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Abstract It has been highlighted that forest productivity is related both
to species richness and to soil fertility; however, thus far it has not been
investigated which of these agents is more important for the productivity.
The goal of this study was to examine this problem with regard to Scots pine
(Pinus sylvestris L.) stands in Central Europe. The study was conducted in
129 plots located in SW Poland. The productivity of even-aged pine stands
was estimated based on site index. Plant species richness was investigated
regarding the total richness as well as the richness referring to particular
forest strata (overstorey, understorey, herb layer). Soil fertility was studied
regarding the nutrients’ stocks, the contents of fine-textural classes, pH, the
TOC content and the values of Soil Trophic Index. The importance of the
variables for the site index was examined using Spearman correlations and
the stepwise regression. Productivity of the studied stands was predominantly
correlated stronger to species richness than to soil properties being related
to its fertility. The higher importance for the productivity of soil variables
than of species richness was exclusively found for the poorest plots being
represented by Podzols. This study highlights the high importance of
species richness occurring in particular forest strata for the forest stand
productivity, which could involve consequences for forest economy as well
as for CO, sequestration. Thus, the research delivers strong argument for
the conversion of pine mono-stands occurring in Central Europe for mixed
forests.
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Introduction

Forest productivity is one of the fundamental
issues for forestry. It determines the volume
of wood production, which is essential for the
global society. Besides, in recent decades the
importance of the effective forest productivity
has been also highlighted with regard to the
carbon sequestration, which is crucial to
mitigate the ongoing climate change, and is
more efficient in forest stands of high than of
low both productivity (Bellassen & Luyssaert
2014) and species richness (Caspersen &
Pacala 2001). Thus, forest productivity is
the key issue both from the economic as
well as from the ecological point of view.
Consequently, the productivity as well as
its controlling agents have been extensively
discussed in scientific papers (e.g., Lasota et
al. 2016, Liang et al. 2016, Li et al. 2018).
However, it has been highlighted that many
the underlying mechanisms which control
the forest productivity are still not fully
understood (Ammer 2018), which is essential
to be examined both for science and practice
(Pretzsch et al. 2015).

The most commonly used and widely
accepted method of evaluating the forest
productivity is site index (SI) (Skovsgaard
& Vanclay 2008, Sharma et al. 2011, Socha
& Orzetl 2013, Socha et al. 2016). Following
the occurrence of the well-known strict
relation between the stem-wood production
in forest stands and the dominant tree height
(e.g., Nilsson et al. 2012), the index is used
both to estimate forest potential productivity
(Skovsgaard & Vanclay 2008) as well as to
gauge forest stand productivity (Socha 2012,
Eckhart et al. 2019). To minimalize the effect of
forest management on the SI values, the index
is calculated based on the top stand height,
which is usually understood as the height of
the 100 thickest trees per hectare (Sharma et
al. 2002, Socha 2008, Socha et al. 2016). The
measured in the field height is subsequently
recalculated using species-specific models
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for the potential stand height at the base age,
which is usually set at some age less than the
anticipated rotation age (Goelz & Burk 1996,
Sharma et al. 2002). With reference to pine
stands of Central Europe, SI is commonly
computed for the base age of 100 years (Socha
& Orzet 2013, Socha et al. 2016).

In the traditional approach, the natural
factors affecting forest productivity have
been linked to the geocentric agents, which
include climatic and soil characteristics,
mainly (Hégglund & Lundmark 1977,
Lasota et al. 2016). The effect of climate was
highlighted to be crucial for affecting forest
productivity in general comparisons across
species and regions, while for a given species
within a growth region climatic variable only
give a rough estimate of the productivity
(Skovsgaard & Vanclay 2008). Consequently,
in the geocentric approach, soil characteristics
are usually primarily considered when forest
productivity is linked to its natural controls in
a particular region (Brozek et al. 2008, Lasota
et al. 2016). Specifically, nutrients levels and
soil texture are predominantly linked to site
productivity (Marques 1991, Brozek et al.
2008, Lasota et al. 2016). With reference to
Central European Scots pine (Pinus sylvestris
L.) ecosystems, it was found that among
nutritional elements the stand productivity
defined with Scots pine SI was the strongest
positively correlated to soil stocks of potassium
and magnesium as well as to the content of
nitrogen in a humus (A) horizon (Sewerniak
2012b). While regarding textural fractions the
productivity was strongly, positively related to
contents of fine fractions; however, the relation
was the strongest not for the finest studied
fraction (<0.02 mm), but for the fraction 0.02-
0.1 mm (Sewerniak 2011). It was also revealed
that the effects of soil properties being related
to fertility on Scots pine productivity varied in
the gradient of soil moisture (Sewerniak 2011,
2012a, b). Acidification is also highlighted
to be the essential factor affecting the forest
productivity. Usually, the adverse effect of
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decreasing soil pH on the tree growth has been
reported (Kidd & Proctor 2001, Jonsson et
al. 2003, Zhang et al. 2016), which is linked
to the release of aluminum to soil solution
in strongly acidified environment, and its
subsequent toxic impact on tree roots (Jonsson
et al. 2003, Gruba 2004, Zhang et al. 2016).
On the other hand, for some environments the
opposite relation was found; namely, low pH
was positively related to biomass production
in tropical forest ecosystems (Fujii 2014). This
was also revealed with regard to European
Scots pine woodlands, in which the significant
negative correlation was found between SI and
soil pH (Sewerniak 2012a).

