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Abstract

Central European temperate forests are — with the exception of floodplain forests — relatively little
invaded by alien plants. However, despite substantial recent progress, there is still a lack of using vege-
tation plot data for analyzing spatio-temporal patterns of alien tree species invasions.

We calculated relevé-based metrics of tree species’ ecological preferences using 19,413 phytosocio-
logical forest relevés of the Austrian vegetation database. We focused on the five most widely distribut-
ed alien trees, i.e. two archaeophytes (Castanea sativa, Juglans regia) and three neophytes (Acer
negundo, Ailanthus altissima, Robinia pseudoacacia). For each of these species we analyzed the mean
cover in the tree layer and the occurrence in the herb and shrub layers in relevés colonized by adult
trees as a measure for persistence. Further, we evaluated the inter-generational ecological plasticity
(= the ability of young trees to grow under different site conditions than adults) for the tree species, and
the mean relevé indicator values for light, nutrients, moisture and hemeroby. We then compared these
alien and native tree species metrics.

We found that 4. altissima and R. pseudoacacia build up high mean cover values in invaded forests,
but this was not the case for the other alien trees. Thus, both species strongly affected forest communi-
ties of invaded sites. Similarly, the two species were common in the lower vegetation layers indicating
recruitment under the canopy of adult conspecifics; this was facilitated by their ability to produce root
suckers. Highest values of inter-generational ecological plasticity occurred in native pioneer trees and
species of softwood floodplain forests, while alien trees had moderately high (4. negundo, A. altissima,
J. regia) to low values (C. sativa, R. pseudoacacia).With the exception of C. sativa, all alien species
showed high mean Ellenberg indicator values for light and nutrients, and were more common in sites
with high hemeroby and high mean Ellenberg indicator values for temperature. Distinct from the ecolo-
gical preferences of alien trees, and thus rarely invaded, were montane beech forests, coniferous moun-
tain forests and forests at extremely dry sites, as well as swamp and bog forests dominated by willows
and ash.

We conclude that relevé-based metrics of the behavior of alien tree species allow new insights into
the spatio-temporal dynamics of invasion of woody species in forests. Future work should expand this
approach, e.g., by considering the role of life history traits and actual site conditions.
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1. Introduction

The spread of alien plant species has become a rapidly increasing global phenomenon
(VAN KLEUNEN et al. 2015, SEEBENS et al. 2017), and negative impacts on biodiversity (e.g.,
via competition, hybridization) are increasingly reported (VILA et al. 2010). In Central Eu-
rope, temperate forests are rather resistant to plant invasions (CHYTRY et al. 2008). Important
exceptions are forests that are shaped by frequent natural disturbance (e.g., floodplain for-
ests; SCHNITZLER et al. 2007, VILA et al. 2007), forest plantations, and open forests at the
ecological limits of tree vegetation, e.g., transitions to steppe vegetation like in the Panno-
nian region of Hungary, where zonal forests are the fourth-most invaded habitat type (BOT-
TA-DUKAT 2008). Plant invasions into forests in Central Europe is a lowland phenomenon
und sharply decreases with altitude (CHYTRY et al. 2009, BERG et al. 2016). Higher density
of the forest canopy and more natural site conditions are negatively correlated with plant
invasions (PYSEK et al. 2003, FLORY & CLAY 2009, BERG et al. 2016), while human impact
such as forest fragmentation, intensive management or eutrophication increase the suscepti-
bility of forests to invasions (DAVIS et al. 2000, MARTIN et al. 2009). Disturbances may
create gaps in the canopy that offer suitable microsites for the initial establishment of alien
tree species. Dispersal limitations may hinder or delay further spread (ESSL et al. 2011a). If
local conditions are suitable, alien tree species may establish persistent populations in cano-
py gaps or otherwise disturbed forests that may result in increased propagule pressure on
surrounding forests (LOCKWOOD et al. 2005). Finally, habitat suitability of forests adjacent to
the initial points of establishment is decisive for a long-term invasion success (CHYTRY et al.
2008). Repeated introduction and recurring disturbances facilitate invasion (KOWARIK
2003).

Similarly to the spread of alien species in other habitats, the invasion of alien trees into
Central European forests can be summarized as a multi-stage process (ESSL et al. 2011a,
CARBRA-RIVAS et al. 2016, OBIDZINSKI et al. 2016): First, alien trees are introduced mostly
via plantations that are established for a range of purposes. Second, disturbances facilitate
escape and subsequent establishment of alien trees in forest gaps and at forest margins.
Thirdly, the final invasion success of alien trees depends on their ability to invade and sur-
vive in temperate forests.

In recent decades, the abundance of alien tree species has increased considerably in low-
land forests of Central Europe (e.g., ESSL et al. 2011b, HOFLE et al. 2014, BERG et al. 2016).
Some of these act as transformers by radically changing species composition, structure and
ecological functioning (RICHARDSON et al. 2000). For Central European forests, ZERBE
(2007) reported 29 naturalized alien woody species. In Austria, the five most wide-spread
alien tree species are three neophytes, i.e. alien species introduced after 1500 [Robinia pseu-
doacacia (KLEINBAUER et al. 2010, CIERJACKS et al. 2013), Acer negundo (HOFLE et al.
2014) and Ailanthus altissima (KOWARIK & SAUMEL 2007)], and two archaeophytes (Casta-
nea sativa and Juglans regia), most probably introduced by the Romans.

It is well-known that young and old trees of the same species may have different prefer-
ences for light conditions (ELLENBERG et al. 1991: 13). The ability of young trees to grow
under different site conditions than adults (as indicated by the co-occurrence of light-
demanding species) indicates the potential to spread beyond the site conditions where adults
occur. Vice versa, the co-occurrence of young growth with adult individuals of the same tree
species in a relevé indicates the ability to persist and reproduce in temperate forests.

