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Abstract Neighbourhood models are useful tools for understanding the role 
of positive and negative interactions in maintaining the tree species diversity 
in mixed forests. Under such a presumption, we aimed at testing several 
hypotheses concerning the mechanisms of autogenic species coexistence in 
an old-growth, beech-fir-spruce stand, which is part of the Slătioara forest 
reserve (Eastern Carpathians). Univariate/bivariate spatial point pattern 
analyses, the individual tree species-area relationship, the species mingling 
analysis and generalised linear mixed models of neighbour interference 
were applied on data concerning the position and allometry of all saplings 
and trees occurring within a 0.24 ha plot.

The monospecific distribution of either beech or spruce saplings did 
not support the spatial segregation hypothesis. There was no evidence 
of conspecific negative distance dependence, as no spatial segregation 
was detected between the saplings and trees of any species. Within 4 
m-neighbourhood, the beech saplings appeared as diversity accumulators, 
which might be indicative of indirect facilitation (e.g., herd protection 
hypothesis). At tree stage, none of the three species showed either 
accumulator or repeller patterns in their neighbourhood with respect to 
sapling species richness. Signals of positive and negative interspecific 
association were found in tree-sized beech (at scales of 10 to 20 m) and 
spruce (at scales of 4 to 17 m), respectively. The former, highly interspersed 
pattern is in accordance with the hypothesis of positive complementary 
effects, whereas the latter, poorly intermingled pattern is probably linked 
to the unexpected, positive neighbouring effect of spruce trees on the stem 
growth of their conspecific saplings. Such self-favouring process might 
be due to a facilitative below-ground mechanism. Conversely, the beech 
saplings were suppressed through interference from the neighbouring 
conspecific trees.

The beech appears to be the key promoter of tree species coexistence in 
the study forest stand, in contrast to the low interspersion of spruce in the 
overstorey leading to lower local tree diversity.

Keywords: auto-facilitation, beech-fir-spruce mixed forest, diversity 
accumulator, neighbourhood effect, null models, self-competitor, spatial 
point pattern, tree species mingling.
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Introduction

Along with propagule availability and 
environmental filters, niche-based interactions 
have been widely considered as the main 
drivers of species coexistence and community 
assembly (Wilson 2011, Kraft et al. 2015). In 
forest communities, a number of mechanisms 
have been proposed to explain the local scale-
coexistence of tree species: different patterns 
in seed dispersal and persistence (Harms et al. 
2001, Wright 2002, Hou et al. 2004, Punchi-
Manage et al. 2015); habitat heterogeneity 
(Koukoulas & Blackburn 2005, King et al. 
2006, Getzin et al. 2008, Chen et al. 2010, 
Piao et al. 2013); autogenic alternation 
(reciprocal replacement) of species between 
ontogenetic cycles (Fox 1977, Woods 1979); 
allogenic formation of canopy gaps by natural 
disturbance (Canham 1988, Poulson & Platt 
1996) and demographic stochasticity (Gravel 
et al. 2008). Recent studies have suggested 
that niche structuring is a major determinant 
of species diversity in temperate mixed forests 
(Gilbert & Lechowicz 2004, Laliberté et al. 
2009, Zhang et al. 2010). Two different classes 
of biotic mechanisms mediate coexistence by 
preventing competitive exclusion (Chesson 
2000): equalising mechanisms, which reduce 
the relative fitness difference between species 
(e.g., facilitation or symmetric competition) 
and stabilising mechanisms, which reduce 
niche overlap (e.g., specialisation or self-
inhibition).
 The niche-based mechanisms related to 
spatial processes are especially important for 
plant species coexistence because they are 
sessile organisms that interact mainly with 