Recent studies have highlighted that
reducing natural factors controlling forest
productivity to the effects of climate and of
soil characteristics is controversial. Namely,
in some current research the clear positive
relation between species richness and the
productivity of forest ecosystems was found.
For example, such relation was revealed
with regard to global forests by Zhang et al.
(2012) as well as by Liang et al. (2016), and
in Canadian woodlands investigated by Zhang
et al. (2017). Besides, the positive relationship
between species richness and aboveground
plant biomass was also found in Pinus kesiya
Royle ex Gordon forests in China (Li et al.
2018). However, thus far such a study has
not been conducted with regard to Scots pine,
which has the widest natural distribution of
any pine species in Europe (Kelly & Conolly
2000, Leuschner & Ellenberg 2017), and
overgrows also extensive areas in Northern
Asia (Zhu et al. 2003). The positive effect of
the species richness on forest productivity has
been usually highlighted based on research
in which overstorey was included while the
richness occurring in understorey as well as
in herb layer was usually neglected. Thus, in
many studies the beneficial effect of mixed
tree species composition on forest productivity
has been reported (Bielak et al. 2014, 2015,
Pretzsch et al. 2015, Forrester & Bauhus
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2016), while the research which additionally
include also lower forest strata in the analysis
are relatively scarce (Zhang et al. 2017, Li et
al. 2018).

Despite the fact that the clear relations
between soil properties and forest productivity
have been known for many decades, and
that in recent studies the essential effect of
species richness for the productivity has been
additionally revealed, the forest productivity
controlling agents remain still not fully
described and understood (Ammer 2018,
Sheil & Bongers 2020). Additionally, to date
it has not been arbitrated if the importance
of soil fertility or of species richness is more
significant for the productivity. Besides, thus
far the effects of these agents (soil fertility and
species richness) on the productivity of Scots
pine dominated stands have been only roughly
described in literature, albeit such forests
overgrow extensive areas in the world (Kelly
& Conolly 2000, Zhu et al. 2003, Leuschner
& Ellenberg 2017). Thus, the aim of this study
was to examine the relationships between SI
of Scots pine stands and 1) soil properties
being related to fertility (nutrients, TOC, pH,
contents of fine textural classes) as well as 2)
species richness, and to test the importance
of these two factors (soil fertility and species
richness) for the productivity. Following the
recent results which highlighted the essential
significance of the species richness for forest
productivity (Zhang et al. 2012, Liang et al.
2016, Li et al. 2018), it was hypothesized that
the importance of this factor could be more
important than of the soil fertility for the Scots
pine stands’ productivity in Central Europe.

Material and methods
Study sites and sampling
The study was conducted in 129 plots situated

in three Forest Districts (Bolestawiec, Glogow
and Otawa) located in SW Poland (Fig. 1).
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Figure 1 Location of the investigated Forest Districts

Following the fact that fine-textured soils are
usually much more fertile than those of sandy
texture (Pritchett 1979), forests overgrow
usually sandy areas while woodlands occurring
on fine-textured soils are relatively scarce in the
studied region. Majority of the region had been
primarily overgrown with deciduous or mixed
forests which referred also to most of areas
covered with sand (Olaczek 1976). However,
since the turn of 18th and 19th century Scots
pine monocultures were artificially introduced
(usually by planting) in extensive areas in
Central Europe, usually with no regard to soil
fertility or to species composition of primary,
potential vegetation (Olaczek 1976, Zerbe
2002, Spiecker 2003). It happens that in such
pine mono-stands broadleaved species of trees
and shrubs encroach by natural succession
or are introduced by planting due to forest
conversion. Thus, consequently in some
studied pine dominated stands an admixture of
deciduous species occurred, which particularly
referred to the second tree layer of overstorey
and to understorey.

All the studied plots were located within
a maximum distance of ca. 150 km, thus the
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climatic conditions were similar
in each plot. The studied region
is characterized by transitional
climate, between oceanic and
continental. The mean annual
temperature is  8.7°C, with
monthly averages ranged from
0.6 to 18.7°C (in January and
July, respectively). The mean
annual precipitation is 551 mm,
with July being the wettest month
(Siedliskowe 2004).

Each studied plot was
located in a production even-
aged Scots pine stand in which
the mean share of the species
in overstorey was 94%. The
admixture of broadleaved species
in overstorey main layer occurred
in 62 investigated stands, and, on
average, it equaled in the stands 12%. The main
admixture tree taxa were Quercus petraea
(Matt.) Liebl., Q. robur L., Fagus sylvatica
L., and Betula pendula Roth. The mean age
of the studied stands was 87 years, and the
age range was between 42 and 132 years. In
preliminary works of this study, forest areas in
which pine growth was significantly affected
by non-pedological agents (industrial impacts,
pest outbreaks, fires, etc.) were excluded from
the research. Furthermore, during the field
stage of the study post-agricultural woodlands
were also excluded based on the verification
of a ploughing humus (A) horizon occurrence
in the soil profile. This was done because the
previous agricultural usage of a soil affects
growth dynamics of a forest stand as well as
species composition of vegetation (Flinn &
Marks 2007, von Oheimb et al. 2014), and
consequently could obliterate the relations
investigated in this study. The soil in each plot
was classified in field regarding the soil unit
according to World Reference Base (IUSS
Working Group WRB 2015).

