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Abstract

In mixed-species forests, species composition of the overstorey affects regeneration processes through its influence on seed
rain intensity and micro-site characteristics. Based on extensive inventory data (1583 sample plots), this study investigated
relationships between the percentages of silver fir (Abies alba Mill.), European beech (Fagus sylvatica L.), and Norway spruce
(Picea abies (L.) H. Karst.) in the overstorey and in naturally established regeneration (seedlings of a height below 0.5 m). A
useful framework for this analysis was the assumption that for a given stand density level expected seedling density increases
approximately linearly with the increasing percentage of conspecific trees because of increasing seed supply. The analysis
partly disproved this assumption and indicated that the species’ proportions in the overstorey and regeneration change in
a nonlinear manner. In the beech—fir and beech—spruce mixtures, a strong tendency for beech regeneration to increase its
proportion was found in the stands with similar percentages of the species. Fir regeneration positively responded to the pres-
ence of beech and spruce in the overstorey; an over-proportional increase in fir percentage was found in stands with more
than 60% of beech and, depending on stand density, in a wide range of mixture variants with spruce. These effects may be
viewed as increase-when-rare mechanisms that limit superior competitors and counteract the transformation of mixed-species
stands into monocultures of spruce or beech. The analysis indicated that reduced stand density considerably facilitates
establishment of spruce regeneration in the mixtures with fir and beech, but decreases the percentage of fir regeneration in
the mixtures with beech.

Keywords Natural regeneration - Mixed forest - Seedling bank - Competitive exclusion - Distance-dependent mortality -
Facilitation
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to mammalian herbivores (Hartley et al. 1997; Carson and
Root 2000). In fact, even single allospecific trees are capable
of generating micro-sites that contrast greatly in the prop-
erties essential for establishing regeneration (Paluch and
Stepniewska 2012). For example, lower foliage densities in
mixtures with shade-tolerant or mid-tolerant species change
solar energy transmittance with consequences for forest floor
vegetation and ground-level microclimate (Aussenac 2000).
Several studies have also reported increased organic layer
depth and lower topsoil pH near the stem bases of conifers
in mixed stands with broadleaf species (Bens et al. 2006;
Paluch and Gruba 2012). Tree species also exert different
influences on topsoil moisture depending on interception
in crowns, the buffering effect of organic layers (Leuschner
2002), water extraction by tree roots (Schume et al. 2003),
and stemflow (Levia and Frost 2003). Moreover, root exu-
dates and hyphal linkages to trees and other plants may
condition the abundance of soil fungi (Frankland 1998) and
enhance mycorrhiza colonization rates (Cline et al. 2007) or
seedling mycorrhiza diversity (Grebenc et al. 2009).

Seed rain density often increases in the neighborhood of
overstorey trees (Clark et al. 1999; Sagnard et al. 2007), but
survival rates of juvenile individuals frequently decrease, a
phenomenon commonly labeled the Janzen-Connell hypoth-
esis or distance-dependent mortality (Janzen1970; Con-
nell 1971; Comita et al. 2014). This reduced viability of
seeds and seedlings close to the seed-producing trees may
result from frugivory (Pérez-Ramos and Marafién 2008),
herbivory (Ammer 1996a), population growth of species-
specific pests and pathogens causing increased incidence
(Packer and Clay 2003; Yamazaki et al. 2009; Szwagrzyk
et al. 2015), allelopathic effects (Becker and Drapier 1985;
Devaney et al. 2018), or strong intraspecific competition for
shared resources (Wilson 2011). A similar effect arises when
the presence of adult trees of one species—through their
influence on biotic or abiotic site variables or availability
of resources—facilitate successful regeneration of the other
(Hirsch et al. 2012). As a result, conditions for regeneration
establishment may be more favorable and seedling densi-
ties may be higher in the surroundings of allospecific than
conspecific adult trees.

In Europe’s montane regions, European beech (Fagus syl-
vatica L.), silver fir (Abies alba Mill.), and Norway spruce
(Picea abies (L.) H. Karst.) commonly form mixed-species
stands with dynamics driven by small- to medium-scale
disturbances (Kucbel et al. 2012; Kral et al. 2014; Paluch
et al. 2015). These species not only differ in certain eco-
logical properties but display distinctive regeneration strat-
egies. Beech masts irregularly, at intervals of 3—10 years
(Overgaard et al. 2007). The heavy beechnuts usually are
dispersed directly below the parent tree’s crown (Sagnard
et al. 2007), though often subjected to secondary disper-
sion by frugivores (Millerén et al. 2013). Among the three
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species studied, spruce produces seeds most frequently and
disperses them at the longest distances (Kohlermann1950),
a characteristic that facilitates early colonization of canopy
openings (JonaSova and Prach 2004). This strategy is crucial
for spruce, which—although moderately shade tolerant—
has the highest light requirements and height growth rate
among the three species (Stancioiu and O’Hara 2006). Fir
is an extremely shade-tolerant species and can grow under
dense canopies for decades yet maintain full potential to
respond to release events (Korpel and Vin§ 1965). Beech,
in contrast to the conifers, is a typical gap-filler capable of
rapid crown spreading and able to outcompete fir in less
shaded environments (Nagel et al. 2010; Janik et al. 2016).
Nevertheless, explaining the patterns and mechanisms that
drive the coexistence of these three late-successional, sym-
patric species in mixed forests and identifying the processes
involved remains a challenge.

