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Effects of Nanoparticle Applications on Seedling
Survival and Morphological Characteristics in Scots
Pine Afforestation
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This study was conducted in the afforestation area, using bare-root 2+0-
year-old Scots pine seedlings from Kastamonu. The study aimed to
determine the impact of nanoparticle (NP) applications on seedling
morphological characteristics and seedling survival success. Three
different concentrations (low, medium, high) and four different
nanoparticle types [Fe;0,, CuO, ZnO, TiOz] were applied to the plant root-
dipping method in the study. The effects of NP treatments on seedling
height (SH), root collar diameter (RCD), stem fresh weight (SFW), root
new weight (RFW), seedling fresh weight (SEFW), root dry weight (RDW),
stem dry weight (SDW), seedling dry weight (SEDW), sturdiness quotient
(SI), root: shoot ratio (R/S), and seedling survival in the field were
evaluated. The study results revealed that NP types significantly affected
all seedling variables except RFW, SDW, RDW, and SEDW, and NP
doses significantly affected all seedling variables except RFW. The binary
interaction effects of NP types and doses had a significant effect on all
seedling variables, and higher values were obtained compared to the
control treatment. Medium and high NP doses were more effective in
seedling growth than low doses; the percentage of seedling survival was
61.4% in the control treatment and 95% in the TiO2-Medium NP treatment
combination.
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INTRODUCTION

Nanomaterials are structures with a size between 1 and 100 nm (Nel et al. 2006),
and their strong physical and chemical properties enable them to be used in many fields
(Rao et al. 2005; Giirmen and Ebin 2008; Ayan et al. 2021). These materials can be present
in nature, and their concentrations are steadily increasing due to nanotechnological
developments (Miller et al. 2004). People utilize metal-based nanoparticles (NPs) to make
life easier across different sectors, and their use has rapidly grown in the last decade.
Currently, the most popular NP structures are silver (Ag), as well as oxides of titanium
(Ti), zinc (Zn), aluminum (Al), nickel (Ni), gold (Au), indium (In), molybdenum (Mo),
copper (Cu), iron (Fe), bismuth (Bi), silica (Si), cobalt (Co), and tin (Sn). The most widely
manufactured and commercially utilized metal-oxide NPs are titanium dioxide (TiOz, zinc
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oxide (ZnQ), iron oxide (FesOa4), copper oxide (CuO), silicon dioxide (SiO2), aluminum
oxide (Al203), cerium dioxide (CeOz), magnesium oxide (MgO), cuprous oxide (Cuz20),
nickel oxide (NiO), lanthanum oxide (La203), zirconium dioxide (ZrO2), and indium oxide
(In203) (Rajput et al. 2018). These materials have ecotoxicological effects, can accumulate
in biological systems, and can be menacing when they undergo bioaccumulation and
biodegradation in the food chain (Kuzma 2008). Moreover, nanoparticles (NPs) can cause
different environmental impacts due to their physicochemical properties (Ma and Wang
2010). They have found wide application possibilities, particularly in medicine, pharmacy,
construction, cosmetics, optics, and electronics sectors (Ruffini and Cremonini 2009;
Kaweeteerawat et al. 2015; Tunca 2015).

In recent years, the effects of NP applications and how they are transported on
plants have gained increasing importance in plant research (Du et al. 2011; Kundu et al.
2015). However, despite size exclusion limitations of 20 nm (Ma and Yan 2018; Ballikaya
et al. 2022), it is commonly believed that particles > 100 nm can be taken up by plant roots.
The results on root uptake vary depending on the kind of NPs, plant characteristics, and
length of exposure (Ma and Wang 2010). According to Lv et al. (2019), stomata appear to
be the main pathway for the foliar uptake of a wide variety of NPs. According to Avellan
et al. (2021), the plant shape and physiological state (between 40 nm and 1 m) have an
impact on the stomatal uptake of NPs. Nanoparticles promote plant growth by facilitating
the uptake of nutrients from the soil because of their high surface volume and electronic
structure, are used as fertilizers by increasing disease resistance, and are used in studies to
prevent pests and diseases that infect plants (Servin et al. 2015). It is well known in this
context that silver nanoparticles are extremely effective against a wide variety of fungi
(Xue et al. 2016), bacteria (Rai et al. 2012), and viruses (Ardestani et al. 2015), including
phytopathogenic ones. However, although silver nanoparticles (AgNP) in soil pose a
significant environmental risk, there is little research on how such contamination may
affect ectomycorrhizal fungi (EMFs) (Sweet and Singleton 2015).

Most studies suggest that NPs of 5 nm in size are taken up by both roots and aerial
parts of plants and are transported through both the phloem and xylem (Dietz and Herth
2011; Wang et al. 2016; Ruttkay-Nedecky et al. 2017; Li et al. 2018). The NP applications,
which are getting increasingly important, especially in agricultural studies, are being
investigated for NP types and doses that will support breeding studies and ensure rapid
germination and growth of seeds (Azura et al. 2017). The positive effects of pre-sowing
treatment of wheat, maize, and rapeseed seeds with Cu and Zn NPs have been reported,
but excess copper is toxic, and the root barrier plays an important role in the formation of
tolerance to the surplus of this metal (Lebedev et al. 2016; Yausheva et al. 2017).

