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Abstract: Abandoned railway areas are places for the spontaneous spread of plants and the formation
of specific plant communities. However, only limited information on this subject is available in the
literature. The study aimed to determine the direction and the rate of forest formation, taking into
account selected environmental factors. A floristic, phytosociological, and soil survey was carried
out on a set of abandoned railway lines in the Silesia Province (southern Poland). For this purpose,
30 plots of vegetation were selected: 15 located in the vicinity of forests (F) and 15 surrounded by
ruderal or segetal communities (NF). As a result, a total of 132 species (121 vascular plants and
11 mosses) were recorded, including 83 species at F plots and 78 species at NF plots. During the
research, 13 syntaxa were distinguished. It was found that silt content, nitrate nitrogen (N-NO3), pH,
and phosphorous have a significant impact upon which species dominated in the surveyed areas. It
was found that the proximity of the forest was a crucial factor in determining the development of
forest communities on abandoned railway areas. These results can be helpful for understanding how
environmental conditions shape the forest structure on these types of habitats.

Keywords: railway areas; human pressure; plant diversity; proximity of forest; soil analysis;
environmental factors; southern Poland

1. Introduction

Human activity has a diverse impact on the natural environment, including the
direction of succession [1]. This phenomenon has long been of interest to many researchers,
e.g., [2–14], and the return of forest to secondary habitats has been the subject of numerous
publications, e.g., [15–26]. This work is about plants growing on abandoned railway lines
in southern Poland.

The 19th century was a period of rapid railway transport network expansion, with its
most intensive development at the turn of the 19th and 20th centuries [27]. In these times,
railway lines became an important element of the land transport infrastructure connecting
cities and villages [28]. The first was opened in the United Kingdom in 1830. In Silesia, the
first railway line was the Wrocław–Mysłowice route that led to the Upper Silesian Coal
Basin and was opened in 1846 [29]. The heyday of railroad dominance has ended, however,
and economic changes and the development of road transport in Poland after 1989 has
resulted in the closure of many railway lines [30–32]. These have now turned into habitats
spontaneously colonized by plant species encroaching from the immediate surroundings.
Such effect has consequently led to the development of specific plant communities.

The closure of railway lines has been observed not only in Poland, but also in other
European countries, and the outcome has been the same. The flora and vegetation of
railway areas have been studied by many authors, e.g., [17,19,24,33–40]. However, most
of these studies concern active railway lines or stations. Some researchers draw special
attention to the so-called “railroad specialists”, i.e., plants occurring exclusively (or mostly)
along railway lines [18,39,41,42]. The impact of functioning railway tracks on the vegetation
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of adjacent areas has been researched, e.g., [43,44]. Other publications concern the flora of
railway embankments [45–47]. There is, however, a need to realize processes taking place
in areas that are excluded from “railway use”.

Abandoned railway areas are a specific type of anthropogenic habitat where ecological
succession towards forest communities may occur. Unfortunately, there are relatively few
publications on the occurrence of plants in these types of habitats. Still, research aimed
at determining changes in the flora structure of abandoned railway areas in Poland was
conducted by Galera et al. [30] and Hutniczak et al. [48]. Indeed, a comparative analysis of
the flora of three types of railway areas (active railway areas, railway areas abandoned less
than 10 years ago, and railway areas abandoned more than 10 years ago) in north-eastern
Poland can be found in the study by Galera et al. [49].

As evidenced by the research carried out in closed railway areas, ruderal flora often
undergoes transformations towards synanthropic forest communities [17–20,24,25,30]. We
therefore wanted to aim towards determining the factors affecting forest formation in
abandoned railway areas. The objective of this study was to answer the following questions:

1. Which species dominate in the abandoned railway areas and what are their habitat
preferences?

2. After what amount of time do forest communities develop in this type of habitat?
3. What environmental factors accelerate the rate of forest community formation?

2. Materials and Methods
2.1. Study Area

The survey covered selected sections of abandoned railway lines in the Silesia Province
(Figure 1), which is the most densely populated (366 persons/ km2) and industrialized area
in Poland, covering 12,333 km2. The average yearly temperature (2001–2010) was 8.8 ◦C
and the average annual precipitation sum was 770 mm [50].