The goal of this study was to explore how the local spe-
cies composition and density of overstorey stands affect
regeneration densities of beech, fir, and spruce at a juvenile
seedling stage. A natural starting hypothesis for this analy-
sis was that for a constant stand density, seedling densities
increase linearly with seed rain intensity and the percent-
ages of seed-producing trees. Accordingly, under neutral
conditions (i.e., without interactions between the species),
a constant relationship between seedling densities and the
percentage of conspecific overstorey trees was expected, and
any deviations from this relation would be interpreted as
positive or negative interactions between the mixed species
as they facilitate or impede the establishment of regenera-
tion. In addition, it was hypothesized that the response of
regeneration densities of beech, fir, and spruce to overstorey
density is linked with the shade tolerance of these species.
Therefore, increasing overstorey density would be expected
to affect the less shade-tolerant spruce more markedly than
beech and fir.

Methods
Study region

The study was carried out in the lower montane belt of the
Western Carpathians (southern Poland), which extends
between 450 and 1100 m asl. Depending on altitude, loca-
tion, and aspect, the average annual temperature in the region
is 4-6 °C with an annual precipitation of 800-1200 mm,
60% of which occurs between May and October. In the
mountain regions, the mean annual temperature decreases
about 0.5 °C per each 100-m increase in altitude (Paszyniski
and NiedZwiedZ 1999). In the studied portion of the Western
Carpathians, a primary parent rock is flysch, which consists
of a sequence of sedimentary shales regularly interbedded



European Journal of Forest Research

with sandstones. Depending on altitude, the typical soils
developed on this bedrock are Dystric, Hapli—Eutric, Eutric,
or Endoeutric Cambisols (Brozek and Zwydak 2010).

Analysis was conducted on inventory data collected
between 1993 and 2013 in four national parks (NPs;
Babiogoérski, Bieszczadzki, Gorcezariski, and Magurski),
which represent the best-preserved forest ecosystems in the
Polish part of the Carpathians. Most of the study region is
occupied by uneven-aged, mixed-species stands comprised
mainly of beech, fir, and spruce. In contrast to a typical spe-
cies composition with a high percentage of beech, the pro-
portion of spruce usually increases at higher altitudes close
to the upper montane belt while that of fir increases at lower
altitudes on clay soils with a gley horizon (Matuszkiewicz
2001). Nevertheless, in the past, the species composition
could have been modified by human activity, including the
selective exploitation of beech for fuel and charcoal and the
common practices of pasturing, clear cutting (especially in
the western part of the Western Carpathians), and promoting
conifers through planting or other silvicultural operations.
Occasionally, such practices have resulted in the formation
of pure forests. The stands are either all-aged with multi-
modal or reverse J-shaped diameter distributions or, more
frequently, show age variations of 30—40 years and diameter
distributions similar to the normal distribution. On most of
the land of the four NPs, the forests have had passive pro-
tection (i.e., no intervention) for at least three decades. In
a small portion of the stands (especially in the Babiogér-
ski and Gorczanski NPs with the artificially increased pro-
portion of spruce) active forms of protection are currently
applied to foster site-specific tree species, mainly by under-
planting and release treatments.

Empirical material

The analysis was based on inventory data collected on sam-
ple plots located in regular lattices (Table 1). The dataset
excluded any plots located on waterlogged sites, in exten-
sive windthrow areas, or afforested land, as well as those

affected by strong disturbances in the last 10 years (with a
loss of stand basal area>25%) or located in young stands
(with a mean diameter < 30 cm). Site variables (altitude, for-
est association), tree variables (species, diameter at breast
height (dbh) of all live trees with dbh >7 cm), and regenera-
tion densities were registered on each plot (Table 1). The
densities of seedlings <0.5 m in height (with no 1-year-old
individuals) were determined on circular subplots between 5
and 24 m? in area. The densities of older regeneration (sap-
lings of a height > 0.5 m and dbh <7 cm) were also recorded
(Table 1), but in this study were used solely as potential
predictors of seedling density. Although the dataset included
data from consecutive inventories in the Bieszczadzki and
Gorczariski NPs, the very weak correlation between seedling
densities recorded during successive surveys (Pearson cor-
relation coefficients between 0.07 and 0.21) indicates that
their use did not significantly violate a random sampling
assumption. This weak correlation is attributable to gen-
eral low seedling densities (with a high proportion of plots
without regeneration) and a high mortality rate among the
juvenile seedlings.