Moreover, the use of nanoparticles in forestry has become increasingly important
in recent years. According to certain studies, mycorrhizal colonization of plant roots is
negatively impacted (Dubchak et al. 2010), while other studies (Judy et al. 2015; Cao et
al. 2017) contend that low nanoparticle concentrations have no effect on mycorrhization
levels but that high concentrations have detrimental effects. Contrastingly, Feng et al.
(2013) showed that AgNPs have a stimulatory effect on the development of arbuscular
mycorrhiza, regardless of the used doses. According to Sweet and Singleton (2015), the
variety of ectomycorrhizal fungi in the roots of Pinus muricata seedlings may drastically
decrease as a result of soil contamination by AgNPs. Olchowik et al. (2017) found varying
effects of metal nanoparticles on the type and concentration of ectomycorrhizae that form
in pedunculate oak seedlings. Copper nanoparticles (Cu-NPs) were discovered to have a
stimulatory effect at low concentrations but an inhibitory influence at high concentrations.
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Ag-NPs encouraged the formation regardless of concentration. In addition to the tree
species, growth conditions, substrate type (soil or various nutrient media), temperature, and
light intensity, their impact also appears to be influenced by the dosage, application method
(foliar or soil), and concentration of the nanoparticles (Ruffini and Cremonini 2009).
Zakharova et al. (2019) looked into how white poplar, crack willow, hairy birch, red oak,
and pine micro clones adapted to ex vitro settings when exposed to zirconium trisulphide
nanoplates and silver nanoparticles. The findings suggest that zirconium trisulphide
nanoplates and silver nanoparticles have great potential for safeguarding woody species
microclones when they are being transferred to non-sterile glasshouse environments.
Additionally, because plants are known to be sensitive to nanoparticles, it is feasible that
the presence of NP could have a direct impact on the growth of the trees (Yin et al. 2012).
In addition, given the changes in climate, NP applications should be investigated to
increase the seedling survival rate and to ensure better quality root and stem development
in afforestation studies conducted in arid and semi-arid areas and that NP application can
support forest tree breeding studies. Indeed, it is important for plants to benefit more from
the soil in arid and semi-arid regions. For this purpose, using NPs in applications that
increase drought resistance can be useful (Ashkavand et al. 2015). Reforestation studies
for breeding trees resistant to ecological conditions in arid and semi-arid regions have
become important to investigate the effectiveness of nanoparticles, especially in recent
years when the effects of climate change have been intense. To this end, Ashkavand et al.
(2015) suggested that nano silicon application on Crataegus sp. may be advantageous in
reducing the harmful effects of drought stress. In Turkey, the development of seedlings
was investigated by treating Anatolian black pine (Pinus nigra Arnold.) (Celikbas 2019),
which is mainly used in the afforestation of semi-arid areas, Scots pine (Pinus sylvestris
L.) (Celikbas 2019) and red pine (Pinus brutia Ten.) (Ayan et al. 2021) seeds with different
NP types and doses before sowing, and the development of seedlings was investigated. It
was reported that NP application was generally beneficial for black pine and Scots pine
seeds germinated under laboratory conditions but did not contribute positively to red pine
seeds sown under field conditions. Thus far, most of the research on the effect of
nanoparticles on plants has been conducted in hydroponic culture (Bernhardt et al. 2010)
or on peat-based substrates used in nursery production (Olchowik et al. 2017). Our
hypothesis in this study is to examine the positive or negative effects of nanoparticle types
and doses applied to the root area of saplings before planting on the development of
saplings.

This study attempted to reveal the effects of applying different doses and types of
nanoparticle solutions to the roots of seedlings before planting under field conditions on
seedling survival rate and morphological development of seedlings in the field.

EXPERIMENTAL

In this research, NPs were added to the root zone of bare-rooted Scots pine
seedlings. The effects of four different types of NP solutions at different dosage levels on
seedling growth under field conditions were investigated using the root dipping method.

Materials
The bare-root 2+0 aged (2-year-old seedling produced by generative production
method under nursery conditions) Scots pine seedlings originating from Aracg-Dereyayla,
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Kastamonu were obtained from Kastamonu Taskdprii Forest Nursery. The experiment was
established in section 191 of Thsangazi Forest Management Directorate, Mergiize Forest
Management Chiefdom within the boundaries of Kapakli Village (Coordinate: X 53°
89'50" - Y 45°53'13".1/41°7'33".91 N - 33°27'52".97 E), which is 52.4 ha in size (Fig. 1).
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Fig. 1. Study area

Fig. 2. General view of the research area
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The site has an altitude of 1579 m with a southern facing and a slope of 31 to 60%.
The average annual temperature of the region is 9.8 °C and the average rainfall is 482.3
mm. The soil structure of the site, which has sedimentary bedrock, is sandy-clay, and the
seedlings were planted in the terraces established by edge planting at 1.5 x 1.5 m? intervals
in April of 2019 (Fig. 2).

Methods

The doses specified in Table 1 were used in this study for the solutions of the most
widely used NP types (Ashkavand et al. 2015; Rajput et al. 2018; Aleksandrowicz-
Trzcinska et al. 2019; Khan et al. 2021).

Except for the control treatment, 30 seedlings were used for each NP solution and
each different dose, and the experiment was established in a randomized block design with
three replications. Using the root dipping method, the root zones of the seedlings were
pretreated with NP solutions for 30 min before planting.

To determine the morphological characteristics of the seedlings in the dormant
stage outside the vegetation period, the seedlings from the control treatment and each NP
treatment group were uprooted in November 2019 without damaging the roots. Before
uprooting, the root collar diameter of the seedlings was measured with a digital caliper with
a precision of 0.1 mm, and the seedlings’ heights were measured with a steel tape measure
with a precision of 1 mm. The roots of the seedlings were cleaned from the soil and
individually tagged for determination of root/stem ratio and seedling fresh and dry weights.
They were transferred to the laboratory for analysis.

Table 1. Types and Doses of Used Nanoparticles

NP Names NP Levels NP Doses (mg/L)
High 2000
Zn0O Medium 1200
Low 400
High 2000
Fez0a4 Medium 1200
Low 400
High 1000
TiO2 Medium 600
Low 400
High 1000
CuO Medium 600
Low 400

Measurements and calculations made in the laboratory

In the seedlings brought to the laboratory in November to December 2019, seedling
root collar diameter (RCD-mm) was determined with 0.1 mm precision from the root
collar, seedling height (SH-cm) was determined with 0.1 cm precision from the root collar
diameter to the terminal shoot tip, and the sturdiness index (SI) was calculated as the ratio
of SH to RCD (Aphalo and Rikala 2003) as given below in Eq. 1:

Seedling height (mm) (1)

Sturdiness index (SI) =

Root collar diameter (mm)

The parts of the seedlings above and below the RCD were measured with a
precision of 0.001 g. The weight values were stem fresh weight (SFW-g) and root fresh
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weight (RFW-g), the sum of these two values was seedling fresh weight (SEFW-g), while
stem dry weight (SDW-g), root dry weight (RDW-g), and seedling dry weight (SEDW-g)
were determined by drying these parts at 101 +/- 4 °C for 24 h. The root:shoot ratio (R/S)
index was calculated as the ratio of stem dry weight to root dry weight (Ayan 2002), given
as Eq. 2:

Root: Shoot ratio (R/S) = Stem Dry Weight (g)

Root Dry Weight (g) (2)

Statistical Evaluations

Multivariate analysis of variance was applied to determine whether RCD, SH,
SFW, RFW, SEFW, SDW, RDW, SEDW, SI, and R/S variables of seedlings showed
significant differences in terms of various NP treatments and different doses, and
homogeneous groups were determined by Duncan test. All data were analyzed with IBM
SPSS 23 software (IBM Corp., Armonk, NY, USA) at a p = 0.05 significance level.

