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Running title: European beech forests

Abstract

Questions: What are the main floristic patterns in European beech forests? Which

classification at the alliance and suballiance level is the most convincing?

Location: Europe and Asia Minor.
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Methods: We applied a TWINSPAN classification to a data set of 24 605 relevés covering
the whole range of Fagus sylvatica forests and the western part of Fagus orientalis forests.
We identified 24 “operational phytosociological units” (OPUs), which were used for further
analysis. The position of each OPU along the soil pH and temperature gradient was evaluated
using Ellenberg Indicator Values. Fidelity of species to OPUs was calculated using the phi
coefficient and constancy ratio. We compared alternative alliance concepts, corresponding to
groups of OPUs, in terms of number and frequency of diagnostic species. We also established
formal definitions for the various alliance concepts based on the comparison of the total cover
of the diagnostic species groups, and evaluated alternative geographical subdivisions of beech
forests.

Results: The first and second division levels of TWINSPAN followed the temperature and
soil pH gradients, while lower divisions were mainly geographical. We grouped the 22 OPUs
of Fagus sylvatica forests into acidophytic, meso-basiphytic and thermo-basiphytic beech
forests, and separated two OPUs of F. orientalis forests. However, a solution with only two
ecologically-defined alliances of F. sylvatica forests (acidophytic vs. basiphytic) was clearly
superior with regard to number and frequency of diagnostic species. In contrast, when
comparing groupings with three to six geographical alliances of basiphytic beech forests,
respectively, we did not find a strongly superior solution.

Conclusions: We propose to classify Fagus sylvatica forests into 15 suballiances — 3
acidophytic and 12 basiphytic ones. Separating these two groups at alliance or order level
was clearly supported by our results. Concerning the grouping of the 12 basiphytic
suballiances into ecological or geographical alliances, as advocated by many authors, we
failed to find an optimal solution. Therefore, we propose a multi-dimensional classification of
basiphytic beech forests, including both ecological and geographical groups as equally valid
concepts which may be used alternatively depending on the purpose and context of the

classification.

Keywords: Beech forest; Europe; Fagetalia sylvaticae; Fagion sylvaticae; Fagus sylvatica;
Luzulo-Fagion sylvaticae; Syntaxonomy; TWINSPAN; Vegetation-plot database
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Nomenclature: Euro+Med PlantBase for vascular plants (www.emplantbase.org, accessed in
March 2015), Flora Europaea (Tutin et al. 2001) for vascular plants not covered by the

previous source.

Abbreviations: EIV = Ellenberg Indicator Value; OPU = operational phytosociological unit;
TWINSPAN = Two-way indicator species analysis

Introduction

Beech forests are one of the most widespread forest types in Europe, forming the potential
natural vegetation of large parts of Central and Western Europe as well as of Southern
European mountain systems (Bohn & Neuhausl 2000-2003). European beech (Fagus
sylvatica, incl. F. moesiaca) is a very competitive species, often forming almost mono-
dominant stands. In some mountain ranges (e.g. the Alps, the Carpathians, the Bohemian
Massif and the Dinaric Mountains), fir (Abies alba) and spruce (Picea abies) are frequently
co-dominant. In Western Asia (Turkey, Iran, the Caucasus), Fagus sylvatica is replaced by
the closely related F. orientalis, which forms similar vicariant communities sharing many
understorey species with the European beech forests (Kavgaci et al. 2012). F. orientalis
reaches Europe in eastern Bulgaria and north-eastern Greece (Bergmeier & Dimopoulos
2001; Tzonev et al. 2006), while the taxonomic status of the Crimean beech is still under
debate (Didukh 1996; Gémory & Paule 2010).

The classification of European beech forests has been a matter of controversy for almost one
century. In the early days of phytosociology, all beech forests were united in a single
association Fagetum sylvaticae (Koch 1926; Luquet 1926). Later, this unit was divided into
several geographically defined associations (Braun-Blanquet 1932; Tiixen 1937; Horvat
1938; Moor 1938). Soon after, authors began to distinguish ecological types of beech forests,
i.e. associations occupying different soil types or altitudinal belts within the same region
(Kuhn 1937; Meusel 1937; Moor 1952). In the following decades three gradients emerged as
the main determinants of the floristic composition of beech forests: soil pH, temperature
(usually coupled with altitude) and distribution (Ujhazyova et al., in press). While the first
two gradients represent the current environmental conditions, the species turnover between
geographical areas mainly reflects the biogeographical history of beech forests (Willner et al.
2009), though macroclimatic differences may also contribute. In the following, we will use
the term “ecological” exclusively for the soil pH and temperature (= altitudinal) gradient and
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the term “geographical” for the spatial gradient combining biogeographical and

macroclimatic effects.

The increasing number of associations within the alliance Fagion sylvaticae, first described
by Luquet (1926), led to proposals for its splitting, or at least for distinguishing several
suballiances. Some authors suggested to group the beech forests into ecological alliances
(usually three: acidophytic, meso-basiphytic and thermo-basiphytic beech forests), which
might then be further divided into geographical suballiances (Tuxen 1955; Moor 1978;
Willner 2002; Tzonev et al. 2006). In contrast, many authors advocated geographical
alliances, especially in Southern Europe (So6 1964; Rivas-Martinez et al. 1991; Dzwonko &
Loster 2000; Biondi et al. 2002; Di Pietro 2009; Marinsek et al. 2013). These alliances were
either subdivided into ecological suballiances or into both ecological and (more narrowly

defined) geographical suballiances.