In each plot, species composition of all
vascular plants was determined, which was
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done separately for all forest vertical strata
occurring in a plot. Specifically, vegetation
within each plot was classified as either part
of overstorey, understorey or herb layer.
Additionally, overstorey and understorey
was investigated regarding two strata.
Namely, the upper and the second storey were
distinguished in overstorey, while understorey
was investigated separately with regard to tree
and shrub species. Following the different
plant growth forms, the area for determination
of species richness was different for particular
forest strata. It was 0.3 hectare for overstorey
and understorey, while it was 400 m? for herb
layer. In such areas all occurring plant species
were recorded and ordered to particular forest
strata. Finally, based on the survey conducted,
the total number of plant species occurring in
all the strata was determined for every plot
which was treated as the total plant species
richness of a plot.

In each plot the height of the 10 thickest
pines were measured in 0.1 hectare, and
subsequently from these measurements the
mean height was calculated for a plot. Such
height is commonly considered as the top
height of a stand, which is recommended
for the calculation of SI (Sharma et al. 2002,
Socha & Orzet 2013, Socha et al. 2016). The
heights of pines were measured in a field using
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an optical Suunto altimeter.
Data analysis

The results were analyzed jointly in the
whole set containing all the 129 studied
plots; however, additionally the results were
examined separately in two groups varying
in site moisture. This was done because site
moisture had a strong effect on growth of pine
stands in Central Europe, and the moisture
agent affected the existed relations between
pine SI and soil properties (Sewerniak 2011,
2012a, b, Sewerniak & Piernik 2012). Thus,
it was assumed that the relationship between
species richness and Scots pine productivity
could also differ in the two moisture groups.
Consequently, the study was conducted
regarding plots of lower soil moisture (92
plots, hereafter referred as “dry plots”, DP),
and higher soil moisture (37 plots, hereafter
referred as “moist plots”, MP). The criterion
of ordering the plot to a group was the
occurrence of the ground water table and/or
the clear gleyic properties within a soil profile.
The existence of at least one of these attributes
involved classification of a plot as MP.

The mean numbers of plant species by forest
strata in the investigated plots' sets were shown
in Table 1.

Table 1 Mean number (£SD) of plant species by forest strata in the investigated plots’ sets

Forest strata All plots  Dry plots Moist plots
Upper layer 2.0+1.2 1.9+1.3 2.2+1.2
Overstorey Second layer 1.9£1.5 1.7+1.5 2.3+1.5
All species in a stratum 3.3+1.5 3.2+1.6 3.7+1.3
Trees 2.1£1.3 2.0£1.2 2.4+£1.5
Understorey Shrubs 1.8+1.4 1.7£1.4 1.9£1.3
All species in a stratum 3.842.1 4.5+2.0 4.2+2.5
All woody plants (over- and understorey) 6.2+2.5 6.0+2.5 6.6+2.5
Herb layer 7.9+4.7 7.3+4.1 9.6%5.6
Total plant species richness 14.0£6.5 13.2+5.8 16.1£7.8
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Each soil analyzed in this study had a
detail specification regarding its properties in
Forest Inventory Data (Operat 2003, 2004,
2005). From these resources for this study the
following soil properties being related to soil
fertility were extracted: content of total organic
carbon (TOC) by the wet dichromate oxidation
method, content of total nitrogen (Nt) by the
Kjeldahl method, C:N ratio in humus (A)
horizon, pH of soil-to-solution ratio of 1:2.5
using 1 M KCI as the suspension medium,
contents of exchangeable basic nutritional
cations (Ca*", Mg**, K*) after extraction with 1
M ammonium acetate at pH 7.0, by a SOLAAR
699 atomic absorption spectrophotometer, and
contents of fine textural fractions (<0.002,
0.005-0.002, 0.02-0.005, 0.05-0.02, 0.1-0.05
mm) by the hydrometer method. Records on
TOC and Nt was available for humus (A)
horizon only, while those on other properties
were available by horizons for soil profiles.
Thus, to more easily compare the investigated
plots as well as to include whole soil profiles
in the analyses, one value concerning each
variable (except for TOC, Nt, and C:N) was
calculated for a single plot. Specifically,
regarding Ca*, Mg?* and K*, stocks of each
cation were calculated to the equal for each
plot soil mineral layer of 0-150 cm. It was done
based on cations’ contents in particular soil
horizons, bulk density and the thickness of the
horizons. The 0-150 cm stock of each element
was obtained as a sum of stocks calculated for
all horizons occurring to the depth of 150 cm.
Using thicknesses of soil mineral horizons
and specific analytical records stated for each
horizon, the weight average values (hereafter
referred as Indices — I) of pH as well as of
particular textural classes were calculated for
each soil. Regarding pH, raw values measured
in humus horizon and in soil parent material
was additionally investigated in the study.
In the analyses, pH records measured in
potassium chloride were employed, because
they showed stronger correlation to SI of
Scots pine stands than those detected in water

62

Research article

(Sewerniak 2012a).