The forest cover of the Silesia Province is 32.1%. Public forests account for 80.5% of the
total forest land, while private forests account for 19.5%. The State Treasury owns 79.6% of
the forest land, of which 97.8% is managed by the State Forests. The study area is dominated
by lowland mixed coniferous and mixed forests. The most common forest-forming species
are pine, oak, spruce, and birch [50].

2.2. The Field Research

The field research on the species composition of the flora (vascular plants and mosses)
was carried out in 2016. A total of 30 sections of abandoned railway lines were selected,
each with an area of 20 m2 and plant cover of at least 70% (Figure 1, Table 1). Fifteen
sampling plots were located in the immediate vicinity of forests (F) and another 15 were
surrounded by ruderal or segetal vegetation (NF). The number of the examined railway
lines (e.g., railway line No. 190) and the year in which they were closed/excluded from
“railway use” are given after Stankiewicz and Stiasny [51], as well as the National Railway
Database [52]. The mean age of the plots was quite similar in the established groups
(13.53 years in the F plots and 13.07 years in NF plots) (based on Stankiewicz and Sti-
asny [51], as well as the National Railway Database [52]). Phytosociological relevés
were made at the study plots using the Braun-Blanquet method [53], taking into ac-
count the following vegetation layers: A, trees (>5 m high); B, shrubs (0.5–5 m); C, herbs
(<0.5 m); D, mosses. The cover-abundance of species was assessed using the Braun-Blanquet
scale, modified by Van Der Maarel [54]. Phytosociological relevés were taken at all the
examined plots. Plant communities were distinguished based on diagnostic species [55].
The phytosociological relevé records in the tables were arranged considering the floristic
similarity within the distinguished syntaxa. The nomenclature and systematics of vascular
plant species were adopted after Mirek et al., [56] and mosses after Ochyra et al., [57].
The following aspects were defined for each species (except mosses): geographical and
historical group [56,58], life form [59], phytosociological affinity [55,59], life strategy [60],
and dispersal method [60]. The mean values for selected ecological indicators related to
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the light (L), temperature (T), and soil reaction (R) were calculated based on Ellenberg and
Leuschner [61].
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Table 1. Characteristics of the investigated plots.

Plot No. Coordinates Railway Line No. Locality No. of Years after
the Abandonment

Forest plots (F)

F1 49◦44′21′′ N; 18◦44′15′′ E 190 Goleszów 7
F2 50◦13′12′′ N; 18◦59′37′′ E 653 Katowice Ochojec 2
F3 50◦33′13′′ N; 18◦37′2′′ E 684 Krupski Młyn 3
F4 50◦05′49′′ N; 18◦15′48′′ E 176 Racibórz Markowice 3
F5 50◦33′06′′ N; 18◦37′34′′ E 684 Borowiany 3
F6 50◦23′58′′ N; 18◦43′38′′ E 178 Kamieniec 16
F7 49◦57′20′′ N; 18◦36′56′′ E 159 Jastrzębie-Zdrój Górne 11
F8 49◦57′25′′ N; 18◦35′44′′ E 159 Jastrzębie-Zdrój Górne 11

F9 49◦56′02′′ N; 18◦31′59′′ E 159 Jastrzębie-Zdrój
Szotkowice 14

F10 50◦21′19′′ N; 19◦14′00′′ E 662 Dąbrowa Górnicza Piekło 16
F11 50◦32′52′′ N; 18◦37′28′′ E 683 Czarków 31
F12 50◦03′08′′ N; 18◦09′32′′ E 193 Wojnowice 22
F13 50◦10′39′′ N; 18◦46′46′′ E 172 Ornontowice 21
F14 50◦20′46′′ N; 18◦52′55′′ E 710 Bytom Bobrek 26
F15 50◦20′05′′ N; 18◦48′49′′ E 132 Zabrze Biskupice 17

Non-forest plots (NF)

NF16 49◦45′02′′ N; 18◦38′32′′ E 190 Cieszyn 7
NF17 49◦47′51′′ N; 18◦48′08′′ E 190 Skoczów 4
NF18 50◦00′15′′ N; 18◦18′56′′ E 176 Syrynia 3
NF19 50◦02′39′′ N; 18◦17′03′′ E 176 Lubomia 3
NF20 50◦06′31′′ N; 18◦15′58′′ E 176 Racibórz Markowice 3
NF21 49◦57′16′′ N; 18◦34′48′′ E 159 Jastrzębie-Zdrój 11