their close neighbours. Such interactions 
may lead to either negative or positive net 
effects, mainly depending on the balance 
between asymmetric competition for limiting 
resources (light, nutrients) and facilitation 
(nursering), i.e. either resource limitation or 
diversification (Chi et al. 2015, Bulleri et al. 
2016). Other possible mechanisms underlying 
the negative and positive interactions between 
neighbouring plants may include shared pests 
(e.g., pathogens, herbivores) and respectively, 
shared mutualists - like mycorrhizae and seed 
dispersers (Punchi-Manage et al. 2015).
 In temperate mixed forests composed of more 
or less shade-tolerant tree species, dominance 
can easily change from one species to another 
between consecutive generations (Woods 
1984, Arii & Lechowicz 2002). Negative 
spatial association between conspecifics by 
means of reciprocal replacement were reported 
in mixed deciduous-coniferous forests from 
different geographic regions (Bândiu 1977, 
Nakashizuka & Kohyama 1995, Akashi 
1996, Kuninaga et al. 2015). The autogenic 
coexistence through reciprocal replacement 
of tree species can originate from various 
processes like, direct facilitation (e.g., light 
spectral filtering), intraspecific inhibition (e.g., 
auto-allelopathy) or indirect facilitation (e.g., 
‘escape’ and ‘herd immunity’ hypotheses). 
As a necessary but not sufficient condition, it 
seems that coexistence requires interspecific 
differences in light transmissivity through the 
crowns of adult trees (Cammarano 2011). For 
instance, fir regenerates better under beech 
canopy due to the greater transmission of blue 
and red light (Bândiu 1977, Dobrowolska 
1998). On the contrary, the self-inhibition of 
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fir saplings through auto-intoxication has been 
documented in pure silver fir stands (Becker & 
Drapier 1984, 1985).
 The ‘escape hypothesis’ or ‘conspecific 
negative density/distance-dependence’ (CNDD) 
assumes that, because the dispersed seed density 
is typically highest near the parent tree, specialised 
enemies (pathogens, herbivores) accumulate and 
reduce seedling establishment near conspecific 
trees, resulting in lower intraspecific aggregation 
(Comita et al. 2014). Recent studies brought 
evidence of CNDD as being an important 
driver of species coexistence in temperate old-
growth forests (Getzin et al. 2008, Johnson et 
al. 2014, Kuang et al. 2017), including mixed 
coniferous-deciduous forests (Nakashizuka 
& Kohyama 1995, Hiura & Fujiwara 1999, 
Kotanen 2007, Bai et al. 2012, Piao et al. 2013). 
The ‘herd immunity hypothesis’ gives a similar 
explanation of the reciprocal replacement 
of trees species but from a different angle: it 
predicts that high local species diversity confers 
protection from natural enemies by rendering 
it more difficult for specialist natural enemies 
to locate the target plants (Wills et al. 1997). 
If both the escape and herd immunity theories 
hold, there should be a tendency toward high 
spatial mingling of tree species and ultimately, 
a high local species diversity (Blundell & Peart 
2004, Volkov et al. 2005, Swamy et al. 2011, 
Pommerening & Uria-Diez 2017).
 The approach based on distance -dependent 
analyses can be also employed to assess 
the performance of a focal tree based on the 
characteristics of its nearest neighbours. 
Usually, the target tree growth and/or survival 
is analysed as a function of the size and 
distance from the neighbours (Wagner & 
Radosevich 1998, Canham et al. 2004, Kunstler 
et al. 2016), but the taxonomic identity of the 
latter has been shown to be equally important 
(Uriarte et al. 2004). If the net effect of the 
nearest neighbours on the focal trees is not null, 
then spatial structure in local species richness 
may emerge (Lieberman & Lieberman 2007). 
Since positive and negative interspecific 

