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Abstract: The herb layer of temperate forests contributes to long-term forest ecosystem functioning
and provisioning of ecosystem services. Therefore, a thorough understanding of its dynamics in the
face of environmental changes is essential. This paper focuses on the species and functional diversity
of the herb layer of riparian forests to verify how these two community components changed over
time and under strict protection. The understory vegetation was surveyed on 42 semi-permanent
plots in three time periods between 1960 and 2020. The overall pattern in vegetation changes that
related to species richness and diversity, functional structure, and habitat conditions was analyzed
using ordination and permutation techniques. We found significant changes in species composi-
tion and the functional structure of herbaceous vegetation over the last six decades. Forests were
enriched with nutrient-demanding and alien species. A significant increase in functional diversity
and the proportion of species with high SLA and canopy height was also observed, whereas changes
in habitat conditions were insignificant. The observed trends indicate that the strict protection of
forest communities within small and isolated reserves does not fully protect their species composi-
tion. Forest reserves should be surrounded by unmanaged forests and spatially connected to allow
species mobility.

Keywords: forest floor; plant invasion; functional diversity; plant traits; life strategy; deciduous
forest; protected areas; SSISL; Natura 2000; Poland

1. Introduction

In temperate forests, most of their biodiversity is concentrated in the herb layer [1].
Thus, processes taking place in this vegetation stratum may contribute to long-term for-
est ecosystem functioning and, at the same time, affect the ability of forests to provide
ecosystem services [2–4]. However, currently, forests face severe threats which can act inde-
pendently or synergistically and, most importantly, affect forests globally [5]. One of these
risk factors is climate change, reflected by rising temperatures [6], extreme weather events
such as prolonged droughts [7] or late-spring frost events [8], and intensification of evapo-
ration [9]. These all overlap with rapid thermophilization [5,10], eutrophication [11,12], and
plant invasions [13], which change the compositional and functional structure of forests at
an unprecedented pace and scale.

Therefore, it is crucial to recognize the current state of forest communities and, more
importantly, determine the proportion of biodiversity that can be maintained within forest
ecosystems, and the role of protected areas (PAs) in this process. The latter is considered to
be one of the primary and effective tools in mitigation of the consequences of rapid changes
in a global environment, by reducing both a decline in biodiversity in various types of
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ecosystems and species extinction rates [14,15]. The protection of forest communities is
considered efficient in maintaining their high biodiversity and the natural processes of
forest dynamics. As such, protected forests are expected to work as barriers to the spread
of invasive species across the continents [16–18].

On the other hand, it was already known that the current number and area of PAs is
insufficient for the protection of animals [19,20], habitats [21], preservation of the capacity
of forests to store carbon dioxide [22], as well as for keeping sufficient availability of natural
resources across different elements of biodiversity and ecosystem services [23,24]. In
many cases, strict protection is not sufficient to prevent unfavorable changes in the species
structure of forest communities [25–30]. There are even forests whose species composition,
despite strict, long-term protection, was dominated by invasive alien species [31,32]. These
unfavorable changes were observed, even though between 2010 and 2019, the total area of
PAs expanded from 14.1% up to 15.3% of global land and freshwater environments [23].
These negative alterations may be caused since PAs only partly cover essential sites for
biodiversity and are not yet fully ecologically representative and effectively or equitably
managed [33]. Thus, the total area of protected forests of high conservation value is essential
for long-term biodiversity protection [33,34]. Their spatial configuration in the landscape,
with a high level of connectivity, is crucial for the existence of many forest species, especially
slow-moving ones [35]. Hence, the pressure to expand the proportion of protected areas
is growing. The European Union (EU) biodiversity strategy for 2030 states that at least
30% of the terrestrial area of the EU should be protected, out of which 10% are under strict
protection [36]. Moreover, the latter type of PAs is expected to mainly protect primary and
old-growth forests [37], which presently cover 3.7 Mha in 32 European countries (excluding
Russia) [38,39]. Most of them are located in Finland (0.9 Mha) and Eastern Europe (0.2 Mha).
However, they are scarce and strongly fragmented in many countries, e.g., in Poland only
21,500 ha of primary forests were already recognized, mainly from the Carpathians and the
Białowieża Forest [39]. Therefore, it should be expected that the primary forests and forests
with a high level of naturalness will be the first to be designated for strict protection under
the EU biodiversity strategy.

Most classical studies on forest vegetation in PAs and its temporal changes focus on
the general species richness and proportion of alien and synanthropic species [25,26,30,40].
However, in order to understand the causes and effects of changes in forest communities
more thoroughly, one should take into account not only their species composition but also
functional structure i.e., the combination, diversity, and abundance of the distribution of
plant functional traits in the community [41,42]. Plant functional traits are morphological,
anatomical, physiological, phenological, or behavioral attributes, which can be measured at
the individual level [43,44]. They reflect how plant species respond to the biotic and abiotic
environmental factors (response traits), as well how they affect the ecosystem properties
(effect traits) [43,45,46]. Although the functional diversity patterns, better than species
numbers, determine ecosystem functioning and response to global and local changes in
habitat conditions [2,4], they have been rarely studied in reference to PAs [47–49]. Therefore,
the approach which combines species and functional diversity seems crucial for preserving
the natural values of European forests because it enables the gaining of a deeper insight
into community structure, hence planning more effective protection measures.

In this study, we plan to focus on both species and functional diversity to verify how
these two community components changed under strict protection within a relatively long
period of time. As a case study, we chose three nature reserves which protect riparian
forest communities. Riparian forests are considered as one of the richest in species forest
communities, thus can be particularly important as refugia for biodiversity conservation,
especially at the local scale [50,51].

Therefore, our main objectives are: (i) to recognize possible changes in the herb layer
of riparian forest, referring to its species composition and diversity, and functional structure
over time; (ii) to recognize which environmental factors may be responsible for the observed
changes. As the studied forests have been continuously protected as nature reserves since
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1958, we may assume that they have been subjected mainly to the natural processes of forest
dynamics. However, due to the observed global trends (invasions of species, warming,
eutrophication) and the small area of studied reserves, we hypothesize that herbaceous
vegetation’s species composition and functional structure have significantly changed over
time, which is consistent with most literature sources.

