crous,

growth remains challenging.

5 Conclusion

The assessment of the potential of SAH application in forest tree
planting offers valuable insights into nursery management and
planting strategies. However, the inconsistent research findings on the
effects of SAH impede the drawing of definitive conclusions relevant
to European forestry management. Our findings demonstrate that, in
the absence of extended drought periods, applying SAH does not
adversely affect economically valuable tree species. In contrast, it
modestly enhanced their survival and physiological well-being,
particularly in the case of oak. Considering its long-acting effect, SAH
shows potential as an effective tool for pre-emptive measures and
preparation for transplanting in case of prolonged drought periods in
the coming years. Hydrogel treatment can be employed as a preventive
measure in forest regeneration programs, particularly in Central
Europe, where changing climatic conditions are expected to result in
more frequent and severe drought events.
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