RESULTS AND DISCUSSION

The significant effects of NP types applied to Scots pine seedlings on all other
variables except RFW, SDW, RDW, and SEDW variables are shown in Table 2. According
to the general average values given in Table 2, the lowest values were in the control group
in all studied seedling variables. While the TiO2 NP solution was the most efficient in SH
development, the lowest SH development in NP-treated seedlings was the ZnO solution.
In terms of root collar diameter development, CuO, and TiO2 were the most effective, while
ZnO had the lowest effect. CuO NP application had the most positive effect on SFW, SDW,
and SEFW variables. In terms of Sl and R/S, it was determined that the seedlings allocated
as control were more advantageous (Table 2).

The NP doses had a significant effect on all seedling variables except RFW (Table
3). Compared to the control treatment, all NP dose treatments had a positive effect on
seedling fresh and dry weight values except SI and R/S. Among the doses, "Medium" and
"High" amounts were more efficient than low doses (Table 3).

The highest values on the SH variable were detected in TiO2-Medium (21.42 £ 0.93
cm) and CuO-High (21.38 = 1.05 cm) dose applications. The effects of the same
nanoparticles were also found to be high on the RCD [TiO2-Medium (6.83 £ 0.27 mm),
CuO-High (6.83 = 0.32 mm)] variable. When Table 4 is examined, the ZnO-Medium
treatment combination on the following variables [SFW (17.42 + 4.34 g), RFW (6.06 +
1.49 g), SEFW (23.47 £ 5.82 g), SDW (7.75 + 1.98 g), RDW (7.75 £ 1.97 g) and SEDW
(10.69 = 2.71 g)] supported plant growth in the most positive way. The control treatment
(20.01 £ 0.09) had the most favorable value in the Sl variable, and the TiO2-Low (2.15 +
0.11) treatment combination had the best value in the R/S variable (Table 4).

It was determined that NP treatments generally had a positive effect on the survival
rate of seedlings compared to the control treatment (61.39%), and the highest survival rate
was obtained with TiO2 NP (95%) applied at a medium dose (Table 5).
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Table 2. Analysis of Variance and Duncan Test Results for the Effect of NP Type

Mean (X) + Standard Error (Sx)

Types of | SHm) RCD(mm)| SFW(g) @ RFW(g) | SEFW(g) | sbw(g) | "PW@ | sepw (g) S| RIS
Control 14.05 + 4.42 + 9.59 + 4.27 + 13.86 + 443 + 218 + 6.62 + 20.17 + 222+
0.95d 0.29c 0.49b 0.23 0.67b 0.23 0.11 0.32 0.14c 0.08b

10, 20.12 + 6.09 + 11.80 + 4.60 + 16.40 + 5.32 + 237+ 7.70 £ 20.86 + 2.23+
0.70a 0.20a 0.77ab 0.22 0.95ab 0.33 0.10 0.42 0.10a 0.08b

710 16.37 + 5.12 + 12.81 + 4.88 + 17.69 + 5.80 + 2.46 + 8.26 + 20.41 + 2.61+
0.79¢c 0.24b 1.63a 0.55 2.16a 0.73 0.28 0.99 0.11bc 0.20a

Fe,O, 17.74 + 5.43 + 12.23 + 437 + 16.60 + 5.59 + 2.28+ 7.88 + 20.70 + 2.50 +
0.72bc 0.21b 0.77a 0.28 1.02ab 0.35 0.14 0.48 0.11ab 0.08ab

cuo 19.48 + 6.44 + 13.38 + 4.80 + 18.18 + 5.91 + 229+ 8.20 + 20.73 + 2.69 +
0.63ab 0.19a 0.74a 0.26 0.96a 0.47 0.17 0.62 0.08ab 0.15a

F-value 9.43 11.26 3.49 0.75 2.63 2.61 0.443 1.82 5.79 3.32
P-level 0.00 0.00 0.01 0.56 0.03 0.36 0.77 0.13 0.00 0.01

Table 3. Analysis of Variance and Duncan Test Results for the Effect of NP Dose
Mean (X) + Standard Error (Sx)

Doses ol | sH(em) | RCD(mm) | SFW(g) | RFW(g) = SEFW(g) = SDW() = <o @ | sepw (g) S| RIS
Control 14.05 + 4.42 + 9.59 + 4.27 + 13.86 + 443+ | 443+0.22 | 6.62+0.32 | 2017+ 222+
0.95b 0.29b 0.49¢ 0.23 0.67b 0.23¢ c b 0.14b 0.08 b

High 19.41 + 6.06 + 12.35 + 455+ 16.90 + 553+ | 553+0.34 7.90 + 20.77 + 2.46
0.59a 0.18a 0.75ab 0.22 0.93 ab 0.35b b 0.45ab 0.08a 0.13ab

Medium 18.30 + 5.73 + 14.35 + 5.15 + 19.50 + 6.57+ |6.56+0.59|9.15+081 | 20.67= 263+
0.63a 0.20a 1.22a 0.42 1.63a 0.6a a a 0.09a 0.11a

Low 17.57 + 5.52 + 10.96% | , 59,00 15.25 + 486+ | 4.86+0.23 6.99 + 20.59 + 2.44 +
0.64a 0.19a 0.58bc e 1.78bc 0.23bc bc 0.32b 0.09a 0.11ab

F-value 8.38 8.54 7.22 2.04 5.81 6.67 6.67 5.24 5.02 2.60
P-level 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.045
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Table 4. Analysis of Variance and Duncan Test Results for the Binary Interactions of NP Type and Dose Factors

Mean (X) + Standard Error (Sx)

