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Abstract

Boron (B) is a well-known essential element for plant growth, but B supplementation is not widely considered for broad-
leaved seedlings because of the lack of B deficiency symptoms. The effects of B on various broad-leaved seedlings in tree
nurseries need to be discovered and studied. We selected five native hardwood species commonly used in plantation forestry
in Taiwan. Moreover, five concentrations of B supplementation were designed to determine the growth response and nutri-
ent uptake of these seedlings. Supplementation with 10 mg L™ B nutrient solution, corresponding to 2 kg ha™! B, in the
growing season significantly increased the growth of most species. Excluding Zelkova serrata, which was confirmed as a
B-sensitive species in our study, the seedling height, dry weight, and total leaf area of the other species were increased by
21.2-30.3%, 23.2-41.3%, and 14.2-37.9%, respectively, by B supplementation versus the control, suggesting the existence
of a hidden hunger effect. Additionally, moderate B supplementation increased the levels of other nutrients, such as nitrogen,
phosphorus, magnesium, sodium, and potassium, whereas decreases of calcium levels were observed under the highest B
supplementation. Moreover, visible toxic symptoms such as chlorosis and necrosis of leaves and growth inhibition were
observed and enhanced by increasing the concentration of B. Our results demonstrated that the B management in the tree
nurseries of broad-leaved species is a key factor for obtaining high-quality seedlings, as optimum B supplementation helps
improve their growth and nutrient uptake.
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1 Introduction

Boron (B) is an essential element for plants, and its ben-
eficial effects on plant growth and development have been
described for more than a century (Mousavi and Raiesi
2022). Studies revealed that B deficiency decreases plant
yields (Rerkasem et al. 2020), root dry weight (Riisdnen
et al. 2007), and antioxidant enzyme levels (Wimmer and
Eichert 2013). B deficiency also inhibits root elongation
(Zhou et al. 2014), causes the loss of apical dominance
(Lehto et al. 2010), alters membrane potential and perme-
ability (Miihling et al. 1998), and impairs the structure and
functioning of the cell wall (Hu and Brown 1994). However,
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the required quantities of B are small, and soils with exces-
sive B levels cause obvious damage in plants. Many studies
exposed seedlings to different B concentrations, and higher
concentrations had toxic effects, leading to symptoms such
as inhibition of metabolic processes; decreased root growth,
plant height, and biomass; and leaf chlorosis and/or necrosis
(Ou et al. 2019; Reid et al. 2004; Riaz et al. 2021; Yildirim
and Uylas 2016). A number of review articles demonstrated
the important effects of B on plant growth (Brdar-Jokanovi¢
2020; Camacho-Cristobal et al. 2008; Garcia-Sanchez et al.
2020; Shireen et al. 2018). Although B has been proven to
improve plant growth, its metabolic role and essentiality
remain under debate (Gonzalez-Fontes 2019; Lewis 2019;
Wimmer et al. 2019).

The interactions of B with other nutrients have been
widely discussed (Nejad and Etesami 2020). Most pub-
lished reports focused on the antagonistic effect of many
nutrients in countering the toxicity of B. For example, ion
competition is considered to exist between phosphate and
borate because they share similarities in their physiological
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and biochemical functions, as they both act as active esters
and generate polyhydroxy complexes in conjunction with
certain organic compounds (Behera et al. 2023). This phe-
nomenon has been observed through studies showing that
phosphorus (P) supplementation decreased the B content
in plant tissue (Adak et al. 2018; Kaya et al. 2009). Simi-
lar effect was found in silicon (Si) because both Si and B
share the same transporters (Celikkol Akcay and Erkan
2016). Furthermore, ion competition is reported between
B and other nutrients or elements such as nitrate (Ouzou-
nidou et al. 2013), zinc (Zn) (Hosseini et al. 2007), cop-
per (Cu) (Hippler et al. 2016), and calcium (Ca) (Esringii
et al. 2011). However, Goldberg et al. (1996) noted that
the competitive effect on B adsorption with other anions
was small, and the B-adsorbing sites act independently of
competitive anions. Moreover, due to the dilution effect of
biomass increment induced by other nutrients, it is difficult
to confirm whether B uptake was inhibited by ion competi-
tion (Hua et al. 2021). Nevertheless, confirming changes
in nutrient levels in different parts of seedlings when using
B to improve seedling quality can help determine if the
quality changes are related to uptake of other nutrients.
An adequate supply of high-quality seedlings is one
component of successful afforestation/reforestation ini-
tiatives (Dey et al. 2010; He et al. 2012). For example, a
retrospective study spanning 25 years has proven that the
greater morphological attributes enhance seedling growth
after planting on forest restoration sites (Grossnickle and
MacDonald 2018). In addition, the silvicultural techniques
in particular optimum nutrition used in tree nurseries will
determine seedling quality and lead to a better field per-
formance (Chirino et al. 2009). The improvement of fer-
tilization in nurseries can significantly reduce the high
field mortality of seedlings while also offsetting the need
for early field fertilization (Villar-Salvador et al. 2004;
Schott et al. 2016). Previous studies examined the effects
of B on the morphological, physiological, and biochemi-
cal responses of plants; however, many of these studies
investigated food crops (Landi et al. 2019). Meanwhile,
Lehto et al. (2010) reviewed the role of B in forest trees
and forest ecosystems and identified some gaps in under-
standing B uptake by different tree species, as well as the
management of B fertilization for many tree plantations.
South (2021) summarized the research on B treatments
that caused toxic symptoms in tree seedlings, but most
of these studies were conducted in Pinus species. Addi-
tionally, B deficiency in broad-leaved seedlings in nurs-
eries is rare (May et al. 2009), leading to limited studies
compared to the number conducted using conifer species.
Nevertheless, the general B condition in regular nurser-
ies might limit plant growth without causing deficiency
symptoms, a phenomenon termed “hidden hunger” (South
2021). Therefore, verifying the effect of B fertilization on
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seedlings of different broad-leaved species might increase
the efficiency of silviculture.

In this study, we hypothesized that (1) the supplementa-
tion of B increases the B concentration in plants, but the
response varies among different plant organs and species;
(2) the content of various nutrients in different plant organs
and species is influenced by the supplemental B concentra-
tion; and (3) moderate concentrations of B supplementation
improve the growth performance of broad-leaved seedlings.
To test these hypotheses, we investigated the benefits of opti-
mal B fertilization management on improving the quality
of broad-leaved tree seedlings through the application of
different B concentrations.

2 Materials and Methods
2.1 Plant Materials and Growth Conditions

Five native broad-leaved tree species of Taiwan, namely,
Fraxinus griffithii C. B. Clarke, Cinnamomum camphora
(L.) Presl, Bischofia javanica Bl., Michelia compressa
(Maxim.) Sargent, and Zelkova serrata (Thunb.) Makino,
were selected as the experimental materials. Seeds of the
species were collected from tall, straight, thick, and rounded
mother trees in natural evergreen broad-leaved forests in
Wulai, New Taipei City, Taiwan (24° 50" 27" N, 121° 32’
01" E; 300-400 m above sea level). Seeds with dormancy
need to be treated before planting. For C. camphora, this
involves breaking dormancy through cold-wet stratifica-
tion (at 4 °C for 3 months) followed by immersion in a 15%
hydrogen peroxide solution for 30 min. For M. compressa,
cold-wet stratification alone is sufficient. Seeds of the other
species were reduced the moisture content to 5% and then
stored at 4 °C until planted. The pre-treated seeds of the
five species were kept for emergence on sand beds in Febru-
ary. Afterward, the seedlings were transplanted into tubes
(diameter: 9 cm, depth: 15 cm, volume: 630 cm®) contain-
ing vermiculite and peat moss (1:9, v/v) in April. Seedlings
were grown in an insect-free greenhouse constructed with
0.1-mm polyethylene film, which was covered with a shad-
ing screen and has a transparency of approximately 60%.
In addition, seedlings were fertilized biweekly with Peter’s
20-20-20 fertilizer (JR Peters, Allentown, PA, USA) until
the end of the experiment. The fertilizer was diluted to
achieve concentrations of 100 mg L™ nitrogen (N), 44 mg
L' P, 83 mg L~! potassium (K), 0.25 mg L~! magnesium
(Mg), 0.034 mg L' B, 0.020 mg L~! Cu, 0.250 mg L~! iron,
0.130 mg L~! manganese, 0.005 mg L™' molybdenum, and
0.0125 mg L' Zn, and 150 mL of the diluted fertilizer was
applied per tube. The fertilizer diluted at 100 mg L™' N was
used in other woody species in previous reports (Pomper
et al. 2003; Struve 2002).
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Seedlings were watered with tap water (no B detected).
Thus, the background B supplementation for each time was
estimated to be 0.00108 kg ha™!. For each species, we selected
240 healthy and homogeneous seedlings for the B supple-
mentation experiment, which used 5 B(OH); concentrations
(0 [control], 5, 10, 20, and 40 mg L‘l), 4 replicates, and 12
seedlings per replicate using a completely randomized design
(average value from 12 seedlings was used for each replicate).
B was supplied at 2 and 4 months after transplantation by
immersing the tubes in B(OH); solution for approximately
30 s (filled the medium pores with B solution, which was
allowed to seep naturally). For example, 5 mg L' B supple-
mentation corresponded to 0.99 kg ha™!; thus, the highest B
concentration (40 mg L™") was estimated to be approximately
8 kg ha~!. The seedlings were harvested, and the experiment
was terminated 6 months after transplantation (in October).
The average temperature in different months during trans-
plantation ranged from 19 to 24 °C. The pH of the growing
medium was tested, and a narrow pH range was identified
among different B treatments and species (5.4-6.5).