During the last two decades it has become widely accepted to treat the acidophytic beech
forests as a separate alliance, or even as a separate order (Dierschke 2004; Mucina et al.
2016). Thus, the main question remaining is whether the beech forests on base-rich soils
should be classified into geographical alliances, and if so, how many and which alliances
should be accepted. An extreme geographical splitting was proposed by Dierschke & Bohn
(2004) who distinguished nine alliances of beech forests on base-rich soils: Aremonio-Fagion
(SE Alps and NW Balkans), Symphyto cordatae-Fagion (Carpathians), Doronico columnae-
Fagion moesiacae (Central Balkan), Doronico orientalis-Fagion moesiacae (NE and Central
Greece), Geranio striati-Fagion (S Italy and NW Greece), Lonicero alpigenae-Fagion (N
and E Alps), Galio odorati-Fagion (Central Europe north of the Alps), Endymio-Fagion (NW
France and S England) and Scillo-Fagion (N Spain and SW France). The authors suggested
that each of these alliances could be subdivided into at least two suballiances, one for meso-
basiphytic and one for thermo-basiphytic beech forests. Some alliances (Aremonio-Fagion,
Geranio striati-Fagion, Scillo-Fagion) clearly coincide with glacial refuge areas of beech
(Magri et al. 2006), showing a distinct set of narrow-range character species (Willner et al.
2009), while other alliances (Galio odorati-Fagion, Endymio-Fagion) are completely
detached from any known refuge area. A statistical evaluation of this and alternative alliance

concepts is still lacking.
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In this study, we present the first multivariate analysis of a vegetation-plot data set covering
the whole range of Fagus sylvatica forests as well as a part of the range of Fagus orientalis
forests. We collected more than 50 000 plot data (relevés) stored in national, international and
private databases, representing a large portion of the vegetation plots sampled in beech
forests in the last 100 years. Our main aim is to classify the data into major community types
that can be assigned to phytosociological alliances and suballiances. Moreover, we ask which
combination of subunits into alliances might be the most informative one for establishing a

meaningful classification of European beech forests.

Methods

Data set

Relevés were mainly derived from the European Vegetation Archive (EVA), comprising
more than 50 national and regional databases (Chytry et al. 2016). Some additional data
sources were compiled from regions not covered by EVA. In the first step, all relevés with a
cover of Fagus sylvatica or F. orientalis higher than 25% were selected (n = 53 202). Species
taxonomy and nomenclature were unified and taxa recorded with different taxonomic
resolution were joined into aggregates (Appendix S1). Taxa determined only at the genus
level were excluded. Lichens and bryophytes were also excluded because they were only
recorded in a subset of relevés. Species recorded in different layers were merged into a single
layer. From this initial data set, we selected all relevés where Fagus had a cover equal to or
higher than the total cover of all other tree species together. We excluded relevés with a plot
size < 100 m2 and > 1000 m2 (less than 6% of all relevés with plot size information). Relevés
without plot size information were not excluded assuming that the vast majority of them were
also from the accepted plot size range. Average species number was 20.0 for relevés with plot
sizes between 100 m2 and 1000 m?2 (n = 28 039) and 18.0 for relevés without plot size
information (n = 15 620).

In the next step, we excluded all relevés with less than three non-arboreal vascular plant
species, because such species-poor stands, often representing successional stages with
extremely dense tree cover, cannot be reliably assigned to any phytosociological unit. We
also excluded relevés from Ireland as this country is outside the natural range of beech (Jalas
& Suominen 1976). To avoid bias due to different sampling density in different parts of the
European beech forest range, we randomly selected subsets of relevés from the countries with
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the highest relevé numbers (see Appendix S2 for details). This resulted in a data set of 24 605
releves and 2634 vascular plant taxa (Fig. 1).

Classification and determination of diagnostic species

We applied the TWINSPAN algorithm using WinTWINS 2.3 (Hill & Smilauer 2005).
TWINSPAN is a divisive classification method based on ordination (Hill 1979). It provides
classifications that are generally easy to interpret when the species turnover in the data is
driven by distinct gradients. The number of pseudospecies cut levels was set to one, i.e. we
only used presence-absence information. Fagus sylvatica and F. orientalis were merged for
the analysis, because we wanted the classification to be uneffected by the identity of the
dominant Fagus species. Species with less than 20 occurrences were excluded in order to
reduce the noise in the data. The number of division levels was set to six (i.e. the maximum
value allowed by the program), resulting in 64 clusters. After inspecting the floristic
composition, site data and geographical distribution of each cluster, we merged adjacent
clusters with no obvious differences in the species composition and similar position along the
ecological and geographical gradients. In two cases, two non-adjacent cluster groups were
merged. This resulted in 24 “operational phytosociological units” (in the following
abbreviated as OPUs), which were used for further analysis (Appendix S3).

The position of each TWINSPAN cluster / OPU along the soil pH and temperature gradient
was evaluated using Ellenberg Indicator Values (EIVs) for soil reaction ("R value") and
temperature (T value™). Values were taken from Ellenberg et al. (1992) and, for species of
southern Europe not included in the previous source, from Pignatti (2005). Two species of
SW Europe were added based on expert judgement (Appendix S8). For each relevé, we
calculated the unweighted mean of species values for these two variables, which gives a

rough approximation of the local site conditions.

Fidelity of species to OPUs (or groups of OPUs) was calculated using two measures: (i) phi
coefficient of association (Chytry et al. 2002; Tichy & Chytry 2006), ranging from -1 to +1
(indifferent species having values close to 0), and (ii) constancy ratio (Dengler et al. 2005),
which compares the constancy of the species in the target unit with the highest constancy
value of this species among all other units, thus ranging from 0 to oo (indifferent species
having values close to 1). The phi coefficient was calculated assuming equal group size, and
positive phi values were only accepted if the difference in species constancy between the
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target unit and the rest of the data set was significant according to Fisher’s exact test at p <
0.05. A species was accepted as diagnostic if it had a phi coefficient > 0.2 and a constancy
ratio > 2 (i.e., if the constancy in the target unit was at least twice as high as in any other

unit).

Evaluation of alternative alliance concepts

To compare alternative alliance concepts, we grouped the OPUs in different ways,
corresponding to ecological or geographical groups of varying size, and determined the
diagnostic species of these groups within each alternative partition. For each group in each
partition, we calculated the number and constancy sum of diagnostic species as well as the
number of character species. The latter were defined as diagnostic species having an optimum
in beech forests, using the list of "beech forest species™ compiled by Willner et al. (2009). In
the case of geographical groups, species with a distribution range much larger than the range
of the included OPUs were excluded from the list of diagnostic species, even if they formally
reached the fidelity thresholds (for instance, despite reaching the thresholds of both phi
coefficient and constancy ratio, Polygonatum verticillatum was not accepted as a diagnostic
species for the Alpine-Dinaric beech forests as this species is distributed in beech forests all

over Europe).