interactions can cause local maxima and 
respectively, minima in species richness, the 
analysis of individual species-area relationship 
(ISAR) may reveal the taxonomic identity of 
the so-called diversity ‘accumulators’ and 
respectively, ‘repellers’ (Wiegand et al. 2009). 
Finally, the third category includes the so-
called ‘neutral species’, which do not display 
patterns (peaks or saddles) in neighbourhood 
species richness and are presumably related 
to stochastic assorting (Wiegand et al. 
2007). Species displaying high-diversity 
neighbourhoods may indicate a preponderance 
of positive interspecific interactions or strong 
CNDD, while species with low-diversity 
neighbourhoods may indicate dominance of 
inhibitory effects on heterospecific neighbours 
or strong conspecific positive density-
dependence. As a consequence, the proportion 
of diversity ‘repellers’ and ‘accumulators’ 
within a community could shed light on 
the mechanisms ruling coexistence in tree 
communities (Espinosa et al. 2015).
 The ‘spatial segregation hypothesis’, which 
involves negative spatial association between 
heterospecific individuals, can also be related 
to species coexistence (Pacala & Levin 1997). 
Intraspecific aggregation of juveniles (due to 
limited seed dispersal or gap-based regeneration 
niche) leads to interspecific segregation, which 
in turn prevents the exclusion of competitively 
inferior species (Stoll & Prati 2001), thereby 
promoting species diversity. At later life 
stages, stable coexistence of tree species can 
be achieved by ‘positive complementary 
effects’ that arise owing to great niche 
differentiation (Cavard et al. 2011, Lasky et 
al. 2014, Forrester & Bauhus 2016). Several 
mechanisms may be responsible for such 
effects, like reduction in crown interference 
due to spatial stratification (Pretzsch 2014) 
or improved nutrient availability by virtue of 
more efficient exploitation of soil resources 
(Rothe & Binkley 2001).
 The main goal of this study was to search 
for spatial dependence and neighbourhood 
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patterns across/within tree species and size 
classes in an old-growth, mixed beech-fir-
spruce forest, in order to test hypotheses about 
the underlying mechanisms of autogenic 
species coexistence. We hypothesized that 
local tree species diversity could be promoted 
and maintained by: i) facilitative interactions 
between heterospecific saplings in the shaded 
understorey; ii) effects of conspecific negative 
distance-dependence, self-inhibition and 
positive interspecific interactions between trees 
and saplings; iii) positive complementarity 
effects between canopy trees.
 Assuming that such deterministic 
mechanisms of autogenic species coexistence 
exert stronger effects than negative 
interspecific interactions in self-regenerating, 
stable, old-growth mixed forests, we expected 
to observe (at small spatial scales) patterns of 
aggregation/segregation or positive/negative 
association between heterospecific/conspecific 
individuals, and negative neighbourhood 
effects of trees on the growth of conspecific 
saplings. By reference to appropriate null 
models of spatial point pattern, we analysed: 
i) the distribution of conspecific saplings for 
testing the spatial segregation hypothesis; ii) 
the distribution of saplings of each species 
with respect to their conspecific/heterospecific 
trees for testing the reciprocal replacement 
hypothesis, and iii) the individual tree species-
area relationship and tree species mingling 
for testing the diversity accumulator/repeller 
hypothesis and respectively, the positive 
complementarity effects. In addition, we 
estimated the effect of the nearest conspecific/
heterospecific tree size on the height of 
focal saplings for testing the hypothesis of 
asymmetric competition.

Materials and Methods

Study area

The Codrul Secular Slătioara forest reserve 
(47°27′N; 25°37′E) lies in the Rarău Mountains 

(Eastern Carpathians, Romania) between 800 
and 1510 m above sea level (Fig. 1). The 
climate is temperate-continental with mean 
annual temperatures between 3.9 and 5.8°C 
and mean annual precipitation ranging from 
700 to 810 mm (Duduman et al. 2014). The 
forest reserve was created in 1941 and covered 
an area of 854.3 ha until in 2006, when it 
was extended to 1064.2 ha. The mixed forest 
canopy is formed of European beech (Fagus 
sylvatica), silver-fir (Abies alba) and Norway 
spruce (Picea abies), except in the upper 
montane stands (over 1350 m of elevation) that 
are beyond the beech altitudinal range.
 The investigations were undertaken on a 
mild (25%) north-western slope covered by 
rendzina soils, at an elevation of about 830 
m a.s.l. By reference to living plants only, 
the beech was by far the most abundant tree 
species in both over- and under-storey (67%), 
followed by spruce (24%) that rarely reached 
the uppermost level of the forest canopy (Table 
1). The fir had a modest share of 9% and was 
poorly represented in the understorey, in spite 
of the fir trees having cumulated the largest 
basal area and being on average the tallest 
among the three species (Table 1). In terms 
of proportion of dead standing individuals in 
each species population, spruce was ranked 
first (22.7%), followed by fir (9.8%) and beech 
(only 4.8%). Overall, the tree population 
structure was uneven but also heterogeneous 
throughout the Slătioara forest (Cenușă et 
al. 2002), and in particular, the study stand 
featured a low number of trees in the middle 
size classes (Schnitzler et al. 2004). According 
to the forest classification on ecosystemic 
bases by Doniță et al. (1990), the study stand 
can be assigned to the forest ecosystem type 
2316, characterised by highly to moderately 
productive spruce-beech-fir stands, developed 
on eu-mesobasic brown or rendzinic soils, well 
balanced in terms of water supply, featuring 
a mull-moder humus type and a herbaceous 
layer of Oxalis-Dentaria-Asperula type. 
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Figure 1 Geographic location of the Codrul Secular Slătioara forest reserve (left) and the approximative 
placement of the inventoried plot within the protected area (right).

Table 1 Summary statistics of the population size and allometry of the living plants (seedlings excluded) by 
tree species in the study forest stand. 

