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Abstract: As the human population grows, the transformation of landscapes for human uses increases.
In recent homogeneous and predominantly agricultural landscapes, land-cover and management
changes are considered the main drivers of vascular plant diversity. However, the specific effects of
land-cover classes across whole heterogeneous landscapes are still insufficiently explored. Here, we
investigated two floristic surveys realised in 1997 and 2021, accompanied by fine-scale land-cover
classes detected in 1950, 1999 and 2018, to reveal the impact of historical and present land cover
on the pattern of species composition and species richness in the bilateral Podyji and Thayatal
National Parks. Multi-dimensional analyses revealed that the species composition was driven by
the fine-scale historical land cover, the overall species richness was mostly affected by the river
phenomenon and the present richness was mostly affected by increased soil nutrients. In well-
preserved protected areas, it is especially desirable to restore disappearing land-cover classes with
traditional or compensatory management to retain plant species richness, which is a key factor of
biodiversity. However, management plans should also take into account the increasing amount of
nitrogen in soils from long-term continual deposition, which can strongly impact the species richness,
even in national parks with low current deposition.

Keywords: species richness; species composition; land cover; Podyji/Thayatal National Parks;
vascular plants

1. Introduction

In central Europe, humans have affected landscapes and plant diversity since the
Neolithic times [1]. However, with growing populations and the consequent pressure on
land use, this impact has steadily increased over time [2,3]. This pressure has been most
pronounced during the past two hundred years, after the modern agricultural revolution
and industrial revolution at the end of the 18th and beginning of the 19th century [4]
that introduced, among others, new crops, new agricultural systems, mechanisation and
artificial fertilisation [5]. Besides food, the growing population also demanded more space
for living, resulting in the spread of settlements and the accompanying transportation
infrastructure [6]. While more fertile regions started to be overexploited over this period,
less fertile and accessible regions, typically mountainous regions, started to be abandoned,
mainly leading to the spread of forest [2,3]. The land overexploitation of fertile regions
and abandonment of mountainous regions accelerated after the Second World War in
western parts of Europe, connected with the so-called productivist agriculture and market
economies [5], while in eastern parts of Europe, the introduction of the so-called socialist
agriculture, connected with forced collectivisation, were the main drivers [7]. Both types
were characterised by the heavy use of fertilisers, pesticides and mechanisation, leading
to the loss and fragmentation of traditionally managed habitats [8]. Therefore, the long
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historical land-use/cover continuity in large areas was greatly disrupted, leading to ho-
mogenisation and sharp declines in biodiversity [6]. Indeed, many studies showed that
regions with continuous land-cover and/or traditional land-use management enable the
accumulation of many species at specific individual sites and can contribute to reducing
the chance of random extinctions of rare species [9-11]. Such regions are usually protected
and harbour one of the most species-rich plant communities, e.g., Bilé Karpaty (White
Carpathian) Mts. in the Czech Republic [12-15].

However, historical continuity is only one of the factors influencing the diversity
of plant communities. Diversity naturally varies across landscapes, with environmental
factors, such as precipitation, soil pH, nutrient and light availability; biomass productiv-
ity [16-19]; and geological diversity causing some regions to have unusually high diversity
and others to be much poorer. In addition, high topographic and meso-climatic diver-
sity [20] can also affect patterns of species diversity, as well as alien plant invasions [21].
Both topographic and meso-climatic diversity may be even more accentuated in deep
river valleys, where they are known as a ‘river phenomenon’ [22]. Nevertheless, the main
drivers of species composition and species richness are considered to be land-use and
management changes (in connection with historical continuity), which affect not only pre-
dominantly lowland agricultural landscapes [11,23] and settlements [24] but also mountain
regions [25,26]. In general, land-cover studies have usually focused on only one type of
habitat, such as grasslands [11,24] and forests [6,27], in landscapes with relatively homo-
geneous environmental conditions. They have generally confirmed that the combined
historical and current land use is reflected in current patterns of diversity [28]. A few
studies have investigated more than one land-cover category, e.g., open rural habitats [24].
A study by Michalcova [10] found that the land-cover diversity of the whole landscape
contributes to between-site similarities in species composition, with the co-occurrence
of many species increasing the species richness. However, complex studies of fine-scale
land-cover classes at a regional scale in heterogeneous landscapes are still lacking.

In this study, we focused on two aspects of the relationships between fine-scale land-
cover history and plant diversity at a regional scale in two central European national
parks. First, we examined spatial heterogeneity and compared two types of landscapes
with distinctive geomorphological features: a deep river valley and surrounding rather
flat plains. Second, we focused on all types of habitats in the studied landscape. Our
analyses, therefore, aimed to answer the following questions: (1) How does fine-scale land
cover influence plant species composition in naturally well-preserved areas with long-term
human impacts, but with very distinctive geomorphologies? (2) Is the species composition
dependent on present or rather historical land cover? (3) Which types of land cover and
relevant landscape heterogeneity indicators are important for current species richness
compared with more than twenty years ago?