Data analysis

For straightforward interpretation, the analysis was carried
out separately for: beech regeneration in the stands of beech
and fir and of beech and spruce; fir regeneration in the stands
of beech and fir and of fir and spruce; and spruce regenera-
tion in the stands of spruce and fir and of spruce and beech
(Table 2). For any given mixture variant, the calculations
included the sample plots on which both species had the
highest percentage in the stand basal area of overstorey trees
(within the 400 or 500 m? plot) with a total proportion above
80%. For each mixture, the altitude of plots was restricted to
arange in which no significant altitudinal trend in either spe-
cies composition, stand density or seedling density occurred.
In addition, in the calculations pertaining to regeneration
of a given species, only those sample plots were included
on which at least one tree of this species was potentially

Table 1 Sampling scheme on

. . National Park Sampling grid Number of = Census years Live trees  Saplings Seedlings
the inventory plots used in the sample plots dbh>7cm h>50cm and h<50cm
study dbh <7 cm

Sampled area (in m?)
Babiogérski 250 x 250 246 2012 500% 10* 10*
Bieszczadzki 500 x 500 714 1993/2009 400? 100* 10*
Gorczanski 400 x 400 240 1997/2007 500% 100* 5°
Magurski 500 x 500 383 2003/2013 500% 120* 24°¢

Circular plots

Four circular plots 1.25 m? in area located 3 m from the plot’s midpoint along cardinal directions

‘Line transect 1 X24 m
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Table 2 Sample sizes and basic

S Mixture variants Number of sam-  Stand basal area Relative stand density® Seedling density
characteristics of the sample ple plots
plots ordered by variants ) Mefm +SD Me?n +SD Me.an +5D
of species compositions (Mzm—rzllax) (Min-max) (Mm—]i/gax)
considered in the analyses (m”ha™) (%) (no. m™)
Overstorey: mixtures of beech and fir (altitude 450-900 m asl., association Dg—Fb)
Beechregen- 709 39.9+12.6 68.8+21.5 1.19+3.68
eration (14-81) (25-126) (0.00-11.71)
Fir regenera- 376 40.1+11.0 66.7+25.2 0.62+1.31
tion 17-72) (27-109) (0.00-8.81)
Overstorey: mixtures of beech and spruce (altitude 700—1100 m asl., association Dg-F®)
Beechregen- 497 395125 70.0+£21.9 2.32+7.13
eration (13-74) (24-128) (0.00-23.21)
Spruce regen- 225 3824122 67.8+22.0 0.23+0.65
eration (12-71) (22-128) (0.00-5.64)
Overstorey: mixtures of fir and spruce (altitude 700-1100 m asl., associations Dg-F, A-P, G-Ab)
Fir regenera- 113 40.0+13.1 68.7+23.0 0.62+0.89
tion (11-72) (19-127) (0.004.82)
Spruce regen- 163 32.8+134 61.2+23.6 0.53+1.63
eration (9-72) (17-122) (0.00-12.23)

Isee “Methods”

Forest associations (Matuszkiewicz 2001): Dg-F Dentario glandulosae-Fagetum, A-P Abieti-Piceetum

montanum, G-A Galio-Abietetum

producing seeds. It was assumed that the last condition
would be fulfilled for trees of dbh>30 cm. Application of
this criterion, however, resulted in the data subsets for two
species within the same overstorey mixture variant being
partly disjointed (e.g., for beech regeneration and fir regen-
eration in the stands with beech and fir in the overstorey).
The sample sizes and basic characteristics of the sample
plots ordered by mixture variants are given in Table 2.