Moreover, we established formal definitions for the various alliance concepts using the expert
system functions of the JUICE program (Tichy 2002; Landucci et al. 2015). The definitions
were established as logical formulas comparing the total covers of the diagnostic species
groups determined in the previous step, following the general approach of Willner (2011).
The geographical consistency of the alternative alliance concepts was evaluated based on the

maps of relevés classified by the expert system.

Results

TWINSPAN classification and OPUs

At the second level of division, the following four groups of beech forests were
distinguished: acidophytic beech forests of low and medium altitudes (clusters 1-16), upper
montane beech and fir-beech forests of the Alps and adjacent mountain ranges (clusters 17—
32), basiphytic beech forests of mesic sites at lower altitudes or in more southern regions
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(clusters 33-48), basiphytic beech forests of relatively dry and warm sites (clusters 49-64)
(Appendix S3). At the lower division levels, the clusters were mainly arranged along
geographical gradients, except for clusters 17-32, which were further divided according to
soil properties (cluster 17—24: calcareous soils, 25-26: acidic soils, 27-28: moderately acidic

brown soils, 29-32: base-rich brown soils).

Altogether, 22 OPUs of Fagus sylvatica forests were identified (Fig. 2, Table 1, Appendix
S4). Following the traditional concept of three main ecological types of beech forests, they
can be grouped into (i) acidophytic beech forests (OPUs 1-5; TWINSPAN clusters 1-16, 25—
26), (ii) meso-basiphytic beech forests (OPUs 6-16; clusters 1724, 27-43, 45-48) and (iii)
thermo-basiphytic beech forests (OPUs 17-22; clusters 49-60). The two units of Fagus
orientalis forests (OPUs 23-24; clusters 44 and 61-64) were not included in these three

groups. The geographical distribution of the OPUs is given in Appendix S5.

In the following, each OPU is shortly characterised. The OPU number is accompanied by the
name of a suballiance, in some cases followed by a Roman number if we propose to group
two or more OPUs into the same suballiance (see Discussion). Frequently used synonyms are
given in brackets. While we tried to respect the International Code of Phytosociological
Nomenclature (Weber et al. 2000), a thorough nomenclatural revision is not an aim of this
study. Therefore, we do not give author citations or nomenclatural types for suballiance
names. The sequence of the OPUs largely follows the TWINSPAN result, but in a few cases

deviates from the latter in order to group geographically adjacent units together.

Acidophytic beech forests

This group is mainly characterised by the absence of many species typical of basiphytic
beech forests (e.g. Galium odoratum, Lamium galeobdolon, Mercurialis perennis, Viola
reichenbachiana). However, it also has some positive diagnostic species, e.g. Avenella
flexuosa, Luzula luzuloides and Vaccinium myrtillus (Table 1). Acidophytic beech forests of
lower altitudes have a floristic affinity to acidophytic oak forests while those of higher

altitudes are more related to acidophytic spruce forests.

(1) Hici-Fagenion (clusters 1-6): Acidophytic beech forests in the western and south-western

part of Europe with a strongly oceanic climate.
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(2) Galio rotundifolii-Fagenion (incl. Luzulo niveae-Fagenion, Luzulo pedemontanae-
Fagenion) (clusters 13—14): Acidophytic beech forests of the Pyrenees, southern France,

northern Italy and Corsica.

(3) Luzulo luzuloidis-Fagenion I (clusters 7-12): Acidophytic beech forests of Central
Europe and adjacent regions, excluding the high mountain ranges.

(4) Luzulo luzuloidis-Fagenion Il (“Luzulo-Fagenion moesiacae”) (clusters 15-16):

Acidophytic beech forests of the south-eastern Balkan Peninsula.

(5) Luzulo luzuloidis-Fagenion 111 (clusters 25-26): Montane acidophytic beech and fir-beech
forests, mainly of the Alps, Carpathians and the Bohemian Massif, usually co-dominated by

Abies alba or Picea abies.

Meso-basiphytic beech forests

This group represents the floristic “core” of beech forests, occurring on sites with nutrient-
rich soils and balanced water supply. It has the highest number of character species. For the
group as a whole, wide-spread species such as Galium odoratum, Lamium galeobdolon,
Dryopteris filix-mas and Cardamine bulbifera are diagnostic. In southern Europe, these
species are accompanied by numerous species with narrower distribution ranges, which are

diagnostic for certain geographical subunits (Table 1).

(6) Lonicero alpigenae-Fagenion 1 (incl. Saxifrago rotundifoliae-Fagenion) (clusters 17-24):
Montane (-subalpine) beech and fir-beech forests on strongly calcareous soils of the Alps and

north-western Dinaric Mountains, also extending to the Western Carpathians.

(7) Lonicero alpigenae-Fagenion 1l (incl. Lamio orvalae-Fagenion p.p., Acerenion p.p.)
(clusters 29-32): Montane (—subalpine) beech and fir-beech forests on base-rich brown soils
of the Alps and north-western Dinaric Mountains, also extending to the Western Carpathians.

(8) Lonicero alpigenae-Fagenion 111 (Lamio orvalae-Fagenion s.str.) (clusters 33-34): Beech
forests on base-rich brown soils of the lower montane belt of the Alps and north-western
Dinaric Mountains, also extending to the Western Carpathians.
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(9) Eu-Fagenion | (clusters 27—-28): Montane beech and fir-beech forests on moderately

acidic brown soils of the Alps, Carpathians and other European mountain ranges.

(10) Eu-Fagenion Il (Dentario glanduliferae-Fagenion) (clusters 35-36): Montane beech and
fir-beech forests on base-rich brown soils of the Carpathians and adjacent regions.

(11) Eu-Fagenion 11 (incl. Endymio-Fagenion, Carpino-Fagion) (clusters 37—38): Mesic

beech forests of lower altitudes of Central and Western Europe.

(12) Eu-Fagenion IV (“Tilio tomentosae-Fagenion™) (clusters 39-40, 43): Mesic beech
forests of lower altitudes of eastern Central and South-eastern Europe, especially along the

margins of the Pannonian Basin.

(13) Doronico columnae-Fagenion (clusters 41-42): Montane mesic beech forests mainly of

the Balkan Peninsula and Crimea, with many isolated occurrences in other parts of Europe.