2.2 Determination of Growth Parameters

At the end of the experiment, the seedling height and root col-
lar diameter of each species were measured immediately. The
total leaf area was determined using a portable leaf area meter
(Model LI-3000, LI-COR, Lincoln, NE, USA). Afterward, the
seedlings were separated into roots, shoots, lower leaves, and
upper leaves (distinguished through the middle of the crown
length) and dried at 75 °C for 3 days, and their dry weights
were determined. Furthermore, we calculated growth associ-
ated parameters, including the specific leaf area (SLA) and leaf
area ratio (LAR) as allometric indices, and slenderness index
(SI), shoot/root (SR) ratio, and Dickson quality index (DQI) as
quality indices (Dickson et al. 1960; Thompson 1985), using
the following equations:

Leaf area (cm?2)

SLA =
Leaf dry weight (g)

Leaf area (cm2)

LAR = - -
Seedling dry weight (g)

Seedling height (cm)

" Root collar diameter (mm)

Shoot dry weight
SR ratio = OOt 1y Wels (g)

Root dry weight (g)

Seedling dry weight (g)

DQI =
Q SI + SR ratio

2.3 Determination of the Nutrient Content
in the Growing Medium and Different Plant
Organs

After the end of the experiment, the growing medium
of each species was collected, air-dried, and ground to
pass through a 2-mm sieve. N content in the medium
was analyzed using the adjusted Kjeldahl method
(Bremner 1960). Specifically, 1 g of medium, 3.5 g of
the catalyst (K,SO,:CuSO,:Se at 10:10:0.1), 3 mL of
ultrapure water, and 15 mL of 36 N H,SO, were placed
in a digestion flask, then placed on a hot plate that was
pre-heated to 100 °C, and then heated to 375 °C until
the digest cleared. The final volume of the solution was
increased to 75 mL using ultrapure water, and 10 mL of
the digested solution was then analyzed by the Kjeldahl
method using an automatic analyzer (Kjeltec Auto Sam-
pler System 1035 Analyzer, Tecator AB, Hoganis, Swe-
den). Moreover, the levels of minerals in the medium,
including Ca, Mg, K, sodium (Na), P, and B, were ana-
lyzed using the Mehlich-3 extraction procedure (Mehlich
1984). These nutrients were extracted by shaking 5 g of
each medium with 50 mL of Mehlich-3 solution (0.2 N
CH;COOH, 0.25 N NH,NO;, 0.015 N NH,F, 0.013 N
HNO;, 0.001 M EDTA [pH 2.5]) for 5 min at 25 °C. The
supernatant was filtered using 0.45-pm nylon syringe
filters (Pall, Port Washington, NY, USA) and analyzed
by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES; ULTIMA 2000, Horiba Jobin Yvon,
Longjumeau, France).

Different plant organs of the seedlings were dried at 75 °C
for 3 days and ground to pass through a 0.38-mm sieve. For
N determination, 0.2 g of the plant material was placed in a
digestion flask with 1 g of the catalyst (K,S0,:CuSO,:Se at
50:10:1), 2 mL of ultrapure water, and 10 mL of 36 N H,SO,
and analyzed as previously described. For the determina-
tion of other nutrients, the dry-ashing procedure was used
(Munter et al. 1984). Dried plant tissues (1 g) were weighed
in silica crucibles and ashed in an electric muffle furnace
(CWF 1100, Carbolite, Sheffield, UK) at 200 °C for 2 h,
followed by 400 °C for 1 h, and 550 °C for 3 h. The residue
was dissolved in 5 mL of 2 N HCI and then passed through
0.45-um PTEE syringe filters (Pall). The solution was made
to a final volume of 20 mL with ultrapure water and analyzed
by ICP-AES as previously mentioned.

2.4 Statistical Analysis
To test whether the growth parameters varied among dif-
ferent tree species and B treatments, two-way analysis of

variance (ANOVA) with replication (5 species X 5 boron
treatments) was performed, followed by application of
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the Holm-Sidak method (x=0.05). The B content in each
growth medium was analyzed using the same method.
Moreover, one-way ANOVA followed by the same post-
hoc analysis was performed to determine the difference
in the content of multiple nutrient elements between
different B treatments in the organs of each tree spe-
cies. All analyzed data had passed the normality (Sha-
piro—Wilk) and equal variance (Brown-Forsythe) tests
before conducting the two-way ANOVA. For the one-
way ANOVA, if either of the aforementioned tests failed,
the Kruskal-Wallis one-way ANOVA by ranks was used
instead, followed by application of the Tukey method
(a=0.05). Statistical analyses and graph drawing were
performed using SigmaPlot 14.0 (Systat Software Inc.,
Chicago, IL, USA).

3 Results

3.1 B Content in Different Plant Organs
and the Growing Medium

A significant two-way interaction between species and B
treatment was found in all plant organs. Regarding plant
organs, B was abundant in lower leaves, whereas its levels
were relatively lower in shoots and roots (Fig. 1). Gener-
ally, the B content in different plant organs increased with
increasing concentrations of B supplementation; however,
different trends were observed in different tree species.
For example, F. griffithii exhibited changes of lower sig-
nificance in B levels in upper and lower leaves, whereas
more significant and dramatic increases were detected in
other species, in particular C. camphora and B. javanica
(Fig. la, b). Under 40 mg L' B supplementation, the B
levels in the lower leaves of C. camphora and B. javanica
were 334.5+22.5 and 400.8 +32.3 mg kg~!, respectively,
which were 7—eightfold higher than those in F. griffithii.
Conversely, significant and large increases of B content in
shoots and roots were detected in F. griffithii under 40 mg
L~!' B supplementation (Fig. 1c, d). It is worth noting that
under the moderate B supplementation (10 mg L), no sig-
nificant differences were found in the upper and lower leaves
of Z. serrata (Fig. 1a, b). Moreover, excluding F. griffithii,
other species exhibited similar B contents in shoots under
different B concentrations (8.0-14.9 mg kg_l) (Fig. 1c). In
contrast, significant increases with the increasing B levels
can be found in the root of all the species (Fig. 1d). The
B content in the growing medium increased significantly
with increasing concentrations of B supplementation
(Fig. le). Under B supplementation at 0 and 40 mg L™,
the B levels in the growing medium were 0.29 +0.14 and
2.65+0.51 mg kg™!, respectively.
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3.2 Content of Nutrients in Different Plant Organs

Generally, the Ca content in different organs decreased with
increasing B concentrations in most plant species, especially
for F. griffithii (Fig. 2). Significant decreases were observed
mostly under 40 mg L™' B supplementation compared to the
control. By contrast, moderate B supplementation (10 mg
L") did not cause significant decreases of Ca content in
most of the plant organs among the plant species. Moreover,
Mg and K levels were significantly higher than the control
levels under moderate B supplementation among the plant
species excluding M. compressa and Z. serrata (Fig. 2). By
contrast, no significant decreases occurred under the 40 mg
L~! B supplementation versus the control in most plant
organs among the plant species. In addition, a significant
increase of Na content occurred in the roots of most species
under 5 mg L™! B supplementation, whereas other organs
exhibited higher content under 10 or 20 mg L' B supple-
mentation compared to the control. Furthermore, P and N
levels mostly increased among different species under 10 mg
L~! B supplementation (Fig. 2). For example, in the roots of
F. griffithii and B. javanica, significant increases of approxi-
mately 20% in P content were found compared to the control.
Moreover, the N content in the lower leaves of C. camphora
and the shoots of B. javanica showed a significant twofold
increase versus the control under 10 mg L™! B treatment.
Similarly, the N content in the roots of M. compressa and Z.
serrata also increased significantly under 10 mg L™!' B sup-
plementation. Conversely, under 40 mg L™ B treatment, the
P and N levels in the shoots of F. griffithii, C. camphora, and
B. javanica generally decreased. The P content in the roots
of M. compressa also decreased with increasing B concen-
trations. Additionally, no significant differences in the nutri-
ent contents of the growing medium were found among each
species under different B treatments (Table S1), suggesting
that the mineral levels were sufficient for plant growth.