NF22 49◦56′15′′ N; 18◦32′42′′ E 159 Jastrzębie-Zdrój
Moszczenica 14

NF23 50◦20′25′′ N; 19◦13′11′′ E 162 Dąbrowa Górnicza
Gołonóg 16

NF24 50◦24′40′′ N; 18◦34′25′′ E 152 Paczyna 16
NF25 50◦24′35′′ N; 18◦34′34′′ E 152 Paczyna 16
NF26 50◦12′00′′ N; 18◦45′34′′ E 172 Chudów 21
NF27 50◦04′09′′ N; 18◦11′41′′ E 193 Racibórz Studzienna 22
NF28 50◦01′29′′ N; 18◦08′24′′ E 193 Krzanowice 22
NF29 50◦20′37′′ N; 18◦46′33′′ E 132 Zabrze Mikulczyce 17
NF30 50◦11′42′′ N; 18◦45′51′′ E 172 Chudów 21

2.3. Soil Analysis

In August 2016, soil samples were collected from all of the sampling plots at a depth
of 0–30 cm using a soil sampler and an auxiliary spatula. Each bulk sample consisted of
5 small subsamples mixed together. Before the laboratory analyses, the samples were dried,
sieved through 2 mm mesh, and cleaned of any plant residues. The detailed methodology
for soil parameters is presented in Table 2. Soil analyses were performed by the accredited
Centre for Environmental Testing and Control in Katowice.

The soil texture was analyzed by Casagrande by applying the Prószyński modification
areometric method, and the division into soil particle size fractions was established accord-
ing to USDA standards [62]. As per this classification, soil and mineral formations were
divided into groups and subgroups by weight percentage of sand, silt, and clay fraction in
the earthy parts.
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Table 2. Soil parameters laboratory research methodology.

Parameter Unit of Measure Study Method

pH in H2O - Potentiometric method
Electrical conductivity µS/cm Conductometric method

Dry matter % Gravimetric method
Organic matter %dw Gravimetric method

Total organic carbon (TOC) %dw Titrimetric method
Humus horizon %dw Tiurin’s method

Total Kjeldahl nitrogen mg kg−1dw Titrimetric method
Ammonia nitrogen/N-NH4/ mg kg−1dw Continuous flow analysis

(CFA) with spectrophotometric detectionNitrate nitrogen/N-NO3/ mg kg−1dw

Calcium/Ca/ mg kg−1dw

Inductively coupled plasma optical
emission spectrometry (ICP-OES)

Magnesium/Mg/ mg kg−1dw
Potassium/K/ mg kg−1dw
Sodium/Na/ mg kg−1dw

Total phosphorus/P/ mg kg−1dw
Zinc /Zn/ mg kg−1dw

Copper/Cu/ mg kg−1dw
Lead/Pb/ mg kg−1dw
Iron/Fe/ mg kg−1dw

Explanation: dw—dry weight.

2.4. Data Analysis

All statistical analyses were conducted using R 3.5.2 version software [63].
Before conducting the analyses, the soil data were square root transformed to remove

some of the skewness. In contrast, the plant species data were not transformed as they
contained a high number of 0 values.

The parameters related to the soil and species traits were compared using a Mann–
Whitney U test with significance level established at p ≤ 0.05. The Shannon–Wiener
diversity index (H′) was calculated based on the formula:

H′ = −∑S
i=1 pilnpi (1)

where S is the number of species, pi is the proportion of total sample represented by species
i, and ln is the natural log.

In order to identify the general pattern of variation in the species composition of the
F and NF plots, an indirect ordination method in the form of detrended correspondence
analysis (DCA) was applied to the species data. The mean Ellenberg indicator values (EIV)
for light (L), temperature (T), and soil reaction (R) were firstly tested using the Monte Carlo
approach with 999 permutations and then the significant indicators were displayed on the
DCA plot (R 3.5.2 version software [63]).

Species response curves based on the general linear models (GLM) were created
subsequently in order to identify the main shifts in the species composition on both F and
NF plots in relation to the gradient, which is presented by the time after the railway was
closed (R 3.5.2 version software [63]).