(14) Cardamino kitaibelii-Fagenion (incl. Veronico urticifoliae-Fagenion) (cluster 45):
Montane mesic beech forests of the Northern and Central Apennines.

(15) Lamio flexuosi-Fagenion (cluster 46): Montane mesic beech forests of the Southern

Apennines.

(16) Scillo-Fagenion (clusters 47—-48): Montane mesic beech forests of the Pyrenees and

northern Spain.

Thermo-basiphytic beech forests

This group of beech forests is differentiated by the presence of numerous thermophilous
species typical for oak forests (Table 1). Towards the north, they are restricted to sunny
slopes with strongly calcareous soils while in Southern Europe they often form a continuous
belt between the submediterranean deciduous oak forests and the mesic beech forests of

higher altitudes.
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(17) Lathyro veneti-Fagenion (cluster 49): Thermo-basiphytic beech forests of the Northern
and Central Apennines.

(18) Epipactido helleborines-Fagenion (clusters 50-51): Thermo-basiphytic beech forests of

the Pyrenees, northern Spain and southern France.

(19) Cephalanthero-Fagenion (clusters 52-53, 55-56): Thermo-basiphytic beech forests

mainly of Western and Central Europe, but with many outliers in other regions.

(20) Ostryo-Fagenion (incl. Epimedio-Fagenion) (cluster 54): Thermo-basiphytic beech

forests of the south-eastern Alps and north-western Dinaric Mountains.

(21) Doronico orientalis-Fagenion (cluster 57): Thermo-basiphytic beech forests of the
Central and Southern Apennines.

(22) Doronico orientalis-Fagenion moesiacae (clusters 58-60): Thermo-basiphytic beech

forests of the Balkan Peninsula, with isolated occurrences in adjacent regions.

Oriental beech forests

In our data set Fagus orientalis forests were represented by a low number of relevés, mostly
from Bulgaria, Greece and Turkey. However, they showed the same ecological pattern as
Fagus sylvatica forests, with a mesic and a thermophilous subtype, which were separated in
the TWINSPAN classification at a high level. Floristically, they are closely related to the

beech forests of South-eastern Europe.

(23) units 1-3 sensu Kavgaci et al. (2012) (cluster 44): Oriental beech forests of higher
altitudes in the Euxinian and Colchic region of Turkey as well as of the Caucasus, partly co-

dominated by Abies nordmanniana.
(24) units 4-7 sensu Kavgaci et al. (2012) (clusters 61-64): Thermophilous Oriental beech

forests of lower altitudes and of high altitudes along the southern margin of the beech forest

range towards Inner Anatolia.
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Comparison of alternative alliance concepts

A purely ecological classification, where acidophytic, meso-basiphytic and thermo-basiphytic
beech forests were separated at the highest level, led to vegetation units with many diagnostic
species (Table 2, Appendix S6). However, both acidophytic and thermo-basiphytic beech
forests were almost completely lacking character species. Despite having the largest number
of diagnostic species, an alliance of thermo-basiphytic beech forests would be solely based on
differential species having their optimum in oak and oak-hornbeam forests. The solution with
only two ecological alliances (acidophytic and basiphytic beech forests, respectively) was

clearly superior with regard to all evaluated parameters (Table 2).

In contrast, grouping the basiphytic beech forests into geographical alliances (see capital
letters in the head of Table 1) led to syntaxa with extremely uneven numbers of diagnostic
species (Table 3, Appendix S6). While Aremonio-Fagion (lllyric beech forests) and Geranio
versicoloris-Fagion (beech forests of southern Italy) were both characterised by a high
number of differential and character species, Galio odorati-Fagion (Central and Western
Europe) and Fagion moesiacae (south-eastern Europe) were totally lacking diagnostic
species. Scillo-Fagion (south-western Europe) and Geranio nodosi-Fagion (Central and
Northern Apennines) were intermediate in this respect. Merging Scillo-Fagion with Galio
odorati-Fagion, Aremonio-Fagion with Geranio nodosi-Fagion and Geranio versicoloris-
Fagion with Fagion moesiacae decreased the number of units without diagnostic species
from two to one, but at the same time reduced the overall number of diagnostic species,

because the fidelity of several species dropped below the threshold (Table 3).

Using the expert system containing formal definitions of alliances (Appendix S7), 25.4% and
70.9% of the relevés were assigned to acidophytic and basiphytic beech forests, respectively
(Fig. 3a). 3.7% of the releves remained unassigned, either because the diagnostic species of
the two units had the same total cover or because there were no diagnostic species at all in the
relevé. Deviating from the TWINSPAN result, ca. 10% of the relevés of OPUs 1-5 were
assigned to basiphytic beech forests, while 8% of the relevés of OPUs 6-22 were assigned to
acidophytic beech forests (Table 4). The inclusion of geographical alliances in the expert
system resulted in a higher percentage of unassigned releves (12.5% and 4.3% with six and
three basiphytic alliances, respectively). The high percentage of unassigned relevés in the
solution with six geographical alliances was mainly due to poor differentiation of Galio
odorati-Fagion from Fagion moesiacae, which both are lacking unique diagnostic species

This article is protected by copyright. All rights reserved.



(see above). The geographical distribution of the relevés assigned by the expert system
matched reasonably well the expected distribution ranges of the alliances (Fig. 3). However,
all units showed a considerable geographical overlap with adjacent units. In particular, the
Galio odorati-Fagion, supposed to occur only in Central and Western Europe, frequently
appeared in other regions as well. Solutions with two, four or five alliances did not improve

this general result (data not shown).

Discussion

We identified 22 OPUs of Fagus sylvatica forests, which we grouped into three informal
groups: acidophytic, meso-basiphytic and thermo-basiphytic beech forests. Most of the OPUs
were easily identified with suballiances described in the literature. However, grouping the
OPUs into ecological or geographical alliances did not result in a single optimal solution. We
therefore start the syntaxonomic discussion with the suballiance level, which seems less

controversial than the alliance level.

