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Abstract

Single-tree selection system is considered as the earliest form of nature-based silviculture. However, due to the fact
that only few old-growth forests (OGF) are left in Europe, the comparisons between OGF and selection-managed
forests (MF) were rarely possible. Moreover, research results on structures of European OGF are often
contradictory; while some researchers stress equilibrium structures (e.g. negative-exponential dbh distribution) in a
small scale, others suggest that this rarely happens due to biomass accumulation. If the former is the case, then the
argument that OGF should serve as natural references for selection management would be fairly strong. At the same
time, mountain mixed selection forests are in many regions thought of as the most "natural" type of MF, and thus,
similar to large extent to corresponding OGF. The concerns have been recently raised, however, whether selection
system provides conditions favorable enough for maintenance of all constituent tree species on a given site. Since
nature-based silviculture should follow natural processes and not exclude any species from their natural range, in
this study we compared two mixed mountainous OGF and neighboring MF in Bosnia-Herzegovina across the same
forest type (Piceo-Abieti-Fagetum illyricum). The MF were managed using single-tree selection for almost one
century. The results indicated that this management approach yielded statistically tangible difference in tree species
composition and presence of large-diameter trees. However, despite high values of growing stock, cumulative
diameter distributions in both OGF and MF had shapes that are considered to provide demographic equilibrium.
While at the species level this was the case only for beech. Species occurrence matrices indicated significant
domination of European beech (Fagus sylvatica L.) young trees over silver fir (4bies alba Mill.) and Norway spruce
(Picea abies L. Karst) in OGF. Nevertheless, based on the results from MF, the study highlights the crucial role of
silvicultural measures which potentially may provide targeted long-term coexistence of studied broadleaved and
coniferous tree species.
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1. Introduction

After disastrous consequences that followed the application of clear-cut forest management in
mountains of central Europe in mid-19" century, many forest scientists shifted their research
towards alternative silvicultural systems (Schiitz, 1999). One of the first widely applied
alternative was selection (plenter) system which introduced demographic sustainability on a very
small scale, namely on a stand level (Schiitz, 2001). The range of alternative (nature-based)
systems was later supplemented by the irregular shelterwood (Matthews, 1999). While during the



last century share of forests managed by the alternative silvicultural systems rather slowly
increased, recently not only foresters, but also ecologists have become disposed towards the idea
of nature-based silviculture (Pukkala & Gadow, 2012; Puettmann et al., 2015). Good example in
a sense of "return to nature" seems to be Germany which has made large efforts regarding
conversion of monocultures into mixed stands (Spathelf et al. 2015). On the other hand, forest
management in countries of south-eastern Europe was not so intensive in the past as in central
Europe. For instance, older documents indicate that at the beginning of the 20th century more
than 50% of forests in Bosnia-Herzegovina were pristine forests (Frohlich, 1954). Although
during the first half of that century the old-growth forests (OGF) were gradually converted into
managed, mostly selection forests (MF) over large areas in this country, a few untouched
remnants have been preserved to the present day.

There are nowadays scientifically justified proposals across Europe to increase structural
diversity and preserve tree species diversity on a landscape level (e.g. Pach & Podlaski, 2015;
Schiitz et al., 2016). Achieving such goals in the past was often hampered for reasons such as
fast production and short-term profitability, but even when the old obstacles are removed,
recently the changing climate became globally acknowledged as one of the main determinants of
the development of forest ecosystems (Kovats et al., 2014). Under the ongoing changes even
mixed OGF, that are generally believed to be compositionally stable, seem to struggle to
maintain compositional stability as several studies indicated progression of European beech
(Fagus sylvatica L.) and decline of conifers in different European countries (e.g. Bolte et al.,
2010; Diaci, 2011; Szwagrzyk et al., 2012; Keren et al., 2014).

On the other hand, development of managed stands aside from environmental factors depends
largely on silvicultural approach. Although selection system has provided sustained yield in MF
so far, following the Rio summit in 1992 the sustained yield approach has been widely
questioned by concern over sustainability of the entire ecological system, consisting of
ecosystem structures, functions, goods and services (Kimmins et al., 2007). Consequently, forest
managers are nowadays facing variety of old and new demands, while nature-based silviculture
often comes as a proposal for solving contradictory stakeholders’ interests. Owing to this fact,
comparison of structural and ecological characteristics between OGF and adjacent MF could
provide the answer to what extent and if at all the applied system in MF goes along with nature
or not. Unfortunately, there are only few pristine forests remnants left untouched in Europe, and
therefore the studies of OGF characteristics and their comparisons with MF have been more
rarity than rule. Due to the lack of comparative type of managed vs. unmanaged forests research,
we are currently lacking the knowledge on natural forest development, and likewise on the
differences between natural forest structures and those that occurred as a result of selection
silviculture.