2. Materials and Methods
2.1. Study Area

This study was performed in the bilateral Podyji and Thayatal National Parks (NPs)
and buffer zone of the Podyji NP, situated between the towns of Vranov nad Dyji (48°54
N, 15°49’ E) and Znojmo (48°52' N, 16°03’ E) along the state border between the Czech
Republic and Austria (Figure 1). The total area is 105 km?, with NP Podyji covering 63 km?,
Thayatal NP covering 13 km? and the Podyji NP buffer zone covering 29 km?. A protected
landscape area on the Czech side was declared in 1978 and was then transformed into a
national park in 1991. On the Austrian side of the Dyje (Thaya) river, a national park was
declared in 2000. The main part of the protected areas is formed by the river Dyje, which
flows through a deep valley with varied morphology [29] and a diverse mosaic of habitats
on slopes of different aspects [22]. The Dyje valley is surrounded by more or less flat relief
of adjacent plateaus. The altitudinal range is from 210 m a.s.l. (river Dyje in Znojmo) to
536 m a.s.l. (By¢i hora hill near Vranov n. D.), and the maximum valley depth is almost
200 m. From a geological perspective, the crystalline bedrock of the Bohemian massif
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is mainly formed by gneiss, schist and granite, with restricted occurrences of crystalline
limestone [30]. The eastern part of the study area is filled with Neogene sediments and the
plateaus are covered by loess. Other Quaternary sediments can be found in the Dyje river
and many stream valleys.

Figure 1. Study area in Austria and the Czech Republic divided into 115 grid cells within three groups
according to the geomorphology and surveyed area of each cell (see Section 2.2): inner, river and fringe.
The background map shows forests (dark green), watercourses (blue) and settlements (grey).

The study area is classified as a warm and dry region, with an average yearly temper-
ature between 8 and 9 °C, mean annual precipitation of 550-600 mm and a distinct NW-SE
gradient from a moderately warm to warm climate [31]. The area is located in the transition
zone between the Hercynian and Pannonian floristic regions [32] and, therefore, has a
significant proportion of thermophilous and continental species [22]. These varied environ-
mental conditions have also been accompanied by specific human impacts, including the
location along the so-called Iron Curtain in the second half of the 20th century, characterised
by restricted movement along the Czech-German and Czech—Austrian borders. There-
fore, the study area can be considered a biodiversity hotspot [33-35], with 1555 historically
recorded species of vascular plants [36], i.e., much more species than the individual national
parks in adjacent Austria (e.g., the area richest in species is the Hohe Tauern harbour with
1077 species, [37]).

The Podyji and Thayatal NPs and their surroundings have been continuously inhab-
ited since 5000-6000 BC [38—-42]. For more than 800 years, mainly before the industrial
revolution in the 19th century, human impacts were reflected in deforestation, pasture,
burning, litter raking and coppicing [43], as well as in the cultivation of slope terraces
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for wine production. After the industrial revolution and the population explosion in the
19th century, anthropogenic pressure spread to the non-forested, agricultural landscape.
This was accomplished by using more efficient tillage systems and the introduction of
fertilisers in the 19th century and by agricultural mechanisation, the use of pesticides and
fungicides, and land consolidation in the 20th century [5]. These practices have completely
changed the landscape configuration and contributed to its degradation, especially in the
intensively used agricultural surroundings of both national parks. While forests signifi-
cantly dominated in Thayatal NP for at least the last 200 years, Podyji NP was characterised
by quite a large proportion of open landscape (24-35%) with permanent grassland and later
arable land between the 1840s and 1930s, though forests have dominated since the second
half of the 20th century. In contrast, the Podyji NP buffer zone has been characterised by a
greater variety in the form of vineyards, orchards, grasslands and settlements, and forests
were (and still are) quite scarce [44]. Long-term continuity of forests and grasslands based
on topographic maps has shown that nearly 50% of forests in the NP were preserved over
the last 200 years, while less than 1% of grasslands were preserved [44].

2.2. Vascular Plant, Land Cover and Supplementary Data

Our data set consisted of a floristic grid cell survey of vascular plants conducted in two
periods: 1992-1993 (first floristic survey; [45]) and 2019-2020 (second floristic survey; [36]).
The grid used was derived from the grid of Central European floristic mapping by dividing
the area into basic grid cells that are 17 x 0.6" (1.2 x 1.1 km) in size. Accordingly, the
study area comprised 115 grid cells, with each cell containing a list of vascular plant
taxa. The standardised methodology was applied with one exception. While during the
first floristic survey, plant data were collected for the whole grid cell, regardless of the
borders of the study area, during the second floristic survey, plant data were collected
only for parts of the grid cell lying inside the study area. The nomenclature of plant taxa
follows Kaplan et al. [46], where some hybrids or records identified only at the genus level
were removed. The resulting data set included 1412 species, which is still higher than in
individual Austrian National Parks (see above, [37]).