2. Materials and Methods
2.1. Study Area

We conducted research in three forest nature reserves established in 1958: “Kanigóra”
(5.4 ha), “Grodziska Ryczyńskie” (1.82 ha), and “Zwierzyniec” (8.55 ha). They are located
within a sizable riparian forest complex with an area of 2004 hectares [52], preserved in
the Odra River Valley. The Odra forms the 30th longest and 17th largest river catchment
area of Europe, including Russia (Figure 1), and is an ecological corridor important on the
continental scale [53]. The entire area is located on the Silesian Lowland, in the southwestern
part of Poland. The elevation varies between 120 and 140 m a.s.l., and the plant communities
are typical of Central European lowlands.
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Figure 1. Location of the study area (gray rectangle) in SW Poland. Studied nature reserves are
marked in red (1—Zwierzyniec; 2—Kanigóra; 3—Grodziska Ryczyńskie). Forests are marked in
green. Background from the © MapTiler © OpenStreetMap contributors.

The soils in the study area are alluvial and formed during river floods. Gley soils
dominate in the northern and western parts, while brown soils occur in the central and
eastern parts, showing high compactness, acidity, and high moisture [52].

The mean annual temperature is typical of the warmest region in Poland and is above
8 ◦C. The warmest month is July (mean 18 ◦C), while the coldest is January (mean 1.1 ◦C).
The total annual rainfall varies between 560 and 580 mm. Snow cover in this region does
not last long; its average durability is the lowest in Poland and amounts to less than 40 days
a year. The growing season lasts more than 230 days, and it has gradually lengthened as a
result of climate change [54].

The studied forests are one of the critical objects of protection in the Natura 2000 site
PLH020017 “Grądy w Dolinie Odry” covering the area of 8756.34 ha [55]. Initially, a mosaic
of riparian, oak-hornbeam and alder forest [56–59] were recognized here. However, recently
they naturally transformed into forests of lower dampness, dominated by hornbeam stands,
Stellario holosteae-Carpinetum betuli Oberdorfer 1957 [60]. Outside the area of the reserves,
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forests are intensively managed. Forest management in the area is carried out by the Oława
Forest District, which obtains at least 92,000 m3 of wood annually, mainly coniferous wood,
but also oak, ash, and alder. Tourist and recreational pressures are also intense, especially
in the southern part of the area which is crossed by many forest roads.

2.2. Sampling

The previous surveys were carried out twice: in 1958–1961 [56] (hereafter 1960) and
1988–1991 (hereafter 1990) [57–59]. The most recent survey was conducted in 2019–2020
(hereafter 2020), covering the whole vegetation season, similar to the above-mentioned stud-
ies. The location of the most recent plots was determined based on the descriptions of the
locations included in the study of Kuczyńska [56], undertaken in 1960, considered as a base-
line survey (see Supplementary Materials, Table S1). Therefore, we treated the newly estab-
lished plots as semi-permanent. In total, we resurveyed 42 semi-permanent plots: 20 in the
Zwierzyniec, 7 in the Grodziska Ryczyńskie, and 15 in the Kanigóra reserves. The location of
each plot was determined using GPS coordinates (see Supplementary Materials, Table S1).
The plots’ size was normalized to 100 square meters. According to the Braun–Blanquet ap-
proach, vegetation composition was sampled in the form of phytosociological relevés [61],
with abundance determined for each species in a separate vegetation layer (tree, shrub, and
herb layers) on a seven-point scale. The most recent survey was conducted with permission
of the Regional Directorate for Environmental Protection in Wrocław (decision number
WPN.6205.58.2019.AR and WPN.6205.39.2020.MR).

The nomenclature of vascular plants follows Euro + Med PlantBase [62]. Mosses were
omitted due to random data from the past periods of investigation.

2.3. Data Analysis
2.3.1. The Overall Pattern in Vegetation

The differences in species composition of the herb layer between surveys were ana-
lyzed using JUICE 7.1.21 software [63] with a modified TWINSPAN algorithm [64]. All
species occurring in the herb layer, including herbaceous species and saplings of shrubs
and trees, were considered in these analyses.

Differentiating species for the analyzed surveys were determined using the Φ [phi]
coefficient as a measure of fidelity [65]. Species with Φ ≥ 25 (0.25 × 100), constancy ≥ 20%,
constancy ratio [66] higher than 1.5 and significant concentration in a particular cluster,
tested by the Fisher’s exact test (p < 0.05), were considered to be diagnostic (i.e., reaching
the highest fidelity and frequency) for particular survey periods. In addition, the total
number of species (species richness) and the Shannon–Wiener Index were calculated using
a JUICE function for each relevé in the subsequent survey times. In this respect, differences
between the surveys were tested using a Kruskal–Wallis test and Dunn’s post hoc test.
Moreover, in the JUICE software, we calculated the frequency and coverage of alien species
in vegetation plots referring to each studied survey. The analyses were performed jointly
on the entire dataset. Alien species were determined following Tokarska-Guzik et al. [67].

2.3.2. Habitat Conditions

Due to the lack of direct measurements of environmental conditions in the baseline
and current research, we estimated habitat conditions indirectly using litter quality index
(LQ) and Ellenberg’s Indicator Values (EIVs). Both measures derived from the species
composition of studied plots.

The change in the composition of the canopy, including tree and shrub layers, was
quantified using mean LQ. The LQ ranges from 1 (slow litter decomposition rate) to 5 (fast
litter decomposition rate). Indices scores for tree and shrub species follow those used by
Verheyen et al. [68] and Šipoš et al. [69] (see Supplementary Materials, Table S2). We calcu-
lated the mean value of LQ weighted by species cover for shrub (LQs) and tree (LQt) layers
separately for each plot. Differences between the LQ values between subsequent surveys
were tested using the Kruskal–Wallis test and Dunn’s post hoc test. The EIVs, weighted by
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species cover, were calculated for light, temperature, moisture, continentality, soil reaction,
and nutrients. We used Ellenberg’s Indicator table [70], modified and implemented in
JUICE software [71].