Here, we study the ecological preferences of native and alien tree species in different
vegetation layers (herb, shrub, tree) of forest relevés by means of co-occurrence analysis.
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We used a large dataset of Austrian forest relevés that comprises all phytosociological forest
classes, and ask the following questions: (1) What are the differences in co-occurrence of
native and alien tree species in the herb, shrub layer tree layers in terms of alien tree species’
dominance, persistence and plasticity? (2) What are the phytosociological and ecological
preferences of alien tree species in temperate forests?

2. Material and Methods

2.1 Relevé data selection

We used the Austrian Vegetation Database (WILLNER et al. 2012), which contains more than
50,000 relevés from a large number of primary sources (e.g., phytosociological literature, master theses,
unpublished relevés provided by vegetation ecologists). We filtered for relevés that contained herb,
shrub and tree layers. We excluded relevés from outside Austria, and with insufficient layer differentia-
tion. For the analysis, we selected the 34 most abundant tree species including archacophytes and neo-
phytes, which have more than 100 occurrences in every layer of the relevés (Table 1). For analysis, we
excluded rare tree species (i.e. those with an absolute frequency < 100 occurrences of the relevés, or
with missing occurrences in at least one layer), and we excluded species of some forest communities
that are rare in Austria, like Fraxinus ornus, Ostrya carpinifolia, Quercus cerris, Pinus cembra, Pinus
uncinata, Betula pubescens, Sorbus aria, Sorbus aucuparia and Taxus baccata. Finally, we excluded
828 relevés that did not contain any tree species given in Table 1. The final dataset used for analyses
contained 19,413 relevés.

Differing species delineations due to different taxonomic concepts (e.g., different subsp. or s.str)
were merged to the species level. The TURBOVEG Austrian Vegetation Database (WILLNER et al.
2012) allowed for distinguishing three tree layers, two shrub layers, one herb layer, and a seedling and
juvenile layer. These layers have not been consistently distinguished, so we merged the layer infor-
mation to one tree, one shrub and one herb layer, respectively.

2.2 Data analyses

We analyzed species co-occurrence using differences in community composition as a measure of
differences in ecological preferences of tree species. For each tree species, we calculated the mean
cover value in the tree layer of all the relevés with an occurrence of the respective tree species as an
estimate for its dominance of the canopy. For each relevé, we calculated (1) mean hemeroby, (2) fre-
quency-weighted means of Ellenberg indicator values for light, nutrients, moisture and temperature for
every tree species (ELLENBERG et al.1991), based on mean unweighted indicator values of the single
relevés, and (3) mean values for the life form strategies competitors (C), stress tolerators (S) and rude-
rals (R; GRIME 2001), using the method of HUNT et al. (2004). For hemeroby, we used the classifica-
tion of KLOTZ & KUHN (2002) and transformed the data into numeric values in an ordinal scale (see
BERG et al. 2016). All calculations were performed with the program JUICE (TICHY 2002), using the
function for importing external species-specific data.

For analyzing differences in species co-occurrence between vegetation layers, we performed a
Detrended Correspondence Analysis (DCA) with 15,989 data plots (relevés with only one or two occur-
rences of tree species included in Table 1 were omitted) using the software Canoco 4.5 (TER BRAAK &
SMILAUER 2002). We kept the layer information; therefore, tree species can occur at most three times in
the DCA plot.

We used the “species co-occurrence” function in JUICE to calculate the relative occurrence of tree
species in the shrub and herb layers of relevés with occurrences of the respective tree species in the tree
layer as a measure for natural regeneration (hereafter referred to as “persistence®). For every tree spe-
cies, we calculated the Euclidian distance in the three-dimensional DCA-space between the species
scores in different layers. This distance indicates differences in community composition between occur-
rences of the tree species in herb, shrub and tree layers. Thus, larger distances in a DCA indicate higher
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species turn over and larger compositional differences between vegetation layers, and are therefore
indicative of the ability of young trees to grow under different site conditions than adults (hereafter
referred to as “inter-generational ecological plasticity”).

Finally, to determine differences in species occurrences between vegetation layers, we calculated
the weighted mean of the mean indicator values for light and nutrients of each relevé and for each layer
with occurrences of the respective tree species (Fig. 2, 3).

Species nomenclature followed FISCHER et al. (2008), nomenclature of syntaxa MUCINA et al.
(2016).

3. Results

3.1 Tree cover values

Mean values in the upper quartile (i.e. mean cover values > 25%) represented the most
important tree species in the canopies of Central European forests, i.e. Fagus sylvatica
(32%), the dominant species in temperate beech forest of the class Carpino-Fagetea sylvati-
cae Jakucs ex Passarge 1968, Quercus petraea (30%) in oak-hornbeam forests of the Quer-
cetea robori-petraeae Br.-Bl. et Tx. ex Oberd. 1957, and Quercus pubescens (25%) in ther-
mophilous forests of the class Quercetea pubescentis Doing-Kraft ex Scamoni et Passarge
1959. Picea abies (30%) was the most abundant species in the canopy of Vaccinio-Piceetea
Br.-Bl. in Br.-Bl. et al. 1939 forests. The azonal phytosociological class Alnetea glutinosae
Br.-Bl. et Tx. ex Westhoff et al. 1946 was dominated by Alnus glutinosa (40%), softwood
floodplain forests of the Salicetea purpureae Moor 1958 were dominated by Salix alba
(25%), and hardwood floodplain forests Alno glutinosae-Populetea albae P. Fukarek et
Fabijani¢ 1968 by Alnus incana (38%). Among alien trees, the two archaeophytes and the
neophyte Acer negundo had much lower mean cover values (< 15%). In contrast, the neo-
phytes Ailanthus altissima (30%) and Robinia pseudoacacia (29%) had high mean cover
values (Robinietea Jurko ex Hadac et Sofron 1980).