To eliminate the effects of inventory year and location
in a given NP (hereafter, location), the seedling densities
were standardized separately for location and census year,
and then rescaled using a reverse negative binomial distri-
bution with an overall mean and average empirical mean-
to-variance ratio (Forbes et al. 2011). For each sample plot,
calculations were made of relative stand density, and each
species’ basal area and percentage. For k species represented
by n, individuals of each species in a sample plot, the rela-
tive stand density (RSD) was determined to be

RSD = )" n,(25/dbh,)"" /DI,
k

where dbh, is a mean diameter of the kth species and the
regionally adapted species-specific parameters a and SDI
are 1.629 and 1000 for beech, 1.605 and 1160 for fir, 1.664
and 1000 for spruce, and 1.789 and 650 for other species,
respectively. The rationale for using relative stand density is
that it allows stand density to be controlled irrespective of a
species’ percentage in the stand basal area. To account for
the effect of stand density on seed production rate per basal
area unit, the analyses used three classes of relative stand
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density: low-density stands (RSD <60%), moderate-density
dense stands (60% < RSD <90%), and high-density stands
(RSD >90%). Nonetheless, for some density classes, espe-
cially high-density stands of the fir-beech, spruce—beech,
fir—spruce, or spruce—fir series, the number of the sampled
plots was low (between 25 and 42 plots) and the accuracy of
the seedling density estimation may be reduced.

The relationships between seedling density and the per-
centage of conspecific trees, the types of forest associa-
tion, and the densities of older regeneration (saplings of a
height > 0.5 m and dbh <7 cm) were examined on scatter
plots and if relationships were observed tested by a corre-
lation analysis. Because of skewed distributions, bootstrap
procedures were applied to test the significance of the Pear-
son correlation coefficients (Chernick and LaBudde 2011).
Then, a relative seedling density was calculated as a ratio
of the empirical seedling densities (per m?) and the basal
area of the target species in the overstorey stands (in m* per
ha). It was assumed that under neutral conditions (i.e., no
interactions between the species) relative seedling density is
constant and independent on the percentage of the species at
a given overstorey density. Online supplementary material
contains results of a simulation study which underpins this
assumption and assesses the effect of the different disper-
sal parameters and seed producer distribution patterns on
the seed producer-seed density relation analyzed at small
spatial scales. The relationships between the percentage of
conspecific trees and relative stand density as predictor vari-
ables, and relative seedling density as a response variable,
were tested using generalized linear models (GLM) with
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a negative binomial distribution and identity link function.
The model parameters were estimated using a maximum
likelihood method, and their significance was tested via a
Wald statistic and likelihood ratio statistic with goodness
of fit expressed by the Nagelkerke pseudo R-squared coeffi-
cient (Stanisz 2007). The calculations were carried out using
STATISTICA, version 9.1. StatSoft, Inc., USA. Finally, the
models were used to calculate expected seedling densities
in mixed-species stands depending on density and species
percentage in the overstorey stand.

Results
Beech and fir mixtures

Depending on census year and location, the average den-
sities of beech seedlings ranged between 0.37 and 2.81
individuals per m?, and the overall mean was 1.19 indi-
viduals per m? (Table 2). The densities of beech and fir
seedlings, older regeneration (all species), and older beech
regeneration were positively correlated (r=0.19, p=0.01;
r=0.17, p=0.02; r=0.19, p=0.02, respectively). Beech

Fig. 1 Relative density of
beech seedlings in the stands

(a) All stands

regeneration density was highest in moderate-density stands
(mean + SE=1.34+0.14 per m?) and lower in low-density
(1.07 +£0.12 per m?) and high-density stands (0.98 +0.19
per m?). Except for dense stands, the highest relative regen-
eration density was observable at moderate percentages of
beeches in the overstorey (Fig. 1). Although the GLM analy-
sis confirmed this complex effect of beech percentage and
the negative effect of stand density on beech seedling density
(Table 3), the predictive power of these variables was mod-
est (Nagelkerke pseudo-R*=0.05).

The average fir seedling density ranged between 0.14
and 0.98 individuals per m?, and the overall mean was 0.62
(Table 2). Fir seedling density was positively correlated with
beech seedling density (r=0.18, p=0.03) but showed no
significant association with the density of older regeneration
(i.e., trees with a height > 0.5 m and dbh <7 cm irrespective
of species; r=—0.08, p=0.18). The relative density of fir
seedlings clearly increased with the decreasing proportion
of fir in the basal area but was independent of stand density
(Fig. 2). The GLM analysis confirmed the strong positive
influence of the decreasing fir percentage in the overstorey
on the relative density of fir regeneration (Table 3).