3.3 Growth Responses of Different Species

The seedling height of most species increased signifi-
cantly following supplementation with 10 or 20 mg L~!
B, while Z. serrata showed significant decreases, par-
ticularly at 20 and 40 mg L™' B, compared to the control
(Fig. 3a). Similar results were found for the seedling dry
weight and total leaf area (Fig. 3c, g). Under 10 mg L™!
B treatment, the seedling height, dry weight, and total
leaf area of all species excluding Z. serrata increased by
21.2-30.3%, 23.2-41.3%, and 14.2-37.9%, respectively,
compared to the control. Contrarily, under 40 mg L'
B treatment, Z. serrata exhibited significant decreases
of the seedling height, dry weight, and total leaf area
(26.6%, 37.1%, and 29.3%, respectively), whereas no
significant differences were found at this concentration
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dry weight changes occurred simultaneously in different
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exhibited a significant increase in root collar diameter by
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Z. serrata showed a decreasing trend with increasing B
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levels, and a significant decrease of 19.8% under 40 mg
L~! B supplementation was observed (Fig. 3b). More-
over, visible toxic symptoms such as chlorosis/necro-
sis (tips of mature leaves), twisted leaf edges, and/or
defoliation were observed only in C. camphora and Z.
serrata under 20 and 40 mg L™' B treatment, and the
obvious toxic symptoms first occurred after 30 (Fig. 4a)
and 14 days (Fig. 4b) of 40 mg L™' B supplementation,
respectively.
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data represent the mean and standard deviation; the lowercase letters

3.4 Growth Associated Parameters of Different

Species

The results for SLA and LAR were similar in each spe-
cies, and significant changes were mostly recorded in C.
camphora and M. compressa (Table 1). We observed that
5 mg L™! B treatment significantly decreased SLA and LAR
in M. compressa, whereas it significantly increased these
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variables in C. camphora. In addition, the ST was smallest
in B. javanica (total mean, 6.81) and highest in F. griffithii
(total mean, 13.1); however, no significant differences were
found among different B treatments in these two species.
Conversely, 10 mg L™! B treatment significantly increased SI
in the other species compared to the control (15.3-21.6%).
Moreover, no significant two-way interaction was found for
the SR ratio, and the main effect was significant only for
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Fig.4 Toxic symptoms in seed-
lings appeared a after 30 days of
40 mg L™! boron supplementa-
tion in Cinnamomum camphora
and b after 14 days of 40 mg
L.”! B supplementation in
Zelkova serrata (arrows denote
the toxic symptoms including

chlorosis, necrosis, and twisted

leaf edges)

Table 1 Growth associated parameters of the experimental tree species under different boron treatments

Traits Boron treat-  Fraxinus griffithii Cinnamomum cam- Bischofia javanica Michelia compressa Zelkova serrata
ment (mg phora
LY
Mean SD Mean SD Mean SD Mean SD Mean SD
SLA 0 171.186%¢  9.001  208.652B°  21.652 260.383%% 25.485 2425454  26.285 250.950%*  11.063
em’g™ 5 184.733A¢ 8337  250.590%°  23.399 273.867%% 16.597 212.827%¢  9.992  253.9274% 8196
10 178.6154%¢ 9411  233.083"B® 21.078 257.817%% 6.049  236.0984B® 25437 258.712%%  6.025
20 177.8034¢ 14592 234.508%% 6.348  275.578%%  15.756 220.8824B°  10.003 250.5324%  12.397
40 172.4624¢ 4290  228.517°B% 19.649 282.2574%  14.033 241.140%B° 19.813 242.140%"  15.659
LAR 0 76.4074% 6291  87.152B% 17.373  79.2954B% 6966 859374 9.049  69.1754% 5720
em’g™ s 81.3884°  8.831  104.283** 12255 83.365%8® 9295  70.857B° 8.283  80.4034*  7.238
10 69.748%°  10.528 92.247AB2 7017  75.648B 7349  86.1954%® 13.950 77.2334% 3330
20 72.145%% 3137 90.865°B%  6.645  80.633%B® 6311  75.742°B° 8307  73.862"°  7.634
40 71.642%%  1.840  89.895B% 5211  90.580%* 8351  81.715%B® 14016 79.7424"  6.446
SI 0 12.6314%  0.728  8.2908¢ 1.089  6.18479 0.428  7.363B¢ 0.839  11.2738% 1441
(emmm™) 5 13.560%*  0.777  9.367°B¢ 0.781  6.5954¢ 0.568  8.0684Bd 0.670  12.503%B°  0.669
10 13.433%% 0452 9.697°° 1250 7.175%¢ 0359  8.9534° 0.891  13.002**  1.097
20 13.626%*  1.021  9.6387B¢ 0.825  6.951Ad 0.310  7.799ABd 0.598  12.350"B* 1374
40 12.443% 0,946  8.9954B¢ 0.740  7.152Ad 0375 795148« 0374 10242°°  1.144
SR ratio* 0 3.017 0.130  1.898 0279 2972 0.280  2.036 0.253 2453 0.229
5 2.801 0292 1913 0.175  2.663 0.304  1.974 0.169 2450 0.334
10 2.750 0266  1.927 0.162 2613 0.323  1.907 0.074 2490 0.210
20 2.880 0229 1934 0.037  2.605 0.171  1.881 0.037 2503 0.200
40 2.937 0209 1928 0.347  2.946 0.080  1.921 0.023 2530 0.092
DQI 0.6524¢ 0.054  0.951°B*  0.163  1.865"B% 0368  0.4947° 0.097  0.856"" 0.089
5 0.666"¢ 0.127  0.887°B>  0.178  1.862"B* 0219  0.611%° 0.073  0.693*B™ 0,100
10 0.786"¢ 0.085  1.0714° 0.167  2.041°B 0209 0.577M 0.108  0.623%B<«¢ 0,138
20 0.716"¢ 0.097  0.980B® 0206  2.0914 0.161  0.679%¢ 0.043  0.5378¢ 0.044
40 0.661°°  0.087  0.7465" 0.120  1.806% 0.132  0.564%° 0.046  0.5978° 0.061

The capital superscript letters indicate significant differences between boron concentrations, and the lowercase superscript letters indicate sig-
nificant differences between species (two-way analysis of variance), Holm-Sidak method, @=0.05, n=4. *No significant two-factor interaction.
Abbreviations: SLA, specific leaf area; LAR, leaf area ratio; SI, slenderness index; SR, shoot/root; DQI, Dickson quality index; SD, standard

deviation
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species differences (Table 1). DQI was highest under 10 or
20 mg L' B treatment in all species excluding Z. serrata,
but the differences versus the control were not significant.
Additionally, 40 mg L™! B treatment significantly decreased
DQI in C. camphora, B. javanica, and Z. serrata.

4 Discussion

B accumulation in different plant organs among different
species decreased in the order of mature leaves > young
leaves > roots ~ stems, in line with previous findings
(Garcia-Sanchez et al. 2020; Gimeno et al. 2012; Rees
et al. 2011). Generally, plants can regulate B levels in cells
through protein tunnels (major intrinsic protein family) and
BOR-type borate transporters (Onuh and Miwa 2021). In the
presence of sufficient concentrations, B in plants is primarily
transported passively along the transpiration streams, lead-
ing to accumulation at the end of the streams (Yoshinari
and Takano 2017), thereby leading to higher B content in
leaves. This is also why toxic symptoms such as chlorosis/
necrosis mostly occurred at leaf margins. Moreover, mature
leaves had higher B content than young leaves, proving the
limitation of B mobility (Brown and Hu 1998). Furthermore,
B accumulation in plants varies by species. For example,
Puccinellia distans was proven to tolerate > 6000 mg kg™
B in its shoots (Stiles et al. 2010). By contrast, B content is
relatively lower in monocotyledonous plants such as wheat,
barley, and maize, and toxic symptoms were observed in
these plants at tissue levels < 100 mg kg™' (Coskun et al.
2014; Gotz et al. 2021). Concerning tree species, in Norway
spruce, B levels of approximately 400 mg kg™! in needles
did not exert harmful effects on the growth or morphology
of the seedlings (Riikonen et al. 2013). Moreover, large
chlorotic and necrotic leaf areas developed when the B
content exceeded 900 mg kg™! in a Populus species (Rees
et al. 2011). In our study, C. camphora and B. javanica
accumulated B mostly in the lower leaves. However, only
C. camphora exhibited chlorosis at the leaf tips, suggesting
that B. javanica better resists B-induced toxicity. Previous
studies revealed that B. javanica grew rapidly, in line with
our results regarding growth response, and it was also con-
sidered a stress-tolerant species with high light acclimation
potential (Abe et al. 2020; Kamaluddin and Grace 1993;
Yazaki et al. 2015). Conversely, Z. serrata was identified
as a B-sensitive species in this study. The species displayed
moderate B accumulation in different organs, exhibited toxic
symptoms under B concentrations of >20 mg L', and the
B content in the lower and upper leaves was approximately
60 mg kg~'. F. griffithii is considered a pioneer species that
is similar to Z. serrata (Chen et al. 2021; Yulistyarini et al.
2020). However, F. griffithii accumulated relatively lower
B levels in leaves, and no visible toxic symptoms were