To discover the relationship between soil factors and species distribution on the
selected plots, the canonical correspondence analysis (CCA) was employed on species data
with plant species that had at least 10% frequency or had high abundance (65 species) on
the plots. The physicochemical soil properties were first assessed for co-linearity using
variance inflation factor (VIF) testing. The variables related to the dry weight, humus level,
total organic carbon, content of zinc, calcium, and sand were removed from the initial
model as they all had VIF > 10. The most significant factors were obtained from the reduced
model via forward selection procedure with 9999 permutations.
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2.5. Abbreviations: The following Abbreviations Have Been Used in this Paper

• Life strategy: C—competitor, S—stress tolerator, R—ruderal, CR—competitive ruderal,
CS—stress tolerant competitor, SR—stress tolerant ruderal, CSR—intermediate;

• Selected ecological indicators: L—light, T—temperature, R—soil reaction;
• Species names: Ace.pla—Acer platanoides, Ace.pse—Acer pseudoplatanus, Ach.mil—

Achillea millefolium, Aeg.pod—Aegopodium podagraria, Arr.ela—Arrhenatherum
elatius, Art.vul—Artemisia vulgaris, Bet.pen—Betula pendula, Bra.rut—Brachythecium
rutabulum, Bra.sal—Brachythecium salebrosum, Bro.tec—Bromus tectorum, Bry.cae—
Bryum caespiticium, Cal.epi—Calamagrostis epigejos, Cal.sep—Calystegia sepium,
Car.are—Cardaminopsis arenosa, Cer.hol—Cerastium holosteoides, Cer.pur—
Ceratodon purpureus, Che.maj—Chelidonium majus, Con.arv—Convolvulus arven-
sis, Con.can—Conyza canadensis, Dau.car—Daucus carota, Des.ces—Deschampsia
caespitosa, Did.fal—Didymodon fallax, Dry.car—Dryopteris carthusiana, Dry.fil—
Dryopteris filix—mas, Ech.cru—Echinochloa crus—galli, Ech.vul—Echium vulgare,
Epi.hel—Epipactis helleborine, Epi.hir—Epilobium hirsutum, Equ.arv—Equisetum ar-
vense, Equ.syl—Equisetum sylvaticum, Eri.ann—Erigeron annuus, Eup.can—
Eupatorium cannabinum, Fra.aln—Frangula alnus, Fra.exc—Fraxinus excelsior,
Gal.ang—Galeopsis angustifolia, Gal.mol—Galium mollugo, Ger.rob—Geranium
robertianum, Geu.urb—Geum urbanum, Hie.pil—Hieracium pilosella, Hie.sab—
Hieracium sabaudum, Hie.umb—Hieracium umbellatum, Hyp.per—Hypericum per-
foratum, Imp.par—Impatiens parviflora, Lac.ser—Lactuca serriola, Lam.mac—Lamium
maculatum, Lat.syl—Lathyrus sylvestris, Lig.vul—Ligustrum vulgare, Lin.vul—Linaria
vulgaris, Lot.cor—Lotus corniculatus, Lys.num—Lysimachia nummularia, Med.lup—
Medicago lupulina, Med.sat—Medicago sativa, Mel.alb—Melilotus alba, Myc.mur—
Mycelis muralis, Oen.bie—Oenothera biennis, Pad.ser—Padus serotina, Pas.sat—
Pastinaca sativa, Pim.sax—Pimpinella saxifraga, Pin.syl—Pinus sylvestris, Pla.lan—
Plantago lanceolata, Pla.maj—Plantago major, Pla.und—Plagiomnium undulatum,
Poa.ann—Poa annua, Poa.com—Poa compressa, Poa.pra—Poa pratensis, Que.rob—
Quercus robur, Res.lut—Reseda lutea, Rob.ps—Robina pseudoacacia, Rub.cae—Rubus
caesius, Rub.ida—Rubus idaeus, Rub.pli—Rubus plicatus, Rub.wim—Rubus wimme-
rianus, Rum.ace—Rumex acetosa, Sam.nig—Sambucus nigra, Scl.ann—Scleranthus
annuus, Sed.spu—Sedum spurium, Set.vir—Setaria viridis, Sil.vul—Silene vulgaris,
Sol.can—Solidago canadensis, Sol.gig—Solidago gigantea, Ste.med—Stellaria media,
Tan.vul—Tanacetum vulgare, Tar.off—Taraxacum officinale, Tor.jap—Torilis japonica,
Tri.arv—Trifolium arvense, Urt.dio—Urtica dioica, Vac.myr—Vaccinium myrtillus,
Ver.cha—Veronica chamaedrys, Vic.cra—Vicia cracca, Vio.rei—Viola reichenbachiana.