We assessed the land cover based on aerial photos, orthophotos and other digital
sources in three time steps: 1954-1955 (pixel resolution 0.5 m), 19992001 (pixel resolution
0.2 m) and 2018-1019 (pixel resolution 0.2 m). Other digital sources were in a vector format
and included agricultural data from the Land Parcel Information System (from 2020);
digital cadastre data (from 2020); biotope mapping (from 2013); and settlements, roads,
railroads and watercourses from the Fundamental Base of Geographic Data on the Czech
Republic (from 2020). Roads, railroads and watercourses were transformed to polygon
layers by buffering them with preset criteria (first-class roads 22 m wide, second-class roads
12 m, third-class roads 10 m, paved roads and streets 6 m, unpaved roads and railroads
4 m, watercourses 2 m). For the Czech part of the study area, we combined the vector
data and used the result as a basis for the present state, which was adjusted and classified
with the help of orthophotos from 2018-2019 [44]. We derived the present land cover in
the vector format for the Austrian part by vectorizing each orthophoto. The minimum
mapping unit was set to 50 m?, but in the case of settlement areas, it was lowered to 15 m?
in order to capture individual buildings. We verified the resulting land-cover layer vector
in the field and adjusted it accordingly. Then, we used the present land-cover layer vector
as a source for the 1999-2001 layer, where the boundaries of individual polygons were
adjusted via backward editing [5] and reclassified according to the relevant orthophoto. We
derived the land cover for the 1954-1955 layer via the same procedure, using the 1999-2001
layer as a basis. However, since the orthophoto from 1954-1955 had a coarser resolution,
some features, namely, settlements and, to some degree, small agricultural plots, were
characterized. The land-cover layers in the following text are referred to as the 1950s (from
period 1954-1955), 1990s (from period 1999-2001) and present (from period 2018-2020).

In total, we distinguished 30 land-cover classes. They included forest (closed canopy
woody vegetation); sparse forest (open canopy woody vegetation, characterized according
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to [47] as a forest with trees or shrubs 15-40 m apart); clearings (including shrubs and forest
nurseries); grass-forb (grassland with scattered trees); meadows (including pastures); fallow
land (land not cultivated for at least two years); natural bare surfaces (mainly rocks); natural
water bodies (in the form of pools); artificial water bodies; streams; swamps (wetlands);
smallholdings; small orchards (<1 ha); small vineyards (<1 ha); vineyards with trees,
arable fields with trees; small arable fields (<1 ha); large orchards (>1 ha); large vineyards
(>1 ha); large arable fields (1-30 ha); very large arable fields (giant) (>30 ha); gardens; public
greenery; recreational areas; mining areas; waste dumps; residential built-up areas (with
public buildings); industrial, agricultural and commercial areas; and roads and railroads.
Two land-cover classes (natural water bodies and railroads) were omitted from the analyses
due to their negligible areas.

For the land-cover analysis, for each grid cell, we calculated the proportion of land-
cover classes from the three periods. We also calculated the number of patches for each
grid cell, which served as the landscape heterogeneity indicator.

As supplementary variables, we used five characteristics derived from maps that
could probably influence the species richness or species composition: the area belonging
to Podyji National Park (NP), the area of the Podyji NP buffer zone, the area belonging
to Thayatal NP, the area of unchanged land cover and the geological diversity. The last
was computed as the Shannon diversity index based on the proportions of bedrock types
from Geologische Karte der Republik Osterreich 1:50,000, sheet Retz [48]. The geological
diversity was counted for each grid cell, with original bedrock types merged into seven
broader categories (gneiss, granite, schist, calcareous rocks, neogene sediments, loess, other
Quaternary sediments). Further, we used the number and characteristics of alien plant
species according to PySek et al. [49] and the total number of all four (C1-C4) categories
of endangered species and the number of critically endangered (C1) and endangered (C2)
species evaluated using The Red List of vascular plants of the Czech Republic [50]. Based
on the species composition we computed mean Ellenberg indicator values calibrated for
the Czech flora (EIVs; light, temperature, moisture, soil reaction, nutrients; [51]).

2.3. Statistical Analyses

To address question 1, first, we had to calculate the Bray—Curtis dissimilarity for
the land cover and the Sorensen dissimilarity for floristic presence/absence data. Then,
the composition and changes in land cover and floristic data were explored using the
following analyses: (1) principal coordinates analysis (PCoA) embedded mentioned dis-
similarities and were combined with the Hellinger distance (supplementary variables were
tested using the multiple regression with 999 permutations (p < 0.001), and Ellenberg
indicator values were tested using the modified permutation test according to Zeleny et
Schaffers [52]), (2) permutational multivariate analysis of variance using distance matri-
ces (PERMANOVA) [53,54] and (3) multivariate homogeneity of the groups’ dispersions
(PERMDISP) [54,55]. Further, the floristic beta diversity between particular surveys was
computed as the Sorensen dissimilarity.