found. Generally, broad-leaved trees are considered more
sensitive to high B levels (Lehto et al. 2010). For example,
nine broad-leaved tree species, such as American sycamore,
water tupelo, and various oak species, exhibited leaf damage
(necrotic spotting) under treatment with 2 mg L™! B, and the
B content in leaves ranged from 61 to 210 mg kg™! (McLeod
and Ciravolo 1998). The present study demonstrated a sig-
nificant increase in B content in the organs of various tree
species with increasing concentrations of B application.
However, certain species, specifically C. camphora and Z.
serrata, exhibited adverse effects. Moreover, high concentra-
tions of B application in other species, which appeared visu-
ally normal, led to an inhibition of growth-promoting effects.
Overall, our results revealed differences in B accumulation
and tolerance among various broad-leaved species, sug-
gesting that B supplementation strategies in tree nurseries
should better be optimized for individual species. However,
the results of this study on different tree species indicate that
the use of 10 mg L™! B treatment in nursery management
may be a widely applicable method for broad-leaved seed-
lings, effectively increasing the B content in various organs
of different species, promoting the growth of most plants,
and avoiding adverse effects on appearance.

The cell wall is the main binding site of B, and the role
and function of B in cell wall assembly and growth involving
the cross-linking of pectin (rhamnogalacturonan II) are well-
documented (Blevins and Lukaszewski 1998; Kobayashi
et al. 1996; O'Neill et al. 2004). Similarly, Ca and B are
both considered apoplastic elements, and the maintenance
of cell wall integrity and rigidity via interactions with pectic
polymers relies on their collaboration (Matoh and Kobayashi
1998). Combined treatment with Ca and B leads to the high-
est marketable yield of tomatoes (Huang and Snapp 2004).
However, B localization in the cell wall can decrease the
cell wall permeability of Ca, highlighting a negative rela-
tionship between these elements (Turan et al. 2018). Simi-
larly, excess B was associated with reduced Ca content in
different plant organs and species in our study. Moreover,
significant decreases of Ca content under the highest B sup-
plementation (40 mg L™!) occurred in Z. serrata, which was
the B-sensitive species displaying visible adverse symptoms
in our experiment. Notably, except for Ca, no significant
reductions in other nutrient contents were observed in Z.
serrata under 40 mg L~! B supplementation compared to
the control, indicating a strong correlation between Ca and
the appearance of harmful symptoms in Z. serrata. This phe-
nomenon suggests that the tolerance of B-sensitive species is
associated with the maintenance of Ca levels. Previous stud-
ies reported that Ca supplementation can alleviate the toxic
effects of excess B (Metwally et al. 2018). Thus, the Ca/B
ratio could be an important factor for optimal plant growth
(Kanwal et al. 2008). Furthermore, ion competition occurred
between P (PO43') and B (BO33') because of their similar
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physiological transport mechanisms (Giines and Alpaslan
2000). This effect was also found between N (NO;™) and B
(BO33_) (Zhen et al. 2019). The aforementioned phenomena
were obvious in our results for the highest B concentration.
However, moderate B treatment (10 mg L™!) drastically
increased N levels in various plant organs among differ-
ent species, which agreed with the results of Koohkan and
Maftoun (2016), who identified the important relationship
between N and B and discovered that the application of B to
soil significantly increased the N content by 1.74-fold in the
shoots of Brassica napus. Similar increasing results were
also found in previous studies (Hosseini et al. 2007; Inal
and Tarakcioglu 2001). The increased N content could be
attributed to the enhanced nitrate reductase activity (Shen
et al. 1993) and rhizobia-mediated N fixation (Redondo-
Nieto et al. 2003) resulting from B application. Further-
more, our results indicated that moderate B supplementa-
tion increases Mg and K content in different plant organs,
demonstrating the effects of B application on macronutrient
accumulation. An optimum level of B has been proven to
increase membrane permeability of K* (Schon et al. 1990).
Additionally, research on the interactions between B and
Mg in plants is limited (Long and Peng 2023). In a previ-
ous study of tobacco, it was found that increased B applica-
tion led to a decrease in Mg uptake and translocation. This
effect was attributed to the increased K and Na levels, which
can compete with Mg for uptake sites (Lopez-Lefebre et al.
2002). However, we did not observe this phenomenon in
different species under the moderate B treatment, suggest-
ing an enhanced effect of comprehensive nutrient uptake
by optimum B supplementation. It is worth noting that the
increasing content of these nutrients in plants might contrib-
ute to the concentration effect attributable to the decrease
in biomass (Simo6n et al. 2013), whereas both the dry mass
and content of many nutrients particularly increased under
10 mg L~! B treatment in our experiments, suggesting that
nutrient uptake was enhanced. Overall, B plays an important
role in the accumulation of other nutrients, and ion competi-
tion might represent a solution to mitigate the toxic effect of
excess B in the environment (Hua et al. 2021). By contrast,
proper B concentrations can improve both the nutritional and
morphological quality of broad-leaved seedlings.
Generally, B deficiency was proven to cause leader die-
back, reduce root growth, and inhibit the growth of pollen
tubes (Garcia-Sanchez et al. 2020), whereas the use of com-
mon growing media (such as peat moss) in tree nurseries
did not result in these symptoms. Our growth results for
Z. serrata proved that the B concentration in the growing
medium for the control was sufficient for seedling growth;
however, other species displayed greater growth responses
under 10 or 20 mg L~! B treatment, suggesting the exist-
ence of a hidden hunger effect. This effect was widely rec-
ognized in cauliflower with the recommended B content

@ Springer

in soil, which was not lower than 0.48 mg kg~! (Batabyal
et al. 2015; Raja 2007). In this study, excluding Z. ser-
rata, the critical B point for the experimental species was
10 or 20 mg L™! B, corresponding to final B contents of
1.1-1.7 mg kg~! in the growing medium. By contrast, Ou
et al. (2019) found that the adverse effects of B application,
such as chlorosis, necrosis, and growth inhibition, on Popu-
lus russkii worsened with increasing B levels in soil (10-50
mg kg™!) versus the control (0.64 mg kg™"). Similar results
were observed in black poplar under soil B concentrations
of 5.7-22.8 mg kg~! (Yildirim and Uylas 2016). Moreover,
in studies of Citrus species grown in nutrient solution, a
B concentration of 0.5 mg L~! was considered most suit-
able for growth (Boaretto et al. 2008; Mesquita et al. 2016).
These results suggest that B application should be consid-
ered carefully, and the difference between effective and toxic
concentrations is small. South (2021) summarized a list of B
treatments that produced toxic symptoms in seedlings, but
the limitation of B supplementation varied drastically across
different studies because of differences in experimental spe-
cies, application methods, soil types, extraction methods,
and compound solubilities from different B products. Some
studies reported the solution concentration of B but not the
total rate of application, leading to difficulty in discussing
the operational use of B. In addition to the level of B supple-
mentation, Sutinen et al. (2007) noted that B supplementa-
tion should be applied at the beginning of the growing sea-
son in pine and spruce to prevent the appearance of negative
structural symptoms. Overall, 10 mg L™! B supplementation,
corresponding to the application of 2 kg ha™! B (twice) in
the growing season, could be the optimal strategy for most
broad-leaved species that avoids visible toxic symptoms and
severe growth inhibition for certain species (i.e., Z. serrata).
The aforementioned treatment also improved the growth of
leaves without causing noticeable changes of leaf traits.
Furthermore, DQI, an integrated measure of morphological
traits combining aspects of the SR ratio, SI, and seedling
dry mass, is considered a good indicator of seedling quality
(Binotto et al. 2010; Dickson et al. 1960; Nyoka et al. 2018;
Tsakaldimi et al. 2013). Although not statistically signifi-
cant, the increase of DQI under moderate B supplementation
in most species supported the effectiveness of this strategy
for obtaining seedlings of better quality.