3. Results
3.1. Flora and Vegetation

In total, 121 species of vascular plants and 11 moss species were recorded at 30 plots,
83 species (including 10 mosses) at F plots, and 78 species (including 5 mosses) at NF plots.
The number of species found at individual plots varied significantly (4–24).

The most frequent species at the plots adjacent to non-forest communities were:
Arrhenatherum elatius, Convolvulus arvensis, Artemisia vulgaris, Rubus caesius, and
Vicia cracca, whereas Geranium robertianum, Geum urbanum, Impatiens parviflora, Urtica
dioica, and Rubus caesius were most common at the plots located in the vicinity of forests.

Larger differences between F and NF plots were observed when analyzing the cover
of each vegetation layer (stratum). Layers A and B were not found at the plots adjacent to
NF areas regardless of the year of their closure, whereas if a given plot was surrounded by
forest communities, layer B developed already in the 2 years after closing and layer A after
21 years post-closure.

There was no clear distinction between F and NF plots in terms of species richness and
diversity (Table 3). The percentage cover of the vegetation was slightly higher on the NF
plots (94.67%) compared with the F plots (88%). The consequent result of the proximity to
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the forest areas was a higher cover of the shrub and tree layer on the F plots, though some
of the plots in this category remained completely uncovered. Native species dominated
in all the study plots. There were no statistically significant differences between F and NF
plots in terms of geographical and historical groups, life forms (except for the number of
phanerophytes and moss cover), or dispersion ways. It was found that species with CS
(stress tolerant competitor) and SR (stress tolerant ruderal) strategies were more abundant
at the plots located in the vicinity of forested areas, while species utilizing a CR (competitive
ruderal) strategy dominated at the plots adjacent to non-forest vegetation.

Table 3. Flora and vegetation properties on the investigated plots (means and standard deviations).
The statistical differences between means were marked by the asterisk next to the name of the variable
according to the Mann–Whitney U test (*—p ≤ 0.05; **—p ≤ 0.01). For explanations of life forms, see
section Materials and Methods (subsection: Abbreviations).

F (n = 15) NF (n = 15)

Species richness 10.33 ± 4.94 10.93 ± 4.93
Species diversity (S-W index) 1.93 ± 0.47 1.99 ± 0.49

Vegetation cover (%) 88.00 ± 20.07 94.67 ± 8.96
Moss cover (%) * 19.53 ± 35.44 6 ± 11.05

Native species 7.67 ± 4.65 8.33 ± 3.06
Anthropophytes 1.6 ± 1.3 2 ± 2.51
Archaeophytes 0.27 ± 0.7 0.87 ± 1.88

Kenophytes 1.33 ± 1.05 1.13 ± 1.19
Invasive species 1.2 ± 0.94 0.67 ± 0.98
Phanerophytes * 2.67 ± 1.8 1.2 ± 0.77
Chamaephytes 0.4 ± 0.83 0.33 ± 0.62

Hemicryptophytes 3.27 ± 2.52 5.53 ± 4.26
Cryptophytes 0.33 ± 0.62 0.67 ± 0.72
Therophytes 0.87 ± 0.74 1.4 ± 1.59

C strategy 4.73 ± 2.66 5.13 ± 2.39
R strategy 0.4 ± 0.63 0.6 ± 0.83
S strategy 0 ± 0.00 0.13 ± 0.35

CR strategy ** 0.53 ± 0.74 2.4 ± 1.99
CS strategy * 0.8 ± 1.08 0.2 ± 0.41
SR strategy * 0.53 ± 0.52 0.13 ± 0.35
CSR strategy 2.27 ± 2.19 1.67 ± 1.68
Anemochory 3.93 ± 3.08 4.67 ± 2.72

Autochory 1.27 ± 0.59 1 ± 0.93
Zoochory 3.13 ± 1.68 2.27 ± 1.03

Most of the species at the plots located in the vicinity of the forest areas belonged to the
classes Artemisietea vulgaris (16 species) and Querco-Fagetea (13), while classes Artemisietea
vulgaris (20), Molinio-Arrhenatheretea (17), and Stellarietea mediae (13 species) were most
frequently represented at the plots located in the vicinity of non-forest vegetation. Species
from the class Alnetea glutinosae and Vaccinio-Piceetea appeared at plots surrounded by
forest areas only.

