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ABSTRACT

For any plant, the micronutrient content in its tissues is of extreme importance, as both defi-
ciency and excess can be harmful. Most of the nutrient balance studies focus on macronutrients,
while micronutrients are usually neglected. The aim of the study was to estimate the impact
of a stand density (number of trees per area) on stocks of four micronutrients: copper (Cu),
iron (Fe), manganese (Mn) and zinc (Zn) in the aboveground biomass of mature Scots pine
(Pinus sylvestris L..) stands of various densities. The nutrient content in dry mass and the stock
of nutrients per hectare were assessed. Five sample plots, 0.5 ha each, were established
in 82-year-old Scots pine stands of different densities (476-836 trees per ha). The dry mass
of all trees on the experimental plots was estimated using allometric equations. The mass
of aboveground biomass was calculated as the sum of the following compartments of trees:
1) stems (wood and bark), 2) dead branches, 3) thick branches, 4) thin branches and 5) needles.
The content of the elements was determined in separate samples from tree compartments taken
for chemical analysis. The content of Cu, Fe and Mn was the highest in needles, while Zn was
the richest in the stem bark. The content of the investigated micronutrients decreased in the
following order: Mn>Zn>Fe>Cu. Relative concentartions of the four micronutrients in the distin-
guished tree compartments were similar. No influence of a stand density on the micronutrient
stock was found.
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INTRODUCTION

Nutrients are essential for the growth and development of trees. A short-
age of available nutrients can significantly impact forest productivity (MANDRE
et al. 2010, MoprzEwWSKA et al. 2016, PArE, THIFFAULT 2016). Macronutrients
are present in plants in high contents. Nevertheless, micronutrients, that
achieve much lower contents, also play an important role. Such elements as
copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) are vital for vegetation,
but both their deficiency and excess can be harmful. The content of these
elements in trees is believed to depend on climate, soil type, level of ground-
water, the biological activity of the soil, species and age of tree, and the tree
compartment (Roirro et al. 2005, KosIorek et al. 2016).

Copper is an important micronutrient for plants because it takes part in
defensive mechanisms and in biochemical reactions as a cofactor of enzymes
and an electron carrier. Cu is involved in the metabolism of nitrogen com-
pounds and sugars, regulates DNA and RNA production processes, and plays
a role in cell wall lignification (YRUELA 2009, NacaJvori et al. 2010). Although
Cu is essential, even a slight excess over the optimal level makes it extreme-
ly toxic for plants (BURKHEAD et al. 2009, KUPPER, ANDRESEN 2016). The Scots
pine is highly sensitive to copper excess, which can cause significant inhibi-
tion in the tree’s growth and development (Ivanov et al. 2016). An excessive
amount of Cu can also affect plant pigment production, photosynthesis and
respiration (Maksymiec 1997, MozpzeN et al. 2017).

Iron, like copper, plays a role in metabolic processes such as DNA syn-
thesis, respiration, and photosynthesis. Its role as a catalyst in the synthesis
of some proteins and chlorophyll is especially important (KrRuTUL et al. 2017).
Iron is not readily accessible to plants and is also potentially toxic (JEONG,
GuEerINoT 2009, KupPER, ANDRESEN 2016). To acquire iron from soil, but at the
same time, to avoid iron excess in the cells, uptake and homeostasis must
be strictly controlled by plants (HELL, STEPHAN 2003). Fe is a crucial micro-
nutrient for plants, and its deficiency induces various morphological and bio-
chemical changes (Briar et al. 1995).

Manganese participates in the structure of photosynthetic proteins and
enzymes. Mn takes part in the photosynthesis during the water splitting
process and is mainly located in needles (Duci¢, PoLLE 2005, GIELEN et al.
2016). Therefore, its excess seems to be particularly damaging to the photo-
synthetic apparatus of plants (MUKHOPADHYAY, SHARMA 1991, MILLALEO et al.
2010).

Zinc is a necessary element for all plants. It influences the activity of
many enzymes, and takes part in the regulation of carbohydrate metabolism
and protein synthesis. It is one of the structural components of ribosomes
and cell walls (BROADLEY et al. 2007, Ivanova et al. 2010, KrRuTUL et al. 2017)
and plays a key role in the efficient course of photosynthesis (DiaTTa et al.
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2016). The excess of Zn in plants impedes photosynthesis, thus strongly
affecting plant growth (KUPPER, ANDRESEN 2016).