Based on pedological characteristics found
for each soil, the value of Soil Trophic Index
(STI) was calculated for each plot. The index
was elaborated by Brozek et al. (2008) based
on studies conducted in 200 forest plots
located throughout Poland. The following soil
characteristics were employed to obtain values
of STI: content of the <0.02 mm textural
fraction, total content of basic cations (Ca*,
Mg?, K, Na"), total content of acidic cations
(A", H"), bulk density and thicknesses of
soil horizons. The variables were considered
by soil horizons to the 0-150 cm soil layer.
Besides, content of TOC and Nt in a topsoil was
included in the Index. The detailed procedure
of processing soil data to obtain STI for the
recommended 0-150 cm layer was described
in the paper of Brozek at al. (2008). The mean
values of the investigated soil properties as
well as the STI values by the investigated
plots’ sets were shown in Table 2.

Additionally, the study was conducted
regarding soil units. However, only three
most numerous WRB units representing
the investigated plots were included in this
part of the study. The units were Brunic
Arenosols (in German ‘“Sand-Braunerde”,
in Polish “gleby rdzawe”; according to Soil
Taxonomy (Soil Survey Staff 2014) referred
as “Typic Udipsamments” (Kabata et al.
2019), Podzols and Luvisols (51, 30 and 24
plots, respectively). Some Brunic Arenosols in
which sandy material was underlaid by fine-
textured deposits were excluded from this part
of the study. This was done because Brunic
Arenosols are typically sandy soils (IUSS
Working Group WRB 2015). Thus, including
in the analysis pedons having fine-textured
underline would distort the results obtained
with reference to this soil unit, because fine-
textured material usually significantly affects
the original nutritional status of sandy soils
(Pritchett 1979). Mean species richness by
forest strata regarding the investigated soil
units was presented in Table 3, while mean
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records on soil characteristics were shown as to soil characteristics by the studied plots

in Table 4. The detailed characteristics both ~ were illustrated in online Supplementary

of records related to a forest stand as well Information I.

Table 2 Mean values (£SD) of related to fertility soil characteristics as well as mean Soil Trophic Index
(STI) values in the studied plots by the investigated plots’ sets

Soil characteristics All plots Dry plots Moist plots
Ca* 106+142 105+154 113+110
Stocks 0-150 cm [cmol_kg] Mg 42.8+71.6 41.5469.2  46.0+78.1
K+ 11.2+7.7 10.9+6.6  12.1+10.0
TOC [g kg'] content in A horizon 20.2+17.7 20.4+18.3  19.6+16.1
N [g kg'] content in A horizon 0.70+0.45 0.64+0.33  0.91+0.67
C:N in A horizon 23.6+7.8 22.7+46.4  26.3+10.9
in A horizon 3.2+0.4 3.3+0.4 3.2+0.4
pH in parent material 4.4+0.9 4.5+0.9 4.3+0.6
Ly 4.24+0.6 4.3+0.6 4.1£0.5
| 7.1+£5.9 7.4+6.6 6.3+£3.9
Weight average content of a textural To05:0.02 mm 3.6+7.1 6.0+8.1 45435
fraction [%] 15020005 mm 3.3£3.1 3.2+3.0 3.6£3.3
L) 005:0.002 mm 1.8+1.7 1.7£1.6 2.1£2.0
L) 002 mmm 4.0+£7.3 3.546.2 5.449.5
Soil Trophic Index (STI) 20.7+7.4 20.4+7.7 21.4+6.6

Table 3 Mean number (+SD) of plant species by forest strata in the studied soil units

Forest strata Brunic Arenosols Podzols  Luvisols
Upper layer 1.841.2 1.6+0.8 2.8+1.6
Overstorey  Second layer 1.5¢1.3 1.7£1.3 2.6+1.5
All species in a stratum 2.9+1.4 2.841.2 4.4+1.4
Trees 2.2+1.2 1.7+1.1 2.1+1.3
Understorey ~ Shrubs 1.6+1.5 1.3+0.9 2.3+1.3
All species in a stratum 3.7+2.1 2.9+1.5 4.4£1.6
All woody plants (over- and understorey) 5.942.6 5.1+1.6 7.4+1.9
Herb layer 7.6+4.2 5.6+2.6 10.4+3.9
Total plant species richness 13.4+5.9 10.5+3.4 17.8+4.9

Based on the top height of each pine stand the ~ where H is the height at the age T, T, is the age
value of SI was calculated for each plot. This and R is calculated as follows (Socha & Orzet
was done using the dynamic model elaborated ~ 2013):

by Socha and Orzet (2013) for pine stands of R=22937+H+
southern Poland:
Gl 12976 X (T1#10x R + 14325.1) #1 (22937 + H )+ 2H, x 14325,/