O'Hara & Gersonde (2004) indicated that the most common approach for stocking control in
North-American selection MF describes the desirable (equilibrium) stand structure with a
negative exponential or reverse-J diameter distribution, which in Europe is often called plenter
structure. We would assume that in case the OGF really exhibit such structure, then setting it as a
management goal for MF would be a strong argument from the point of nature-based
silviculture. Nevertheless, Korpel (1995) stated that due to biomass accumulation the plenter
structure is rarely found in natural forests. Similarly, Schiitz (2002a) indicated that plenter forests



if unexploited over a long period would probably evolve slowly towards uniformity and for that
reason intensive and recurring silvicultural interventions would be necessary in order to maintain
plenter structure. (Goff and West, 1975; Alessandrini ef al., 2011)

Angers et al. (2005) stated that single-tree selection system is similar to natural gap disturbance
regime in OGF, hence, both provide structural- and species diversity. However, there is still a
lack of evidence to what extent selection management follows the structures and tree species
composition of natural primeval OGF. The information on this issue is scarce in Europe as only
few studies were focused on the comparison of stand structural parameters between selection-
managed MF and corresponding OGF (e.g., BonCina et al., 2014; Motta ef al.. 2015; Adamic et
al., 2016). If management is nature-based, then we would expect that the structure and species
composition in MF resemble those found in neighboring OGF. Therefore, we addressed the
above described problems in the present study by comparing two Bosnian OGF of pristine
character with adjacent selection-managed MF in terms of (i) structural diversity including the
presence of developmental phases and the analyses of diameter distribution shapes, and (ii) tree
species composition and mixing patterns.

2. Methods
2.1. Study site

The research was conducted in two OGF Janj and Lom, and ten adjacent selection-managed
forest stands in Bosnian Dinaric Mountains (Table 1). Among those managed stands five of them
(31a, 50d, 56, 57/1b, 58a) were chosen on the comparable basis in the close proximity of OGF
Janj, whereas another five managed stands (59a, 67a, 68a, 76a, 79a) were surveyed in the close
proximity of OGF Lom. All research sites were classified as forest association Piceo-Abieti-
Fagetum illyricum (dinaricum) that actually represents the mixture of European beech, silver fir
(Abies alba Mill.) and Norway spruce (Picea abies (L.) Karst) with small shares of noble
broadleaves. Selection management within the research area has been applied from the early 20th
century. At the beginning it was more traditionally oriented (Hufnagel 1893), but after WWII it
was based on the principles of control method (Biolley, 1901; Matic, 1963). The geographic
position of OGF Janj core area (57.2 ha) is located at 44°08” N, 17°17° E, and OGF Lom core
area (55.8 ha) is located at 44°27° N, 16°27° E. Core areas of both OGF are surrounded with
buffer zones (Janj 237.8 ha, Lom 297.8 ha). In OGF Janj mean annual rainfall amounts to 1200
mm and mean annual temperature is around 5 °C, whereas for OGF Lom respective precipitation
and temperature values are 1600 mm and 7.8 °C (Drinic station, 730 m a.s.l.). The game density
may significantly limit the recruitment of some species such as fir (Ficko ef al., 2016), but
probably due to excessive hunting in last several decades the damage on regeneration in the
study area was negligible.

The criterions for choosing managed stands were the environmental characteristics (site
conditions, aspect, etc.) which had to be similar to those of OGF. Furthermore, the cutting
intensity was typical for selection system (it did not exceed 20% of the growing stock), and the
last cut was carried out at least four years before the field work. This system has long tradition in
the study area, and it is to this day the most preferred by domestic foresters. Careful attention is
given to the selection of trees for cutting; namely, every tree with diameter at breast height
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(DBH) >7 cm was marked in the field few months before the actual cutting took place. It is
thereby important to notice that regulation of species composition and tending below inventory
threshold (<7 cm DBH) is not performed, which means that regeneration develops "freely".
However, it is also important to emphasize that within the applied plenter system in Bosnian
forests the regulation of tree species composition plays significant role, hence, young beech trees
having 7-25(30) cm DBH are usually cut more intensively than same-sized conifers.

Table 1. Study site characteristics of OGF Janj and Lom and neighboring managed stands.

Research Altitude Inclination ExXposure Bedrock Soil type ol:tzcrl:)ys Soil
objects (ma.s.l.) ©) P yp ((y)p Humidity
0
OGF Janij 1240-1400 0-10 north- dolomite brown soil 0 moderate
western and rendzina
Janj stand 31a 1300-1400 5-10 north- dolomite and deep brown 0-5 moderate
eastern limestone soil
Janj stand 50d 1250-1365 10 north- dolomite and deep brown 0-5 moderate
western limestone soil
Janj stand 56 1250-1372 5 v1rtually. do?omlte and deep brown. soil 0-10 dry to
even terrain limestone and rendzina moderate
Janj stand 57/1b 1250-1380 5-10 north- do?omlte and deep brown. soil 0-10 dry to
eastern limestone and rendzina moderate
Janj stand 58a 1250-1376 5-10 north- - dolomiteand - deep brown 0-5 dry to
eastern limestone soil moderate
OGF Lom 1250-1522 5-10 northern limestone deep and shg]low 15 moderate
brown soils
Lom stand 59a 1000 4-7 north- mostly limestone deep b'r own 0-5 moderate
western soil
Lom stand 67a 1000 5-10 north- hmestong and deep b'r own 0 moderate
eastern dolomite soil
Lom stand 68a 1040 5-10 north- hmestong and deep b'r own 0 moderate
eastern dolomite soil
Lom stand 76a 1100-1350 5-7 north- hmestong and  decp and shg]low 5-10 moderate
eastern dolomite brown soils
Lom stand 79a 1100-1450 15 north- hmestong and  deep and shg]low 0-5 moderate
western dolomite brown soils