Variable Statistics Fir Beech Spruce

Density (N/ha) Sum 154 1154 413
Basal area (m2/ha) Sum 31.9 17.8 8.2

Diameter (cm)
Range (min - max) 3.2 - 114.5 3.2 - 79.3 3.2 - 116.8
Median 28.1 4.8 6.3
Mean ± SD 42.9 ± 38.2 13.5 ± 16.9 10.3 ± 17.4

Height (m)
Range (min - max) 1.0 - 48.0 0.1 - 38.0 0.9 - 51.5
Median 12.5 3.7 2.9
Mean ± SD 18.0 ± 16.9 6.4 ± 8.3 4.4 ± 7.2

Data collection

The field work was carried out in 2001 within 
a 40 x 60 m rectangular plot circumscribed 
to a relatively homogeneous area in terms of 
site conditions and stand physiognomy, and 
located (at that time) within the buffer zone of 
the forest reserve. The long sides of the plot 
were placed along the steepest slope path, i.e. 
perpendicular to the contour lines.
 The height and Cartesian coordinates 
(with respect to one plot corner) of all living 
and dead standing tree species individuals 
(except seedlings) were measured using a 

clinometer and respectively, a tape ruler. In 
addition, the stem girth at breast height (1.30 
m) was measured on all individuals that 
were at least 1.50 m tall. Two size classes 
were distinguished based on trunk thickness, 
i.e. individuals displaying a stem girth of at 
least 10 cm (DBH ≥ 3.2 cm) were considered 
trees, whereas all others were included in the 
category of saplings.

Data analysis

We used point pattern analyses of fully 
mapped plant locations to explore the 
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univariate and bivariate spatial patterns in 
the distribution of individuals (Wiegand & 
Moloney 2014). The univariate analysis was 
employed on conspecific saplings to test the 
spatial segregation hypothesis. The bivariate 
analysis was performed on saplings relative 
to their conspecific or heterospecific trees, in 
order to test the auto-inhibition or the CNDD 
hypothesis, respectively. In the spatial point 
pattern analysis we used the pair-correlation 
function g(r), which is a second-order statistic 
that employs the probability of observing 
a pair of points separated by a distance r 
(Illian et al. 2008). We computed the g(r) 
distributions applying a lag distance of 0.5 m 
over a maximum range of 20 m (i.e., half the 
minimum side of the plot).
 Neighbourhood effects on tree species 
richness and mingling were tested using 
species-by-all-species analyses, which integrate 
across all species around a focal species 
and are more likely to detect effects of biotic 
interactions than species-by-species analyses 
(Punchi-Manage et al. 2015). The individual 
species-area relationship (ISAR) estimates the 
change in species richness with increasing area 
and distance from heterospecific neighbours 
to target species individuals by integrating the 
spatial structure of individuals (Wiegand et al. 
2007, Wiegand & Moloney 2014). Depending 
on the occurrence or absence of local minima or 
maxima of species richness with respect to a null 
model, the ISAR approach allows the grouping 
of target species in (diversity) accumulators, 
repellers and neutrals (Wiegand et al. 2007). The 
mingling index (M) is a measure of interspersion 
of trees of different species and is defined as the 
proportion of the n nearest neighbours that do 
not belong to the same species as the reference 
tree (Pommerening & Grabarnik 2019). If the 
nearest neighbours and the target tree always 
share the same species, then M = 0 (minimum 
intermingling), else if all neighbours are always 
taxonomically different from the target tree 
species, then M = 1 (maximum intermingling).
 The significance of all previously mentioned 