Classification at the suballiance level

Within acidophytic beech forests, we propose three floristically well differentiated,
geographically vicariant suballiances (Table 1): Ilici-Fagenion (OPU 1), Galio rotundifolii-
Fagenion (including Luzulo niveae-Fagenion and Luzulo pedemontanae-Fagenion) (OPU 2)
and Luzulo luzuloidis-Fagenion (OPU 3-5). The Central European OPUs 3 and 5, which
occur in the same region, but in different altitudinal belts, have always been united in one
suballiance and some authors do not even recognise them as distinct associations (e.g.
Oberdorfer 1992; but see Slezak et al. 2016). OPU 4, although geographically distinct, is
poorly differentiated and probably does not deserve the rank of a separate suballiance either.
It should be noted, however, that 32% of OPU 22 (mainly corresponding to the thermo-
basiphytic Doronico orientalis-Fagenion moesiacae) were also assigned to acidophytic beech

forests by the expert system (Table 4).

Meso-basiphytic beech forests show the most complex pattern among the three main
ecological units. Besides the clear geography-related floristic differences, there are also
subunits confined to different altitudes and different soil types within a region (Fig. 2). Some
of these regional ecological subunits have been proposed as separate suballiances, e.g.
Saxifrago rotundifoliae-Fagenion and Lamio orvalae-Fagenion for calcareous and loamy
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soils, respectively, within the Illyric beech forests (Marinsek et al. 2013), Eu-Fagenion and
Daphno-Fagenion for Central European beech forests on moderately acidic and base-rich
soils (Miller 1966), Veronico urticifoliae-Fagenion and Cardamino Kitaibelii-Fagenion for
the same soil differences in the Northern and Central Apennines (Di Pietro 2007), or the
Acerenion (= Aceri-Fagenion), accepted by some authors as a suballiance of upper-montane
beech forests rich in tall forbs (Oberdorfer 1992). However, both from a purely floristic and a
practical point of view, these narrowly defined suballiances probably create more problems
than they solve. Here we advocate a strictly geographical subdivision of meso-basiphytic
beech forests at the suballiance level, while finer ecological differences within a region may
be reflected at lower levels of the hierarchy (associations or association groups). Thus, OPUs
6-8 are united in the suballiance Lonicero alpigenae-Fagenion and OPUs 9-12 in a broadly
defined Eu-Fagenion. The latter also includes the Endymio-Fagenion, which was not
reproduced in our TWINSPAN classification, the Dentario glandulosae-Fagenion (=
Symphyto cordati-Fagenion), weekly corresponding to OPU 10, and the Tilio tomentosae-

Fagenion sensu Marinsek et al. (2013), which was included in OPU 12.

The thermo-basiphytic beech forests can also be divided into geographical suballiances,
which closely correspond to the meso-basiphytic suballiances. Thermo- and meso-basiphytic
suballiances of the same region often share diagnostic species differentiating both of them
from suballiances in other regions (Table 1). This observation is, of course, the main

argument for grouping the basiphytic suballiances into geographical alliances (see below).

Classification at the alliance level

The Fagus orientalis (Oriental beech) forests have always been separated from the Fagus
sylvatica forests at the alliance level, often even at the order level (Quézel et al. 1980;
Passarge 1981; Kavgaci et al. 2012). This is probably justified given the great number of
diagnostic species (Table 1) and the clear genetic difference between the two Fagus taxa
(Gomory et al. 2007). However, our results also demonstrate that the overall species
composition and floristic differentiation patterns within Fagus orientalis forests are not
fundamentally different from the Fagus sylvatica forests. As our data set covers only a part of
the distribution range of Fagus orientalis forests, we do not further discuss their internal

differentiation (but see Kavgaci et al. 2012).
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The Dentario quinquefoliae-Fagion proposed for the beech forests of Crimea (Didukh 1996)
was grouped together with Balkanic beech forests in our analysis. However, this result was
probably due to the low number of relevés from Crimea (33 altogether). A closer inspection
of the data revealed at least five species differentiating the Crimean beech forests from the
Balkanic ones (Arum elongatum, Cardamine quinquefolia, Galanthus plicatus, Paeonia
daurica and Vincetoxicum scandens), while several species widespread in the beech forests of
south-eastern Europe are absent in Crimea (e.g. Aremonia agrimonoides, Drymochloa
drymeja, Prenanthes purpurea and Viola reichenbachiana). Therefore, we think that at least
separate suballiances for the Crimean beech forests are justified. The genetic distinctness of
the Crimean beech (GOmory & Paule 2010) might be used as an additional argument to

separate these forests at a higher level.

Concerning the Fagus sylvatica forests, it is now generally accepted to classify acidophytic
beech forests in a separate alliance Luzulo-Fagion sylvaticae (Jarolimek & Sibik 2008;
Chytry 2013; Kacki et al. 2013; Marinsek et al. 2013; Mucina et al. 2016). This solution is
well supported by our results, although the montane acidophytic beech forests of Central
Europe (OPU 5) were grouped together with basiphytic units of the same region and altitude.
Some authors further split this alliance into Ilici-Fagion (OPU 1) and Luzulo-Fagion s.str.
(OPU 2-5) and place them in the order Luzulo-Fagetalia (Dierschke 2004; Mucina et al.
2016). It is noteworthy that acidophytic beech forests of the Luzulo-Fagion s.I. are almost
completely absent in southern Italy (Fig. 3a) and also do not have a counterpart in the Fagus
orientalis forests of Turkey, despite the widespread occurrence of acidic bedrock in both
regions (see also Di Pietro 2009).

The most controversial point in the classification of Fagus sylvatica forests is the division of
the basiphytic beech forests (Fagion sylvaticae s.l.). Our TWINSPAN result supports the
concept of Moor (1978), Willner (2002), Tzonev et al. (2006) and others to separate meso-
and thermo-basiphytic beech forests at the same level as the acidophytic ones. However, an
alliance Cephalanthero-Fagion (= Sorbo-Fagion) containing all thermo-basiphytic
suballiances of Europe obviously lacks good character species, and many of its differential
species occur only in some of the suballiances (Tables 1 and 2). Thus, most authors prefer to
split the basiphytic beech forests into geographical alliances, which are then subdivided into
meso- and thermo-basiphytic suballiances (e.g. Dierschke & Bohn 2004; Marinsek et al.