(b) Low-density stands
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a function of stand density and 5 ’;:;
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Table 3 Effect of relative stand density and the percentage of conspecific trees on fir, beech, and spruce regeneration in mixed-species stands

Mixture vari-  Variables® Param. estimate SE Wald stat. p value —Ln(L) Chi-sq. p value Nagelkerke R?
ants
Overstorey: mixtures of beech and fir
Beechregen-  BA%peeq 58.51 9.49 38.0 <0.001 5830 - - -
eration
BA%Z.ecn —1.08 0.22 22.8 <0.001 5813 329 <0.001 -
BA%} et 0.0057 0.0014 15.8 <0.001 5809 9.3 0.002 -
RSD —4.37 1.45 9.1 0.003 5805 9.0 0.003 0.05
Fir regenera-  Intercept 1077.70 177.98 36.7 <0.001 2147 - - -
tion
BA%g, —22.55 6.28 12.9 <0.001 2140 14.7 <0.001 -
BA%2, 0.14 0.05 6.9 0.009 2137 5.6 0.018 0.08
Overstorey: mixtures of beech and spruce
Beechregen-  BA%peeq 114.81 16.81 46.7 <0.001 4420 - - -
eration
BA%Zeecn -2.42 0.46 28.2 <0.001 4404 32.1 <0.001
BA%3 e 0.013 0.003 202 <0.001 4394 19.8 <0.001 0.06
Spruce regen-  Intercept 928.51 268.92 11.9 <0.001 1892 - - -
eration
RSD -7.87 3.71 43 0.037 1887 10.2 <0.001 0.07
Overstorey: mixtures of fir and spruce
Fir regenera-  Intercept 835.46 225.04 13.8 <0.001 621 - - -
tion
BAg, -7.24 2.53 8.1 0.004 615 11.7 <0.001 0.11
Spruce regen- Intercept 627.82 227.41 379 <0.001 1258 - - -
eration
RSD —6.03 3.62 2.8 0.01 1251 18.0 <0.001 0.16

“RSD relative stand density (in %), see “Methods”, BA%,,..., percentage of the species in stand basal area (in %)

Beech and spruce mixtures

Depending on census year and location, the beech seed-
ling densities ranged between 0.75 and 3.90 individuals
per mz, and the overall mean was 2.32 individuals per m?
(Table 2). Similar to the beech—fir mixtures, the highest rela-
tive regeneration density was found at moderate percentages
of beeches in the overstorey (Fig. 3). However, unlike the
stands with fir, the effect of relative stand density turned out
not to be significant (Table 3).

The average spruce seedling densities ranged between
0.08 and 0.47 individuals per m?, and the overall mean was
0.23 individuals per m? (Table 2). Although spruce seed-
ling density was weakly and positively correlated with
beech seedling density (0.14, p=0.04), it was negatively
correlated with the density of older regeneration (r=—0.13,
p=0.12). Spruce seedling density did increase approxi-
mately linearly with an increasing basal area of conspe-
cific mature trees (r=0.11, p <0.05). The relative seedling
density (i.e., the ratio of seedling density and basal area of
spruces in the overstorey) was constant and independent of
the spruce percentage (Fig. 4). However, spruce seedling
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density significantly decreased in high-density stands, with
no spruce seedlings recorded in high-density beech stands
with a minor admixture of spruce and a relative density
above 90%. The GLM analysis confirmed the strong negative
effect of stand density on relative spruce seedling density
(Table 3).

Fir and spruce mixtures

The average fir seedling densities ranged between 0.42 and
0.90 individuals per m?, and the overall mean was 0.62
individuals per m? (Table 2). The densities of fir seedlings,
spruce seedlings, and older regeneration were uncorrelated.
The abundance of fir seedlings did not differ significantly
in the high-, moderate-, and low-density stands. However,
as with mixtures of beech and fir, the plots with a small
proportion of fir had the highest relative seedling densities
(Fig. 5). The percentage of fir in the overstorey explained
approximately 11% of the total variation in relative density
of fir seedlings (Table 3).

The average spruce seedling densities ranged between
0.28 and 0.62 individuals per m?, and the overall mean was
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Fig.2 Relative density of
fir seedlings in the stands of

(a) All stands

(b) Low-density stands
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0.53 individuals per m? (Table 2). Spruce seedlings tended
to occur more frequently in low- and moderate-density
stands (mean + SE was 0.64 +0.06 and 0.49 + 0.06, respec-
tively) than in high-density stands (0.23 +0.19). Overall, the
GLM analysis confirmed the negative effect of stand density
(Nagelkerke pseudo R-squared coefficient 0.16) (Table 3).
The effect of percentage of spruce in the overstorey on rela-
tive density of conspecific seedlings was not significant
(Fig. 6).

Comparing interactions between the species

Regeneration of beech, fir, and spruce responded dif-
ferently to the admixed species in the overstorey stands
(Fig. 7). In the case of spruce regeneration, no interaction
was found in the mixtures containing either beech or fir,
thus indicating that spruce seedling densities increased
approximately proportionally to the percentage of this
species in the overstorey. In the case of fir regeneration
(Fig. 7), the ratios attained the highest values in the stands
with a large proportion of allospecific trees in mature
stands (> 80%). In these stands, they were approximately
four- to ninefold higher in the mixtures with spruce or

Percentage of fir

beech, respectively, than in the pure fir forests. For beech
regeneration (Fig. 7), the strongest positive interaction
occurred in the range of allospecific tree percentages
between 50 and 70%. The relative seedling densities were
insignificantly lower in allospecific stands with dominat-
ing fir or spruce than in pure beech stands.