2.2. Data collection

Regular 100 m grids in the core areas of OGF Janj and Lom were superimposed resulting in 80
sampling plots (40 in each of them). In each managed stand 12 plots were set so that total
number of plots in both MF was 120. The centers of plots in MF were distanced at least 25 m
away from nearest forest roads. Each grid intersection defined the center of a sampling plot
where the following inventories were carried out: in a 452 m” circular plot (radius = 12 m)
species DBH (to the nearest 0.01 m) for all living trees above 7.5 cm was measured; heights of
living trees were measured (to the nearest 0.5 m) for a sample of 100 trees for each species
(spruce, fir and beech); in a 78.5 m’ circular plot (radius = 5 m) species and height of
regeneration individuals from 10 cm height to 7.5 cm diameter at breast height (DBH) were
tallied. Field work was carried out in years 2011 and 2012.



The following six development phases were distinguished: pole phase, optimal early -, optimal
middle -, optimal late phase, selection phase, and terminal phase. Early-, middle-, and late
optimal phase, as well as terminal phase, were identical to those described by Boncina (2000).
Pole phase was broadly characterized by even-aged structure and dominance of young trees with
DBH from 7.5 cm to 27.5 cm. All phases were easily distinguishable except selection phase that
resembles to certain degree early- and/or middle optimal stage, and thus may be misclassified
(Kral et al., 2010). Therefore, we additionally used Mitscherlich’s approach (1952) for
distinguishing selection phase from early- and middle optimal stage. This approach proved to be
suitable for small plots as we gained the insight in diameter distribution of each plot.
Accordingly, the plots on which the number of small trees (7.5-27.5 cm) ranged from 100 to
700, medium trees (27.5-47.5 cm) from 50 to 300, and number of thick trees (>47.5 cm) was
less than 70, all expressed per hectare, were grouped into selection phase category.

2.3. Data analyses

The shapes of DBH distributions were analyzed using the best-fitting models for multiple
regressions between the base 10 logarithm of trees per hectare and all possible combinations of
DBH, DBH” and DBH’. Detailed description was provided by Janowiak et al. (2008). Since 5
cm DBH class span (width) caused large fluctuations in OGF structure, for this analysis the class
span of 10 cm was applied as suggested by Tyrrell & Crow (1994). In addition, for assessing
structural diversity the diameter differentiation indexes and species intermingling indexes were
calculated (sensu Fiildner 1995; 1996). Additionally, the differences in coefficients of DBH
variation (CV) on plot level were tested with independent t-tests at a = 0.05. In order to
distinguish between pure (monospecific) and mixed plots, the following rule was applied: if the
number of trees or basal area (BA) of one species exceeded 80 % of the total tree number or total
BA of the plot, then such plot would be classified as pure plot. Differences in tree species
composition among OGF and MF were tested with two-variable y” test at a = 0.05.

Considering species occurrence patterns in the vertical stand profile, three stand-layer matrices
were created in order to avoid possible oversimplification of data analysis as advised by White et
al. (1985). Hence, relative tree species abundance in each sample plot was compared for the
following stand layers: (1) regeneration from 10 cm in height to 7.5 cm DBH (understory), (2)
small trees with DBH from 7.5 cm to 27.5 cm (middle-story), and (3) canopy trees with DBH
over 27.5 cm (upper-story). Based on such division, the occurrence matrices were constructed
based on: a) the proportions of regeneration to middlestory and upperstory trees, and b) the
proportions of middlestory to upperstory trees. Those relative frequencies (proportions) were
finally averaged across all plots for each studied forest. Due to varied assumptions of these
models, which were difficult to verify and since we did not sample regeneration below each
single tree but rather on small sampling plots, we focused only on the most obvious
relationships.

The volumes of living trees (comprising whole stem with branches and twigs) were calculated by
using the local volume tables for beech, fir and spruce forests in Bosnia (Drinic ef al., 1980). The
generalized linear multivariate (GLM) analysis was applied in order to determine the influence
of different species BA on the ingrowth of regeneration from 10 cm up to 2 m height and
regeneration from 2 m height up to 7.5 cm DBH. General additive model (GAM) was used after



separating only plots from OGF in order to determine the influence of BA of upperstory trees
(>27.5 cm DBH) on the number of small middlestory trees (7.5-27.5 cm DBH). All statistical
analyses were conducted in the StatSoft software package STATISTICA 12.

3. Results

3.1. Structural characteristics

OGF Janj had highest GS with 1215.1 (£54.9) m’/ha, second most stocked was OGF Lom with
763.1 (£31.2) m’/ha, while MF Lom and Janj followed with 664.3 (+26.2) m’/ha and 499 (+17.0)
m’/ha, respectively (Table 2). The late optimal phase in OGF Janj was predominant on 42.5% of
the area, while in OGF Lom selection phase dominated on 37.5% and terminal phase on 20% of
the area. Plots in MF Lom had selection phase in 50% of cases, whereas in MF Janj plots were
most often characterized with optimal early (45%) and selection phase (33%). The absolute
number of plots with different developmental phases is given in Table 3.