Types and RDW (g)
Doses of SH (cm) RCD (mm) SFW (g) RFW (g) SEFW (g) SDW (9) SEDW (g) SI R/S
NP
Control 13.27 + 4,10 + 9.59 + 427 + 13.86 + 443 + 443 + 6.62 + 20.1 + 2.22 +
0.59e 0.18 e 0.49C 0.23 ab 0.67 bc 0.23c 0.22c 0.32 bc 0.88c 0.08 ab
TiO2-High 20.93 + 6.20 = 12.61 + 4.67 + 17.28 + 5.56 + 555+ 8.06 £ 30.22 + 2.23 +
1.11 ab 0.32 ab 1.42 abc 0.36 ab 1.73 abc 0.63 abc 0.62 abc 0.76 abc 1.64 a 0.15ab
TiO2- 21.42 + 6.83 12.39 + 5.08 £ 17.47 5.64 5.63 % 8.06 £ 30.07 + 231+
Medium 0.93 a 0.27 a 1.53 bc 0.46 ab 1.90 abc 0.67 abc 0.67 abc 0.87 abc 1.18 a 0.14 a
TiO2-Low 18.02 5.23 % 10.39 4.06 + 14.44 + 4,78 + 4,77 + 7.00 = 2555+ 215+
1.52 abcd 0.43 bcde 0.97 bc 0.32b 1.23 bc 0.42 bc 0.41 bc 0.54 bc 2.15 abc 0.11b
ZnO-High 17.00 5.30 + 11.78 £ 4,78 + 16.56 + 531+ 5.30 + 7.81 % 24.84 + 2.48 +
1.31 bcde 0.40 bcd 1.68 bc 0.58 ab 2.17 bc 0.73 bc 0.72 bc 0.97 abc 1.87 abc 0.46 ab
Zn0O- 15.83 4,84 + 17.42 + 6.06 + 23.47 7.75 7.75 % 10.69 + 22.77 2.69
Medium 1.54 de 0.47 cde 4,34 a 1.49 a 5.82 a 1.98 a 1.97 a 271a 2.17 bc 0.17 ab
ZnO-Low 16.29 + 522 + 9.22 3.81+ 13.03 433+ 4,33 + 6.28 24,75 + 2.65*
1.26 cde 0.38 bcde 1.04c 0.41b 1.34c 0.42c 0.42c 0.56 ¢ 1.90 abc 0.36 ab
Fe;0,-High 18.33 5.90 + 12.03 £ 4,19 + 16.22 + 5.50 + 55+ 7.69 26.46 + 248
1.19 abcd 0.37 abc 1.54 bc 0.40 ab 1.89 bc 0.71 abc 0.71 abc 0.88 abc 1.76 ab 0.16 ab
Fe;0,- 15.65 * 4,58 + 12.67 £ 433+ 17.00 + 581+ 5.8 +0.57 8.17 £0.82 25.50 + 2.56
Medium 1.36 de 0.39 de 1.23 abc 0.50 ab 1.69 abc 0.58 abc abc abc 2.20 abc 0.12 ab
Fe;0,-Low 19.23 + 579+ 12.00 + 5.48 + 16.58 + 5.47 + 5.47 + 7.78 + 29.11 + 2.47 +
1.12 abcd 0.32 abc 1.30 bc 0.56 ab 1.82 bc 0.58 abc 0.57 abc 0.83 abc 1.68 a 0.15 ab
CuO-High 21.38 + 6.83 12,97 + 4,56 + 1753 5.78 + 5.77+0.76 | 8.03+1.05 29.11 + 2.63 *
1.05a 0.32a 1.46 abc 0.37 ab 1.76 abc 0.77 abc abc abc 1.37 a 0.19 ab
CuO- 20.33 + 6.68 * 14,94 + 511+ 20.06 + 7.08 +1.05 7.08 £ 9.67 * 28.33 295+
Medium 0.96 abc 0.32a 1.12 ab 0.47 ab 1.53 ab ab 1.04 ab 1.37 ab 1.29 ab 0.36 a
CuO-Low 16.73 5.82 + 12.22 + 4,72 + 16.94 + 4,86 + 4.86 + 6.92 + 24.34 + 2.49 +
1.17 cde 0.35 abc 1.23 bc 0.53 ab 1.72 abc 0.44 bc 0.43 bc 0.59 bc 1.57 abc 0.21 ab
F-value 7.76 9.45 2.55 1.04 2.14 2.21 2.21 1.77 5.605 1.34
P-value 0.00 0.00 0.00 0.041 0.02 0.01 0.01 0.04 0.00 0.02
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Table 5. Statistics on the Interactive Effect of Nanoparticle Type and Dose on
Seedling Survival

Total Seedling of Seedling of Percentage
NP Types/Doses Seedling Drying Survival (%)
Number Number Number
Control 360 139 221 61.39
TiO2-High 60 7 53 88.33
TiO2-Medium 60 3 57 95.00
TiO2-Low 60 16 44 73.33
ZnO-High 60 14 46 76.67
ZnO-Medium 60 19 41 68.33
ZnO-Low 60 13 47 78.33
Fez;0,4-High 60 10 50 83.33
Fe;04-Medium 60 16 44 73.33
Fe;O,-Low 60 8 52 86.67
CuO-High 60 5 55 91.67
CuO-Medium 60 5 55 91.67
CuO-Low 60 9 51 85.00

When studies on various plant species are examined, it is apparent that the effects
of NP solutions applied in different types and doses vary considerably (Dogaroglu and
Koleli 2016; Ayan et al. 2021). In a study conducted by Sharma et al. (2012) on mustard
plants, it was reported that the application dose of AgNPs was important and had a positive
effect on the vitality indices of seedlings. Trees are able to successfully absorb Au-NPs and
transport them through the plant system, according to Ballikaya et al. (2022) using species-
specific modes of interaction linked to physical and physiological parameters. Through
contrasting leaf-to-root and root-to-leaf paths, it was determined that two significant tree
species, European beech (Fagus sylvatica L.) and Scots pine, are capable of absorbing and
transporting differently charged Au-NPs into their stem. In both species, roots and leaves
absorbed Au-NPs, and a tiny portion was also transferred to the stem. Au-NPs moved from
leaves to roots but not the other way around. Askary et al. (2016) found that the application
of Fe203 NP solution had a positive effect on seedling growth in mint plants, while
Almutairi (2017) reported that NP application for cress plants promoted growth. Similarly,
Vannini et al. (2013) reported that NP application increased root elongation in arugula
plants. However, Zhu et al. (2008), in a study examining the effect of FesO4 NPs, found
that zucchini plants grown in an agueous medium containing NPs accumulated NPs, but
they could not determine whether this accumulation had a positive or negative effect on
the plant. Further, in Calbay (2014) in the root tip cells of the onion plant, it was revealed
that CuO NPs negatively affected growth. The effect of Ag-NPs and Cu-NPs on growth
factors and spontaneous mycorrhizal colonization of roots in Scots pine seedlings raised in
containers for two years was investigated. Nanoparticles were applied to leaves four times
over the course of two growth seasons, at concentrations of 0, 5, 25, and 50 ppm. At all
doses, the applied Cu-NPs promoted mycorrhizal colonization (Aleksandrowicz-Trzcinska
et al. 2018). Fe-NPs and Cu-NPs solutions were applied to Scots pine seeds in a laboratory
setting to increase their seeding properties and significantly lower the likelihood of mold
damage to the seedlings (Polischuk et al. 2018). When pine seeds were germinating, the
presence of Fe-NPs and Cu-NPs with sizes between 35 and 60 nm in a nutritional medium
at concentrations between 2.10 and 4% and 2.10 to 2% significantly improved the
germinating viability and energy. High concentrations prevent the availability of pine seeds
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because the increased amount of NPs (10%) lowers availability and germination energy
(Polischuk et al. 2018). In this study, NPs applied in four different types (TiOz2, ZnO, Fe;Oa,
and CuO) positively affected seedling characteristics, such as SH, RCD, fresh, and dry
(root, stem, and seedling) weights. In another study similar to this study, it was reported
that high concentrations of TiO2 NP treatment increased root growth of plants and TiOz,
positively contributed to root radicle elongation as the NP dose increased, and also
positively affected the development of root collar diameters (Clement et al. 2013;
Dogaroglu and Koleli 2016). Similar results were found in this study in terms of SH
development, and it was determined that TiO2 had the highest effect on SH development
and TiO2-Medium treatment combination was the most effective. In this study, it was also
demonstrated that "CuO-High", "CuO-Medium"”, and "TiO2-Medium" NP treatments
yielded good results in the development of RCD.