Nutrient management is a key factor in obtaining high-
quality seedlings in tree nurseries. Major elements such as
N, P, and K have received most of the attention; however,
B, as a trace element, is not additionally supplied in regular
tree nurseries in Taiwan. Moreover, slow-release fertilizers
wrapped in plastic polymers contain diverse micronutrients
could be another option for fertilization. However, these
fertilizers are typically expensive and it is unclear whether
the B content is sufficient. The experimental results of this
study provide a simple and low-cost B fertilization method
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with a specific B application rate that effectively enhances
the growth of seedlings. Satisfying the hidden hunger of
seedlings is an important issue because successful affores-
tation or reforestation relies on a sufficient supply of high-
quality seedlings. For example, M. compressa is considered
one of the top five hardwood species in Taiwan because of
its valuable dark and dense heartwood with a fine texture,
decay resistance, and anticancer potential (Chan et al. 2014,
Chen 2012; Wu et al. 2012). However, it is a slow-growing
species compared to other broad-leaved species, and 10 mg
L~ B supplementation significantly improved its seedling
height and total dry mass by approximately 30% and 41%,
respectively. This effect shortened the nursery time, avoided
the waste of manpower and resources, and accelerated the
process of transplanting seedlings to the field, which could
be considered both economical and sustainable.

5 Conclusions

This study demonstrated that the B management in the tree
nurseries of broad-leaved species is a key factor for obtain-
ing high-quality seedlings, and the discrepancies between
different species should be considered and discussed. We
investigated the effects of B supplementation on five com-
mon broad-leaved tree species in Taiwan, which exhibited
varying effects of B accumulation, growth responses, and
nutrient uptake characteristics in response to B applica-
tion. Moderate B supplementation effectively improved the
growth and nutrient uptake of slow-growing species such
as Michelia compressa. However, for B-sensitive species
such as Zelkova serrata, moderate B supplementation did
not significantly affect its growth, and Ca supplementation
may be a key factor in further improving its quality. This
study proved the great potential of optimum B supplementa-
tion for improving seedling growth. Supplementation with
10 mg L~! B nutrient solution, corresponding to 2 kg ha™"
B, in the growing season significantly increased the growth
responses of most broad-leaved species, which may be a
widely applicable method for seedling nurseries. Neverthe-
less, more experiments are required to verify the effect of B
supplementation on different tree species and fill the knowl-
edge gaps for various broad-leaved species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42729-023-01296-2.

Acknowledgements The authors gratefully acknowledge the insightful
comments and suggestions made by Professor Shing-Rong Kuo and
Ching-Te Chien. The authors also thank Jack from Enago for English
editing of the manuscript.

Author Contribution Chih-Ming Lai: Investigation. Yao-Moan Huang:
Writing—review and editing. Chiung-Pin Liu: Resources. Tzu-Hao Su:
Visualization, Formal analysis, Writing—original draft.

Data Availability All data are available on request from the authors.

Declarations

Competing Interests The authors declare no competing interests.

References

Abe T, Tanaka N, Shimizu Y (2020) Outstanding performance of an
invasive alien tree Bischofia javanica relative to native tree species
and implications for management of insular primary forests. PeerJ
8:€9573. https://doi.org/10.7717/peerj.9573

Adak N, Tozlu I, Gubbuk H (2018) Influence of different soilless sub-
strates to morpho-physiological characteristics and yield relations
in strawberries. Erwerbs-Obstbau 60:341-348. https://doi.org/10.
1007/s10341-018-0382-x

Batabyal K, Sarkar D, Mandal B (2015) Critical levels of boron in
soils for cauliflower (Brassica oleracea Var. Botrytis). J Plant Nutr
38:1822-1835. https://doi.org/10.1080/01904167.2015.1042166

Behera B, Kancheti M, Raza MB, Shiv A, Mangal V, Rathod G, Altaf
MA, Kumar A, Aftab T, Kumar R (2023) Mechanistic insight on
boron-mediated toxicity in plant vis-a-vis its mitigation strategies:
a review. Int J Phytoremediat 25:9-26. https://doi.org/10.1080/
15226514.2022.2049694

Binotto AF, Liicio ADC, Lopes SJ (2010) Correlations between growth
variables and the Dickson quality index in forest seedlings. Cerne
16:457-464. https://doi.org/10.1590/S0104-77602010000400005

Blevins DG, Lukaszewski KM (1998) Boron in plant structure and
function. Annu Rev Plant Biol 49:481-500. https://doi.org/10.
1146/annurev.arplant.49.1.481

Boaretto RM, Quaggio JA, de Assis Alves MouraoFilho F, Giné MF,
Boaretto AE (2008) Absorption and mobility of boron in young
citrus plants. Commun Soil Sci Plant Anal 39:2501-2514. https://
doi.org/10.1080/00103620802358383

Brdar-Jokanovié¢ M (2020) Boron toxicity and deficiency in agricul-
tural plants. Int J Mol Sci 21:1424. https://doi.org/10.3390/ijms2
1041424

Bremner J (1960) Determination of nitrogen in soil by the Kjeldahl
method. J Agric Sci 55:11-33. https://doi.org/10.1017/5002185960
0021572

Brown P, Hu H (1998) Phloem boron mobility in diverse plant species.
Bot Acta 111:331-335. https://doi.org/10.1111/j.1438-8677.1998.
tb00717.x

Camacho-Cristébal JJ, Rexach J, Gonzalez-Fontes A (2008) Boron in plants:
deficiency and toxicity. J Integr Plant Biol 50:1247-1255. https:/doi.org/
10.1111/j.1744-7909.2008.00742.x

Celikkol Akcay U, Erkan IE (2016) Silicon induced antioxidative
responses and expression of BOR2 and two PIP family aquaporin
genes in barley grown under boron toxicity. Plant Mol Biol Rep
34:318-326. https://doi.org/10.1007/s11105-015-0923-5

Chan YY, Juang SH, Huang GJ, Liao YR, Chen YF, Wu CC, Chang
HT, Wu TS (2014) The constituents of Michelia compressa var.
formosana and their bioactivities. Int J Mol Sci 15:10926-10935.
https://doi.org/10.3390/ijms 150610926

Chen T (2012) A study of the visual physical characteristics and psy-
chological images of select Taiwanese hardwoods. For Prod J
62:18-24. https://doi.org/10.13073/11-00053.1

Chen CI, Wang YN, Lin HH, Wang CW, Yu JC, Chen YC (2021)
Seasonal photosynthesis and carbon assimilation of dynamics in
a Zelkova serrata (Thunb.) Makino Plantation. Forests 12:467.
https://doi.org/10.3390/12040467

Chirino E, Vilagrosa A, Cortina J, Valdecantos A, Fuentes D, Trubat
R, Luis VC, Puértolas J, Bautista S, Baeza J (2009) Ecological

@ Springer


https://doi.org/10.1007/s42729-023-01296-2
https://doi.org/10.7717/peerj.9573
https://doi.org/10.1007/s10341-018-0382-x
https://doi.org/10.1007/s10341-018-0382-x
https://doi.org/10.1080/01904167.2015.1042166
https://doi.org/10.1080/15226514.2022.2049694
https://doi.org/10.1080/15226514.2022.2049694
https://doi.org/10.1590/S0104-77602010000400005
https://doi.org/10.1146/annurev.arplant.49.1.481
https://doi.org/10.1146/annurev.arplant.49.1.481
https://doi.org/10.1080/00103620802358383
https://doi.org/10.1080/00103620802358383
https://doi.org/10.3390/ijms21041424
https://doi.org/10.3390/ijms21041424
https://doi.org/10.1017/S0021859600021572
https://doi.org/10.1017/S0021859600021572
https://doi.org/10.1111/j.1438-8677.1998.tb00717.x
https://doi.org/10.1111/j.1438-8677.1998.tb00717.x
https://doi.org/10.1111/j.1744-7909.2008.00742.x
https://doi.org/10.1111/j.1744-7909.2008.00742.x
https://doi.org/10.1007/s11105-015-0923-5
https://doi.org/10.3390/ijms150610926
https://doi.org/10.13073/11-00053.1
https://doi.org/10.3390/f12040467

3772

Journal of Soil Science and Plant Nutrition (2023) 23:3761-3774

restoration in degraded drylands: the need to improve the seedling
quality and site conditions in the field. In: Grossberg SP (ed) For-
est management, 1st edn. Nova Science Publishers, New York,
pp 85-158

Coskun Y, Olgunsoy P, Karatas N, Bulut F, Yarar F (2014) Mannitol
application alleviates boron toxicity in wheat seedlings. Commun
Soil Sci Plant Anal 45:944-952. https://doi.org/10.1080/00103
624.2013.867054

Dey DC, Gardiner ES, Kabrick JM, Stanturf JA, Jacobs DF (2010)
Innovations in afforestation of agricultural bottomlands to restore
native forests in the eastern USA. Scand J Forest Res 25:31-42.
https://doi.org/10.1080/02827581.2010.485822

Dickson A, Leaf AL, Hosner JF (1960) Quality appraisal of white
spruce and white pine seedling stock in nurseries. For Chron
36:10-13. https://doi.org/10.5558/tfc36010-1