2013). However, the only geographical groups that are floristically well characterised are the
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Alpine-Dinaric (“lllyric”) group (Aremonio-Fagion) and the southern Italian group (Geranio
versicoloris-Fagion). These two groups are related with the two most important glacial
refuge areas of beech forests (Magri et al. 2006; Willner et al. 2009). The south-western
European group (Scillo-Fagion) and the group of the Northern and Central Apennines
(Geranio nodosi-Fagion) are moderately well characterised (Table 3). In recent overviews,
the Geranio nodosi-Fagion is usually joined with the Aremonio-Fagion (Biondi et al. 2002),
though these groups share few diagnostic species. We adopted this concept in our solution

with three basiphytic alliances (Fig. 3b).

A particularly problematic group is the south-eastern European Fagion moesiacae, which has
no diagnostic species of its own, despite the fact that its meso- and thermo-basiphytic
suballiances were fairly reproduced by the TWINSPAN. The name-giving Fagus sylvatica
subsp. moesiaca is a doubtful taxon (Gomory & Paule 2010) that cannot be used for floristic
classification. Dzwonko & Loster (2000) included the Fagion moesiacae in the Aremonio-
Fagion, but this solution is not supported floristically (see also Marinsek et al. 2013). A more
reasonable option is to join the Fagion moesiacae with the Geranio versicoloris-Fagion, as
adopted in our three-alliance solution (Fig. 3b). The beech forests of the western Greek
mountains have already been assigned to the Geranio versicoloris-Fagion (at the rank of
suballiance) by Bergmeier & Dimopoulos (2001).

Hardly any support was found for three alliances that were accepted by Dierschke & Bohn
(2004): Symphyto cordati-Fagion for the Carpathians, Lonicero alpigenae-Fagion for the
Northern Alps and Endymio-Fagion for north-western Europe. Unlike the six geographical
groups shown in Table 3 and Fig. 3c, these three geographical units could not even be
reproduced at the level of suballiances. Indeed, our results strongly suggest that none of them
represents acceptable phytosociological concepts at any rank, not only because TWINSPAN
failed to reproduce them, but also because there seem to be no solutions based on formal
definitions leading to a meaningful geographical pattern for these vegetation units. However,
even in our six- and three-alliance solutions we found numerous relevés matching the formal
definitions of units far outside of their main distribution range (Fig. 3). This indicates that a

sharp floristic definition of geographical alliances might not be achievable.
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In summary, there seems to be no optimal solution for subdividing the basiphytic beech
forests into geographical alliances. The alternative solution of uniting all basiphytic Fagus
sylvatica forests into a single alliance Fagion sylvaticae might be considered as the most
adequate proposal. A more or less equivalent possibility would be to raise all suballiances to
alliance level and classify acidophytic and basiphytic beech forests as separate orders Luzulo-
Fagetalia sylvaticae and Fagetalia sylvaticae. However, this would result in a large number
of alliances without character species. The best solution to disentangle the “Gordian Knot” of
European beech forests is probably to accept ecological and geographical groupings as
equally valid and meaningful concepts which both may be used as alternatives, depending on
the purpose and context of the comparison (Fig. 4). This proposal is, of course, at odds with
the logic of the phytosociological hierarchy, but on the other hand, most phytosociologists
would probably agree that there is often no single optimal classification. Thus, instead of
enforcing a single syntaxonomic solution for European beech forests, it seems more
promising to present a couple of equally well-suited classifications, and to eliminate the

clearly inferior ones.
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Figures & Tables
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Fig. 1. Geographical distribution of the relevés used for the analysis. The natural
range of European beech forests is given in green.
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Fig. 2. Comparison of the 24 OPUs in terms of Ellenberg Indicator Values for
temperature and soil reaction, calculated as unweighted average for each relevé.
Boxes represent the interquartile range, the horizontal line inside the boxes is the
median. Outliers are not shown.
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Fig. 3. Geographical distribution of the relevés matching the formal definitions of
various alliance concepts. Black dots: relevés matching the formal definition, light
green dots: all other relevés of the data set.

This article is protected by copyright. All rights reserved.



Luzulo-Fagion sylvaticae (acidophytic beech forests)
« llici-Fagenion

. Galio rotundifolii-Fagenion

« Luzulo-Fagenion

Fagion sylvaticae s.l. (basiphytic beech forests)

ecological subdivision: geographical subdivision:
meso-basiphytic group SW-European group (Scillo-Fagion = Fagion sylv. s.str.)
. Scillo-Fagenion . Scillo-Fagenion
. Eu-Fagenion . Epipactido helleborines-Fagenion
. Lonicero alpigenae-Fagenion Central European group (Galio odorati-Fagion)
. Cardamino kitaibelii-Fagenion . Eu-Fagenion
. Lamio flexuosi-Fagenion . Cephalanthero-Fagenion
. Doronico columnae-Fagenion lllyric group (Aremonio-Fagion)
. Lonicero alpigenae-Fagenion
thermo-basiphytic group . Ostryo-Fagenion
. Epipactido helleborines-Fagenion N and Central Apenninic group (Geranio nodosi-Fagion)
. Cephalanthero-Fagenion . Cardamino kitaibelii-Fagenion
. Ostryo-Fagenion . Lathyro veneti-Fagenion
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. Doronico orientalis-Fagenion moesiacae . Doronico orientalis-Fagenion

Balkanic group (Fagion moesiacae)
. Doronico columnae-Fagenion
. Doronico orientalis-Fagenion moesiacae

Fig. 4. Multi-dimensional classification of the European beech forests. The basiphytic
beech forests are subdivided into two alternative sets of “suballiance groups®: two
ecological and six geographical. Oriental and Crimean beech forests are not
included in this scheme.
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Table 1. Synoptic table of European beech forests. Values are percentage constancies. Only diagnostic species of OPUs and groups of OPUs
(suballiances, alliances) are shown. Diagnostic species are shaded and given at the lowest rank for which they are diagnostic. The full table is
given in Appendix S4. A table of the original 64 TWINSPAN clusters is given in Appendix S3. Ecological and geographical grouping of OPUs is
indicated in the header (a: acidophytic beech forests, m: meso-basiphytic beech forests, t: thermo-basiphytic beech forests; A: Aremonio-
Fagion, C: Galio odorati-Fagion, G: Geranio versicoloris-Fagion, M: Fagion moesiacae, N: Geranio nodosi-Fagion, S: Scillo-Fagion).