To address questions 1 and 3, changes in species richness, alien species, neophytes,
EIVs and beta diversity were displayed in boxplots and analysed using parametric pairwise
or unpaired t-tests accordingly, while changes in individual classes of land cover (used
as relative area, i.e., percentages of the whole grid cell) were assessed using the non-
parametric Friedman test (if p < 0.001, then analysis with post hoc Wilcoxon pair rank-sum
tests with Bonferroni correction followed). Further changes in land-cover heterogeneity
were evaluated using ANOVA repeated measures analysis (if p < 0.001, then analysis with
Tukey’s post hoc tests followed) and changes in the proportions of unchanged land were
analysed using the non-parametric Wilcoxon rank-sum test.

To address question 2, but also necessary for question 1 to reveal the limit value of
included/surveyed grid cells area, which shows the similar pattern of species richness as
the whole area of grid cells, and to identify the major land-cover classes influencing the
species richness, we performed an analysis of regression trees based on the CART concept
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(classification and regression trees [56]; libraries rpart and rpart.plot [57]). First, we used
the species richness per grid cell recorded during the second floristic survey as a dependent
variable, while the proportions of each land-cover class detected in the second floristic
survey, included/surveyed area of grid cells, landscape heterogeneity and proportions of
individual NPs and the buffer zone were used as explanatory variables.

The regression trees based on the second floristic survey specified a limit value of
72 ha (53%) of the surveyed grid cell area (see Section 3), with grid cells surveyed in a
larger area that was comparable in species richness to grid cells surveyed in the whole area.
For subsequent analyses, we also divided the whole number of grid cells (n = 115) into
three groups: (1) fringe cells (n = 37 for the second floristic survey, while n = 32 for the
first floristic survey since five fringe cells were not surveyed) comprising grid cells on the
border of the study area with smaller surveyed areas; and other cells (n = 78), which were
separated into (2) inner cells (n = 44), within which the flow of the Dyje river is not present,
and (3) river cells around and including the Dyje river (n = 34). Then, using regression trees,
we analysed the corresponding data from the first floristic survey, examining only the inner
and river cells (n = 78) according to another survey methodology. To better understand the
environmental patterns, we then performed another regression tree with the addition of
mean Ellenberg indicator values among the explanatory variables for the first and second
surveys separately. All four trees were pruned according to expert knowledge into a
maximum of eight leaf nodes.

To address questions 1 and 2, i.e., to examine the impact of the fine-scale land cover
of three time periods on vegetation composition, we first classified grid cells based on
the land-cover data. The proportions of 28 land-cover types were square-rooted and the
Bray—Curtis dissimilarity was computed; then, the beta-flexible method (3 = —0.25) was
used to create three distinctive groups. Such a classification was performed on land-cover
data from all periods, while the classification from the 1950s land cover was displayed on
floristic data in the principal coordinates analysis (PCoA; Sorensen dissimilarity, Hellinger
distance). The impact of these land-cover classifications, together with the landscape
heterogeneity and geomorphology coupled with the meso-climate (river phenomenon),
on species composition was tested using distance-based redundancy analysis (db-RDA;
Sorensen dissimilarity, Hellinger distance). Because the high geological diversity of the
Podyiji and Thayatal NPs could also affect the species richness and the species composi-
tion [10,22,30], we included this diversity in the db-RDA as a covariate to remove its impact.
First, we calculated the significance and adjusted the R? of the whole model, and then used
a forward selection method appropriate for particular variable testing in db-RDA.

We used ArcGIS software (ESRI 2016-2021), version 10.3-10.5, for the production of
land-cover layers and all maps, and R software (R Core Team 2018) for statistical analyses
with the libraries tidyverse [58], ggpubr [59], rstatix [60], vegan [61], cluster [62], rpart [57]
and rpart.plot [63].

3. Results

The PERMANOVA analysis showed that the land cover significantly differed
(p < 0.001) between the 1950s and 1990s within both the inner and river cells, while there
was no significant difference between the 1990s and the present (Table 1). No difference
in land cover was found within fringe cells. At the same time, the PERMDISP analysis
revealed no changes in the overall landscape diversity between the examined periods.
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Table 1. The permutational multivariate analysis of variance using distance matrices (PERMANOVA)
and multivariate homogeneity of groups dispersions (PERMDISP) for the land-cover and floristic
data were based on the Bray—Curtis dissimilarity for land cover and Sérensen dissimilarity for floristic
presence/absence data. n.s.—not significant.