Table 2. Tree density and growing stock (GS) per species and total in the study area for trees >7 cm DBH

Beech Fir Spruce Maple Total
OGF Janj 328 117 72 0 516
Tree density MF Janj 176 328 165 11 681
(n/ha) OGF Lom 296 122 69 2 489
MF Lom 213 208 157 17 594
OGF Janj 191.6 647.6 376.0 0 1215.1
GS MF Janj 117.5 238.2 139.2 4.0 498.9
(m3/ha) OGF Lom 213.0 366.1 178.3 5.7 763.1
MF Lom 104.7 203.7 341.6 14.1 664.2

Table 3. The number of plots with different development phases.

Developmental phases OGF Janj MF Janj OGF Lom MF Lom
Pole - 5 - 3
Selection 6 20 15 30
Optimal early 2 27 5 13
Optimal middle 6 8 5 14
Optimal late 17 - -
Terminal 9 - -
Total 40 60 40 60

MF and OGF had rather similar DBH distribution shapes, however, they universally differed in a
way that smallest DBH class on both sites contained more trees in MF, whereas the presence of
trees with DBH above 50 cm was greater in OGF (Fig. 1). The distribution of diameters in OGF
Janj was dominated by beech within small diameter classes, but its share sharply declined
towards medium and large diameter classes. Large diameter classes were dominated by fir and
spruce in both OGF.
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Figure 1. Diameter distributions in old-growth forests (OGF) Janj and Lom and adjacent

managed forests (MF).

For overall species and species specific distributions RS shapes were prevalent. Beech had RS
shape in 3 out of 4 locations. Fir had two non-sustainable dbh distributions (UNI and 1Q), while
spruce did not show sustainable distribution in any of the four cases (Table 4).



Table 4. Parameters of the best-fitting model for multiple regressions between the base 10 logarithm of trees
per hectare and all possible combinations of DBH, DBH? and DBH® (DBH class span was 10 c¢m) for old-
growth forests (OGF) Janj and Lom and adjacent managed forests (MF).

MF Janj OGF Janj
Fir Spruce Beech Total Fir Spruce  Beech Total
RMSE 0.03 0.04 0.01 0.03 0.18 0.14 0.07 0.11
Adj. R? 0.99 0.99 1.00 0.99 0.86 0.85 0.99 0.97
N (DBH class) 8 7 6 8 12 11 7 12
Shape RS 1Q RS RS UNI UNI RS RS
MF Lom OGF Lom
RMSE 0.18 0.18 0.15 0.16 0.33 0.22 0.04 0.21
Adj. R? 0.92 0.94 0.96 0.96 0.74 0.85 0.99 0.94
N (DBH class) 9 9 8 9 12 11 7 12
Shape NE UNI CcoO 1Q IQ IQ RS NE

RMSE - root mean square error, UNI — convex or unimodal shape, RS - rotated sigmoid shape, IQ — increasing-g, CO — concave (sensu
Janowiak et al., 2008)

The total number of large trees with DBH over 50 cm in OGF Janj amounted to 115 per ha (fir
64, spruce 37, beech 14), in OGF Lom 73 such trees/ha, while in MF Lom and Janj their
frequency was 62 and 37 trees/ha, respectively. In the latter the trees with DBH above 80 cm
were rare, while in OGF Janj there was 37, and in OGF Lom 13 such trees/ha. CV values
considering diameters on whole plot area were similar between two OGF and significantly
higher in OGF compared to MF (Janj area ¢t = 7.13, p = 0.0000; Lom area ¢ = 4.56, p = 0.0002).
On the other hand, considering closest trees around central plot tree, OGF had greater only T1
and T3 diameter differentiation indices, while mean T indices and mean M indices had varied
values and were overall similar between OGF and MF (Table 5).

Table 5. Mean diameter differentiation indices (T, T1, T2, T3), species intermingling indices (M), and
coefficients of diameter variation on plot level (CV) in studied forests

T T, T, T; M CV (%)
OGF Janj 0.46 0.48 0.45 0.45 0.42 80.7
MF Janj 0.40 0.45 0.40 0.35 0.46 60.3
OGF Lom 0.50 0.56 0.47 0.47 0.51 78.3
MF Lom 0.54 0.53 0.50 0.45 0.38 67.2

T - Diameter differentiation index based on central tree and three nearest neighbor trees
T, - Diameter differentiation index based on central tree and 1st nearest neighbor tree
T, - Diameter differentiation index based on central tree and 2nd nearest neighbor tree
T; - Diameter differentiation index based on central tree and 3rd nearest neighbor tree
M - Species Intermingling Index