During the study, 13 syntaxa were distinguished, including 5 as associations and
8 as communities. They belonged to six phytosociological classes: Stellarietea mediae,
Epilobietea angustifolii, Artemisietea vulgaris, Molinio-Arrhenatheretea, Vaccinio-Piceetea, and
Querco-Fagetea. On the F plots, five communities (with Acer pseudoplatanus, Fraxinus excel-
sior, Pinus sylvestris, Urtica dioica, and Betula pendula-Populus tremula) and two associations
(Impatientetum parviflorae and Epilobio-Geranietum robertiani) were described. The most
frequent was the Impatientetum parviflorae association. Three communities (Galeopsis angus-
tifolia, Rubus caesius, and Sedum spurium) and four associations (Arrhenatheretum elatioris,
Corispermo-Brometum tectorum, Echio-Melilotetum, and Epilobio-Geranietum robertiani) were
formed on NF plots (Arrhenatheretum elatioris was the most frequent syntaxon). One of the
noted associations—Epilobio-Geranietum robertiani—appeared on both types of tested plots.
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3.2. Soil Properties

Physicochemical results of the soil analyses (Table 4) indicate that, in terms of soil
condition, the statistical differences between F and NF plots were related to the content of
phosphorous and also the granulometric composition of the soil substrate. The soil on the
NF plots was characterized by a higher content of P, a slightly higher content of both clay
and silt fractions, and also a lower content of the sand fraction compared with the soil from
the F plots.

Table 4. Physicochemical characteristics of the soils on F and NF plots (means, standard deviations,
and range). The statistical differences between means were marked by the asterisk next to the name
of the variable according to the Mann–Whitney U test (*—p ≤ 0.05; **—p ≤ 0.01).

Parameter
F (n = 15) NF (n = 15)

Mean ± SD Mean ± SD

pH (H2O) 7.19 ± 0.59 7.37 ± 0.36
EC 108.90 ± 68.64 88.32 ± 52.68

Dry weight (%) 72.61 ± 11.57 80.04 ± 5.12
Org. matter (%) 17.34 ± 10.29 11.14 ± 4.59

TOC (%) 10.74 ± 7.03 6.44 ± 3.32
Humus (%) 18.62 ± 12.07 11.13 ± 5.81

N (mg kg−1) 3453.33 ± 3545.19 3060 ± 1277.16
N-NH4 (mg kg−1) 29.22 ± 21.87 17.14 ± 8.52
N-NO3 (mg kg−1) 23.77 ± 26.52 9.87 ± 11.52

Ca (mg kg−1) 21,824.27 ± 21,536.34 24,701.27 ± 30,995.31
Mg (mg kg−1) 8125.33 ± 5284.16 6193.67 ± 3018.39
K (mg kg−1) 1310.40 ± 745.16 1687.73 ± 1247.96

Na (mg kg−1) 465.53 ± 381.08 406.53 ± 150.99
Zn (mg kg−1) 1626.93 ± 2002.98 855.13 ± 1192.72
Cu (mg kg−1) 435.82 ± 397.17 776.57 ± 1295.32
Pb (mg kg−1) 334.93 ± 357.57 252.23 ± 296.19
Fe (mg kg−1) 57,092.67 ± 16,517.47 71,488.67 ± 42,389.94
P (mg kg−1) * 1051.53 ± 409.41 2152.60 ± 2312.09