We conducted a detrended correspondence analysis (DCA) to explore differentiation
patterns in plant species composition of plots between the subsequent surveys and to check
the percentage of variation explained. For this purpose, species cover was transformed
with Log (1 × X + 1) and rare species were down-weighted. The distribution of the sample
groups on the DCA diagram was visualized and interpreted by the passive plotting of
the Year supplementary variable. The DCA was conducted in CANOCO 5.12 software
(Microcomputer Power: Ithaca, NY, USA) [72].

To identify the statistical significance of correlations between the DCA sample scores
and mean randomized EIVs (treated as proxy data to environmental changes) for relevés, a
modified permutation test with 499 unrestricted permutations was conducted. The test was
performed with MoPeT_v1.2.r script [73] in R software [74]. The Spearman rho coefficient
expressed the correlation between EIVs and sample scores. Permutational analysis of
variance (one-way ANOVA on the mean randomized EIVs) and modified permutation test
(with 499 unrestricted permutations) were also calculated using MoPeT_v1.2.r to determine
which EIVs differentiate the subsequent surveys. Using permutational ANOVA is an
alternative to other tests under non-normal conditions, because it does not operate under
the assumption of normality and uses actual scores [75]. This analysis allows determining
possible changes in the environmental conditions influencing the forest floor over time.

2.3.3. Plant Functional Traits

In this study we focus on the plant functional traits which are considered the core
of plant life strategy [76] and belong to response traits [77]. These are specific leaf area
(SLA, mm2·mg−1; the ratio of leaf area to leaf dry mass), leaf area (LA, mm2; one-sided
or projected area of an individual leaf), plant height (H, m; plant vegetative height at
maturity), and seed mass (SM, g).

Higher values of the SLA reflect higher investment in photosynthesis and fast growth.
They are typical of short-lived species which do not invest in support and storage organs,
and often are weakly protected against herbivores [2]. At the same time, their response
to the spatial patchiness of light and soil resources may be more flexible [76]. On the
other hand, most of the species with low SLA are long-lived and marked by slow growth,
high investment in support and storage organs, and higher resistance to drought and her-
bivory [2]. Therefore, an increase in SLA values may suggest a higher level of competition,
but simultaneously a lower level of stressful conditions [42,78]. Species with higher LA are
expected to dominate in shadier, more humid habitats. However, any stressful condition
such as heat stress, cold stress, drought stress, or nutrient stress tends to select for relatively
small leaves [79]. Plant height is associated with a competitive ability and reflects trades
off between avoidance and tolerance of environmental conditions (e.g., nutrient and light
availability) [42,76]. Seed mass expresses the chance of species for successful dispersion
and establishment in a new area [76]. Additionally, it provides information on seed bank
longevity which is expected to be lower in habitats with a high level of environmental
stress [80]. It has already been proved that the SM increases with the shadiness of the
habitat and mean vegetation height. SM is also expected to decrease in more disturbed
habitats [81].

We obtained trait values from the LEDA database [82]. We used mean species
values for traits and did not consider intraspecific trait variation [43,83], (see
Supplementary Materials, Table S3). We excluded all woody species (tree, shrub) from
the dataset in this part of the data analysis. Therefore, only herbaceous plants (listed in
Supplementary Materials, Table S4) were assigned mean trait values. Trait attributes were
analyzed for 92 out of the 97 species recorded in the herb layer, whereas the remaining
five species, without full representativeness of trait attributes, were removed from the
dataset [84].
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The functional structure of the plant community can be reflected by different
metrics [85–87]. In this study we focused on the community weighted mean of traits
(CWM) [85,88] and Rao’s quadratic entropy (FDQ) [89]. The former is widely used in
vegetation ecology and is a mean of trait values present in the community weighted by
the relative abundance of taxa bearing each value [85]. In other words, the CWM index
reflects the trait value of the dominant species in a community [42]. The FDQ is an in-
dex of functional diversity which incorporates species abundances and a measure of the
pairwise functional differences between species [89]. It quantifies how much dominant
species diverge in their trait values; thus, its increased value may indicate a higher de-
gree of niche differentiation [41,42]. Moreover, it can be calculated for more than one
trait and is not affected by species richness [89]. The latter feature of this index is critical
because, in this study, we analyzed vegetation within semi-permanent plots surveyed by
different researchers.

Differences in CWMs and FDQ between subsequent surveys were tested using the
Kruskal–Wallis test and Dunn’s post hoc test. Additionally, in CANOCO 5.12 software [72]
we conducted a redundancy analysis (RDA) in which the explanatory variable was the
year of each survey and CWMs were treated as response variables. All traits we used were
continuous in character and log-transformed before the analyses.

3. Results
3.1. Changes in Species Diversity

In the understory of studied nature reserves, 130 species were recorded, including
32 woody and 98 non-woody species. The total species richness has slightly increased over
time, from 82 (64 non-woody) in 1960, through 97 (78 non-woody) in 1990, up to 101 species
(77 non-woody) in 2020. Differences in the total species number were statistically significant
(H = 51.41, p < 0.001) between 1960 and 1990 (p < 0.01), between 1990–2020 (p < 0.001), as
well as 1960–2020 (p < 0.001).

The median of the Shannon–Wiener index also increased from 2.26 (1960), through
2.37 (1990), up to 2.58 (2020). Differences in this species diversity metric (Figure 2) calcu-
lated for relevés were significant (H = 14.11, p < 0.001) between the following time periods:
1960–2020 (p < 0.001) and 1990–2020 (p < 0.05).
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Figure 2. Summary box-and-whisker plots with jitters of forest floor species richness and
Shannon–Wiener Index, for three survey dates of riparian forest in the Odra River Valley (SW
Poland). The central line of each box indicates the median value, box boundaries the lower (25%) and
upper (75%) quartiles, and whiskers the range of values.
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3.2. Changes in Species Composition

The analysis conducted in JUICE revealed differences in species composition between
studied surveys. We identified differentiating species for each survey. The first and
the second surveys were marked by species typical of riparian forests. Although these
taxa were also found during the recent survey, their frequency and cover in particular
plots were significantly lower (Table 1). A distinctive feature of the species composition
in 2020 was the presence of the nutrient-demanding and fast-colonizing species, which
currently play a diagnostic role within studied forest communities (e.g., Impatiens parviflora,
Chelidonium majus, Galeopsis tetrahit, Chaerophyllum aromaticum). The latter period was
also marked by the increased proportion of juveniles of Acer campestre, A. pseudoplatanus,
Carpinus betulus, Crataegus monogyna, Fraxinus excelsior, Quercus robur, Sambucus nigra, and
Tilia cordata.