OPU number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Ecological group a a a a a m m m m m m m m m m m t t t t t t m t
Geographical group A A A C C C C M N G S N S C A G M
No. of relevés 1252 343 2524 125 1046 1062 946 723 1693 1274 1989 2032 2450 358 498 348 197 1025 2274 492 386 1164 138 266
Fagus sylvatica 100 100 100 100 99 100 100 100 100 100 100 99 97 100 100 100 100 100 100 100 97 90 . .
Fagus orientalis 1 1 1 . 1 . . . 1 . 1 1 3 . 1 . . . 1 . 3 10 100 100
diagnostic species of suballiances or OPUs
llici-Fagenion
Lonicera periclymenum 33 2 8 . 1 6 1 1 8 8 3 5 1
Blechnum spicant 32 3 5 6 10 2 3 1 3 1 1 1 1 1 9 2 1 2 1 8
Holcus mollis 20 1 5 1 . 1 1 1 1 3 . 1 1 2 1
Prunus serotina 13 . 1 . 1 1 . 1 .
Saxifraga spathularis 7 1 1 1 1 2 . 1
Galio rotundifoliae-Fagenion
Luzula nivea 1 49 3 18 16 3 4 2 1 1 2 3 . 1 2 10 1 5 1 1
Anthoxanthum odoratum 4 21 3 3 1 1 1 1 1 1 1 1 4 1 1 2 4
Teucrium scorodonia 9 18 5 1 1 1 1 1 1 1 1 . 3 5 2 . 5 1
Calluna vulgaris 7 17 7 1 1 1 . 1 . 1 3 1 1 . 1
Cytisus scoparius 1 12 2 1 . 1 1 1 1 1 1 1 4 1
Phyteuma betonicifolium 1 7 1 2 1 . 1 . 1 .
Luzulo-Fagenion
Luzula luzuloides 2 2 62 76 38 8 11 9 36 11 13 17 27 1 1 10 19 1 26
Calamagrostis villosa 1 1 2 15 5 3 1 6 1 1 . 1
Lonicero alpigenae-Fagenion
Cardamine trifolia . . 1 4 25 21 16 6 5 1 2 2 2 1 . 1 6
Lonicera nigra 1 1 1 8 14 17 5 4 3 1 1 1 1 1 1 1 2 1 .
Calamagrostis varia 1 . 2 65 7 16 1 1 1 1 1 1 . . . 1 17 15 1
Valeriana tripteris . 1 1 . 5 60 12 10 1 2 1 1 1 3 1 1 . 1 9 9 1
Veronica urticifolia 1 4 2 6 19 51 25 19 4 2 1 1 5 4 3 2 7 2 4 14 4 1
Rosa pendulina 1 3 1 14 7 45 18 11 2 3 1 1 2 2 2 . 5 1 6 10 1 2
Lonicera alpigena . . 2 41 17 20 1 3 1 1 3 7 1 1 1 1 7 11 1
Asplenium viride 1 . . 2 36 10 3 1 1 1 1 1 . . 1 1 2 2
Rubus saxatilis 1 1 2 3 32 3 3 1 1 1 . 1 1 . . 1 9 4 1
Cirsium erisithales 1 1 1 31 4 11 1 2 1 1 1 1 2 1 8 14 1 .
Erica carnea 1 1 1 28 1 . . . 1 1 2 5 1
Gymnocarpium robertianum 1 1 1 2 27 2 3 1 1 1 1 1 . 1 2 2 1
Larix decidua 1 5 3 7 26 4 6 3 2 2 1 1 1 4 3 1
Homogyne sylvestris . . 1 23 1 3 1 1 1 1 1 . 1 5 .
Polygala chamaebuxus 1 1 1 22 . 1 1 . 1 1 1 5 7 .
Polystichum lonchitis 1 1 1 . 4 21 9 2 1 1 1 1 3 8 1 1 1 2 1
Homogyne alpina 1 2 1 2 10 21 5 . 2 1 . 1 1 1 1 .
Huperzia selago 1 . 1 2 5 21 3 1 2 1 1 1 1
Rhododendron hirsutum . . . . . 20 . . . . . 1 1
Clematis alpina 1 19 1 2 1 1 1 1 1 1 1
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Knautia maxima
Bellidiastrum michelii
Melampyrum sylvaticum
Carex ferruginea
Vaccinium vitis-idaea
Stachys alopecuros
Petasites albus
Adenostyles alliariae
Lactuca alpina
Eu-Fagenion
Cardamine glanduligera
Carex pilosa
Tilia tomentosa

Cardamino kitaibelii-Fagenion

Cardamine kitaibelii
Corydalis cava
Adoxa moschatellina

Lamio flexuosi-Fagenion
Cardamine chelidonia
Lamium flexuosum

Campanula trichocalycina agg.

Ranunculus brutius
Scillo-Fagenion
Scilla lilio-hyacinthus
Scrophularia alpestris
Saxifraga hirsuta
Isopyrum thalictroides
Crepis lampsanoides
Lathyro veneti-Fagenion
Acer opalus agg.
Euonymus latifolius
Laburnum anagyroides
Viola alba
Lilium bulbiferum
Helleborus bocconei
Epipactido-Fagenion
Buxus sempervirens
Quercus pubescens
Stachys officinalis
Cephalanthero-Fagenion
Viburnum opulus
Carex montana
Laserpitium latifolium
Anthericum ramosum
Ostryo-Fagenion
Clematis vitalba
Sesleria autumnalis
Hacquetia epipactis
Euonymus verrucosus
Berberis vulgaris
Knautia drymeia
Epimedium alpinum
Serratula tinctoria
Tephroseris longifolia
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Doronico orientalis-Fagenion

Hypochaeris laevigata

Doronico orientalis-Fagenion moesiacae

Physospermum cornubiense
Lathyrus alpestris

Fagion orientalis (mesic)
Cardamine impatiens agg.
Abies nordmanniana
Aristolochia pontica
Prunus laurocerasus
Hedera colchica
Epipactis persica
Thelypteris limbosperma
Polygonatum orientale
Vicia crocea
Ranunculus cappadocicus
Picea orientalis
Euphorbia oblongifolia
Brunnera macrophylla

Fagion orientalis (thermophilous)

Sambucus ebulus
Campanula rapunculus
Smilax excelsa

Asperula involucrata
Epimedium pubigerum
Cirsium pseudopersonata
Anthemis cretica

Dorycnium pentaphyllum agg.