Nutrient stocks in forest ecosystems constantly fluctuate in time. A num-
ber of studies have been conducted to measure these changes (Joki-HEISKALA
et al. 2003, AKSELSSON et al. 2007, Parg, THIFFAULT 2016). Nutrient budget is
the balance between nutrient inputs and outputs of an ecosystem over a
specified time period (RANGER, TURPAULT 1999). The budget studies use some
empirical and assumed input and output levels of nutrients, as the variables
for calculations (EGNELL, VALINGER 2003). Harvest is a main factor causing
nutrient losses in managed forests and forest plantations. Nutrients removed
in harvesting operations can be compensated by inputs from atmospheric
deposition and from mineral weathering (MERINO et al. 2005, PALVIAINEN,
FiNgr 2012). Preserving a natural balance of both macro- and micronutrients
1s fundamental to sustainable forestry (PArE, THIFFAULT 2016).

One of the main goals of forest management is to enhance the growth
of a tree stand and to improve its quality on a sustainable basis. A stand
density (defined as a number of trees per area unit) is one of few things that
can be controlled efficiently, mostly by thinning (ZeibE 2004). Proper thin-
ning involves removing some trees in order to increase the growth of the
remaining ones (TAHVONEN et al. 2013).

The relationship between a stand density and the accumulation of nutri-
ents in biomass varies depending on the considered period. In the long term,
the number of trees decreases but the overall biomass increases together
with the nutrient stock (AugusTo et al. 2000, PALVIAINEN, FINER 2012). In the
short term, the situation could be opposite. Directly after thinning, the num-
ber of trees drops considerably, and the overall biomass and nutrient stocks
are smaller than before it (JacoBsoN et al. 2000, Branco et al. 2006). However,
a few years after thinning, following a period of stimulated growth, the
stand’s biomass could be the same as before. It is not yet clear if stocks of
macronutrient follow the same pattern.

For Scots pine (Pinus sylvestris L.) stands of a similar age, we predict
that there will be a correlation between the stand density and the amount of
stored micronutrients. Less dense stands should have less micronutrients
accumulated. This can be caused by harvesting and removing trees with bio-
mass which contains micronutrients (BARRON-GAFFORD et al. 2003, NoH et al.
2013). Furthermore, in stands of lower density there are biggest trees, which
could have a lower content of nutrients (SKONIECZNA et al. 2014).

The aim of the study was to estimate the impact of a stand density on
four micronutrient stocks (Cu, Fe, Mn and Zn) in the aboveground biomass
of mature Scots pine stands of various densities (476-836 trees per ha), but
with similar biomass. All sampled stands where 5-10 years after thinning
and showed no correlation between the stand density and biomass. For these
stands, the content of nutrients in biomass and stocks per hectare were
assessed.
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MATERIAL AND METHODS

This study was carried out in 5 sample stands of Scots pine (Pinus
sylvestris L.), located in Drawno Forest District, northwestern Poland
(E 15°50'-16°0", N 53°10’-53°13’). This area is characterized by nutrient-poor
habitats on Podzols. In such habitats, the Scots pine is the dominant tree
species, and it forms homogeneous stands with a small admixture of birch.
The sample plots, 0.5 ha each (Table 1), were selected so that a stand density

Table 1
Main characteristics of five 82-year-old Scots pine sample stands
Sample Density, | Mean DBH .Mean Basal area | Volume Aboyeground
stand tree ha'! +SD (cm) height £SD (m? ha) (m? ha') biomass
(m) (Mg ha')
SP1 476 28.2+4.5 22.9+1.7 30.5 319 154
SP2 590 25.7+4.7 20.8+1.4 31.5 302 145
SP3 672 23.6+4.3 19.6+1.5 30.3 275 133
SP4 756 23.9+5.3 20.1+2.0 35.6 337 162
SP5 824 21.8+4.0 19.3+1.7 31.7 286 142

would be the distinguishing variable. Plots were established in 82-year-old,
single-species, single-layer stands growing on the same soil unit classified as
Carbic Podzol (WrB 2015). Sample plots were located within one forest com-
plex and were managed by one owner, the State Forests since World War
Two. Because forests were planted in the same year and by the same owner,
it could be assumed that the initial spacing was the same. Therefore, current
differences in stand densities were due to differences in natural mortality or
different thinning intensities. To avoid disturbing the results by recent thin-
ning, selected stands were 5-10 years after last thinning. To confirm the
correct selection of plots, the correlation between a stand density and stand
biomass was checked.

On the plots, diameter at breast height (DBH) was measured for each
tree. The height of 20% of the trees was also measured and Néslund’s height
curves were developed for each plot separately, which allowed us to calculate
the height of each tree.