Table 1. Differentiating herbaceous species for the subsequent periods of investigation. Species are
ordered according to their diagnostic value in a particular survey. The Φ coefficient values in the
table are multiplied by 100. Their superscripts express the percentage values of species frequency.
Only species with Φ > 25, frequency > 25, and constancy ratio > 1.5 were included in the table. Sign
“__” means that a given species does not reach a statistically significant Φ value in a particular cluster.

Date of Investigation 1960 1990 2020

No. of Relevés 42 42 42

Ratio

Aegopodium podagraria 1.7 35 86 __ 50 __ 50

Symphytum tuberosum 2.8 29 26 __ 2 __ 10

Paris quadrifolia 2.2 29 45 __ 21 __ 14

Ajuga reptans 2.1 27 29 __ 12 __ 5

Elymus caninus 100 __ . 48 31 __ .

Deschampsia cespitosa 5.4 __ . 37 26 __ 5

Impatiens parviflora 4 __ . __ 23 78 93

Chelidonium majus 16.4 __ . __ 2 51 38

Galeopsis tetrahit 3.8 __ 12 __ 2 45 45

Stellaria media 2.5 __ 10 __ 21 39 52

Chaerophyllum aromaticum 4.4 __ . __ 7 39 31

Changes in the proportion of alien species were also clearly visible (Table 2). During
the baseline survey (1960) any alien species were recorded. Since 1990 Impatiens parviflora
has been observed. However, its frequency and cover (mean cover 2%) were low. In 2020,
Impatiens parviflora became one of the dominant species (mean cover 14%), and six other
alien species were recorded. All alien species, except for Impatiens parviflora, occur with low
frequency and cover (less than 2%). However, some of them, for example Solidago gigantea,
are known as highly invasive and may affect the species composition of studied forests in
near future.

Table 2. Changes in the percentage frequency and percentage mean cover (in brackets) of alien
species between three subsequent surveys.

Date of Investigation 1960 1990 2020

No. of Relevés 42 42 42

Impatiens parviflora . 24 (2) 93 (14)
Ballota nigra . 2 (1) 5 (1)
Solidago gigantea . . 10 (1)
Juglans regia (juv.) . . 5 (2)
Sonchus oleraceus . . 2 (1)
Quercus rubra (juv.) . . 2 (1)
Aesculus hippocastanum (juv.) . . 2 (2)
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3.3. Temporal Changes in Herbaceous Vegetation Pattern

DCA ordination diagram (Figure 3) shows a species compositional pattern for all
subsequent surveys, with a passive projection of Year variable. The DCA results revealed
that the first and the second axes explained 9.64% and 6.81% of the compositional variability
of the studied forests, respectively.

Forests 2022, 13, x FOR PEER REVIEW 9 of 21 
 

 

3.3. Temporal Changes in Herbaceous Vegetation Pattern 
DCA ordination diagram (Figure 3) shows a species compositional pattern for all 

subsequent surveys, with a passive projection of Year variable. The DCA results revealed 
that the first and the second axes explained 9.64% and 6.81% of the compositional 
variability of the studied forests, respectively. 

 
Figure 3. DCA ordination diagram for the 126 vegetation plots of the protected, ancient riparian 
forests in the area of the Odra Valley near Oława (Silesian Lowland, Southwestern Poland), 
surveyed in 1960, and resurveyed in 1990 and 2020. The gradient length is 3.47 SD. The diagram 
shows the herbaceous vegetation pattern within plots during the last 60 years. The vector of Year 
variable was passively projected into a diagram. 

The results of DCA suggest that the distribution of the sampled plots correspond 
with the vector of time, indicative by a shift from the lower left (1960) towards the upper 
right (2020) of the ordination diagram (Figure 3). The same diagram with species instead 
of sample plots showed that the most recent survey is marked by the nutrient-demanding 
species, such as Impatiens parviflora, Stellaria media, Galium aparine, and additionally some 
juveniles (Figure 4). 

Figure 3. DCA ordination diagram for the 126 vegetation plots of the protected, ancient riparian
forests in the area of the Odra Valley near Oława (Silesian Lowland, Southwestern Poland), surveyed
in 1960, and resurveyed in 1990 and 2020. The gradient length is 3.47 SD. The diagram shows the
herbaceous vegetation pattern within plots during the last 60 years. The vector of Year variable was
passively projected into a diagram.

The results of DCA suggest that the distribution of the sampled plots correspond with
the vector of time, indicative by a shift from the lower left (1960) towards the upper right
(2020) of the ordination diagram (Figure 3). The same diagram with species instead of
sample plots showed that the most recent survey is marked by the nutrient-demanding
species, such as Impatiens parviflora, Stellaria media, Galium aparine, and additionally some
juveniles (Figure 4).

Correlation analysis of mean EIVs and main compositional gradients (reflected by the
DCA sample scores) showed statistically significant correlations only along the second DCA
axis. The distribution of sample scores was correlated to the EIVs for moisture (p < 0.02)
and nutrients (p < 0.05) (Table 3).
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Figure 4. Results of the DCA summarized the variation of understory species composition of
the protected, ancient riparian forests in the Odra Valley near Oława (Silesian Lowland, South-
western Poland), surveyed in 1960, and resurveyed in 1990 and 2020, and with passive projection
of the vector of Year as supplementary variable. Species with scores limit to 30 by fit according
to total species composition. Explanation of the abbreviations used: AcerCamp—Acer campestre;
AegpPodg—Aegopodium podagraria; AlliUrsn—Allium ursinum; AnemNemr—Anemone nemorosa;
AnemRanu—Anemone ranunculoides; BracSylv—Brachypodium sylvaticum; CircLute—Circaea lutetiana;
CordCava—Corydalis cava; CratMong—Crataegus monogyna; DactPolg—Dactylis polygama;
FicrVern—Ficaria verna; GageLute—Gagea lutea; GageMinm—Gagea minima; GalnNivl—Galanthus nivalis;
GaliApar—Galium aparine; GeumUrbn—Geum urbanum; GlecHedr—Glechoma hederacea; ImptNoli—
Impatiens noli-tangere; ImptParv—Impatiens parviflora; LamiMacl—Lamium maculatum; MiliEffs—
Milium effusum; OxalAcet—Oxalis acetosella; PolgMult—Polygonatum multiflorum; PulmObsc—
Pulmonaria obscura; QuerRobr—Quercus robur; SambNigr—Sambucus nigra; StacSylv—Stachys sylvatica;
StelMedi—Stellaria media; UrtcDioi—Urtica dioica; ViolReic—Viola reichenbachiana.