Clay (%) * 0.27 ± 0.59 0.80 ± 0.86
Silt (%) ** 21.33 ± 10.61 30.40 ± 6.85

Sand (%) ** 78.4 ± 10.99 68.80 ± 6.30

3.3. Plant Communities and Their Relationships with the Environmental Factors

Species variation across the plots was clearly noticeable with ecological gradients
defined by the DCA axes (Figure 2). Two groups of species can be distinguished. The first
is mainly associated with the F plots, comprising species that are commonly present in the
forest communities, e.g., Dryopteris carthusiana, D. filix-mas, Epipactis helleborine, Equisetum
sylvaticum, Eupatorium cannabinum, Frangula alnus, Fraxinus excelsior, Geranium robertianum,
Lamium maculatum, Ligustrum vulgare, Padus serotina, Pinus sylvestris, Quercus robur, Viola
reichenbachiana, and mosses (Brachythecium salebrosum, Bryum caespiticium). The second
group is related to the NF plots and includes species found mainly on the slopes of railway
embankments, wastelands, and near farmlands such as Convolvulus arvensis, Daucus carota,
Echium vulgare, Erigeron annuus, Galeopsis angustifolia, Hypericum perforatum, Linaria vulgaris,
Reseda lutea, or Solidago canadensis. In contrast to forest species, they are characterized by
higher values of the ecological indicators of light (L), temperature (T), and soil reaction (R).
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The mean Ellenberg indicator values (EIV) were passively projected with significance assessed by
applying the Monte Carlo test at 999 permutations. Explanations: see section Materials and Methods
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The probability of species occurrence along the gradient that is related to the time
that passed after the railway was closed (Figure 3) indicates some substantial shifts in
the species composition on the examined plots. In the first few years after abandonment,
we noted that the plots were mainly covered by plant species with a high tolerance for
light and which typically occupied meadows, ruderal habitats, and wastelands around
the arable lands (Figure 3A). Over time, their occurrence decreased. At the same time,
woody species and those that preferred less temperature and more shading occurred more
frequently (Figure 3B).
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Figure 3. Species response curves for plant species from analyzed plots representing probability of
occurrence. The curves exemplify species whose frequency of occurrence over time decreases (A) or
increases (B). Explanations: see section Materials and Methods (subsection: Abbreviations).

The results of the conducted CCA analysis (Figure 4) indicate that the difference
between F and NF plots is noticeable in terms of species–environment relations; although,
some of the plots from both types were grouped together. The first axis accounted for 36.8%
of the total variation in species composition and was mainly correlated with variables such



Diversity 2022, 14, 1141 11 of 16

as pH (r = −0.80), content of phosphorous (r = −0.59), and content of silt (r = −0.79). These
factors mainly affected species diversity in the NF plots. The second axis accounted for
29.9% of the total variation in the species data and was correlated with the content of the
nitrate nitrogen (r = −0.73), whose concentration was higher in the F plots.
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4. Discussion

Most of the species occurring on abandoned railway lines are characteristic of the
class Artemisietea vulgaris due to their adaptation to both ruderal and forest–thicket habitats.
These are often native large nitrophilous perennials that tolerate shade and quickly colonize
a given area, preventing other species from developing there. On the examined surfaces
there were: Artemisia vulgaris, Convolvulus arvensis, Geranium robertianum, Geum urbanum,
Rubus caesius, and Urtica dioica. Many of these species are also mentioned as frequent by
other authors [17,30,34,49,64,65]. However, these data relate mainly to active railway lines.

Due to the fact that track ground conditions differ from the surroundings, the en-
croachment of species from the vicinity is limited; this especially concerns species that are
particularly sensitive to human activities. The rate of forest regeneration depends mainly
on the availability of species diaspores that prefer this type of vegetation. When the railway
line is closed, there is a possibility of creating a forest on its territory. Authors who have
compared the flora of active and abandoned railway lines after their exclusion from use
have observed a decrease in the number of species of foreign origin with a short life cycle
(therophytes) and then the appearance of perennial native species. These changes took
place very quickly, just a few years after closing lines [19,24,30,49,66,67]. It is interesting to
note that, in the stages of succession in this type of habitat, the forest arises “from the top”;
layers B and A are formed firstly and then C [25].