Securigera varia
Acer hyrcanum
Bromus tectorum
Cirsium arvense
Galium paschale
Dorycnium graecum
Carpinus orientalis

diagnostic species of geographical groups

Scillo-Fagion
Helleborus viridis
Pulmonaria affinis

Aremonio-Fagion s.str.
Salvia glutinosa
Cyclamen purpurascens
Gentiana asclepiadea
Carex alba
Aposeris foetida
Helleborus niger
Anemone trifolia
Galium laevigatum

Aremonio-Fagion s.I.
Cardamine enneaphyllos
Adenostyles alpina
Laburnum alpinum

Geranio nodosi-Fagion
Geranium nodosum
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Pulmonaria apennina
Cephalaria alpina

Geranio versicoloris-Fagion
Cyclamen hederifolium
Anemone apennina
Geranium versicolor
Acer cappadocicum
Luzula sicula

Fagion orientalis
Lathyrus laxiflorus
Daphne pontica
Trachystemon orientalis
Rhododendron ponticum
Vaccinium arctostaphylos
Viola sieheana
Rhododendron luteum
llex colchica
Cirsium hypoleucum
Lathyrus aureus
Cyclamen coum

[N

diagnostic species of ecological groups

acidophytic beech forests
Vaccinium myrtillus
Avenella flexuosa
Calamagrostis arundinacea
Luzula pilosa
Carex pilulifera
meso-basiphytic beech forests
Galium odoratum
Dryopteris filix-mas
Lamium galeobdolon
Cardamine bulbifera
Geranium robertianum
Carex sylvatica
Senecio ovatus
Paris quadrifolia
Actaea spicata
Polystichum aculeatum
Urtica dioica
Scrophularia nodosa
Stachys sylvatica
Impatiens noli-tangere
thermo-basiphytic beech forests
Carex digitata
Hepatica nobilis
Lonicera xylosteum
Acer campestre
Crataegus monogyna et sp.
Campanula trachelium
Convallaria majalis
Melittis melissophyllum
Rosa arvensis
Festuca heterophylla
Viburnum lantana
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Cornus sanguinea
Cephalanthera damasonium
Campanula persicifolia
Primula vulgaris

Fraxinus ornus

Carex flacca

Sorbus torminalis
Ligustrum vulgare
Crataegus laevigata
Primula veris
Vincetoxicum hirundinaria
Cornus mas
Polygonatum odoratum
Tanacetum corymbosum
Hippocrepis emerus
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Table 2. Evaluation of two alternative classifications of Fagus sylvatica forests into three and
two ecological alliances. Fagus orientalis forests are not included.

acidophytic meso-basiphytic thermo-basiphytic

(Luzulo-Fagion) (Fagion sylvaticae s.l.)
OPUs 1-5 6-16 17-22
Number of diagnostic species 10 16 37
Constancy sum of diagnostic species 240 430 654
Number of character species 1(?) 12 1(?)
Number of diagnostic species 12 39
Constancy sum of diagnostic species 260 766
Number of character species 1(?) 21

Table 3. Evaluation of two alternative classifications of basiphytic beech forests (Fagion
sylvaticae s.l.) into six and three geographical alliances.

Galio Geranio Geranio

Scillo- odorati- Aremonio- nodosi- versicoloris- Fagion

Fagion Fagion Fagion Fagion Fagion moesiacae
OPUs 16, 18 9-12, 19 6-8, 20 14, 17 15,21 13, 22
Number of diagnostic species 9 - 25 7 10 -
Constancy sum of diagnostic species 155 - 426 118 152 -
Number of character species 4 - 10 3 6 -
Number of diagnostic species - 27 3
Constancy sum of diagnostic species - 424 58
Number of character species - 10 1
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Table 4. Comparison between the TWINSPAN-based OPUs (columns) and the assignment of relevés to alternative alliance concepts (rows) by
the expert system using formal definitions. Values are the number of relevés assigned to each unit.

OPU number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
No. of relevés 1250 342 2523 125 1039 1062 946 723 1692 1274 1987 2018 2382 358 497 348 197 1025 2269 492 373 1045
Luzulo-Fagion 1073 318 2228 115 833 112 27 3 457 4 73 27 200 . . 13 1 112 94 24 41 332
Fagion sylvaticae s.I. 85 18 225 4 175 948 914 720 1079 1270 1853 1968 2100 357 481 320 196 863 2131 466 273 549
Unassigned 92 6 70 6 31 2 5 . 156 . 61 23 82 1 16 15 . 50 44 2 59 164
Solution with three basiphytic alliances:

Galio odorati-F 82 13 218 1 39 2 109 128 717 745 1740 1380 1133 19 42 298 20 754 1094 34 52 154
Aremonio-F 2 4 7 1 127 946 804 587 357 519 104 445 351 239 28 16 37 79 937 389 6 20
Geranio versicoloris-F 1 1 . 2 7 . 1 3 5 3 9 129 576 84 406 6 127 26 92 26 212 365
Unassigned 92 6 70 6 33 2 5 2 156 3 61 37 122 16 21 15 12 54 52 19 62 174
Solution with six basiphytic alliances:

Scillo-F 49 5 7 . 18 2 6 9 53 3 57 3 85 4 3 285 7 670 116 1 19 13
Galio odorati-F 14 7 89 1 19 2 129 129 522 693 1227 1092 498 59 22 12 21 89 860 39 9 40
Aremonio-F 1 1 14 1 116 943 764 565 328 492 152 565 526 36 18 1 18 32 970 414 7 37
Geranio nodosi-F . 1 1 . 3 1 6 8 5 22 4 23 27 199 53 1 89 38 15 5 21 5
Geranio versicoloris-F . . . . . . . . . . . 5 72 25 323 . 26 1 15 . 138 88
Fagion moesiacae . 1 . 2 4 . 1 . 5 . . 25 281 11 22 . 11 6 22 3 35 246
Unassigned 113 9 184 6 46 2 13 9 322 60 474 278 693 24 56 36 24 77 177 6 103 284

This article is protected by copyright. All rights reserved.


https://www.researchgate.net/publication/312098074