distributions or statistics (i.e., g(r), ISAR 
and M) was assessed through simulations of 
(density constrained) random distribution of 
trees or saplings, in order to account for possible 
(undesirable) effects of habitat patchiness, 
stand history and dispersal limitation that can 
induce non-random patterns in the spatial 
disposal of individuals, irrespective of biotic 
interactions (Wiegand et al. 2007, Rayburn & 
Wiegand 2012, Baddeley et al. 2014, Espinosa 
et al. 2015, Tsai et al. 2015). To account 
for large variation in tree density within the 
plot, we only used inhomogeneous Poisson 
processes along with the Ripley’s isotropic 
edge correction in simulating the null models 
of spatial independence. The tree or sapling 
density throughout the plot was computed non-
parametrically by employing the Epanechnikov 
kernel estimators of the intensity function with 
the option for Jones-Diggle improved edge 
correction (Diggle  2010, Wiegand & Moloney 
2014).
 In the univariate g(r) analysis, the null 
hypothesis was simulated through the random 
(but density-constrained) spatial disposal 
of conspecific saplings (Baddeley et al. 
2015). The null model used for testing the 
significance of the bivariate g(r) and ISAR 
was the independence of the two spatial 
point pattern types (across size classes and/
or species), i.e. no spatial interaction between 
them (Baddeley et al. 2015). The simulations 
corresponding to the last null model were 
performed by randomly reallocating the 
spatial position of neighbouring saplings 
with punctual probabilities derived from the 
estimated density (intensity), while keeping 
the spatial arrangement of saplings or trees 
of focal species fixed (Wiegand & Moloney 
2014). Finally, the significance of the observed 
M index values was tested through the null 
model of random labelling (independence 
between marks and points), that is by shuffling 
the taxonomic identity of trees while keeping 
the number and spatial position of trees in 
each species constant (Baddeley et al. 2015). 
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Two-sided, pointwise envelopes for the 
observed g(r), ISAR and M distributions were 
generated from 999 Monte Carlo simulations 
and an overall goodness-of-fit (GoF) test was 
performed (Loosmore & Ford 2006).
 To describe the neighbourhood interference 
of trees on the target sapling, we employed the 
Weiner’s (1984) measure (W):

where n is the total number of neighbours, di 
is the distance from the target sapling to the 
i-th neighbouring tree and si is the size of the 
i-th neighbouring tree. The size of trees was 
roughly estimated by reference to the volume 
of a cone whose dimensions were equal to the 
tree’s diameter and height. We calculated the 
W values for each neighbouring tree species 
separately by considering only the nearest 
conspecific and heterospecific trees (n=1). In 
the rare cases in which the focal sapling was 
taller than one of the neighbouring tree, the 
corresponding W measure was equalled to 
zero.
 Generalised linear mixed models 
(GLMMs) were employed to analyse the 
sapling height in each species as a function 
of the interference from each of the nearest 
neighbouring, conspecific and heterospecific 
trees, while controlling the influence of 
spatial autocorrelation (Bolker et al. 2009). 
The latter was handled through a residual 
random component with an anisotropic power 
covariance structure, which provided the best 
fitting results and could account for possible 
differences induced by the terrain slope. The 
negative binomial distribution along with a log-
link was employed in GLMMs for adjusting 
the conditional probability distribution of the 
response variable (i.e., sapling height). The 
goodness-of-fit of each model was assessed 
through the generalised chi-square divided by 
the degrees of freedom (Gen. Chi-sq/DF).
 Both living and dead individuals were 
considered in g(r), ISAR and species mingling 

analyses, as the allometric measures were not 
involved in computations. On the contrary, 
only living individuals were considered in the 
neighbourhood interference analysis through 
GLMMs.
 Because the total number of fir saplings was 
too low (seven living and one dead), the results 
of analyses involving their spatial point pattern 
exclusively or their allometric characteristics 
were either incomplete or biased, and hence 
were not reported.
 All numerical analyses were performed in R 
v3.6.3 environment (R Core Team 2020) using 
the packages ‘spatstat’ (Baddeley et al. 2020), 
‘idar’ (de la Cruz 2019) and ‘spatialsegregation’ 
(Rajala 2019), except for GLMMs that were 
run in SAS/STAT 9.4 (SAS Institute Inc. 2014).

Results

A weak but significant aggregation of beech 
saplings was detected only at 1 m-scale (Fig. 
2a). At larger scales, the distribution of beech 
saplings was not significantly different from the 
null model. The spruce saplings were randomly 
distributed at all scales (Fig. 2b).
 Saplings of any species did not show 
significant spatial patterns with respect to their 
conspecific (Fig. 3a-c) or heterospecific trees 
(Fig. 3d-i).
 Within 4 m-neighbourhood of beech saplings, 
a higher taxonomic sapling richness than 
expected under the null hypothesis was detected 
(Fig. 4a). Instead, the individual species-area 
relationships (ISARs) corresponding to the 
fir and spruce saplings were not significantly 
different from their simulated counterparts 
(Fig. 4b-c). When the trees and saplings were 
considered as focal and respectively, target 
individuals, the ISARs built for the three species 
(beech, fir and spruce) were all fully embedded 
within the corresponding simulation envelopes 
(Fig. 4d-f).
 A significant, positive, spatial association 
between trees species was detected at scales 
larger than 10 m around the beech trees, as indicated 
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by the large observed values of the mingling 
index compared to the simulated values (Fig. 
5a). An opposite pattern was detected within 
a radius of 4 to 17 m around the spruce trees, 
that is a significant, negative, spatial association 
between the three species (Fig. 5b). Finally, no 
significant spatial association between the three 
species was observed in the neighbourhood of 
fir trees (Fig. 5c).
 The height of beech saplings was significantly, 
negatively affected by the interference from the 
nearest conspecific tree, whereas the negative 
effects of the nearest fir and spruce tree were not 
significant (Table 2). On the contrary, the nearest 
spruce tree displayed a significant, positive 
effect on the height of conspecific saplings 
(Table 2). The nearest beech exerted a non-
significant, negative effect on the spruce sapling 
height, whereas the neighbourhood effect of the 
nearest fir tree was almost null (Table 2).