1

T 14916 (729.76 x R + 14325.1)
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The obtained values of SI were negatively
correlated to stand age (R* = 0.26, p <
0.05). Such relation between SI and age was
commonly revealed in many previous studies
(e.g., Socha 2008, Sewerniak 2011, 2016,
Sharma et al. 2012, Socha et al. 2016). It is
recommended to exclude the Sl-age bias by
adjusting the SI model to local site conditions
by incorporating age trend (Socha et al. 2016).
In this study, the bias was eliminated using
a simple method proposed by Socha et al.
(2016). Namely, the regression model was
elaborated describing the relationship between
residuals of the SI prediction model and the
stand age; and the error in the predicted SI as
a function of stand age was determined. Next,
the SI of the stand at a given age was corrected
by subtracting the correction factor calculated
as the difference between the computed SI
and the error obtained for the age from the
regression model. Such procedure enabled
removal of the age trend from SI model (Socha
et al. 2016), which was relevant also to this
study (R*=9¢-08).

Many of the investigated variables differed
from the normal distribution (p values in
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the Shapiro-Wilk test <0.05). Hence, the
Spearman’s rank correlation was used to
examine the relationships between the
investigated variables. The importance
of particular variables to the pine SI was
additionally examined in the linear backward
stepwise regression, which was commonly used
to identify the best explanatory variables for
tree productivity (Paquette & Messier 2011).
Due to some relations referring to the raw data
were curvilinear, the log transformation of each
variable was performed before the regression
analyses. The results of this transformation are
shown in online Supplementary Information 2.
To reduce the number of independent variables
included in the regression analyses, only six
the variables were employed in each run.
Specifically, for each plots’ set variables for
which the highest Spearman correlations were
found were included. However, they were
selected by one from each group of variables.
Namely, the strongest correlated to SI variable
related to species richness as well as the
strongest correlated one representing nutrients
(Ca*, Mg*, K*, N), pH variables and textural
fractions were employed.

Table 4 Mean values (£SD) of soil characteristics as well as mean Soil Trophic Index (STI) in the

studied plots by soil units

Soil characteristics Brunic Arenosols Podzols  Luvisols
Ca* 77.4£109  47.5£24.7  197+£234

Stocks 0-150 cm [cmol_kg™] Mg** 20.0+£24.9 10.6£3.6  95.8+111
K* 8.8+4.4 8.1+6.2  15.846.6

TOC [g kg''] content in A horizon 1.6+1.0 1.5£0.9 3.8£2.6
N [g kg''] content in A horizon 0.07+0.04  0.07+0.05 0.11+0.08
C:N in A horizon 22.0+6.5 27.6£8.6  20.4+4.1
in A horizon 3.2+0.3 3.1+0.4 3.3+0.4

pH in parent material 4.2+0.4 4.5+0.7 4.4%1.1
- 42403 4.440.6 4.0+0.4

| . 6.0+6.1 4.6+49  11.1+4.4

Weight average content of a textural Ly 45.0.02 mum 3.7+£5.8 23+1.9 12.8+104
fraction [%] L 020,005 mmn 1.7£1.5 1.6£1.1 7.1£2.8
110050002 s 0.9+0.6 1.0+£0.9 3.4+1.7

Ly 1.1+1.1 1315 9.0:9.9

Soil Trophic Index (STT) 17.4+5.8 15.6£54  29.54£3.5
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Table 5 Spearman correlations between values of pine site index and the number of plant species by forest
strata as well as the soil properties related to fertility and the values of Soil Trophic Index (STI).
*p <0.05, ** p<0.01, *** p <0.001. In grey, the three strongest relations for each plots’ set

were marked

Characteristics All plots Dry plots Moist plots
Upper layer 0.28** 0.29%** 0.20
Overstorey Second layer 0.45%** 0.51%%** 0.20
All species in a stratum ~ 0.55%** 0.60%** 0.37*
Number of Trees 0.07 -0.04 0.28
spl::ie:r © Understorey Shrubs 0.41%** 0.47%** 0.24
All species in a stratum ~ 0.32%%* 0.30%** 0.32
All woody plants (over- and understorey)  0.52*** 0.58%*x 0.32
Herb layer 0.54%*%%* 0.59%** 0.36*
Total plant species richness (all strata) 0.60%** 0.66%** 0.40%*
Stocks 0-150 2 0.30%** 0.35%%* 0.04
tocks 0-150em oo 0,427 0.55%%* -0.01
[cmol kg']
¢ K" 0.42%%%* 0.53%%* 0.09
TOC [g kg'] content in A horizon 0.13 0.23* -0.1
N [g kg''] content in A horizon 0.36%** 0.41%** 0.20
C:N in A horizon -0.38%** -0.38%** -0.40%**
in A horizon -0.10 -0.10 -0.12
i i -0.34%** -0.46%** -0.01
Soil properties pH in parent material
IbH -0.37%** -0.49%** -0.02
1 0.35%*%* 0.51%%%* -0.19
Weight average 0% - -
content of a 15.05:0.02 mm 0.38 0.52 0.01
tixtural fraction I, oo 0.30%** 0.36%** 0.05
[%] 1 soso0ms 0.35% 0.39%%% (.14
| 0.22% 0.38*x -0.19
Soil Trophic Index (STI) 0.42%%* 0.52%%* 0.10
In each regression analyses values of C:N Results

ratio as well as of STI were included. Thus,
in each stepwise regression run, one variable
being related to species richness and five
variables referring to soil properties were
employed (the strongest correlated to SI
variable being related to 1. nutrients, 2. pH,
3. texture, and additionally 4. C:N ratios and
5. STI values). The statistical analyses were
conducted using the Statistica 9.0 software.