In the study area, the most common forest species were: Acer platanoides, A. pseudopla-
tanus, Betula pendula, Fraxinus excelsior, and Pinus sylvestris. Similar species dominated in
the railway areas of north-eastern Poland [25] and Lower Saxony [17].
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Seedlings and young specimens of trees and shrubs are also found on operating
railway lines [25]. Due to human activity, however, they are not able to reach larger sizes.
The succession towards forest communities is possible only when railway lines are taken
out of service [30]. The arrival of species characteristic of this type of vegetation is, however,
hampered by a number of factors. One of these may be the lack of shade and the related
low moisture content in the soil (which is connected with the absence of shrubs and trees).
Based on the obtained results, it was found that layers A and B appeared only on plots
adjacent to forest areas after 21 and 2 years, respectively. In a related study [30], we can
find information that on closed railway lines located near the forest, layer A developed
the soonest after 14 years. In the case of surroundings being non-forest communities
(grasslands), layer A did not appear (railway lines with a maximum of 16 years’ closure
were tested), while layer B on one of the plots occurred after 9 years. Hence, if there are no
forests in the nearby vicinity, the development of forest does not seem possible in less than a
few dozen years. The situation is different when railway areas are located in the vicinity of
forested areas. In such a case, the process of succession may be much faster, e.g., the shrub
layer may develop after just a few years and trees become established after several years.
This has also been confirmed by the current research. According to Taylor [27], “Typically,
a railway line left in the field becomes overgrown with grass and shrubs and, if it runs
through forested areas, also by trees”. Murray et al. [68] point out that species composition
of the flora in this type of habitat is affected not only by light or moisture conditions, but
also by the type of vegetation occurring in the vicinity of railway tracks. The proximity of
forest areas, and thus the supply of diaspores of phanerophytes and chamaephytes in the
early stages of succession, is, therefore, a very important precondition for the accelerated
rate of change towards forest communities.

It has been found that life strategies C, CSR, and CR are represented by the largest
number of species in the study plots. Similar results were obtained by Wrzesień et al., [28],
who studied railway areas in Lublin and Lviv. Statistically significant differences between
the studied areas were noted for species with a CS or SR strategy (more numerous on F
plots) and a CR strategy (characteristic for NF plots).

Galera et al. [30] reported a decline in the number of anemochorous species in relation
to the zoochorous species along with the time that elapsed since the railway line was closed.
Our research has not confirmed this relationship clearly. However, when comparing F with
NF plots, it has been found that the relative abundance of zoochores at the former sites is
about 10% higher.

Most soil parameters on the studied surfaces did not have a significant impact on the
species composition and their values did not show a large variation. Similar results were
obtained by other authors [19,25,69].

The type of plant communities occurring in the vicinity of the surveyed sites is of
key importance. If these are forest communities, the course of succession may follow one
of two paths depending on soil properties. In the case of low pH and sandy soils with
a low content of nitrogen, coniferous forest species begin to occur and the tree layer is
dominated by pine, oak, and birch. On soils rich in nitrogen, with a higher content of loam
fractions and a higher reaction, succession leads to the development of forest communities
of a synanthropic nature, with a significant contribution of sycamore, maple, and ash. In
areas surrounded by non-forest communities, succession has a different course. Due to the
lack of the direct inflow of diaspores, it is very difficult for forest species to arrive at this
type of habitat and probably this can happen only after a much longer time. Instead of
forest, synanthropic communities develop, dominated by plants from the class Artemisietea
vulgaris and Molinio-Arrhenatheretea. To determine the subsequent stages of succession in
this type of areas, further research is needed that will allow for a longer period of time (at
least dozens of years) since the railway lines’ closures.

It should be emphasized that understanding the plant biodiversity on railway tracks
is vitally important for future perspectives and management of these areas [70].
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5. Conclusions

1. The type of plant communities occurring in the immediate vicinity of the abandoned
railway lines has a major impact on which species dominate in the developing com-
munities. In the vicinity of forests, these are acidophilous, CS and SR strategies,
zoochorous, and shade-tolerant species, whereas basiphilous, CR strategies, anemo-
chorous, heliophilous, and species that prefer loamy soils dominate when a given
area is surrounded by non-forest communities.

2. The proximity of forested areas determinates a higher rate of succession towards
forest communities. A similar role is played by grain-size composition of the soil; the
process is faster on sandy soils. Other soil parameters (except pH, nitrate nitrogen,
and phosphorous content) are of relatively minor importance.

3. Forest communities may develop on abandoned railway areas after several years
provided there are forests growing in their vicinity. However, these are synanthropic
communities whose herb layer significantly deviates from typical forests.

4. The obtained results can be used by various institutions dealing with managing and
developing of such areas to revitalize them.
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