3.2. The patterns of tree species mixing

Considering tree species composition based on tree number (>7.5 cm DBH) non-significant
results were obtained for pairs OGF Janj vs. OGF Lom and MF Janj vs. MF Lom, while
significant differences were indicated for pairs OGF Janj vs. MF Janj (y° = 26.77, p < 0.05) and
OGF Lom vs. MF Lom (yx* = 16.81, p < 0.05). Significant outcomes of testing were also obtained
when BA and GS were used as a criterion. The presentation of whole area averages across



different strata (Fig. 3) showed clear dominance of beech in the middlestory of OGF Janj (88%)
and OGF Lom (70%), while the situation for fir in the regeneration layer did not seem to be as
adverse as in middlestory. It is also noticeable that maple occurred in regeneration of all studied
forests, but gradually disappeared on its way to the upperstory in OGF. Nevertheless, in both MF
small percentage of this species was present in the middlestory (2.1% and 2.8% in MF Janj and
Lom, respectively). In the upperstory of MF Janj it dropped to 0.2%, while in MF Lom its share
was maintained on the same level as in the middlestory. Spruce in the upperstory was dominant
species along with fir and beech in OGF and MF; yet, its presence in the regeneration of all
studied forests was rather sparse (Fig. 3).
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-] [} 7
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Figure 3. Tree species composition based on tree density in three stand layers: regeneration, small middlestory trees,
and canopy trees.

The observations from Fig. 4 revealed strong tendency towards mixing of at least two species on
the single plot area (452 m?). When considering stem number criteria, 15% of all plots in OGF
Janj and only 5% in OGF Lom were monospecific plots. Beech was the only species that tended
toward creation of pure cohorts. On the other hand, on 11.7% of monospecific plots in MF Jan;j
only fir exhibited such tendency. MF Lom had also low share of monospecific plots (6.7%).
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Figure 4. The share of mixed and monospecific plots based
on stem number (N) and basal area (BA).

When considering BA as a criterion, in OGF Janj there were 17.5% of pure fir plots and 5% of
pure spruce plots, while in OGF Lom we found only 5% of pure fir plots. The shares of pure
plots for fir, beech and spruce in MF Janj were 15%, 1.7%, and 6.7%, respectively. In MF Lom
there were 11.7% of pure spruce plots, while beech or fir formed only 1.7% of pure plots each

(Fig. 4).

According to occurrence matrices, beech regeneration in OGF Janj had the highest chances to
replace mature trees of all three species, whereas ratios for fir regeneration were lower and for
spruce and maple fairly low. With the next higher stratum, chances of beech to replace mature
trees were growing across matrices. Beech regeneration had the highest ratios of occurrence even
under small trees indicating thus high level of endurability in suppressed conditions. Beech
regeneration in MF Janj had highest relative frequences as well. However, in the middlestory fir
took over with higher probabilities for canopy replacement, whereas chances of spruce in this
layer only slightly increased compared to the regeneration layer (Table 6).

Table 6. Occurrence matrices for different stand layers in Janj area
OGF Janj | MF Janj
Regeneration (10 cm height—7.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 0.73 0.14 0.07 0.06 | 0.53 0.23 0.11 0.13
Fir 0.69 0.11 0.09 0.11 | 047 033 0.14 0.05
Spruce 0.68 0.20 0.05 0.06 | 0.50 0.31 0.15 0.05
Small trees (7.5-27.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 0.74 0.15 0.10 0.00 | 028 0.51 0.20 0.00
Fir 0.83 0.10 0.07 000 | 024 053 023 0.00
Spruce 0.83 0.09 0.08 0.00 | 0.28 0.34 0.38 0.00
Regeneration (10 cm height—7.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 0.63 0.16 0.10 0.11 | 048 0.29 0.16 0.06
Fir 0.75 0.13 0.04 008 | 0.50 033 0.08 0.09
Spruce 0.68 0.16 0.09 0.07 | 044 032 021 0.03

Upperstory
Trees

Upperstory
Trees

Small
Trees

In OGF Lom the occurrence odds for regeneration layer differed from those in OGF Janj in a
way that beech regeneration in OGF Lom had slightly lower probabilities. What was interesting
is that fir regeneration exhibited high tendency to replace not only mature beech and spruce trees,
but fir trees as well (self-replacement). Nonetheless, in the middlestorey of OGF Lom beech
played the most significant role and had by far highest odds to enter upperstorey from
middlestory level. In neighboring MF Lom regeneration of beech was successful, but we can
notice that under selective cutting the occurrence ratios for this species were lower in the
middlestory compared to OGF Lom. Simultaneously, fir and spruce small trees had higher
chances to occupy upperstorey in MF Lom than in OGF Lom (Table 7).
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Table 7. Occurrence matrices for different stand layers in Lom area

OGF Lom MF Lom
Regeneration (10 cm height—7.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 036 039 024 0.02 | 050 026 0.07 0.17
Upgf;it:ry Fir 038 041 020 002 | 047 025 009 020
Spruce 029 054 0.16 0.01 | 048 023 0.06 024
Small trees (7.5-27.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 0.70 0.19 0.10 0.01 | 0.49 0.33 0.19 0.00
Upgf;it:ry Fir 072 0.9 009 000 | 0.41 045 0.4 0.00
Spruce 0.68 020 0.12 0.00 | 047 036 0.17 0.00
Regeneration (10 cm height—7.5 cm DBH)
Beech Fir Spruce Maple |Beech Fir Spruce Maple
Beech 038 041 0.19 0.02 | 050 024 0.07 0.18
%22151 Fir 029 046 023 001 | 048 023 009 0.19
Spruce 026 047 0.27 0.01 | 049 024 0.06 0.21

Fir BA proved to be a significant predictor of fir regeneration density. Namely, the density of fir
regeneration was decreasing in both categories (up to 2 m height and from 2 m up to 7.5 cm
DBH) with the increase of fir BA. On the other hand, beech BA was positively associated with
the density of beech and spruce regeneration up to 2 m height, whereas the ingrowth of spruce
from 2 m up to 7.5 cm DBH was negatively influenced with the increase of beech BA. These
results refer to plots in all four studied forests (Table 8).