Analyses including all plots regardless of soil
unit

The Spearman correlation analysis conducted
in the full set of 129 investigated plots revealed
that SI was significantly related to almost all
of the studied plant and pedological variables.
The only exceptions were the number of tree
species occurring in understorey, TOC content,
and pH in A horizon, for which no statistical
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relation to ST was found (Table 5). Interestingly,
the all three strongest relations were found for
those related to species richness: primarily
to the total plant species richness (r = 0.60),
and subsequently to the number of species
occurring in overstorey (r = 0.55), and in herb
layer (r = 0.54, Table 5). All these relations
were of positive character, showing that
higher species richness supports strongly the
productivity of Scots pine stands. Most of the
relations referring to soil characteristics were
also positively related to SI. However, for all
the variables being related to pH as well as for
the value of C:N ratio negative relationships
were found (Table 5).

Some differences were revealed when the two
studied soil moisture groups were separately
investigated. The results obtained for DP were
very similar to those detected for the whole
plots’ set, which did not, however, referred to
MD. Namely, the only significant correlations
regarding the latter group pertained the
positive relationship between SI and the total
plant species richness (r = 0.40), the number
of species occurring in overstorey (r = 0.37)
and in herb layer (0.36, Table 5). In turn, when
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soil characteristics were considered, only one
variable was detected as significant for SI. It
was C:N ratio being negatively related to Scots
pine productivity (r = -0.40, Table 5).

The results obtained in the stepwise
backward regression also suggest higher
importance of the species richness than of
the soil properties being related to its fertility
for SI. Namely, in a model elaborated for
the full set of the investigated plots, the only
variable left after the stepwise selection
was the total plant species richness, and the
model explained 42% of the total variance
(Table 6). Higher variance explained (55%)
referred to a model computed for the set of
DP. The variables finally included in the model
were the total plant species richness and L
However, the former variable was positively,
while the latter negatively related to SI. In the
analysis regarding MP, all employed variables
were finally removed in the stepwise backward
procedure from the model. However, the last
variable being removed was referred to the
species richness: it was the total number of
plant species occurring in a plot.

Table 6 Results of the stepwise backward regression obtained for the studied plots’ sets

Variables left in a model

All plots  Total plant species richness (a)

Dry plots  Total plant speciesrichness (a), IpH (b)

Model R? p
SI=-0.39 +0.65a 0.42 0.0000
SI=1.43+0.51a—-0.37b 0.55 0.0000

Analyses regarding soil units

Clear differences between the importance of
the studied variables for SI were found when
the analyses were conducted with regard to
soil units. Strong positive relation between
species richness and SI were revealed for
Brunic Arenosols. The highest correlations
referred to the total species richness (r = 0.67),
the number of species occurring in herb layer
(r = 0.64), and the total richness of woody
plants (r = 0.63, Table 7). Most correlations
found for pedological characteristics were
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also significant; however, they were weaker than
those referred to the species richness variables.
The strongest relations revealed for soil attributes
were the negative effect of C:N ratio on SI (r =
-0.48), and the positive relation regarding the
weight average content of the 0.1-0.05 mm
textural fraction (r = 0.47) as well as the soil
stocks of Mg** (r = 0.46, Table 7). Interestingly,
the positive relations between SI and the content
of textural fractions decreased with decreasing
fraction size (Table 7). Finally, for the smallest
fraction (< 0.002 mm) the relation becomes
statistically insignificant (p = 0.27).
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Interestingly, contrary to Brunic Arenosols,
in plots ordered to Podzols soil characteristics
showed stronger than the species richness
variables relationships to SI. This concerns
especially the effect of pH. Specifically, all the
three variables referring to pH were strongly
negatively correlated to SI (Table 7). The
strongest relation regarding species richness
referred to the number of species in overstorey;
however, the relation resulted from the strong

Plant species richness or soil fertility...

effect of the richness in the second overstorey
strata (r = 0.49), while the relation between the
richness in upper overstorey strata and SI was
insignificant (r = -0.03, Table 7).

The weakest relations were detected with regard
to the plots representing Luvisols. With reference
to this soil unit, the only significant relation
concerned the positive effect of species richness in
upper overstorey strata on SI (r = 0.42).