3.2 Persistence and inter-generational ecological plasticity

Among native tree species, Fagus sylvatica, Tilia cordata and Acer campestre were the
most persistent tree species with low inter-generational ecological plasticity between occur-
rences in different vegetation layers (Table 1). Similar, but less pronounced values character-
ized Abies alba, Carpinus betulus, Quercus robur, Q. petraea and Sorbus torminalis. In
contrast, Salix alba, S. fragilis, Populus nigra, P. tremula, Betula pendula, Alnus glutinosa,
Ulmus glabra, and the conifers Larix decidua and Pinus sylvestris were characterized by low
persistence and high inter-generational ecological plasticity. These were pioneer species in
early stages of forest succession, or species of forests with high rates of natural disturbances
(e.g., floodplain forests). The remaining native tree species showed divergent results. While
Acer platanoides, A. pseudoplatanus, Picea abies, Fraxinus excelsior, Quercus pubescens,
Tilia platyphyllos and Prunus padus had high values for persistence and inter-generational
ecological plasticity, Populus alba and Ulmus laevis showed low values for both parameters.
The values of Alnus incana were intermediate for both parameters.

Among the neophytes, dilanthus altissima, followed by Acer negundo, showed high per-
sistence and moderately high inter-generational ecological plasticity (similar to Acer plat-
anoides and Picea abies). Robinia pseudoacacia resembled mostly Quercus robur, with high
persistence, and low inter-generational ecological plasticity. Among the archaeophytes, the
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Table 1. Results of the co-occurrence analysis across vegetation layers (herb, shrub, tree) of native and
alien tree species in 19,413 relevés of Austrian forest vegetation. Persistence = proportion of tree layer
relevés with the same tree species in the shrub and herb layers. Ecological plasticity = Euclidean dis-
tance of species’ centroids in the herb and shrub layers from those in the tree layer with respect to DCA
space of the first three axes. n = number of relevés, Cov = mean percentage cover, tree, shrub, herb =
tree, shrub and herb layers. Abbr. = species name abbreviations, (A) = archaeophytes, (N) = neophytes.
All values are divided into quartiles, grey shaded cells with bold numbers indicate the uppermost quar-
tile, cells with bold numbers the second, cells with normal font the third, and cells with numbers in
italics the lowermost quartile.

Table 1. Ergebnisse der Vorkommensanalyse in der Kraut-, Strauch- und Baumschicht von einheimi-
schen und gebietsfremden Baumarten in 19.413 Vegetationsaufnahmen Osterreichischer Wélder. Persis-
tence = Prozentualer Anteil von Aufnahmen einer Art in der Baumschicht mit der gleichen Art in der
Strauch- oder Krautschicht. Ecological plasticity = Euklidischer Abstand der Strauch- und Krautschicht
von der Baumschicht der gleichen Art im DCA-Raum der ersten drei Achsen. n = Anzahl Aufnahmen,
Cov = mittlere prozentuale Deckung, tree 1, shrub 1, herb 1 = Baum-, Strauch- und Krautschicht. Abbr. =
Abkiirzungen der Artennamen, (A) = Archdophyten, (N) = Neophyten. Alle Werte werden in Quartile
aufgeteilt, grau schattiert Zellen mit fetten Zahlen geben das oberste Quartil an, Zellen mit fetten Zah-
len die zweite, Zellen mit normaler Schrift die dritte und Zellen mit Zahlen in Kursivschrift das unterste
Quartil.

persistence ecological plasticity
Name Abbr. ntree n shrub n herb Cov tree with shrub with herb  shrub herb
Abies alba Aalb 3523 1556 2569 129 30.9 52.0 0.462 0.359
Acer campestre Acam 736 928 1475 92 49.6 71.1 0.296 0.468
Acer negundo (N) Aneg 97 114 98 14.2 33.0 33.0 1.077 0.834
Acer platanoides Apla 390 329 839 7.9 30.0 54.4 0919 0.832
Acer pseudoplatanus Apse 3343 1901 4854 11.3 242 58.1 1.317 1.881
Ailanthus altissima (N) ~ Aalt 85 109 126 29.6 71.8 78.8 0.923 0.644
Alnus glutinosa Aglu 1366 314 127 39.8 17.8 7.0 1.230 1.652
Alnus incana Ainc 1543 1062 529 37.8 40.8 21.7 1.035 2.130
Betula pendula Bpen 997 467 432 6.7 17.2 11.6 0.939 1.121
Carpinus betulus Cbet 1884 1280 1399 244 43.7 44.3 0.503 0.590
Castanea sativa (A) Csat 87 65 180 7.7 28.7 65.5 0.614 0.704
Fagus sylvatica Fsyl 5622 3404 3859 31.6 46.9 52.7 0.209 0.344
Fraxinus excelsior Fexc 3206 2147 4018 21.2 36.2 56.8 0472 1.115
Juglans regia (A) Jreg 177 242 323 12.0 243 26 1.190 1.618
Larix decidua Ldec 3418 824 711 8.9 14.7 11.8 0.954 0.594
Picea abies Pabi 9705 5838 5292  30.1 45.1 44.1 1.490 0.481
Pinus sylvestris Psyl 3011 601 587 21.7 15.2 14.5 1.147 0.249
Populus alba Palb 250 60 91 22.3 14.0 21.2 0.361 0.232
Populus nigra Pnig 292 68 32 8.4 4.1 2.7 2.672 0.687
Populus tremula Ptre 229 195 256 6.7 18.8 24.0 1.133 1.019
Prunus padus Ppad 517 1365 662 7.8 51.6 29.4 1.440 1.170
Quercus petraea Qpet 1692 576 1275 30.3 28.1 53.2 0.154 0.494
Quercus pubescens Qpub 348 151 245 25.1 31.3 43.7 0.605 1.061
Quercus robur Qrob 1307 517 1311 18.2 13.8 35.1 0.617 0.564
Robinia pseudacacia (N) Ppse 388 223 211 28.9 37.4 33.8 0.571 0.676
Salix alba Salb 537 182 20 25.0 4.5 1.1 1.882 2.921
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persistence ecological plasticity