Esringii A, Turan M, Gunes A, Esitken A, Sambo P (2011) Boron
application improves on yield and chemical composition of straw-
berry. Acta Agric Scand Sect B-Soil Plant Sci 61:245-252. https://
doi.org/10.1080/09064711003776867

Garcia-Sanchez F, Simén-Grao S, Martinez-Nicolas JJ, Alfosea-Simén
M, Liu C, Chatzissavvidis C, Pérez-Pérez JG, Camara-Zapata JM
(2020) Multiple stresses occurring with boron toxicity and defi-
ciency in plants. J Hazard Mater 397:122713. https://doi.org/10.
1016/j.jhazmat.2020.122713

Gimeno V, Simén I, Nieves M, Martinez V, Camara-Zapata JM, Garcia
AL, Garcia-Sanchez F (2012) The physiological and nutritional
responses to an excess of boron by Verna lemon trees that were
grafted on four contrasting rootstocks. Trees 26:1513-1526.
https://doi.org/10.1007/s00468-012-0724-5

Goldberg S, Forster H, Lesch S, Heick E (1996) Influence of anion
competition on boron adsorption by clays and soils. Soil Sci
161:99-103. https://doi.org/10.1097/00010694-199602000-00003

Gonzalez-Fontes A (2019) Why boron is an essential element for
vascular plants: a comment on Lewis (2019) “Boron: the essen-
tial element for vascular plants that never was.” New Phytol
226:1228-1230. https://doi.org/10.1111/nph.16033

Gotz LF, Silvestrin F, Motta A, Pauletti V (2021) Response to applica-
tion and tissue diagnosis of boron deficiency and toxicity in maize.
Commun Soil Sci Plant Anal 52:2898-2911. https://doi.org/10.
1080/00103624.2021.1971691

Grossnickle SC, MacDonald JE (2018) Why seedlings grow: influ-
ence of plant attributes. New for 49:1-34. https://doi.org/10.1007/
s11056-017-9606-4

Giines A, Alpaslan M (2000) Boron uptake and toxicity in maize geno-
types in relation to boron and phosphorus supply. J Plant Nutr
23:541-550. https://doi.org/10.1080/01904160009382038

He J, Yang H, Jamnadass R, Xu J, Yang Y (2012) Decentralization of
tree seedling supply systems for afforestation in the West of Yun-
nan Province, China. Small-Scale for 11:147-166. https://doi.org/
10.1007/s11842-011-9176-9

Hippler FW, Cipriano DO, Boaretto RM, Quaggio JA, Gaziola SA,
Azevedo RA, Mattos-Jr D (2016) Citrus rootstocks regulate the
nutritional status and antioxidant system of trees under copper
stress. Environ Exp Bot 130:42-52. https://doi.org/10.1016/j.
envexpbot.2016.05.007

Hosseini S, Maftoun M, Karimian N, Ronaghi A, Emam Y (2007)
Effect of zinc X boron interaction on plant growth and tissue nutri-
ent concentration of corn. J Plant Nutr 30:773-781. https://doi.
org/10.1080/01904160701289974

Hu H, Brown PH (1994) Localization of boron in cell walls of squash
and tobacco and its association with pectin (evidence for a struc-
tural role of boron in the cell wall). Plant Physiol 105:681-689.
https://doi.org/10.1104/pp.105.2.681

Hua T, Zhang R, Sun H, Liu C (2021) Alleviation of boron toxicity in
plants: mechanisms and approaches. Critical Reviews in Environ

@ Springer

Sci Technol 51:2975-3015. https://doi.org/10.1080/10643389.
2020.1807451

Huang JS, Snapp S (2004) The effect of boron, calcium, and surface
moisture on shoulder check, a quality defect in fresh-market
tomato. J Am Soc Hortic Sci 129:599-607. https://doi.org/10.
21273/JASHS.129.4.0599

Inal A, Tarakcioglu C (2001) Effects of nitrogen forms on growth,
nitrate accumulation, membrane permeability, and nitrogen use
efficiency of hydroponically grown bunch onion under boron defi-
ciency and toxicity. J Plant Nutr 24:1521-1534. https://doi.org/10.
1081/PLN-100106018

Kamaluddin M, Grace J (1993) Growth and photosynthesis of tropical
forest tree seedlings (Bischofia javanica Blume) as influenced by
a change in light availability. Tree Physiol 13:189-201. https://
doi.org/10.1093/treephys/13.2.189

Kanwal S, Rahmatullah AT, Magsood MA, Abbas N (2008) Critical
ratio of calcium and boron in maize shoot for optimum growth.
J Plant Nutr 31:1535-1542. https://doi.org/10.1080/0190416080
2244530

Kaya C, Tuna AL, Dikilitas M, Ashraf M, Koskeroglu S, Guneri M (2009)
Supplementary phosphorus can alleviate boron toxicity in tomato. Sci
Hortic 121:284-288. https://doi.org/10.1016/j.scienta.2009.02.011

Kobayashi M, Matoh T, Azuma J (1996) Two chains of rhamnogalac-
turonan II are cross-linked by borate-diol ester bonds in higher
plant cell walls. Plant Physiol 110:1017-1020. https://doi.org/10.
1104/pp.110.3.1017

Koohkan H, Maftoun M (2016) Effect of nitrogen—boron interaction on
plant growth and tissue nutrient concentration of canola (Brassica
napus L.). J Plant Nutr 39:922-931. https://doi.org/10.1080/01904
167.2016.1143492

Landi M, Margaritopoulou T, Papadakis IE, Araniti F (2019) Boron
toxicity in higher plants: an update. Planta 250:1011-1032.
https://doi.org/10.1007/s00425-019-03220-4

Lehto T, Ruuhola T, Dell B (2010) Boron in forest trees and forest
ecosystems. For Ecol Manage 260:2053-2069. https://doi.org/10.
1016/j.foreco.2010.09.028

Lewis DH (2019) Boron: the essential element for vascular plants that
never was. New Phytol 221:1685-1690. https://doi.org/10.1111/
nph.15519

Long Y, Peng J (2023) Interaction between boron and other elements in
plants. Genes 14:130. https://doi.org/10.3390/genes 14010130

Lopez-Lefebre LR, Rivero RM, Garcia PC, Sanchez E, Ruiz JM,
Romero L (2002) Boron effect on mineral nutrients of tobacco. J
Plant Nutr 25:509-522. https://doi.org/10.1081/PLN-120003379

Matoh T, Kobayashi M (1998) Boron and calcium, essential inorganic
constituents of pectic polysaccharides in higher plant cell walls.
J Plant Res 111:179-190. https://doi.org/10.1007/BF02507164

May B, Smethurst P, Carlyle C, Mendham D, Bruce J, Baillie C (2009)
Review of fertiliser use in Australian forestry. In: Forest and wood
products Australia report PRC072-0708. Forest and wood prod-
ucts Australia. Available via https://fwpa.com.au/wp-content/
uploads/2009/07/PRC072-0708_Fertiliser_Review_Research_
Report_0.pdf. Accessed 14 Oct 2022

McLeod KW, Ciravolo TG (1998) Boron tolerance and potential boron
removal by bottomland tree seedlings. Wetlands 18:431-436.
https://doi.org/10.1007/BF03161535

Mehlich A (1984) Mehlich 3 soil test extractant: a modification of
Mehlich 2 extractant. Commun Soil Sci Plant Anal 15:1409-1416.
https://doi.org/10.1080/00103628409367568

Mesquita GL, Zambrosi FC, Tanaka FA, Boaretto RM, Quaggio JA,
Ribeiro RV, Mattos D (2016) Anatomical and physiological
responses of citrus trees to varying boron availability are depend-
ent on rootstock. Front Plant Sci 7:224. https://doi.org/10.3389/
pls.2016.00224