L. . PERMANOVA PERMDISP
Characteristics Regions
F p F p
First vs. second floristic Whole model 7.33 <0.001 4.66 0.032
mapping River 4.12 0.002 n.s.
Inner 4.56 <0.001 3.87 0.03
Whole model 8.04 <0.001 n.s.
Land cover 1950 vs. 1997 River 10.29 <0.001
Inner 6.01 <0.001
Fringe n.s.
Land cover 1997 vs. 2018 Whole model n.s. n.s.
Whole model 8.71 <0.001 n.s.
Land cover 1950 vs. 2018 River 12.77 <0.001
Inner 5.69 <0.001
Fringe n.s.

The large shift in land cover between the 1950s and 1990s (Figure Al) was clear,
especially in the huge decrease in sparse forest (Figure 2b), meadow (Figure 2d) and grass-
forb vegetation (Figure 2e) within both the inner and river cells; in contrast, there was
an increase in fallow land (Figure 2f) within inner cells and closed canopy forest within
river cells (Figure 2a). Another significant decrease was documented in inner cells within
orchards, vineyards with trees, fields with trees and small fields (<1 ha; Figure 2c); in
contrast, there was an increase in gardens and giant fields (>30 ha).

The same analyses for floristic data revealed a significant difference in the species
composition of inner (p < 0.001) and river (p = 0.002) cells between the first and second
floristic surveys, as well as in the gamma diversity of inner cells (p < 0.03), which was not
significant in river cells (Table 1).

The PCoA analysis of species composition with regressed supplementary variables
(Figure 3) showed a slow decrease in the species richness of both inner and river cells (but
according to the pairwise t-test, the differences within these groups were not significant,
Figure 4a), and there was a decrease in the light conditions (Figure A2b). Conversely, we
found an increase in soil nutrients within both inner and river cells (EIV for nutrients;
Figure A2a), while river cells showed an obvious shift to higher moisture conditions. Fringe
cells revealed an increase in soil nutrients. The beta diversity comparing both surveys was
significantly higher within inner cells (Figure 4b).

The impact on the species composition in the study area showed a similar pattern in
both examined floristic surveys (Table 2). The highest impact was caused by the historical
land cover (identified in the previous period; Table 1 and Figure 5), followed by the river
phenomenon (geomorphology combined with meso-climate) and present land cover. In
contrast, the landscape heterogeneity (Figure A2c) was not significant, and the land cover
of the 1950s applied to the second floristic survey had only a negligible impact (under 1%
of the explained variability).
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Figure 2. Changes in the relative areas (percentages of the whole grid cell area) of (a) forest,
(b) sparse forest, (c) fields (<1 ha), (d) meadows, (e) grass-forb vegetation and (f) fallows were
assessed using the Friedman test, and when significant (p < 0.001), with the post hoc Wilcoxon
pairwise test with a Bonferroni correction (p < 0.01), for three periods: 1950, 1999 and 2018. Whiskers
indicate the non-outlier range, with the median as the middle; boxes show 25-75% percentiles.
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Figure 3. The principal coordinates analysis (PCoA) of the floristic data (Sorensen dissimilarity) of
110 grid cells in the Podyji and Thayatal NPs and the Podyji buffer zone from both floristic surveys
(1997 and 2021). Ellipses represent groups of inner, river and fringe grid cells within both floristic
surveys and are drawn around the medoids of the respective cells (see Methods); if they do not
overlap, the groups differed. Only those supplementary variables that were significant in the
multiple regression are shown (p < 0.001; het—landscape heterogeneity; C1—number of critically
endangered species; C2—number of endangered species category C2; endangered species—number
of all endangered species of categories C1-C4 according to [50]). The blue arrows represent Ellenberg
indicator values, which were tested using a modified permutation test according to Zeleny and
Schaffers ([52]; p < 0.001 for light, temperature and moisture; p < 0.002 for soil nutrients and p < 0.003
for soil reaction).
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Figure 4. Changes and differences in (a) species richness, (b) beta diversity (Sorensen dissimilarity;
non-pair f-test), (c) number of alien species and (d) number of neophytes per grid cell within both
the first (1997) and the second survey (2021) separated into inner (n = 44) and river (n = 34) group
cells (see Methods). The letters above boxes indicate the results of pairwise ¢-tests between surveys
within each group, while the letters below boxes show results of the non-pair t-test between the
groups (a,c,d). Whiskers indicate the non-outlier range with the median as the middle; boxes show
the 25-75% percentiles.

Among the present land-cover classes, the most important for species richness was
streams, i.e., those grid cells including parts of the Dyje river (Figure 6b). This was followed
by recreation, then sparse forest and meadows. Similarly, in the first floristic survey, the
major impact on species richness was caused by streams (Figure 6a), which was also an
important variable in the secondary branch level, together with meadows (Figure 6a; only
78 grid cells analysed; see Section 2.3).



Land 2022, 11, 814

10 0of 18

Table 2. Variables tested in the distance-based redundancy analysis (db-RDA; Strensen dissimilarity,
Hellinger distance; geological diversity filtered as a covariate), assessed the variation of the whole model
and then tested using forward selection with an adjusted R? and Holm’s correction. n.s.—not significant.