Researching the traits of plant growth when copper is added to the medium,
however, is pertinent given the widespread usage of copper nanoparticles, particularly their
application in the pre-sowing treatment of plant seeds. The growth characteristics of Scots
pine during cultivation in a medium containing copper nanoparticles were examined in the
current work. According to studies, growing pine in a media containing copper
nanoparticles at concentrations of 0.025 to 0.1 M fully prevents the root system from
developing. Growing the root in a medium with copper nanoparticles at a concentration of
6.25 mmol reduces the root's length to 27.9 mm and mass to 19.6 mg (Ryabinina et al.
2019). Raskar and Laware (2014) reported that ZnO NPs had positive effects on seed
germination and root growth at low doses. In addition, a study on maize and rye plants
reported that ZnO NPs inhibited the growth of plants at high concentrations of 2000 mg/L
(Lin and Xing 2007). The majority of investigations have demonstrated that plants exposed
to AgNP suffer negative growth effects. Depending on the plant species, growth
circumstances (such as growing in soil or other nutrient media), and the amount and type
of applied AgNP, the AgNP have distinct impacts on plants. According to Bayramzadeh et
al. (2018), raising the concentration of Ag NP was demonstrated to have a substantial
negative impact on Scots pine's early development characteristics when compared to
controls for all planting dates. Silver nanoparticles in soil exhibited inhibitory effects on
Scots pine seed germination and growth characteristics, and as time progressed, these
inhibitory and harmful effects subsided (Bayramzadeh et al. 2018). The highest AgNP
level considerably reduced pine seedlings' root length after just one month, which in turn
had a negligible impact on the biomass of above-ground plants. However, both of the used
AgNP levels significantly decreased the biomass of the pine roots and shoots after 4 months
of growth (Sweet and Singleton 2015). According to research by Aleksandrowicz-Trzciska
et al. (2019), the application of AgNPs causes Scots pine dry mass mycorrhizal
colonization to rise at low concentrations of both 5 and 50 ppm. However, Scots pine and
pedunculate oak seedlings that were one year old experienced some toxicity when exposed
to AgNPs and CuNPs at greater doses of 25 and 50 ppm. Ayan et al. (2021) studied red
pine seeds sown in the field according to the randomized blocks experimental design under
field conditions. Eight different NP types (Silica, TiOz, CuO, Fe20s, FesOas, Au, Ag, and
ZnO) and their five different dose levels were applied, and the effect of NP factor on SH,
RCD, and FY of germinated seedlings was examined. It was determined that NP
application had a negative effect on SH, RCD, and FY of germinated seedlings compared
to the control group. Iron nanoparticles were shown to not affect the germination of seeds,
but at the highest experimental dosage (100 mmol/L), they shortened the shoot and
hindered the development of the root system (Kalyakina et al. 2019). In contrast to these
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studies, Celikbas (2019a, 2019b) observed that high doses (1200 mg/L and 2000 mg/L) of
NP applications had positive effects on germination and growth in studies conducted on
black pine and Scots pine seedlings. In this study conducted on Scots pine seedlings in the
afforestation area, it was determined that seedling growth was positively influenced as the
dose level of NP applications increased. Supporting the results of this study, Lin and Xing
(2007) also emphasized that 2000 mg/L ZnO NP application promoted germination and
root development. In this study, in this regard, it was determined that the seedlings with
NP Type-Dose interactive application had thicker seedling RCD and higher SH and weight
values compared to the control seedlings.

CONCLUSIONS

1. In the present study, nanoparticle (NP) types and doses had significant effects on pine
seedling morphological characteristics. Higher values were obtained compared to
control seedlings.

2. The binary interaction effects of NP types and doses had a significant effect on all
seedling variables, and higher values were obtained compared to the control treatment.

3. Medium and high NP doses were more effective in seedling development than low
doses, and especially the positive effect of TiO2-Medium dose NP treatment
combination on seedling survival rate was determined.

4. These preliminary results may provide a basis for the use of NP applications in
afforestation studies. Furthermore, the results of this study are valuable in determining
the positive and negative effects of NPs and their application doses on the development
of woody taxa and in providing ideas for further research on seedling production studies
to determine whether NP application will affect the amount of carbon to be stored in
the plants.

ACKNOWLEDGEMENTS

This study was produced from the Master’s thesis prepared by Muhammed
Eskiomer under the supervision of Prof. Dr. Sezgin Ayan at Kastamonu University,
Institute of Science and Technology, Department of Forestry Engineering.

Declaration of Interests
The authors declare that they have no competing interests.

Funding

This study was produced by taking the facilities of the KUBAP-01/2017-11 project
supported by the Scientific Research Project Coordination Office of Kastamonu
University.