https://doi.org/10.1080/00103624.2013.867054
https://doi.org/10.1080/00103624.2013.867054
https://doi.org/10.1080/02827581.2010.485822
https://doi.org/10.5558/tfc36010-1
https://doi.org/10.1080/09064711003776867
https://doi.org/10.1080/09064711003776867
https://doi.org/10.1016/j.jhazmat.2020.122713
https://doi.org/10.1016/j.jhazmat.2020.122713
https://doi.org/10.1007/s00468-012-0724-5
https://doi.org/10.1097/00010694-199602000-00003
https://doi.org/10.1111/nph.16033
https://doi.org/10.1080/00103624.2021.1971691
https://doi.org/10.1080/00103624.2021.1971691
https://doi.org/10.1007/s11056-017-9606-4
https://doi.org/10.1007/s11056-017-9606-4
https://doi.org/10.1080/01904160009382038
https://doi.org/10.1007/s11842-011-9176-9
https://doi.org/10.1007/s11842-011-9176-9
https://doi.org/10.1016/j.envexpbot.2016.05.007
https://doi.org/10.1016/j.envexpbot.2016.05.007
https://doi.org/10.1080/01904160701289974
https://doi.org/10.1080/01904160701289974
https://doi.org/10.1104/pp.105.2.681
https://doi.org/10.1080/10643389.2020.1807451
https://doi.org/10.1080/10643389.2020.1807451
https://doi.org/10.21273/JASHS.129.4.0599
https://doi.org/10.21273/JASHS.129.4.0599
https://doi.org/10.1081/PLN-100106018
https://doi.org/10.1081/PLN-100106018
https://doi.org/10.1093/treephys/13.2.189
https://doi.org/10.1093/treephys/13.2.189
https://doi.org/10.1080/01904160802244530
https://doi.org/10.1080/01904160802244530
https://doi.org/10.1016/j.scienta.2009.02.011
https://doi.org/10.1104/pp.110.3.1017
https://doi.org/10.1104/pp.110.3.1017
https://doi.org/10.1080/01904167.2016.1143492
https://doi.org/10.1080/01904167.2016.1143492
https://doi.org/10.1007/s00425-019-03220-4
https://doi.org/10.1016/j.foreco.2010.09.028
https://doi.org/10.1016/j.foreco.2010.09.028
https://doi.org/10.1111/nph.15519
https://doi.org/10.1111/nph.15519
https://doi.org/10.3390/genes14010130
https://doi.org/10.1081/PLN-120003379
https://doi.org/10.1007/BF02507164
https://fwpa.com.au/wp-content/uploads/2009/07/PRC072-0708_Fertiliser_Review_Research_Report_0.pdf
https://fwpa.com.au/wp-content/uploads/2009/07/PRC072-0708_Fertiliser_Review_Research_Report_0.pdf
https://fwpa.com.au/wp-content/uploads/2009/07/PRC072-0708_Fertiliser_Review_Research_Report_0.pdf
https://doi.org/10.1007/BF03161535
https://doi.org/10.1080/00103628409367568
https://doi.org/10.3389/fpls.2016.00224
https://doi.org/10.3389/fpls.2016.00224

Journal of Soil Science and Plant Nutrition (2023) 23:3761-3774

3773

Metwally AM, Radi AA, El-Shazoly RM, Hamada AM (2018) The
role of calcium, silicon and salicylic acid treatment in protec-
tion of canola plants against boron toxicity stress. J Plant Res
131:1015-1028. https://doi.org/10.1007/s10265-018-1008-y

Mousavi SM, Raiesi T (2022) Essentiality of boron in higher plants. In:
Aftab T, Landi M, Papadakis I, Araniti F, Brown P (eds) Boron
in plants and agriculture: exploring the physiology of boron and
its impact on plant growth, 1st edn. Academic Press, London,
pp 1-28. https://doi.org/10.1016/B978-0-323-90857-3.00008-4

Miihling KH, Wimmer M, Goldbach HE (1998) Apoplastic and mem-
brane-associated Ca®* in leaves and roots as affected by boron
deficiency. Physiol Plant 102:179-184. https://doi.org/10.1034/;.
1399-3054.1998.1020204.x

Munter R, Halverson T, Anderson R (1984) Quality assurance for
plant tissue analysis by ICP-AES. Commun Soil Sci Plant Anal
15:1285-1322. https://doi.org/10.1080/00103628409367559

Nejad SAG, Etesami H (2020) The importance of boron in plant nutri-
tion. In: Deshmukh R, Tripathi DK, Guerriero G (eds) Metalloids
in plants: advances and future prospects, st edn. Wiley, New
York, pp 433-449. https://doi.org/10.1002/9781119487210.ch20

Nyoka B, Kamanga R, Njoloma J, Jamnadass R, Mng’omba S,
Muwanje S (2018) Quality of tree seedlings produced in nurser-
ies in Malawi: an assessment of morphological attributes. For
Trees Livelihoods 27(2):103-117. https://doi.org/10.1080/14728
028.2018.1443027

O’Neill MA, Ishii T, Albersheim P, Darvill AG (2004) Rhamnogalacturo-
nan II: structure and function of a borate cross-linked cell wall pectic
polysaccharide. Annu Rev Plant Biol 55:109-139. https://doi.org/10.
1146/annurev.arplant.55.031903.141750

Onuh AF, Miwa K (2021) Regulation, diversity and evolution of boron
transporters in plants. Plant Cell Physiol 62:590-599. https://doi.
org/10.1093/pcp/pcab025

OuY, WuX,GaoY, Wu Y, Yao Y (2019) Analysis of physiological
responses and expression profiling of boron transporter-like genes
in response to excess boron in Populus russkii. Chemosphere
224:369-378. https://doi.org/10.1016/j.chemosphere.2019.02.130

Ouzounidou G, Paschalidis C, Petropoulos D, Koriki A, Zamanidis P,
Petridis A (2013) Interaction of soil moisture and excess of boron
and nitrogen on lettuce growth and quality. Hortic Sci 40:119-
125. https://doi.org/10.17221/15/2013-HORTSCI

Pomper KW, Layne DR, Jones SC (2003) Container production of
pawpaw seedlings. Horttechnology 13:434-438

Riisdnen M, Repo T, Lehto T (2007) Cold acclimation was partially
impaired in boron deficient Norway spruce seedlings. Plant Soil
292:271-282. https://doi.org/10.1007/s11104-007-9223-7

Raja ME (2007) Boron nutrition and boron application in crops. In:
Xu F, Goldbach HE, Brown PH, Bell RW, Fujiwara T, Hunt CD,
Goldberg S, Shi L (eds) Advances in plant and animal boron
nutrition: Proceedings of the 3rd international symposium on all
aspects of plant and animal boron nutrition, 1st edn. Springer,
Dordrecht, pp 117-124. https://doi.org/10.1007/978-1-4020-5382-
5_10

Redondo-Nieto M, Wilmot AR, El-Hamdaoui A, Bonilla I, Bolafios L
(2003) Relationship between boron and calcium in the N,-fixing
legume-rhizobia symbiosis. Plant Cell Environ 26:1905-1915.
https://doi.org/10.1046/j.1365-3040.2003.01107.x

Rees R, Robinson BH, Menon M, Lehmann E, Giinthardt-Goerg MS,
Schulin R (2011) Boron accumulation and toxicity in hybrid
poplar (Populus nigra X euramericana). Environ Sci Technol
45:10538-10543. https://doi.org/10.1021/es201100b

Reid RJ, Hayes JE, Post A, Stangoulis JCR, Graham RD (2004) A
critical analysis of the causes of boron toxicity in plants. Plant
Cell Environ 27:1405-1414. https://doi.org/10.1111/j.1365-3040.
2004.01243.x

Rerkasem B, Jamjod S, Pusadee T (2020) Productivity limiting impacts
of boron deficiency, a review. Plant Soil 455:23—40. https://doi.org/
10.1007/s11104-020-04676-0

Riaz M, Kamran M, El-Esawi MA, Hussain S, Wang X (2021) Boron-
toxicity induced changes in cell wall components, boron forms,
and antioxidant defense system in rice seedlings. Ecotox Environ
Safe 216:112192. https://doi.org/10.1016/j.ecoenv.2021.112192

Riikonen J, Lehto T, Rikala R (2013) Effects of boron fertilization in
the nursery or after planting on the performance of Norway spruce
seedlings on boron-poor sites. New for 44:671-685. https://doi.
org/10.1007/s11056-013-9372-x

Schon MK, Novacky A, Blevins DG (1990) Boron induces hyperpolari-
zation of sunflower root cell membranes and increases membrane
permeability to K*. Plant Physiol 93:566-571. https://doi.org/10.
1104/pp.93.2.566

Schott KM, Snively AE, Landhdusser SM, Pinno BD (2016) Nutrient
loaded seedlings reduce the need for field fertilization and veg-
etation management on boreal forest reclamation sites. New for
47:393-410. https://doi.org/10.1007/s11056-015-9522-4

Shen Z, Liang Y, Shen K (1993) Effect of boron on the nitrate reductase
activity in oilseed rape plants. J Plant Nutr 16:1229-1239. https://
doi.org/10.1080/01904169309364608

Shireen F, Nawaz MA, Chen C, Zhang Q, Zheng Z, Sohail H, Sun J,
Cao H, Huang Y, Bie Z (2018) Boron: functions and approaches
to enhance its availability in plants for sustainable agriculture. Int
J Mol Sci 19:1856. https://doi.org/10.3390/ijms 19071856

Simén I, Diaz-Lépez L, Gimeno V, Nieves M, Pereira WE, Martinez
V, Lidon V, Garcia-Sanchez F (2013) Effects of boron excess in
nutrient solution on growth, mineral nutrition, and physiological
parameters of Jatropha curcas seedlings. J Plant Nutr and Soil Sci
176:165-174. https://doi.org/10.1002/jpIn.201100394

South DB (2021) Use of boron in conifer and hardwood nurseries:
Boron in nurseries. Reforesta: 56—-93. https://doi.org/10.21750/
REFOR.12.06.98

Stiles AR, Bautista D, Atalay E, Babaoglu M, Terry N (2010) Mecha-
nisms of boron tolerance and accumulation in plants: a physiologi-
cal comparison of the extremely boron-tolerant plant species, Puc-
cinellia distans, with the moderately boron-tolerant Gypsophila
arrostil. Environ Sci Technol 44:7089-7095. https://doi.org/10.
1021/es1016334

Struve DK (2002) Growth of several tree spp. in containers in response
to N loading, fertilizer type and substrate. J Environ Hortic
20:133-137. https://doi.org/10.24266/0738-2898-20.3.133

Sutinen S, Aphalo PJ, Lehto T (2007) Does timing of boron applica-
tion affect needle and bud structure in Scots pine and Norway
spruce seedlings? Trees 21:661-670. https://doi.org/10.1007/
500468-007-0158-7

Thompson BE (1985) Seedling morphological evaluation: what you
can tell by looking. In: Duryea ML (ed) Evaluating seedling qual-
ity: principles, procedures, and predictive ability of major tests.
Oregon State University, Oregon, Forest Research Laboratory,
pp 59-72.