Name Abbr. ntree n shrub n herb Cov tree with shrub with herb ~ shrub herb
Salix fragilis Sfra 284 101 15 19.2 8.8 2.8 1.427 2.574
Sorbus torminalis Stor 199 278 446 3.8 31.2 38.2 0.159 0.134
Tilia cordata Tcor 933 709 551 14.0 51.7 35.7 0.563 0.618
Tilia platyphylios Tpla 456 322 354 16.0 43.6 344 0.695 1.427
Ulmus glabra Ugla 1111 674 891 8.5 27.4 32.9 1.315 1.701
Ulmus laevis Ulae 215 125 94 9.2 25.1 27.9 0.184 0.347

values of Castanea sativa were similar to the native Acer pseudoplatanus, with persistence
and inter-generational ecological plasticity being moderately high. Juglans regia resembled
Ulmus glabra with moderate persistence and high inter-generational ecological plasticity.

3.3 Results of Detrended Correspondence Analysis

The first axis of the DCA (Fig. 1) explained 21.8% of the variance of species-
environment relationship and was most strongly influenced by the variables of human im-
pact (hemeroby), climate (Ellenberg indicator values for temperature and altitude), and the
proportion of stress-tolerant species. Accordingly, tree species that are characteristic for
spruce, larch and beech forests of higher altitudes were found on the right side of the DCA
plot, while tree species typical for warm lowland forests (e.g., Tilia cordata, Carpinus betu-
lus, Quercus robur, Acer platanoides) were located on the left side, and Fagus sylvatica
showed intermediate behavior. Tree species that are indicative for disturbances, like Betula
pendula and Populus tremula, were also found there, as well as Castanea sativa. On the left
side of the first axis, and closely associated with high hemeroby, were Salix fragilis, S. alba
and Populus nigra, species of softwood floodplain forests (Salicetea purpureae). Acer
negundo was closely associated with high indicator values for temperature and hemeroby,
and its optimum was most similar with native trees of hardwood floodplain forests (e.g.,
Ulmus laevis, Populus alba). Vaccinio-Piceetea, with the orders Pinetalia sylvestris Oberd.
1957 (associated with low moisture) and Piceetalia excelsae Pawtowski et al. 1928 (associ-
ated with high altitude), showed the lowest indicator values for hemeroby and the highest
proportion of stress tolerators.

The second DCA axis explained 15.1% of the variance of species-environment relation
and was closely associated with mean Ellenberg indicator values for moisture and light, and
with the proportion of species with ruderal life form strategy. The wettest sites were covered
by swamp forests of the Alnetea glutinosae, whereas the thermophilous oak forests of the
class Quercetea pubescentis were associated with dry sites and high Ellenberg light indicator
values. The five alien study species showed a preference for high mean Ellenberg values of
light and for a high proportion of species with ruderal life form strategies.

The DCA showed that Ailanthus altissima and Robinia pseudoacacia, the two alien tree
species with highest mean cover values in the tree layer (Table 1), were closely associated
with mean Ellenberg indicator values for temperature. Both species were most common in
lowlands as observed for Quercetea pubescentis communities, but on more humid sites, and
with a substantially higher rate of disturbance, outside the ecological spectrum of native
Central European temperate forests.
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Fig. 1. The first two axes of a Detrended Correspondence Analysis (DCA) with tree species occurrenc-
es and environmental variables of Austrian forest releves (n = 15,989). Lengths of gradient of first axis
8.1, sum of all eigenvalues 42.6. Hem = Hemeroby; EIV = mean Ellenberg's indicator values for mois-
ture (m), nutrients (n), temperature (t) and light (1); C, S, R = strategy types (GRIME 2001); only tree
species of Table 1 are shown. 1 = tree layer; 4 = shrub layer, 6 = herb layer. For abbreviations of tree
species, see Table 1.

Abb. 1. Die ersten beiden Achsen einer Detrended Correspondence Analysis (DCA) mit Baumarten
und Umweltvariablen der osterreichischen Waldaufnahmen (n = 15.989). Lange des Gradienten der
ersten Achse 8.1, Summe aller Eigenwerte 42.6. Hem = Hemeroby; EIV = mittlere Ellenberg-
Indikatorwerte fiir Feuchtigkeit (m), Nahrstoffe (n), Temperatur (t) und Licht (1); C, S, R = Strategie-
Typen (GRIME 2001). Es werden nur die Baumarten der Tabelle 1 gezeigt; 1 = Baumschicht;
4 = Strauchschicht, 6 = Krautschicht; Abkiirzung der Artnamen nach Tabelle 1.

3.4 Mean Ellenberg indicator values of relevés

Two mean indicator value plots were particularly relevant. The first plot shows the oc-
currences of the tree species in different vegetation layers in relationship to mean hemeroby
and the Ellenberg indicator values for moisture (Fig. 2).

The three neophyte tree species were most common in relevés with a mean hemeroby
value > 2.05. Among native trees, only the softwood species Salix alba showed a preference
for similarly high mean hemeroby values, and the younger stages of S. fragilis, Populus alba
and P. nigra as well. The archaeophyte Juglans regia was also correlated with high mean
hemeroby in the tree and shrub layers, but this was less the case for occurrences in the herb
layer. Tree species of hardwood floodplain forests showed intermediate values of mean
hemeroby, followed by tree species of oak-hornbeam forests. The lowest mean hemeroby
values revealed Fagus sylvatica, Picea abies, Abies alba, Larix decidua, Pinus sylvestris,
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Fig. 2. The occurrences of tree species in different vegetation layers (herb, shrub, tree) in
relationship to mean hemeroby and Ellenberg indicator values for moisture of 19,413 relevés
from Austrian forests. For abbreviations of tree species, see Table 1.