Table 7 Spearman correlations between values of the pine site index and the number of plant species by
forest strata as well as the soil properties related to fertility and the values of Soil Trophic Index
(STI) by soil units. * p <0.05, ** p <0.01, *** p <0.001. In grey the three strongest relations for
each plots’ set were marked (regarding Luvisols only one existing significant relation was indicated)

Characteristics Brunic Arenosols  Podzols Luvisols
Upper layer 0.19 -0.03 0.42*
Overstorey Second layer 0.52%*%* 0.49%* 0.23
All species in a stratum 0.59%%*%* 0.50%* 0.31
Trees 0.12 -0.27 -0.08
Numberof {5 qorstorey  Shrubs 0.61%%% 0.27 -0.07
species
All species in a stratum 0.47%%* 0.02 -0.11
All woody plants (over- and understorey) ~ 0.63%** 0.33 0.19
Herb layer 0.64*** 0.37* 0.29
Total plant species richness (all strata) 0.67%** 0.18 0.23
Ca* 0.18 0.35 0.22
Stocks 0-150 "
0.46%%* 0.46** -0.13
cm [cmol_kg'] Mg
K* 0.38%* 0.63%%* 0.17
TOC [g kg'] content in A horizon -0.05 0.46* -0.07
N [g kg™'] content in A horizon 0.31* 0.53%* -0.02
C:N in A horizon -0.48%** -0.22 -0.15
in A horizon -0.03 -0.66%**  0.08
Soil properties  pH in parent material -0.30% -0.67***%  -0.05
1 -0.41%* -0.67%*%  0.13
pH
1 0.47%%%* 0.20 -0.19
Welght average 0.1-0.05 mm . n
content of a 0.05-0.02 mm 0.37 048 -0.16
textural fraction I, . 0.29* 0.38%* -0.39
%
el I0.005—0.002 mm 0.34% 0.44* -0.08
L) 002 mum 0.16 0.37* -0.23
Soil Trophic Index (STI) 0.06 0.41%** 0.06
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The differences between soil units revealed
in the correlation analysis were supported in
the stepwise backward regression. In a model
elaborated for Brunic Arenosols two variables
were finally left: the total plant species richness
as well as the weight average content of the 0.1-
0.05 mm textural fraction, and the elaborated
model explained 57% of the total variance. The
higher variance explained (71%) showed the
model computed for Podzols. This reflected the
strong importance of pH for SI in pine stands
overgrowing these soils, because only one
variable was left in the model after the stepwise
backward selection, and it was Ly (Table ).
In turn, the relations pertaining Luvisols were
not strong enough to elaborate any model with
the stepwise backward regression, because
finally all the variables were removed from the
model. However, regarding this soil unit, the
stepwise regression analysis suggested higher
importance of species richness than of soil
fertility for Scots pine productivity, because the
number of species occurring in upper layer of
overstorey was the last variable being removed
from a model.

Table 8 Results of the stepwise backward regression obtained for plots

representing Brunic Arenosols and Podzols
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managers, primarily by introducing tree species
in a forest site as well as subsequent execution
of thinnings. Thus, although the found in
this study as well as in previous research
(Zhang et al. 2012, Liang et al. 2016) positive
relation between the tree species richness and
forest productivity is crucial, for example,
to encourage practical foresters to converse
conifer monocultures into mixed forests, the
relation does not give the full insight into the
natural relation between plant species richness
and forest productivity. In managed forest
stands, the existence of this relation could be
primarily proved when naturally encroaching
plant species into forest stands are considered,
which predominantly refers to herb layer. The
revealed in this study strong positive relation
between the number of plant species occurring
in this layer and SI supports the based on the
tree diversity positive relation between species
richness and forest productivity (Zhang et al.
2012, Liang et al. 2016), which alone could
potentially be implied by anthropogenic factor
(intentional introducing tree species due to
forest management).

The underlying
mechanisms of

Variables left in a model Model R? p the  relationship

. — between plant

immc | ITOtal plan(tbs)pe“es richness (@), ¢ _ | 16+ 0.61a+033b  0.57 0.0000  diversity and forest

TeNOSOIS L 1.0.05 mm stand productivity

Podzols lpu(a) SI=1.28-0.85a 0.71 0.0000  4re still not

fully understood,;

. . however, competition reduction and facilitation
Discussion

This study suggests that species richness
is predominantly more important than soil
fertility for Scots pine productivity in Central
Europe. The positive relation between the
number of species occurring in a forest stand
and its productivity was highlighted in previous
studies; albeit, it was usually revealed with
regard to the species richness referring to tree
diversity (Bielak et al. 2014, 2015, Pretzsch
et al. 2015). However, the diversity occurring
in tree layers is strongly affected by forest
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have been identified as key mechanisms driving
the diversity-productivity relationship (Ammer
2018). It is highlighted that mixed compared
with pure stands can improve the supply,
capture, or use efficiency of resources and
thereby increase productivity (Forrester 2014,
2015, Pretzsch et al. 2015). Besides, the rate
of decomposition of the pure conifer litterfall
is usually slower than the litterfall of mixed
forest stands, which entails that the turnover
of nutrients in a soil-vegetation system in
the latter stands is quicker (Namikawa et al.
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2000). In turn, the efficient flux of nutrients
between the ecosystem components is crucial
for sustaining forest site productivity (Pritchett
1979, Wang et al. 2015). This can be linked to
the found in this study clear negative relation
between the productivity of pine stands and
C:N ratio in the topsoil. The ratio indicates
the litter susceptibility to decomposition
(Berg & McClaugherty 2008), the smaller it
is the faster the rate is and thus the nutrients’
turnover in forest ecosystem is more efficient
(Zhou et al. 2008, Jasinska et al. 2019). In
this context, the results obtained in this study
could be discussed regarding the real (usually
introduced by foresters) vs potential vegetation
occurring in the studied plots, including also
subsequent consequences of this relation
for sustainable forestry. Namely, although
pine stands have been introduced in the
studied sites by forest managers, the potential
vegetation of extensive sandy areas in Central
Europe is broadleaved or mixed forest (Zerbe
2002, Spiecker 2003, Kint et al. 2006), which
refers also to the studied region (Olaczek
1976). This pertains not only fine-textured
Luvisols, but also Brunic Arenosols, which are
degraded by acidification and podzolization
after overplanting with pure conifer stands
(Augusto et al. 1998, Biaty 1999, Jankowski
2014). In turn, the natural vegetation of
Podzols occurring in Central Europe are
woodlands dominated with conifers, thus the
podzolization process cannot be understood
as a degradation factor regarding this soil unit
(IUSS Working Group WRB 2015). Thus, this
study delivers strong argument supporting the
idea to increase species richness in Central
European woodlands by forest managers
(Zerbe 2002, Pretzsch et al. 2010, Bielak et al.
2014,2015, Pretzsch et al. 2015), which among
the studied sandy soils pertains especially
Brunic Arenosols. The research shows that
the vital functioning of forest ecosystems
being related to high plant biodiversity, and
subsequently efficient nutrients’ turnover can
be more important for forest productivity than
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the soil fertility. In turn, relatively high site
productivity could be not efficiently utilized
in forestry if species composition is unified
in forest management by introducing pure
conifer monocultures.