Table 3. Significance of Spearman’s rank correlation of mean EIVs with four main DCA axes within
studied riparian forests using a modified permutation test.

Axis 1 Axis 2 Axis 3 Axis 4

Rho P. Modif Rho P. Modif Rho P. Modif Rho P. Modif

Light 0.345 0.100 −0.150 0.388 0.277 0.088 0.115 0.472
Temperature 0.123 0.616 0.006 0.992 0.118 0.476 −0.265 0.088
Continentality −0.221 0.432 0.082 0.720 0.162 0.296 −0.015 0.932
Moisture −0.221 0.360 −0.500 0.012 0.162 0.316 −0.015 0.960
Soil reaction −0.268 0.244 −0.341 0.044 −0.286 0.056 0.222 0.236
Nutrients 0.069 0.732 −0.133 0.480 0.149 0.356 −0.129 0.368

On the other hand, ANOVA revealed no statistically significant differences in the
mean EIVs between the studied time periods (Figure 5), although the EIV for light showed
a steady increase over the last 60 years.
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Figure 5. Summary box-and-whisker plots of mean Ellenberg’s Indicator Values (EIVs) for three
subsequent surveys of the riparian forest in the Odra River Valley (SW Poland), produced by one-way
permutational ANOVA. The central line of each box indicates the median value, box boundaries the
lower (25%) and upper (75%) quartiles, and whiskers the range of values. F—test statistic; P. modif.
was calculated using a modified permutation test of significance for analysis of mean EIVs [73].

3.4. Changes in Litter Quality Index

We found no statistically significant changes in the litter quality index for trees (LQt)
between 1960 and 2020 (p = 0.25), although there was a difference between the first and
the last surveys and the middle one (in both cases p < 0.001, see Figure 6a). On the other
hand, the litter quality index for shrubs (LQs) has gradually decreased (see Figure 6b), with
statistically important differences between 1960 and 2020 (H = 11.4, p < 0.002).
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Figure 6. Summary box-and-whisker plots with jitters presenting changes in litter quality of trees
(LQt) (a) and shrubs (LQs) (b) between three studied surveys of the riparian forest in the Odra River
Valley (SW Poland). The central line of each box indicates the median value, box boundaries the
lower (25%) and upper (75%) quartiles, and whiskers the range of values.
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3.5. Changes in Functional Structure

Analysis of the CWMs of functional traits suggests that some have been unchanged in
the herb layer since 1960. For two functional traits, we found changes with a high level
of significance between 1960 and 2020. Changes in CWM for SLA were non-significant
between 1960 and 1990 (Figure 7a), but during the last 30 years the value of this trait
suddenly increased, with a high level of significance (H = 54.76, p << 0.001). On the other
hand, the mean height of the herb layer significantly increased between 1960 and 1990
(p << 0.001) (Figure 7b), and between 1960 and 2020 (p < 0.001).
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Figure 7. Summary box-and-whisker plots with jitters presenting changes in CWMs for analyzed
functional traits of herb layer species between three studied surveys of the riparian forest in the Odra
River Valley (SW Poland). The central line of each box indicates the median value, box boundaries
the lower (25%) and upper (75%) quartiles, and whiskers the range of values.

There were no significant differences between the first and the last period of investiga-
tion concerning LA (p = 0.13, Figure 7c) and SM (p = 0.4, Figure 7d).

The results of the RDA also suggested that the CWMs of studied plant functional traits
were not equally responsible for the observed changes in functional structure of individual
patches. All plots investigated between 1960 and 1990 showed a high consistency of
functional features. Only some of them were marked by a high level of CWMs for seed
mass and height. However, in the most recent survey, several analyzed patches showed
much higher values of SLA, and partially also of height, which has been already confirmed
by the presented analysis of changes in functional traits over time (Figure 8). The first
axis, that explained 17.4% of the variation, was correlated with changes in SLA over time.
The second axis, explaining 38.38% of the variability, seemed to correlate with leaf area,
height, and seed mass, accounting more for the internal variability of the investigated plots
(Figure 8). In the first period of investigation plots were marked by the higher values of the
CWMs for LA and SM, and during the second and third surveys the CWMs for H increased.
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Figure 8. RDA diagram visualizes the distribution of investigated plots plotted against the community
weighted means of functional traits (CWMs) within three surveys conducted in the riparian forest
reserves in the Odra River Valley (SW Poland). Explanation: red circles—1960; blue squares—1990,
green diamonds—2020.

Functional diversity FDQ (measured as Rao’s quadratic entropy) of the investigated
forests were stable from 1960 to 1990 (p = 0.35), and after 1990 it rapidly increased (Figure 9).
There were significant differences between 1960 and 2020, as well as between 1990 and
2020 (p < 0.001).
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Figure 9. Summary box-and-whisker plots with jitters presenting changes in functional diversity
FDQ (Rao’s quadratic entropy) within herb layer species for three studied surveys of the riparian
forest in the Odra River Valley (SW Poland). The central line of each box indicates the median value,
box boundaries the lower (25%) and upper (75%) quartiles, and whiskers the range of values.
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4. Discussion
4.1. Species Composition and Diversity Change

We observed significant qualitative and quantitative changes in the herbaceous vegeta-
tion of the studied riparian forests over the last six decades, which refer to species composi-
tion, richness, and diversity. Our results revealed that the species composition of the studied
forests has shifted from the community with a significant proportion of forest specialists [90]
(e.g., Aegopodium podagraria, Ajuga reptans, Paris quadrifolia, Symphytum tuberosum) to the
one in which nutrient-demanding species play a differentiating role (Impatiens parviflora,
Chelidonium majus, Galeopsis tetrahit) (Table 1).