In the mixtures with beech, this species considerably
outnumbers fir and especially spruce, even in stands with
a higher percentage of conifers. Fir seedling densities will
be higher than beech seedling densities only in stands
with>75% of fir (Figs. 8 and 9). A disproportionate increase
of the fir percentage in the regeneration layer relative to
fir’s percentage in stand basal area is expected only in more
dense stands with <40% of fir, although. Likewise, spruce
seedlings are expected to occur at densities comparable to
beech in stands with > 70 and 80% of mature spruces (for
RSD =50 and 80%, respectively). The largest differences
between beech and spruce seedling densities occur at higher
stand densities and in stands with a balanced percentage of
beech and spruce in the overstorey (Figs. 8, 9). In fir—spruce
mixtures, regardless of species percentage in the overstorey,
the proportion of fir tends to be higher in regeneration than
in stand basal area, and the highest fir seedling densities
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Fig. 3 Relative density of beech
seedlings in the stands of beech
and spruce (mean+ SE) as a
function of stand density and
percentage of beech in the stand
basal area: a all plots, n=497,
b density <60%, n=168, ¢
density 60-90%, n=234, d
density >90%, n=95. For addi-
tional explanation, see Fig. 1
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are expected in forests with about 40% spruce (Figs. 8, 9).
Moreover, fir regeneration benefits from increasing stand
density. Spruce considerably outnumbers fir only in stands
with a high percentage of conspecific trees in the overstorey
(> 65-85%, depending on stand density).

Discussion

Unlike an earlier analysis of stand-level records (Paluch
and Jastrzebski 2013), this study uses data from small sam-
ple plots which ensure accurate information on local stand
density and species composition. Along with seed supply,
these variables determine light conditions, topsoil proper-
ties, and forest floor features crucial for germination and
early survival of seedlings. Using small inventory plots,
however, poses a risk that the percentage of mother trees
on the sample plots may not reflect empirical seed densi-
ties. Though this constraint may be considered of negligible
importance in the case of heavy-seeded beech, it is more
important for lighter seed weight species like fir and particu-
larly spruce, which are characterized by a lower seed falling
velocity (0.85 and 1.25 s m™!, respectively; Kohlermann
1950) and higher seed dispersal distances. For example, for
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firs growing in forest interiors median dispersal distances
of between 6 and 22 m were reported by authors using seed
trap methodology (Sagnard et al. 2007; Paluch 2011; Amm
et al. 2012; De Andrés et al. 2014). Distances covered by
spruce seeds are longer by about 35-50% compared to fir
(Kohlermann 1950). Hence, in the case of fir and spruce,
this analysis assumes that species composition within and
beyond the sample plots does not differ significantly and that
possible variations are random. Admittedly, the simulation
study (Supplementary material) suggests that in the case of
species which disperse their seeds farther the variation in
ground seed density should decrease and thus partly offset
by the effects of their irregular spatial distribution. Nonethe-
less, the bias is expected to strongly increase for low densi-
ties of mother trees and their higher average fecundity rates.
In such situations, the results obtained for a small number
of sampled plots, as in high-density stands for fir or spruce
regeneration in this study, should be treated with caution
(see Supplementary material).

In addition to the small area of the sample plots, in which
local species compositions and densities may diverge from
the surrounding stands, the modest predictive power of the
regeneration density models obtained in this study may
be attributed to other factors. Some possible explanatory
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Fig.4 Relative density of
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variables are variation in fecundity of the seed trees and
quality of their seeds, differences in ungulate herbivore
pressure, local micro-topography with its effect on topsoil
properties, variation in forest floor vegetation, or presence
of woody debris. Moreover, the earlier study (Paluch et al.
2016) indicated that the spatial range of influence of single-
dispersed overstorey conifer trees on topsoil properties, for-
est floor vegetation, and regeneration may be restricted to
distances not much larger than their crown width. There-
fore, the spatial scale considered in the current study (400
or 500 m?) may only approximately reflect species-specific
effects of single trees attributable to smaller scales.