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8567



PEER-REVIEWED ARTICLE b | oresources.com

REFERENCES CITED

Aleksandrowicz-Trzcinska, M., Bederska-Btaszczyk, M., Szaniawski, A., Olchowik, J.,
and Studnicki, M. (2019). “The effects of copper and silver nanoparticles on
container-grown Scots pine (Pinus sylvestris L.) and pedunculate oak (Quercus robur
L.) seedlings,” Forests 10(3), article 269. DOI: 10.3390/f10030269

Aleksandrowicz-Trzcinska, M., Szaniawski, A., Studnicki, M., Bederska-Blaszczyk, M.,
Olchowik, J., and Urban, A. (2018). “The effect of silver and copper nanoparticles on
the growth and mycorrhizal colonisation of Scots pine (Pinus sylvestris L.) in a
container nursery experiment,” iForest - Biogeosciences and Forestry 11(5), 690-697.
DOI: 10.3832/ifor2855-011

Almutairi, Z. M. (2017). “Expression profiling of certain MADS-box genes in
Arabidopsis thaliana plant treated with silver nanoparticles,” Czech Journal of
Genetics and Plant Breeding 53(1), 30-36. DOI: 10.17221/130/2015-cjgpb

Aphalo, P., and Rikala, R. (2003). “Field performance of silver-birch planting-stock
grown at different spacing and gn containers of different volume,” New Forests 25,
93-108.

Ardestani, M. S., Fordoei, A. S., Abdoli, A., Ahangari Cohan, R., Bahramali, G., Sadat,
S. M., Siadat, S. D., Moloudian, H., Nassiri Koopaei, N., Bolhasani, A., et al. (2015).
“Nanosilver based anionic linear globular dendrimer with a special significant
antiretroviral activity,” Journal of Materials Science: Materials in Medicine 26(5),
article 179. DOI: 10.1007/s10856-015-5510-7

Ashkavand, P., Tabari, M., Zarafshar, M., Tomaskova, 1., and Struve, D. (2015). “Effect
of SiO2 nanoparticles on drought resistance in hawthorn seedlings,” Forest Research
Papers 76(4), 350-359. DOI: 10.1515/frp-2015-0034

Askary, M., Talebi, S. M., Amini, F., and Bangan, A. D. B. (2016). “Effect of NaCl and
iron oxide nanoparticles on Mentha piperita essential oil composition,”
Environmental and Experimental Biology 14(1), 27-32. DOI: 10.22364/eeb.14.05

Avellan, A., Yun, J., Morais, B. P., Clement, E. T., Rodrigues, S. M., and Lowry, G. V.
(2021). “Critical review: Role of inorganic nanoparticle properties on their foliar
uptake and in planta translocation,” Environmental Science & Technology 55(20),
13417-13431. DOI: 10.1021/acs.est.1c00178

Ayan, S. (2002). “Determination of the properties of growing media and production
technique for containerized oriental spruce (Picea orientalis (L.) Link.) seedling,”
(Doktora tezi) Karadeniz Teknik Universitesi, Fen Bilimleri Enstitiisii, Trabzon.

Ayan, S., Yer Celik, E. N., Firat, Z., and Gulseven, O. (2021). “Agik arazi kosullarinda
kizilgam (Pinus brutia Ten.) tohumlarinin fidan gelisimi ve fidan yiizdesi tizerine bazi
nanopartikiil uygulamalarinin etkisi [Effects of some nanoparticle applications on
seedling growth and percentage of Brutian pine (Pinus brutia Ten.) in open field
conditions],” Mehmet Akif Ersoy Universitesi Fen Bilimleri Enstitiisii Dergisi 12(2),
278-286. DOI: 10.29048/makufebed.940151

Azura, M. N., Zamri, |, Rashid, M. R., Shahrin, G. M., Rafidah, A. R., Rejab, I. M., and
Amyita, W. U. (2017). “Evaluation of nanoparticles for promoting seed germination
and growth rate in MR263 and MR269 paddy seeds,”” Journal Tropical Agricultural
Food Science 45, 13-24.

Ballikaya, P., Brunner, I., Cocozza, C., Grolimund, D., Kaegi, R., Murazzi, M. E.,
Schaub, M., Schonbeck, L. C., Sinnet, B., and Cherubini, P. (2022). “First evidence
of nanoparticle uptake through leaves and roots in beech (Fagus sylvatica L.) and

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8568



PEER-REVIEWED ARTICLE b | oresources.com

pine (Pinus sylvestris L.),” Tree Physiology 43(2), 262-276. DOI:
10.1093/treephys/tpacl17

Bayramzadeh, V., Mortazavi, E., Davoodi, M. H., Kheiri, S., and Hossein Ashrafi, S. K.
(2018). “The durability of negative effects of silver nanoparticles on seed germination
and growth characteristics of Scots pine (Pinus sylvestris L.) in soil,” Iranian Journal
of Forest and Poplar Research 26(1), article ID 116504. DOI:
10.22092/ijfpr.2018.116504

Bernhardt, E. S., Colman, B. P., Hochella, M. F., Jr, Cardinale, B. J., Nisbet, R. M.,
Richardson, C. J., and Yin, L. (2010). “An ecological perspective on nanomaterial
impacts in the environment,” Journal of Environmental Quality 39(6), 1954-1965.
DOI: 10.2134/jeq2009.0479

Calbay, O. (2014). Bakir Oksit ve Silikon Dioksit Nanopartikiillerinin Allium Cepa’daki
Genotoksik Etkileri [Genotoxic Effects of Copper Oxide and Silicon Dioxide
Nanoparticles on Allium Cepa], Yiksek Lisans Tezi [Master's Thesis], Gazi
Universitesi Fen Bilimleri Enstitiisii [Gazi University Institute of Science and
Technology], Ankara, Turkey.

Cao, J.,, Feng, Y., He, S., and Lin, X. (2017). “Silver nanoparticles deteriorate the mutual
interaction between maize (Zea mays L.) and arbuscular mycorrhizal fungi: A soil
microcosm study,” Applied Soil Ecology 119, 307-316. DOI:
10.1016/j.aps0il.2017.04.011

Clement, L., Hurel, C., and Marmier, N. (2013). “Toxicity of TiO2 nanoparticles to
cladocerans, algae, rotifers and plants - effects of size and crystalline structure,”
Chemosphere 90(3), 1083-1090. DOI: 10.1016/j.chemosphere.2012.09.013

Celikbas, A. (2019). Bazi Nano Partikiillerin Anadolu Karagami (Pinus nigra Arnold.
subsp. pallasiana Lamb. (Holmboe)) Tohumlarinin Cimlenmesi Uzerindeki Etkisi
[Effect of Some Nanoparticles On Seed Germination of Anatolian Black Pine (Pinus
Nigra Arnold. Subsp. Pallasiana Lamb. (Holmboe))], Yiiksek Lisans Tezi [Master's
Thesis], Kastamonu Universitesi Fen Bilimleri Enstitiisii [Kastamonu University
Institute of Science and Technology], Kastamonu, Turkey.