The study shows also that the general higher
importance of species richness than of soil
fertility for forest productivity is not relevant
when the poorest sites are considered, in which
the opposite importance of these factors occurs.
Specifically, this concerns Podzols being much
poorer than both other studied soil units, which
can be seen when nutrients’ stocks as well as
contents of fine textural classes are compared
(Table 4). The revealed for Podzols negative
relation between pH and pine productivity
could be found controversial, because usually
the adverse effect of low soil pH on the tree
growth is highlighted (Kidd & Proctor 2001,
Jonsson et al. 2003, Zhang et al. 2016), which
is linked to the toxic effect of aluminum in
strongly acidic environments on tree roots
(Jonsson et al. 2003, Gruba 2004, Zhang et al.
2016). However, the stated negative relation
between pH and SI values could be explained
first by the beneficial influence of low pH on
pine ectomycorrhizal fungi, a large number of
which have pH optima at ca. 3.0 (Finlay 1995).
Secondly, the relation could be linked to the
adaptation of Scots pine to grow on extremely
poor soils. Namely, the efficiently produced
in decomposing pine litter organic acids
aggressively affect mineral soil grains, which
stimulates weathering of minerals (Augusto
et al. 2000). In turn, the latter process enables
the release of nutrients from the minerals
(Pritchett 1979, Augusto et al. 1998), which
subsequently can be uptaken by roots, and
thus the process of the increased weathering of
a soil can mitigate nutrient depletion in pines.
The negative relation between soil pH and
forest productivity was also found with regard
to other ecosystems (Fujii 2014).

This research suggests that in designation
of pine monocultures for conversion in
Central and Eastern Europe more attention
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should be directed to soil units. Despite the
fact that Brunic Arenosols are characterized
by much lower stocks of nutrients that fine-
textured Luvisols (Table 4), Scots pine stands
overgrowing these soil units can have similar
productivity (Sewerniak 2013). However, as it
was figured out in this study the condition of the
occurrence of such a comparable productivity
regarding the units is that Brunic Arenosols are
overgrown with vegetation of high diversity.
In turn, the introduction on the soils of pure
conifer stands involves their degradation
(Bialy 1999, Jankowski 2014), which
subsequently decreases forest productivity
(Sewerniak 2013). The results presented in
this paper suggest that the conversion of mono
conifer stands overgrowing Brunic Arenosols
should be performed in more extensive area
with regard to the occurrence of the soils than
so far it has been executed. For example, in
Polish forest management surveys, vast areas
of the soils are still being dedicated for the
introduction of the next generation of almost
pure pine stand, which is done according to
the operative forest instruction (Klasyfikacja
2000). This practice involves not only that site
productivity is not fully utilized in forestry
and soil degradation is progressing, but it
also increases forest susceptibility to hazards.
Namely, it has been broadly highlighted that
pure conifer monocultures are much more
exposed for disturbances such as fires, pest
outbreaks and windthrows than broadleaved or
mixed forests (Kenk & Guehne 2001, Schelhaas
et al. 2003, Spiecker 2003, Sierota el al. 2019).
Thus, this study encourages to convert pine
monocultures overgrowing Brunic Arenosols
into mixed forests, which could be done, for
example, by common underplanting the young
and mid-aged monocultures being previously
introduced on such soils with broadleaved
species. The problem of rational management
of forest stands overgrowing Brunic Arenosols
is urgent and crucial, because the soils cover
extensive areas in Central European lowlands
(e.g., MLUV 2005, Systematyka 2019).
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Besides, the frequency of forest huge damages
has been increased in last decades (Gregow
et al. 2017), and the ongoing climate change
is predicted to might cause severe loss in the
economic value of European forests in the
future (Hanewinkel et al. 2013).
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