The dry mass of all trees was estimated with allometric equations.
On each plot, 10 model trees were selected, with DBH representing the
range of the measured diameters, resulting in 50 model trees in total. Model
trees were cut down, delimbed, and divided into defined compartments: stem,
dead branches, thick branches (thicker than 5 mm), thin branches and
needles. From the stem, samples were taken as 10-cm long cross-sections
that were cut every meter along the stem. The fresh mass of a compartment
was measured. After weighing the fresh compartments, the samples were
dried at 65°C to a constant weight to determine the dry mass. The dry mass
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of each compartment of each model tree was calculated using the sample
proportion of dry and fresh mass. The 10-cm cut-outs were also used to
determine the proportion of dry mass between wood and bark.

Allometric equations were developed based on the data obtained for the
50 model trees across all plots. The best fitting equations to determine the
dry mass of each compartment were selected basing on: Akaike’s information
criterion (AIC), coefficient of determination (R?) and residual standard error
(RSE). These criteria of model fitness were used for: stem wood (AIC = 456,
R? = 0.936, RSE = 22.19), dead branches (AIC = 268, R? = 0.746,
RSE = 3.35), thick branches (AIC = 366, R? = 0.728, RSE = 8.92), thin
branches (AIC = 188, R? = 0.674, RSE = 1.53) and needles (AIC = 214,
R? = 0.750, RSE = 1.98). The estimated allometric equations allowed us to
calculate the dry mass of the aboveground compartments of every individual
tree, using DBH and height as predictive variables. The results were used to
calculate the mass of each individual tree and the collective mass for the
sample plots.

Chemical analyses were conducted on a selected number of trees used
for biomass estimation. For each sample area, 3 out of the 10 model trees
were selected. From a list ordered by increasing DBH, the second, fifth and
ninth trees were chosen. Across the whole study area, a total of 15 trees
were selected. Materials for the chemical analysis were taken beforehand
from the samples used to determine dry mass. Separate samples from the
following tree compartments: stem wood, stem bark, dead branches, thick
branches, thin branches and needles, were taken for chemical analysis.
The material was ground, marked, and sent to the laboratory. Laboratory
samples were wet-digested in HNO, (concentration) and the content of
metals was analysed by Inductively Coupled Plasma - Optical Emission
Spectrometer (ICP-OES).

Based on the dry mass of each individual tree and percentage content of
the elements, the mass of four micronutrients in each tree compartment was
calculated. For these calculations, the percent share of a given macronutrient
in the closest model tree (closest DBH) from the same stand was used for
each tree.

Statistical analyses were performed using the Multivariate Platform tool
in JMP 10.0 statistical software (SAS Institute Inc., Cary, NC, USA).
The results consisted of the Pearson correlation coefficients (r) and the corre-
sponding levels of significance. On this basis, an assessment of the correla-
tions between the density of the stands and (1) the micronutrient stock,
(2) the aboveground biomass, (3) the mean DBH, (4) the mean tree high (5)
the stand volume and (6) the basal area was performed.
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RESULTS

For 15 model Scots pine trees from 5 stands of different densities, the
content of 4 micronutrients in the dry mass of various tree compartments
(stem wood, stem bark, thick branches, thin branches and needles — Table 2)
was analysed. The content of Fe and Mn was the highest in dry biomass of
needles, while Zn was the richest in the stem bark and Cu was most abun-
dant in thin branches. All analysed micronutrients had the lowest content in
the stem wood (Table 2).

For some of the compartments the nutrient content was correlated with
the tree size (Figure 1). Correlations between DBH and the content of a micro-

Table 2

Mean (£SD) content of elements in dry biomass for all (N = 15) sampled Scots pine model trees

Element Stem Stem Thick Thin Dead Needl
eme wood bark branches branches branches eedies
Cu (mg kg) | 0.94+0.95 2.39+0.87 1.48+0.78 3.60+1.35 1.44+1.28 2.67+0.96
Fe (mg kg?') | 13.4+11.1 22.2+7.1 23.3+£19.9 32.7+£16.4 21.9£11.5 34.2+16.3
7Zn (mg kg?) 11.7+3.2 66.6£19.4 34.7+6.6 45.0+£13.6 25.7+£7.8 47.4+7.2
Mn (mg kg?) 154455 654+157 315+66 341+66 21777 1127+215
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Fig. 1. Mean micronutrient content (mg kg') in dry biomass for tree compartments of all model
trees (IN = 15) divided into three groups of different DBH (small, middle and big trees).
Statistically significant correlations at p < 0.05 between the tree DBH and the micronutrient
content are marked with an oblique line. Tree compartments: SW — stem wood,

SB — stem bark, BR — branches and FL — foliage.
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nutrient were statistically significant (at p < 0.05) for stem wood (Mn), stem
bark (Mn and Zn), branches (Zn) and needles (Cu, Mn and Zn). All correla-
tions were negative, which means that bigger trees had a lower content of
micronutrients.