Dietz, K. J., and Herth, S. (2011). “Plant nanotoxicology,” Trends in Plant Science
16(11), 582-589. DOI: 10.1016/j.tplants.2011.08.003

Dogaroglu, Z. G., and Koleli, N. (2016). “Titanyum dioksit ve titanyum dioksit-giimiis
nanopartikillerinin marul (Lactuca sativa) tohumunun ¢imlenmesine etkisi [Effect of
titanium dioxide and titanium dioxide-silver nanoparticleson seed germination of
lettuce (Lactuca sativa)],” Cukurova Universitesi Mihendislik-Mimarhik Fakiiltesi
Dergisi 31(0S2), 193-198. DOI: 10.21605/cukurovaummfd.316762

Du, W., Sun, Y., Ji, R., Zhu, J., Wu, J., and Guo, H. (2011). “TiO2 and ZnO nanoparticles
negatively affect wheat growth and soil enzyme activities in agricultural soil,”
Journal of Environmental Monitoring 13(4), 822-828. DOI: 10.1039/c0em00611d

Dubchak, S., Ogar, A., Mietelski, J. W., and Turnau, K. (2010). “Influence of silver and
titanium nanoparticles on arbuscular mycorrhiza colonization and accumulation of
radiocaesium in Helianthus annuus,” Spanish Journal of Agricultural Research
8(S1), 103-108. DOI: 10.5424/sjar/201008S1-1228

Feng, Y., Cui, X., He, S., Dong, G., Chen, M., Wang, J., and Lin, X. (2013). “The role of
metal nanoparticles in influencing arbuscular mycorrhizal fungi effects on plant
growth,” Environmental Science & Technology, 47(16), 9496-9504. DOI:
10.1021/es402109n

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8569



PEER-REVIEWED ARTICLE b | oresources.com

Gurmen, S., and Ebin, B. (2008). “Nanopartikiller ve Uretim Yontemleri-1,” TMMOB
Metalurji Miihendisleri Odasi. Metalurji Dergisi 150, 31-38.

Judy, J. D., Kirby, J. K., Creamer, C., McLaughlin, M. J., Fiebiger, C., Wright, C.,
Cavagnaro, T. R., and Bertsch, P. M. (2015). “Effects of silver sulfide nanomaterials
on myecorrhizal colonization of tomato plants and soil microbial communities in
biosolid-amended soil,” Environmental Pollution 206, 256-263. DOI:
10.1016/j.envpol.2015.07.002

Kalyakina, R. G., Maiski, R. A., and Ryabukhina, M. V. (2019). “Influence of different
forms of iron on the morphobiological indicators of Pinus sylvestris,” IOP
Conference Series: Materials Science and Engineering 687(6), article ID 066044.
DOI: 10.1088/1757-899x/687/6/066044

Kaweeteerawat, C., Ivask, A., Liu, R., Zhang, H., Chang, C. H., Low-Kam, C., Fischer,
H., Ji, Z., Pokhrel, S., Cohen, Y., et al. (2015). “Toxicity of metal oxide nanoparticles
in Escherichia coli correlates with conduction band and hydration energies,”
Environmental Science & Technology 49(2), 1105-1112. DOI: 10.1021/es504259s

Khan, M., Khan, M. S. A,, Borah, K. K., Goswami, Y., Hakeem, K. R., and Chakrabartty,
I. (2021). “The potential exposure and hazards of metal-based nanoparticles on plants
and environment, with special emphasis on ZnO NPs, TiOz2 NPs, and AgNPs: A
review,” Environmental Advances 6, article ID 100128. DOI:
10.1016/j.envadv.2021.100128

Kundu, S., Adhikari, T., and Rao, A. S. (2015). “Nanotechnology, plant nutrition and
climate change,” Climate Dynamics in Horticultural Science 2, 141.

Kuzma, J. (2008). “Agrifood nanotechnology: Upsream assessment of risk and
oversight,” Center for Science, Technology, and Public Policy Humphrey Institute,
University of Minnesota, Minneapolis, MI, USA.

Lebedev, S., Yausheva, E., Galaktionova, L., and Sizova, E. (2016). “Impact of
molybdenum nanoparticles on survival, activity of enzymes, and chemical elements
in Eisenia fetida using test on artificial substrata,” Environmental Science and
Pollution Research 23(18), 18099-18110. DOI: 10.1007/s11356-016-6916-6

Li, J., Song, Y., Wu, K., Tao, Q., Liang, Y., and Li, T. (2018). “Effects of Cr(2)O(3)
nanoparticles on the chlorophyll fluorescence and chloroplast ultrastructure of
soybean (Glycine max),” Environmental Science and Pollution Research 25(20),
19446-19457. DOI: 10.1007/s11356-018-2132-x

Lin, D., and Xing, B. (2007). “Phytotoxicity of nanoparticles: Inhibition of seed
germination and root growth,” Environmental Pollution 150(2), 243-250. DOI:
10.1016/j.envpol.2007.01.016

Lv, J., Christie, P., and Zhang, S. (2019). “Uptake, translocation, and transformation of
metal-based nanoparticles in plants: Recent advances and methodological
challenges,” Environmental Science: Nano 6(1), 41-59. DOI: 10.1039/c8en00645h

Ma, X., and Wang, C. (2010). “Fullerene nanoparticles affect the fate and uptake of
trichloroethylene in phytoremediation systems,” Environmental Engineering Science
27(11), 989-992. DOI: 10.1089/ees.2010.0141

Ma, X., and Yan, J. (2018). “Plant uptake and accumulation of engineered metallic
nanoparticles from lab to field conditions,” Current Opinion in Environmental
Science and Health 6, 16-20. DOI: 10.1016/j.coesh.2018.07.008

Miller, J. C., Serrato R., Represas Cardenas, J. M., and Kundahl, G. ( 2004). The
Handbook of Nanotechnology, John Wiley & Sons, Inc., Hoboken, NJ, USA.