It is also worth mentioning that in these forests there are neophytes which considerably
increased their frequency and coverage over the study time (Table 2). Their presence agrees
with earlier studies which indicated that the riparian forests are the communities highly
vulnerable to plant invasions [29,91,92]. The observed compositional change translates into
alterations in species richness and diversity—both metrics showed a significant increase in
their values, especially during the last three decades (Figure 2). Therefore, studied forests
follow the widely observed pattern of changes currently taking place in forest ecosystems
of the temperate zone. The replacement of species typical of forests by disturbance-adapted
and nutrient-demanding taxa has been recently extensively reported [12,68,93].

Interestingly, this phenomenon has not yet caused a decline in species richness at
the local scale. The loss or decline in the proportion of forest specialists is balanced by
species gains [93], which is also true for the present study. The gradual increase in species
richness that we observed may be explained by the intermediate disturbance hypothesis,
described by Connell [94], who stated that disturbances at an intermediate level maximized
species richness. However, an increase in this parameter is often due to the appearance of
early-successional, light-demanding, and invasive species that often replace shade-tolerant
forest specialists [95]. For these reasons, the total species number per se cannot be treated
as the only indicator of forest conservation values, since such an increase is often caused by
the entry into the forest by species responding to local disturbance [96]. Our study shows
the same patterns, since these gains in species number are associated with the increased
role of species that, over a long period, may negatively affect the pool of true forest species
associated with forest interiors.

4.2. Possible Reasons for the Change in Species Composition

According to Verheyen et al. [68], the increasing proportion of nutrient-demanding
species may result from a rising density of tree canopy and changes in its composition
in favor of tree species with a higher LQ index [68]. However, in the present study, LQ
remained similar over time (LQt), or decreased (LQs); thus, we may assume it did not affect
the species turnover. The increase in species richness from the initial study up to the recent
survey may also be connected with high levels of nutrients, which is in line with findings
of Bernhardt-Römermann et al. [97] and Naaf and Kolk [98], but in contrast to Verstraeten
et al. [99] who revealed a decline in the mean species richness on neutral-sites. Regarding
the presence of alien species in PAs, studies conducted in Central Europe pointed out
that nature reserves were also affected by the invasion of species, although, in general,
it seemed to be less harmful than in the case of managed forests [26,29,100]. Notably,
the study of Pyšek et al. [34] confirmed that the older the nature reserve is, the more
resistant to invasions. Such tendencies can be due to the usually higher species richness
observed in nature reserves, and the much better condition of the plant communities
protected inside them [100]. It was also examined that, in more diverse and well-preserved
(undisturbed) forest communities, alien species coexist with the native ones rather than
compete, contributing to higher species richness and diversity, or the lack of significant,
qualitative, and quantitative changes in this respect [34,68,101].
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4.3. Changes in Vegetation Type and Habitat Conditions

Our findings also suggest that although the species composition of the studied riparian
forests was less diverse (lower species richness and diversity) in the 1960s, the older plots
themselves differed more in terms of habitat conditions. It is visible on the DCA diagram,
where the distribution of the studied plots along the second axis is correlated with the EIVs
for moisture (Figure 3), and nutrients (Table 3), and in the DCA plot presenting the distribu-
tion of species (Figure 4). Such an arrangement of the sample scores and species corresponds
with the tendencies observed in the nature reserves, reported in the earlier studies [56–59],
that emphasized the presence of mainly two types of forest communities different in ref-
erence to moisture conditions, i.e., hardwood floodplain forest and oak-hornbeam forest.
Nowadays, the forest communities of the studied nature reserves are more abundant in
species, and simultaneously, their species composition is more diverse (Figure 2). However,
they seem to be more homogenized in terms of these two metrics, which may be connected
with the homogenization of edaphic conditions (e.g., ameliorations, the lack of periodic
floods, thus slightly lower moisture). The direction of these changes is not surprising
since the transition of the European floodplain forests towards drier communities, such
as oak-hornbeam forests, has been widely reported [91,92,102]. Nevertheless, the ANOVA
conducted for the entire dataset did not reveal any statistically important differences be-
tween surveys in the mean values of the EIVs, although some slight upward and downward
trends are visible in reference to light and moisture, respectively (Figure 5). Such results
may suggest that studied communities have not substantially changed in terms of habitat
conditions over the last 60 years. However, this would be an exception in the background of
recent studies, in which temporal changes in environmental conditions are widely reported
from deciduous forests [97–99,103].

4.4. Functional Structure

Studied riparian forests have changed significantly over time in terms of functional
structure. The analysis of the CWMs revealed that herbaceous vegetation has become
dominated by species with higher values of the SLA and height (H) (Figure 7). Such
species, which are usually shade-tolerant, highly competitive, and less stress-resistant
(Tables 1 and 2), gradually replace typical forest species with lower values of the above-
mentioned traits, thus, to a greater extent shaping the present functional structure of the
studied forest communities [93].

We also found significant changes in the functional diversity (FDQ) [89], which has
risen over time. Not only was the herb layer of the riparian forests poorer in species, but
also the dominant species were more similar to each other regarding their plant traits.
The lower values of FDQ may suggest that herbaceous vegetation was subjected to more
stressful conditions in the past (e.g., more frequent floods and lower light availability) and
species had to compete for resources [41]. Nowadays, studied forests are richer in species
that simultaneously differ from each other in life strategies. This may indicate a higher
level of niche differentiation and generally more optimal and less stressful conditions for
all species in the herb layer [101].

Moreover, Vanneste et al. [4] revealed that older forests might support a higher varia-
tion in functional traits (e.g., SLA, H, seed mass) because they provided a wider variety of
microhabitats, due to higher abiotic and biotic heterogeneity. Therefore, we can assume
that the rise in FDQ presented in this study may result from strict protection, which has
enhanced the formation of numerous microhabitats. Thus currently, species in the herb
layer coexist rather than compete for resources. However, paradoxically, this seemingly
positive change may facilitate the establishment of alien species which avoid competition
and may become more abundant in these newly created niches [104].