Table 8. Results of the generalized linear multivariate analysis for regeneration from 10 cm up to 2 m height (Fir 2
m, Beech 2 m, Spruce 2 m) and regeneration from 2 m height up to 7.5 cm DBH (Fir 7.5 cm DBH, Beech 7.5 cm
DBH, Spruce 7.5 cm DBH, Maple 7.5 cm DBH) predicted by beech BA and fir BA.

Variables Dependent
. Fir Beech Spruce Maple
Inizl:lfn_ Stats. 21::1 Bzee;c]h S[z)r;ce 7.5 cm 7.5 cm 7.5 cm 7.5 cm
DBH DBH DBH DBH
intercept - 0.0389 -0.0532
Eﬁ std. error 0.0097 ns ns 0.0193 ns ns ns
signif. ok **
intercept 0.0497 0.0568 -0.1221 -0.0437
BA std. error ns 0.0203 0.0258 ns ns 0.0464 0.0187
Beech
signif. * * ok *

*  Significance code: p < 0.001
**  Significance code: p < 0.01
*#* Significance code: p < 0.05

However, when only plots from two OGF were observed, GAM analysis revealed that BA of
upperstory beech trees >27.5 cm DBH had strong negative influence on the number of small
middlestory beech trees from 7.5 cm to 27.5 cm DBH (R” = 0.36, p = 0.0000; Fig. 5). Total BA
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and conifers BA in OGF did not negatively affect the number of middlestory beech trees. There
was even slight positive association between conifers BA and number of middlestory beech
trees, but this was neither strong nor statistically significant relation.
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Figure 5. The negative association of basal area (BA) of upperstory
beech trees (>27.5 cm DBH) with the number of small middlestory
beech trees (7.5-27.5 cm DBH) in old-growth forests Janj and Lom.

Beside shade-endurability reflected through occurrence matrices in the understory and
middlestory, height curves represent another important indicator of tree species competitiveness.
In that context, the conifers in the study area showed slower growth in younger stages, but in the
long-run they regularly surpassed beech trees in the upperstory (Fig. 6).
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Figure 6. Height curves of beech, fir and spruce in old-growth forests (OGF) and managed forests (MF) in the study
area.
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4. Discussion

4.1. Structural characteristics

The dominance of conifers in the upperstory and prevalence of late optimal phase resulted in
very high GS in OGF Janj (1215 m’/ha), which is probably close to a maximum that this forest
can reach. In the future with ageing, dying of trees and progression of terminal phase, significant
reduction in GS may be expected (Korpel, 1995), especially if beech replaces conifers in the
upperstory to a larger extent. Currently, OGF Janj represents one of the most fertile European
OGF (cf. Holeksa et al., 2009). On the other hand, OGF Lom was mostly characterized by
selection phase and less favorable site conditions (results of PCoA not shown) resulting in GS of
763 m>/ha, which is close to the average productivity of South-eastern European OGF (cf. Diaci
et al., 2011). Much of the difference between the stocking levels may be attributable to site
differences, but there is important contribution of species traits (Ducey et al., 2017) and the
influence of species composition in different stand layers.

Developmental phases such as selection phase, optimal early phase, and optimal middle phase
were present in both forest types, but MF differed from OGF by having a small number of plots
with pole stage, however, late optimal phase and terminal phase were lacking in MF. Some
researchers (e.g., Pintaric, 1978; Mayer ef al. 1980; Schrempf 1986; Korpel, 1995) indicated that
OGF are characterized usually by biomass accumulation and as a consequence they rarely
exhibit selection phase and/or plenter structure. On the contrary, recent study by Paluch et al.
(2015) in Western Carpathians suggested that stand structure of unmanaged forests exhibits
considerable small-scale variability. Bon¢ina (2000) reported that selection phase occupied 15%
of the area of Slovenian OGF Rajhenav Rog which was identical with the share of selection
phase in OGF Janj, whereas this phase in OGF Lom covered as much as 37.5% of the area. In
addition, even with high GS values these two OGF exhibited DBH distribution shapes
considered to provide demographic equilibrium (RS and NE shape, respectively), and in this
aspect were similar to neighboring MF (see also Goff & West, 1975). In several other European
mixed OGF the RS shape was most reported (e.g., Commarmot et al. 2005; Petritan et al. 2015),
whereas Diaci ef al., 2011 beside this form often reported the NE form. Similarly, RS and NE
shapes were found to prevail in North-American OGF and in some MF as well (Goff & West,
1975; Leak 1996; Goodburn & Lorimer, 1999; Janowiak et al., 2008). Although the differences
in the methodological approach can influence the determination of developmental phases as well
as DBH distribution shapes (Goodburn & Lorimer, 1999), the obtained results in this study
corroborate the findings of the latter group of authors that indicated high complexity of
interspecific relations due to which NE structure as well as selection phase are not rarity in OGF.