Survey Variables Adj.R? P Holm’s Corrected p
Whole model 0.126 0.001 0.126
Land-cover classification 1999 0.059 0.001 0.059
River phenomenon 0.034 0.001 0.034
Second floristic survey 1 and-cover classification 2018 0.023 0.001 0.023
Land-cover classification 1950 0.008 0.001 0.008
Landscape heterogeneity 2018 n.s.
Landscape heterogeneity 1999 ns.
Whole model 0.135 0.001 0.135
Land-cover classification 1950 0.058 0.001 0.058
First floristic survey River phenomenon 0.047 0.001 0.047
Land-cover classification 1999 0.021 0.001 0.021
Landscape heterogeneity 1999 n.s.
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Figure 5. The principal coordinates analysis (PCoA) of the floristic data (Sorensen dissimilarity) of
110 grid cells in Podyji and Thayatal NPs and the Podyji buffer zone from both floristic surveys (1997
and 2021) shows the shift in plant species composition within three groups of grid cells clustered on
land cover observed in 1950. Ellipses are drawn around the medoids of three groups of cells based on
the classification of land-cover data detected in the 1950s (see Methods); if they do not overlap, the
groups differed.
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27, 378
24% 19%
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Figure 6. The regression trees for species richness in surveys in (a) 1997 (n = 78) and (b) 2021 (n = 115)

based on the proportions (%) of individual land-cover categories per grid cells, landscape heterogeneity
and proportions (%) of individual NPs and surrounding area, resp. surveyed area per grid cells (CE;
within 2021). Numbers in each node represent the average of species richness in this node.

When adding the Ellenberg indicator values (EIVs) to the explanatory variables
(Figure 7b), the lower content of nutrients (EIV for nutrients) was the most important
for species richness in the second floristic survey, while the next node level comprised both
the stream and EIVs for soil reaction (the most species-rich grid cells had a higher value of
EIV for soil reaction). The EIV for light was also important. Similarly, when adding the
EIVs into the first floristic survey analysis (Figure 7a), the major impact remained from
streams, while in the secondary branch level, both meadows and lower EIVs for nutrients
were important. Again, the EIV for light was also important.

(a) Species richnes 1997 (n =78) (b) Species richnes 2021(n = 115)

meadow < 2.1

277 378
24% 19%

305
100%

CE<72
0
100% 72
stream < 0.25 68%
rCE<107 Nu>=53
418
56%, 326 437
40% 28%
Nu>=51—m
stream <2.6— rRe <6.4-
38% 30%
Li<6.2 Li<6.3

316 404 494 99 209 273 327 395 383 485
9% 29% 18%, 13% 19% 14% 16% 10% 13% 15%

Figure 7. The regression trees for species richness in surveys in (a) 1997 (n = 78) and (b) 2021 (n = 115)
based on the proportions (%) of individual land-cover categories per grid cells, landscape heterogeneity
and proportions (%) of individual NPs and Podyji buffer zone, as well as Ellenberg indicator values (see
Section 2.2; Nu—nutrients, Re—soil reaction, Li—light), resp. surveyed area per grid cells (CE; within
2021). Numbers in each node represent an average of species richness in this node.
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4. Discussion

Our analyses might seem to have been led by partitioning based on the different beta
diversity patterns (Figure 4b) and geomorphology into (1) river cells characterised by high
geomorphological and meso-climatic diversity [21] (river phenomenon) accompanied by a
diverse mosaic of habitats on slopes with different aspects, and (2) inner cells representing
mainly gently undulating landscape with settlement accompanied by a rich mosaic of
land cover, including rare heathlands, resulting in high plant diversity ([64]; Figure 3).
However, the strong river phenomenon described in the studied area [22] and documented
in our analyses (Figures 4a, 6 and 7) did not result in major impacts on species composition
(Table 1). The major impact on species composition was found to be due to the histori-
cal land cover (Table 1 and Figure 5). This effect of historical land-cover continuity was
demonstrated mainly for traditionally managed grasslands [9,11,65]. However, continually
used grasslands (between 1840 and 2018) in the study area covered only 0.6%. Therefore, any
separate effect of grassland continuity in our study area would be rather weak. This is different
from, e.g., the White Carpathians, where continual meadows cover 3.8% of their area. On small
plot sizes, these meadows are the most species-rich in the world [12,13]. On the other hand,
forest continuity was found in 47.5% of our study area, and therefore, might be considered to
have a strong impact, as it influences the species richness and composition mainly through
the dispersal limitation of many forest specialists [66]. It should be stressed that our study
reflected the land-cover composition of the whole landscape because our analyses included
fine-scale information on land cover with 28 categories and their classification resulted in
robust partitions (Figure 5). In both analysed floristic surveys, the historical land cover
explained more variability than the cover in the respective period of the floristic survey,
even though roughly 20 years (in the first survey) or even 40 years (in the second survey)
had passed. This corresponded in particular with the overgrowing and abandonment of
some habitat types because vegetation generally responds with some delay [67,68] and
some species specialists may still survive there. Moreover, the transformation into new
habitats could also permit the persistence of some species from the original habitats. These
new habitats include (1) near-natural land covers inside settlements, e.g., public greenery,
some managed road verges or some recreation areas [24], or (2) near-natural land covers
outside settlements [6].