5. Conclusions

Our results revealed visible shifts in herbaceous vegetation of studied forest commu-
nities during the last six decades. These changes refer not only to species composition but
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also to the functional structure of surveyed riparian forests. Differences between surveys
mainly relate to the increase in the proportion and abundance of nutrient-demanding and
alien species, whose presence is a distinctive feature of the most recent plots collected in
2020. We also noted a statistically significant increase in the proportion of species with high
SLA and height—features typical of species with a ruderal life strategy [105]. Surprisingly,
we did not detect any significant changes in habitat conditions expressed by the EIVs.
However, a visible species turnover is reflected by a gradual replacement of forest species
with ruderal ones, regardless of that.

On the one hand, the observed trends may suggest that the strict protection of forest
communities, within small and isolated reserves, does not fully protect the species combi-
nation typical of these communities, against the processes of ruderalization understood not
only as changes in the species richness or diversity, but also in the functional structure of
the community. This happens even if PAs are located within a large (over 2000 ha) forest
complex, but subjected to intense economic (forest management) and tourist pressures. On
the other hand, strict protection may have contributed to creating new microhabitats, thus
niche differentiation and the reduction of the level of habitat disturbances. These positive
changes are reflected by the rise in functional diversity, suggesting that present communi-
ties harbor more species that differ in terms of functional traits than the same communities
in the past. The problem is that the beneficiaries of these changes are nutrient-demanding,
fast-colonizing, and alien species instead of the native ones typical of forest communities.

Therefore, this study shows that a broader perspective is highly needed in the planning
and management of the strictly protected areas. It seems that the interior of the protected
areas and their surroundings are essential to protect their biotic diversity effectively. This
may indicate the necessity to create wide buffer zones around such forest nature reserves,
that will be excluded from forest management and whose role will be only to reduce
the negative impact of the global and local environmental factors. This approach has
been proposed for the first time by Pyšeket al. [34] and is called the Several Small Inside
Single Large (SSISL) model, and, in the context of the results presented, it seems to be an
appropriate solution to maximize the species richness of nature reserves and to minimize the
risk of plant invasions. Therefore, to fulfill the current assumptions of the EU biodiversity
strategy concerning the establishment of areas of strict protection, several factors should be
taken into account. Firstly, even when protected, forested areas are not extensive in their
area (preferably, the bigger they are, and the more diverse in habitat, the better), and they
should not be surrounded by intensively managed forests. Secondly, forest nature reserves
should be spatially connected to allow free species exchange. Otherwise, when small and
isolated, they are prone to undesirable changes in their species composition and functional
structure, as we observed.
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weighted means (CWMs) for functional traits and functional diversity (FDQ).
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15. Vačkář, D.; Harmáčková, Z.V.; Kaňková, H.; Stupková, K. Human Transformation of Ecosystems: Comparing Protected and
Unprotected Areas with Natural Baselines. Ecol. Indic. 2016, 66, 321–328. [CrossRef]

16. Hobbs, R.J.; Huenneke, L.F. Disturbance, Diversity, and Invasion: Implications for Conservation. Conserv. Biol. 1992, 6, 324–337.
[CrossRef]

17. Levine, J.M.; Adler, P.B.; Yelenik, S.G. A Meta-Analysis of Biotic Resistance to Exotic Plant Invasions. Ecol. Lett. 2004, 7, 975–989.
[CrossRef]

18. Gallardo, B.; Aldridge, D.C.; González-Moreno, P.; Pergl, J.; Pizarro, M.; Pyšek, P.; Thuiller, W.; Yesson, C.; Vilà, M. Protected
Areas Offer Refuge from Invasive Species Spreading under Climate Change. Glob. Chang. Biol. 2017, 23, 5331–5343. [CrossRef]

19. Geldmann, J.; Barnes, M.; Coad, L.; Craigie, I.D.; Hockings, M.; Burgess, N.D. Effectiveness of Terrestrial Protected Areas in
Reducing Habitat Loss and Population Declines. Biol. Conserv. 2013, 161, 230–238. [CrossRef]

20. Rija, A.A.; Critchlow, R.; Thomas, C.D.; Beale, C.M. Global Extent and Drivers of Mammal Population Declines in Protected Areas
under Illegal Hunting Pressure. PLoS ONE 2020, 15, e0227163. [CrossRef]

21. Clark, N.E.; Boakes, E.H.; McGowan, P.J.K.; Mace, G.M.; Fuller, R.A. Protected Areas in South Asia Have Not Prevented Habitat
Loss: A Study Using Historical Models of Land-Use Change. PLoS ONE 2013, 8, e65298. [CrossRef] [PubMed]

22. Galford, G.L.; Soares-Filho, B.S.; Sonter, L.J.; Laporte, N. Will Passive Protection Save Congo Forests? PLoS ONE 2015, 10, e0128473.
[CrossRef] [PubMed]

23. Maxwell, S.L.; Cazalis, V.; Dudley, N.; Hoffmann, M.; Rodrigues, A.S.L.; Stolton, S.; Visconti, P.; Woodley, S.; Kingston, N.; Lewis,
E.; et al. Area-Based Conservation in the Twenty-First Century. Nature 2020, 586, 217–227. [CrossRef] [PubMed]

24. Lecina-Diaz, J.; Alvarez, A.; De Cáceres, M.; Herrando, S.; Vayreda, J.; Retana, J. Are Protected Areas Preserving Ecosystem
Services and Biodiversity? Insights from Mediterranean Forests and Shrublands. Landsc. Ecol. 2019, 34, 2307–2321. [CrossRef]

25. Foxcroft, L.C.; Pyšek, P.; Richardson, D.M.; Genovesi, P. Plant Invasions in Protected Areas: Patterns, Problems and Challenges;
Springer Science & Business Media: Dordrecht, The Netherlands, 2013; ISBN 9789400777507.