Tsakaldimi M, Ganatsas P, Jacobs DF (2013) Prediction of planted seed-
ling survival of five Mediterranean species based on initial seed-
ling morphology. New for 44:327-339. https://doi.org/10.1007/
s11056-012-9339-3

Turan MA, Taban S, Kayin GB, Taban N (2018) Effect of boron appli-
cation on calcium and boron concentrations in cell wall of durum
(Triticum durum) and bread (Triticum aestivum) wheat. J Plant
Nutr 41:1351-1357. https://doi.org/10.1080/01904167.2018.
1450424

Villar-Salvador P, Planelles R, Enriquez E, Rubira JP (2004) Nursery cul-
tivation regimes, plant functional attributes, and field performance
relationships in the Mediterranean oak Quercus ilex L. For Ecol
Manage 196:257-266. https://doi.org/10.1016/j.foreco.2004.02.061

@ Springer


https://doi.org/10.1007/s10265-018-1008-y
https://doi.org/10.1016/B978-0-323-90857-3.00008-4
https://doi.org/10.1034/j.1399-3054.1998.1020204.x
https://doi.org/10.1034/j.1399-3054.1998.1020204.x
https://doi.org/10.1080/00103628409367559
https://doi.org/10.1002/9781119487210.ch20
https://doi.org/10.1080/14728028.2018.1443027
https://doi.org/10.1080/14728028.2018.1443027
https://doi.org/10.1146/annurev.arplant.55.031903.141750
https://doi.org/10.1146/annurev.arplant.55.031903.141750
https://doi.org/10.1093/pcp/pcab025
https://doi.org/10.1093/pcp/pcab025
https://doi.org/10.1016/j.chemosphere.2019.02.130
https://doi.org/10.17221/15/2013-HORTSCI
https://doi.org/10.1007/s11104-007-9223-7
https://doi.org/10.1007/978-1-4020-5382-5_10
https://doi.org/10.1007/978-1-4020-5382-5_10
https://doi.org/10.1046/j.1365-3040.2003.01107.x
https://doi.org/10.1021/es201100b
https://doi.org/10.1111/j.1365-3040.2004.01243.x
https://doi.org/10.1111/j.1365-3040.2004.01243.x
https://doi.org/10.1007/s11104-020-04676-0
https://doi.org/10.1007/s11104-020-04676-0
https://doi.org/10.1016/j.ecoenv.2021.112192
https://doi.org/10.1007/s11056-013-9372-x
https://doi.org/10.1007/s11056-013-9372-x
https://doi.org/10.1104/pp.93.2.566
https://doi.org/10.1104/pp.93.2.566
https://doi.org/10.1007/s11056-015-9522-4
https://doi.org/10.1080/01904169309364608
https://doi.org/10.1080/01904169309364608
https://doi.org/10.3390/ijms19071856
https://doi.org/10.1002/jpln.201100394
https://doi.org/10.21750/REFOR.12.06.98
https://doi.org/10.21750/REFOR.12.06.98
https://doi.org/10.1021/es1016334
https://doi.org/10.1021/es1016334
https://doi.org/10.24266/0738-2898-20.3.133
https://doi.org/10.1007/s00468-007-0158-7
https://doi.org/10.1007/s00468-007-0158-7
https://doi.org/10.1007/s11056-012-9339-3
https://doi.org/10.1007/s11056-012-9339-3
https://doi.org/10.1080/01904167.2018.1450424
https://doi.org/10.1080/01904167.2018.1450424
https://doi.org/10.1016/j.foreco.2004.02.061

3774

Journal of Soil Science and Plant Nutrition (2023) 23:3761-3774

Wimmer MA, Eichert T (2013) Mechanisms for boron deficiency-
mediated changes in plant water relations. Plant Sci 203:25-32.
https://doi.org/10.1016/j.plantsci.2012.12.012

Wimmer MA, Abreu I, Bell RW, Bienert MD, Brown PH, Dell B,
Fujiwara T, Goldbach HE, Lehto T, Mock HP (2019) Boron: an
essential element for vascular plants. New Phytol 226:1232-1237.
https://doi.org/10.1111/nph.16127

Wu CC, Wu CL, Huang SL, Chang HT (2012) Antifungal activity of
liriodenine from Michelia formosana heartwood against wood-
rotting fungi. Wood Sci Technol 46:737-747. https://doi.org/10.
1007/500226-011-0428-9

Yazaki K, Kuroda K, Nakano T, Kitao M, Tobita H, Ogasa MY, Ishida
A (2015) Recovery of physiological traits in saplings of invasive
Bischofia tree compared with three species native to the Bonin
Islands under successive drought and irrigation cycles. PLoS One
10:e0135117. https://doi.org/10.1371/journal.pone.0135117

Yildirim K, Uylas S (2016) Genome-wide transcriptome profil-
ing of black poplar (Populus nigra L.) under boron toxicity
revealed candidate genes responsible in boron uptake, trans-
port and detoxification. Plant Physiol Bioch 109:146-155.
https://doi.org/10.1016/j.plaphy.2016.09.015

Yoshinari A, Takano J (2017) Insights into the mechanisms underlying
boron homeostasis in plants. Front Plant Sci 8:1951. https://doi.
org/10.3389/fpls.2017.01951

@ Springer

Yulistyarini T, Fiqa AP, Budiharta S, Rindyastuti R (2020) Distribution
of Gyrinops versteegii (Gilg.) Domke in varying vegetation struc-
tures, soil properties, and microclimates in Manggarai, Flores.
East Nusa Tenggara. Biodiversitas 21:1800-1808. https://doi.org/
10.13057/biodiv/d210505

Zhen M, Cui M, Xia J, Ma C, Liu C (2019) Effect of nitrogen and
phosphorus on alleviation of boron toxicity in Puccinellia tenui-

flora under the combined stresses of salt and drought. J Plant Nutr
42:1594-1604. https://doi.org/10.1080/01904167.2019.1628982

Zhou GF, Peng SA, Liu YZ, Wei QJ, Han J, Islam M (2014) The physi-
ological and nutritional responses of seven different citrus root-
stock seedlings to boron deficiency. Trees 28:295-307. https://doi.
org/10.1007/s00468-013-0949-y

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.plantsci.2012.12.012
https://doi.org/10.1111/nph.16127
https://doi.org/10.1007/s00226-011-0428-9
https://doi.org/10.1007/s00226-011-0428-9
https://doi.org/10.1371/journal.pone.0135117
https://doi.org/10.1016/j.plaphy.2016.09.015
https://doi.org/10.3389/fpls.2017.01951
https://doi.org/10.3389/fpls.2017.01951
https://doi.org/10.13057/biodiv/d210505
https://doi.org/10.13057/biodiv/d210505
https://doi.org/10.1080/01904167.2019.1628982
https://doi.org/10.1007/s00468-013-0949-y
https://doi.org/10.1007/s00468-013-0949-y

	Optimum Boron Supplementation Enhances Growth and Nutrient Uptake of Broad-Leaved Tree Seedlings
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Plant Materials and Growth Conditions
	2.2 Determination of Growth Parameters
	2.3 Determination of the Nutrient Content in the Growing Medium and Different Plant Organs
	2.4 Statistical Analysis

	3 Results
	3.1 B Content in Different Plant Organs and the Growing Medium
	3.2 Content of Nutrients in Different Plant Organs
	3.3 Growth Responses of Different Species
	3.4 Growth Associated Parameters of Different Species

	4 Discussion
	5 Conclusions
	Anchor 16
	Acknowledgements 
	References