Beech regeneration

In beech—fir and beech—spruce mixtures, the relative density
of beech regeneration responded negatively to stand den-
sity and positively to the increasing percentage of conspe-
cific trees in the stand basal area, particularly in the range
between 20 and 60% (Fig. 9). Given the moderate beech
seedling densities registered on the sample plots (maximum
of 12 per m? in the beech—fir mixtures and 23 per m” in
the beech—spruce mixtures), density-dependent mortality

L

10 30
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mj ul]
. il ; . 0.00

LI S R S R i |

by
10 30 50 70 90
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50 70 90

may not be a potential explanation. However, beechnuts are
highly attractive to seed predators, and the disproportionate
increase of regeneration density documented here is consist-
ent with the satiation hypothesis that a higher abundance
of resources increases the probability of a seed’s escap-
ing from predators and establishing as a seedling (Kelly
and Sork 2002; Schnur et al. 2004). Thus, the lower rela-
tive seedling densities in stands with a low percentage of
beeches (< 20%) may be explained by a reduced seed supply
and effective predation of beech seeds by small mammals
in conifer stands with a small admixture of beeches. Nev-
ertheless, the capacity of a rodent population to affect seed
reserves depends on current predator abundance, the overall
rate of seed consumption, and actual seed production, so the
potential influence of this factor is often difficult to predict
(Ruscoe et al. 2005). In addition, the lower relative seed-
ling densities in stands with a low percentage of beeches
are hypothetically attributable to higher light penetration in
beech—conifer mixtures (Juchheim et al. 2017; Fotis et al.
2018), which increases fecundity among the seed produc-
ers and also favors the survival and growth of older beech
seedlings (Szwagrzyk et al. 2001).
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Fig.5 Relative density of fir
seedlings in the stands of fir and
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Another factor that can be plausibly linked to facilitation
effects in mixtures of beech and conifers are seedbed proper-
ties that frequently control the early stages of regeneration
establishment (Madsen 1995; Peltier et al. 1997; Wagner
et al. 2010). Mixed-species stands may have higher litter
decomposition rates than monocultures, indicating a lower
likelihood of the accumulation of a thick organic matter
layer (Polyakova and Billor 2007). An eventual effect of
seedling herbivory seems less probable because in a study
region characterized by considerable species and structural
landscape diversity, beech seedlings are not among the pre-
ferred species.

Fir regeneration

The relative density of fir regeneration responded posi-
tively to the increasing percentage of beech and spruce in
mature stands (Fig. 9). Numerous studies have reported the
positive influence of allospecific trees on fir regeneration
(Schrempf 1978; Simak 1951; Mayer 1960; Jaworski 1973;
Jaworski et al. 1985; Dobrowolska 1998; Dobrowolska and
Veblen 2008; Paluch and Jastrzebski 2013; Paluch et al.
2016), and several factors might hypothetically be involved
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in this facilitation mechanism. For instance, lower foliage
density in mixed stands with less shade-tolerant species
like spruce, differences in phenological phases of coexist-
ing tree species (fir vs. beech), or different canopy archi-
tecture in pure versus mixed stands increase light pen-
etration and light-use efficiency (Robakowski et al. 2004;
Forrester and Albrecht 2014; Pretzsch 2014; Forrester and
Bauhus 2016) and may result in increasing seed produc-
tion. Higher light penetration results in higher forest floor
temperatures and an earlier snowmelt, which enhances
germination and survival rate (Duchesneau and Morin
1999; Simard et al. 2003). Tree species also may exert
different influences on topsoil moisture. Under conditions
of summer drought, topsoil water content in beech—fir
mixtures is likely to be affected more strongly by increas-
ing density of fir than beech, while in spruce—fir mixtures
topsoil moisture decreases approximately twice as much
around spruces as around firs (Paluch and Gruba 2012).
Hence, the availability of soil water for seedlings is better
in mixtures with beech and worse in mixtures with spruce
than in pure fir forests. Stand species composition also
affects ectohumus layer depth, which up to a given level
may facilitate establishment of fir seedlings but in excess
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Fig.6 Relative density of
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may hinder sprouting and juvenile survival (Korpel and
Vins 1965; Huth et al. 2017). In addition, some studies
have demonstrated that seed burial favors the recruitment
of seedlings, preventing desiccation and stimulating ger-
mination (Tan and Bruckert 1992; Gémez 2004).