In MF the amount of GS and form of the diameter distribution depend on the management
objective (O'Hara & Gersonde, 2004), hence, it is not surprising that cumulative 1Q shape occurs
more often in such forests as large-diameter trees are usually removed (Leak, 1996; Janowiak et
al., 2008). Although IQ shape may develop in OGF following the damage by windthrow as well
(Diaci et al., 2011), fir and spruce in OGF Lom were characterized by this shape due to
fluctuating densities of mid-sized trees. Therefore, beside the influence of disturbance, the forest
structure is contingent on how long the understory and middlestory trees of constituent species
are capable of shade-enduring before the release takes place (Canham, 1990; Ducey et al., 2017).
In the present study we witnessed domination of fir and spruce in the upperstory, however, there
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was no hindrance for recruitment of small beech trees up to DBH of 27.5 cm, even when GS was
reaching very high values as it was the case in OGF Janj. Nevertheless, the increase of beech BA
in the upperstory led to the decrease of small middlestory beech trees. Similar results were also
obtained by Petritan et al. (2015) and Adamic ef al. (2016). In addition, long-term study by
Mitcherlich (1952) in mixed plenter forests showed that amount of GS in range from 200-600
m’/ha did not have significant influence on ingrowth of young trees.

Fildner's DBH differentiation indexes were similar between OGF and MF, while mean CV
values for whole plot area were significantly higher in unmanaged forests. Distinguishing feature
was also found in the fact that MF always contained more trees in the smallest DBH class,
whereas OGF were characterized with greater presence of trees in diameter classes >50 cm. This
was expected as the presence of large-diameter trees is rather an attribute of OGF (Bauhus et al.,
2009). OGF Janj dominated with large trees, while the values of this parameter in OGF Lom and
both MF were similar to those reported in Slovenia (Adamic et al., 2016). It should be also noted
that very large trees with DBH over 80 cm were rare but still present in MF (1-2 trees per
hectare), yet, whether this is sufficient from the point of multi-functional forest management it
goes behind the scope of this study.

Beside diameter structure, GS values also represent important indicators of forest structure.
Optimal GS is supposed to allow satisfactory regeneration and ingrowth of young trees if
sustainable structure is to be maintained. According to Schiitz (1997), long-term structural
stability in mixed spruce-fir-beech forests managed with plenter system should be attained at
around 350400 m’/ha. These values are usually desirable if the major goal is maximum
increment and wood quality, but it is important to indicate that in certain circumstances the
plenter structure may be established at higher GS. Namely, MF Janj and Lom are comparable
with some Swiss mixed forests that also retained equilibrium structure while simultaneously
being characterized with high GS such as Neuenburger Jura plenter forest with 611 m’/ha and
Emmental plenter forest with 674 m*/ha (Schiitz, 1969). Additionally, Bachofen (1999) proposed
target GS of 563 m’/ha for Hasliwald plenter forest in Switzerland. Likewise, target values for
mixed fir-spruce-beech forests in Serbia may vary between 500—550 m’/ha (Medarevié ef al.,
2008). Consequently, following such silvicultural prescriptions could enable more effective
maintenance of some old-growth characteristics in MF.

In the above context, our results were also compliant with some findings from the northern
United States, but it remains unclear whether this capacity to sustain shade-tolerants at high
stocking levels relates to reductions in maintenance respiration costs, differences in
evapotranspirative demand, more even moisture availability through the growing season, or
some other underlying mechanism (Ducey et al., 2017). However, based on the obtained results
and available findings from other authors, we may corroborate the statements by Schiitz (2002b)
and O'Hara & Gersonde (2004) that different amounts of GS can be held at demographic
equilibrium, and hence different equilibrium diameter distributions can be developed for other
forest types or other sites.
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4.2. Tree species composition and mixing patterns

Interspecific relations between beech, fir and spruce represent a complex subject as their
coexistence is driven by the interaction of varied anthropogenic and natural factors (Vrska et al.,
2009; Paluch et al., 2015; Nagel et al., 2016). Beside above-discussed structural characteristics,
we investigated the influence of single-tree selection system on tree species composition and
found that there was a significant (statistical) difference between MF and OGF in the areas of
Janj and Lom. In that sense, our results were similar to those obtained by Burrascano et al.
(2008) and Shifley et al. (1995), but different from Hale ef al. (1999). The reason for different
outcomes may be found in the observation made by Bon¢ina er al. (2014) that selection
management can importantly influence tree species composition by cutting preferences or by
creating favourable conditions for regeneration and recruitment of some tree species.
Consequently, certain differences regarding different stand parameters are possible as they
directly depend on the management preferences at the local level, at least in MF.