Abb. 2. Das Vorkommen von Baumarten in der Kraut-, Strauch- und Baumschicht im Verhiltnis von
Kultureinfluss (hemeroby) und Ellenbergs Zeigerwerten fiir Feuchtigkeit (EIV-moisture) von 19.413
Aufnahmen dsterreichischer Wilder. Abkiirzungen der Artnamen siche Tabelle 1.

Sorbus torminalis and Quercus pubescens. The mean Ellenberg indicator values for moisture
of Robinia pseudoacacia and Ailanthus altissima were similar to native trees of zonal Cen-
tral European deciduous forests (e.g., Fagus sylvatica, Fraxinus excelsior, Quercus robur),
while Acer negundo was more moisture demanding, similar to Prunus padus, Ulmus laevis
and Populus spp.

In relation to mean Ellenberg indicator values for light and nutrients (Fig. 3), four of the
alien tree species (Acer negundo, Ailanthus altissima, Juglans regia, Robinia pseudoacacia)
showed a clear preference for sites characterized by species that are more light-demanding
and prefer nutrient-rich sites. The number of native tree species that co-occurred with light
demanding species is rather low in the Central European flora. Pinus sylvestris, Quercus
pubescens and again younger stages of the softwood floodplain species Salix alba, S. fra-
gilis, Populus alba and P. nigra are the most conspicuous in this regard. The mean light
indicator values of these alien trees were similar to the indicator values of Betula pendula,
Larix decidua, Alnus incana and Populus tremula. The archacophyte Castanea sativa oc-
curred in relevés with intermediate mean Ellenberg indicator value for light. Fagus sylvatica
was found in communities with the lowest light indicator value, together with Acer plat-
anoides, Acer pseudoplatanus and Ulmus glabra.

The mean nutrient Ellenberg indicator values in relevés with neophytic trees and Juglans
regia were among the highest of the Austrian forest vegetation (> 6.0). In contrast, relevés
with Castanea sativa had low mean nutrient indicator values (< 5.0).
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Fig. 3. The occurrences of tree species in different vegetation layers (herb, shrub, tree) in relationship to
mean Ellenberg indicator values for light and nutrients of 19,413 relevés of Austrian forests. For abbre-
viations of tree species see Table 1.

Abb. 3. Das Vorkommen von Baumarten in der Kraut-, Strauch- und Baumschicht im Verhéltnis von
Ellenbergs Zeigerwerten fiir Licht (EIV-light) und Néhrstoffe (EIV-nutrients) von 19.413 Aufnahmen
aus Osterreichischen Wildern. Abkiirzungen der Artnamen siehe Tabelle 1.

4. Discussion

4.1 The ecological preferences of tree species

The mean cover value in the tree layer of relevés is as a metric that assesses the ability of
tree species to dominate the canopy of forest types in Austria (Table 1). Of the five alien tree
species considered here, Ailanthus altissima and Robinia pseudoacacia had the highest mean
tree layer cover values, similar to some dominant native species. However, the high level of
hemeroby separates these types from other forests. Stands dominated by the two alien tree
species mostly result from the succession of open habitats (e.g., abandoned fields, fallow
grasslands, ruderal habitats, scrub; SIRBU & OPREA 2011). Also in their native ranges, both
species prefer disturbed sites with open canopy (ALBRIGHT et al. 2009), and often occur in
early forest successional stages (BORING & SWANK 1984, CALL & NILSEN 2005). The most
similar species in the DCA (Fig. 1), Acer campestre and Juglans regia, were characteristic
for agricultural landscapes close to human settlements (BERG et al. 2016). The persistence of
A. altissima and R. pseudoacacia across vegetation layers was high (Table 1). Persistence of
both species is strongly supported by clonal reproduction via root-suckers (KOWARIK 1995),
a trait that is rare in the native tree flora. In addition, inter-generational ecological plasticity
is also high for both aliens, in particular for 4. altissima, facilitating the spread by sexual
reproduction into sites that differ from those with occurrences of adult trees.
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Mean weighted Ellenberg relevé light indicator values indicate that A. altissima is
a light-demanding species similar to Populus tremula (Fig. 3; CALL & NILSEN 2005). Thus,
forest gaps are essential for forest colonization by this species (KNAPP & CANHAM 2000).
MARTIN et al. (2010) found that the ability of seedlings to survive under low-light conditions
is crucial for invasion into natural forests. Currently, 4. altissima is absent in dense, shaded
forests in Austria, but under the warmer climate of the southern Alps, it also invades dense
forest stands (KNUSEL et al. 2017). Ailanthus altissima has the closest affinity to mean El-
lenberg temperature indicator value of all trees studied here (Fig. 1). Further spread will
therefore be promoted by global warming (STEVENS et al. 2015), that may lead to increased
drought stress and more open canopies of many forests types (KNUSEL et al. 2015).

The low inter-generational ecological plasticity of Robinia pseudoacacia resembles that
of native trees of zonal lowland climax forests (e.g., Fraxinus excelsior, Carpinus betulus,
Quercus robur). This likely is an indication that R. pseudoacacia rarely reproduces via
seeds, but mostly clonal growth. VITKOVA et al. (2017) argue that in case that forest man-
agement would be reduced, R. pseudoacacia abundance should decrease because of competi-
tive exclusion by shade-tolerant species. However, climate change will facilitate further
spread of the species in Central Europe (KLEINBAUER et al. 2010).