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8570



PEER-REVIEWED ARTICLE b | oresources.com

Nel, A., Xia, T., Madler, L., and Li, N. (2006). “Toxic potential of materials at the
nanolevel,” Science 311(5761), 622-627. DOI: 10.1126/science.1114397

Olchowik, J., Bzdyk, R., Studnicki, M., Bederska-Btaszczyk, M., Urban, A., and
Aleksandrowicz-Trzcinska, M. (2017). “The effect of silver and copper nanoparticles
on the condition of english oak (Quercus robur L.) seedlings in a container nursery
experiment,” Forests 8(9), article 310. DOI: 10.3390/f8090310

Polischuk, S., Fadkin, G., Churilov, D., Churilova, V., and Churilov, G. (2018). “The
stimulating effect of nanoparticle suspensions on seeds and seedlings of Scotch pine
(Pinus sylvéstris),” IOP Conference Series: Earth and Environmental Science 226,
article 1D 012020. DOI: 10.1088/1755-1315/226/1/012020

Rai, M. K, Deshmukh, S. D., Ingle, A. P., and K, G. A. (2012). “Silver nanoparticles: The
powerful nanoweapon against multidrug-resistant bacteria,” Journal of Applied
Microbiology 112(5), 841-852. DOI: 10.1111/j.1365-2672.2012.05253.x.

Rajput, V. D., Minkina, T., Sushkova, S., Tsitsuashvili, V., Mandzhieva, S., Gorovtsov,
A., Nevidomskyaya, D., and Gromakova, N. (2018). “Effect of nanoparticles on crops
and soil microbial communities,” Journal of Soils and Sediments 18(6), 2179-2187.
DOI: 10.1007/s11368-017-1793-2

Rao, C. N. R., Miller, A., and Cheetham, A. K. (2005). The Chemistry of
Nanomaterials, WILEY-VCH Verlag GmbH and Co. KgaA, Weinheim, Germany.

Raskar, S., and Laware, S. ( 2014). “Effect of zinc oxide nanoparticles on cytology and
seed germination in onion,” International Journal of Current Microbiology and
Applied Sciences 3(2), 467-473.

Ruffini, C. M., and Cremonini, R. (2009). “Nanoparticles and higher plants,” Caryologia
62(2), 161-165. DOI: 10.1080/00087114.2004.10589681

Ruttkay-Nedecky, B., Krystofova, O., Nejdl, L., and Adam, V. (2017). “Nanoparticles
based on essential metals and their phytotoxicity,” Journal of Nanobiotechnology
15(1), article 33. DOI: 10.1186/s12951-017-0268-3

Ryabinina, Z. N., Kalyakina, R. G., Nemereshina, O. N., Gusev, N. F., and Ryabukhina,
M. V. (2019). “Peculiarities of growth and development of Pinus sylvestris L. when
cultivated in the medium containing copper nanoparticles,” IOP Conference Series:
Earth and Environmental Science 341(1), article ID 012096. DOI: 10.1088/1755-
1315/341/1/012096

Servin, A., Elmer, W., Mukherjee, A., De la Torre-Roche, R., Hamdi, H., White, J. C.,
Bindraban, P., and Dimkpa, C. (2015). “A review of the use of engineered
nanomaterials to suppress plant disease and enhance crop yield,” Journal of
Nanoparticle Research 17(2), article 92. DOI: 10.1007/s11051-015-2907-7

Sharma, P., Bhatt, D., Zaidi, M. G., Saradhi, P. P., Khanna, P. K., and Arora, S. (2012).
“Silver nanoparticle-mediated enhancement in growth and antioxidant status of
Brassica juncea,” Applied Biochemistry and Biotechnology 167(8), 2225-2233. DOI:
10.1007/s12010-012-9759-8

Sweet, M. J., and Singleton, I. (2015). “Soil contamination with silver nanoparticles
reduces Bishop pine growth and ectomycorrhizal diversity on pine roots,” Journal of
Nanoparticle Research 17(11), article 448. DOI: 10.1007/s11051-015-3246-4

Tunca, E. U. (2015). “Nanoteknolojinin temeli nanopartikiller ve nanopartikillerin
fitoremediasyonu [Nanoparticles as the base of nanotechnology and phtyoremediation
of nanoparticles],” Ordu Universitesi Bilim ve Teknoloji Dergisi 5(2), 23-34.

Vannini, C., Domingo, G., Onelli, E., Prinsi, B., Marsoni, M., Espen, L., and Bracale, M.
(2013). “Morphological and proteomic responses of Eruca sativa exposed to silver

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8571



PEER-REVIEWED ARTICLE b | oresources.com

nanoparticles or silver nitrate,” PL0S One 8(7), Article ID e68752. DOI:
10.1371/journal.pone.0068752

Wang, P., Lombi, E., Zhao, F. J., and Kopittke, P. M. (2016). “Nanotechnology: A new
opportunity in plant sciences,” Trends in Plant Science 21(8), 699-712. DOI:
10.1016/j.tplants.2016.04.005

Xue, B., He, D., Gao, S., Wang, D., Yokoyama, K., and Wang, L. (2016). “Biosynthesis
of silver nanoparticles by the fungus Arthroderma fulvum and its antifungal activity
against genera of Candida, Aspergillus and Fusarium,” International Journal of
Nanomedicine 11, 1899-1906. DOI: 10.2147/1IJN.S98339

Yausheva, E., Sizova E., Gavrish, I. A., Lebedev, S., and Kayumov, F. (2017). “Effect of
Al203 nanoparticles on soil microbiocenosis, antioxidant status and intestinal
microflora of red Californian worm,” Agricultural Biology 52(1), 191-199. DOI:
10.15389/agrobiology.2017.1.191rus

Yin, L., Colman, B. P., McGill, B. M., Wright, J. P., and Bernhardt, E. S. (2012).
“Effects of silver nanoparticle exposure on germination and early growth of eleven
wetland plants,” PLoS One 7(10), article ID e47674. DOI:
10.1371/journal.pone.0047674

Zakharova, O., Kolesnikova, E., Strekalova, N., and Gusev, A. (2019). “Effects of silver
nanoparticles and zirconium trisulphide nanoplates on the adaptation of woody
species microclones to ex vitro conditions,” |IOP Conference Series: Earth and
Environmental Science 392(1), article 012025. DOI: 10.1088/1755-
1315/392/1/012025

Zhu, H., Han, J., Xiao, J. Q., and Jin, Y. (2008). “Uptake, translocation, and
accumulation of manufactured iron oxide nanoparticles by pumpkin plants,” Journal
of Environmental Monitoring 10(6), 713-717. DOI: 10.1039/b805998e

Article submitted: August 24, 2023; Peer review completed: October 7, 2023; Revised
version received: October 16, 2023; Accepted: October 17, 2023; Published: October 30,
2023.

DOI: 10.15376/biores.18.4.8557-8572

Ayan et al. (2023). “Nanoparticles & pine survival,” BioResources 18(4), 8557-8572. 8572