Table 2 Standardised coefficients associated with 
the (fixed) interference effects (W) of the 
nearest neighbour beech, fir and spruce 
tree on the height of beech (n=156) and 
spruce (n=37) saplings. The goodness-
of-fit of each GLMM is reported in the 
last row 

Response Sapling height

Predictors Beech Spruce

W (beech trees) -1.282 ** -0.372 ns

W (fir trees) -0.522 ns -0.006 ns

W (spruce trees) 0.084 ns 0.494 *
Intercept 0.992 0.446
Gen. Chi-sq/DF 1.00 1.10
** 0.001<p<0.01; * 0.01<p<0.05; ns non-significant
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Discussion

The monospecific distribution of either beech 
or spruce saplings did not support the spatial 
segregation hypothesis, which was found to 
explain the tree species coexistence in other 
temperate mixed forests (e.g., Wang et al. 
2010, Zhou et al. 2019). Our results are, to 
some extent, unexpected as both beech and 
spruce are known to regenerate regularly 
within canopy gaps (Nagel et al. 2006, Paluch 
et al. 2019). Beech is a typical gap-filler 
capable of rapid crown enlargement (Nagel et 
al. 2010, Janík et al. 2016), whereas spruce is 
an early and competitive coloniser of canopy 
openings (Jonášová & Prach 2004). 
 We did not find evidence of conspecific 
negative distance/density dependence (CNDD) 
as no spatial segregation was detected between 
saplings and trees of any species. However, 
Janík et al. (2014) and Petrițan et al. (2015) 
reported spatial segregation between juvenile 
and mature beech individuals in old-growth 
beech-fir forests in western and southern 
Carpathians, respectively. Likewise, Kuninaga 
et al. (2015) and Ramage & Mangana (2017) 
found evidence of CNDD in Fagus crenata 
growing in mixed conifer-hardwood forests and 
respectively, in Fagus grandifolia-dominated, 
mixed hardwoods. Unfortunately, we could 
not test for CNDD in fir distribution because 
of the low number of saplings. Many studies 
reported the decline of fir populations in mixed 
stands due to poor seedling recruitment and 
sapling survival (Diaci et al. 2011, Szwagrzyk 
et al. 2012, Paluch & Jastrzębski 2013, Janík 
et al. 2014, Keren et al. 2014, Parobeková 
et al. 2018). It seems that not plant-plant 
interactions are responsible for the regression 
of fir in mixed stands, but rather a series of 
other factors among which high accumulation 
of beech litter (Simon et al. 2011, Janík et al. 
2014) and damage by ungulates (Vrška et al. 
2009, Klopcic et al. 2010). However, none of 
these factors seemed to have been acting in the 
study forest area.