Regardless of human influence, the observations from inventory plots indicated rather small
share of monospecific plots considering either tree density or BA as a criterion for distinction in
both forest types. In regeneration and pole stage, species coexistence largely depends on the level
of shade-tolerance of established seedlings (Rozenbergar, 2012). Schiitz (1969) found that
suppressed growth phase lasted longer in OGF Janj compared to Swiss plenter forests. In the
present study we did not focus explicitly on shade-tolerance of constituent species as no light
measurements were included, but nonetheless the occurrence matrices reflected high ability of
beech, fir and spruce to endure long shading under large canopy trees. Likewise, intermingling
indices (M) that were similar between MF and OGF exhibited high values typical of single-tree
mixture (cf. Pretzsch, 2009). These results indicated very high tendency of constituent tree
species to mix with each other and one below other on a relatively small area corresponding to
plot size of 452 m?/ha. Such pattern is typical of selection forests (Schiitz, 2001; Bong&ina, 2011),
but this study further revealed that similar mixing pattern occurs in highly stocked OGF as well.
In addition, diameter differentiation indices (T, T1, T2, T3) were similar between OGF and MF,
and their values were also relatively high (cf. Pretzsch, 2009) indicating hence high diameter
differentiation in the immediate tree neighborhood in both forest types.

Therefore, single-tree selection technique seems to be in accordance with natural processes as
they indicated single-tree mixing of different diameters and different tree species. Consequently,
creation of diverse equilibrium DBH structures should not be problematical as it demands only
following the natural flow; yet, the problem occurred in the fact that such approach did not allow
sufficient diversity of less shade-tolerant tree species such as spruce and maple in the upperstory
(see also Brang et al. 2014). Thus, the application of silvicultural systems based on creation of
larger canopy gaps may be necessary. It needs to be noted, though, that their application may be
successful only if sufficient tending will be invested as the “realization of groups” will be
probably encumbered by natural small-scale mixing of constituent tree species. We are aware, on
the other hand, that different mixing and grouping patterns may exist (see Schiitz, 2002b).

On a larger scale, some patterns in forest composition are more easily discerned by examining

species groupings by size class, and although the cumulative diameter distribution may have the
equilibrium form, individual species do not necessarily follow such form (Shifley et al., 1995).
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Likewise, both conifers in OGF Janj and spruce in MF Lom had UNI shapes without sufficient
self-replacement possibility even from the understory. Both conifers in OGF Lom and spruce in
MF Janj expressed 1Q distribution; RS shape was characteristic for beech in both OGF and MF
Janj, whereas in MF Lom this species had CO distribution. This structural indicator consequently
suggests changes in future forest composition in favour of beech as conifers, especially more
light demanding spruce, indicate less stable transition between the diameter classes in the long
run (cf. Keren et al., 2014).

A number of studies dealing with the decline of fir and/or spruce due to climate change were
already mentioned in this study, but we also have to draw attention to different results. For
instance, Petritan et al. 2015 reported successful fir ingrowth in mixed OGF in Romanian
Carpathians. Thus, the opposing facts indicate that the setback of conifers in European OGF may
be either cyclical or spatially unequal as different regions across the continent may have
experienced unequal natural and human-induced impacts (Vrska et al., 2009) including the
climate change (Kovats et al., 2014), which altogether may have led to disparate development of
similar forest types.

5. Conclusions and Management implications

The long-term application of single-tree selection system in MF Janj and Lom led to creation of
complex diameter structures similar to those found in adjacent OGF, while it simultaneously
caused statistically significant differences in tree species composition. OGF did not only exhibit
sustainable cumulative DBH structures, but also selection phase on small (plot) area was not
rarity. Consequently, such outcomes support the arguments of nature-based silviculture for
establishing and maintaining complex stand structures in MF. Besides, the occurrence matrices
indicated emphasized vertical layering and high tendency of mixing of at least two species on
relatively small area both in MF and OGF. Still, which species will get the chance to occupy
forest upperstory depends eventually on the dynamics and intensity of natural disturbances in
OGF and silvicultural measures in MF. The study corroborated the findings from some other
studies (e.g. Schwartz et al., 2005; KlopCi¢ et al., 2015; Nagel et al., 2016) that single-tree
removals do not promote sufficient recruitment of shade intolerant sycamore maple and mid-
shade tolerant Norway spruce. Nonetheless, it is important to emphasize that this approach
allowed low but constant presence of maple (see also Boncina et al., 2014), while in OGF this
species was practically absent in middle- and upperstory.

In addition, assuming that the trend of warming climate will continue in the region (Castagneri et
al., 2014; Kovats et al., 2014), new solutions may be necessary for the adaptation of vulnerable
tree species, especially native spruce. Certainly, for forest managers in mountainous MF great
challenge will remain the adequate regulation of tree species diversity along with maintenance of
equilibrium structure. As indicated in the study area, planned removal of excessive small-sized
beech trees had positive impact on the ingrowth of fir into middlestory of MF, and hence, single-
tree selection management with strong emphasis on species regulation in younger stages may
help to mitigate or hold back long-term fir decline in the regions where it occurred.

However, in order to keep compositional stability on the landscape level the shares of native
spruce and maple should be increased as well. In practice, there is still a strong penchant for
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single-tree selection system in most parts of Bosnian Dinaric Mountains, but simultaneously
spruce and maple are both ecologically and economically highly valued species. For that reason,
the application of group-selection or irregular shelterwood system may be considered by
decision-makers in the future, at least on certain designated areas.
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