The other three alien species studied here have lower cover values of the tree layer, i.e.
they do not perform as a co-dominant species in the canopy of Austrian forests. Thus, their
ability to transform natural forests into alien-dominated stands is rather low. Acer negundo is
most closely adapted to floodplain forest of the alien tree species considered here, and its
ecological preferences are, thus, similar to native floodplain species, i.e. Populus alba,
P. nigra and Ulmus laevis. BERG et al. (2016) showed that the spread of A. negundo into
floodplain forests did replace native tree species, but led to more closed canopies of flood-
plain forests during the past decades. A study from the Danube floodplains in eastern Austria
showed that the proportion of alien trees like A. negundo decreases with stand age and ab-
sence of forest management (HOFLE et al. 2014). The presence of a closed canopy of native
tree species hinders the invasion of 4. negundo (SACCONE et al. 2013). This species prefers
intermediate conditions within floodplain forests (SCHNITZLER et al. 2007), and thus moder-
ate floods are beneficial for its spread and establishment (DEWINE & COOPER 2007), while it
does not tolerate prolonged flooding (FRIEDMAN & AUBLE 1999), and highly dynamic and
wet conditions of softwood floodplain forests with Salix alba (see Fig. 2).

Juglans regia shows a preference for high levels of anthropogenic disturbance, as indi-
cated by high mean hemeroby values of the relevés (Fig. 2). Persistence is low, while inter-
generational ecological plasticity is high. Juglans regia prefers early stages of forest succes-
sion (LENDA et al. 2012). The remarkable spread of J. regia in the past decades throughout
Europe was facilitated by the increase of rook (Corvus frugilegus) that act as seed disperser,
by land abandonment (LENDA et al. 2012), and climate warming (LOACKER et al. 2007).

Castanaea sativa is the only alien tree species studied here that has spread into beech and
oak-hornbeam forests, where it shows high persistence and moderate inter-generational
ecological plasticity. Its Ellenberg moisture, light and hemeroby values are similar to native
tree species of oak-hornbeam forests, while its nutrient preference is the lowest of the alien
tree species considered here.

In general, mean hemeroby values of the herb and shrub layers of relevés with alien tree
species are lower compared to those of the tree layer. This may indicate a preferential spread
into sites with lower mean hemeroby, or that mean hemeroby of invaded relevés increases
with time spread of the tree species into the forest stand (e.g., STASKA et al. 2014).
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4.2 Differences in invasibility of different forest types

Floodplain forests are known to be vulnerable to the invasion of alien species (e.g.,
RICHARDSON et al. 2007, SCHNITZLER et al. 2007, VILA et al. 2007, CHYTRY et al. 2009). It is
assumed that intermediate disturbance rates from flooding, high nutrient input and human
reduction of river dynamics (e.g., river channelization, hydropower use) facilitate alien spe-
cies invasion. In Austria, one of the studied species (Acer negundo) is widely naturalized in
floodplain forests (HOFLE et al. 2014), while the other alien trees are restricted to the driest
(or drained or regulated) parts of floodplains. Non-floodplain forest types are less affected
by invasions of alien trees (CHYTRY et al. 2009). The archaeophyte Castanea sativa is re-
stricted to lowland and submontane forests, and occurs in moderate densities, without sub-
stantial impact on community composition. The transformer species Ailanthus altissima and
Robinia pseudoacacia form distinct forest types related to hardwood floodplain, oak-
hornbeam and thermophilous oak forests, characterized by considerable human disturbance.
Far away from the ecological preferences of the studied alien trees, and thus rarely invaded,
are montane beech forests, coniferous mountain forests and forests at extremely dry sites as
well as swamp and bog forests dominated by willows and ash.

4.3 Relevance of persistence and inter-generational plasticity for understanding
tree invasions in forests

The indicator for persistence characterizes the ability of tree species to reproduce under
closed canopies of the same species. Softwood floodplain species have very low persistence
values because the high light-requirements for young growth are not met under the canopy
of adult conspecifics and because their habitats are rapidly changing, while species of beech
forests show highest persistence. Generally, persistence values calculated for the shrub or
herb layers are similar, with only few exceptions. In particular, for tree species that do not
form a soil seed bank, seedlings in the herb layer often show higher persistence values com-
pared to the shrub layer (e.g., Castanea sativa, Acer pseudoplatanus, Quercus petraea,
Q. robur). Seedlings of wetland species like Alnus incana or Prunus padus, or pioneer tree
species as Salix spp. or Populus spp., grow fast and thus stay only for a short time period in
the herb layer. For such species, relevés with occurrences in the herb layer are rare while in
the shrub layer they occur more frequently.

Inter-generational ecological plasticity describes the ability of species to establish in
sites, and, thus plant communities that differ from sites already invaded by adult trees. Dif-
ferences in ecological preferences may be substantial between young growth and adult trees
of the same species (e.g., in light requirements). This parameter captures an important aspect
for invasion success of alien trees in forests.

Mean cover in the tree layer, persistence, inter-generational plasticity and mean Ellen-
berg indicator values of relevés in combination provide interesting insights in the invasion
process of alien trees. ‘Mean cover in the tree layer’ is an indicator for behaving as trans-
former (RICHARDSON et al. 2000), ‘persistence’ indicates the ability to reproduce within
forest stands once a site is invaded, while ‘inter-generational ecological plasticity’ describes
the ability to colonize new ecologically different habitats. Finally, mean indicator values of
relevés across vegetation layers provide insights into the ecological preferences of tree spe-
cies, how these change between different vegetation layers. Additionally, they allow to iden-
tify which native tree species are most similar in this respect. We conclude that relevé-based
metrics of tree species behavior are able to deliver new insights into the spatio-temporal
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dynamics of biological invasions in forests. Future work should expand this approach (e.g.,
by considering the role of life history traits and measured environmental conditions), and by
identifying the limitations of these metrics.