http://doi.org/10.1641/B571007
http://doi.org/10.1111/j.1654-1103.1997.tb00842.x
http://doi.org/10.1126/science.aac6759
http://www.ncbi.nlm.nih.gov/pubmed/26293952
http://doi.org/10.1016/j.baae.2018.09.004
http://doi.org/10.1016/j.foreco.2009.09.023
http://doi.org/10.1073/pnas.0606291103
http://www.ncbi.nlm.nih.gov/pubmed/17001018
http://doi.org/10.1016/j.foreco.2009.09.001
http://doi.org/10.1073/pnas.1920816117
http://doi.org/10.1126/science.aat7631
http://doi.org/10.1126/science.aba6880
http://doi.org/10.1016/j.envpol.2018.07.089
http://www.ncbi.nlm.nih.gov/pubmed/30115529
http://doi.org/10.1111/ele.13937
http://www.ncbi.nlm.nih.gov/pubmed/34866301
http://doi.org/10.1111/ddi.12592
http://doi.org/10.1126/science.1239268
http://www.ncbi.nlm.nih.gov/pubmed/24233709
http://doi.org/10.1016/j.ecolind.2016.02.001
http://doi.org/10.1046/j.1523-1739.1992.06030324.x
http://doi.org/10.1111/j.1461-0248.2004.00657.x
http://doi.org/10.1111/gcb.13798
http://doi.org/10.1016/j.biocon.2013.02.018
http://doi.org/10.1371/journal.pone.0227163
http://doi.org/10.1371/journal.pone.0065298
http://www.ncbi.nlm.nih.gov/pubmed/23741486
http://doi.org/10.1371/journal.pone.0128473
http://www.ncbi.nlm.nih.gov/pubmed/26106897
http://doi.org/10.1038/s41586-020-2773-z
http://www.ncbi.nlm.nih.gov/pubmed/33028996
http://doi.org/10.1007/s10980-019-00887-8


Forests 2022, 13, 747 17 of 19

26. Chmura, D.; Sierka, E. The Occurrence of Invasive Alien Plant Species in Selected Forest Nature Reserves in Southern Poland as a
Conservation Problem. Nat. Conserv. 2006, 62, 3–11.

27. Chmura, D.; Gucwa-Przepióra, E. Interactions between Arbuscular Mycorrhiza and the Growth of the Invasive Alien Annual
Impatiens Parviflora DC: A Study of Forest Type and Soil Properties in Nature Reserves (S Poland). Appl. Soil Ecol. 2012, 62,
71–80. [CrossRef]

28. Riitters, K.; Potter, K.M.; Iannone, B.V.; Oswalt, C.; Guo, Q.; Fei, S. Exposure of Protected and Unprotected Forest to Plant
Invasions in the Eastern United States. For. Trees Livelihoods 2018, 9, 723. [CrossRef]

29. Lapin, K.; Oettel, J.; Steiner, H.; Langmaier, M.; Sustic, D.; Starlinger, F.; Kindermann, G.; Frank, G. Invasive Alien Plant Species in
Unmanaged Forest Reserves, Austria. NeoBiota 2019, 48, 71–96. [CrossRef]
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Classification and Biogeography of European Floodplain Forests and Alder Carrs. Appl. Veg. Sci. 2016, 19, 147–163. [CrossRef]

93. Staude, I.R.; Waller, D.M.; Bernhardt-Römermann, M.; Bjorkman, A.D.; Brunet, J.; De Frenne, P.; Hédl, R.; Jandt, U.; Lenoir, J.;
Máliš, F.; et al. Replacements of Small- by Large-Ranged Species Scale up to Diversity Loss in Europe’s Temperate Forest Biome.
Nat. Ecol. Evol. 2020, 4, 802–808. [CrossRef] [PubMed]

94. Connell, J.H. Diversity in Tropical Rain Forests and Coral Reefs. Science 1978, 199, 1302–1310. [CrossRef] [PubMed]
95. Catford, J.A.; Daehler, C.C.; Murphy, H.T.; Sheppard, A.W.; Hardesty, B.D.; Westcott, D.A.; Rejmánek, M.; Bellingham, P.J.; Pergl,

J.; Horvitz, C.C.; et al. The Intermediate Disturbance Hypothesis and Plant Invasions: Implications for Species Richness and
Management. Perspect. Plant Ecol. Evol. Syst. 2012, 14, 231–241. [CrossRef]

96. Boch, S.; Prati, D.; Müller, J.; Socher, S.; Baumbach, H.; Buscot, F.; Gockel, S.; Hemp, A.; Hessenmöller, D.; Kalko, E.K.V.; et al.
High Plant Species Richness Indicates Management-Related Disturbances rather than the Conservation Status of Forests. Basic
Appl. Ecol. 2013, 14, 496–505. [CrossRef]

97. Bernhardt-Römermann, M.; Baeten, L.; Craven, D.; De Frenne, P.; Hédl, R.; Lenoir, J.; Bert, D.; Brunet, J.; Chudomelová, M.;
Decocq, G.; et al. Drivers of Temporal Changes in Temperate Forest Plant Diversity Vary across Spatial Scales. Glob. Chang. Biol.
2015, 21, 3726–3737. [CrossRef]

98. Naaf, T.; Kolk, J. Initial Site Conditions and Interactions between Multiple Drivers Determine Herb-Layer Changes over Five
Decades in Temperate Forests. For. Ecol. Manag. 2016, 366, 153–165. [CrossRef]

99. Verstraeten, G.; Baeten, L.; Van den Broeck, T.; De Frenne, P.; Demey, A.; Tack, W.; Muys, B.; Verheyen, K. Temporal Changes in
Forest Plant Communities at Different Site Types. Appl. Veg. Sci. 2013, 16, 237–247. [CrossRef]

100. Pyšek, P.; Jarošík, V.; Kučera, T. Patterns of Invasion in Temperate Nature Reserves. Biol. Conserv. 2002, 104, 13–24. [CrossRef]
101. Bernhardt-Römermann, M.; Römermann, C.; Pillar, V.D.; Kudernatsch, T.; Fischer, A. High Functional Diversity Is Related to High

Nitrogen Availability in a Deciduous Forest—Evidence from a Functional Trait Approach. Folia Geobotanica 2010, 45, 111–124.
[CrossRef]

102. Härdtle, W.; Bergmeier, E.; Fichtner, A.; Heinken, T.; Hölzel, N.; Remy, D.; Schneider, S.; Schwabe, A.; Tischew, S.; Dierschke, H.
Pflanzengesellschaft Des Jahres 2021: Hartholz-Auenwald (Ficario-Ulmetum). Tuexenia 2020, 40, 373–399. [CrossRef]
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