The main driver of species richness in the study area in both surveys was found to
be the river phenomenon (Figure 6a,b), which was likely caused by sharp environmental
gradients within relatively small areas [22]. The species richness was also strongly in-
fluenced by meadow areas in both surveys, although the area of historically continuous
meadows (1840-2018) was very low compared with other well-preserved natural areas
(e.g., White Carpathians, see above). However, these fragments still represent valuable
biodiversity hotspots [29] that are important for the maintenance of species richness [24].
This is true even though the meadows within river cells declined in 1999 and continued
to decline until the present, while meadows within inner cells have been partly restored
(Figure 2d). In the second floristic survey, the recreation land-cover area was also important
for species richness. This finding was the major difference between the two surveys and
was partly due to an increase in alien species near settlements (inner cells; Figure 4c),
especially escapes of cultivated plants (e.g., Muscari armeniacum, Tulipa gesneriana, Primula
vulgaris, Rudbeckia hirta, Lunaria annua) in combination with the perseverance of some rare
weeds (e.g., Asperugo procumbens, Chenopodium vulvaria, Urtica urens), and the occurrence
of disturbed surfaces harbouring some rare endangered species (e.g., Trifolium retusum, T.
striatum, Filago germanica). Another important land cover that was distinguished in the
second floristic survey was the sparse forest area (Figure 2b), which still harbours some
rare species of historically continually managed forests ([69]; the majority of unchanged
land cover, Figure A2d). These sparse forests represent just remnants of species-rich tradi-
tionally managed forests [43], which were gradually abandoned, like in many other parts
of Europe [8] until the establishment of the so-called Iron Curtain (the restricted military
area on the state border, 1951-1990). This led to the total isolation of the river valley and
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adjacent areas and resulted in a huge decrease in sparse forests, as well as meadows and
grass-forb vegetation within both river and inner grid cells (Figure 2b,d,e). Whereas sparse
forests in river cells (Figure 2b) closed their canopy (;with the exception of habitats on
extreme slopes with shallow soil) and meadows with grass-forb vegetation were mostly
overgrown by forests (Figure 2a), inner cells were only partly abandoned (increasing of
fallows, Figure 2d—f) and accessible/open areas of highly productive and easily accessible
plains [26] were mostly transformed into giant fields (>30 ha; [44]). Between 1999 and
2018, the forest abandonment and canopy closing within river cells substantially slowed
down, but significantly increased in settlement surroundings (inner cells; Figure 2a,b and
Figure A2b). Our results, therefore, showed that the loss of the historical state of dynamic
equilibrium between traditional management and natural dynamics was followed by aban-
donment, similar to the adjacent area of Lower Austria [70], and later by some regeneration
processes, which reduced ecological complexity at the landscape scale [6] and negatively
affected biodiversity (Figure 3).

When we included environmental characteristics in the form of Ellenberg indicator
values (EIVs), the major driver of species richness in the first survey was still the river phe-
nomenon (Figure 7a). Additional important variables were represented by meadows and
nutrients. Meadows were important outside the river valley because grassland specialist
species are rare in agricultural [24] and forested landscapes. On the other hand, nutrients
played a big role in the river valley, where the most species-rich grid cells contained lower
nutrients. This was typical, especially for grid cells with the majority of grassland and
wetland species pools [16]. Within the nutrient-rich river cells containing fewer grassland
and wetland species, light availability was likely decisive in limiting the richness of forest
species [18,71]. The second survey analysis showed a substantial shift, with the nutrients
content (EIV) becoming the major driver of species richness, while the river phenomenon
dropped into the second branch, together with soil reaction (Figure 7b). It is alarming that
the availability of nutrients (the C:N ratio was a proxy for calibrated EIVs; [51]) became
the major species richness driver, even in the bilateral Podyji and Thayatal NPs, where
N deposition is one of the lowest in the whole Czech Republic [72]. These findings are
nonetheless in agreement with Gallego-Zamorano et al. [73], who found a considerable
impact of N deposition on species richness in some regions of Europe. Their findings also
show that Europe is currently the most impacted continent, with an average decline in
species richness of 34% caused by a combination of land-cover changes and N deposition,
despite the trend of decreasing N deposition in Europe (for about the last 30 years; [74]).
However, influences of N deposition are not easy to disentangle because of strong linkages
to abandonment within the landscape scale since N deposition accelerates overgrowing.
The negative N deposition impact on species richness in the Podyji/Thayatal NPs was
documented by the decline of heathlands and acidic dry grasslands [75]. Their occurrence
is conditioned by nutrient limitations [76] and their species richness decline was observed
across Europe [77]. Although nutrient availability (EIV) increased in both the inner and
river grid cells (Figure A2a), the grid cell species richness did not significantly decrease
(Figure 4a), despite indications of a declining trend (Figure 3). This could have been caused
by a combination of the increase in neophytes in both inner and river cells (Figure 4d), ap-
propriate conservation management and several biodiversity hotspots with well-buffered
soils of high pH (Figure 7b). In such hotspots, the N-deposition-driven decline of sensitive
species can be slow and additional species might even colonise them [78]. The well-buffered
high-pH soils are also responsible for the fact that the most species-rich grid cells in the
second survey are those with lower nutrient content and higher soil reaction (Figure 7b). In
nutrient-rich grid cells mostly outside the river valley, light availability is likely important
in determining species richness (see above; Figure 7b).