Erweiterte deutsche Zusammenfassung

Einleitung — In Mitteleuropa gelten die zonalen Waldgesellschaften als relativ resistent gegen Inva-
sionen durch fremdldndische Baumarten. In der vorliegenden Arbeit werden das 6kologische Verhalten
der in Osterreich am weitesten verbreiteten baumformigen Neophyten (Robinia pseudacacia, Acer
negundo, Ailanthus altissima) sowie der Archdophyten Castanea sativa und Juglans regia untersucht.
Ziel der Arbeit war es, an Hand der Artenzusammensetzung der Vorkommen in der Kraut-, Strauch-
und Baum-Schicht herauszufinden, in wie weit die betreffenden Arten bereits erfolgreich in vorhandene
natiirliche Waldgesellschaften eingedrungen sind.

Material und Methoden — Aus der osterreichischen Vegetationsdatenbank (WILLNER et al. 2012)
wurden 19.413 Vegetationsaufnahmen mit den 34 héufig vorkommenden Baumarten (> 100 Vorkom-
men in einer der drei Vegetationsschichten, siche Tab. 1) selektiert, die eine Baumschicht aufwiesen.

Fiir die Analyse wurde eine unterschiedliche Artzusammensetzung (co-occurence) in den verschie-
denen Vegetationsschichten als Indikator fiir unterschiedliche 6kologische Schwerpunkte der Artvor-
kommen in den einzelnen Schichten verwendet. Fiir die Berechnungen wurden die Dominanz (mittlere
Deckungswerte fiir die einzelnen Arten in der Baumschicht), eine Detrended Correspondence Analysis
(DCA), mittlere Zeigerwerte der Einzelaufnahmen nach Ellenberg fiir die GroBlen Licht, Nahrstoff,
Feuchte und Temperatur sowie mittlere Hemerobiestufen der Einzelaufnahmen unter Verwendung von
KLoTZ & KUHN (2002), deren Angaben in eine Ordinalskala tiberfithrt wurden, herangezogen. Fiir die
Beurteilung der Art des Eindringens in vorhandene Waldbestinde nutzten wir das Konzept von GRIME
(2001) mit den Grundtypen C-, S- und R-Strategie. Als Maf, inwieweit eine Baumart ihren einmal
eroberten Standort behauptet (wir nennen es hier "Persistenz"), haben wir den Anteil jener Aufnahmen
berechnet, in denen die Art in der Kraut- oder Strauchschicht zusammen mit Exemplaren der eigenen
Art in der Baumschicht vorkommt. Als Maf, inwieweit eine Art als Sdmling oder Jungpflanze sich in
neuen Lebensrdumen etablieren kann (wie nennen es hier "6kologische Plastizitat"), haben wir den
Abstand zwischen den Zentroiden der Arten in einzelnen Schichten innerhalb des dreidimensionalen
DCA-Raumes verwendet.

Okologische Preferenzen einzelner Arten stellen wir in Zeigerwert-Diagrammen, separat fiir die ein-
zelnen Vegetationsschichten, dar. Fiir alle Berechnungen wurde das Programmpaket JUICE (TICHY
2002) verwendet, fiir die Detrended Correspondence Analysis das Programmpaket Canoco 4.5 (TER
BRAAK & SMILAUER 2002). Die Nomenklatur der Arten folgt FISCHER et al. (2008), die fiir Syntaxa
MUCINA et al. (2016).

Ergebnisse — Die mittleren Deckungswerte (Tab. 1) als MaB fiir die Dominanz einzelner Arten zeig-
ten, dass nur die beiden Neophyten Ailanthus altissima und Robinia pseudoacacia hohe Deckungswerte
iiber 25 % aufweisen, was zur Beschreibung eigener Waldgesellschaften innerhalb einer eigenen Klasse
Robinietea gefiihrt hat. Acer negundo und die beiden Archdophyten erreichten hingegen nur Werte
unter 15 %. Ailanthus altissima wiesen den hochsten Persistenz-Wert unter allen untersuchten Baumar-
ten auf, vergleichbar mit Buche oder Fichte. Auch die 6kologische Plastizitit war eher hoch. In der
Performance dhnlich, wenn auch mit geringeren Werten, verhielt sich Acer negundo. Robinia pseu-
doacacia war am ehesten mit den Eigenschaften der heimischen Stiel-Eiche vergleichbar. Die Werte
von Castanea sativa waren denen des Berg-Ahorn dhnlich mit eher hohen Werten fiir Persistenz und
okologische Plastizitét, die von Juglans regia denen der Berg-Ulme mit mittleren Persistenzwerten und
hoher 6kologischer Plastizitét.

Die DCA (Abb. 1) zeigt mit der ersten Achse, dass der anthropogene Einfluss den wichtigsten Fak-
tor darstellt. Weitere Faktoren, die gut mit der ersten Achse korrelierten, waren (positiv) Temperatur
sowie (negativ) Meereshohe und der Anteil der Stress-Strategen. Die zweite Achse war mit den Zei-
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gerwerten Feuchte und Licht, sowie mit dem Anteil an Ruderal-Strategen korreliert. Trigt man die
mittleren Zeigerwerte fiir Feuchte gegen den Hemerobiegrad der einzelnen Arten in ein Diagram ein
(ADb. 2), so zeigten die drei Neophyten Acer negundo, Ailanthus altissima und Robinia pseudoacacia
sowie Juglans regia hohe Hemerobiewerte > 2,0, vergleichbar nur mit den stérungstoleranten Badumen
der Weichholzaue, wihrend sich Castanea sativa niher bei den Laubmischwaldarten Tilia cordata,
T. platyphyllos, Acer platanoides, Carpinus betulus und Quercus robur positionierte. Auch Unterschie-
de zwischen den Vorkommen von Arten in verschiedenen Schichten traten hervor: deutlich unter-
schiedlich etwa bei den storungstoleranten Arten Acer negundo, Salix alba und Juglans regia, kaum
unterschiedlich bei Arten der (extra-)zonalen Schlusswaldgesellschaften wie Fagus sylvatica, Quercus
pubescens, Abies alba oder Picea abies.