The amount of stored micronutrients in the aboveground biomass of Scots
pine stands of different densities is shown in Table 3. Manganese was the most
abundant element in the aboveground biomass (30.9-47.1 kg ha'). The second
most abundant micronutrient in the aboveground biomass was zinc
(2.6-3.2 kg hat), followed by iron (1.4-3.8 kg ha') and copper (0.1-0.3 kg ha™?).

Relative nutrient stocks per hectare in the specific tree compartments
were similar for all micronutrients (Figure 2). All of the micronutrients were

Table 3

Micronutrient stock (kg ha?) in stem wood, stem bark, branches, needles and total
(all aboveground biomass) for Scots pine stands of different densities

Sample plots - Scots pine stands of different densities
Tree parts SP1 SP2 SP3 SP4 SP5
476 trees ha! | 590 trees ha' | 672 trees ha! | 756 trees ha' | 824 trees ha'
Cu (copper)
Stem wood 0.20 0.07 0.01 0.19 0.07
Stem bark 0.02 0.03 0.02 0.03 0.02
Branches 0.04 0.04 0.03 0.04 0.04
Needles 0.01 0.01 0.01 0.01 0.01
Total 0.27 0.15 0.07 0.27 0.14
Fe (iron)
Stem wood 3.09 1.75 0.67 0.99 0.96
Stem bark 0.25 0.22 0.17 0.27 0.20
Branches 0.35 0.74 0.36 0.51 0.58
Needles 0.14 0.10 0.21 0.11 0.27
Total 3.83 2.81 1.41 1.88 2.01
Zm (zinc)
Stem wood 1.30 1.12 1.17 1.62 1.24
Stem bark 0.59 0.62 0.61 0.63 0.69
Branches 0.63 0.68 0.79 0.73 0.86
Needles 0.22 0.21 0.23 0.26 0.20
Total 2.74 2.63 2.80 3.24 2.99
Mn (manganese)

Stem wood 14.92 12.96 14.32 26.54 15.93
Stem bark 5.48 6.34 6.52 6.63 5.75
Branches 6.40 6.86 6.18 7.87 5.53
Needles 5.09 4.70 5.66 6.02 5.09
Total 31.89 30.86 32.68 47.06 32.30
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Fig. 2. Proportions of micronutrient (Cu, Fe, Zn and Mn) stock per hectare in tree compartments
(FL — foliage, BR — branches, SB — stem bark, SW — stem wood) for all sampled stands

stored mostly in the stem wood (Cu — 60%, Fe — 62%, Zn — 45% and
Mn — 48%), and in the smallest amounts in the needles (Cu — 6%, Fe — 7%,
Zn — 8% and Mn — 15%).

The analysis of correlations showed no statistically significant relation-
ship between the total micronutrient stock per hectare and stand density for
any of the micronutrients (Table 4). A correlation for the nutrient stock per

Table 4

Pearson’s correlation coefficients (r) between stand density and nutrient stock in different
tree parts of the sampled Scots pine stands (IV = 5).

Tree part Cu Fe Mn Zn
Stem wood -0.287 -0.852 0.459 0.299
Stem bark -0.002 -0.193 0.344 0.837
Branches -0.091 0.249 -0.081 0.895*
Needles 0.549 0.531 0.414 0.200
Total -0.276 -0.799 0.416 0.736

* significant at p < 0.05

hectare in a specific tree compartment was significant only for Zn stored in
branches (r = 0.895, p < 0.05). Statistically significant, negative correlations
between the stand density and average DBH (r = -0.850, p < 0.001) and
average tree height (r = -0.497, p < 0.05) were found. No correlations
between the stand density and total aboveground biomass, stand volume
or basal area were found.
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DISCUSSION

The results corroborate the generally known fact that there are significant
differences in nutrient content in different tree compartments. The nutrient
content is usually the highest in stem bark and tree crowns (mostly needles)
and lowest in stem wood (SAUR et al. 1992, BARRON-GAFFORD et al. 2003,
Aucusto et al. 2008). According to our results, the amounts of micronutrients
in the aboveground biomass of Scots pine stands can be ordered
as Mn>Fe>Zn>Cu. The results obtained by other authors usually show a
different order, namely Fe>Mn>Zn>Cu (MERINO et al. 2005, DocaN et al.
2010, YaN et al. 2017). In our study, the content of Mn was higher than that
of Fe in all tree compartments. This is in line with results obtained by
BeaToN et al. (1965). Our results show that the content of Fe, Zn and Cu was
similar to values given by other authors for Scots pine, but the content of Mn
was higher (HELMISAART 1992, RauTiO et al. 1998, OnssoN et al. 2000, SAARELA
et al. 2005, SaarsaLmi et al. 2010).