The distance-dependent mortality of fir regeneration
can also be attributed to allelopathic effects (Becker and
Drapier 1985) or biotic factors. Paluch and Stgpniewska
(2012) documented a negative effect of fungal pathogens
in pure A. alba forests in the Western Carpathians, which
resulted in irregular, strongly clumped distribution patterns
of regeneration. Jankowiak et al. (2016) determined that the
fungi Gyoerffyella rotula and other closely related species
that cause fir seedling die-off are strongly associated with
fir stands but not with mixed stands with a majority per-
centage of beech. Other experimental studies have indicated
that fir seedlings growing on mineral soil are more prone to
fungal attacks than those growing on the ectohumus layer
(Paluch and Stgpniewska 2012). Thus, a thicker ectohumus
layer developing in the vicinity of conifer species stems,
particularly spruce (Paluch and Gruba 2012), may reduce
the pathogen incidence associated with Gyoerffyella species.
In the study region, fir regeneration is subject to enhanced

(no./m2 per 1m? of BAgprce )

50 70 90 10 30 50 70 90
Percentage of spruce

pressure from herbivores (Cervus elaphus L. and Cervus
capreolus L.), who show a higher preference for fir than
for beech or spruce. Hence, the variation in seedling den-
sity between stands of different species composition may
be partly attributable to density-dependent herbivory (with
greater pressure in stands with a high proportion of A. alba
because of a higher availability of the preferred species).
This selective browsing pressure can be mitigated in stands
with mixed-species regeneration (Ohse et al. 2017).

Spruce regeneration

In the mixtures with beech and fir, the relative density of
spruce seedlings was not related to the percentage of spruce
in the stand basal area (Fig. 9). In both cases, however,
spruce regeneration increased with decreasing stand densi-
ties. This trend is in line with long-distance seed dispersal
(Grassi et al. 2004) and relatively lower shade tolerance of
spruce as compared to fir and beech (Ammer 1996b; Hun-
ziker and Brang 2005). Moreover, one factor that may hinder
spruce regeneration establishment in dense stands with a
high proportion of beech is a thick litter layer, which is a
major driver of understorey plant diversity in beech forests
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Fig.7 Expected seedling densi-
ties as a function of percentage
of conspecific trees and relative
stand density in stands of beech

Moderate-density stands
(RSD = 80%)
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(Ujhazy et al. 2017). In particular, heavy litter accumula-
tions are often detrimental to conifer seedling survival
because they are prone to drying and prevent seedling roots
from quickly reaching the mineral soil (Greene et al. 1999;
Asplund et al. 2017). A number of research studies have
also indicated that spruce can effectively utilize micro-sites
linked to coarse woody debris (Szewczyk and Szwagrzyk
1996; Orman and Szewczyk 2015). Unfortunately, however,
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the dataset used in this study does not provide information
on seedlings established on deadwood and mineral soil. A
positive effect of mature firs on spruce regeneration reported
by Hofmeister et al. (2008), possibly attributable to a lower
ectohumus layer depth and higher topsoil moisture around
fir stems than around spruce stems (Paluch and Gruba 2012),
could not be demonstrated by the results of the present study.
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nor interspecific competition between juvenile individuals
play a key role in shaping species composition or density
level of regeneration cohorts. In addition, the weak but posi-
tive correlations between seedling densities in the beech—fir
and beech—spruce mixtures suggest that the regenerative
niches of these species partly overlap at this juvenile stage.

The analysis indicated a positive effect of admixed spe-
cies in the overstorey on relative regeneration densities of
fir regeneration (Fig. 8). These effects may be viewed as
increase-when-rare mechanisms (Wilson 2011) that limit
superior competitors and counteract the transformation of
mixed stands into monocultures, because they result in a
disproportionate percentage of the rare species in regen-
eration compared to the overstorey (Fig. 9). Under natural
stand dynamics, an over-proportional percentage of spruce
regeneration is likely to occur only in stands of a consider-
ably reduced density and a low percentage of spruce. In the
beech—spruce and beech—fir mixtures with balanced percent-
ages of these species, a strong tendency for the proportion of
beech to increase in the regeneration layer is to be expected.
To a lesser degree, a similar trend may occur for fir regenera-
tion in the fir—spruce mixtures. In sum, although the interac-
tions documented here may influence species compositions
of the future stands, their ultimate effect may depend heavily
on other factors, such as the shading level at later develop-
mental stages, its relation to species growth rate and com-
petitive abilities, or species-specific resistance to herbivores.

The results indicate that a reduction in stand density pro-
motes the establishment of spruce regeneration in the mix-
tures with fir and beech, but decreases the percentage of fir
regeneration in the mixtures with beech. Thus, changing the
density and proportions of the overstorey species with some
advance (needed to modify forest floor and seedbed proper-
ties) is a powerful silvicultural tool to foster targeted tree
species in the regeneration layer. In the context of conversion
of spruce-dominated forests into mixed-species stands with
fir and beech, a particularly urgent task in montane forests
of Europe, the results indicate that only a relatively small
percentage of fir in the overstorey is needed to effectively
support this process through natural regeneration. But natu-
ral regeneration must be given the chance to succeed before
such forests begin an irreversible decline.
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