Das Diagram der mittleren Zeigerwerte fiir Licht gegen Néhrstoffe (Abb. 3) zeigt deutlich, dass —
abgesehen von Castanea sativa — alle fremdldndischen Baumarten relativ haufig mit lichtliebenden
Arten vorkamen, vergleichbar mit Betula pendula, Larix decidua, Alnus incana und Populus tremula
als Vertretern der mitteleuropdischen Geholzflora. Nur Jugendstadien von Weichhdlzern aus Flussauen
(Baumweiden und Pappeln), Pinus sylvestris und Quercus pubescens wuchsen zusammen mit noch
hoheren Anteilen von Lichtzeigern. Wiederum mit Ausnahme von Castanea sativa kamen alle gebiets-
fremden Baumarten in stark von Néhrstoffzeigern dominierten Gesellschaften vor.

Diskussion — Die mittleren Deckungswerte der Baumschicht als Mal3 der Héaufigkeit der dominan-
ten Baumarten in den Waldgesellschaften Mitteleuropas spiegeln sich gut in der pflanzensoziologischen
Klassifikation. Nur die Neophyten Ailanthus altissima und Robinia pseudoacacia zeigen dhnlich hohe
mittlere Deckungswerte wie dominante Arten heimischer Waldgesellschaften, sind aber durch hohe
Hemerobiewerte deutlich von diesen separiert. Klonales Wachstum (Wurzelschésslinge) von Ailanthus
altissima und Robinia pseudoacacia schlagen sich in hohen Persistenzwerten nieder, bei Ailanthus sorgt
die weite 6kologische Amplitude fiir hohe Werte der 6kologischen Plastizitdt. Alle anderen fremdléndi-
schen Arten weisen niedrigere mittlere Deckungswerte auf und sind zurzeit nicht in der Lage, Waldbe-
stinde in Neophyten- bzw. Archdophytenbestinde umzuwandeln. Acer negundo, in seinen 6kologi-
schen Anpriichen dhnlich den Auenarten Populus alba, P. nigra, Ulmus laevis, kann zwar in Auwald-
bestinde erfolgreich einwandern, bevorzugt aber wie die anderen beiden Neophyten, und auch Juglans
regia, anthropogen gestorte Standorte. Castanea sativa ist die einzige der untersuchten Arten, die in
temperate Buchenbestéinde einwandern konnte, was auf die dhnlichen 6kologischen Anspriiche wie die
Baumarten der Buchen- und Eichen-Hainbuchen-Wilder zuriickzufiihren ist. Thre Nahrstoffanspriiche
sind dhnlich gering wie die von Betula pendula und Populus tremula.

Die hohen Lichtanspriiche der untersuchten gebietsfremden Arten, mit Ausnahme von Castanea sa-
tiva, fithren dazu, dass Bestandsliicken oder Waldrinder bendtigt werden, um sich in Waldnéhe ansie-
deln zu konnen (KNAPP & CANHAM 2000). Die Auswertung der Temperaturzeigerwerte zeigt, dass alle
vier Arten vom Klimawandel begiinstigt werden.

Die Gefahrdung heimischer Waldgesellschaften durch Invasion ist unterschiedlich ausgeprégt. Au-
enwilder sind wegen ihrer standortsbedingten Dynamik besonders empfindlich gegeniiber invasiven
Arten. Hier kann Acer negundo als voll etabliert gelten, bevorzugt aber entwésserte, anthropogen iiber-
formte Standorte und fehlt insbesondere in den hoch-dynamischen, natiirlichen Weichholzauen der
Salicetea purpureae. Aulierhalb der Auwilder konnte sich bisher nur Castanea sativa in temperaten
Laubwildern Mitteleuropas etablieren, wihrend Ailanthus altissima, Robinia pseudoacacia und Juglans
regia bisher eher in eigenen Bestéinden auBlerhalb des 6kologischen Spektrums des mitteleuropdischen
Waldes vorkommen. Weit weg von den Okologischen Préiferenzen der gebietsfremden Béume, und
somit kaum betroffen von deren Invasion, sind montane Buchenwilder, Gebirgsnadelwilder, Wilder an
extrem trockenen Standorten sowie nasse Weiden- und Erlenwélder.

Die Kombination der Daten von Dominanz, Persistenz, dkologischer Plastizitdt und 6kologischen
Anpriichen liefern gute Einblicke in das Verhalten und die Strategie der fremdlandischen Arten. Die
mittlere Deckung in der Baumschicht ist ein Indikator fiir das Verhalten als Okosystem-Umwandler
(,,transformer*, RICHARDSON et al. 2000). Persistenz zeigt die Fahigkeit, einen Wuchsort zu behaupten,
wihrend die 6kologische Plastizitdt die Fahigkeit beschreibt, verschiedene Lebensrdume zu kolonisie-
ren. SchlieBlich liefern Analysen mittlerer Zeigerwerte Einblicke in die 6kologischen Préaferenzen von
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Baumarten in verschiedenen Schichten, und erlauben den Vergleich mit heimischen Baumarten und
bekannten Pflanzengesellschaften. Wir schlieen daraus, dass eine Analyse von Vegetationsaufnahmen
aus vegetationskundlichen Datenbanken in der Lage ist, neue Einblicke in die rdumlich-zeitliche Dy-
namik biologischer Invasionen in Wildern zu liefern. Der Ansatz kann beispielsweise unter Beriick-
sichtigung von funktionell-6kologischen Parametern oder von Standort-Messungen weiterentwickelt
werden.
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