 In spite of the well-documented process 
of reciprocal replacement between beech 
and fir in mixed forests (Bândiu 1977, Heiri 
et al. 2009, Vrška et al. 2009, Diaci et al. 
2010, Nagel et al. 2010), we did not observe 
advance regeneration of beech/fir saplings in 
the neighbourhood of fir/beech trees, which is 
in accordance with the findings from southern 
Carpathians (Petrițan et al. 2015). Similar 
independent spatial distributions between trees 
and saplings were also revealed at the other two 
pairs of species: spruce/beech and fir/spruce. 
Possibly, the demographic heterogeneity and 
stochasticity may have distorted the ecological 
response at species level (Hurtt & Pacala 
1995) and may have diluted the spatial patterns 
in tree species distribution making them weak 
or undetectable (Gravel et al. 2008). On the 
other hand, a number of studies documented 
the positive effects of beech trees on fir 
regeneration (Dobrowolska & Veblen 2008, 
Vrška et al. 2009, Paluch et al. 2016, Paluch et 
al. 2019).
 At sapling stage, only beech displayed 
significant diversity patterns in its 
neighbourhood. The apparent role of diversity 
accumulator of beech saplings cannot be 
attributable to segregation as such a pattern 
was not revealed in the distribution of beech 
recruits. Higher than expected tree species 
richness in the neighbourhood of beech saplings 
is in accordance with the positive, although 
weak, correlations between seedling densities 
in the beech-fir and beech-spruce mixtures, as 
reported by Paluch et al. (2019), and might 
be indicative of net positive interactions or 
favourable microsites (e.g., gaps) for multiple 
species regeneration (Wiegand et al. 2007, 
Espinosa et al. 2015). Due to their relatively 
small size, it is unlikely that the beech saplings 
have acted as nurse plants (direct facilitation) 
with respect to fir and spruce saplings, but 
some sort of indirect facilitation cannot be 
excluded. For instance, a plausible explanation 
could be the herd protection (immunity) theory, 
i.e. enhanced survival linked to a reduced risk 



24

Ann. For. Res. 64(1): 13-30, 2021                                                                                                                         Research article 

of transmission of species-specific pests and 
pathogens because of the reduced intraspecific 
density in more diverse assemblages (Peters 
2003, Comita et al. 2010).
 At tree stage, none of the three species 
showed either accumulator or repeller patterns 
in their neighbourhood with respect to sapling 
species richness. The fact that beech trees 
do not act as diversity accumulators, like 
their juveniles, may be caused by the shift in 
habitat preferences during their ontogenetic 
development (e.g., large individuals require 
more resources and are more competitive) and/
or by the different environmental conditions 
under which the recruitment of trees and 
saplings occurred (Espinosa et al. 2015). The 
predominance of neutral diversity patterns in 
the ISAR analyses points to several possible 
explanations: existence of environmental 
filters, i.e. species responding to some kind of 
environmental heterogeneity (Espinosa et al. 
2015); contrasting interactions that average 
each other out, i.e. null balance of positive and 
negative interactions (Wiegand et al. 2007, 
Punchi-Manage et al. 2015); demographic 
stochasticity due to local disturbance, like 
those produced by herbivores, pathogens or 
weather extremes (Wiegand et al. 2007, Gravel 
et al. 2008). Various authors claimed that, in 
accordance with the neutral theory (no species 
interactions), the ecological drift, dispersal 
limitation and speciation alone can explain the 
maintenance of tree diversity at local scales, 
independent of species functional traits (Chave 
et al. 2002, Hubbell 2006).
 Signals of positive and negative interspecific 
association were found in tree-sized beech and 
spruce, respectively. The relatively high values 
of mingling index observed in overstorey 
beech trees is very likely linked to the status 
of diversity accumulator revealed in beech 
saplings. Niche complementarity in root 
foraging, shade-tolerance, leaf persistence and 
crown growth architecture may also explain 
the positive association between beech and 
the two conifer species in the forest canopy. 

Bolte et al. (2013) demonstrated that beech 
can adopt a flexible root foraging strategy 
to access soil resources less exploited by 
spruce, which instead maintains a conservative 
strategy by keeping a shallow vertical fine root 
distribution. Such positive complementary 
effects are partly responsible for the tendency 
of large trees towards high species mingling, 
as revealed in several mixed forests across 
Europe (Pommerening & Uria-Diez 2017). 
Nevertheless, we found evidence of avoidance 
effects in spruce trees due to negative 
association patterns with respect to the other 
two species. Several mechanisms may have 
led to such a poor species interspersion. First, 
the spruce trees displayed a positive effect on 
the growth of their conspecific saplings (see 
the next paragraph). Second, the spruce roots 
and litter deteriorate the edaphic conditions 
under which the beech and fir saplings could 
grow sustainably, i.e. by water and base cation 
depletion, and raw humus accumulation from 
and respectively, in the topsoil (Thelin et al. 
2002, Paluch & Gruba 2012, Paluch et al. 
2016). Third, despite being less shade-tolerant, 
spruce possesses some eco-physiological traits 
that translate in competitive advantages with 
respect to beech and fir: priority effects gained 
by the early colonisation of canopy openings 
(Jonášová & Prach 2004); best establishment 
on thick humus layers and coarse woody 
debris (Szewczyk & Szwagrzyk 1996, Orman 
& Szewczyk 2015); highest rates of height 
growth (Stăncioiu & O’Hara 2006).
 Only neutral neighbouring effects of trees on 
the vertical growth of heterospecific saplings 
were detected in the study stand. On the 
contrary, significant interactions were revealed 
between saplings and their nearest parent 
trees. Like other studies performed in similar 
mixed forests from central Europe (Bosela 
et al. 2015, Mina et al. 2018), we observed 
a suppression in vertical growth of beech 
saplings in the neighbourhood of conspecific 
trees. Many studies demonstrated the low 
self-tolerance of beech (being a strong self-