5. Conclusions

We found that in a heterogeneous landscape, historical land cover had the largest
impact on species composition. At the same time, the effect of historical land cover was
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higher than the present land cover; therefore, we can expect that the present land cover
will affect the species composition in the near future.

The species richness was driven by the river phenomenon more than 20 years ago and
also at present, even though the landscape around settlements in the protected areas was
under stronger human impact than in the river valley and resulted in a rich mosaic of land
covers supporting species richness. Some near-natural land-cover classes with appropriate
management could harbour and ease the spread of many valuable native species. Enlarging
their area of occurrence is important for preventing genetic corrosion and partly substitute
for overgrowing and the loss of their original habitats. On the other hand, many endangered
species are very limited in their spread and are closely connected to unique localities with a
continuous history, and thus, require appropriate protection and management.

Especially in well-preserved protected areas, it is desirable to restore disappearing
land-cover classes with traditional or compensatory management to retain their plant
species richness, which is mostly a key factor to preserve biodiversity. However, manage-
ment plans should take into account the increasing amount of nitrogen in soil derived
from long-term continual deposition because, combined with land-cover changes, it has a
negative impact on species richness. It is necessary to highlight that soil nutrients strongly
affect the species richness, even in NPs with low current N deposition, because the effects of
long-term human impacts through land use/cover and N deposition are not only restricted
to local scales but also operate mostly on regional and even global scales.
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Appendix A
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Figure A1l. The principal coordinates analysis (PCoA) of land-cover data (proportions were square-
rooted and the Bray—Curtis dissimilarity and Hellinger distance used) of all 115 grid cells in the
Podyiji/Thayatal NPs detected in the years 1950, 1999 and 2018. Envelopes were drawn around the
marginal grid cells in the PCoA diagram. The coloured arrow shows the shift of land-cover medoids
between the searched years (1950, 1999 and 2018). Individual land covers are projected as weighted
averages; grey coloured land covers occurred in less than 30 grid cells; VWT—vineyards with trees,
PG—public greenery.

~
o
-
~
o
-

651 a 8 e b 75{ A °
0 i
=4 - H 1
g T £ P
3 i = b T
£ 601 | & 704 ’ ‘ |
& T P b
E] P | T >< i
3 ! o :
s 10U 7 5] ‘
PINA W gL R ngI
g = g AR
2 U () e |1 1 1
9504 : T 2604 | | P
2 [ : i:: . o
c I T g | i
° . w : i
i i o
45 A a A a 55 A a B b
Y
T ) W wn 2o
(c) (d)
inner ver a0 5
A A A a b b —_
4001 T i
i g
60 \ ] =
300

Land cover heterogenity
>

20

Proportion of unchanged land cover [%]

U

N S e e
1950 1999 2018 1960 ‘999 2018 inner

Figure A2. Changes and differences in the (a) Ellenberg indicator value (EIV) for nutrients, (b) EIV
for light, (c) land-cover heterogeneity and (d) proportions of unchanged land cover (1950-2018)
per grid cell within both the first (1997) and the second floristic survey (2021); or three land-cover
searched periods (1950, 1999 and 2018) separated into inner (n = 44) and river (n = 34) group cells
(see Methods). The letters above boxes (in (a) and (b)) indicate the results of pairwise t-tests between
surveys within each group, while the letters below boxes show the results of non-pair ¢-tests between
the groups. However, the letters above the land-cover heterogeneity boxes (c) show results based
on the Friedman test, and when significant (p < 0.001), the post hoc Wilcoxon pairwise test with a
Bonferroni correction (p < 0.01) was applied for the three periods: 1950, 1999 and 2018. Differences
between proportions of unchanged land cover (d) were assessed using ANOVA repeated measures
analysis (if p < 0.001, then Tukey’s post hoc tests followed). Whiskers indicate the non-outlier range
with the median as the middle; boxes represent 25-75% percentiles.
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