In managed forests, harvesting is the main factor that causes nutrient
losses. Nutrients removed from forest ecosystems by harvesting can be com-
pensated for by inputs from atmospheric deposition and, in mineral soils,
by weathering (MERINO et al. 2005, PaLviaiNeN, FiNgr 2012). Maintaining
a positive nutrient balance is essential to achieving sustainable forestry
(Parg, TuirrauLT 2016). As forests are harvested more intensively, nutrient
export from the ecosystem also increases (Branco et al. 2005, WEGIEL et al.
2018b). However, the magnitude of nutrient removal depends on the harves-
ting method because the nutrient content differs between tree compartments.
Usually, branches and needles have a higher content of nutrients than
the stem (MERINO et al. 2005, HELMISAARI et al. 2011, PALvVIAINEN, FINER 2012).
Our results prove that this is also true for the four assessed micronutrients
(Table 2).

In conventional stem-only harvesting (SOH), branches and needles con-
stitute logging residues and are left on the site. In contrast, whole-tree har-
vesting (WTH), especially for bioenergy purposes, includes the removal of
these residues from the site. Nutrient balance calculations indicate that in
many cases nutrient removals by WTH exceed the replenishment rate
of plant-available nutrient pools in soil by mineral weathering and atmo-
spheric deposition (OLssoN et al. 2000, WaALL 2008, AcHAT et al. 2015,
VANGANSBEKE et al. 2015).

When analyzing the relationship between the stand density and the
amount of stored nutrients, two situations should be distinguished: (1) when
differences in densities are a consequence of different ages, and (2)
when stands of different densities are of similar ages. In the first case,
changes in density result from the stand’s age, when the number of trees
decreases but the overall biomass increases, along with the amount of stored
nutrients. In this case, the relationships are rather obvious — the amounts
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of stored nutrients should be positively correlated with biomass growth and
stand age and negatively correlated with density (BARRON-GAFFORD et al.
2003).

The situation is not so obvious when analyzing relationships between the
nutrient stock and stand density in even-aged stands, where biomass is not
correlated with the stand density.

In our stands, DBH was negatively correlated with the stand density.
Lower density means a lower number of trees, but of bigger dimensions
(DeL RiIo et al. 2001). Furthermore, for Cu, Zn and Mn, negative correlations
between the micronutrient content in some compartments and DBH were
found (Figure 1). The same was also found for some macronutrients
(SKONIECZNA et al. 2014).

It could be therefore expected that if the nutrient content is correlated
with the size of a tree, the nutrient stock will also correlate with the stand
density. In spite of this assumption, no correlation between the stand density
and micronutrient stock was found in this study. This could be explained by
a low number of analyzed stands (N = 5) or too few model trees in each
stand (IV = 3).

For our sample stands, a positive correlation between the stand density
and the amount of stored nutrients was found for 3 out of the 7 macro-
nutrients. These were the most abundant elements: N, P and K (WEGIEL
et al. 2018a). There are few studies concerning the relationship between
the stand density and macronutrient stock (BARRON-GAFFORD et al. 2003, Fana
et al. 2016). In the case of micronutrients — no such studies are available.

CONCLUSIONS

Forest utilization methods focusing on preserving a positive macronutri-
ent balance could be also beneficial for micronutrients. More intensive utili-
zation could cause excessive export of some elements from forest environ-
ment. Less intensive utilization is much safer for a positive balance of both
micro- and macronutrients.

Our results show that the stock of Cu, Fe, Mn and Zn in the above-
ground biomass of Scots pine stands was not correlated with the stand den-
sity. This could mean that thinnings of various intensity do not affect the
stock of micronutrients either. More intensive thinning increase the biomass
utilization and facilitates making a better profit from the final felling
of a less dense stand (BEMBENEK et al. 2014). The results, however, need to be
treated with caution because of the small size of the analyzed material and
different results obtained for macronutrients.
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