25

Gafta et al.                                                                                           Neighbourhood-based evidence of tree diversity ...

competitor for both above-ground and below-
ground resources) and its severe intraspecific 
asymmetric competition due to high lateral 
expansion (Pretzsch 2014, Pretzsch & Schutze 
2016). Besides, beech performs better when 
growing in mixtures with conifers thanks to 
reduced intraspecific competition (Bosela 
et al. 2015, Pretzsch et al. 2010, Mina et al. 
2018). On the other side, the unexpected 
positive effect (instead of interference) of the 
nearest spruce trees on conspecific saplings 
could only arise by the greater benefit from 
parent nursing than the energetic loss due to 
the asymmetric intraspecific competition. A 
possible explanation for this self-favouring 
process could be a facilitative below-ground 
mechanism, like mutualist soil organisms 
(e.g., mycorrhizae) that enhance the growth of 
saplings (Das et al. 2008, Bennett et al. 2017). 
As mentioned above, such a process may be 
also responsible for the observed negative 
spatial association between spruce and the 
other two species in the tree-size class. The 
detected auto-facilitation is not necessary 
in contradiction with the findings reported 
from the same forest reserve by Duduman et 
al. (2010), who revealed an opposite effect 
(interference) on spruce saplings but in 
terms of their radial growth and considering 
neighbouring trees of any species. A similar 
example of auto-facilitation was documented 
in hemlock trees (Tsuga canadensis) growing 
in mixed coniferous-deciduous forests in 
eastern North America (Woods 1984, Catovsky 
& Bazzaz 2002).

Limitations and concluding remarks

Our findings are circumscribed to a (relatively 
small) extent of 0.24 ha and the distance range 
of 20 m (i.e., half of the smallest side of the 
plot), which might have prevented the detection 
of spatial patterns beyond that scale, namely 
signals of interactions between the large 
trees. Also, the spatial-related patterns that 
we attributed to biotic interactions could have 

been induced by habitat microheterogeneity 
and/or small-scale disturbance, if the latter two 
factors had acted at the same spatial scales. The 
ecological response of tree species revealed 
in this study are only valid in the range of 
submontane-lower montane belt (800-1200 
m) where the climatic conditions are optimal 
for the growth of beech and fir. Therefore, our 
findings should be further validated through 
replicated studies in similar old-growth, (sub)
montane mixed forests.
 Both as juvenile and adult, the beech seems 
to be the main player in the equalising and 
stabilising mechanisms of coexistence and 
diversity maintenance in the study forest stand. 
The dominant role of beech in mixture with fir 
and spruce is also sustained by the unbalanced 
pair-wise competitive interactions, since the 
negative effects of beech size-symmetric 
competition on the growth of fir and spruce 
is much stronger than the effect of fir and 
spruce size-symmetric competition on beech 
growth (Mina et al. 2018). Conversely, the 
low intermingling of spruce in the overstorey 
leads to lower local tree diversity. This poor 
interspersion is supported by the segregated 
regeneration niche of spruce (e.g., on 
deadwood) relative to beech and fir (Šebková 
et al. 2012, Orman & Szewczyk 2015). The fir 
seems to occupy an intermediate rank between 
beech and spruce in terms of its contribution 
to maintaining the local tree diversity, but 
this outcome might be partly influenced 
by the low numeric share of fir, given the 
strong dependency of association strength on 
abundance (Vázquez et al. 2007). Based on 
similar processes observed in many similar 
forest stands from western Carpathians (Paluch 
et al. 2019), we suppose that strong reduction 
in stand density due to intensive exploitations 
prior to reserve foundation has promoted the 
establishment of spruce regeneration (even at 
the lower limit of its altitudinal range) and has 
decreased the recruitment of fir saplings.
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